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Abstract: Tree distributions and densities have been dynamic since Euro-American settlement in
North America. Historically dominant fire-tolerant tree species have decreased, and fire-sensitive,
successional species have increased, and tree species have expended westward since the 1800s into the
central Great Plains grasslands. Divergent compositional trajectories and the westward expansion of
tree species may be explained by climate change. To establish patterns expected by climate change, I
predicted climate envelopes in eastern North America during 7 intervals, from the 1500s to 1961–1990,
of 16 wide-ranging fire-tolerant and fire-sensitive species. The climate envelopes demonstrated
that suitable climate area has remained relatively stable for all species: compared with the 1500s,
areal extents during the 1900s increased 104% for fire-sensitive species and 106% for fire-tolerant
species. Additionally, a pattern of northeastern shifts (i.e., following the North American land
mass) resulted from climate change. Climate envelopes demonstrated northeastern shifts with slight
expansion for all species, which did not accord with realized dynamics of westward tree expansion
or increases in fire-sensitive species. In accordance with other lines of evidence, land use disturbance
change, incorporating fire exclusion, likely has caused the divergent trajectories of fire-tolerant and
fire-sensitive species and westward expansion into the Great Plains grasslands.

Keywords: bioclimate envelope; climate change; fire; land use; westward expansion

1. Introduction

In eastern North America since Euro-American settlement, the few historically domi-
nant tree species have decreased in relative abundance and area, whereas diverse native tree
species that were historically rare have increased (i.e., from a pool of about 200 species [1]).
Decreasing species are surface fire-tolerant species, such as longleaf pine (Pinus palustris),
shortleaf pine (Pinus echinata), and white oak (Quercus alba), and shade-tolerant species,
such as American beech (Fagus grandifolia). Historically, overstory disturbance was infre-
quent, favoring traits of stress tolerance to surface fire or shade combined with relatively
long lifespans [2]. Conversely, increasing species such as red maple (Acer rubrum) may
respond rapidly to current frequent overstory disturbance, with traits of fast growth during
early life stages to reach abundant seed dispersal within short life spans. Another set
of traits, particularly for species expanding into grasslands, encompasses ones preferred
by humans for uses such as ornamental plantings or windbreaks [3]. Concurrent with
increases in species, forests have transitioned from open pine and oak forests of savannas
and woodlands to closed successional forests with multiple layers of woody vegetation,
while grasslands have increased in tree densities, becoming forests in some locations [4,5].

Most changes in composition and density were documented during the 1800s, when
Euro-Americans spread across the United States, converting wildlands to agriculture and
cutting trees for fuels and forest products. These land use changes resulted in the exclusion
of frequent surface fires, which are an understory disturbance that controls small tree
densities. Historical accounts from the years 1635 to 1930 from the eastern to the western
U.S. were consistent in stating that rapid tree growth and tree species expansion occurred
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following the front of Euro-American land use change [5–10]. Tree change was detected
before 1800 in prairies and savannas of the eastern U.S. after agricultural conversion and fire
exclusion [11,12]. Although tree densification and expansion were apparent in grasslands,
these patterns were also noticed in widespread open oak and pine forests that were exten-
sively and intensively harvested at least by 1920, combined with fire exclusion. Accounts
from the late 1800s describe the expansion of species such as loblolly pine (Pinus taeda)
from wetlands to old fields in replacement of harvested fire-tolerant longleaf pine [13].

Tree species have expanded since Euro-American settlement, and these trends are
protracted because individual trees are long-lived and immobile. Trees have expanded in
all directions but particularly westward, given the hard boundary of the Atlantic Ocean,
to the central Great Plains grasslands, a boundary softened by fire exclusion. Agreement
occurs for continuous western movement during the 1800s and 1900s based on historical
and scientific accounts and examinations of historical and modern tree surveys [3,14,15]. As
for northern movement, trees have more land area to expand northward than southward
due to the Atlantic Ocean. The diverse species of the central-eastern U.S. have expanded
into the northernmost parts of the northern states, where historically rare red maple now is
the most abundant species, displacing boreal and shade-tolerant species. However, tree
species also have expanded into the southeastern U.S. [14,15].

In addition to the influence of land use on tree species, climate can set soft boundaries
on species distributions, and tree species have shifted in the past with climate change [16].
Based on expectations of tree species shifts in response to climate, researchers have at-
tributed tree changes in density and distribution since Euro-American settlement to current
climate change, with acknowledgement of land uses change [17]. Specifically, increased
precipitation since the 1970s is the explanatory climate variable in the eastern U.S., due
to strong westward tree expansion in the direction of a decreasing precipitation gradient
and relatively stable temperature during the 1900s (i.e., the warming hole; Figure 1; [18]).
Nonetheless, climate change during the late 1900s is a century too late to explain the west-
ward expansion of eastern tree species into the central grasslands of North America or the
compositional shifts within eastern forests [15].
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Figure 1. Changes in mean annual temperature (°C; A) and precipitation (cm; B) between 1895–1980 
and 1981–2014 across the conterminous United States (data modified from [18]). 
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One method of identifying expected patterns of tree distributions due to climate
change is climate envelope models. A climate envelope model is derived from the correla-
tive associations between climate and locations where species are present. Factors such as
natural disturbances, competition, barriers to dispersal, and random events prevent the
full physiological range from being realized [19]. Moreover, species may tolerate climates
outside of their observed climate envelope; some species have nonnative ranges that extend
beyond their native climate envelope [20–22]. The unknown physiological range, only
limited by a species’ physiological capacity, comprises a larger area than ranges limited by
ecological constraints.

Nevertheless, current distributions of wide-ranging species help approximate the
amplitude of suitable climate conditions [23]. When compared with species with restricted
ranges, wide-ranging species in particular may have better matches between realized and
potential distributions and be more restricted by climate than by dispersal limitations [24].
Additionally, wide-ranging species may have northern ranges that are more protected from
human influences [25].

Predicted climate envelopes for near present climate and historical climates will enable
the assessment of whether observed species distribution changes are matching expected
patterns in response to climate change. For 16 of the most widespread temperate species in
eastern North America, I compared areas during climates of the near present (1961–1990,
given lags before manifestation in larger trees surveyed during approximately year 2011),
1901–1950, 1851–1900, 1801–1850, 1701–1800, 1601–1700, and 1501–1600, with the 1500s,
during early European contact, as the baseline for comparison. If changed climate has
caused changed distributions, then predicted area should increase for species that have
expanded after Euro-American settlement, and conversely, predicted area should decrease
for species that have decreased after Euro-American settlement. Additionally, if changed
climate has caused changed distributions, then predicted area should expand westward
over time, matching a pattern of change that has strong agreement. By definition, in climate
envelopes, when temperatures are relatively warmer, the distributions shift poleward;
however, this pattern does not yet have strong evidence in realized tree records. Formally,
I asked: (1) how does predicted area of climate space vary over time for tree species that
have increased or decreased, and (2) how does the directional movement of climate space
vary over time? This assessment will provide another line of evidence about the influence
of climate change on changing tree distributions.

2. Materials and Methods

Lorenz et al. [26,27] generated decadal mean climate from 21 thousand years ago
(ka) to 2100 for North America after downscaling and debiasing the Community Climate
System Model (CCSM3) simulation [28]. To debias the variables, Lorenz et al. [26,27]
used the standard change factor approach to calculate the difference between modeled
climate and contemporary observational data followed by applying the factor to the models.
The simulated global temperature progression matches paleoclimate reconstructions from
Greenland and Antarctic ice cores [28], and the debiasing procedure generates values that
match observation data. No climate models for the past or the future are completely exact
for short-term variation (i.e., weather that is measured in years to a decade rather than
climate measured in decades), but they capture general climate trends [29–33]. I selected
climate data from the years 1901–1950, 1851–1900, 1801–1850, 1701–1800, 1601–1700, and
1501–1600 as well as near current day (1961 to 1990). Trees require some time to grow before
influencing tree surveys (for trees ≥ 12.7 cm in diameter at 1.4 m above ground height),
and 1961 to 1990 likely represented a range of climates under which the majority of larger
trees established [34]. Spatial resolution was 0.5◦, and therefore, the analysis necessarily
occurred at a coarse scale.

For the modeling variables, I extracted 13 variables, encompassing 11 climate variables
that supplied a range of ecologically important temperature and precipitation metrics
during annual, winter, and summer intervals along with water balance and 2 additional
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site condition variables (see Figure 2 for examples). The temperature variables were
growing degree days above 0 ◦C and 5 ◦C and mean minimum and maximum temperature
annually and for the coldest and warmest months. The moisture variables were total annual
precipitation, the coefficient of variation for precipitation, percentage winter (December
and January) precipitation, the aridity index of total annual precipitation to potential
evapotranspiration, and July water vapor pressure. I also included the topographic measure
of roughness [35] and soil water content at 10 cm [36] to represent site conditions.
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Figure 2. Three of the climate variables during 1961–1990: the coefficient of variation for precipitation (A),
growing degree days above 5 ◦C (B), and July water vapor pressure (C).

Climate variables, even if ecologically unique, tend to be correlated. Correlated vari-
ables can interfere with measuring the influence of variables. With correlated predictor
variables, strong predictors can end up with lower importance values than if all but one
correlated variable were excluded from modeling. Ensemble models that can determine
nonlinear interactions among variables typically are robust in isolating the influences of
redundant, highly correlated predictors compared with linear models [37]. That is, ensem-
ble models distinguish correlated strong predictors rather than splitting the explanatory
value into intermediate importance. I applied two ensemble methods, random forests and
extreme gradient boosting classifiers (see below). I examined the correlations of paired
variables with the Pearson’s correlation coefficient.

Tree species data were from USDA Forest Service Forest Inventory and Analysis
surveys (mean inventory year of 2011; [38,39]) and Canada’s National Forest Inventory
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(representing year 2011; Table 1 [40]). I considered species present if they were ≥0.5% of
all trees (for trees ≥ 12.7 cm in diameter at 1.4 m above ground height) in 2180 samples
of ecological spatial units of subsections [41,42]. I selected species representative of the
eastern U.S. that were present in the most ecological subsections. However, to represent
historically dominant southeastern pine species (Pinus palustris and P. echinata), these
two species were combined to have a minimum sample size of >100 ecological units. I
also selected species based on response disturbances. Half of the selected species were
historically dominant before and during Euro-American settlement based on historical
tree surveys; in particular, surface fire-tolerant upland oaks and southern pine species
historically were dominant, with limited areas of dominance by fire-tolerant red pine
(Pinus resinosa) in northern regions and disturbance-independent American beech and
eastern hemlock (Tsuga canadensis). The other half of species were fire-sensitive early to mid-
successional species that were uncommon historically but have expanded during the past
century or more (red maple; boxelder, Acer negundo; American basswood, Tilia americana;
black cherry, Prunus serotina; green ash, Fraxinus pennsylvanica; hackberry, Celtis occidentalis;
sweetgum, Liquidambar styraciflua; yellow-poplar, Liriodendron tulipifera).

Table 1. Species, area under the curve (AUC), and the two most important predictor variables,
with the importance value for the second predictor (value is 100 for the first predictor), for species
distribution models based on current climate (1961–1990) in Canada and the United States.

Species Scientific Name AUC First Predictor Second Predictor Value

American basswood Tilia americana 0.983 vapor pressure precipitation 68

American beech Fagus grandifolia 0.991 vapor pressure precip variation 92

black cherry Prunus serotina 0.976 vapor pressure precipitation 44

black oak Quercus velutina 0.997 vapor pressure degree days 0 ◦C 68

boxelder Acer negundo 0.972 vapor pressure degree days 5 ◦C 59

bur oak Quercus macrocarpa 0.979 vapor pressure winter precip 57

eastern hemlock Tsuga canadensis 0.984 precipitation aridity index 89

green ash Fraxinus pennsylvanica 0.972 vapor pressure degree days 5 ◦C 59

hackberry Celtis occidentalis 0.986 vapor pressure degree days 5 ◦C 73

post oak Quercus stellata 0.991 vapor pressure degree days 5 ◦C 35

red maple Acer rubrum 0.991 vapor pressure precipitation 85

red pine Pinus resinosa 0.958 vapor pressure precipitation 73

southern pines P. palustris, P. echinata 1.000 vapor pressure precipitation 82

sweetgum Liquidambar styraciflua 0.991 min temperature vapor pressure 99

white oak Quercus alba 1.000 vapor pressure degree days 5 ◦C 27

yellow-poplar Liriodendron tulipifera 0.998 vapor pressure precipitation 82

For modeling species distributions under near current climate, I applied random
forests and extreme gradient boosting classifiers and trained the model with 10-fold cross-
validation [43,44]. Validation occurred on separate testing data (25% for this modeling),
with withheld known classes, to determine how well the classifier assigned classes using
explanatory variables. The area under the receiver operating characteristic curve (AUC)
of the true positive rate against the false positive rate is a measure of accuracy; a value of
1 indicates perfect separation between predictions for present and absent classes. For this
modeling, prevalence, or the number of present samples to pseudoabsent samples, was
equal. Then, I predicted species distributions for each climate interval and calculated distri-
bution area and distance between centroids of distributions over time for the comparison
with the baseline of initial European contact during the 1500s.
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3. Results

The models were accurate for predictions of withheld samples (AUC = 0.985, range
of 0.958 to 1; Table 1). Random forest models were slightly more accurate than extreme
gradient boosting for all but eastern hemlock and red pine, which displayed an improve-
ment in true negative rate. However, the extreme gradient boosting classifier predicted
the presence of these species in isolated locations in the Coastal Plain of the southeastern
United States, which seemed atypical for these more northern species; to remain consistent,
I retained only the random forest models. Vapor pressure, a variable that decreases in both
east to west and south to north gradients in the eastern U.S., was the most influential model
variable for 14 of 16 species (Figure 2). The second most important variable was either
precipitation or growing degree days for six species each.

Correlations did exist among the predictor variables. Specifically, the six temperature
variables were highly correlated (r ≥ 0.8). July water vapor pressure had r values ranging
from 0.72 to 0.79 with the two growing degree day variables and annual minimum tem-
perature, and ≤0.60 with the other three temperature variables. Nonetheless, the random
forest classifier determined that the two most influential variables were a combination of
vapor pressure and either one of the two growing degree day variables or annual minimum
temperature for half of the modeled tree species, indicating that correlation did not interfere
with the modeling. Additionally, models were extremely accurate.

Although species had unique trends, the modeled climate envelope areas overall
remained stable over time, with slight increases during the 1900s (Figure 3). For example,
compared with the 1500s, areal extents increased 104% for successional species and 106%
for fire-tolerant species, whereas disturbance-independent species remained stable in area,
at 101% of the 1500s areal extent (Figure 4). Fire-tolerant red pine distribution increased
115%, whereas fire-tolerant post oak (Quercus stellata) increased 111%, and successional
sweetgum increased 111%. On the other end of the spectrum, successional red maple and
disturbance-independent eastern hemlock remained stable in area, at 99% of the 1500s
areal extent.

The species groupings likewise had similar proportions of current realized ranges
to potential range area, at 67% of area for successional species compared with 65% for
disturbance-independent species and 61% for fire-tolerant species (Figures 3 and 4). Fire-
tolerant bur oak (Quercus macrocarpa) had the least realized climate envelope (42%),
followed by successional boxelder (44%), successional hackberry (46%), and fire-tolerant
red pine (49%). Successional red maple (88%) and sweetgum (82%) had the greatest
proportion of realized climate envelope, trailed by fire-tolerant white oak (81%) and black
oak (Quercus velutina; 78%), successional green ash (76%) and black cherry (73%), and
disturbance-independent eastern hemlock (70%).
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Figure 4. Compared with the 1500s, modeled extents of area increased 104% for successional species
and 106% for fire-tolerant species, whereas disturbance-independent species remained at 101% of
1500s areal extent.

Comparing the movements of the distribution centroids between the 1500s and 1961–1990,
movement overall was in a northern direction and secondarily eastward (Figure 5). The
ratios between latitude distance and longitude distance were 8.9 for fire-tolerant species,
2.7 for successional species, and relatively even at 1.3 for disturbance-independent species.
Every species distribution moved north (mean = 62 km for all species, 49 km for successional
species, 94 km for disturbance-independent species, 69 km for fire-tolerant species), ranging
from 14 km for red maple to 117 km for eastern hemlock. Of the 16 species, distributions
of 14 moved east (mean = 30 km for all species, 34 km for successional species, 78 km for
disturbance-independent species, 8 km for fire-tolerant species), ranging from 3 km for red
pine to 111 km for eastern hemlock and excluding sweetgum (5 km west) and post oak
(36 km west).
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4. Discussion
4.1. Patterns Expected by Climate Change

Tree distributions change with temperature, resulting in the expectation that current cli-
mate change forced by greenhouse gases is affecting current tree distributions [16,17]. Here,
I examined patterns of climate envelopes between the 1500s (i.e., before Euro-American
settlement) and 1961–1990 to see how tree distributions were expected to change in the
absence of land use disturbance in eastern North America. According to these climate
envelopes, a constant northern and eastern shift is the pattern generated by climate change.
All species climate envelopes moved north, with a mean shift of 62 km, and 14 of 16 species
moved east, with a mean shift of 30 km. These northeastern shifts followed the shape of
the continental landmass. The realized dynamics of strong westward expansion during
the past two centuries do not match the strong northern and slightly eastern expansion
expected by climate change. Consequently, research is not yet available that demonstrates
the trees are migrating poleward in response to climate change in the eastern U.S. [17].

The climate envelopes additionally showed stable predicted areas of climate space
for tree species, which does not correspond with documented changes. Climate envelopes
overall increased minimally in area compared with climate envelopes during the 1500s,
excepting three species, two of which were fire-tolerant, which increased 111 to 115% in
area (Figure 3). In contrast with the climate predictions, a trajectory of expansion with
increased density has occurred for successional species, and a trajectory of contraction
and decreased density has occurred for fire-tolerant and disturbance-dependent species.
Comprehensive historical tree surveys are lacking, but the pieces show that red maple in
particular has increased and expanded in areal extent (e.g., [45]), yet the modeled area of
red maple climate envelopes during 1961–1990 was 99% of the 1500s areal extent. Trends
for successional and fire-tolerant species remain apparent when comparing the oldest and
more recent modern forest inventories [46].

The species selected for this analysis specifically had large ranges, as large-ranged
species may respond most strongly to climate, or at least, changes may be easier to
detect [24]. Indeed, modeled species overlapped with species from studies of recent realized
shifts. For longitudinal shifts in mean distribution centers, 14 of the 17 modeled species
(i.e., the two southern pines were differentiated) shifted west [14], corresponding with
strong realized dynamics but not with the expected eastward pattern of climate change,
aside from western movement by post oak and sweetgum. For longitudinal shifts in mean
distribution centers, 9 of 17 species (i.e., the 2 southern pines were differentiated) shifted
north, and the other 8 species shifted south [14], corresponding with realized dynamics
of expansion due to land use change but not with an expected strong northern pattern of
climate change. Likewise, for species with recent significant differences in outer distribu-
tional bands, only one out of six of the modeled species fit the expected eastward pattern of
climate change due to realized expansion both to the west and east [3].

Climate distributions were based on tree species in transition and not in equilibrium,
with fire-sensitive species gaining greater observed climate space in recent tree surveys.
Westward expansion, for example, increased the precipitation range of species, while
southward and northward expansion increased the temperature range. Decreasing oak
species and the disturbance-independent species may retain ranges that cover most of the
historical climate space. The historically dominant southeastern pine species (Pinus palustris
and P. echinata) have relatively limited ranges and have experienced the greatest range
contractions. Therefore, their modeled climate space may be most reduced since the 1800s
compared with the other species. Consequently, predicted distributions may be smaller
than occurred in the past. The modeled ecological spatial units, rather than specific point
locations, may help recover some of the lost climate space. In any event, realized tree
ranges covered about 60% of the potential climate space for fire-tolerant species compared
with 67% of area for successional species, which are relatively typical percentages of range
filling for large-ranged species [24].
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The downscaled, debiased, modeled climate dataset allowed for the representation of
climate envelopes before Euro-American influence on tree dynamics. Caveats to consider
include that the general circulation model (Community Climate System Model) has coarse
spatial and temporal resolutions. Climate data also may not be accurate, and downscaling
may add additional error, although those differences may arise more for less general
metrics, such as extreme precipitation events [47]. Short-term variation due to factors
such as volcano eruptions typically is not encompassed in modeled past or future climate
data [29–33], but I used at least 50 years of sustained climate data.

4.2. Climate Change and Land Use

Climate did change during the Little Ice Age, but these climate changes are different
from the fossil-fuel driven climate change of the present. The Little Ice Age resulted in
patterns of southwestern shifts during the 1600s that reversed by the 1900s and that do not
concur with documented tree distribution changes. To match climate change to the timing
of most tree distributional changes, comparison of the 1700s climate, which preceded
most change, with that of the 1800s, when most change initiated, would be necessary.
Accordingly, comparisons of the patterns of climate envelopes between the 1700s and 1800s
remain similar to comparisons between the 1500s and 1900s: All species distributions shifted
eastward, most distributions shifted northward, and the areal extent remained the same.
However, this comparison would involve recognizing that tree distributions lost stability
following the front of the westward expansion of Euro-American settlement. Species
distributions are not in equilibrium, but climate has not changed consistently in magnitude
for species to be as out of equilibrium with climate as with other disturbance filters.

It is possible that trees are responding to seasonal variations in climate and extreme
events, specifically in moisture availability. Nevertheless, even if specific moisture metrics
are matched correctly in timing with documented tree changes, it is not clear that any
precipitation characteristics have deviated consistently outside of the historical range of
magnitude because moisture conditions are nonstationary [48,49]. Additionally, the mech-
anism and direction of precipitation change are faulty because trees have expanded and
increased during droughts. Furthermore, if precipitation characteristics are favoring species
with physiological affinities for moisture, it is not clear why fire-sensitive species, regardless
of drought tolerances, respond positively while fire-tolerant species, regardless of drought
tolerances, respond negatively. For example, fire-sensitive and increasing black cherry and
sweetgum have similar drought tolerance to that of fire-tolerant and decreasing black oak,
and a notable absence of drought-tolerant yet fire-sensitive species of Juniperus virginiana
occurred in the past [50]. Similarly, disturbance-independent American beech, which is
very drought-intolerant, succeeded in the past under the slightly drier conditions that some-
times occurred. The loss of disturbance-independent species comprising the typical closed
old-growth forest is not typically attributed to climate because it is clear that overstory
disturbance regimes have changed [2,51].

Equally, the loss of fire-tolerant species comprising open old-growth forests, which
thrived under both frequent surface disturbances of fire and infrequent overstory distur-
bances, is not likely due to climate change. Fire clearly explains the historical dominance
and distribution of open forests of fire-tolerant oak and pine species rather than historical
forests composed of drought-tolerant species. The mechanism is that fire filters species
composition via differential mortality. Land use, including fire exclusion, fits the timeline
of forest change. Unlike increased moisture and temperatures that remain within the
range of historical variation, land use and fire exclusion are unprecedented unidirectional
changes [15]. Tree species have been reassembling in response to new disturbance regimes
since 1620 during early Euro-American settlement, when settlers complained that trails
were becoming vegetated by trees [10].

Certainly, climate provides constraints to species distributions, particularly with a
harder northern boundary based on tolerance to freezing, even though other disturbances
that affect tree mortality also constrain distributions [52]. At some point, trees will respond
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to warming climate in the eastern U.S., which will shift trees poleward in response as
climate constraints are eased [16], but even range shifts after glaciation were species-
specific and deflected eastward or westward. Because land use does not appear to have
created a strong north or south pressure on tree distributions, interactions between land
use and climate may not occur in latitudinal directions. However, land use has a strong
westward influence for eastern tree species that likely will interact with the influence of
climate to move species eastward. Future range shifts by tree species likely will be forced
by land use and management practices, which can support species against competition
from faster-growing southern species, into unexpected directions.

5. Conclusions

Tree species have expanded westward, and fire-sensitive species have increased since
Euro-American settlement in the eastern United States. To isolate the influence of climate, I
modeled climate envelopes of fire-tolerant and successional, fire-sensitive species during
the 1500s to 1961–1990. According to climate envelopes between the 1500s and 1961–1990,
the pattern generated by climate change is northeastern shifts with very slight expansion,
regardless of species. Although it is tempting to ascribe species changes to climate change,
these patterns do not conform with realized tree dynamics of westward expansion. These
results add to the weight of evidence, based on historical accounts and the lack of cor-
respondence between climate changes and tree changes, that unstable tree distributions
during the past centuries are not likely due to climate change. Instead, land use distur-
bance change, incorporating fire exclusion, likely has caused the divergent trajectories of
fire-tolerant and successional, fire-sensitive species and the westward expansion of species,
following in the wake of Euro-American settlement. Despite a justified interest in the effects
of climate change along with easy access to climate data, it remains important to recall that
unprecedented land use change likely has most affected species during recent centuries.
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