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Abstract

Global climate models are constantly being upgraded, but it is often not clear what these changes have on climate
change impact projections. We used difference maps to directly compare downscaled projections of temperature and
precipitation across North America for two versions (or generations) of three different Atmospheric-Ocean General
Circulation Models (AOGCM)s. We found that AOGCM versions differed in their projections for the end of the
current century by up to 4 °C for annual mean temperature and 60% for annual precipitation. To place these changes in
an ecological context, we reanalyzed our work on shifts in tree climate envelopes (CEs) using the newer-generation
AOGCM projections. Based on the updated AOGCMs, by the 2071-2100 period, tree CEs shifted up to 2.4 degrees
further north or 2.6 degrees further south (depending on the AOGCM) and were about 10% larger in size. Despite
considerable differences between versions of a given AOGCM, projections made by the newer version of each
AOGCM were in general agreement, suggesting convergence across the three models studied here. Assessing the
AOGCM outputs in this way provides insight into the magnitude and importance of change associated with AOGCM

upgrades as they continue to evolve through time.
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Introduction

If realized, the changes in climate projected for this
century will bring about widespread changes in plant
distributions, including range expansions, contractions,
shifts, and extirpations (IPCC, 2007; Aitken et al., 2008).
In fact, poleward and upslope shifts, at least partly
attributed to climate warming, have already been docu-
mented for a number of plant species and regions
(Bertin, 2008; Kelly & Goulden, 2008; Woodall et al.,
2009). In a previous study, we reported an average
northward shift of ~700km and an area reduction
of ~12% in the climate envelopes (CEs) of 130 North
American tree species based on atmosphere-ocean gen-
eral circulation models (AOGCM) projections for the
end of the current century (McKenney et al., 2007a).
These findings are in general agreement with other
comparable studies (Shafer et al., 2001; Hamann &
Wang, 2006). Although it is highly unlikely that tree
species will actually track climate shifts, estimating the
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magnitude of these shifts helps elucidate the rate at
which species will be compelled to migrate and informs
the scale and scope of strategic forest management and
conservation activities (Malcolm et al., 2002; Loarie et al.,
2009).

Most projections of future climate are generated by
AOGCMs — complex computer programs that encode
basic laws of physics, fluid motion, and chemistry into
a mathematical representation of the climate system
(Heffernan, 2010). Simulations from 23 different
AOGCMs, developed by research teams around the
world, were reported by the Intergovernmental Panel
on Climate Change (IPCC) for their fourth Assessment
Report (AR4) (IPCC, 2007). These models are constantly
being improved and updated as understanding of the
earth’s climate system advances and computational
resources allow. Since the third Assessment Report
(TAR) (IPCC, 2001), many of the models have undergone
improvements in the areas of: core processes (e.g., advec-
tion), model resolution, aerosol dynamics, heat/moisture
exchange at land and sea surfaces including the cryo-
sphere, and parameterization of physical processes (IPCC,
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2007). Ongoing work also aims to represent biological
processes, both on land and in the oceans, which are
expected to respond to climatic changes with further
effects on atmospheric GHG concentrations. While this
constitutes an impressive list of improvements, it is not
immediately clear how they affect the modeled changes in
climate and hence how they will affect predicted future
impacts on ecosystems and human infrastructure.

Uncertainty around future climate projections has
been, and continues to be, a major deterrent to the
initiation of climate change mitigation and adaptation
activities (Lemos & Rood, 2010; Rosentrater, 2010).
Many studies have examined the various sources of
uncertainty that impact climate projections, including
natural climate fluctuations, differences between
AOGCM models, and future emissions scenarios (Cox
& Stephenson, 2007; Meehl et al., 2007; Knutti et al., 2008;
Hawkins & Sutton, 2009). However, few studies have
explored the variation associated with AOGCM up-
grades (but see Reichler & Kim, 2008) — even though
such information can provide insight into the extent
that climate models are capturing important climate
processes. It might be expected that, over time, projec-
tions made by subsequent climate model versions
would begin to converge as improvements increasingly
fall under the rubric of ‘fine-tuning’. However, uncer-
tainty in future climate projections has reduced little
since the first IPCC report in 1990 (Réisdnen, 2007;
Roe & Baker, 2007) and Trenberth (2010) warns that
AOGCM improvements made in preparation for the
next IPCC report (i.e., AR5) may actually lead to more
uncertainty in projected climate changes for the end of
this century; clearly this topic deserves closer attention.

In this paper, we compare future climate projections
for North America (Canada and continental United
States including Alaska) based on estimates from the
TAR- and AR4-generation of three different AOGCMs.
To get an overall sense of the changes, we map the
difference in future climate estimates for the two ver-
sions of each AOGCM. We then reanalyze our previous
work on shifts in tree CEs (McKenney et al., 2007a)
using the updated AOGCM outputs. This allows us to
put the changes between AOGCM versions in the
context of a particular conservation issue — namely the
potential impacts of climate change on North American
tree species. Assessing the AOGCM outputs in this way
provides insight into the magnitude of change asso-
ciated with AOGCM modifications and generally in-
creasing complexity. Many jurisdictions are attempting
to develop policy and management responses to pend-
ing climate changes — understanding the robustness of
response models such as these is an important part of
this process.

Methods

AOGCM data

Future climate projections from two versions of three different
AOGCMs were used in this study. Basic information on each
model, including major enhancements between versions, is
provided in Table 1. We acknowledge that using three AOGCMs
limits the scope of our findings, however, these models were
selected because they are widely used in climate change impact
studies and match those used in our previous work (McKenney
et al., 2007a). All projections reported here are based on the A2
emissions scenario as described in Nakicenovic & Swart (2000).
This scenario assumes rapid population growth, a reduction in
forested land, and increasing levels of pollution and GHG
emissions as the century progresses.

The data were downloaded from either the Canadian Centre
for Climate Modelling and Analysis (http://www.cccma.
be.ec.gc.ca/data/cgem3/cgem3.shtml) for the Canadian AOGCM
outputs, or from the ‘WCRP CMIP3 multi-model dataset’
archived at the Program for Climate Model Diagnosis and
Intercomparison  (https:/ /esgllnl.gov:8443/index jsp) for all
other models. The AOGCM outputs were downscaled as outlined
in McKenney et al. (2006a). Briefly, this involved converting
the raw AOGCM outputs, obtained in the form of monthly
values for each year over the period 2001-2100, to anomalies
centered on the 1961-1990 normal period. These anomalies
were then averaged for three time periods (2011-2040, 2041-
2070, and 2071-2100) and spatially continuous climate surfaces
were generated for each period by interpolating the coarse-scale
average change values using thin plate smoothing splines
(Hutchinson, 2004). These change surfaces were then interrogated
at the location of more than 7000 long-term climate stations
in Canada and the United States and the predicted change
projections for each month at that location added to the respective
1961-1990 station monthly normals. This provided a network
of stations with projected climate values that include both
well-established site-to-site variation in climate and the broad
scale average changes predicted by the AOGCMs. Finally,
these projected climate values at each station were again
interpolated to produce a spatial grid for each climate variable
and time period. Derived bioclimatic variables (e.g., mean annual
temperature, annual precipitation, etc.) were generated from
these monthly averages using ANUCLIM (Nix, 1986; Houlder
et al., 2000). The same downscaling process was used for both
versions of each AOGCM so any variation due to the metho-
dology itself should be minimal. For the purposes of this
exercise, the final resolution of the climate change grids
was ~10km.

In order to compare temperature projections for the end of
the century across AOGCM versions, annual mean tempera-
ture grids associated with the TAR- and AR4-versions of each
of the AOGCMS were overlaid and a difference map was
calculated. A similar procedure was followed for precipitation,
but the difference was expressed as a percentage of current
(1971-2000) precipitation levels. To put these differences in
perspective, we also present maps showing the difference
between current (1971-2000) and future (2071-2100) grids of
temperature/precipitation.

© 2011 Crown in the right of Canada, Global Change Biology, 17, 2720-2730


http://www.cccma.bc.ec.gc.ca/data/cgcm3/cgcm3.shtml
http://www.cccma.bc.ec.gc.ca/data/cgcm3/cgcm3.shtml
http://www.cccma.bc.ec.gc.ca/data/cgcm3/cgcm3.shtml
http://www.cccma.bc.ec.gc.ca/data/cgcm3/cgcm3.shtml
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp
https://esg.llnl.gov:8443/index.jsp

2722 D. W. McKENNEY et al.

Table 1 Details on the AOGCM versions used in this study

Major improvements between

Developer TAR-version AR4-version

versions

References

Canadian Centre CGCM2 CGCM3.1
for Climate

Modeling and

Analysis

(CCCMA),

Canada

Horizonal resolution increased from 608 to 680 cells
More levels in the vertical (2005)
Improved land surface module, which includes 3 soil

layers, a snow layer, and a canopy layer

Improved convection algorithm

More detailed solar radiative heating module

McFarlane et al.

Improved water vapour transport algorithm

Commonwealth CSIRO-Mk2.0 CSIRO-MK3.5
Scientific and

Industrial

Research

Organisation

(CSIRO),

Australia

Horizonal resolution increased from 528 to 2613 cells
More levels in the vertical (2002)
Improved land surface module, which includes 6 soil

layers, 3 snow layers, and a land cover type

Improved convection algorithm

New prognostic cloud scheme; allows model to

generate its own physically based cloud properties,

Gordon et al.

based on cloud water and cloud ice
Improved water vapour transport using Semi-
Lagrangian algorithm

National Center PCM
for Atmospheric
Reaearch
(NCAR), USA

CCSM3.0

Horizonal resolution increased from 1118 to 4368 cells  Collins et al.
More levels in the vertical (2006)
Greater detail in land-atmosphere flux components

New treatments of cloud processes

Improved aerosol radiative forcing
Improved ocean mixed layer processes
More realistic sea ice dynamics

Many others (see reference)

Tree CE reanalysis

CE modeling is a widely used approach for summarizing
species’ climatic requirements and potential climate change
impacts (Pearson & Dawson, 2003). Here, we briefly outline
our approach for assessing projected shifts in tree CEs; see
McKenney et al. (2007a) for details. We used a well known,
albeit simple, CE technique, as implemented in the ANUCLIM
software package (Nix, 1986; Houlder et al., 2000). This method
required geo-referenced occurrence data for each of the
130 trees species under study, along with climate estimates
at each occurrence location. The tree data used here were
gathered as part of a larger initiative, aimed at obtaining
continent-wide distribution information for thousands of
North American plants (McKenney ef al., 2001, 2007b).
Each tree species used in the study had at least 50 geo-
referenced occurrence locations (mean =9912.5, SE = 1115.3)
that were well distributed across its published range (Little,
1971, 1977).

The ANUCLIM summaries provide an empirically based
estimate of the full CE for each species (i.e., maximum and
minimum values for each climate variable of interest) as
well as a series of reduced (or ‘core’) envelopes which
exclude potential outliers by returning climate values asso-

ciated with predefined percentiles. Given that there may be
differences in the size and shape of the predicted CE
depending on the climate variables used, it is important
(and challenging) to select appropriate variables for analysis
(Beaumont et al., 2005). For the current work, we made use
of variables that summarized two important climatic gradi-
ents for plants and animals — heat and moisture (Woodward,
1987). For heat, we selected annual mean temperature,
minimum temperature of the coldest month, and maximum
temperature of the warmest month. Moisture gradients were
similarly summarized using annual precipitation, precipita-
tion in the warmest quarter, and precipitation in the coldest
quarter. Climate estimates for each of these variables were
generated at each plant occurrence location from existing
spline models covering the 1971-2000 normal period (see
McKenney et al., 2006b for details). Full CEs were then
generated for each species and located on maps of projected
climate for each AOGCM version and time period. The size
and centroid of each CE was determined, allowing changes
in envelope area and latitude to be calculated for each time
period and model. Maps of CE richness were generated by
overlaying all of the 130 CEs for a given time period and
model and counting the number of envelopes that fall on
each grid cell.
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Results

Difference maps

Figure 1 shows differences in the temperature field. In
the left column (Fig. 1a, ¢ and e) are differences of the
30-year average at the end of the 21st century from the
1971 to 2000 baseline. All newer AOGCMs projected
warming of >5°C in the far north, <3°C in the south-
eastern and far western regions, and 3-5 °C for much of
the midcontinent region. The central part of the con-
tinent warms more relative to coastal regions.

The right-hand panels (Fig. 1b, d and f) show differ-
ences between older and newer versions of, nominally,
the same institutional model for 2071-2100 period.
Differences in mean annual temperature between
TAR- and AR4-versions were highly dependent on the
AOGCM. The CGCM showed relatively minor changes
between model versions (generally within =+ 2 °C), with
CGCM3.1 projecting cooler temperatures than CGCM?2
for the central US and warmer temperatures in the
western and northeastern regions of the continent
(Fig. 1b). The CSIRO-mk3.5 version projected cooler
temperatures across much of the continent compared
with its predecessor, with the largest differences
(<—4°C) occurring in the northeast region (Fig. 1d).
CCSM3.0 projected considerably warmer temperatures
for all of North America as compared with the earlier
PCM version, with differences of >3 °C for much of the
central portion of the continent (Fig. 1f).

Figure 2 shows differences in annual precipitation.
All of the newer AOGCMs projected much of the
continent to have precipitation levels that vary between
—20% and 40% of current (1971-2000) levels, with
consistent increases across Alaska and northern Canada
(Fig. 2a, c and e). South of these approximately coherent
signals, the spatial patterns in projected precipitation
differ from model to model, with: CGCM3.1 projecting
declines in the far southwest (Fig. 2a); CSIRO-mk3.5
projecting declines across much of the southern US (Fig.
2¢c); and CCSM3.0 projecting declines for much of
western North America (Fig. 2e).

Differences in annual precipitation between model
versions were again highly dependent on the AOGCM
(Fig. 2b, d and f). CGCM3.1 projected precipitation
levels in the far southwest region that were 20-60%
lower than CGCM2 projections; along with pockets in
the southeast, northeast, and northcentral regions
where projections were 20-60% higher than CGCM2
(Fig. 2b). CSIRO-mKk3.5 projected precipitation levels
that were 20-60% higher than CSIRO-mk2 for much of
central and southwestern US and relatively small
changes for the rest of the continent (Fig. 2d). Similarly,
CCSM3.0 projected increases in precipitation of 20-60%

over the PCM version for much of the southwestern and
eastern US and the far north (Fig. 2f).

Tree CEs

With respect to latitudinal shifts in the 130 tree CEs, the
difference between AOGCM versions was highly de-
pendent on the AOGCM (Table 2). There was relatively
little difference between the latitude shifts predicted by
the TAR and AR4-version of the CGCM; tree CEs were
projected to shift slightly further north under the newer
AOGCM version in each time period. Conversely, a
smaller northward shift was projected for each time
period under the AR4-version of the CSIRO CGM. This
was particularly noticeable in the 2071-2100 time peri-
od, when the average projected shift under the AR4-
version was 2.6 degrees south of the TAR-version. The
NCAR model showed an opposite pattern, with the
newer version predicting larger northward shifts than
the earlier version in each time period — the difference
was 2.4 degrees of latitude in the final time period.
These differences between the two versions of each
AOGCM led to considerable convergence across the
newer versions. Under the TAR version, the CSIRO
AOGCM projected the largest average northward shift
in CEs (8.7 degrees) followed by the CGCM (6.5 de-
grees) and NCAR (4.5 degrees); under the AR4-version,
all the AOGCMs project a northward shift between 6
and 7 degrees.

Apart from the CGCM in the first time period, the
AR4-version of each AOGCM projected increases in CE
size (Table 3). On average, projected CE size was about
10% larger under the AR4 version of the AOGCMs. The
CGCM showed the greatest variation, with CE size
projected to decline in the first time period by 7.3%
under the AR4-version as compared with a 2.9% decline
under the TAR version. By the final time period, the
AR4-version of the CGCM was projecting an average
increase in CE size of 13.9% vs. a 6.4% decline under the
TAR version. Both of the other AOGCMs projected
larger CE sizes under the AR4 in each time period.
There is again some evidence of convergence across the
AR4 AOGCM estimates with projected increases in CE
size ranging from 13.9% for CGCM3.1 to 27.5% for
CCSM3.0; the TAR versions varied from —6.4% for
CGCM2 to 12.6% for PCM.

An overall impression of how these intergenerational
differences in AOGCM projections impact shifts in
these 130 tree species CEs can be obtained by observing
difference maps of CE richness - i.e., the change, over
time, in the number of species’ CEs projected to occupy
a map grid cell (Fig. 3). The figure illustrates the
relatively small changes across the CGCM models
(Fig. 3a and b), the smaller northward shifts associated
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Fig. 1 Differences between current (1971-2000) and future (2071-2100) mean annual temperature (°C) are shown in the left panels for:
(a) CGCM3.1 minus current, (c¢) CSIRO-mk3.5 minus current, and (e) CCSM3.0 minus current. Differences in projected (2071-2100) mean
annual temperature between AOGCM versions are shown in the right panels for: (b) CGCM3.1 minus CGCM2, (d) CSIRO-mk3.5 minus
CSIRO-mk2, and (f) CCSM3.0 minus PCM. Full AOGCM names are provided in Table 1.
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Fig. 2 Differences between current (1971-2000) and future (2071-2100) annual precipitation (expressed as a percentage of current
values) are shown in the left panels for: (a) CGCM3.1 minus current, (c) CSIRO-mk3.5 minus current, and (e) CCSM3.0 minus current.
Differences in projected annual precipitation between AOGCM versions (expressed as a percentage of current values) are shown in the
right panels for: (b) CGCM3.1 minus CGCM2, (d) CSIRO-mk3.5 minus CSIRO-mk2, and (f) CCSM3.0 minus PCM. Full AOGCM names

are provided in Table 1.
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Table 2 The average (+ SD) northward shift (in degrees of latitude) in the climate envelopes of 130 North American tree species
under earlier (TAR) and updated (AR4) versions of three different AOGCMs

CGCM CSIRO NCAR
Period TAR-version AR4-version TAR-version AR4-version TAR-version AR4-version
2011-2040 1.8+ 0.8 24 +£0.7 23+0.7 1.8+ 0.6 1.1+ 0.5 22 +07
2041-2070 41+12 44 +1.1 49+ 1.1 3.8+ 09 2.6 +£0.7 45+ 12
2071-2100 65+ 1.7 6.6 + 15 8.7+ 1.6 6.1+14 45+ 12 6.9 + 1.6

Table 3 The average (+ SD) change in size (%) of the climate envelopes of 130 North American tree species under earlier (TAR)

and updated (AR4) versions of three different AOGCMs

CGCM CSIRO NCAR
Period TAR AR4 TAR AR4 TAR AR4
2011-2040 —29 + 139 -73£115 02196 4.5+ 103 —62£99 104 + 13.8
2041-2070 —5.7 £ 28.0 34+213 6.1 +19.0 6.5+ 17.2 2.6+ 133 152 + 194
2071-2100 —6.4 £39.3 13.9 £ 31.1 35+£272 16.8 + 30.9 12.6 £ 25.0 27.5 £ 269

with the updated CSIRO model (Fig. 3c and d), and the
larger northward shifts associated with the updated
NCAR model (Fig. 3e and f); convergence across the
three modelling groups is also apparent (Fig. 3b, d and
f). All of the AOGCMs project substantial reductions in
CE richness across the eastern half of the United States,
gains in CE richness for much of Canada, and relatively
little change across much of the mountainous regions of
the United States. These maps only indicate where
suitable climatic conditions will exist for the 130 tree
species under study; the extent to which trees will
actually shift with climate is of course highly uncertain
as discussed below.

Discussion

Our results show large differences between the TAR-
and AR4-versions for two of the three AOGCMs under
study. The largest difference was observed between the
older and newer version of the NCAR model, and
approached the magnitude of the average change in
climate projected for this century. This is perhaps not
surprising given the substantial changes that went into
the new model. In fact, CCSM3.0 actually represents
several versions worth of enhancements/improvements
over PCM (Kiehl & Gent, 2004; Collins et al., 2006). The
higher temperature values associated with CCSM3.0 are
primarily due to an updated land component which
includes improved biogeophysical parameterizations
that address significant biases in previous model ver-
sions (Bonan et al., 2002). Similarly, the large differences
between CSIRO-mk3.5 and CSIRO-mk2 in projected

mean annual temperature are presumably related to
the extensive modifications to the land surface module
employed in the newer version (Gordon et al., 2002).
Interestingly, there was relatively little change between
versions of the CGCM despite the enhancements to
CGCM3.1.

Differences between AOGCMs and emissions scenar-
ios have been identified as major sources of uncertainty
in future climate projections (Hawkins & Sutton, 2009).
These sources have been shown to contribute about
equally to the overall range in ‘likely’ temperature
estimates of 1.1°C-6.4°C for the end of the current
century (IPCC, 2007; Knutti et al., 2008). Thus, the
variation reported here across AOGCM versions of
approximately 2 °C-3 °C is comparable to that reported
for other major sources of uncertainty. We note that
these findings are limited to the three AOGCMs studied
here. In fact, ensemble estimates of average global
temperature for the end of this century have changed
relatively little between the TAR and the AR4 (IPCC,
2007; Knutti et al., 2008), suggesting that the substantial
intergenerational differences demonstrated here vary
according to the AOGCM and the spatial scale under
study. Nonetheless, climate change impact and adapta-
tion studies often employ projections from a limited
number of AOGCMs to a particular region of interest;
our results indicate that these projections could change
substantially across AOGCM versions.

It is the implication of these differences that is im-
portant to those interested in climate change impacts
and vulnerability. Not surprisingly, differences in future
climate projections between AOGCM versions trans-
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Fig. 3 Differences between current (1971-2000) and future (2071-2100) tree climate envelope richness (i.e., number of tree species) for:
(a) CGCM2, (b) CGCM3.1, (c) CSIRO-mk2, (d) CSIRO-mk3.5, (e) PCM, and (f) CCSM3.0. Full AOGCM names are provided in Table 1.
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lated into differences in projected tree CE shifts. With
respect to shifts in latitude, the results were closely
related to the temperature differences reported across
versions of each AOGCM; CSIRO-mk3.5 projected
shifts that were 2.6 degrees of latitude south of the
TAR version, while CCSM3.0 shifted the envelopes 2.4
degrees of latitude north of the TAR version. These are
substantial differences in the context of tree species
migration, which is estimated to occur at a rate of
<10km per century (McLachlan et al., 2005).

Since climate change is projected to happen at a much
faster rate than plant migration, it has been proposed
that some species may need to be ‘assisted’ in order to
track climate shifts (McLachlan et al., 2007). This as-
sisted migration or colonization (Hunter, 2007) would
likely make use of maps that show where species’ CEs
are projected to occur in the future (in conjunction with
knowledge of local site conditions). Our findings indi-
cate that there could be a 200-300km difference in
where CEs are located on maps of future climate
depending on which AOGCM version is used — even
when the GHG forcing assumptions are identical. Given
that variation between AOGCM versions is just one of
many uncertainties involved in spatial projections of
future climate, assisted migration programs should
likely target the central, or core, area of future CEs
when identifying potential translocation sites. Results
concerning changes in CE size were less drastic, with an
overall projected size increase of about 10% using the
updated AOGCM models. Again, in the context of
assisted migration, targeting the central region of the
future CE would reduce the chance of moving plants
into outlying locations with unsuitable future climate
conditions.

As a consequence of the relatively dramatic changes
in climate resulting from the SRES A2 forcing scenario,
large shifts were projected for the CEs studied here,
indicating the potential for significant changes in tree
species composition across North America. We note
however, that the extent to which individual tree spe-
cies will actually shift through natural processes inter-
acting with climate change is highly wuncertain,
involving complex interacting factors such as: competi-
tive, predatory, and mutualistic relationships among
species (Davis et al., 1998; Hampe, 2004), edaphic and
land-use considerations (Iverson & Prasad, 1998), dis-
persal ability (Lawton, 2000; Hampe, 2004), genetic
controls (e.g., Aitken et al., 2008; Kuparinen et al.,
2009), CO, fertilization effects (Wullschleger et al.,
2002), and disturbance patterns (Schneider et al., 2009).
Several studies have incorporated a number of these
factors into projected range shifts in an effort to make
the results more realistic (e.g., Iverson et al., 2005;
Schneider et al., 2009; Midgley et al., 2010); though this

also requires incorporating more assumptions into the
modeling process (see also Araujo & Rahbek, 2006).
Here, we have purposely used a very simple and
transparent approach, which nonetheless indicates the
magnitude of the problem that climate change poses for
tree species and helps to inform the scale at which
assisted migration efforts would have to be undertaken
to promote successful plant conservation. Furthermore,
the simple approach employed here is well suited for
studying the differences between AOGCM versions, as
any changes in projected range shifts are directly re-
lated to changes in the AOGCM outputs. Several stu-
dies have recommended using multiple species
distribution models in an ensemble framework to assess
potential climate impacts on species distributions (Ara-
ujo & New, 2007; Buisson et al., 2010). As a final check
on the appropriateness of our approach, we reran the
analysis using MAXENT (Phillips et al., 2006), a sophisti-
cated machine-learning method, with no change to our
qualitative findings.

Our findings illustrate the issue of uncertainty in the
AOGCM projections — a key factor in the extent to
which climate projections are generally accepted and
incorporated into policy and decision making (Lemos &
Rood, 2010). If AOGCM projections for a given region
are changing by several degrees for temperature and
more than 20% for precipitation across AOGCM
versions, how much faith can be put in the estimates
provided by a given version? Clearly if this magnitude
of change, across wide geographic areas, were to
accompany each AOGCM upgrade, it would seriously
erode confidence in the projections.

There are several signs, however, that suggest this is
not the case. First, although we found substantial dif-
ferences between versions of a given AOGCM, there
appears to be convergence across the various modelling
groups with respect to projected patterns of change for
both temperature and precipitation. Although the maps
in the left-hand column of Figures 1 and 2 are not
perfect matches, there are far more similarities than
differences, suggesting that the latest version of the
AOGCMs agree on many of the general patterns of
climate change (see also IPCC, 2007). For example, all of
the models represent the polar amplification of global
warming in the northern hemisphere, whose fingerprint
has already been seen in the observational record of
temperatures of the past several decades (Holland &
Bitz, 2003). While convergence does not necessarily
imply improved accuracy (the newer model versions
could simply be consistently inaccurate), its absence
would suggest that the various climate modelling
groups continue to differ widely in their interpretation
of key processes and parameters. The convergence
observed here is likely a result of world-wide commu-
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nication and comparison of model structures, coupled
with ongoing research into land, ocean, and atmo-
spheric processes; all of which are improving model
representation of the climate system as a whole.

Furthermore, climate models are still in a fast devel-
opment phase where known biases are being addressed
and unrepresented processes are being incorporated.
Given the complex nature of the phenomena that are
being modelled, it is not surprising that relatively large
differences are apparent between versions. Presumably,
as the craft of climate modelling continues to be honed,
the differences between model versions will become
smaller. In support of this, Reichler and Kim (2008)
tested the ability of three generations of climate models
to model present (i.e., 1979-1999) climate and reported
improved performance with each successive genera-
tion. They concluded that, while current models are
not perfect, they are much more realistic than their
predecessors.

Despite the apparent improvement in climate model
outputs over time, levels of uncertainty may still be too
high for some regional applications. However, careful
interpretation of model outputs may help to reveal
patterns of uncertainty, thus allowing work to move
ahead in areas where projected climate change is rela-
tively certain. For example, in this study a major com-
ponent of the signal is related to the large warming that
occurs at continental high latitudes in the northern
hemisphere. This is a signal that is not only predicted
by all modeling systems, but whose underlying physics
is basically understood and well resolved by models. In
addition, there is already substantial evidence of ob-
served high latitude continental warming over the past
century. This increases the confidence that there will be
warming across much of Canada that will likely over-
whelm natural rates of tree migration (Holland & Bitz,
2003).

The models also provide a relatively similar signal for
precipitation changes in the southeastern US
(i.e., £ 20%). However, the physics that are responsible
for summertime precipitation in this region are small
scale compared with model resolution. In addition to
scale, there are numerous documented shortcomings in
the representation of precipitation processes (Lee et al.,
2007; Lim & Roderick, 2007). Therefore, we can use the
consistency of the models, and our understanding of
the physics, to say that drastic changes in precipitation
are not likely in this region. However, management
action based on the fine-scale pattern of changes pro-
jected by the three simulations is not, as yet, warranted.

This combination of observations, knowledge of un-
derlying mechanisms, and guidance from climate pro-
jections suggests an iterative strategy of planning and
adaptation. Regional signals that are projected consis-

tently across AOGCMs, well understood, and already
beginning to emerge, are likely actionable. The fact that
projections are relatively insensitive to emissions sce-
narios on time scales of approximately 40 years (IPCC,
2007) removes some ambiguity in decision making. The
fact that many of the processes yet to be incorporated
into AOGCM models (i.e., carbon cycling, ice sheets) are
important on time scales of many decades to centuries,
again, allows considered use of information with large
impacts on decadal scales, like the forest impacts dis-
cussed here. Finally, the systematic improvement of
AOGCM model simulations suggests that more refined
and robust information will emerge on the time scale of
years.
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