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Introduction

In an earlier paper (Coops et al. 2009a, b), we introduced
a hybrid modeling approach that progresses in two steps.
First, a process-based growth model (3-PG, Physiological
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Abstract

Question: Can we interpret how climatic variation limits photosynthesis and
growth for one widely distributed species, and then relate these responses to
model the geographic distributions of other species?

Location: The forested region of the Pacific Northwest, United States and
Canada.

Methods: We first mapped monthly climatic data, averaged for the period 1950
to 1975 at 1 km resolution across the region. The recorded presence and absence
of 15 native tree species were next mapped at 1 km resolution from data acquired
on 22771 field survey plots. To establish seasonal limits on photosynthesis and
water use, a process-based growth model (3-PG, Physiological Processes to Predict
Growth) was parameterized for Douglas-fir (Pseudotsuga menziesii), one of the
most widely distributed species in the region. Automated decision tree analyses
were used to predict the distribution of different species by creating a suite of rules
associated with the relative constraints that soil drought, atmospheric humidity
deficits, suboptimal and subfreezing temperatures would impose on the growth of
Douglas-fir.

Results: The 3-PG process-based modeling approach, combined with auto-
mated decision tree analyses, predicted presence and absence of 15 conifers on
field survey plots with an average accuracy of 82 & 12%. Predictive models of
current distribution for each species differed in the number of, order in, and
physiological thresholds selected. A deficit in the soil water balance, followed
by departures from optimum temperatures in the summer were the two most
important variables selected in predicting species distributions.

Conclusions: Although empirical models using different sampling techniques
and statistical analyses may be more accurate in predicting current distribution
of species, the hybrid approach presented in this paper provides a greater
mechanistic understanding of the limits to growth and tree distributions. These
attributes of process-based models make them particularly useful in designing
mitigating strategies to projected changes in climate.

Principles Predicting Growth) developed by Landsberg &
Waring (1997) was used to evaluate the extent that four
climatically related variables limit photosynthesis for
Douglas-fir (Pseudotsuga menziesii), one of the most widely
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distributed tree species in western North America. Second,
we related the relative limitations on Douglas-fir photo-
synthesis to field observations of the distribution of other
tree species using an automated decision tree analysis
(Coops et al. 2009a, b). These species-specific decision tree
models predicted presence and absence for six tree species
with a weighted accuracy averaging 87% using climatic
data acquired over an 18-yr period (1980-1997).

By incorporating a process-based growth model in the
first stage of the analyses, we gain several advantages over
purely empirical correlations with climatic data. The most
obvious advantage of process-based models is that they
incorporate non-linear biological responses in a docu-
mented manner and provide an explanation for the cause
of any reduction or increase in growth. For example,
although sub-alpine tree species are well adapted to
frequent frosts in the spring, a slight increase in tempera-
ture will increase photosynthesis and growth. At the same
time, less frequent frost provides an opportunity for out-
breaks of needle cast (Woods et al. 2005) and bark beetles
(Bentz et al. 2010).

As a result of such analyses, we can appreciate why
more favorable growth conditions for sub-alpine species
might still lead to their eventual replacement by more
temperate tree species. Similarly, because process-based
models calculate a soil water balance that is linked to the
canopy leat area, they explain why an open ponderosa
pine forest may experience less constraint on photosynth-
esis and transpiration during a summer drought than
denser stands growing in areas receiving significantly
more precipitation (Runyon et al. 1994; Law et al. 2001).

Physiological models such as 3-PG grow stands of trees
at rates commensurate with both climate and soil condi-
tions. By assuming uniform soil conditions, climatically
induced changes in site growth potential can be 3-PG
spatially projected estimates of maximum Leaf Area Index
(LAIL,.y) are generally in good agreement across the
Pacific Northwest Region with values derived with satel-
lite-borne remote sensing (Coops et al. 2001). The LAI
imposes limits on light absorbed by photosynthetic pig-
ments as well as on transpiration. Thus a canopy with an
LAI of 1.0 absorbs only about 60% of the incident
radiation (approximately 50% photosynthetically active)
and transpires less than 1 mmd ™" (Angell & Miller 1994)
whereas a forest canopy with an LAI above 6.0 absorbs
> 95% of incident radiation and transpires up to 4 mm
d™' (Waring et al. 2008).

In this paper we increase the number of Pacific North-
west conifers analysed from six to fifteen, and expand the
area from the USA to include the Canadian province of
British Columbia. To accommodate the increased spatial
and taxonomic scope of the analysis, we increased the
reference base of permanent survey plots by sixfold.
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Further, we refined the climatic analysis to permit a more
detailed interpretation of the relative importance of sea-
sonal variation in four climatically related variables that
impose non-linear constraints on photosynthesis: (1) soil
drought, (2) atmospheric humidity deficits, (3) subopti-
mal temperature and (4) the frequency of frost. By
expanding the analysis, we hoped to extend the approach
without making the analysis more complicated.

Methods
Description of study area

Within the Pacific Northwest Region of North America,
the distribution of flora is largely correlated with spatial
variations in temperature and precipitation. The maritime
influence of the Pacific Ocean provides conditions that are
generally favorable for tree growth and the region sup-
ports some of the most productive forest in North America
(Whittaker 1960). Franklin & Dyrness (1973) provided
detailed descriptions of plant communities and their
associated climates. The extent that such historical de-
scriptions offer a basis for predicting future floristic com-
position under a changing climate is unknown. It is
unlikely that they can account for the differential re-
sponses expected by species that evolved in different
geological epochs and are known to form new combina-
tions as environmental conditions change (Raven &
Axelrod 1974; Williams et al. 2007).

Climatic data

Mean monthly climate spatial surfaces were generated
using ClimateWNA, which downscales precipitation and
temperature data generated at 2 to 4km by PRISM (Para-
meter-elevation Regressions on Independent Slopes Model,
Daly et al. 2002) to 1km. The downscaling is achieved
through a combination of bilinear interpolation and eleva-
tion adjustment (see Wang et al. 2006). To provide the
required elevation data for ClimateWNA at 1km a 90m
Digital Elevation Model (DEM) was resampled from the
Shuttle Radar Topography Mission (SRTM). Mean monthly
atmospheric vapor pressure deficits (VPD) for daylight
periods were estimated by assuming that the water vapor
concentration throughout the day was equivalent to that
held at saturation for the average monthly minimum
temperature (Kimball et al. 1997). The number of days per
month with subfreezing temperatures (less than — 2 °C)
was estimated from empirical equations with mean mini-
mum temperature (Coops et al. 1998).

Monthly estimates of total incoming short-wave radia-
tion were calculated following a modeling approach
detailed by Coops et al. (2000) that first calculates the
potential radiation at the top of the atmosphere then
adjusts for slope, aspect and elevation (Garnier & Ohmura
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1968; Swift 1976), and finally for variation in water vapor
and the effects of clouds on the fraction of diffuse to direct
beam incoming radiation (Running et al. 1987) based on a
previously published relationship with the difference
between mean daily maximum and minimum tempera-
tures and latitude (Coops et al. 2000). The latter conver-
sion takes advantage of a correlation between monthly
mean temperature extremes and the transmissivity of the
atmosphere (Bristow & Campbell 1984). The modeling
approach, when compared with direct measurements,
predicted both the direct and diffuse components of mean
monthly incoming radiation with 93 to 99% accuracy on
flat surfaces, and on sloping terrain accounted for > 87%
of the observed variation with a mean error less than
2MJ-m2-d! (Coops et al. 2000).

Species occurrence data

Across the Pacific Northwest, tree species presence/ab-
sence data were assembled from a number of sources. For
British Columbia, tree species were taken from the cen-
troids of stand-level polygons located in protected
forested areas and from vegetation resource inventory
plots collected across all forest lands using a three-phase,
photo- and ground-based sampling design (Schroeder
et al. 2010). The spatial accuracy of the plot coordinates
was estimated at roughly £ 500m.

In the USA, tree species data were acquired from US
Forest Service, Forest Inventory and Analysis (FIA) sur-
veys. Plot data are recorded on a permanent sampling grid
established across the conterminous USA at a density of
approximately one plot per 2400 ha (Bechtold & Patterson
2005). Only trees with DBH > 2.54 cm were considered in
the sample. As actual FIA plot locations are confidential,
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we used the publically available coordinates, which have
similar spatial accuracy as the Canadian data (i.e.
+500m). Additional information on the FIA data sets is
available in Schroeder et al. (2009). The presence/absence
data from both Canada and the USA were combined into
one database with a total of 22771 plots (Table 1).

Description of the 3-PG model

The 3-PG model contains a number of simplifying assump-
tions that have emerged from studies conducted over a
wide range of forests types and include the use of monthly
climate data (rather than daily or annual) with little loss in
the accuracy of model predictions. Each month, the most
limiting climatic variable on photosynthesis is selected,
based on departure from conditions that are defined as
optimum (expressed as unity) or completely limited (ex-
pressed as zero) for a particular species or genotype. The
ratio of actual/potential photosynthesis decreases in propor-
tion to the reduction in the most limiting environmental
factor. The fraction of production not allocated to roots is
partitioned among foliage, stem and branches based on
allometric relationships and knowledge of annual leaf turn-
over (Landsberg et al. 2003).

The basic model works as follows: absorbed photo-
synthetically active radiation (APAR) is estimated from
global solar radiation and LAI, and the portion utilized is
calculated by reducing APAR by an amount determined
by a series of modifiers that take values between 0 (system
‘shutdown’) and one (no constraint) to limit gas exchange
via canopy stomatal conductance (Landsberg & Waring
1997). The monthly modifiers include: averaged daytime
vapor pressure deficits (VPD), the frequency of subfreez-
ing conditions, soil drought and mean daily temperature.

Table 1. Scientific and common names, and proportion of plots with presence and absence of the species across the Pacific Northwest region defined
as the province of British Columbia and the USA: Washington, Oregon, California, Idaho, Montana, Nevada and Utah.

Species Common name Presence Absence % Present %Absent Total (n)
Pseudotsuga menziesii Douglas-fir 6643 16128 29.2 70.8 22771
Thuja plicata Western redcedar 3107 19664 13.6 86.4 22771
Tsuga heterophylla Western hemlock 2106 20665 9.3 90.8 22771
Tsuga mertensiana Mountain hemlock 473 22298 2.1 97.9 22771
Pinus contorta Lodgepole pine 4742 18029 20.8 79.2 22771
Pinus ponderosa Ponderosa pine 2393 20378 10.5 89.5 22771
Picea sitchensis Sitka spruce 364 22407 1.6 98.4 22771
Pinus albicaulis Whitebark pine 644 22127 2.8 97.2 22771
Chamaecyparis nootkatensis Alaska yellow cedar 887 21884 3.9 96.1 22771
Abies procera noble fir 82 22 689 0.4 99.6 22771
Picea engelmannii Engelmann spruce 1365 21406 6.0 94 22771
Larix occidentalis Western larch 670 22101 2.9 97.1 22771
Abies lasiocarpa Subapline fir 2369 20402 10.4 89.6 22771
Abies amabilis Pacific silver fir 764 22007 3.4 96.6 22771
Abies grandis Grand fir 598 22173 2.6 97.4 22771
Applied Vegetation Science
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Drought limitations are imposed as a function of soil
properties and a simple water balance that calculates
when soil water supply is less than transpiration, esti-
mated with the Penman—Monteith equation. In the cur-
rent format, we did not separate precipitation as rain from
that as snow because such a separation is best achieved at
daily rather than monthly time steps (Coughlan & Run-
ning 1997).

A major simplification in the 3-PG model is that it does
not require detailed calculation of autotrophic respira-
tion, assuming that it is a fixed fraction (0.47, SE £ 0.04)
of gross photosynthesis (Landsberg & Waring 1997; War-
ing et al. 1998; Law et al. 2001).

We further simplified the approach by selecting Douglas-
fir, the most widely distributed species in the region, to
characterize the importance of climatic constraints on
photosynthesis and growth across all forested environments,
as we have done previously for other purposes (Swenson et
al. 2005; Waring et al. 2005; Coops et al. 2007, 2010).

We make the implicit assumption that a species pre-
sence or absence at a given site is a function of integrated
physiological responses to climatic variation that cause
relative differences in the growth rates of competing
species. Although we recognize that physical limitations,
such as the accumulation of snow or those of chemical
origin, such as salt-spray or pollutants, can also limit
photosynthesis and growth, our modeling excludes these
interactions in this paper. We do not assume that Douglas-
fir physiological tolerances exactly match those of other
species. Instead, once we characterize geographically the
relative important 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 alternative
would be to parameterize the 3-PG model for each
species, a task for which the required data are generally
lacking, except for a few widely distributed species such as
ponderosa (Coops et al. 2005) and lodgepole pine (Coops
& Waring 2010).

The parameter values for Douglas-fir matched those
reported in Waring & McDowell (2002), with a few
exceptions. To limit the analysis to climatic effects, we set
the available water-holding capacity at 200mm for a
sandy loam soil throughout the region, which through
sensitivity analysis is a value that will capture the effect of
seasonal drought (Nightingale et al. 2007).

To limit the analysis to climatic variation, we assigned a
constant soil fertility rank of 50% of maximum, which
results in an even partitioning of growth above and below
ground. Previous research indicates that the error of using
constant values for soil fertility is mainly significant in areas
where soils are extremely infertile or toxic (e.g. serpentine-
derived soils) (Coops & Waring 2001). We set the maximum
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quantum efficiency equal to 0.04mol- C-mol - photon,

equivalent to 2.2g-C-MJ ! absorbed photosynthetically
active radiation (PAR), about mid-way between reported
minimum and maximum values in the literature (Lands-
berg et al. 2003). To take into account seasonal adjustments
in temperatures responses (Hember et al. 2010), we set the
minimum, optimum, and maximum temperatures at
—7°C, 18°C and 40 °C, respectively. The photosynthetic
response at temperatures less than — 2 °C was truncated to
zero, because below that threshold stomata are closed
(Running et al. 1975; Hadley 2000). The extent that other
species encounter environments that would impose differ-
ent restrictions than those on Douglas-fir is incorporated
through the second component of the modeling approach
using an automated decision tree analysis, which is de-
scribed in more detail below.

Decision tree modeling for individual species

We applied the 3-PG model across the region using the
spatial climate layers to predict coverages of stand growth
and LAI, using the mean climate derived from ClimateW-
NA from 1950 to 1975. Model simulations were run for
50yr of stand development by which time stands have
obtained maximum LAI and maximum canopy closure.
The 3PG model was then stopped and at each of the
22771 plots the monthly climatically-restricting modi-
fiers to photosynthesis were extracted for each of the four
climatic modifiers (12 x4=48). We derived seasonal
averages and an annual extreme from these monthly
climatic modifiers for modeling.

To assess the extent that the 3-PG physiological modi-
fiers might serve to predict presence or absence of each of
15 selected tree species, a decision tree analysis, similar to
that developed by Coops et al. (2009a, b) was applied to
predict presence and absence for each of the 15 species,
based on the maximum constraints that each of the four
climate modifiers imposes on photosynthesis throughout
the four seasons, as well as the maximum constraint
throughout the entire year.

Decision tree analysis is increasingly selected in ecolo-
gical research because of a number of features, including
an ability to deal with collinear datasets, to exclude
insignificant variables, and to allow for asymmetrical
distribution of samples (De’ath 2002; Melendez et al.
2006; Schwalm et al. 2006). The technique automatically
separates the dependent variables (presence or absence of
a tree species) into a series of choices that identifies the
importance of each constraining variable.

Decision Tree Regression (DTREG, Sherrod 2010) soft-
ware was used to develop a classification tree for each
species using a tenfold cross validation technique where
the total dataset is partitioned randomly into ten equally
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sized groups, a model is developed on nine of the groups,
and then tested against the remaining 10% of the data not
used in model development. This process, also known as
k-fold partitioning, is repeated 10 times with the results
merged to produce a final classification tree with an
overall accuracy accessed by averaging the independent
results of the 10 simulations (Breiman et al. 1984). This
type of K-fold partitioning provides a realistic test of
model accuracy. It is not a true independent validation of
the model, however, as an independent dataset of species
occurrence was not available over the entire area (see
Beale et al. 2008 for a discussion of potential biases).

Models were developed with a maximum of five
(decision) branches, and a misclassification weighting of
1.5, which constrained the model development and en-
sured the decisions trees did not over-fit the dataset. Once
each model was created a ‘confusion matrix” was devel-
oped, which provides an indication of the positive and
negative predictive power of the model as well as a
number of other statistics (Fielding & Bell 1997). Forbes
(1995) provides some basic criteria of what measures
could be extracted from confusion matrices to establish
the accuracy of distribution models.

The Kappa (k) statistic has been recommended as a metric
to assess the accuracy of the developed models and is useful
particularly in ecological research (see review by Monserud
& Leemans 1992).This statistic calculates the proportion of
specific agreement across categories (classes) and meets
most of Forbes’s criteria. If the prediction is in complete
agreement with observed, then k= 1; if there is no agree-
ment (other than what would be expected by chance) then
k= 0. In cases where one class size significantly exceeds the
other (as is often the case in vegetation distribution model-
ling) the maximum « achieved for perfect agreement will be
less than one, when this happens, the Kappa statistic can be
rescaled based on the observed marginal frequencies (Vach
2005; Ben-David 2008). We generated maps predicting each
species” distribution and compared them with recorded
presence on survey plots as well as with published range
maps (Critchfield & Little 1966; Little 1971) (URL: http://
esp.cr.usgs.gov/data/atlas/little/, last accessed 11.01.2011).

Results

Spatial variation in the four climatic modifiers in the
season that they most constrain photosynthesis of Dou-
glas-fir is presented in Fig. 1. Late summer drought is
typical throughout most of the interior of the region
when the maximum available water supply is set at
200mm (Fig. 1a). Severe water limitations on photo-
synthesis therefore result in some months, particularly
for parts of Washington State and the interior of British
Columbia. Along coastal British Columbia and in the
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Canadian Rocky Mountains, there is little water stress
because ample precipitation fully recharges the soil profile
and transpiration does not exhaust this reservoir during
the growing season based on simulated values of LAIL

High evaporative demand during the summer is typical
throughout the central valley in California, and for much
of the area on the eastern sides of the Cascade and Sierra
Mountains. Mountainous areas toward the interior and
northern portions of the region remain cool enough to
minimize evaporative demand throughout the year. As
Fig. 1b shows, the stress imposed by high evaporative
demand never reduces seasonal (or monthly, not shown)
photosynthesis to 0. Deviations from optimum tempera-
ture (Fig. 1c) and limitations imposed by frequent frost
(Fig. 1d) show comparable patterns to one another, with
the area most unfavorable for Douglas-fir located at high
latitudes and to the east of the Cascades and Sierra
mountain ranges. The coastal mountains of the Pacific
Northwest are buffered from extremes in temperature,
whereas diurnal variation increases with elevation and
with movement inland.

Based on presence data recorded on plots, we selected a
number of species to illustrate the range in seasonal
variation in the climatic modifiers (Fig. 2). Sitka spruce
(Picea sitchensis) (Fig. 2a), is currently restricted to a
narrow band along the coast in areas where precipitation
is sufficient to maintain a soil water balance within 10%
of the Douglas-fir optimum throughout the year and
where temperature (both frost frequency and minimum
temperature) are moderate (with only a reduction of
about 50% in reference to optimum conditions for Dou-
glas-fir). Because of the maritime climate along the coast,
Sitka spruce in its current range is less limited by evapora-
tive demand than any of the other species reported on.

Lodgepole pine (Pinus contorta) (Fig. 2b) is well adapted to
low temperatures in the winter, spring and autumn, which
severely restrict photosynthesis in its range by > 80%. In
summer, evaporative demand, and soil water stresses re-
duce growth by up to 30% with soil water limitations in fall
imposing limits of up to 40% on potential photosynthesis.
Western hemlock (Tsuga heterophylla) covers a large range
through the Pacific Northwest, extending from the coast of
Alaska to northern California and eastward into Idaho.
Within its range, soil moisture is generally not limiting (Fig.
2¢). Temperatures too are close to optimum for Douglas-fir,
except during winter (Fig. 2c). Similarly, evaporative de-
mand creates relatively little constraint throughout the year,
remaining within 40% of optimum for Douglas-fir.

In contrast to western hemlock, western larch (Larix
occidentalis), the only deciduous conifer modeled, is prin-
cipally distributed inland across a range of elevations from
500 m in the north to 2400 m at the southern extremes of
its range. Figure 2d indicates its general tolerance to
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Fig. 1. (a)-(d). Geographic variation in the maximum limitation on photosynthesis of the four climatic modifiers throughout the year, referenced to
responses by Douglas-fir stands at 50 yr of age. Modifiers are scaled between 0 (complete restriction in photosynthesis) to 1 (optimum).

moderate soil water stress, which decreases to less than
50% of that characterizing Douglas-fir distribution
throughout summer and fall. In the winter, western larch
in the winter is exposed to low temperatures that would
greatly limit photosynthesis, even if leaves were present.
With regard to evaporative demand, western larch rarely
is subjected to < 60% of optimum for photosynthesis in
reference to Douglas-fir.

Although all four modifiers were used in the decision
tree analysis, their importance differs. For the species
discussed above, the distribution of Sitka spruce was
defined with the fewest number of modifiers, with the
model principally responding to modest if any limits on
soil water availability and lack of frost in the autumn. In
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the case of lodgepole pine, five modifiers were required,
including frost in the summer and spring, and soil water
status in summer, winter and annually. For western
hemlock, soil water in the autumn and winter, as well as
frost in spring, defined its distribution and for western
larch, all four of the physiological restrictions were repre-
sented with a near-equal four-way split between frost and
temperature in autumn, VPD in summer and soil water
status in spring.

Figure 3 summarizes how often, and to what extent,
individual modifiers incorporated into 15 specific models
accounted for variations in their distributions across the
Pacific Northwest. In the winter, frost, temperature and
VPD have little significance because there is little light
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Fig. 2. (a)-(d). Seasonal mean variation in the four climatic modifiers for selected tree species (Sitka spruce, lodgepole pine, western hemlock and

western larch).

available for photosynthesis. In other seasons, sub-freez-
ing temperatures in the spring and sub-optimal tempera-
tures in the summer accounted, on average, for
approximately 35% of the variance in species distribu-
tions across the region. The availability of soil water in the
summer and autumn were the next most common vari-
ables included in the 15 specific-specific models. The
influence of VPD on species distributions in the autumn
ranked eighth in overall importance but still accounted,
on average, for about 25% of the observed variance in
predicting species distributions.

Accuracy assessments of the models are referenced to
the percentage of plots on which 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. The value for
each model is also provided. The overall accuracy of the
models averaged 82% (Table 2). The most accurate model
with respect to modeling its presence was noble fir (Abies
procera) (92%) with a 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 of 0.50, indicating only moderate
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agreement. The most accurate model with respect to
modeling absences was again noble fir (93%), with the
poorest predictions for Engelmann spruce (Picea engelman-
nii) (68%). Overall the presence of a species was predicted
with slightly more accuracy than its absence (82% vs
81%, respectively). Overall was 0.74.

The location of the presence/absence survey data plots,
and the Little (1971) range maps are shown in Fig. 4. In
the case of the Little (1971) maps, the ranges are inde-
pendent of current land-use, whereas the FIA and British
Columbia plots in this study are located only in areas
recognized as forest. As a result, general range maps often
include areas where a species is absent, particularly with
respect to extremes in elevation (Rehfeldt et al. 2006).
Nonetheless, they are instructive for comparisons with
field surveys and model predictions.

The species range predictions for Sitka spruce indicate
that it is present along the Oregon, Washington and
British Columbian coast as well as on Vancouver Island
and Haida Gwai. These results are in close agreement with
the range maps and the presence/absence data, even
matching small isolated populations along the coast.
Because of its adaption to low temperatures, lodgepole

Applied Vegetation Science
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Fig. 3. Summary of the important modifiers for all 15 species modeled in the Pacific Northwest.

Table 2. Per cent correct classification for classification trees for 15
selected species. *Landis & Koch (1977) have suggested the following
ranges of agreement for the kappa (k) statistic: < 0 poor; 0-0.21 slight;
0.21-0.4 fair; 0.4-0.6 moderate; 0.61-0.8 substantial; 0.81-1.0 excellent.

Species Presence Absence Overall K (%)
Accuracy (%)  Accuracy (%) average (%)

Douglas-fir 76 70 73 0.584
Lodgepole pine 68 72 70 0.495
Ponderosa pine 84 82 83 0.785
Western red cedar 80 77 78 0.711
Mountain hemlock 78 78 78 0.711
Sitka spruce 90 88 89 0.884
Pacific silver fir 85 83 84 0.821
Whitebark pine 84 82 83 0.797
Englemann spruce 78 68 73 0.574
Western hemlock 81 78 80 0.740
Alaska yellow cedar 89 91 90 0.879
Noble fir 93 93 93 0.921
Western larch 81 81 81 0.754
Subalpine fir 76 75 76 0.654
grand fir 80 83 82 0.805
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pine currently has an extensive range in northwestern
North America from the Yukon, south into California. The
predictions agree very well with both the plot locations
and Little’s (1971) range map for the species. The corre-
spondence for western hemlock is also good with some
obvious departures between the field survey plots, Little’s
range map, and the modeled distribution. The species is
predicted to grow further south than is recorded by Little
(1971) and to some extent as reported in the field records.
The western hemlock predictions extend the species’
range to the interior, and the coastal variants, joining in
central British Columbia whereas both the plot locations
and Little’s (1971) map recognize two distinct groupings.
Of the four species, predictions for western larch are the
most divergent from other sources. The distribution of
western larch from the Little’s (1971) range map and the
survey locations indicates the species occurs principally in
the USA with some populations in interior valleys of
British Columbia. The decision tree predictions extend
the species’ range to a larger area than where it has been
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Fig. 4. (a)-(h). Maps of predicted species occurrence in reference to
presence data recorded on survey plots (e), and to more general range
distributions (in red) from Little (1971) (left), and distributions predicted
using decision-tree rules (right).
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recorded in the Klamath Mountains of southwestern
Oregon and northwestern California. The species is also
predicted to occur slightly further north in central British
Columbia than recorded on the field plots.

Discussion

The dependence on a widely distributed species, such as
Douglas-fir, to provide a physiological benchmark for
other coniferous species seems justified, based on the
generally good accuracy of the decision tree models in
predicting a species’ presence or absence on field plots.
We recognize that it is important to confirm consistency
in the order that variables are selected, and in the thresh-
olds defined. In a previous study, Coops et al. (2009a, b)
used only annual extremes as physiological constraints.
We found that the distributions predicted for three species
in common with this paper’s analysis were well matched,
and that the same modifiers, in most cases, were selected
in the decision tree models.

We recognize that better agreement between predicted
and observed distributions of species can be obtained with
an increase in the number branches, and model runs, as
demonstrated by Rehfeldt et al. (2006). To apply these more
statistically sophisticated techniques, however, compro-
mises the ability to define physiological thresholds useful
to ecologists and managers. For example, Rehfeldt et al.
(2006), by applying Random Forest Regression Tree Ana-
lyses, started with a combination of 21 climatic indices to
predict the current distributions of 25 plant communities.
Their most commonly selected climatic index was the ratio
of summer to annual precipitation, followed by the sum-
mer—winter temperature differential, the mean annual
temperature and mean annual precipitation. Rehfeldt &
Jaquish (2010) further refined the approach to increase the
predictive power of where genotypes of western larch
occur. This was accomplished by double-weighting the
climatic information where larch was recorded (on 2.5%
of the total plots) and by selecting 40% of such plots to
characterize the environment in each sample taken to
construct hundreds of decision trees.

There are clear benefits to obtaining a more balanced
sample between plots with and without a species present. In
the case of noble fir the proportion of plots with the species
present was < 1% of the total dataset, reducing confidence
in the analysis. To make more accurate estimate of climati-
cally important physiological thresholds it would desirable
to employ methods particularly designed for predicting the
occurrence of rare species (Marcot et al. 2001).

We believe that the hybrid approach presented in this
paper offer several advantages over existing, more corre-
lative approaches. By starting a climatic analysis with a
model that creates leaves and roots, as well as stems, we
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obtain mechanistic insights in regard to the seasonal
importance of different variables in different geographic
areas. This permits one to take into account latitudinal
variation in the incident radiation, and its contribution to
photosynthesis and water vapor transfer, dependent on
the modeled LAT and stomatal conductance at the time of
canopy closure (assumed by age 50 yr).

In addition, the physiological modifiers extracted from
process model runs for a series of years provide insights as to
the season for which they are important, and trends that
might emerge from an analysis of interannual or longer-
term variation in climatic conditions. Managers, challenged
with perpetuating the presence of one species over another,
might consider the implications of altering the energy
balance and potential damage from spring frost by main-
taining a denser rather than a more open canopy (Aussenac
2000). Alternatively, the effects of increasing drought might
be reduced through intensive thinning to lower LAI well
below its potential (Simonin et al. 2007).

It may be desirable to include additional variables to
those now considered in most process-based models. We
recognize that in areas where temperatures fall well below
freezing that snow and ice can severely limit some species
but not others (Waring 1969). The 3-PG model indirectly
identifies areas with heavy snowpack as sites with many
subfreezing days and with more precipitation each month
than is lost through evaporation and transpiration. With
the present configuration of the 3-PG model, sites with
heavy snowpack rarely experience drought, high evapora-
tive demand or winter temperatures favorable for growth of
Douglas-fir. More subtle effects of changes in the duration
of a snowpack are missed. Early disappearance of snow
cover may expose soils to subfreezing temperatures in the
spring that can kill small-diameter roots (Tierney et al.
2001). Similarly, salt spray typical of coastal areas could also
be included in more comprehensive models along with
ozone, which is particularly harmful when stomata are
open under modest humidity deficits (Panek et al. 2002).
Rising levels of atmospheric CO, concentrations are also
important and have been included in many process-based
models (Cramer et al. 2001).

By predicting a species’ presence in a particular environ-
ment, we gain a measure of its competitive range under
specified climatic conditions, but not the extent that it
might dominate. To assess the latter, the frequency and
kind of disturbance would be necessary to quantify. Also, to
incorporate biological interaction with insects and patho-
gens would require more details regarding the age and
spacing of individual trees (Coops et al. 2009a, b), along
with the population dynamics and distributions of insects
and pathogens (Seidl et al. 2007; Raffa et al. 2008). Never-
theless, if climatic conditions were to shift gradually to
those less favorable for a native species, we would expect
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the hybrid approach used in this paper to be able to predict
where constrictions and expansions in a species’ range
should occur, which are attributes that can be measured.

Overall, our objectives were met. We gained more in-
sight with a seasonal analysis than from annual extremes,
and were able to predict the distributions of 15 species with
similar accuracies to those attained previously for six, only
three of which were in common. As a result, we conclude
that the hybrid approach, which links physiological growth
modifiers with a decision tree analysis, has many advan-
tages over more purely empirical methods, particularly
when predicting the distribution of species in the future.
We can and should take advantage of advances in sampling
design and continue to compare predictions made with a
variety of approaches. Where similar trends are predicted,
and the significant variables identified are closely related,
our power of inference will be greatly increased over that
provided by any single modeling approach.
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