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Abstract: Understanding future tree species migration is challenging due to the unprecedented
rate of climate change combined with the presence of human barriers that may limit or impede
species movement. Projected changes in climatic conditions outpace migration rates, and more
realistic rates of range expansion are needed to make sound environmental policies. In this paper,
we develop a modeling approach that takes into account both the geographic changes in the area
suitable for the growth and reproduction of tree species, as well as limits imposed geographically
on their potential migration using remotely-sensed land cover information. To do so, we combined
a physiologically-based decision tree model with a remotely-sensed-derived diffusion-dispersal
model to identify the most likely direction of future migration for 15 native tree species in the Pacific
Northwest Region of North America, as well as the degree that landscape fragmentation might limit
movement. Although projected changes in climate through to 2080 are likely to create favorable
environments for range expansion of the 15 tree species by 65% on average, by limiting the potential
movement by previously published migration rates and landscape fragmentation, range expansion
will likely be 50%–90% of the potential. The hybrid modeling approach using distribution modeling
and remotely-sensed data fills a gap between naïve and more complex approaches to take into account
major impediments on the potential migration of native tree species.

Keywords: 3PG model; species geographical distribution; climate analysis; decision tree analysis

1. Introduction

The distribution of native tree species is largely determined by climate, which needs to be
favorable for seed germination, growth and, ultimately, survival of a species [1]. If conditions become
less favorable, the resident species must adapt, migrate or face local extinction [2]. For species with large
continental distributions, the persistence at the trailing edge (areas from which a species is retreating)
of their range is governed by their physiological flexibility and ability to compete successfully with
other species, both residents and new migrants [3]. At the front (areas that are seeing the species
colonize) of their distribution, a rise in temperature and lengthening of the growing season may
facilitate colonization, assuming that the residual flora and fauna are less well adapted to the new
conditions [4].
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The rate at which species migrate has been the subject of many studies globally. Ritchie and
MacDonald [5] determined that the spread of white spruce (Picea glauca) in western Canada was far
more rapid than in the east following the last retreat of glaciers. It took only about 1000 years for
white spruce to spread from south-central Alberta to the MacKenzie Delta (2000 km, 2 km/year).
In contrast, the northeastern migration of the species into the Maritime Provinces was much slower
(200–300 m/year). This difference was attributed to prevailing warm winds from the southeast,
creating summers favorable for seedling establishment. Similarly, Davis [6] modelled migration
rates of beech (Fagus) and hemlock (Tsuga) in Michigan around the Great Lakes during the Holocene.
Beech provided an example of a species whose seeds are dispersed by animals, whereas the seeds of
hemlock are wind-dispersed. Both species extended their ranges north by about 20–25 km/century
(200–250 m/year). In addition to changes in their horizontal distributions, upslope migration by a
species is enhanced by a warming climate. Beckage et al. [7] examined remotely-sensed data (aerial
photography and satellite imagery), as well as survey data in Vermont to assess changes in the
distribution of a boreal-northern hardwood ecotone between 1964 and 2004. They found that tree basal
area had increased just above the upper altitude limits of the original boundary of the ecotone and
decreased at the lower altitude limits. The net effect was an overall expansion upslope ~200 m over
the 40-year period.

Climatic distribution models, which may accurately predict the current distributions and
abundances of plant species, have different ways of dealing with migration rates: no dispersal,
unlimited dispersal, same dispersal rate for all species or more mechanistically complex ways that
attempt to account for the density of the seed source [8], landscape fragmentation [9] and dispersal
capacity (e.g., Engler et al. [10]). At each level of of increasing complexity there is more uncertainty [11],
and as a result, the most common choice is to assume no limit to migration, availability of seed
source, or barriers to migration [12]. Yet, migration rates of many species are known to be much
less than those associated with recent and projected rates of climate change [13]. As a result, species
distribution models exclusively driven by changes in climate are likely to over-predict a species’ future
distribution [14].

The impact of fragmentation caused by changes in land cover varies among vegetation types.
Some species are adapted to fragmentation by becoming highly mobile and, as a result, are less
susceptible to human-induced landscape changes. This is particularly true of species that colonize
beaches and those that appear immediately following stand-replacement disturbances [12]. Conversely,
species that occur at later stages in succession, , and have evolved under more stable conditions, are
likely to be highly sensitive to landscape fragmentation. Different thresholds likely exist in the amount
of habitat required by different species to migrate successfully. Few studies acknowledge that over
time, populations become more spatially dissected as they encounter human-dominated, natural and
semi-natural barriers, [12]. Using a cell-based migration simulation model Iverson et al. [15] assessed
the potential migration of five tree species from their current northern range limits in the mid-latitudes
of the eastern United States. The analysis suggested colonization 10–20 km beyond the current ranges
of these species before the end of the 21st century, depending on the appropriateness of the habitat
and the species local abundance. Because of the barriers of unsuitable habitat, the advancing front of
these species is expected to remain within 10 km of the current boundaries through the 21st century,
although rare long-distance dispersal might establish isolated populations beyond that distance [15].

Thuiller et al. [14] assessed the impact of including land cover data into species distribution
models in Europe. They utilized remotely-sensed estimates of land cover and assessed their added
utility compared to using climate data alone. They found that at broad spatial scales, land cover
patterns were highly correlated with climate, but their statistical impact in the models was reduced,
because some land cover patterns were poorly related to climate, such as inland waters and arable
land [14]. Importantly, they note that at very broad scales, the relationships between land cover and
climate will change, making inclusion of land cover at broad geographic scales (or at different intervals)
difficult and likely to introduce error. They suggest that land cover data are most valuable at regional
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scales where direct links between land cover and resource gradients are evident. Honnay et al. [3]
examined the shift in the distribution of forest plant species in northern Belgium over the past 40 years.
They concluded that 85% of forest plant species in the study area had very low colonization rates when
favorable habitat was spatially isolated or the landscape fragmented. On the other hand, colonization
occurred more rapidly where there were few physical barriers to impede migration.

Opdam and Wascher [12] propose three points that merit consideration to address the impact
of landscape fragmentation on species migration. They suggest: (i) geo-spatial analysis to locate
migration bottlenecks where expansion of a species is likely to be hindered by increased landscape
fragmentation or local areas where species are able to migrate into, but not out of, leading to local
extinction; (ii) identification of corridors or protected areas that can function as key habitat during
migration; and (iii) development of a knowledge base to help planners and managers identify solutions
to coping with changing climate within a multifunctional landscape.

In this paper, we incorporate remote sensing data and realistic migration rates into the estimation
of future distributions of 15 tree species native to the Pacific Northwest of North America. We intend
to address the first two points raised by Opdam and Wascher [12] by locating areas where species’
expansion is likely to be hindered by increased landscape fragmentation and provide the first steps
towards the identification of corridors that can function as transitional habitat. To do so, we start by
assessing how the impact of changing climate might favor or restrict current distributional patterns
of the species using decision tree habitat models [16]. We then utilize remotely-sensed land cover
information to derive a diffusion-dispersal model to evaluate the capacity of individual species to
migrate through fragmented landscapes and ecological barriers, as climatic conditions are projected to
change by 2080.

2. Methods

2.1. Study Area

Within the Pacific Northwest Region of North America, the distribution of flora in major
ecoregions (Figure 1) is largely correlated with spatial variation in temperature and precipitation.
The Marine West Coast Forest zone is the most productive of the four subregions with measured
maximum values of leaf area index (LAI) generally between 8 and 12 m2/m2 [17], and it is the zone with
the highest percentage of forested land (82%). Western hemlock (Tsuga heterophylla) and Sitka spruce
(Picea sitchensis) are present throughout this maritime-affected zone, with Douglas-fir (Pseudotsuga
menziesii), Alaska yellow cedar (Chamaecyparis nootkatensis), western redcedar (Thuja plicata), coast
redwood (Sequoia sempervirens) and grand fir (Abies grandis) also represented in some areas.

The Northwest Forested Mountains are the second most productive in the area (55% forested).
Douglas-fir and western hemlock are abundant, with mixtures of Pacific silver fir (Abies amabilis), noble
fir (Abies procera) and western larch (Larix occidentalis). At higher elevations and latitudes, lodgepole
pine (Pinus contorta), whitebark pine (Pinus albicaulis), mountain hemlock (Tsuga mertensiana), subalpine
fir (Abies lasiocarpa) and Engelmann spruce (Picea engelmannii) are also present. Measured maximum
LAI varies from 3.0 at some high elevation subalpine forests to 10.0 for the most productive Douglas-fir
and hemlock stands [17,18].

On drier sites, ponderosa pine (Pinus ponderosa) and incense cedar (Calocedrus decurrens) are
usually present. Ponderosa pine extends its range southward through the Temperate Sierra Ecoregion
(20% forested) into the fringe of the North American Desert Ecoregion with further reductions in
productivity. In Oregon and Northern California, in the rain shadow of the Cascade and Sierra Nevada
Mountains, open pine forests grade into western juniper (Juniperus occidentalis) woodlands and finally
to sagebrush steppe [17,19]. In these locations, measured LAI ranges between 0.5 and 2.5 m2/m2.
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Figure 1. The maritime influence coniferous forests ecoregion (green) is among the most productive 
in North America. The Northwest Forested Mountain Ecoregion contains a much broader mix of 
species on less productive sites (olive), whereas the North American Desert Ecoregion includes 
drought-adapted species, such as ponderosa pine and western juniper. 

2.2. Modeling Approach 

In an earlier paper, we developed a hybrid modeling approach to predict the distribution of 15 
native tree species in the Pacific Northwest Region [16]. The benefit of the approach is that it 
combined the power and simplicity of climatic envelope models with the understanding derived 
from a mechanistic growth model. In addition the approach limits the requirement for detailed 
physiological knowledge to one widely-distributed species, Douglas-fir. In short, the approach 
utilizes the 3PG (Physiological Principles Predicting Growth) process-based model, which contains a 

Figure 1. The maritime influence coniferous forests ecoregion (green) is among the most productive
in North America. The Northwest Forested Mountain Ecoregion contains a much broader mix of
species on less productive sites (olive), whereas the North American Desert Ecoregion includes
drought-adapted species, such as ponderosa pine and western juniper.

2.2. Modeling Approach

In an earlier paper, we developed a hybrid modeling approach to predict the distribution of
15 native tree species in the Pacific Northwest Region [16]. The benefit of the approach is that it
combined the power and simplicity of climatic envelope models with the understanding derived
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from a mechanistic growth model. In addition the approach limits the requirement for detailed
physiological knowledge to one widely-distributed species, Douglas-fir. In short, the approach utilizes
the 3PG (Physiological Principles Predicting Growth) process-based model, which contains a number
of key simplifying assumptions that have emerged from studies conducted over a wide range of
forest types, including the use of monthly climate data. Each month, the most limiting climatic
variable on photosynthesis is selected, based on conditions that are defined as optimum or completely
limited for a particular species [16]. The fraction of production not allocated to roots is partitioned
among foliage, stem and branches based on allometric relationships and knowledge of annual leaf
turnover [20]. The 3PG model estimates the absorbed photosynthetically-active radiation (APAR) from
global solar radiation and LAI, with the utilized APAR portion estimated by reducing APAR by an
amount determined from a series of modifiers with values that range between 0 (system “shutdown”)
and 1 (no constraint) [20]. These modifiers include: (1) averaged day-time vapor pressure deficits
(VPD); (2) the frequency of subfreezing conditions; (3) soil drought; and (4) mean daily temperature.
A major simplification in 3PG is that it does not require detailed calculation of autotrophic respiration,
assuming that it is a fixed fraction (0.47, SE ˘ 0.04) of gross photosynthesis [20]. In our approach,
we make the implicit assumption that a species’ presence or absence is a function of integrated
physiological responses to climatic variation that cause relative differences in the growth rates of
competing species [16]. We do not assume that Douglas-fir physiological tolerances exactly match
those of other species. Instead, once we characterize geographically the relative importance of seasonal
climatic constraints on Douglas-fir photosynthesis, we translate these limitations for other species in
reference to how they depart from conditions favorable for Douglas-fir. The different seasonal patterns
that emerged to impose limitations on Douglas-fir photosynthesis were incorporated into an automated
decision tree analysis to predict the distribution of other tree species across the region [21]. Plot data
were acquired from a number of sources, including polygons delineating species occurrence, as well as
22,771 vegetation resource inventory and photo plots from the U.S. and Canada. Accuracy assessments
of the models were undertaken in two ways; first, the percentage of plots that a species was correctly
assigned as being present or absent, and then combined into a weighted value, proportional to the
number of plots associated with each of the two categories. To provide an overall assessment of the
error, we utilize the kappa statistic, which is one of the most commonly-used metrics to assess the
accuracy of categorical data. While there is debate about the usefulness of the kappa statistic to assess
the agreement of classifications that have multiple classes, its use to assess the accuracy of a binary
presence/absence species distribution map is well established. While the kappa statistic can vary
depending on the number of classes in the classification, when there are only two cases (such as in this
case: present or absence), the kappa statistic is a conservative measure of agreement [22]. In addition,
we include the degree of positive and negative agreement by species to provide a fair assessment of
accuracy when proportions of species can change markedly across the landscape.

The overall accuracy of the models averaged 82% (Table 1). The most accurate model with respect
to modeling its presence was noble fir (92%) with a kappa value of 0.92, indicating excellent agreement
with the plot observations. In contrast, the poorest prediction of species presence was for lodgepole
pine (68%) with a kappa of 0.50, indicating only moderate agreement. The most accurate model with
respect to modeling absences was again noble fir (92%), with the poorest predictions for Engelmann
spruce (Picea engelmannii) (68%). Overall, the presence of a species was predicted with slightly more
accuracy than its absence (82% versus 81%, respectively). The overall kappa was 0.74.

The hybrid modelingapproach offers advantages over existing, more correlative approaches.
By starting a climatic analysis with a model that creates a number of biomass pools, we obtain
mechanistic insights in regard to the seasonal importance of different variables in different geographic
areas. This permits latitudinal variation in the incident radiation and its contribution to photosynthesis
and water vapor transfer, as well as the dependence on leaf area index and stomatal conductance at
the time of canopy closure (assumed by age 50) to be explicably modelled. We recognize that better
agreement between predicted and observed distributions of species could be obtained by increasing
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the numbers of branches and model runs in the decision tree analysis, as demonstrated by Rehfeldt
et al. (2006) [23]. Applying these more statistically-sophisticated techniques, however, we believe
compromises the ability to define physiological thresholds useful to ecologists and managers.

Table 1. Scientific and common names, as well as the proportion of plots with the presence and absence
of the species correctly predicted across the Pacific Northwest region. P indicates Presensce, A; Absence.

Species Common Name Code % P % A Presence
Accuracy (%)

Absence
Accuracy (%)

Overall
Average (%) Kappa

Pseudotsuga
menziesii Douglas-fir DF 29.2 70.8 76 70 73 0.584

Thuja plicata western redcedar WRC 13.6 86.4 80 77 78 0.711
Tsuga heterophylla western hemlock WH 9.3 90.8 81 78 80 0.740
Tsuga mertensiana mountain hemlock MH 2.1 97.9 78 78 78 0.711

Pinus contorta lodgepole pine LPP 20.8 79.2 68 72 70 0.495
Pinus ponderosa ponderosa pine PP 10.5 89.5 84 82 83 0.785
Picea sitchensis Sitka spruce SS 1.6 98.4 90 88 89 0.884
Pinus albicaulis whitebark pine WP 2.8 97.2 84 82 83 0.797
Chamaecyparis

nootkatensis Alaska yellow cedar YC 3.9 96.1 89 91 90 0.879

Abies procera noble fir NF 0.4 99.6 92 93 93 0.921
Picea engelmannii Engelmann spruce ES 6.0 94 78 68 73 0.574
Larix occidentalis western larch WL 2.9 97.1 81 81 81 0.754
Abies lasiocarpa subalpine fir SAF 10.4 89.6 76 75 76 0.654
Abies amabilis Pacific silver fir PSF 3.4 96.6 85 83 84 0.821
Abies grandis grand fir GF 2.6 97.4 80 83 82 0.805

2.3. Climate Data

The models were driven from climatic observations acquired from weather stations distributed
throughout the region and interpolated using the model CLIMATE-Western North America
(CLIMATE-WNA (www.genetics.forestry.ubc.ca/cfcg/ClimateWNA)), which contains a bilinear
interpolation of the PRISM (parameter-elevation regressions on independent slopes model) records,
along with adjustments in temperature for mountainous terrain (see [24]). A 90-m digital elevation
model (DEM), obtained from the Shuttle Radar Topography Mission (SRTM), was resampled to 1 km
to provide the required elevation data at the same resolution as the climatic data. Most climate
models predict that the Pacific Northwest region as a whole will become progressively warmer and
perhaps somewhat wetter, with most of the increase in precipitation occurring in winter [25]. The
largest changes are predicted to occur to the north, particularly in inland British Columbia and
Alberta. In these areas, the frost-free period is expected to increase by at least a month, and periods
of extremely warm summer days are likely to become more common. The Canadian Global Climate
Model (Version 2), based on the Intergovernmental Panel on Climate Change (IPCC) fourth assessment
report with the high emission (A2) scenario, predicts mean annual temperatures to increases 3–5 ˝C by
2080–2100 [26].

To assess the impact of landscape fragmentation on the potential migration of species, we first
simulated climatic conditions using the Special Report on Emission Scenarios (SRES) climate scenarios
published in the (IPCC) Fourth Assessment Report, AR4 [27,28]. Coops et al. [16] describe the
suite of models, scenarios and time frames that were simulated. In this paper, we utilized the
2020, 2050 and 2080 A2 scenario that assumes current emissions rates will remain steady until
around 2040 and then slowly drop to about half of the current rate by the end of the 21st century.
The scenarios were developed from the Canadian Climate Centre’s Modeling and Analysis (CCCma)
third generation general circulation model (CGCM3), which includes improvements in the treatment
of clouds, solar radiation and land surface processes along with a simple ocean mixed-layer model
with a thermodynamic sea ice component [29,30]. Downscaling of the GCM was undertaken within
CLIMATE-WNA (see [24]).
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2.4. Constraints Imposed by Landscape Fragmentation

Landscapes dominated by human land use will reduce the mobility of species and cause decreases
in the spatial cohesion of landscapes [12]. As a result, the structure of the landscape affects the
direction and the density of the dispersing individuals or the seeds between habitat sites [31,32]
We assumed that current landscape conditions (land cover) were equivalent to those estimated
with the Moderate Resolution Imaging Spectrometer (MODIS) sensor on board the TERRA and
AQUA satellites since 2000 and 2002, respectively [33]. MODIS provides a 250-m spatial resolution
layer of land cover types, that include those directly induced by humans, as well as those created
following natural disturbances. These products were designed specifically for use in regional and
global modeling studies [33]. We utilized the land cover classification developed by the International
Geosphere-Biosphere Programme Data and Information System (IGBP-DIS) that included 11 classes of
natural vegetation, three classes of developed and mosaic lands and three classes of non-vegetated
lands. To simplify the analysis, we aggregated the 11 classes into three broad groups: (i) natural
vegetation, composed of forests with a mixture of evergreen and deciduous trees, broadleaf and
needle-leaf species, and those of mixed composition; (ii) developed and mosaic lands, composed
of croplands, urban and built-up properties, and a mosaic of cropland interspersed with natural
vegetation; and (iii) areas of non-vegetated classes, composed of water bodies, snow and ice and bare
soil or rock.

2.5. Effect of Land Cover on Migration

To simulate the migration of the species from current conditions to those envisioned in the 2080s,
we did a cost-distance analysis to simulate the suitability of the land cover to support migration for
a species. Land cover such as water is obviously completely unable to support terrestrial species
and, thus, is a barrier to species movement. In contrast, natural vegetation is assumed to support
recruitment and seed production and offers maximum migration capacity. Areas dominated by
agriculture and other human-modified land have moderate migration potential depending on grazing,
harvesting and mowing [34]. This approach establishes a raster layer defining the cost or difficulty
in proceeding through different migration paths, starting with each species’ current distribution.
This distance-diffusion model applies graph theory, whereby the center of each cell in the raster is
considered a node with each node connected to its eight adjacent neighboring cells representing the
ordinal directions (N, NE, E, SE, S, SW, W, NW). The analysis starts by evaluating the potential for
migration from those cells in which a species is designated as present. With analogy to Ohms’ law, the
potential for migration in any direction is equivalent to the voltage, and the impedance to movement
is proportional to the voltage divided by the resistance that the landscape imposes to movement.
A species is predicted to move into an adjacent cell with the lowest accumulated cost, set below a
threshold value. The accumulated cost is calculated from the impedance associated with moving
through each cell across the landscape. The direction of movement varies based on the composite
value per cell, which is assessed as the product of the distance and its impedance to migration. An
additional restriction is imposed: a species may migrate to an adjacent cell only if the environmental
conditions are predicted to be suitable in each assessed time period.

We weighted the land cover classes (Figure 2) to reflect the relative difficulty that they might
represent to migration. The lowest impedance was assigned to natural vegetation, with progressive
increases in the value moving through developed and mosaic types to impenetrable landscape barriers.
The maximum migration distance (set at 200 m per year based on the literature cited earlier) we
assumed to apply through natural vegetation. The migration rate through developed and mosaic lands
was set at 1/4 (4 times the impedance) of that through natural vegetation. To assess the sensitivity of
the simulations to the maximum rate of migration and the degree of impedance, we varied the rate
from 100–400 m per year, and the impedance of developed and mosaic lands from 1/8–1/2 of that
for natural vegetation. Simulations were run to evaluate potential movement for each of 15 species,
starting from current conditions to 2020, 2020–2050 and finally from 2050–2080 (as shown in Figure 3).
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In each case, migration was permitted into cells where climatic conditions were deemed appropriate
for a selected species.

The extent that migration rates might be constrained through the intervening periods to 2080 was
evaluated: (1) based on climatic conditions alone; (2) climatic restrictions together with a maximum
rate of 200 m/year; and (3) additional limits imposed by remotely-sensed land cover. We assessed
the direction of migration, and predicted the area most likely occupied by each species in 2080 by
comparing the area defined by that predicted within each of the 1˝ wedges in a circle centered over the
current distribution of the species.
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Figure 3. Depiction of the cost distance and impedance functions. (a) Coordinates and details of
the map subset; (b) current distribution of Douglas-fir; (c) with the addition of other landscape
barriers, principally representing inhospitable habitat for tree growth; (d) expansion by 2020 limited by
unsuitable climate; (e) expansion from 2020–2050 limited by suitable climate; (f) predicted maximum
distribution by 2080 constrained by predicted climate and landscape barriers.

3. Results

The directional diagrams presented in Figure 4a–f illustrate the predicted net changes in
distributions of six tree species by 2080, assuming the presence of suitable climate and further impeded
by various barriers. The rates of migration are depicted with and without impedance by landscape
barriers. In the case of Douglas-fir (Figure 4a), the general direction of migration is principally toward
the northwest and southeast. In the northwest, the opportunity for the species to migrate horizontally
toward a more favorable climate is observed, whereas in the southeast, migration is more restricted
toward higher elevations. There is much less migration predicted for the species toward the less
favorable climates in the southwest and the northeast, while the Pacific Ocean halts migration of the
coastal populations westward. Without assuming impedance by landscape barriers, there would be,
as shown, markedly more migration toward the northwest and, to a lesser extent, also to the southeast.
The easterly migration of the species is severely limited by developed and mosaic lands that create
fragmented barriers.

In contrast to Douglas-fir, whitebark pine’s predicted migration northward is much more restricted
and nearly halted by developed and mosaic lands in Northern California and elsewhere in the more
arid western states. For western redcedar, we also see a marked constraint on its migration by 2080.
The capacity of the species to move in a southerly and easterly direction is small, and even movement
toward the northwest is much reduced by 2080, principally due to a highly dissected landscape along
the coast of Washington and British Columbia. For ponderosa pine, the pattern of the distribution in
2080 is similar with or without impedance introduced by landscape barriers; however, the species is
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severely limited in its capacity to move eastward, associated with cultural changes in land use and
fragmentation. Sitka spruce is the most climatically constrained of the 15 tree species; thus, only small
differences are indicated with or without consideration of landscape barriers by 2080. Western hemlock
mirrors other coastal species, such as western redcedar, with the direction of migration relatively
unchanged, but with a reduced area occupied by 2080, particularly in the northeastern part of its
climatic range.
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Figure 4. (a–f) Predicted direction and area (length of the ray) of potential migration by six tree species
in response to expected shifts in climatic conditions by 2080. (Left) Migration constrained by realistic
maximum rates (200 m/y) and landscape barriers; (right) migration constrained by realistic maximum
rates (200 m/y), but unconstrained by landscape barriers.

Figure 5a–d illustrates the extent that landscape barriers restrict migration rates of four tree
species. These figures contrast the current distributions with those imposed by predicted changes in
climatic conditions by 2080, as well as the restrictions imposed by favorable or unfavorable migration
through different types of land cover. As the distributions demonstrate, the likely future ranges of these
species are greatly reduced when realistic migration rates and the barriers imposed by land cover are
included. The sensitivity of the simulations for each species to the changing input parameters confirms
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the more climatically restricted the species, the less the choice of parameters there are on the variation
of the output. In the case of Sitka spruce, which has significant climatic limitations, increasing the
rate of species movement by a factor of two resulted in an area expansion of less than 20% compared
to the base simulations. Increasing the impedance by 1/2, making it more difficult to pass through
developed and mosaic lands, also had a relatively minor effect (reducing total area by 15% of the
base simulation). Likewise, for ponderosa pine and western hemlock, both of which are climatically
limited, variation of the simulations parameters had variations of less than 30%. For Douglas-fir and
whitebark pine, whose distributions are more limited by developed and mosaic lands, the effect was
larger. For whitebark pine, doubling the migration rate increased the area of the distribution by 60%,
while increasing the impedance reduced the distribution by 33%. In general, varying the migration rate
had a slightly larger impact in terms of the area of the distribution than varying the impedance factors.
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Figure 5. Predicted distributions of Douglas-fir (DF), Sitka spruce (SS), ponderosa pine (PP) and
western redcedar (WWR). For each of the species, the maps depict: (a) current distributions; (b) 2080
distributions with climate and landscape barriers imposed; (c) distributions with a maximum 200-m/y
limit constraint (LC) and favorable climatic conditions; and (d) limits imposed by climate alone.
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Figure 6 provides a summary of the differences in the projected ranges of 15 tree species in 2080
as imposed first by climatic conditions only in 2080 and then by the addition of migration rates, then
migration rates and landscape barriers. Among the species listed, yellow cedar, western white pine
and western hemlock are in a category with a 75%–90% reduction in range caused by landscape
barriers. In contrast, Sitka spruce, ponderosa pine and western larch have the smallest restrictions
in occupying their climatic potential ranges by 2080. On average, landscape barriers together with
limits on natural migration account for between a 50% and 90% difference from current distributions
of species compared to areas of favorable climate by 2080.
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Figure 6. Species ranges (km2 and % difference from current distribution) predicted by 2080 using
realistic migration rates (maximum of 200 km or m/year) and with barriers imposed by land cover and
topography. Species abbreviations: Pacific silver fir (PSF), grand fir (GF), Douglas-fir (DF), western
hemlock (WH), subalpine fir (SAF), ponderosa pine (PP), noble fir (NF), mountain hemlock (MH),
lodgepole pine (LLP), Alaska yellow-cedar (YC), western redcedar (WRC), western white pine (WP),
western larch (WL) and Sitka spruce (SS).

4. Discussion

The simulations demonstrate that utilizing information on current land use patterns and
reasonable rates of species migration under the transition of climatic conditions expected by 2080
are much more spatially constrained than those indicated by using simple climatic envelope models.
Although the potential range for expansion will likely significantly increase northerly by 2080 for
the tree species investigated using climate-only simulations, the natural rate of expansion is likely
much less (~30%) when taking into consideration the added difficulty of migration through land
cover barriers. The actual distributions of species could contract, depending on the rate that climatic
conditions become unsuitable at the trailing edge of their current ranges. The results therefore confirm
that the majority of suitable climatic habitat is well beyond the dispersal ability of most species even
without considering land use. Once fragmented land use is considered, it serves as an even greater
barrier, even in regions, such as Western North America, whose forested areas are considered as
relatively intact and wild.

The results demonstrate that in the case of Douglas-fir, the species is unable to reach any of the
suitable areas by 2080 in northern British Columbia and Alberta without assistance, thereby severely
limiting its capacity to track the velocity of the changing climate. Being unable to quickly and easily
move through the interior of British Columbia and Alberta with its human-modified landscapes
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thereby limits its expansion potential when compared to just the distribution based on climate data
alone. In the case of Sitka spruce, which predominately occurs along the coast, its range is likely to be
climatically limited by 2080, regardless of the land cover through which it must migrate. Ponderosa
pine, like Douglas fir, is predicted to have the potential to move eastward by 2080, but with its rate
highly restricted by land cover. Of the tree species evaluated, western redcedar is the most hampered
by landscape barriers of the tree species evaluated, with the inability to migrate to a future suitable
climate further north.

The approach demonstrated here meets a number of needs. It provides a way to identify
pinch points and corridors where species can be expected to migrate through, as well as allows
the identification of key protected areas that need to be maintained to ensure effective species
movement. It also provides a link between climate-based species modelingthat often provides the
realized niche of species, with remote sensing technology that provides a landscape perspective of
habitat and conditions. Seldom are these two approaches merged, so this technique provides some of
the knowledge needed to help managers bring together these two widely-used approaches. Of course,
one of the most significant benefits of the integration of remote sensing technology is the repeatable
coverage, allowing for consistent and synoptic monitoring, reduced cost (per unit area) and ready
access. As a result, barriers to migration corridors can be assessed through time providing a capacity
to adapt and assess mitigation options over long time periods.

The benefit of the approach developed here is that it offers a moderate level of complexity,
being not as simple as an entirely climatically-driven species distribution modeling approach, or as
complex at it might be to account for more barriers to migration. We simplify the problem and make it
more tractable by combining our hybrid species modeling approach with remote sensing-estimated
landscape maps of barriers that inhibit species migration. We readily acknowledge that some species,
such as invasive plant species, often move more rapidly through these areas than through natural
vegetation due to anthropogenic influences, disturbance impacts, and so on. Sensitivity analysis to
the parameters indicated that the estimated species ranges can vary between 30% and 60% of the
potential ranges; however, these variations are likely to represent the extremes, as they would involve
species moving at more than twice the recorded rate of previous studies. Even if these variations
occurred from varying the initial parameters, the simulated ranges would still likely fall within the
50%–90% reduction of the unconstrained ranges found in these simulations. As this approach is
further developed, different impedances should be tested and linked to species studies and locations
as required; however, estimates, such as the migration rate of species, are highly consistent with rates
found for many plant species across the globe [35]. Lastly, the species distribution predictions utilized
in the paper reflect a binary presence/absence prediction, which is simplistic in its attempt to assess
environmental suitability. More refined species predictions that allow for a more nuanced likelihood
of species occurrence could also improve these results.

5. Conclusions

We consider the approach presented here is readily adaptable to modification by entering different
scenarios in the climate, dispersal mechanisms and impedance values. Having some idea of the most
likely route of migration and the barriers imposed is a valuable starting point for developing sound
environmental policies for the management, protection and perpetuation of desired communities of
species and the ecological services they offer.
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