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ABSTRACT

Aim A number of assumptions underpinning the use of species distribution
models to predict biological responses to climate change are violated for tem-
perate and boreal tree species that are widespread, long-lived and genetically
adapted to local climate conditions. To address this situation, we propose a
methodology to account for the potential effects of genetic structure, adaptive
potential and limited migration capacity.

Location British Columbia, Canada.

Methods Similar to the widely used ‘no migration’ and ‘unlimited migration’
scenarios, we employ more refined biological response scenarios to evaluate the
potential effects of genetic adaptation to local environments and the capacity of
species to adapt and migrate. These scenarios are realized by two sets of geo-
graphic delineations that partition the species range into multiple populations
and that subdivide the study area into smaller landscape units.

Results In a case study for British Columbia, we demonstrate how the
approach can be used to evaluate the adequacy of a reserve system of 906 pro-
tected areas to ensure long-term maintenance of forest genetic resources for 48
tree species. We find that between 35% and 85% of locally adapted populations
in protected areas are maintained under a median climate change scenario until
the end of the century. A sensitivity analysis shows that assumptions about
migration and adaptation capacity of species have a major effect on the pro-
jected conservation status.

Main conclusions We propose that the results of species distribution models
have practical value for conservation planning if the focus is on maintenance
rather than loss of suitable habitat. Accounting for genetic structure, adaptive
potential and migration capacity through best-case and worst-case scenarios
provide important information to effectively allocate limited resources available
for conservation action.

Keywords
Bioclimate envelope models, climate change, conservation, genetic adaptation,
migration, niche models.

INTRODUCTION

mann, 2000). Although there are exceptions (e.g. O’Neill
et al., 2008), SDMs normally predict the realized niche space

Species distribution models (SDMs) employ a variety of
empirical, statistical or machine learning techniques to pre-
dict species occurrences from digital maps of predictor vari-
climate data,

ables, such as interpolated topo-edaphic

variables or other habitat factors (e.g. Guisan & Zimmer-
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of species. Predictive habitat maps have illustrated the dis-
crepancy between current tree species distributions and their
predicted potential habitat under climate change (e.g. Iverson
& Prasad, 1998; Thomas et al, 2004; Thuiller et al,
2005; Loarie et al., 2008). There has also been considerable
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discussion of how tree populations might respond to the
predicted habitat shifts through adaptation, migration or
extirpation (Hamrick, 2004; Westfall & Millar, 2004; Aitken
et al., 2008). Even for common tree species that are currently
not at risk, the prospect of climate change has raised the
question of how management intervention could minimize
the loss of uniquely adapted tree populations (Ledig &
Kitzmiller, 1992; Millar et al., 2007).

Species distribution models should be well suited to devel-
oping such climate-informed conservation strategies. In fact,
the use of SDMs in conservation planning predates their
application for habitat projections under climate change.
They were first used to spatially extend species census data
as the basis for reserve selection in the 1990s (Cabeza &
Moilanen, 2001). The conceptual appeal is that species are
more likely to persist or establish new populations in areas
of suitable habitat. This suitable habitat can be better
inferred from a statistical model parameterized with census
data rather than directly from the census data themselves, as
the latter often provide an incomplete snapshot of metapop-
ulation distributions at one point in time. In addition, there
is empirical evidence that local population extirpations
because of metapopulation dynamics are negatively corre-
lated with frequency, density or probability of occurrence
inferred from SDMs (Araujo & Williams, 2000; Rodrigues
et al., 2000; Araujo et al., 2002). In other words, species are
more likely to persist in areas where models predict high
frequencies or high probabilities of occurrence.

Using SDMs to inform conservation efforts under climate
change is therefore a logical extension of their original pur-
pose. Reserve selection, and evaluation of the effectiveness of
existing reserves, under climate change has been carried out
for birds and mammals (Araujo et al., 2004; Fuller et al,
2008; Hole et al., 2009) as well as for threatened plant spe-
cies (Hannah er al., 2005, 2007; Rose & Burton, 2009). How-
ever, using SDMs to predict distributional shifts under
climate change is problematic for temperate and boreal forest
trees that are typically widespread, long-lived, genetically
diverse and locally adapted. Habitat projections are probably
too pessimistic in predicting habitat loss at the trailing edge
of a species range, because SDMs are based on the realized
niche, which, for trees, can be much narrower than the fun-
damental niche (Jackson & Overpeck, 2000). Also, the lon-
gevity, resilience and slow migration of tree populations
make projections based on SDMs difficult to interpret
(Hampe, 2004; Austin, 2007; Botkin et al., 2007). Projected
loss of habitat does not necessarily imply an immediate
problem for trees: once established, populations can persist a
long time in non-native environments in the absence of
major disturbance events, and if mortality does occur, local
populations may have considerable potential to adapt to new
environments (Hamrick, 2004; Westfall & Millar, 2004;
Kuparinen et al., 2010). Further, it has been pointed out that
geographic ranges of tree species have expanded and con-
tracted repeatedly in response to glacial cycles in western
North America, without many extinctions or significant
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losses of genetic diversity (Davis & Shaw, 2001; Botkin et al.,
2007). Temporal and boreal tree species may therefore be less
vulnerable to climate change than SDMs suggest.

Conversely, projections from SDMs are likely to be overly
optimistic for the fate of northern and high-elevation popu-
lations under climate change. Here, suitable climate is gener-
ally predicted to be maintained at the species level. For
example, the projected climate of a current Douglas-fir pop-
ulation in British Columbia by the 2080s may be closely
equivalent to the climate of a current Douglas-fir population
further south in Oregon. On this basis, a SDM will project
that habitat is maintained for the British Columbia popula-
tion throughout the 2080s, as conditions there remain within
the realized niche of the species. However, if populations are
genetically differentiated and locally adapted, climate change
will have negative impacts not just at the trailing edge but
throughout the species range, because all populations will
occupy climates at or beyond the margins of their individual
niches (Davis & Shaw, 2001; Hampe, 2004). There is now
considerable evidence that genetic population structure
should not be ignored when predicting distributional shifts
under climate change for wide-ranging tree species. O’Neill
et al. (2008) and Wang et al. (2006, 2010) predict reduced
growth and survival of locally adapted lodgepole pine popu-
lations when genetic population structure is taken into
account. In a range-wide dendrochronology study for Doug-
las-fir, Chen et al. (2010) show that northern and high-eleva-
tion populations are most vulnerable to climate change,
while populations from the southern range limit appear rela-
tively less affected because of adaptation to local climate con-
ditions — a result opposite to projections from SDMs.

Ideally, modelling approaches are needed that include
genetic, ecological and evolutionary processes (Botkin et al.,
2007; Jeschke & Strayer, 2008; Thuiller et al, 2008). Such
models, however, are not easy to develop, and their predic-
tions are difficult to validate. In this study, we propose an
alternative approach in which issues relating to genetic struc-
ture and resilience of populations are addressed through
hypothetical biological response scenarios, rather than
through direct modelling of demographic and evolutionary
processes. In a case study for British Columbia, we illustrate
how adaptation and migration may be integrated into SDMs
in a simple way through best-case and worst-case scenarios
of biological response to climate change. We further explore
how to deal with uncertainties that arise from incomplete
genetic and ecological information, differences between mod-
elling methods, and other major factors that contribute to
uncertainty in habitat projections.

METHODS

Scenarios of species response

One way to avoid direct modelling of demographic processes
in SDMs is to make simple assumptions that represent best-
case and worst-case scenarios. Such scenarios are useful for
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conservation planning if the results indicate that there are
threats even under the most optimistic scenario, or alterna-
tively, that there is no major concern even under the most
pessimistic scenario. For example, scenarios of no migration
versus unlimited migration are widely used to interpret pro-
jections from SDMs (e.g. Peterson et al., 2002; Araujo et al.,
2004; Thomas et al., 2004). Here, we build a more compre-
hensive set of scenarios that account for genetic population
structure, adaptive potential and migration capacity of tree
species. These scenarios are realized by two sets of geo-
graphic delineations that partition the species range into
multiple populations and that subdivide the study area into
smaller landscape units. Hereafter, we refer to subdivisions
of the species range as ‘climatypes’ following Tchebakova
et al. (2009) in adopting Turesson’s (1925) term for a con-
ceptual population that exhibits a homogeneous adaptive
profile to the environment in which it occurs. Secondly, we
use the term ‘landscape unit’ for subdivisions of the study
area. By allowing migration only within landscape units, we
can implement more realistic migration scenarios. For exam-
ple, we can evaluate SDM projections under the assumption
that species can migrate to new habitat only within landscape
units, such as small watersheds or protected areas.

For the case study in this study, we interpret maintenance
of habitat for climatypes in protected areas as providing ‘safe
reserves’ under climate change. It is therefore important that
the delineation of climatypes should capture most of the
adaptive genetic variation potentially occurring within a spe-
cies. Erring on the side of delineating too many climatypes
will result in a smaller number of identified ‘safe reserves’,
but it does not compromise the inference that the reserves
that we do find should contain suitable habitat under climate
change projections. We approximate populations with a
homogeneous adaptive profile in British Columbia using 14
biogeoclimatic zones (Meidinger & Pojar, 1991), which
roughly correspond to seed zone delineations that reflect
locally adapted genotypes (Hamann et al., 2005). Transferring
planting material within seed zones or biogeoclimatic zones
would usually not be associated with significant reduction in
growth and survival relative to local sources (Hamann et al.,
2005, 2011; Ying & Yanchuk, 2006). Approximately equiva-
lent ecosystem classes that could be used elsewhere to delin-
eate climatypes are the ‘Ecoprovinces’ of the National
Ecological Framework for Canada (Selby & Santry, 1996), or
the ‘Level 3’ delineation of the United States Ecoregion Sys-
tem (EPA, 2007). Another generic approach that could be
used to approximate climatypes is the regionalization
approach described by Mackey et al. (2008).

Secondly, we use protected area boundaries as landscape
units to limit migration of tree species for the following case
study. We only tally grid cells within a landscape unit as new
habitat under future projections if the species was already
present in the same landscape unit (in effect only allowing
migration within a protected area). We, therefore, evaluate
the protected area system independently from other managed
forests and do not require that a matrix of surrounding

forests is maintained to allow migration of new species and
genotypes into protected areas under climate change.

These subdivisions of the study area and the species ranges
allow the development of four biological scenarios that span
a range of adaptation and migration possibilities for forest
trees: (1) no migration, no adaptation, where species ranges
are stratified into climatypes. Here, we only tally a grid cell
as suitable habitat if the projections under current and future
climate conditions have the same climatype in common; (2)
migration only is similar to the first scenario, but new suit-
able habitat under a change in climate is only considered
available if a climatype was previously present in the land-
scape unit (protected area in this case study); (3) adaptation
only, where species ranges are not stratified into climatypes,
and by implication, local populations are allowed to adapt to
climate conditions that currently occur anywhere within the
range of the species; and (4) migration and adaptation, which
is a combination of scenario two and three, so that the only
restriction to a species occupying suitable habitat within a
landscape unit is that it must currently be present some-
where in that unit, implicitly only excluding long-distance
dispersal events.

Compared with the standard no migration scenario, our
scenario (1) no migration no adaptation will identify less hab-
itat as maintained under climate change because it does not
allow climate equivalents from the southern and low-eleva-
tion fringes of the species range to account for habitat main-
tenance at higher elevation and more northern locations,
implying that the populations in those places are in no dan-
ger under climate change. Instead, the standard no migration
scenario is equivalent to our (3) adaptation only scenario.
Here, we allow populations to adapt to any conditions cur-
rently observed within the species range. This is also an
implicit assumption of all SDMs that do not treat popula-
tions within a species separately. Compared with the stan-
dard unlimited migration scenario, our most optimistic
scenario (4) migration and adaptation is more restrictive with
respect to migration distances by not allowing migration
beyond the boundaries of landscape units.

Habitat projections for climatypes

To generate future habitat projections for climatypes, we
build on an ecosystem-based modelling technique described
in detail by Roberts & Hamann (2012). This approach pre-
dicts a dependent multi-level class variable (ecosystem classes
used in this case as surrogates for climatypes) as a function
of predictors that may include climate conditions, topo-
graphic indices and soil variables (in this study, we only use
climate variables). Species distributions are subsequently
derived by replacing the predicted ecosystem classes with
known species frequencies for those classes that were esti-
mated from forest inventory plots previously described by
Hamann et al. (2005). For each species recorded in sample
plots, we derived a percentage areal cover of the canopy
projected to the ground, adjusted for the total canopy cover
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Figure 1 Protected area coverage of British Columbia and Mount Robson Provincial Park.

of the forest inventory plot. Species frequency for each eco-
system unit was then calculated as the average percentage
areal cover across all sample plots, including absence sam-
ples, that fall within an ecosystem polygon.

To allow an assessment of sensitivity, we use two different
modelling approaches that can predict a nominal variable:
discriminant analysis and the ensemble classifier RandomFor-
ests (for methodological details, see Hamann & Wang, 2006;
Mbogga et al., 2010; Roberts & Hamann, 2012). The models
predict several hundred fine-scale ecosystem classes, which
we aggregate into broader climatypes that represent locally
adapted populations of wide-ranging tree species (described
later with a detailed example).

As predictor variables, we used mean annual temperature,
mean warmest month temperature, mean coldest month
temperature, continentality (difference between mean Janu-
ary and mean July temperature), mean annual precipitation,
mean growing season precipitation (May—September), annual
heat moisture index, summer heat moisture index, number
of forest free days, chilling degree days below 0°C, growing
degree days above 5°C and extreme minimum temperature.
Topographic and edaphic variables were not included because,
based on available data, these variables have proved to be poor
predictors in the complex landscapes of British Columbia
(Mbogga et al., 2010). Grids for climate variables were gener-
ated through interpolation of weather station data using the
Parameter Regression of Independent Slopes (PRISM) meth-
odology (Daly et al., 2008). Subsequently, biologically relevant
climate variables were generated at 400 m resolution using the
ClimateBC software package that is freely available' (Hamann
& Wang, 2005; Wang et al., 2006; Mbogga et al., 2009). The
high resolution was primarily chosen to accurately represent
temperature gradients in mountainous areas of British
Columbia.

!Available for download at http://www.genetics.forestry.ubc.ca/cfcg/
climate-models.html

For an evaluation of 48 species in 906 protected areas, we
use a median climate change scenario for British Columbia,
the Canadian model CGCM2, emission scenario B1 (Mbogga
et al., 2009). However, to provide an example of how uncer-
tainty in model projections may be dealt with in conserva-
tion planning, we also predict suitable habitat for western
red cedar (Thuja plicata) in a single large protected area,
Mount Robson Provincial Park, using climate change projec-
tions for four major SRES emission and population growth
scenario families (A1FI, A2, Bl, B2) and implementations of
these scenarios by five modelling groups (CGCM2, Canada;
HADCM3, UK; ECHAM4, Europe; CSIRO2, Australia; and
PCM, United States). For this case study, climate change
projections for the 2050s were added as deviations from the
1961-90 normal period to the high-resolution baseline
climate dataset. We further use the difference between the
1961-90 climate normal and the 1997-2006 decadal average
to represent climate trends observed over an approximately
25-year period (mid-point of normal period to mid-point of
decadal average). This anomaly surface was used for predic-
tive habitat modelling in the same way as projections from
general circulation models (Mbogga et al., 2009).

Protected area evaluations

The conservation status of locally adapted tree populations
was carried out using a standard gap analysis approach, pre-
viously implemented for forest inventory and sample plot
data (Hamann et al., 2004, 2005; Chourmouzis et al., 2009).
Here we extend this approach to evaluate projected habitat
under current and expected future climate conditions. We
evaluated habitat projections for permanent protected areas
that exclude all resource extraction, which includes national
parks, ecological reserves, recreation areas, and class A and C
provincial parks of British Columbia (Fig. 1). Protected areas
were tallied as containing sufficient habitat for a species if
the current or projected aerial cumulative cover of a species
exceeds 10 ha, which approximately corresponds to a census
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size of 5000, and an effective population size of at least 1000
mature-equivalent individuals (Hamann et al., 2004, 2005;
Chourmouzis et al., 2009). For example, if a species is pre-
dicted to have 200 ha of suitable habitat within a protected
area and an average species frequency of 5%, the threshold
requirement of 10 ha cumulative cover would be exactly
satisfied. The implied effective population size of 1000 mature
individuals is generally considered sufficient for the long-term
operation of evolutionary processes, balancing losses of alleles
because of genetic drift and gains of alleles because of muta-
tion, and maintaining genetic diversity including relatively
rare alleles (Aitken, 2000; Yanchuk, 2001).

RESULTS

Habitat projections for climatypes and species

In the following example for a single protected area, we illus-
trate how the four migration and adaptation scenarios were

Biogeoclimatic Zones

Mapped
of British Columbia _

Projected for: 2020s

Coast: = CDF, m CWH
South: mBG, m PP, IDF, = ICH

Central/North: ®m SBPS, ' SBS,
Montane: ®m MH, ®m ESSF, = MS, = AT

implemented. Predicted ecosystem variants were reclassified
into macroclimatic zones to infer climatypes, which were
subsequently used to structure species distributions (Fig. 2).
Projected species distributions were obtained by substituting
expected species frequencies for each ecosystem variant
(Fig. 3). To arrive at the amount of available habitat in a
protected area, we then counted the grid cells assigned to
each climatype within the species distribution (e.g. in Figs 2
and 3, the climatype of western red cedar supported in the
reserve is almost exclusively Interior Cedar Hemlock (ICH)
for all time periods).

In this example, Mt Robson Provincial Park supports a
large enough population size for the ICH climatype at pres-
ent because the population size inferred from inventory data
and the modelled habitat (Fig. 3, mapped and modelled) is
above our threshold value of 10 ha cumulative cover. The
reserve is further considered suitable for the 2020s, 2050s
and 2080s under the biological scenarios (1) no migration,
no adaptation and (3) adaptation only as there is no

Modelled

BWBS, = SWB

Figure 2 Mapped and predicted ecosystem climate envelopes, summarized at the zone level of biogeoclimatic ecological classification
system for Mt Robson Provincial Park based on climate change predictions of CGCM2-B1 (names of zones for the park area: IDF,
interior Douglas-fir; IDH, Interior Cedar Hemlock; SBS, sub-boreal spruce; ESSF, Engelmann spruce-subalpine fir; AT, Alpine tundra)
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Modelled

2080s

Figure 3 Observed and predicted species frequencies for western red cedar (Thuja plicata) for Mt Robson Provincial Park based on

climate change predictions of CGCM2-B1.

appreciable loss of current ICH-type habitat. For the scenar-
ios that allow migration to new habitat within the reserve,
the amount of suitable habitat for the ICH climatype of wes-
tern red cedar expands considerably. To appreciate the dif-
ference between the biological scenarios (2) migration only
and (4) migration and adaptation, consider the emergence of
the interior Douglas-fir (IDF) climatype in the 2080s (Fig. 2,
yellow). This habitat patch is outside the current species dis-
tribution, so it would require migration to new habitat
within the reserve, but it also represents a climatype that was
not previously present in the reserve, and therefore, western
red cedar populations of the ICH climatype would need to
adapt to IDF-type climate conditions. The reserve would
consequently only be considered to support a population of
the IDF climatype by the 2080s under our most optimistic
biological scenario (4) migration and adaptation.

Conservation status of 48 tree species under climate
change

The same evaluation was carried out for the climatypes of all
48 tree species in all 906 protected areas of British Columbia
(Table 1, further summarized in Fig. 4). Predictions for the

persistence of adequate habitat varied considerably among
species as well as among adaptation and migration scenarios.
The migration and adaptation scenario predicted the mainte-
nance of approximately 85% of populations in protected
areas that meet the minimum population size threshold by
the 2080s (Fig. 4). This includes an improvement of overall
conservation status for the 2020s because of habitat projec-
tions exceeding the 10 ha threshold requirement in cases
where it is currently not met. Also under the adaptation only
scenario, a considerable proportion of populations would
continue to find suitable habitat in protected areas. The
migration only scenario predicted maintenance of approxi-
mately half of the protected populations by the 2080s, while
the most pessimistic no adaptation, no migration scenario,
still predicted maintenance of 35% of the locally adapted
populations in protected areas by the 2080s.

The projected conservation status of species depends to a
large extent on their distribution in British Columbia relative
to their global range. Species that currently have their south-
ern range limits in British Columbia are predicted to lose
suitable habitat in reserves regardless of biological scenarios
(e.g. Larix laricina, Picea glauca and P. mariana). For these
species, having sufficient genetic diversity to adapt to new
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Figure 4 Change in the number of adequately protected
climatypes of 48 tree species in 906 protected areas of British
Columbia. The figure summarizes data contained in Table 1
evaluating habitat projections under a median (CGCM2-B1)
climate change scenario and four biological response scenarios.

climate conditions is generally more important than the
capacity to migrate, which is reflected in the high numbers
under the adaptation only scenario relative to the no adapta-
tion, no migration scenario (Table 1). Species that have pop-
ulations further south in the United States, but their range
centre and their highest frequencies located further north in
Canada, are also predicted to lose most habitat under the no
migration scenario (e.g. Abies lasiocarpa, Betula papyrifera,
Populus tremuloides and P. balsamifera).

For species occurring in mountainous areas, where suitable
habitat shifts primarily along elevational gradients, both the
capacity for adaptation and the ability to migrate within a
protected area to new potential habitat have a positive effect
on the total number of protected areas with suitable habitat
(e.g. Alnus tenuifolia, Abies lasiocarpa, Tsuga mertensiana).
Species that currently have their northern range limits in
British Columbia generally maintain their conservation status
at least under the two biological scenarios that allow adapta-
tion. For this group of species, the count of suitable pro-
tected areas increases significantly if the migration to new
habitat within a reserve is allowed (e.g. Abies grandis, Acer
circinatum and A. macrophyllum for the coast, as well as
Prunus emarginata, Pinus monticola and P. ponderosa for the
interior of British Columbia). For species with high-elevation
and northern range limits within the study area, the capacity
to migrate almost always has a larger positive effect than the
capacity to adapt within a protected area status under
climate change. This is reflected in the high numbers under
the migration only scenario relative to the no adaptation, no
migration scenario (Table 1).

Finally, montane species that only occur at very high ele-
vation are projected to lose suitable habitat in protected
areas regardless of the biological scenario (i.e. Larix lyallii,

Pinus albicaulis), and the least change in the overall conser-
vation status, also regardless of biological scenario, was pro-
jected for species with coastal or interior wet forest
distributions in British Columbia (e.g. Alnus rubra, Picea
sitchensis, Tsuga heterophylla, Thuja plicata). Only species
that occur at higher elevation in these wet ecosystems experi-
ence a moderate decline in the number of populations main-
tained under suitable climate conditions (e.g. Chamaecyparis
nootkatensis, Tsuga mertensiana).

Under our no migration, no adaptation scenario, a much
smaller number of populations are maintained in protected
areas than under the standard no migration scenario of other
studies, which is here represented as adaptation only (Fig. 4).
Also, our constrained migration scenario appears decidedly
conservative, although we did not include the corresponding
unlimited migration scenario of other studies for a direct
comparison. The latter often allows migration over hundreds
or thousands of kilometres. Allowing migration just within
protected areas in British Columbia results in only a small
benefit relative to the no migration, no adaptation scenario
(Fig. 4).

Sensitivity analysis for Mt. Robson Provincial Park

The major differences among our biological response sce-
narios in projected conservation status illustrate the conser-
vation challenges that climate change may bring. However,
the differences presented to this point do not reflect other
sources of uncertainty in climate change or modelling
methods that will add more wuncertainty to forecasts
(Dormann, 2007; Sinclair et al., 2010). While a comprehen-
sive sensitivity analysis for all species in all protected areas
is beyond the scope of this study, we illustrate a possible
approach to deal with uncertainty because of multiple
factors for western red cedar (Thuja plicata) in Mount
Robson Provincial Park (Figs 2 and 3). In this case, the
predicted effects of migration and adaptation scenarios at
this landscape scale were much larger, often by an order of
magnitude, than the effects of using different general circu-
lation models, emission scenarios or modelling methods
(Table 2).

From an applied conservation perspective, the key result
from this analysis is that under almost all combinations of
biological response scenarios, climate models, emission sce-
narios and modelling methods, the Mt. Robson Provincial
Park is predicted to maintain sufficient habitat for western
red cedar populations, and in particular, the Interior
Cedar Hemlock (ICH) climatype. We would therefore
regard this protected area as a safe reserve for the ICH
climatype of the species, and it could enter as a positive
count into a revised Table 1, which is currently based on
just one scenario with one predictive method. To general-
ize the approach, we would need to decide on the propor-
tion of positive projections above which we would regard
a reserve as safe (e.g. 90% of projections for each biologi-
cal scenario).
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Table 1 Number of protected areas that maintain a sufficient amount of suitable habitat (area x expected species frequency > 10 ha)

under four adaptation and migration scenarios. The climate change scenario used for this analysis is CGCM2-B1, an approximately

median climate change scenario for BC with respect to mean annual temperature and precipitation.

No Adapt., No Migr.

Migration only

Adaptation only

Adapt. and Migr.

Species Current  2020s  2050s  2080s  2020s  2050s  2080s  2020s  2050s  2080s  2020s  2050s  2080s
Abies amabilis 149 129 113 80 152 136 98 131 117 96 154 143 109
Abies grandis 20 21 21 13 32 51 75 23 26 25 34 55 87
Abies lasiocarpa 295 187 103 65 199 133 83 260 217 171 266 233 181
Acer circinatum 55 47 51 54 64 75 85 47 51 55 65 76 89
Acer glabrum 102 95 74 73 119 104 101 112 123 126 132 143 149
Acer macrophyllum 55 65 67 64 76 86 93 74 81 95 86 101 125
Alnus tenuifolia 164 86 37 21 115 67 53 153 140 107 175 159 126
Alnus rubra 126 129 127 127 133 137 133 137 146 164 142 157 172
Alnus viridis 253 146 70 32 165 107 76 234 195 145 244 206 159
Arbutus menziesii 2 1 2 4 5 3 4 5 3 7 11
Betula occidentalis 16 10 7 3 22 28 28 14 17 7 26 38 34
Betula papyrifera 154 127 97 94 140 124 130 180 192 190 191 209 216
Chamaec. nootkatensis 111 96 75 40 109 91 55 101 83 53 113 97 63
Cornus nuttallii 14 12 12 11 22 31 33 15 19 25 24 37 46
Corylus cornuta 35 37 28 28 64 63 65 39 39 40 67 70 74
Juniperus scopulorum 15 8 8 2 13 12 10 10 11 5 17 16 16
Larix laricina 33 0 0 0 10 9 33 23 6 36 30 17
Larix lyallii 21 4 0 0 1 0 4 0 0 7 1 0
Larix occidentalis 39 18 11 0 44 55 53 29 33 26 51 70 66
Malus fusca 39 43 36 30 47 40 39 43 41 39 47 45 48
Picea engelmannii 191 97 76 46 127 104 74 166 165 135 181 177 149
Picea glauca 169 69 13 5 85 35 17 142 101 61 150 111 67
Picea mariana 138 43 7 1 59 30 16 117 90 57 129 100 65
Picea sitchensis 134 125 105 85 129 117 94 128 113 94 134 123 101
Pinus albicaulis 87 40 16 4 61 38 22 50 30 8 67 47 25
Pinus contorta 375 247 162 116 263 201 158 354 311 263 361 331 280
Pinus monticola 54 52 50 40 75 88 82 58 64 60 80 100 98
Pinus ponderosa 59 46 36 20 60 66 62 77 90 116 89 113 144
Populus balsamifera 212 126 88 82 151 128 125 205 206 218 219 230 250
Populus tremuloides 205 107 53 31 122 78 61 198 185 161 204 193 176
Prunus emarginata 4 9 12 10 20 39 5 9 13 10 20 41
Prunus pensylvanica 7 2 0 9 4 0 5 2 0 9 4 0
Prunus virginiana 19 6 7 16 14 26 17 27 42 24 37 58
Pseudotsuga menziesii 385 342 295 263 379 330 296 412 421 413 450 455 439
Quercus garryana 10 9 9 9 10 10 10 9 9 9 10 10 10
Rhamnus purshiana 5 6 8 8 13 20 24 6 11 15 13 23 31
Salix bebbiana 72 27 6 8 40 21 20 56 53 44 70 63 56
Salix discolor 7 0 0 0 5 3 1 5 1 0 9 4 1
Salix lucida 43 17 12 12 30 29 28 26 14 20 40 30 35
Salix scouleriana 93 37 11 6 54 37 29 80 76 48 90 88 67
Salix sitchensis 92 65 48 46 87 79 74 80 63 62 102 90 85
Taxus brevifolia 76 72 70 55 93 102 93 74 76 64 96 109 105
Thuja plicata 344 300 277 246 320 297 260 351 346 333 364 363 349
Tsuga heterophylla 345 302 280 241 313 288 253 317 303 285 328 315 296
Tsuga mertensiana 138 110 67 34 122 87 60 115 87 56 128 103 72

We should also

to be guided by climate trends as they materialize at fine scales
and impact tree populations locally. We, therefore, find it use-
ful to include observed climate change as input data for model

be conscious that, ultimately, climate-
informed natural resource management and conservation has
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all climate change projections (Mbogga et al., 2009).

projections (Table 2, last row). Interestingly, these model runs
show some of the lowest habitat values for western red cedar
in Mt Robson Provincial Park, primarily because of a regional
reduction in precipitation over the last 25 years that exceeds
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Table 2 Maintenance of suitable habitat for western red cedar (Thuja plicata) in the Mt Robson Provincial Park. The amount of
suitable habitat is given as cumulative cover (area X expected species frequency) in units of hectare, and the projections are for different
combinations of climate change predictions for the 2050s, modelling methods (DA, discriminant analysis; RF, RandomForest), and
biological response scenarios. The cumulative cover modelled under the 1961-90 baseline climate is 391 ha. The median climate change

scenario used to derive Table 1 is highlighted in bold.

No Adapt., No
Migration only Adaptation only Adapt. and Migr. Migr.
GCM/Scenario DA RF DA RF DA RF DA RF
CGCM/A1FI 1115 3250 170 373 1213 3967 158 371
CGCM/A2 1371 1779 231 334 1392 1804 228 332
CGCM/B1 1967 2390 251 278 3144 2529 245 264
CGCM/B2 2206 1559 270 336 2226 1697 263 327
CSIRO/A1FI 3402 3802 222 372 3785 5378 210 367
CSIRO/A2 1529 4081 253 378 1583 5707 233 376
CSIRO/B1 641 3089 30 371 660 3835 0 370
CSIRO/B2 4190 4594 117 378 5483 7584 64 376
ECHAM/A2 589 508 137 159 599 511 134 147
ECHAM/B2 1056 2473 131 189 1096 2576 123 166
HADCM/ATFI 1482 6579 249 322 1594 6984 245 313
HADCM/A2 729 5982 140 244 739 6059 134 220
HADCM/B1 1050 2077 92 219 1115 2225 47 191
HADCM/B2 1179 5552 217 199 1288 6192 204 171
PCM/AI1FI 1027 1300 258 308 1089 1411 239 303
PCM/A2 764 978 223 256 793 1088 198 244
PCM/B1 514 5645 145 226 529 5876 128 215
PCM/B2 677 1193 146 259 715 1295 134 239
25-year Trend 1214 777 106 117 1296 794 88 103
DISCUSSION does not appear to violate model assumptions: that is, the

Implications for conservation planning

Habitat projections from SDMs are widely recognized as an
imperfect approach to infer population dynamics in response
to climate change. Limitations and research challenges have
been thoroughly discussed elsewhere (e.g. Pearson & Daw-
son, 2003; Hampe, 2004; Guisan et al., 2006; Austin, 2007;
Botkin et al., 2007; Dormann, 2007; Thuiller et al., 2008)
and recently reviewed in the context of conservation plan-
ning (Sinclair et al, 2010). The general consensus is that
inferences that seem most important to conservation plan-
ning often cannot be made reliably. For example, a projected
loss of habitat does not necessarily mean a population will
be threatened for various reasons: SDMs do not model the
broader fundamental niche space that describes the abiotic
tolerances of species; other species may be impacted equally
or more by climate change, resulting in reduced competition;
or species may survive in favourable microsites at scales not
addressed by SDMs.

We feel, however, that one inference from species distribu-
tion modelling remains broadly valid, and this inference can
make an important contribution to conservation planning if
carefully interpreted. Habitat projected to be maintained in
areas where the species already exists today can generally be
interpreted as constituting a ‘safe reserve’. This inference

species remains within its realized niche space; new biotic
interactions may arise under climate change, but the species
has also managed to survive under comparable conditions
elsewhere in its current range; and scale issues would be
improbable as the species finds suitable microsites under
comparable conditions elsewhere in its current range.

Our study strengthens this inference for temperate and
boreal tree species. The existence of genetic structure and
locally adapted populations is problematic in this case,
because climate change will have negative impacts not just at
the trailing edge where habitat is usually lost, but throughout
the species range because all populations will occupy climates
at or beyond the margins of their individual niches (Davis &
Shaw, 2001; Hampe, 2004; Chen et al., 2010). Analysing
maintenance of suitable habitat for tree species’ climatypes,
here defined as approximations of populations with homoge-
nous adaptive profiles, solves this problem by means of a
straightforward extension to existing species distribution
modelling techniques.

The inference of areas likely to maintain suitable habitat
for tree species’ climatypes has important practical applica-
tions. Projections, for example, could inform expensive habi-
tat restoration efforts by confirming that suitable climate
habitat will probably be maintained for target species under
most climate change scenarios. Conversely, we can avoid
‘uphill battles’” where we may inadvertently try to conserve
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populations in areas that no longer contain suitable cli-
mate conditions. Maintenance of suitable habitat at the
climatype level also provides the necessary information for
practitioners to guide reforestation programmes or assisted
migration efforts. Establishment of species through plant-
ing always requires the selection of suitably adapted plant-
ing stock in addition to decisions about which species
should be the target of conservation efforts (Marris, 2009;
McKenney et al., 2009; Gray & Hamann, 2011; Gray et al,
2011).

Dealing with uncertainty and unknown biological
parameters

We have proposed refinements to the widely used best-case
and worst-case scenarios, such as no migration versus unlim-
ited migration, to account for genetic population structure
and adaptive potential of tree species. Such scenarios are use-
ful for conservation planning if the results indicate that there
are threats even under the most optimistic scenario, or alter-
natively, that there is no major concern even under the most
pessimistic scenario. Technically, the implementation of our
proposed biological response scenarios requires only the sub-
division of the species into climatypes for adaptation scenar-
ios and the subdivision of the landscape into appropriate
units for migration scenarios (e.g. ranging in size from small
catchment areas to large watersheds). In principle, using
landscape subdivisions as a substitute for complex spatial
processes is not a new idea. For example, Klein et al. (2009)
used the same approach to incorporate ecological and evolu-
tionary processes into continental-scale conservation plan-
ning. Botkin et al. (2007) suggested that separate models
could be developed for different climatypes if there are suffi-
cient census data.

As these subdivisions determine the outcome of modelling,
they have to be chosen carefully. We find it a useful to ask:
are there any ‘safe reserves’ left for a species or locally
adapted population if we make multiple worst-case assump-
tions, for example, no migration capacity, no adaptation
capacity, strong genetic structure (represented by many
climatypes), and a requirement of enough maintained habitat
to support an effective population size that can maintain
evolutionary processes in isolation. For individual species,
where we do have ecological or genetic data, these assump-
tions could be relaxed. The no migration scenarios might be
a reasonable approximation for species with low fecundity
and lack of long-distance dispersal (e.g. Quercus garryana,
Corylus cornuta), but for species that have early maturation,
high fecundity and high vagility (e.g. Alnus, Betula, Salix,
Populus), our migration scenarios may be more realistic.
While, for tree species with low levels of within-population
genetic diversity, e.g. Cornus nuttallii (Keir et al. 2011), the
no adaptation scenarios will usually be appropriate, the
adaptation scenario may be realistic for either very high lev-
els of within-population genetic variation or if there is little
genetic population structure and high phenotypic plasticity

Conservation planning with SDMs

as for example in western red cedar (Rehfeldt, 1994). In such
cases, a species can be treated as a homogenous unit, which
is in fact equivalent to the adaptation only scenario.

This focus on maintenance of suitable habitat further
allows us to incorporate uncertainty in model projections in
a straightforward way. The consensus approach proposed by
Araujo & New (2007) based on a variety of predictive meth-
ods and climate change scenarios could be implemented as
demonstrated in principle for the Mt. Robson Provincial
Park case study. A more comprehensive analysis could also
analyse multiple sources of uncertainty, similar to Mbogga
et al. (2010), and require that habitat must be maintained in
a protected area under a sufficient number of model runs (e.
g. 90%) to be counted as a safe reserve for a species or
locally adapted population.
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