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Abstract: Research Highlights: This paper integrates disparate research results pertaining to climate
change impacts to 12 co-occurring forest tree species and their climatypes such that management
options for the ecosystem as a whole become discernible. Background and Objectives: The ecosystem
under analysis is the Thuja-Tsuga forest ecosystem, occupying ca. 121,500 km2 in a largely mountainous
setting in the interior northwest, USA. Our goal is to present land management options tied directly
to climate-change in a straightforward framework for both the current and future generations.
Materials and Methods: By merging synecological and genecological concepts in a climatic framework,
we simplify complex interactions in a manner that relates directly to climate change impacts. Species
and climatype distributions are redefined in terms of mean annual temperature and elevation of
forested landscapes. Results: For each 2 ◦C increase in temperature, plant associations should
shift upwards ca. 400 m, provided precipitation remains at or near contemporary levels, which,
for this ecosystem, vary between 300 mm and 1450 mm. Management guidelines are developed for
(a) selecting climatypes of the species suited to the climate at the leading edge of the migration front,
(b) anticipating decline at the trailing edge, and (c) converting climatypes in areas where species
should persist. Conclusions: Our results can provide robust strategies for adapting forest management
to the effects of climate change, but their effectiveness is dependent on the implementation of global
warming mitigation actions.

Keywords: climate-change impacts; ecosystem responses to climate; species distributions; climatype
distributions; adaptive management

1. Introduction

Warming climates increase atmospheric energy which, in turn, increases weather variability such
that extreme climatic events are reaching new thresholds [1]. Direct effects to the world’s terrestrial
and aquatic ecosystems have been pronounced and widespread. Species are coping by altering
physiology, morphology, phenology, or genetics, leading toward an erosion of the fitness of organisms
to their environments [2]. For forest trees, climate change has increased the incidence of insects and
disease [3–6], advanced spring phenologies [7,8], and lengthened growing seasons [9]. As trees become
less attuned physiologically to their environment, forest health deteriorates and mortality accrues.
Restoring a semblance of balance between ecological distributions and the climate requires contraction
at the trailing edge of the migration front [10–17] and immigration at the leading edge [16–18].
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Vegetation change, however, is not necessarily an orderly process. Time lags exist between
the forest renewal processes encompassing physiological decline, mortality, disturbance, migration,
and colonization. These lags, known collectively as the migration lag [19], are exacerbated when
climate change is rapid [20], thereby increasing the time required for a semblance of equilibrium to be
approached between the vegetation and the new climate.

Climate change impacts to forests are complicated additionally by the genetic structures of tree
species. Most broadly distributed species encounter more climate variation across their range than
can be accommodated by the adaptability of individual trees [21,22]. In such species, adaptation
to heterogeneous environments has been achieved through environmental selection operating on
genetic variation to produce clines in fitness-related traits that parallel the environmental gradients [23].
In many temperate and boreal species, the clines reflect a trade-off between growth potential and
cold hardiness [23–25]. This trade-off develops as selection favors adaptation to either specific
environments or adaptability across a range of environments (specialization vs. flexibility) to
produce clines that can be either steep when specialization is favored or gentle when adaptability is
favored [26–29]. Although clines are continuous, populations occurring along a cline can be grouped
into climatypes [30,31], the climatic ecotypes of Turesson [32], that are composed of adaptively similar
populations. Climatypes, therefore, are merely classifications of continuous genetic variation. Species
with steep clines (e.g., Pseudotsuga menziesii (Mirb.) Franco) will have many climatypes. Those with
gentle clines (e.g., Thuja plicata Donn ex D. Donn) will have a few climatypes and those with flat clines
(e.g., Pinus monticola Douglas ex D. Donn) will have none.

When clines and climatypes are prominent features of the adaptive genetic system, impacts from a
change in climate can reverbate throughout a species distribution as well as at the trailing and leading
edges. While species with flat clines will be affected by climate change primarily at the distribution
margins, those with steep clines will lose fitness throughout their distribution [27]. Under the natural
system, the maintenance of population fitness and forest health during change invokes the evolutionary
process. Since evolutionary changes accumulate over generations, another lag, the adaptation lag [33],
is superimposed on migration lags to further delay adjustment of the vegetation to a new climate.
Many analyses (e.g., [34,35]) have shown, in fact, that the rate the climate is changing is far faster than
natural systems are able to overcome the migration and adaptation lags. Fossil records [36] indicate
that such conditions result in vegetation of diminished richness and diversity.

Land managers face the task of integrating these biological complexities with (a) rates of climate
change that are rapid compared to the lifespan of trees [20], and (b) the uncertainty surrounding
climate-change projections [37]. Adaptive planning, therefore, may seem opaque at best and unsolvable
at worst [38,39]. While tools such as niche models [40], species distribution models [41], or models
of species importance [42] can provide guidelines for management of individual species, with few
exceptions (e.g., [43,44]) management of ecosystems as a whole has received less emphasis.

Our goal is to integrate disparate research results pertaining to climate-change impacts to
species and their climatypes such that options for land managers can be viewed in a straightforward
framework for both the current and future generations. The foundation for our analysis is the ecological
classifications of Rexford Daubenmire [45,46] for the Thuja-Tsuga forest ecosystem of the inland
northwestern USA and adjacent Canada (Figure 1). We deal with only the USA portion, ca. 121,500
km2 where (a) the Daubenmire system is basic to contemporary forest planning, and (b) genecological
analyses have been completed for most of the region’s endemic conifers. We combine the genecology
and synecology with their climatic descriptors to address our goals.
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Figure 1. Forested lands of the Thuja-Tsuga ecosystem (green shading) of the inland Northwest USA
with dots locating forest inventory’s permanent sample plots.

2. Methods

The portion of Thuja-Tsuga ecosystem with which we deal, roughly −118 to −114 longitude by
45.5 to 49 latitude (Figure 1), is a mountainous home to 12 conifer species: Pinus ponderosa Laws.,
Pseudotsuga menziesii, Larix occidentalis Nutt., Pinus contorta Douglas ex Louden, Abies grandis (Douglas
ex D. Donn) Lindl, Pinus monticola, Thuja plicata, Tsuga heterophylla (Raf.) Sarg., Picea engelmannii Parry
ex Engelm., Abies lasiocarpa (Hook.) Nutt., Tsuga mertensiana (Bong.) Carrier, Pinus albicaulis Engelm.
Forest inventory in this region is served by ca. 5100 ground plots (Figure 1) at elevations ranging
from 300 to 1000 m. Modeled estimates of climate [47] for these ground plots show mean annual
temperature of forested lands to vary between −2.8 ◦C and 12.5 ◦C and mean annual precipitation
to range from 331 mm to 1455 mm. Climate estimates used in our analyses are the modeled climate
estimates from the ground plots of Figure 1 that are derived from 1961–1990 normals and were used in
the analyses of Rehfeldt et al. [47]. We consider these normals to be the reference period from which
global warming and its effects are measured.

The ecosystem’s conifers were arranged by Daubenmire [46] in an altitudinal ordination (Figure 2,
top), which he visualized as paralleling a climatic gradient from warm and dry at low elevation
to cool and moist at high. Subsequent analyses [47] designed to quantify the underlying climatic
bases of Daubenmire’s ordinaton found the lower altitudinal distribution limits to be most closely
related to a summer dryness index and the upper limits to winter cold, measured by negative
degree-days (Figure 2, bottom). These analyses found no other climate variables that could convert
the two-dimensional ordination of Figure 2 into three-dimensional climate space. While Figure 2
(bottom) clearly demonstrates the climatic basis of Daubenmire’s ordination, topoclimatic and edaphic
effects along with successional trends that would separate, for instance, the occurrence P. menziesii and
T. heterophylla are not represented.
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Figure 2. (top) Conceptual ordination of 12 species along an environmental gradient from warm-dry to
cool-moist (left to right) as re-drawn from Daubenmire [46]. (bottom) Climatic quantification [47] of
the conceptual ordination.

While Figure 2 relates ecological distributions directly to climate, the analytical results tend to be
opaque from the practical viewpoint, that is, they lack an intuitive transparency tying Figure 2 directly
to topographic landscapes. The ordination also lacks a direct correspondence to the variables used to
report global temperature increases, that is, mean temperature.

To convert Figure 2 from its conceptual and climatic bases into a form more intuitive and, therefore,
better suited for management, we used the relationships in Figure 3 to replace the bivariate climate
gradient with a singled variable, mean annual temperature, which is closely related to both the summer
dryness index (Figure 3, top left) and negative degree-days (Figure 3, top right), and incorporate an
additional scale for elevation, which is also closely related to mean annual temperature (Figure 3,
bottom). The conversions were made visually. Regression models were not fit to the scatter plots of
Figure 3 largely because fitting a nonlinear function to these distributions seemed superfluous.

The addition of an approximate elevation to Daubenmire’s ordination allowed species distributions
to be subdivided into climatypes according to the research results of Table 1. The addition of mean
annual temperature then allowed the ordination to be re-cast for an increase in temperature. We illustrate
the effects of global warming with +2 ◦C and +4 ◦C temperature increases and assume no change in
precipitation, that is, the reference period variation in precipitation does not change.
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Table 1. Altitudinal breadth of climatypes for eight of the tree species in the Thuja-Tsuga ecosystem
and their literature references. Genetic variation has not been studied in A. grandis, T. heterophylla,
T. mertensiana, and A. lasiocarpa.

Species Climatype Breadth (m Elevation) Reference

Pseudotsuga menziesii Nonlinear: ca. 240 at low elevation, 350 at mid elevation,
1 climatype for elevation > 2000 [48]

Pinus contorta 300 [49]
Pinus ponderosa 400 [50]

Picea engelmannii 420 [51]
Larix occidentalis 450 [52]
Pinus albicaulis 450 [53,54]

Thuja plicata 600 [55]
Pinus monticola no detectable climatypes [56]

Note: low elevation, ≈1000 m, mid elevation, ≈1500 m, high elevation, >2000 m.

3. Results

Figure 4 shows Daubenmire’s ordination (Figure 2, top) in relation to mean annual temperature
and elevation. Species distributions are plotted linearly for mean annual temperature, which forces the
scale for elevation to be nonlinear (see Figure 3). This nonlinear relationship has its greatest impact for
low elevations. Having a scale showing elevation provides a link to topographic maps and, therefore,
forested landscapes.
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elevation for USA’s inland northwest.

The scale for elevation in Figure 4 also provides a link to the genecology studies that have been
conducted for 8 of the 12 species. Since most of these studies were completed before climate data
became readily available, their results related genetic differentiation to elevation, widely assumed
to be a surrogate for the climate. This genecological research produced the data in Table 1 that we
use to segment species distributions into climatypes (Figure 5, top). The ordination in Figure 5 has
been drawn using a linear scale for elevation, thereby forcing the scale for mean annual temperature
to be nonlinear. Elevation is truncated at 2600 m because the land base >2600 m is miniscule in
this region (see Figure 3, bottom graph). In this figure, the limits of distribution of climatypes in
the top panel were drawn in reference to mean annual temperatures during the 1961–1990 reference
period. The climatypes, therefore, reflect the clines in genetic variability that were produced by climatic
selection in the generations leading up to and including the reference period. Differences among
species in the number of climatypes and their climatic breadth reflects the ecological amplitude of the
species as well as the steepness of the genetic cline.

With species distributions now depicted as functions of temperature at both the leading and
trailing edges (Figure 5, top), plotting the impact of a change in temperature becomes straightforward.
We chose +2 ◦C (Figure 5, middle) and +4 ◦C (Figure 5, bottom) to illustrate responses. The middle
panel of this figure shows that a warming of +2 ◦C would shift the climate currently occupied by these
species and their climatypes upwards by ca. 400 m at the trailing edge and ca. 350 m at the leading
edge. A warming of +4 ◦C would shift the altitudinal distribution of the contemporary habitat an
additional 400 m at the trailing edge, but immigration at the leading edge would most likely be limited
by both the elevation of the ridgeline and substrate, that is, rock. Figure 5 is based on temperature
alone and the assumption, therefore, that precipitation will remains similar to that of the reference
period (see discussion).

All panels in Figure 5 depict a quasi-equilibrium state at which this group of 12 species and their
climatypes inhabit climates in which their fitness is suitable for optimal growth and productivity.
For the middle and bottom panels, this would occur when the species and their climatypes somehow
occur in the new location of the temperature regime they inhabited in the reference period. While there
are no means for projecting a timeline for this to happen, the process by which the top panel in Figure 5
is converted to the middle and bottom panels is known.
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Figure 5. Ordination of Figure 4 with species distributions segmented into climatypes (colors) and
plotted with a linear elevation scale for mean temperatures of the 1961–1990 reference period (top),
and for an increase in temperature of 2 ◦C (middle) and 4 ◦C (bottom). The number and breath of
climatypes for each species corresponds to Table 1. White bars code species whose genetic structures
have not been studied.

Provenance tests in forestry are climate-change experiments (see [57]) in which populations or
their wind-pollinated descendants are moved from their home climate to the climate of a planting site.
In a re-analysis of P. contorta provenances, temperature-driven response functions were produced for
10 climatypes to describe growth in relation to site temperature and temperature change [58]. In Figure 6,
the functions for four climatypes have been re-cast to show the innately controlled plastic responses of
the climatypes. The top graph shows growth in relation to a temperature change. The location of a
climatype in the reference period is denoted by a dot at a climate change of zero. The bottom panel
shows growth responses in relation to mean annual temperature of forest sites. In re-casting this figure,
the x-axis was converted from negative degree-days to mean annual temperature in the same way that
Figure 4 was produced using Figure 3.
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Figure 6. (top) Response of four climatyes (lines) of Pinus contorta to change in temperature. Dots
show the growth expected at the home provenance having, therefore, a climate change of zero. Lines
labeled A to D depict climatypes from lowest to highest elevation. (bottom) Response of the same four
climatypes to mean annual temperature. Thickened portion of response functions shows growth of
climatypes at the temperature of their home (black), +2 ◦C (blue), and +4 ◦C (red). Niche climate limits
are based on ground plot data. Both panels are redrawn from Rehfeldt et al. [55].

The analyses on which Figure 6 is derived illustrated two principles: (1) climatypes occupy
climates colder than where they grow best, presumably by competitive exclusion by faster growing
trees, and (2) the temperature difference between the site where they occur and where they grow best
increases as the climate where they occur becomes colder. Thus, the top panel of Figure 6 shows that,
at a climate change of zero, the climate is colder than where the climatypes grow the best. Both panels
show that the discrepancy increases as the inhabited climate becomes colder. The bottom graph shows
further that the populations within a climatype occur where they can be competitively exclusive while
still being competitively excluded from where they grow the best. The growth potential-temperature
cline, incidentally, would be represented by a line connecting the apex of each curve in the bottom graph.

The panels together illustrate clearly that climatypes will respond differently to change. Climatypes
from cold climates will respond favorable to warming climates for a much longer period than climatypes
from warm climates. This differential response is clearly illustrated in the bottom graph where the
thickened portion of the response functions colored black shows growth in the reference period climate,
that is, the temperature of their home provenance. The portion colored blue shows their growth as
if their home temperature had increased by 2 ◦C, and the portion colored red shows their growth at
+4 ◦C. With warming of +2 ◦C, two climatypes would be in decline. At +4 ◦C, all climatypes would be
beyond their ecological optimum and, therefore, be in decline. The climatic limits of the species as
indicated by the populations of Figure 1 is shown by the hashed line for reference.
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The graphs of Figure 6 pertain to P. contorta, but the same principles are evident in
Pinus banksiana [59], Pinus sylvestris [35], and three species of Eurasian Larix [60]. It is also well
known for many additional species that populations inhabit climates cooler than where they grow
the best [61–63]. It is likely, therefore, the adaptive system illustrated in Figure 6 is a widespread
feature of species exhibiting clines controlled by the trade-off between maximizing growth to survive
competition and requirements for cold hardiness [22,34]. The resolution of this compromise will
produce species-specific response curves (e.g., Figure 6) with the number of climatypes and the breadth
of the functions being dependent on the steepness of the cline.

4. Discussion

Our analysis concerns the Tsuga-Tsuga ecosystem, a part of the temperate coniferous forests of
western North America. The ecosystem is home to 12 conifers that occur in an altitudinal sequence,
with species distributions limited by the winter cold at upper elevations and by a balance between
temperature and precipitation at lower elevations. We assume that precipitation during global warming
will remain unchanged from the 1961–1990 reference period and illustrate climate-change impacts at
+2 ◦C and +4 ◦C. Resulting impacts would be direct and immediate at high elevation thermic limits
but would depend also on precipitation anomalies at the low elevations. Because our projections
are specific to the ecological associations of and climatic relationships in the Tsuga-Tsuga ecosystem,
they pertain solely to this ecosystem.

We describe potential impacts on the current generation of forests and project them for future
generations as a response to temperature increase. For each 2 ◦C warming, climatic niche of 12 species
are projected to shift upwards in elevation by about 400 m. Yet, we treat the species assemblage as
reacting to the same climate variables when, in fact, plant associations did not respond as a unit to
the Pleistocene climate changes [36,64]. It is well established that species respond individualistically
to changes in climate. Our position is that if the reference period and future climates are analogous,
then species and climatypes adapted to reference period climates will be adapted to the same climate
in the future.

When future climates have no reference period analogs, the outcome of competitive interactions
is expected to change, potentially altering the climatic limits of species distributions [64,65]. Climate
analyses suggest, moreover, that no-analog climates should become more frequent in USA’s inland
northwest as global warming ensues (Figure 8 in Ref. [65], Figure 16 in Ref. [66]). In fact, analyses of
North American biomes suggest that no-analog climates late in the current century may result in the
Thuja-Tsuga ecosystem becoming of increasing prominence in Canada, while USA’s interior northwest
becomes suited to vegetation occurring today in coastal biomes (Figure 8 in Ref. [67]). As no-analog
climates increase in frequency, projections lose relevance. Consequently, our results pertain to forests
of the current generation and to those of the near future but become increasingly less germane for
more distant generations. We limit our assessment of climate change impacts to +2 ◦C and +4 ◦C for
the same reason.

Plant distributions are controlled by precipitation and the interaction of precipitation with
temperature as well as by temperature alone (Figure 2). We over-simplify climatic limits of distribution
by ordering species along a temperature gradient, thereby forcing projections for the future to rely
solely on change in temperature. The relevance of Figure 5, therefore, depends on the confidence
one has in temperature increasing while precipitation remains as it was during the reference period.
With regard to temperature, general circulation models tend to be consistent and robust [68] because
energy and heat are reasonably well understood by atmospheric physicists. Yet air masses, clouds,
and precipitation are more poorly understood. For our window, a compilation of 42 models projects
future precipitation to increase between 0% and 10%, but the increase is small compared to the
variability among predictions. In fact, only 80% of the models agree that precipitation will increase
while the remainder predict a decrease [68]. For the tree species of the Thuja-Tsuga ecosystem, small
increases in precipitation might act to reduce impacts somewhat at the trailing edge, which tends to be



Forests 2020, 11, 1237 10 of 15

under the control of a dryness index, but should, at the same time, have little effect at the leading edge,
which is a thermal limit controlled by winter cold (see Figure 2). Large changes in precipitation, despite
their low probability, could hasten development of climates without reference period analogs [65,69],
thereby leading to a realignment of plant associations [65,69].

Climatypes are designed by humans classifying continuous genetic variation. They are constructed
by grouping populations along a cline such that the groups contain populations that are similar in
terms of adaptation. In forest trees, the most prominent adaptive clines parallel temperature gradients.
Since temperature gradients tend to be continuous, so too are the clines. Because continuous systems
are difficult to convert into managerial guidelines, discrete units, that is, climatypes, are defined by
classifying the continuous genetic variation. Yet, climatypes do not exist as discrete ecological entities.
The climatypes of Figure 4 are one set of innumerable classifications, all of which could be valid. While
the breadth of the climatype is important, its placement along the gradient is not.

An upward shift of the Thuja-Tsuga communities is directly relevant to management. Obviously,
both lower and upper timberlines will rise. This means that the forest area will decrease because
species occupy smaller and smaller areas as they move upwards. Upward migration is also limited
by the altitude of ridge lines and the substrate typical of high elevations. In addition, migration
in our ecosystem will affect diversity, as the species-rich forests of the mid-elevations invade the
subalpine zone. As warming temperatures relax limits governing distributions [70], upward migration
of species has enriched European forest communities [17,71–73]. Yet, as an increase in diversity at
upper elevations increases management options, a concomitant loss of diversity and fewer options
occur at lower elevations.

Even though species may react to climate change individualistically in the long term, Figures 2–5
illustrate clearly that the process by which vegetation adjusts to change forces an interdependence
on species’ responses. Each species has a leading edge and a trailing edge. Therefore, in species-rich
assemblages, the trailing edge of one species is often the leading edge of another. Consequently, rates of
immigration of one species often are limited by rates of demise and mortality in other species. Rates are
dependent also by the occurrence of disturbance to prepare sites for colonization. Because lags in these
ecological processes are inevitable, the conclusion reached by many [74] is that maintaining forest
health, modifying composition, and maintaining productivity while providing amenities will require
intensive management.

4.1. Managing the Current Generation

The two panels of Figure 6 illustrate together the fate of existing populations. Because climatypes
occupy climates colder than where they grow the best, most climatypes initially gain in growth as the
climate begins to warm. As warming continues, growth of those climatypes near the species’ trailing
edge soon reaches the ecological optimum and then rapidly declines. Climatypes in cool climates near
the species’ leading edge can absorb warming temperatures for a prolonged period before growth
declines. Yet, with warming of +4 ◦C, all climatypes would be beyond their ecological optimum,
with some projected to be in climates beyond the current climatic limits of the species. Decline, however,
may be abrupt in cases associated with extreme weather, insect outbreaks, and disease, or decline may
be prolonged when arising from physiological deterioration.

As decline in growth ensues, trees become less fit for their environment. Forest health deteriorates
as productivity declines. Poorly adapted plants, moreover, are under physiological stress, thereby
becoming vulnerable to insects and diseases [2]. An appropriate stratagem for managers to maintain
healthy, productive forests would be to anticipate the period of decline, recognize that decline will occur
at different times for disparate climatypes, harvest, and convert to a suitable species and/or climatype.

4.2. Considerations for Future Generations

The greatest challenge to the maintenance of healthy and productive forests in the next and
subsequent generations is in having species and climatypes growing at the new location of the climate
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to which that climatype is genetically fit. The goal, therefore would be to maintain a semblance of
equilibrium between plant distributions and climate. While widespread planting programs, including
assisted migration when appropriate, would address the problem directly, the immense scope of
a reforestation program required for making the conversions implied in Figure 5 leads toward the
conclusion that the ecological consequences of poorly adapted forests cannot be averted everywhere
by means of artificial regeneration. Natural reproduction, therefore, likely will be a common default
approach for forest renewal.

As a default, natural regeneration carries liabilities except for those lands inhabited today by
climatypes also suited for the future. The uncertainties surrounding seed production, seed dispersal,
and seedling establishment make timely immigration problematic, especially when the distance from
seed source to reforestation site is large [19]. Likewise, conversion of one climatype to another via
natural reproduction and natural selection could require several generations, with each generation
needing to survive long enough to reproduce [34,35]. These contingencies promote migration and
adaptation lags that will act to impede timely immigration.

Regardless of the forest renewal strategy, however, it seems clear that management objectives
concentrating on forest health and productivity are likely to supplant objectives focusing on
conservation, recreation, watersheds, grazing, or wildlife, which commonly drive current forest
renewal plans [75].

5. Conclusions

Like innumerable similar analyses, our synthesis projects climate-change impacts to the
Thuja-Tsuga ecosystem to be extraordinarily large. For each +2 ◦C change in temperature,
plant distributions are projected to rise ca. 400 m. Changes of this magnitude would result in
widespread disruption of the balance between plant distributions and climate. We provide a template
for maintaining forest health and productivity during these times of change. While our modeled
results provide a foundation for adaptive planning, models and their predicted effects are guidelines.
Models cannot replace the intimate knowledge of professionals dealing with species—environmental
interactions. Model output needs to be integrated with edaphic, microsite, and topographical effects;
seral stages; and the unique silvical characteristics of the species. Models can guide managers toward
robust strategies that will be useful for dealing with a changing climate, but their effectiveness is
dependent on the implementation of global warming mitigation actions. Efficacy of guidelines such as
ours will be voided by continual warming, particularly if rapid, as (1) management actions become
negated before reaching fruition, (2) evolution of novel climates accelerates to alter competitive
relationships among species, and (3) human survival itself takes on an overriding priority.
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