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The Random Forests classification algorithm was used to predict the occurrence of the realized climate
niche for two sub-specific varieties of Pinus ponderosa and three varieties of Pseudotsuga menziesii from
presence-absence data in forest inventory ground plots. Analyses were based on ca. 271,000 observations
for P. ponderosa and ca. 426,000 observations for P. menziesii, with ca. 6% of the observations in each
dataset recording the presence of one of the varieties. Classification errors to the respective databases
attributable to fitting the models were ca. 5%, most of which were from falsely predicting varietal occur-
rence. Confusion in classifying varieties was nil. The primary drivers of the niche model were summer
precipitation, winter precipitation and summer degree-days >5 C for the varieties of P. ponderosa and
the summer-winter temperature differential, summer maximum temperatures and summer precipita-
tion for the varieties of P. menziesii. Projected impacts of global warming using output from an ensemble
of 17 general circulation models were greater for P. ponderosa than for P. menziesii and for varieties of
both species from inland climates than from coastal. Projected impacts imply dire consequences for
the varieties of P. menziesii occurring in Mexico.

Published by Elsevier B.V.
1. Introduction

Ingrained in the foundations of biogeography is the concept that
plant distributions are limited by climate, with species flourishing
within a relatively narrow range of climatic conditions (see
Dansereau, 1957). Entrenched in evolutionary biology is the
concept that genetic variation within wide-ranging plant species
has been molded by climate to produce clines that parallel climate
gradients (see Morgenstern, 1996). The climate, however, is warm-
ing and will continue to warm at unprecedented rates (Hansen
et al., 2012). As climate-change progresses, disruption of species
distributions is inevitable (see Thomas, 2010), but the impact will
vary among species largely because of intraspecific clines of differ-
ent steepness (Rehfeldt, 1994; Sorensen and Weber, 1994).
Impacts to forests are occurring presently (e.g., Breshears et al.,
2005; Allen et al., 2010; Worrall et al., 2013) and are projected to
continue (e.g. Iverson et al., 2008; Rehfeldt et al., 2006). Strategies,
options and guidelines are needed by forest managers for accom-
modating the changing climate such that forest health, growth
and productivity are maintained (e.g., Ledig and Kitzmiller, 1992;
Mátýas, 1994; Rehfeldt et al., 1999; Pedlar et al., 2012).

The conclusion of many researchers is that climate change
impacts on North American tree species involve contraction of
ranges at trailing edges, the southern and low-altitudinal limits
of distribution, with expansion at leading edges in the north and
at higher elevations (e.g., Lavergne et al., 2010; Worrall et al.,
2013). Yet, even where projected species are expected to persist,
genotypes appropriate for the new climates invariably occur else-
where today (St Clair and Howe, 2007; Rehfeldt and Jaquish,
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2010; Joyce and Rehfeldt, 2013). To mitigate the adaptation and
dispersal lags that accompany plant migrations, proactive manage-
ment must be a component of the challenge facing forest managers
(see Rehfeldt et al., 1999, 2001, 2002; Ledig et al., 2010; Sáenz-
Romero et al., 2012b).

Our focus is on the potential impacts of the changing climate on
the sub-specific varieties of Pseudotsuga menziesii and Pinus pon-
derosa, two of western North America’s most widely distributed
and economically important forest trees. Both species are com-
prised of varieties long-recognized by taxonomists: P. p. vars. pon-
derosa and scopulorum, and P. m. vars. menziesii and glauca.
Varieties ponderosa and menziesii tend to occupy coastal regions
while vars. scopulorum and glauca tend to be interior (Fig. 1). In
P. menziesii, an unnamed third variety occurs in central and south-
ern Mexico (Reyes-Hernández et al., 2006). The disparate evolu-
tionary histories of the varieties of these species (e.g., Latta and
Mitton, 1999; Gugger et al., 2010; Wei et al., 2011) portend dispa-
rate responses to historical climates and, therefore, deserve recog-
nition when impacts from climate change are considered.

Our analytical approach first defines statistically the realized
climate niche, that is, the climate profile (sensu Rehfeldt et al.,
2006), such that climatically suitable habitat can be mapped. The
second step defines the climatic clines that link intraspecific genet-
ic variation to climate gradients occurring within the climate pro-
file. Completion of these steps allows the climate profile and
intraspecific genetic variation to be projected into future climate
space provided by emissions scenarios of General Circulation Mod-
els (GCM). The results then can be used to develop seed transfer
protocols suited to reforestation in a changing climate. This
approach parallels those used for Larix occidentalis (Rehfeldt and
Jaquish, 2010) and Pinus strobus (Joyce and Rehfeldt, 2013).
Fig. 1. Presence of ground plots (dots) of the varieties of Pinus ponderosa (left) and Pseudo
Right panel: P. m. var. menziesii (light gray), var. glauca (dark gray), and unnamed Mexic
Analyses and discussion of this work are presented in three tan-
dem papers in this issue of Forest Ecology and Management. The
objectives of the present paper, PART 1 of the series, are (a) to de-
velop from a comprehensive database techniques for predicting
the occurrence of the contemporary realized climate niche of the
sub-specific varieties of P. menziesii and P. ponderosa, and (b) to
project the niche into mid-century climates representative of
GCMs such that potential impacts can be quantified at both the
trailing and leading edges.

The results of PART 1 provide a statistical framework for the
second paper of this series (PART 2, Rehfeldt et al., 2014a), the
objectives of which are (a) to synthesize disparate provenance test
data so that the clines in genetic variability that occur within vari-
eties can be described and mapped within the climate niche, and
(b) to project genetic variation into mid-century climate space.
PART 3 of the series (Rehfeldt et al., 2014b) integrates the results
of PARTS 1 and 2, synthesizes potential impacts to natural ecosys-
tems, and considers management options for promoting long-term
persistence and health consistent with ecosystem resilience.
2. Methods

2.1. Climate data

Throughout this series, all point and gridded climate estimates
were obtained from the thin plate spline surfaces of Crookston and
Rehfeldt (2008) for North America >13.9� latitude. These climate
surfaces produce monthly estimates of temperature and precipita-
tion normals for 1961–1990. From the monthlies, twenty variables
are derived directly, but additional variables can be constructed
from temperature-precipitation interactions (see Rehfeldt et al.,
tsuga menziesii (right). Left panel: P. p. var. ponderosa (gray), var. scopulorum (black).
an variety (black).
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2006). We use an additional 14 interactions and thereby have 34
climate variables at our disposal. Table 1 lists the climate variables
and their acronyms referenced in this series.

2.2. Delineation of varieties

The varieties of P. ponderosa are separated according to well-
documented morphological features (see Conkle and Critchfield,
1988) that tend to separate the varieties at the Continental Divide
in Montana (see Little, 1971). Because gene flow is primarily west
to east (Latta and Mitton, 1999), transitional populations would be
classified as var. scopulorum. For P. menziesii, the crest of the Coast-
al Mountains of British Columbia tends to separate var. menziesii
on the west from transitional and var. glauca populations to the
east (see Krakowski and Stoehr, 2009, 2011). Extension of this
demarcation line to the south along the crest of the Cascade Range
with an exit from the Cascades along the divide between the
Yakima and Klickitat Drainages in southern Washington would
then account for recent genecological evidence (St Clair et al.,
2005) of varietal distributions. Recognition and delimitation of
the unnamed P. menziesii variety in sub-tropical climates of central
and southern Mexico from var. glauca in the arid montane climates
of northern Mexico follows the morphologic work of Reyes-Her-
nández et al. (2006).

2.3. Climate profile models

Our approach to model development was to apply well-estab-
lished procedures (see Rehfeldt et al., 2006; Rehfeldt and Jaquish,
2010; Joyce and Rehfeldt, 2013; Ledig et al., 2010; Worrall et al.,
2013), use as much of the available information as possible to de-
velop the model, and carefully examine the errors of prediction to
elucidate shortcomings. We use the Random Forests classification
algorithm (Breiman, 2001; R Development Core Team, 2006) to
produce range-wide models predicting from climate variables the
presence or absence of the varieties of both species. In evaluating
Table 1
Definition of acronyms used herein to reference climate variables.

Acronym Definition

MTCM Mean temperature in coldest month
MTWM Mean temperature in warmest month
MMIN Mean minimum temperature in coldest month
DD0 Negative degree-days using mean daily temperature for

calculationa

MINDD0 Negative degree-days using minimum daily temperature for
calculationa

MAP Mean annual precipitation
GSP April–September precipitation
SDAY Date of last freezing temperature in spring
FDAY Date of first freezing temperature in autumn
D100 Date the sum of degree-days above 5 �C reaches 100
DD5 Annual mean degree-days above 5 �Ca

GSDD5 Mean degree-days >5 �C between SDAY and FDAYa

MMAX Mean temperature in warmest month
SUMP July–August precipitation
SPRP April–May precipitation
WINP November–February precipitation
PRATIO Growing season precipitation balanceb: GSP/MAP
SDI Summer dryness indexb: (GSDD5)0.5/GSP
TDIFF Summer–winter temperature differential: MTWM-MTCM
MAPDD5 (MAP � DD5)/1000a

SDIMINDD0 SDI �MINDD0a

Note: temperature is �C (one decimal), precipitation in mm (whole units). Bold face
type, variables in the Pinus ponderosa profile; italics, variables in the Pseudotsuga
menziesii profile.

a Rounded to whole units.
b Rounded to two decimals.
the models, the mechanics of fitting the Random Forests algorithm
is such that the errors of estimate are obtained from samples not
used in the model building process and therefore are essentially
a cross-validated accuracy estimate (Cutler et al., 2007).

Presence-absence data from throughout the geographic distri-
bution of these two species were assembled primarily from forest
inventory and ecological research ground plots of organizations in
USA, Canada and Mexico (see Acknowledgments). As mandated by
federal law, data points from USA’s Forest Inventory and Analysis
are located systematically but presented with ‘fuzzy’ coordinates
that approximate actual locations, but the degree of geographic
imprecision is proprietary. To locate and remove the most flagrant
errors, we calculated the difference between Euclidean distances in
eight climate variables for actual coordinates not available to the
public and ‘fuzzy’ coordinates. The differences were used to iden-
tify and cull about 1 % of the observations which were outliers from
a general distribution. To assure the representation of non-forested
data points in the analysis, we randomly sampled 50 % of the data
points from non-forested biomes used in North American vegeta-
tion analyses (Rehfeldt et al., 2012).

The resulting database used for the P. ponderosa analysis con-
tained ca. 271,000 observations of which ca. 14,000 recorded the
presence of one of the varieties; that for P. menziesii contained
ca. 426,000 observations of which ca. 26,000 recorded the presence
of P. menziesii. The difference in database size was related to the
smaller proportion of observations from Mexico that were neces-
sary for P. ponderosa than for P. menziesii. Observations for both
species were assorted into varieties according to geographical loca-
tion. Because of the extensiveness of the sample, Fig. 1 becomes
the best available approximation of a range map for these species
as a whole, but especially for their varieties. While existing range
maps for these species (e.g., Little, 1971) have served forestry well,
accuracy is lacking particularly for Mexico but also for Canada.

To prepare training data within which observations are reason-
ably balanced between the presence and absence classes (see Brei-
man, 2001), we followed the procedures of Worrall et al. (2013)
which are of demonstrated robustness (e.g., Rehfeldt et al., 2006;
Ledig et al., 2010; Rehfeldt and Jaquish, 2010; Joyce and Rehfeldt,
2013) particularly for limiting errors of omission, that is, predic-
tions of absence when present. Ten datasets were extracted from
the database for each species, each containing a sample of observa-
tions not exceeding 100,000, a number suitable for our computing
resources. Each dataset was used to construct a ‘forest’ in the Ran-
dom Forests algorithm. The sample was drawn such that ca. 40%
were locations where the species occurred (presence observations)
with the remainder from where the species was absent (absence
observations). Each data set destined for developing the climate
profile of P. menziesii contained a sample of ca. 17,500 presence
observations while those for P. ponderosa included all presence
observations. Presence observations were then weighted by a fac-
tor of two (doubled) which set a limit of ca. 88,000 total observa-
tions for each dataset to be used in the P. menziesii analyses and
ca. 70,000 total observations for those to be used for P. ponderosa
analyses. For all data sets, absence observations were structured
such that two-thirds of the observations would be difficult for sep-
arating presence from absence, while one-third sampled climati-
cally distant observations.

To develop the climate profiles, the Random Forests algorithm
was used to produce an ensemble of classification trees containing
10 ‘forests’ each with 100 ‘trees’. Using multiple classes of presence
observations (see Ledig et al., 2010) in the models provided for
estimating the climate profiles of each variety, that is, the model
incorporated three classes for the P. ponderosa analysis and four
classes for the P. menziesii analysis. A stepwise procedure was used
to determine which of 34 climate variables should be included as
descriptors of the climate profile. Climate variables included 20
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variables derived from the 1961–1990 normals and 14 precipita-
tion-temperature interactions. Variables were eliminated during
the stepwise procedure according to importance values averaged
across the 10 forests, using the mean decrease in accuracy as the
measure of importance. Out-of-bag errors were used to determine
the number of predictor variables to be included in the final model.
Because classification errors approach a limit as the number of
trees in the forest increase, collinearity and over-parameterization
are inconsequential (Breiman, 2001).

In judging the relative importance of variables, we view the
variable remaining in the 1-variable model as being the most
important. The second most important would be the additional
variable in the 2-variable model. In developing the final model,
values of ‘local importance’ were calculated. These statistics are
the variable importance scores for each observation in the train-
ing data. Local importance was used in an attempt to determine
which climate variables were most important in separating
varieties.

In making predictions, observations were run down all trees in
all forests, with each tree casting one of a total of 1000 votes (100
trees by 10 forests) as to climate suitability for each variety. We as-
sumed that the climate of any data point would not be suitable to
any variety of these species when the varieties in their aggregate
received less than 50% of the votes, that is, the absence class re-
ceived >50%. Otherwise, the prediction was the variety receiving
the most votes.

Mapped predictions use elevations (GLOBE Task Team, 1999)
and climate grids (Crookston and Rehfeldt, 2008) at 0.0083� reso-
lution. Projections for the decade surrounding 2060 used means
of 17 GCMs for the RCP60 scenario, a medium–high emissions sce-
nario (see van Vuuren et al., 2011).
3. Results

3.1. Climate profile

The P. ponderosa climate profile included nine climate variables
and had an overall out-of-bag error averaging 3.7% for the 10
forests, using nine climate variables; that for P. menziesii had an
average out-of-bag error of 3.3% and was driven by six climate
variables. For both, out-of-bag errors were concentrated in the
errors of commission, predicting presence when the species were
absent. In developing models with multiple forests, averaging
out-of-bag errors across forests would underestimate actual error
if the disparate samples of training data were not representative
of the database. For this reason, we present confusion matrices
Table 2
Confusion matrix showing the class error and number of observations classified by
the Random Forests algorithm for each variety of Pinus ponderosa in the database.

Observed occurrence Predicted occurrence Class error (%)

Absent Ponderosa Scopulorum

Absent 257,235 5,494 2,373 3.0
Ponderosa 11 10,280 0 0.1
Scopulorum 0 0 3,933 0.0

Table 3
Confusion matrix showing the number of observations classified by the Random Forests a

Observed occurrence Predicted occurrence

Absent Menziesii

Absent 377,527 4876
Menziesii 0 8784
Glauca 249 0
Mexican 0 0
(Tables 2 and 3) obtained by predicting climate suitability for each
observation in the databases.

The statistics in Tables 2 and 3 closely parallel the out-of-bag
errors, both of which illustrate a superb fit of the models. For both
models, errors of prediction were concentrated in predicting the
presence of a species when absent, that is, false positives. Errors
of omission, the false negatives, varied between miniscule and
none, but were detected for the inland varieties of both species.
The models, moreover, showed no confusion in separating varieties
on the basis of climate. While many ecologically valid reasons exist
for species not occurring where the climate is suitable, the most
damaging errors tend to be errors of omission. The most obvious
reason for predictions of absent when present are from model fit-
ting. Having errors primarily as false positives is, therefore, the
most desirable outcome. The low error rates of these models attest
to their high fit, a result typical of other work using these or similar
methods (e.g., Rehfeldt et al., 2006; Ledig et al., 2010; Joyce and
Rehfeldt, 2013; Worrall et al., 2013).

The three most important climate variables driving the P. pon-
derosa model were SUMP (see Table 1), WINP, and DD5; those driv-
ing the P. menziesii model were TDIFF, MMAX, and SUMP. ‘Local
importance’ did not lead to a ready interpretation of which climate
variables were responsible for separating the varieties.

Mapped climate profiles for the varieties of P. ponderosa (Fig. 2)
capture the abruptness of the transition between varieties along
the Continental Divide in Montana. Panel A shows the only area
where the model purports confusion among the varieties, predict-
ing suitable climate west of the Rocky Mountains for var. scopulo-
rum in a region currently north of the species’ distribution. Panels B
and C illustrate the success of the model in correctly predicting the
occurrence at isolated locations.

The mapped climate profiles for the varieties of P. menziesii
(Fig. 3) depict the abrupt transition between varieties in the Coast-
al Mountains of British Columbia (upper panel A) along with inter-
varietal confusion along the crest of the Cascade Range toward the
south (panels A and B) and especially along the transition following
the relatively low divide between the Yakima and Klickitat River
drainages where separation is equivocal (lower B). Other panels
illustrate the occurrence of var. glauca at low elevation valley sites
in the northern and eastern limits of distribution (panel C) but on
high ridges in southern portions, especially in the isolated ranges
of Texas (panel E) and the Sierra Madre Occidental and Oriental
(panels F and G). Panel D shows that at the middle latitudes, this
variety occupies middle elevations.

The Mexican variety of P. menziesii (Fig. 4) is shown to be
distributed primarily along the Transvolcanic Axis of central Mex-
ico where suitable climate typically rings the highest volcanoes
(panels A and B) but also occurs in isolated locations to the north
(panel C) and in the mountains of Oaxaca (panels D and E).

3.2. Projections

Losses of niche space by 2060 are projected for the lowest
elevations in both varieties of P. ponderosa throughout the contem-
porary range, but gains in area would accrue at the higher
elevations (Fig. 5, panels A, B, D and E). Panel C indicates that the
separation of varieties along the Continental Divide would become
lgorithm for each variety of Pseudotsuga menziesii in the database.

Class error (%)

Glauca Mexican

16,458 52 5.4
0 0 0.0

18,139 0 1.4
37 0 0.0



Fig. 2. Mapped prediction of the climate niche of Pinus ponderosa var. ponderosa (red) and var. scopulorum (green). Panels zoom in on areas discussed in the text.
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more pronounced, as the niche of var. ponderosa recedes west
while that of var. scopulorum would move east. For var. ponderosa,
gains in niche space would tend to balance the losses: substantial
gains in habitat are projected to the north, but large tracts are
projected to be lost in eastern Oregon (location 2) and northern
Idaho (location 1) but for different reasons. The habitat lost in
Oregon apparently would result from infringement of grass-shrub
communities but that in Idaho from a climate becoming more
suited to mesic cedar-hemlock forests (see Rehfeldt et al., 2012).
Isolated populations toward the south seem particularly precarious
(panel B).

For P. p. var. scopulorum, the loss of climate niche would
greatly exceed the gains, with niche space being reduced by
about one-half by 2060 (Fig. 5). Niche space is projected to disap-
pear in areas where the variety already occupies the highest ele-
vations: eastern Montana (location 4), southern New Mexico
(location 7), and in the Sierra Madre Oriental at the southern
limits of the current distribution (panel F). Niche space, in fact,
would disappear in isolated locations everywhere, but especially
noteworthy is the loss of habitat in the Nebraska Sandhills
(location 6), the easternmost outlier of this variety. Much of the
habitat expected to remain suitable throughout the period is cur-
rently occupied by today’s high altitude populations (panel D,
location 5). Gains in habitat are limited to those few locations
where suitable habitat may be available at higher altitudes (Pan-
els D and E) or to the north (location 3) where in 2060 the largest
single tract of suitable climate space may occur.

For P. menziesii, the projections show that the transition between
vars. menziesii and glauca would remain relatively stable (Fig. 6 pan-
els A and B). Note that in Fig. 6 itself, the transition between varieties
is mapped to show loss of niche space of var. glauca, but in panels A
and B, it is mapped to show gains in niche space of var. menziesii.
Either presentation illustrates little encroachment of var. menziesii
on the distribution of var. glauca. Nowhere in the interior, moreover,



Fig. 3. Mapped prediction of the climate niche of Pseudotsuga menziesii var. menziesii (brown) and var. glauca (green). Panels zoom in on areas discussed in the text.

G.E. Rehfeldt et al. / Forest Ecology and Management 324 (2014) 126–137 131
is the coastal variety’s climatic niche projected to supplant that of
the inland variety.

Impacts of climate change on the climate niche of P. m. var. men-
ziesii are projected to be small (Fig. 6). Some losses are projected for
the lowest elevations and gains at higher elevations (panel D) and
in the north, but in general, the climate niche would persist in most
of the locations where it occurs today. The projected loss of niche
space in and around Puget Sound (Fig. 6, panel C) is counter-
intuitive, however. Analyses of biome distributions (Rehfeldt
et al., 2012) suggested that this area would have no contemporary
analogs for the 2060 climate. In predicting that var. menziesii would
not be suited for the future Puget Sound climate, our model is con-
veying the fact that the variety does not exist in those climates to-
day. Yet, because there is no contemporary analog, there is no way
judge the suitability of these climates in the future.

Projected impacts to P. m. var. glauca are much more complex
than those for var. menziesii. In the interior northwest, var. glauca
is projected to thrive. Gains in habitat should be substantial in
the north while losses in habitat should be small, confined to the
low elevation fringe in the interior USA and to the valleys of south-
eastern British Columbia (Fig. 6), where the climate is projected to
become more suited to vegetation of ecosystems more mesic than
inhabited by this variety (see Rehfeldt et al., 2012). In the remain-
der of the interior, however, the climate niche should shift
upwards in elevation (panel E), causing extirpation where the vari-
ety already occupies the high elevations, particularly in the ranges
of southwestern USA (panels F and G) and in northern Mexico
(Fig. 7). By 2060, little suitable habitat is projected for the Sierra
Madre Occidental (Fig. 7, panels A and B) and Sierra Madre Oriental
(panels C and D) of Mexico.

Fig. 7 also illustrates a potentially dire impact of the changing
climate on the Mexican variety on which crown dieback is already
occurring (personal observations, CSR and JLU). Extirpation is
projected for much of the contemporary distribution, with the
southernmost populations of Oaxaca appearing particularly
precarious (panel F). Emergence of new climate niche, moreover,



Fig. 4. Mapped prediction of the climate niche of the Mexican variety of Pseudotsuga menziesii (red) and the southernmost populations of P. p. var. glauca (green). Panels zoom
in on areas discussed in the text.

132 G.E. Rehfeldt et al. / Forest Ecology and Management 324 (2014) 126–137
should be limited, appearing only on the flanks of the volcanoes in
the Transvolcanic belt (panel E). The projected impact is so great
that few locations are projected to have suitable climate niche con-
tinuously until 2060.
4. Discussion

Our results affirm regional studies showing that the occurrence
of two broadly distributed species of western North America can be
predicted from a combination of precipitation and temperature
variables (Rehfeldt et al., 2006; Hamann and Wang, 2006; Gray
and Hamann, 2013). These results expand on the analyses of
Rehfeldt et al. (2006) by including the Canadian and Mexican por-
tions of the geographic distribution as well as that of western Uni-
ted States. Our approach also considers the taxonomic varieties of
these species which have not been considered previously. We
predict presence of P. ponderosa varieties from summer and winter
precipitation and summer temperatures, and those of P. menziesii
from climate continentality (summer winter temperature differen-
tial), summer heat, and summer precipitation. These combinations
of variables are consistent with lower limits of distribution of
species in the inland northwest (USA) being a function of summer
moisture stress with upper limits determined by winter cold
(Rehfeldt et al., 2008). Errors of prediction for the broad and com-
prehensive databases we use are extremely low, particularly in
predicting the presence of these taxa.

Our model is a climate niche model, not to be confused with a
species distribution model (e.g. Elith and Leathwick, 2009). The
latter models attempt to predict actual occurrence of species from
environmental factors that include but are not limited to climate.
Obviously, whether or not species occur at a climatically suitable
location is affected by many site-specific, biotic and abiotic factors
such as substrate, topography (particularly effects related to
aspect), successional status and other competitive relationships, in-
sects and disease, and reproductive capacities. While species
distribution models attempt to integrate this complex assortment
of effects to predict distributions, climate niche models rely on the
expertise of land managers to integrate local factors for determining
which sites within the climate niche are unsuitable. In our presen-
tation, we are careful to note that predictions and projections by
our models pertain only to the distribution of suitable climates.

Impacts of climate change on the climate niche generally
support the intuitive view that climate change will force an up-
wards and northwards shift in the niche distributions (Figs. 5–7).
Because such projections pertain solely to the climate niche, they
do not address the contingencies associated with extirpation on
the trailing edge and migration on the leading edge that influence
rates of response in natural ecosystems. Rates of demise are depen-
dent on increasingly poor adaptation of plant populations to their
environment, a subject dealt with in PART 2, with mortality



Fig. 5. Impact of climate change projected for Pinus ponderosa var. ponderosa (blue colorpath) and var. scopulorum (purple colorpath). Darkest tones color grid cells present in
the contemporary climate niche but lost in 2060 niche space; middle tones color grid cells expected to be within the climate niche at both time periods; and brightest tones
color grid cells expected to be added to the niche in 2060. Panels zoom in on locations discussed in detail; numbered locations are referred to in the text.
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accruing as plants become poorly attuned physiologically to the
environment in which they are rooted. Rates of immigration, more-
over, are subject to the migration (Davis and Botkin, 1985; Davis,
1989) and adaptational (Mátýas and Yeatman, 1992) lags
associated with immigration. Both topics have been discussed
thoroughly in reference to climate change (e.g., Rehfeldt et al.,
1999, 2001, 2002, 2006); the former encompassing all those seed
source and dispersal contingencies that may delay for generations
the colonization of new niche space. Adaptation lags refer to the
generations required before evolutionary processes produced
colonies physiologically attuned in the new habitat. Because of
these contingencies, natural ecosystems will be subject to rates
of immigration on the leading edge that are slower than rates of
demise on the trailing edge, even when the amount of suitable
niche space remains constant. Until a semblance of equilibrium
is restored, the appearance in the short term will be a net loss of
habitat. In managed forests, however, land managers have
opportunity to reduce the lag times, the subject of PART 3.

Because of these uncertainties, controversy surrounds topics
dealing with the future distribution of species, fate of contempo-
rary populations, and effects of migration and adaptation lags.
Yet, results of niche and species modeling tend to unanimously



Fig. 6. Impact of climate change projected for Pseudotsugs menziesii var. menziesil (brown colorpath) and var. glauca (green colorpath) north of Mexico. Darkest tones color
grid cells present in the contemporary climate niche but lost in 2060 niche space; middle tones color grid cells expected to be within the climate niche at both time periods;
and brightest tones color grid cells expected to be added to the niche in 2060. Panels zoom in on locations discussed in detail.
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agree that by mid-century, the climate of a portion of the current
distribution of many taxa will change to climates in which the taxa
do not occur today. Toward the end of the century, this portion
may become substantial. The implication is that eventually, the
taxa will no longer occur at these sites.

While our maps for 2060 (Figs. 5–7) show loss of niche space
along trailing edges and new niche space at leading edges for all
taxa, nuances abound. Most obvious are the greater negative
impacts on P. ponderosa than on P. menziesii, and the greater
negative impacts on inland varieties of both species inhabiting
continental climates than on coastal varieties inhabiting climates
with maritime influences. New niche space at the leading edge
would be considerably greater for P. menziesii (Fig. 6) than
P. ponderosa (Fig. 5), while losses in suitable habitat at the trailing
edge would be much more severe in P. ponderosa than P. menziesii.
For all varieties of both species, however, suitable habitat should
move upwards in elevation.

Projected effects of climate change on the climate niche of both
varieties of P. menziesii of Mexico suggest dire consequences.
Suitable habitat for var. glauca would be confined to only the



Fig. 7. Impact of climate change projected for Pseudotsugs menziesii var. glauca (green colorpath) of northern Mexico and the unnamed variety of southern Mexico (red
colorpath). Darkest tones color grid cells present in the contemporary climate niche but lost in 2060 niche space; middle tones color grid cells expected to be within the
climate niche at both time periods; and brightest tones color grid cells expected to be added to the 2060 climate niche.
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highest elevations in the Sierra Madre Occidental and Oriental.
Loss of niche space should be greatest in the Occidental, corre-
sponding to increases in temperature on their interior slopes that
are the largest in all of Mexico (see Sáenz-Romero et al., 2012a).
Suitable habitat for the unnamed southernmost variety is
projected to become scarce, being limited largely to increasingly
higher elevations on the flanks of several volcanoes in the Trans-
volcanic Axis. This latter result is in common with projections for
other conifers (Ledig et al., 2010; Rehfeldt et al., 2012;
Sáenz-Romero et al., 2012b,c), but immigration may be problem-
atic because of a lack of suitable soils (see Lauer, 1973). The plight
of the Mexican variety is further exacerbated by ongoing demise of
contemporary populations, high inbreeding, low seed production,
and, as a result, little reproduction (Ventura-Ríos et al., 2010;
Velasco-García et al., 2007).

These projected impacts are not necessarily intuitive. The cli-
mate niche of P. ponderosa extends further into arid climates than
that of P. menziesii while that of P. menziesii extends further into
mesic environments than that of P. ponderosa (see for instance,
Rehfeldt et al., 2008). Consequently, responses to a warming cli-
mate seemingly should favor P. ponderosa, the species better able
to tolerate xeric conditions. Impacts, however, appear to be much
more complex. On the one hand, a pronounced loss of niche space
seems likely in the eastern and southern portions of the current
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distribution of both P. p. var. scopulorum and P. m. var. glauca, lar-
gely because many of the highest mountains are already occupied
by these taxa. As suitable niche moves upwards, there is no new
habitat to replace that lost at lower elevations. But on the other
hand, future climates in the interior northwest of USA and south-
west Canada are projected to become increasingly better suited
to the cedar-hemlock forests more typical of mesic conditions
(Rehfeldt et al., 2012). While P. menziesii can be a part of this veg-
etation, P. ponderosa typically is not. As a result, the latter species
may disappear in this region while the former may flourish (Figs. 5
and 6).

Uncertainties in making projections such as these are many and
have been discussed thoroughly. Much of the uncertainty is
focused on (a) the possibilities of future climates having no con-
temporary analogs, and (b) the accuracy of GCM output in portray-
ing future climates. The first of these concerns the possibility that
future climates may be suited to plant assemblages that do not oc-
cur today. Because the realized niche is determined in part by com-
petitive interactions, this eventuality would presage novel
competitive interactions which doubtlessly would alter limits of
distribution. Impacts projected from models such as ours assume
that competitive interactions remain the same such that the cli-
mate niche remains stable, that is, no-analog future climates will
be unimportant. In analyses of North American biomes, Rehfeldt
et al. (2012) mapped those future climates projected to be outside
the range of climates occupied by contemporary vegetation. The
results showed that by mid-century, no-analog commumities
may be of local importance, such as in the inland northwest of
the United States, but throughout much of the projected distribu-
tion of these two species, the occurrence of climates without con-
temporary analogs should not be widespread. Toward the end of
the century, however, the occurrence of climates without contem-
porary analogs may increase substantially.

The uncertainty imposed by the many GCM formulations has
several facets. For instance, we use an ensemble of GCM output
from a single climate change scenario for the decade surrounding
2060. In using the ensemble, we likely invoke an array of climate
variables not capable of being produced by any single GCM formu-
lation. We do not consider this to be a limitation, however. Even
though multi-model ensemble forecasts perform better than single
GCM formulations in assessing plant distributions (Fordham et al.,
2012), Hansen (2013) nonetheless warns that the various scenarios
and time slices provided by the GCMs comprise a distribution of
GCM output, but this distribution cannot be considered a distribu-
tion of future climates. Our goal was to project climatic niches into
a future climate space representative of GCM output. For this goal,
the ensemble met our needs.

Using the ensemble, however, does not allow presentation and
discussion of the variation in projected impacts attributable to the
various GCMs. This variation has been shown repeatedly to vary
between large and enormous, depending on the time period being
considered. For practical applications, modelers tend to find a rea-
sonably suitable approach for assessing the agreement between
various formulations so that impacts can be expressed and inter-
preted according to a GCM consensus. By using the ensemble, we
merely define the consensus beforehand. Although this approach
seemingly ignores the variation, we do not view this as a serious
omission. Impacts to the vegetation attributable to the myriad per-
mutations of GCMs, emissions scenarios, and time slices all can be
viewed as timing options. That is, they tend to follow similar tra-
jectories but differ temporally, occurring at different points along
a common time line (see Fig. 4, Rehfeldt et al., 2009; Fig. 3, Rehfeldt
et al., 2012; Fig. 4, Rehfeldt and Jaquish, 2010; Fig. 5., Joyce and
Rehfeldt, 2013). Similar trajectories develop from the consistency
among GCMs regarding temperature increases; the climate is
warming. However, inconsistencies among GCMs surround precip-
itation projections. Because impacts to the vegetation are deter-
mined by the balance between temperature and precipitation,
those attributable to a single GCM and scenario will be repeated
at another time for a different GCM and scenario. For planning,
therefore, one can assume that the climates portrayed by an
ensemble are reasonably accurate in their trajectory, but are of
questionable timing. In viewing the various combinations of GCMs,
scenarios and time slices as timing options, accuracy of the predic-
tions undoubtedly will be greater in the short-term than in the
long-term.

Impacts of climate change on the varieties of P. menziesii and P.
ponderosa and accompanying reforestation issues are considered in
greater depth in PART 3, following a consideration of genetic vari-
ation within varieties in PART 2. The relevance of the latter presen-
tation to the current results is primarily in reference to the areas in
Figs. 5–7 for which the climate niche is considered to be stable;
that is, the taxa are assumed to persist. In PART 2 we show these
areas will contain genotypes becoming less and less suited to the
climate in which they grow.
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