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Abstract
Tree species are expected to track warming climate by shifting their ranges to higher latitudes or elevations, but current evidence of latitudinal range shifts for suites of species is largely indirect. In response to global warming, offspring of trees are predicted to have ranges extend beyond adults at leading edges and the opposite relationship at
trailing edges. Large-scale forest inventory data provide an opportunity to compare present latitudes of seedlings
and adult trees at their range limits. Using the USDA Forest Service’s Forest Inventory and Analysis data, we directly
compared seedling and tree 5th and 95th percentile latitudes for 92 species in 30 longitudinal bands for 43 334 plots
across the eastern United States. We further compared these latitudes with 20th century temperature and precipitation change and functional traits, including seed size and seed spread rate. Results suggest that 58.7% of the tree species examined show the pattern expected for a population undergoing range contraction, rather than expansion, at
both northern and southern boundaries. Fewer species show a pattern consistent with a northward shift (20.7%) and
fewer still with a southward shift (16.3%). Only 4.3% are consistent with expansion at both range limits. When compared with the 20th century climate changes that have occurred at the range boundaries themselves, there is no consistent evidence that population spread is greatest in areas where climate has changed most; nor are patterns related
to seed size or dispersal characteristics. The fact that the majority of seedling extreme latitudes are less than those for
adult trees may emphasize the lack of evidence for climate-mediated migration, and should increase concerns for the
risks posed by climate change.
Keywords: biogeography, climate change, Forest Inventory and Analysis, latitude, presence/absence, range shift, seedling, tree
migration
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Introduction
Anticipating whether or not species range limits can
track climate change is a goal of global change research
(Clark et al., 2001; Davis & Shaw, 2001; Jackson et al.,
2009; Loarie et al., 2009; Dawson et al., 2011). Across the
globe, mounting evidence confirms widespread temperature increases, particularly at high northern latitudes (IPCC, 2007). In the eastern United States, mean
annual temperatures increased during the 20th century
in the Midwest and Northeast, but not in the Southeast,
where warming summers were balanced by cooling
winters (Fig. 1a). When viewed in terms of a velocity,
as has been advocated recently (Loarie et al., 2009),
regions in the Northeast and Upper Midwest have seen
climate shifts of more than 100 km during the 20th century (Fig. 1b). As the climate warms, new regions that
become available for occupation may be colonized as
those no longer suitable are abandoned. Inevitable time
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lags involved in plant dispersal, colonization, establishment, and maturation threaten not only rare species but
also many that are abundant and provide vital ecosystem functions and services. Numerous datasets and
models suggest a variety of species’ responses to changing climate, but robust empirical evaluation remains
challenging.
Previous studies generally agree that plants will
respond to climate warming by shifting their ranges
to higher elevations and latitudes (Hughes, 2000;
McCarty, 2001; Walther et al., 2002; Parmesan & Yohe,
2003; Parmesan, 2006; Chen et al., 2011), but only elevation responses are thus far readily apparent in data
(Beckage et al., 2008; Holzinger et al., 2008; Kelly &
Goulden, 2008; Lenoir et al., 2008; le Roux & McGeoch,
2008; Bergamini et al., 2009; Crimmins et al., 2011; Van
Bogaert et al., 2011). The most recent comprehensive
meta-analysis by Chen et al. (2011) does not include latitudinal range shifts of plants. In fact, studies of plant
latitudinal range boundaries rely heavily on models at
global (Thomas et al., 2004), continental (Bakkenes
et al., 2002; Thuiller et al., 2005; Meier et al., 2011), and
© 2011 Blackwell Publishing Ltd
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Fig. 1 Temperature change in time and space during the 20th century in the eastern United States. Data are extracted from 10 decadal
mean annual temperatures from the Climate Research Unit (CRU) dataset (Mitchell & Jones, 2005). (a) Temporal trend during 1901–
2000, with squares denoting the slope of the linear regression of decadal data: red – increasing trend, blue – decreasing trend; solid –
significant slope with P < 0.05, open – insignificant slope with P > 0.05; and square size being proportional to the absolute value of the
slope. (b) Spatial velocity of temperature change, defined as the quotient of the temporal gradient (a) and the north–south directional
spatial gradient in 1991–2000 of temperature distribution (Loarie et al., 2009).

regional scales (Midgley et al., 2002; Broennimann et al.,
2006). Species distribution models in general (Guisan &
Thuiller, 2005; Elith & Leathwick, 2009), and bioclimatic
envelope models in particular (Pearson & Dawson,
2003; Heikkinen et al., 2006) provide valuable perspectives on potential effects of climate change (Botkin
et al., 2007; McMahon et al., 2011). However, there is little empirical evidence to support the model predictions
that populations are shifting to higher latitudes.
The Forest Inventory and Analysis (FIA) program of
the USDA Forest Service provides an extensive tree
inventory for examining tree species range distribution
and migration from millions of observations across the
country. FIA conducts the only systematic sampling of
all forest tree species at a continental scale. Although
this database has been extensively used in tree range
projection models (Iverson et al., 2004, 2008), it has been
used to evaluate potential range shifts only in highly
indirect ways. Using FIA data, Murphy et al. (2010)
found that 60% of 102 eastern US tree species have peak
abundances of fitted distributions in the northern portion of their ranges. They suggested that this pattern
could reflect range contraction in the south and limited
expansion in the north. If ranges are more strongly limited by climate at high rather than low latitudinal limits
(Dobzhansky, 1950; MacArthur, 1972; Brown et al.,
1996), then the opposite pattern could be expected, with
strong advance in the north and limited response in the
south, depending on the effects of competition with
invaders advancing from the south. In addition to analyzing abundance, Woodall et al. (2009) compared the
mean latitude of seedling and tree occurrence using
FIA data throughout the eastern United States and
found that northern species tend to show a shift northward, while southern species do not. They recognized
© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1042–1052

that these conclusions could be affected by their specific
choice of study species (Woodall et al., 2010) and their
use of mean latitude, which reflects central tendency
rather than range limits. Combining FIA, climate, geographic data, and several emission scenarios, Iverson
et al. (2008) predicted that the center of suitable habitats
for 134 eastern US tree species would move up to
800 km northeast. For five of the common species they
analyzed, Iverson et al. (2004) predicted that migration
in the next century will extend no more than 20 km
beyond their current northern range. Taken together,
these different approaches suggest that trees might be
responding to climate change with latitudinal range
shifts, but the evidence is indirect and not in clear
agreement. The influence of global climate change on
range boundaries could benefit from development of
new techniques to exploit the FIA evidence at range
boundaries across large spatial scales.
In this study, we develop a novel technique for examining the latitudinal difference between offspring and
adults of trees at both northern and southern range limits across the eastern United States, and we evaluate the
number of species showing evidence for range expansion or contraction. We then compare these patterns
with changes in 20th century temperature and precipitation, as well as functional traits expected to influence
migration potential, specifically, seed size and dispersal
properties. We test the widely held hypothesis that
trees could track climate change by migration, showing
differences between offspring and adult range limits
(Neubert & Caswell, 2000; Lewis et al., 2006), with the
largest differences between offspring and adult extent
being in areas where climate change has been most pronounced. There has been substantial effort in recent
years to determine whether small-seeded species have
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greater migration potential than large-seeded species
(reviewed by Angert et al., 2011). Four mutually exclusive and all-inclusive hypotheses are summarized by a
four-quadrant diagram of range shifts at northern and
southern frontiers (Fig. 2):
1 Overall range expansion: if a species is expanding at
northern and southern frontiers, then offspring will
have greater latitudinal extent than adults at both
range limits (I in Fig. 2), as would occur if the environment is changing in ways that benefit the species
in both areas.
2 Northward range shift: if a species is expanding at
northern frontiers and retreating from southern frontiers, then offspring will extend north of adults at the
northern range limit, and adults will extend south of
offspring at the southern range limit (II in Fig. 2).
This is the expected response to climate warming.
3 Overall range contraction: if a species is contracting
from northern and southern frontiers, then offspring
will have less latitudinal extent than adults at both

range limits (III in Fig. 2), as would occur if the environment is changing in ways that harm the species or
benefit its competitors in both areas.
4 Southward range shift: if a species is retreating from
northern frontiers and expanding at southern frontiers, then adults will extend north of offspring at the
northern range limit, and offspring will extend south
of adults at the southern range limit (IV in Fig. 2).
We further evaluate the hypotheses that species with
greater dispersal ability might spread more rapidly
under climate change (Clark et al., 2001; Angert et al.,
2011; Nathan et al., 2011), and small-seeded species
might show greater northward (II) or southward (IV)
range shifts than large-seeded species (near the origin
in Fig. 2).
While providing perhaps the most direct evidence
for subcontinental scale range shifts for a large number
of species, it is important to recognize limitations of
FIA data, and the fact that no analysis can definitively
determine migration patterns. We compare results of
our analysis with other empirical and modeling studies,
recognizing how sampling designs, successional trends,
and source-sink dynamics can influence study of adult
and offspring distributions.

Materials and methods

Fig. 2 Four-quadrant schematic diagram of species having
greater latitudinal extent for offspring than adults (I) both at
northern and southern range limits, suggesting overall range
expansion; (II) at northern but not southern range limits, suggesting northward range shift; (III) at neither northern nor
southern range limits, suggesting overall range contraction; (IV)
at southern but not northern range limits, suggesting southward
range shift. In both horizontal and vertical axes, positive value
means the tendency of range expansion, while negative value
means the tendency of range contraction. Each circle is a species
drawn with an arbitrary center, and the diameter is proportional to the seed size, as we expect small-seeded species tend to
track climate change, showing northward (II) or southward (IV)
range shift, while large-seeded species tend to have no change
in range limits (near the origin).

Our analysis concerns the latitudinal extent of offspring and
adults from FIA data distributed longitudinally across the
eastern United States, combined with 20th century temperature and precipitation change, as well as seed size and dispersal properties. A population that is migrating north in
response to warming is expected to have offspring extending
to higher latitudes than adults in regions that have warmed
over the last century, but not in regions where climate has
remained essentially constant. This is the signature of an
expanding population front, as predicted by all models of
migration (Okubo, 1980; Neubert & Caswell, 2000; Clark et al.,
2001; Lewis et al., 2006). Likewise, a population retreating
from a warming southern boundary is expected to have adults
south of the southern extent of new recruitment by offspring.
This is the basic assumption behind recent analyses of Woodall et al. (2009), but analyzed in our study at the range
boundaries themselves. Lenoir et al. (2009) used this assumption when comparing seedling and adult distributions to
detect altitudinal range shifts. In the following sections, we
summarize our methods, including the FIA sampling design,
the longitudinal band analysis (LBA) to detect range shifts,
and comparisons of range shifts, climate change, and functional traits.

Forest inventory data
The FIA program is the primary source for information on the
extent, condition, status, and trends of forest resources in the
© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1042–1052

Longitudinal band analysis
We developed a LBA for comparing occurrences of offspring
vs. adults across the full northern and southern frontiers for
each species. To allow for variation in migration response
along range limits, we stratified the 43 334 FIA plots into longitudinal bands 1° wide, from 98° to 68°W spanning the geographic extent of the eastern United States (Fig. 3). For each
longitudinal band, we determined the 5th and 95th percentiles
of latitudinal occurrence for all species for each of the life
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United States (Smith et al., 2009). FIA applies a nationally consistent sampling protocol covering all ownerships across the
United States, resulting in national sample intensity of one
plot per 2428 ha (Bechtold & Patterson, 2005) within forest
lands (i.e. homogenous forest cover classes to reduce estimate
uncertainty). Sample intensities vary somewhat by state; however, because the inventory is systematic, varying sample
intensities do not bias assessment of tree species locations
(McRoberts et al., 2005). Forested land is defined to be >0.4 ha
in area and 36.6 m in width, with at least 10% tree cover. FIA
inventory plots in forested conditions consist of four 7.2 m
fixed-radius subplots spaced 36.6 m apart in a triangular
arrangement with one subplot in the center (Bechtold & Patterson, 2005). All trees (standing live and dead) with a diameter at breast height (dbh) of at least 12.7 cm, are inventoried
on forested subplots. Within each subplot, a 2.07 m radius microplot offset 3.66 m from subplot center is established where
only live trees with a dbh between 2.5 and 12.7 cm are inventoried. Within each microplot, all live tree seedlings are tallied
according to species. Conifer seedlings must be at least
15.2 cm in height with a root collar diameter <2.5 cm. Hardwood seedlings must be at least 30.5 cm in height with a root
collar diameter <2.5 cm. Inherent in any large-scale forest
inventory, there is measurement error associated with tree
species identification. The FIA program has a quality assessment and quality control program associated with the national
inventory that monitors measurement error and continuously
seeks to reduce said errors (Pollard et al., 2006; USDA Forest
Service, 2011). Nationally, FIA field crews have attained at
least 95% repeatability of tree species identification with
nearly 9% of all inventory plot measurements remeasured for
this repeatability assessment (ca. 2010).
In this analysis, FIA data were extracted from annual inventories (1999–2008) in 31 eastern states for a total of 43 334
inventory plots from FIADB version 4.0 on 16 March 2010 (available online http://fia.fs.fed.us/; Fig. 3). Because we focus on
range limits, we used Little’s digitized geographic range maps
(USGS, 1999) to restrict analysis to the 92 species having their
entire geographic range within the eastern United States
(Table S1 in Supporting Information includes the complete
species list). To compare species in different life stages (offspring vs. adult), we followed the FIA definition, dividing the
data into two types of subgroups, (i) seedling (dbh < 2.5 cm)
vs. tree (dbh > 2.5 cm), and (ii) sapling (2.5 cm <
dbh < 12.7 cm) vs. large tree (dbh > 12.7 cm). In other words,
we conducted two offspring vs. adult comparisons: seedling
vs. tree, and sapling vs. large tree.
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Fig. 3 Approximate Forest Inventory and Analysis plot locations (black points) and one degree longitudinal study bands
(red dashed lines) in the eastern United States.

stages (seedling vs. tree, and sapling vs. large tree). In other
words, 5% of the occurrences are at lower latitudes than the
5th percentile and at higher latitudes than the 95th percentile.
The distributions of these percentiles across longitudinal
bands were compared between stages to evaluate the assumption that offspring distributions extend to higher or lower latitudes than adults. We calculated the difference for
longitudinal pairs of offspring and adults, yielding latitudinal
difference distributions (LDD) at northern and southern
boundaries for each species. For the xth latitudinal percentile,
ðoffspringÞ
ðadultÞ
LDDj;x ¼ qj;x
 qj;x ;

ð1Þ

where qj,x is the latitude corresponding to percentile x in longitudinal band j. At a northern frontier, positive LDDj,x is consistent with northern expansion, because it implies that
offspring extend further north than adults. At a southern frontier, positive LDDj,x is consistent with northward retreat
(southern contraction). The mean of LDD at a range boundary
(north or south) summarizes the mean latitudinal difference
between small and large size classes. For each species, we
summarized two mean LDD values, one at northern and one
at southern frontiers.
With this explanation of the LBA method, underlying motivation is straightforward. Our analysis of offspring and adult
latitudinal extents is fundamentally an examination of distributional extremes. The extreme value of a distribution has no
statistical confidence assigned to it, because it is observed
once. Likewise, a comparison of locations for the extreme offspring latitude with the extreme adult latitude has no statistical uncertainty associated with it. However, by comparing
these extreme events from a number of longitudinal bands
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(i.e. the LDDs of Eqn 1) we introduce replication and the
potential to evaluate the relationship between offspring and
adults along their range margins across areas that have experienced different degrees of 20th century warming (Fig. 1). It
further introduces the potential for modeling, as LDDs may
depend on the degree of climate change or other variables
associated with each band (next section). To evaluate sensitivity to a specific percentile, we repeated the analysis not only
for the 5th and 95th percentiles of latitudes, but also for north
and south extremes (the 0th and 100th percentiles), and the
10th and 90th percentiles. The sensitivity to discretizing longitude was assessed by repeating the analysis at 0.5°, 1°, and 2°
wide longitudinal bands.

Climate change and functional trait data
To determine if the tendency to expand or contract is related
to the degree of climate change in a region, we compared the
mean of LDD with 20th century climate change from the Climate Research Unit (CRU) high resolution climate data, version 2.1 (Mitchell & Jones, 2005). Based on more than seven
sources of meteorological station records, the CRU data are
gridded with a spatial resolution of 0.5° 9 0.5°, and temporal
resolution of 10 decades (1900–2000). Analysis was completed
for the two most commonly used climate variables, mean
annual temperature and mean annual precipitation. We first
calculated 20th century linear trends (slopes) for temperature
and precipitation change for each longitudinal band location
qj,x in Eqn (1). For each species, we determined the correlation
between LDD and trends in temperature or precipitation,

qT ¼ cor LDDj;x ; DT qj;x

ð2Þ
qP ¼ cor LDDj;x ; DP qj;x
where DT is temperature change and DP is precipitation
change for offspring locations (qj,x). At the northern frontier,
positive ρT (ρP) is evidence that range expansion occurs where
temperature (precipitation) increase has been greatest. At the
southern frontier, positive ρT (ρP) is evidence that range contraction occurs where temperature (precipitation) increase has
been greatest. We used correlation for these comparisons,
because there was no evidence of nonlinearity.
The correlations between climate change and spread can be
made more transparent by placing them on the same dimensions, translating climate change over time to climate velocity
(Loarie et al., 2009). Over much of the eastern US canopy forests date from the early 20th century. Seedlings in our data
sets established approximately a century later. The velocity of
climate change with latitude y is obtained from rate of change
and the climate gradient (Fig. 1b),

dy dT dT
¼
:
ð3Þ
dt
dt dy
We compared the mean LDD value for each species with the
velocity of climate change at its range limit.
To determine whether or not dispersal characteristics can
explain the tendency to expand or contract, as being hypothesized in recent studies (Angert et al., 2011; Nathan et al., 2011),
we compared mean LDD from the LBA method with plant

functional trait data from the USDA Natural Resources Conservation Service’s PLANTS database (USDA NRCS, 2010). We
compared range expansion or contraction potential with two
functional traits, (i) seed size, which is the reciprocal of seed
per pound in an average seed lot, and (ii) seed spread rate,
which is an ordinal variable (slow, moderate, or rapid)
intended to describe the capability to spread compared with
other species with the same growth habit (USDA NRCS, 2010).
All analyses were performed in R version 2.12.1 (R Development Core Team, 2010).

Results
Use of LBA to identify relationships consistent with
range shifts is illustrated by example species, followed
by summaries for the entire dataset. LDDs from the
seedling vs. tree comparison (Eqn 1) show contrasting
patterns for two species at northern range limits
(Fig. 4): expansion for Ilex opaca (American holly) and
contraction for Diospyros virginiana (common persimmon). For Ilex opaca, seedlings (red) occur well north of
the range for trees (blue, Fig. 4a and b). If the northern
extent of seedlings represents a sink population, then
seeds are dispersed to and germinate at these latitudes,
but do not survive to adulthood. This would occur, for
example, if temperatures were too low to support populations of the species (e.g. bird-dispersed seeds germinate but do not survive). An alternative explanation is
that the range is expanding. It is unlikely that seedlings
could long survive winter temperatures too low to support adult trees. Note that this is not one of the horticultural species of Ilex typically sold in nurseries. It is thus
possible that Ilex opaca has expanded its range to take
advantage of warming climate in the upper Midwest
(Fig. 1a).
A contrasting pattern was found for Diospyros virginiana (Fig. 4c and d). Seedlings (red) do not extend as far
north as trees (blue), as would be expected for a range
contraction. This pattern is apparent across the full
northern frontier, from Missouri to Delaware. Current
information does not identify whether lack of Diospyros
seedlings at the northern frontier results from recent climate change, land use change, or other factors. These
direct comparisons were extended to all the study’s 92
species.
Across all species, patterns consistent with range contraction at both northern and southern boundaries predominate. This pattern is especially pronounced for the
seedling vs. tree comparison, but it is also evident for
the sapling vs. large tree comparison. The quadrant diagram (Fig. 5) shows species having greater latitudinal
extent for seedlings than trees at both northern and
southern range limits (I), at northern but not southern
range limits (II), at neither northern nor southern range

© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1042–1052
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Fig. 4 Seedling and tree range difference at the northern range limit of two example species, Ilex opaca (a, b) and Diospyros virginiana
(c, d). (a) and (c) All plot locations of seedlings (red) and trees (blue). (b) and (d) Differences between seedling and tree 95th percentile
latitudes in each longitudinal band. Points above the 1 : 1 line in Ilex opaca (b) indicate longitudinal bands where seedlings are located
further north than trees, as would be expected if there is expansion at the northern range limit. Points below the 1 : 1 line in Diospyros
virginiana (d) indicate longitudinal bands where trees occur further north than seedlings, as would be expected if there is contraction at
the northern range limit. For clarity in the figure, seedlings (red) are overlaid with trees (blue) in Ilex opaca (a), whereas trees (blue) are
overlaid with seedlings (red) in Diospyros virginiana (c).

limits (III), or at southern but not northern range limits
(IV). The largest proportion of species has lower seedling latitudinal extent than trees at northern boundaries, and higher latitudinal extent than trees at
southern boundaries – in other words, contraction at
both boundaries. In the seedling vs. tree comparison, 54
out of 92 species (58.7%) show this pattern consistent
with range contraction (III in Fig. 5). In the sapling vs.
large tree comparison, 60 out of 92 (65.2%) species show
this pattern (Fig. S1).
The other three cases contain fewer species (Fig. 5).
In the seedling vs. tree comparison, 19 out of 92 species
(20.7%) are consistent with range expansion in the
north and contraction in the south (II in Fig. 5),
whereas 15 out of 92 species (16.3%) are consistent with
range expansion in the south and contraction in the
north (IV in Fig. 5). In other words, slightly more species are consistent with a northward range shift (II in
© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1042–1052

Fig. 2) than with a southward range shift (IV in Fig. 2).
In the sapling vs. large tree comparison, 12 out of 92 species (13%) show the pattern consistent with northward
range shift, and 16 out of 92 species (17.4%) show the
pattern consistent with southward range shift (Fig. S1).
Evidence consistent with expansion at both northern
and southern limits is least well represented. Only four
out of 92 species (4.3%) have lower 5th and higher 95th
percentiles for seedlings than for trees (I in Fig. 5). The
same percentage (4.3%), albeit a different set of four
species, was obtained for comparisons of saplings vs.
large trees (Fig. S1).
In sum, our results suggest a pattern consistent with
the following ranking in terms of number of species:
overall range contraction > northward or southward
range shift > overall range expansion. For species having comparisons consistent with range contraction, the
magnitude of the latitude shift is greater for the
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and slow spread potential fall in the category of overall
reduction in range size (circle sizes and colors in III of
Fig. 5). Small-seeded species occur in all four categories, including overall range expansion or contraction
and northward or southward range shift.

Discussion

Fig. 5 Latitudinal range change at southern (5th percentile) and
northern (95th percentile) boundaries from the seedling vs. tree
comparison. Four quadrats bear the same meaning as Fig. 2.
Each circle is a species, scaled to its seed size, with the color of
seed spread rate (red – slow, blue – moderate, green – rapid,
black – no data) from PLANTS database (USDA NRCS, 2010). Percentages in the four quadrats summarize the proportion of species falling into the corresponding cases. Detailed latitudinal
differences for all species are shown in Table S1.

seedling vs. tree than for the sapling vs. large tree comparisons. This result is robust, being consistent across
0.5°, 1°, and 2° longitudinal bandwidths and for percentiles 0th and 100th (maximum and minimum), 5th and
95th, and 10th and 90th. Across all 92 species the average range contraction was 0.37° (42 km) at northern
boundary, and 0.26° (29 km) at southern boundary for
the seedling vs. tree comparison.
The relationship between LDD and 20th century climate trends (Eqn 2) shows a similar pattern for both
offspring vs. adult comparisons. For the seedling vs.
tree comparison, 62.2% of species have positive ρT at
northern limits, implying that ranges expanded most
where temperature increase was greatest, and 44.4%
have positive ρT at southern limits, implying that
ranges contracted most where temperature increase
was greatest. For the sapling vs. large tree comparison,
these percentages are 61.1% and 44.4%, respectively
(Table S2). There was no relationship between expansion patterns and precipitation change.
Contrary to the common assumption that migration
potential is determined by seed characteristics, the LBA
shows no relationship between range expansion or contraction and functional traits (i.e. seed size and seed
spread rate). Most species classified as large seeded

Despite caveats that must apply to any analysis of forest plot data, evidence for climate-driven migration is
essentially absent in this large analysis that considers
distributions of offspring and adults across geographic
gradients in climate change. Patterns are more consistent with range contraction of eastern US tree species
than with northward migration. The results based on
the direct comparisons of seedlings and trees at range
limits do not inspire confidence that tree populations
are tracking contemporary climate change. If the seedling class integrates up to a decade or more of climate
history (seedling banks range up to several decades in
age), and trees integrate up to a century, then northward migration in response to warming would result
in seedlings displaced to the north of mature individuals of the same species. The greater the warming, the
greater the expected displacement. Likewise, retreat
from southern boundaries is expected where warming
has reduced the competitive advantage previously
enjoyed in a cooler climate. This assumption is the basis
for a large number of analyses of climate and migration
(Okubo, 1980; Neubert & Caswell, 2000; Clark et al.,
2001; Lewis et al., 2006), but massive inventories of both
seedlings and adults have not been analyzed in this
way. The majority of species in our analysis shows a
pattern consistent with range contraction at both northern and southern range limits. Some species are consistent with the expected but much debated poleward
range shift (Parmesan & Yohe, 2003; Chen et al., 2011).
Range expansion at both northern and southern frontiers is observed for the smallest proportion of species
among the four possible cases (Fig. 5). Due to FIA’s
sampling intensity, this study provides perhaps the
most robust assessment of tree migration potential.
Moreover, failure to find evidence that seedlings extend
as far north as adults and absence of a relationship to
local climate changes suggests cause for concern, given
the temperature trends already underway during the
20th century (Fig. 1). Before discussing implications we
consider some of the important caveats of an analysis
like this.

Sources of uncertainty, limitations, and caveats
The factors that could influence patterns we quantified
here include (i) sampling effects and data limitations,
© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1042–1052
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(ii) successional changes, and (iii) sink populations
beyond the range where the population is viable. The
caveats that follow could apply to any of the many
recent studies reporting evidence of range shifts, but
are rarely considered.
Due to the inherent limits of FIA data (Woodall et al.,
2009), the comparison of the presence/absence data
could be biased if there is a higher probability of finding offspring than adults or vice versa. Our analysis
that includes not only seedlings and trees but also saplings and large trees (see Forest inventory data),
reduces this risk – our results are similar for both comparisons. We further relied on the fact that the sample
size is massive. A range of different stand ages will contribute variation to patterns we analyze, but not necessarily overwhelm them. The large sample sizes for both
seedlings and trees can help to overcome bias toward
particular life stages. However, the fact that sample
sizes are substantial does not insure that plot design
can be ignored. The 54 m2 seedling sample area is still
much smaller than the 673 m2 tree plot (Bechtold &
Patterson, 2005), but seedlings can occur at much
higher densities.
It is important to consider whether or not there are
nonclimatic obstacles to migration. Species faced with
physiographic barriers to migration (e.g. close to coastlines, parent material heterogeneity, and mountains)
should be interpreted carefully, because they may be
more limited by geography than climate (Bakkenes
et al., 2002; Clark et al., 2011). Species with range limits
close to boundaries of the sample region may bias
results. Our analysis includes few northern species,
because they may extend their ranges into Canada.
Careful attention to caveats yields conclusions robust to
the widths of longitudinal bands (0.5°, 1°, or 2°), or the
latitudinal percentiles (0th and 100th, 5th and 95th, or
10th and 90th).
The possibility that successional change and sink
populations could be mistaken for range expansion has
to be considered as an alternative explanation. Seedlings can expand in areas where trees are rare or absent
as successional species reinvade or recruitment declines
with stand development. Successional changes could
affect our results in at least two ways. Light demanding
species can be common in forest overstories where
recruitment of the same species in shaded understories
is rare. Alternatively, early successional stands could
support recruitment of light-demanding species at sites
where few individuals have reached the adult stage. In
both cases, a biased representation of particular stand
ages could affect results in ways that are difficult to
anticipate. There is also potential for interactions. Presence of seedlings following recovery from disturbance
would be especially confusing if there were a strong
© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1042–1052

correlation between recent disturbance and climate
change. Although there is substantial heterogeneity in
land use across the eastern United States, much of the
entire region is dominated by 20th century afforestation. We expect that land cover has contributed to patterns we report, but we are unaware of systematic
geographic trends could explain our results. We examined LDD by shade-tolerance classes and did not find a
tendency for shade tolerant species to be expanding
more than shade intolerant species.
Heterogeneous habitats may create sink populations
for seedlings, outside the range of adult trees being
supported by continual seed inputs (Pulliam, 1988).
While possible in principle, the bulk of seed for most
species falls close to adults and long-distance dispersed
seed faces competition from copious seed produced by
local plants. Moreover, seedlings may be more sensitive
to climate variation than adults (Grubb, 1977; Harper,
1977). Thus, although we cannot ignore the possibility
of sink populations, we assume that such effects would
not dominate the broad geographic patterns we report.
If there are sink populations, our method would mistake them for range expansion. In other words, sink
populations could not be an explanation for failure to
find the range shifts predicted by climate change.

Comparison with other FIA studies
By directly analyzing tree and seedling distributions at
range boundaries, our analysis of latitudinal extent
addresses limitations of previous studies. Previous
analyses using FIA data suggest that both seedlings
and trees have higher abundance in the northern latitudes than the southern latitudes within their geographic ranges, which could be interpreted as a
signature of northward tree migration (Woodall et al.,
2009; Murphy et al., 2010), but could also represent
responses to a whole range of variables. Abundance
and occupancy patterns (Murphy et al., 2006, 2010)
might not provide evidence of range shifts, because
geographic range is defined by boundaries, not abundance or occupancy within boundaries (Cox & Moore,
2010, pp. 204, 38–40). Despite different approaches and
assumptions, Murphy et al. (2010) suggested that the
most common response could be range contraction in
the south and limited expansion in the north, leading to
a possible overall range size reduction.
Woodall et al.’s (2009) comparison of mean latitudes
for seedlings and trees could likewise miss dynamics at
population frontiers. Range shifts in response to climate
change are expected to occur at the leading (northern)
or trailing (southern) edges, with the changes in mean
latitude being sensitive to other factors. Woodall et al.
(2009) also examined maximum and minimum
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latitudes. Still, Woodall et al.’s (2009) results are consistent with range contraction in this analysis. At the
southern range limits of northern species, 12 out of 15
species show greater minimum latitude for seedlings.
At the northern range limits of southern species, 10 out
of 15 species show greater maximum latitude for trees
(table 2 in Woodall et al., 2009). Many of the 40 species
they studied have ranges that are not contained within
the eastern United States (especially for northern species) so dynamics at northern range limits are unknown
(Woodall et al., 2010). To minimize these effects on the
analysis, we included all species having entire ranges
within the study area (see Forest inventory data).
Climate change has already been large (Fig. 1) – we
do not have to wait decades to evaluate whether or not
climate change is affecting migration. Our finding that
the majority of species may experience range contraction at both northern and southern limits does not
square with the expectation that species will migrate
rapidly north in response to climate change. Many
models predict rapid tree migration (Clark, 1998;
McKenney et al., 2007), but some do not (Clark et al.,
2001, 2003; Nathan et al., 2011). Iverson et al.’s (2008)
habitat distribution model predicts that 61–68 of 134
species will increase at least 10%, and 50–58 species will
lose at least 10% of their area-weighted importance
value. Some of these predictions are consistent with our
comparisons of offspring and adults (e.g. Acer nigrum
and Juglans cinerea). On the other hand, Iverson et al.
(2004) predicted that migration potential at northern
range limit for Diospyros virginiana, Liquidambar styraciflua, Oxydendrum arboreum, Pinus taeda, and Quercus falcata would be limited to within 20 km of the area
currently occupied. Our analysis of these species all
show contraction at northern limits, in general agreement with Iverson et al.’s (2004) expectation that migration potential is limited.

Relationship with climate change and functional traits
The fact that most species appear to be contracting at
both northern and southern range limits is not consistent with the expectation that temperature change
during the 20th century should allow for rapid
spread (Fig. 6). At the northern frontier, in particular,
calculations using climate observations suggest that
species may need to migrate hundreds of km northward to track warming temperatures in the eastern
United States (Fig. 1b). However, making the reasonable assumption that the LDD observed in this study
represents dynamics on a 100 year scale, our results
suggest that most species have not tracked 20th century temperature change (below the 1 : 1 line in
Fig. 6).

Fig. 6 Temperature change during the 20th century (calculated
as Fig. 1b) in comparison with latitudinal difference between
seedlings and trees at northern range boundary (calculated in
longitudinal band analysis). Each crosshair is a species with
mean ± standard error. Positive temperature change means
temperature distribution moving to the north, while negative
means moving to the south. Positive northern range boundary
change means species is consistent with expansion at the northern range limit, while negative means contraction. Species
above the 1 : 1 line (gray dashed) suggest tracking temperature
change.

Our results should not be interpreted to say that climate has no effect on species range limits. Sixty-two
precent of species at nothern boundaries and 44% at
southern boundaries are positively correlated with temperature change (Table S2). There is no relationship
with precipitation change. Many variables affecting
these boundaries could preclude the large geographic
shifts needed to track climate. For example, adults
might be controlled by annual mean temperature and
precipitation, but offspring might be driven by temperature variabilities and extremes, growing season temperature or drought, spring precipitation, first-last day
of frost, and so forth. Soils, disturbance, and land use
change could provide a backdrop for species interactions, including competition, herbivore, and disease. If
habitat destruction, degradation, and fragmentation
resulted from land use change are proximate factors
limiting response to climate (Hof et al., 2011), vulnerability could shift from human effects in the near term to
climate change in the near future.
Clark et al. (2003) emphasized that species range
shifts cannot be predicted from seed dispersal characteristics and life history. The empirical evidence presented here should not be misinterpreted to say that
© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1042–1052
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seed characteristics have no impact. This study shows
that most large-seeded species have patterns consistent
with overall range contraction at both northern and
southern range limits (Fig. 5), a pattern that is suggestive of an effect, but different from the expected capacity to track warming at northern range limits. Like us,
the meta-analysis of Angert et al. (2011) showed that
seed mass and seed dispersal mode have low explanatory power for range shifts of Swiss alpine plants.
Crimmins et al. (2011) found that altitudinal range
shifts of California plant species are unrelated to lifeform, physiognomy, dispersal mechanism, and fire
adaptation. Such studies do not establish that seed
traits are unimportant, because they are comparisons
across rather than within species. Seed traits could have
an impact on spread of many species without emerging
as ‘significant’ predictors of spread across species. The
result that species-level traits do not correlate with
migration potential suggests that use of seed size as an
indicator of which species may track climate could be
of limited utility.

results that predict migration rates far below those
required to track contemporary climate change.

Slow migration potential from models, experiments, and
observational data

Botkin DB, Saxe H, Araujo MB et al. (2007) Forecasting the effects of global warming
on biodiversity. BioScience, 57, 227–236.
Broennimann O, Thuiller W, Hughes G, Midgley GF, Alkemade JMR, Guisan A
(2006) Do geographic distribution, niche property and life form explain plants’
vulnerability to global change? Global Change Biology, 12, 1079–1093.
Brown JH, Stevens GC, Kaufman DM (1996) The geographic range: size, shape,

Model predictions that tree responses to climate change
would be slow and unpredictable (Clark et al., 2003)
motivated an extensive seedling study to evaluate performance of residents and potential invaders (Ibanez
et al., 2008, 2009). Invasion of new regions means that
rare seeds traveling long-distances face competition
from overwhelming numbers of locally produced seed.
To overcome these odds, rare dispersers require local
microsites where they are clearly superior to residents
(Clark et al., 2003), or locally disturbed sites, where
local seed rain from potential competitors is low (Fastie,
1995). Models that make some effort to incorporate the
many sources of uncertainty do not predict the rapid
spread that comes from simple projection of dispersal
kernels (Clark et al., 2001, 2003). Fourteen thousand
seedlings of residents and potential invaders were
planted and followed in competition for light and soil
moisture, in gaps and in the forest understory, from
southeastern Piedmont to northern hardwoods (Ibanez
et al., 2008, 2009). Potential invaders consisted of species from warmer latitudes or elevations, likely to
migrate north in response to contemporary climate
change (Fig. 1). Results showed no advantage to potential invaders, certainly not the dominance needed if
they were to overcome the numerical disadvantages
required for rapid spread. Results of widespread seedling experiments on invasion (Ibanez et al., 2008, 2009)
coupled with the FIA record of offspring-adult comparisons (this analysis) would appear to support model
© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1042–1052

Acknowledgements
For comments on the manuscript, we thank Dave Bell, Carl Salk,
and two anonymous referees. The study was supported by NSF
grants CDI 0940671 and the Coweeta LTER.

References
Angert AL, Crozier LG, Rissler LJ, Gilman SE, Tewksbury JJ, Chunco AJ (2011) Do
species’ traits predict recent shifts at expanding range edges? Ecology Letters, 14,
677–689.
Bakkenes M, Alkemade JRM, Ihle F, Leemans R, Latour JB (2002) Assessing effects of
forecasted climate change on the diversity and distribution of European higher
plants for 2050. Global Change Biology, 8, 390–407.
Bechtold WA, Patterson PL (2005) The Enhanced Forest Inventory and Analysis Program:
National Sampling Design and Estimation Procedures. USDA Forest Service, Southern
Research Station, Asheville, NC.
Beckage B, Osborne B, Gavin DG, Pucko C, Siccama T, Perkins T (2008) A rapid
upward shift of a forest ecotone during 40 years of warming in the Green Mountains of Vermont. Proceedings of the National Academy of Sciences of the United States
of America, 105, 4197–4202.
Bergamini A, Ungricht S, Hofmann H (2009) An elevational shift of cryophilous bryophytes in the last century – an effect of climate warming? Diversity and Distributions, 15, 871–879.

boundaries, and internal structure. Annual Review of Ecology and Systematics, 27,
597–623.
Chen I-C, Hill JK, Ohlemüller R, Roy DB, Thomas CD (2011) Rapid range shifts of
species associated with high levels of climate warming. Science, 333, 1024–1026.
Clark JS (1998) Why trees migrate so fast: confronting theory with dispersal biology
and the paleorecord. American Naturalist, 152, 204–224.
Clark JS, Lewis M, Horvath L (2001) Invasion by extremes: population spread with
variation in dispersal and reproduction. American Naturalist, 157, 537–554.
Clark JS, Lewis M, McLachlan JS, HilleRisLambers J (2003) Estimating population
spread: what can we forecast and how well? Ecology, 84, 1979–1988.
Clark JS, Bell DM, Hersh MH, Nichols L (2011) Climate change vulnerability of forest
biodiversity: climate and resource tracking of demographic rates. Global Change
Biology, 17, 1834–1849.
Cox CB, Moore PD (2010) Biogeography: An Ecological and Evolutionary Approach. Wiley, Hoboken, NJ.
Crimmins SM, Dobrowski SZ, Greenberg JA, Abatzoglou JT, Mynsberge AR (2011)
Changes in climatic water balance drive downhill shifts in plant species’ optimum
elevations. Science, 331, 324–327.
Davis MB, Shaw RG (2001) Range shifts and adaptive responses to Quaternary climate change. Science, 292, 673–679.
Dawson TP, Jackson ST, House JI, Prentice IC, Mace GM (2011) Beyond predictions:
biodiversity conservation in a changing climate. Science, 332, 53–58.
Dobzhansky T (1950) Evolution in the tropics. American Scientist, 38, 209–221.
Elith J, Leathwick JR (2009) Species distribution models: ecological explanation and
prediction across space and time. Annual Review of Ecology Evolution and Systematics, 40, 677–697.
Fastie CL (1995) Causes and ecosystem consequences of multiple pathways of primary succession at Glacier Bay, Alaska. Ecology, 76, 1899–1916.
Grubb PJ (1977) The maintenance of species-richness in plant communities: the
importance of the regeneration niche. Biological Reviews, 52, 107–145.
Guisan A, Thuiller W (2005) Predicting species distribution: offering more than simple habitat models. Ecology Letters, 8, 993–1009.
Harper JL (1977) Population Biology of Plants. Academic Press, London.
Heikkinen RK, Luoto M, Araujo MB, Virkkala R, Thuiller W, Sykes MT (2006) Methods and uncertainties in bioclimatic envelope modelling under climate change.
Progress in Physical Geography, 30, 751–777.

1052 K . Z H U et al.
Hof C, Levinsky I, Araujo MB, Rahbek C (2011) Rethinking species’ ability to cope
with rapid climate change. Global Change Biology, 17, 2987–2990.

Parmesan C (2006) Ecological and evolutionary responses to recent climate change.
Annual Review of Ecology Evolution and Systematics, 37, 637–669.

Holzinger B, Hulber K, Camenisch M, Grabherr G (2008) Changes in plant species
richness over the last century in the eastern Swiss Alps: elevational gradient, bedrock effects and migration rates. Plant Ecology, 195, 179–196.
Hughes L (2000) Biological consequences of global warming: is the signal already
apparent? Trends in Ecology & Evolution, 15, 56–61.
Ibanez I, Clark JS, Dietze MC (2008) Evaluating the sources of potential migrant species: implications under climate change. Ecological Applications, 18, 1664–1678.

Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change impacts
across natural systems. Nature, 421, 37–42.
Pearson RG, Dawson TP (2003) Predicting the impacts of climate change on the distribution of species: are bioclimate envelope models useful? Global Ecology and Biogeography, 12, 361–371.
Pollard JE, Westfall JA, Patterson PL, Gartner DL, Hansen M, Kuegler O (2006) Forest
Inventory and Analysis National Data Quality Assessment Report for 2000 to 2003.

Ibanez I, Clark JS, Dietze MC (2009) Estimating colonization potential of migrant tree
species. Global Change Biology, 15, 1173–1188.
IPCC (2007) Climate Change 2007: The Physical Science Basis. Contribution of Working
Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, UK/New York, NY, USA.
Iverson LR, Schwartz MW, Prasad AM (2004) How fast and far might tree species

USDA Forest Service, Rocky Mountain Research Station, Fort Collins, CO.
Pulliam HR (1988) Sources, sinks, and population regulation. American Naturalist,
132, 652–661.
R Development Core Team (2010) R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria. Available at:
http://www.R-project.org (accessed 20 December 2010).

migrate in the eastern United States due to climate change? Global Ecology and Biogeography, 13, 209–219.
Iverson LR, Prasad AM, Matthews SN, Peters M (2008) Estimating potential habitat
for 134 eastern US tree species under six climate scenarios. Forest Ecology and Management, 254, 390–406.
Jackson ST, Betancourt JL, Booth RK, Gray ST (2009) Ecology and the ratchet of
events: climate variability, niche dimensions, and species distributions. Proceedings

le Roux PC, McGeoch MA (2008) Rapid range expansion and community reorganization in response to warming. Global Change Biology, 14, 2950–2962.
Smith WB, Miles PD, Perry CH, Pugh SA (2009) Forest Resources of the United States,
2007. USDA Forest Service, Washington Office, Washington, DC.
Thomas CD, Cameron A, Green RE et al. (2004) Extinction risk from climate change.
Nature, 427, 145–148.
Thuiller W, Lavorel S, Araujo MB, Sykes MT, Prentice IC (2005) Climate change

of the National Academy of Sciences of the United States of America, 106, 19685–19692.
Kelly AE, Goulden ML (2008) Rapid shifts in plant distribution with recent climate
change. Proceedings of the National Academy of Sciences of the United States of America,
105, 11823–11826.
Lenoir J, Gegout JC, Marquet PA, de Ruffray P, Brisse H (2008) A significant upward
shift in plant species optimum elevation during the 20th century. Science, 320, 1768

threats to plant diversity in Europe. Proceedings of the National Academy of Sciences
of the United States of America, 102, 8245–8250.
USDA Forest Service (2011) Forest Inventory and Analysis Fiscal Year 2010 Business
Report. U.S. Department of Agriculture, Washington, DC.
USDA NRCS (2010) The PLANTS Database. National Plant Data Center, Baton Rouge,
LA, USA. Available at: http://plants.usda.gov (accessed 11 November 2010).

–1771.
Lenoir J, Gegout JC, Pierrat JC, Bontemps JD, Dhote JF (2009) Differences between
tree species seedling and adult altitudinal distribution in mountain forests during
the recent warm period (1986-2006). Ecography, 32, 765–777.
Lewis MA, Neubert MG, Caswell H, Clark JS, Shea K (2006) A guide to calculating
discrete-time invasion rates from data. In: Conceptual Ecology and Invasions Biology:
Reciprocal Approaches to Nature (eds Cadotte MW, Mcmahon SM, Fukami T), pp.

USGS (1999) Digital Representations of Tree Species Range Maps from “Atlas of United States Trees” by Elbert L. Little, Jr. Available at: http://esp.cr.usgs.gov/data/
atlas/little/ (accessed 21 January 2011).
Van Bogaert R, Haneca K, Hoogesteger J, Jonasson C, De Dapper M, Callaghan TV
(2011) A century of tree line changes in sub-Arctic Sweden shows local and regional variability and only a minor influence of 20th century climate warming. Journal
of Biogeography, 38, 907–921.

169–192. Springer, Dordrecht, The Netherlands.
Loarie SR, Duffy PB, Hamilton H, Asner GP, Field CB, Ackerly DD (2009) The velocity of climate change. Nature, 462, 1052–1055.
MacArthur RH (1972) Geographical Ecology. Harper & Row Publishers, New York.
McCarty JP (2001) Ecological consequences of recent climate change. Conservation
Biology, 15, 320–331.

Walther GR, Post E, Convey P et al. (2002) Ecological responses to recent climate
change. Nature, 416, 389–395.
Woodall CW, Oswalt CM, Westfall JA, Perry CH, Nelson MD, Finley AO (2009) An
indicator of tree migration in forests of the eastern United States. Forest Ecology and
Management, 257, 1434–1444.
Woodall CW, Oswalt CM, Westfall JA, Perry CH, Nelson MD, Finley AO (2010)

McKenney DW, Pedlar JH, Lawrence K, Campbell K, Hutchinson MF (2007) Potential
impacts of climate change on the distribution of North American trees. BioScience,
57, 939–948.
McMahon SM, Harrison SP, Armbruster WS et al. (2011) Improving assessment and
modelling of climate change impacts on global terrestrial biodiversity. Trends in
Ecology & Evolution, 26, 249–259.
McRoberts RE, Holden GR, Nelson MD et al. (2005) Estimating and circumventing

Selecting tree species for testing climate change migration hypotheses using forest
inventory data. Forest Ecology and Management, 259, 778–785.

the effects of perturbing and swapping inventory plot locations. Journal of Forestry,
103, 275–279.
Meier ES, Lischke H, Schmatz DR, Zimmermann NE (2011) Climate, competition and
connectivity affect future migration and ranges of European trees. Global Ecology
and Biogeography, doi: 10.1111/j.1466-8238.2011.00669.x.
Midgley GF, Hannah L, Millar D, Rutherford MC, Powrie LW (2002) Assessing the
vulnerability of species richness to anthropogenic climate change in a biodiversity
hotspot. Global Ecology and Biogeography, 11, 445–451.
Mitchell TD, Jones PD (2005) An improved method of constructing a database of
monthly climate observations and associated high-resolution grids. International
Journal of Climatology, 25, 693–712.
Murphy HT, VanDerWal J, Lovett-Doust J (2006) Distribution of abundance across the
range in eastern North American trees. Global Ecology and Biogeography, 15, 63–71.
Murphy HT, VanDerWal J, Lovett-Doust J (2010) Signatures of range expansion and
erosion in eastern North American trees. Ecology Letters, 13, 1233–1244.
Nathan R, Horvitz N, He Y, Kuparinen A, Schurr FM, Katul GG (2011) Spread of
North American wind-dispersed trees in future environments. Ecology Letters, 14,
211–219.
Neubert MG, Caswell H (2000) Demography and dispersal: calculation and sensitivity analysis of invasion speed for structured populations. Ecology, 81, 1613–1628.
Okubo A (1980) Diffusion and Ecological Problems: Mathematical Models. SpringerVerlag, Berlin/New York.

Supporting Information
Additional Supporting Information may be found in the
online version of this article:
Figure S1. Latitudinal range change at southern (5th percentile) and northern (95th percentile) boundaries from the
sapling vs. large tree comparison.
Table S1. Mean latitudinal range expansion (positive) or
contraction (negative) at the northern and southern boundaries for the seedling vs. tree and sapling vs. large tree comparisons (species mean of LDD in Eqn 1).
Table S2. Correlation between species range shift and 20th
century temperature change at the northern and southern
boundaries for the seedling vs. tree and sapling vs. large tree
comparisons (ρT in Eqn 2).

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by
the authors. Any queries (other than missing material) should
be directed to the corresponding author for the article.

© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 1042–1052

