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Widespread Increase of Tree Mortality Rates iIn the
Western United States

Phillip J. van Mantgem,lﬂ-i Nathan L. Stephenson,lﬂ'John C.
Byrne,? Lori D. Daniels,® Jerry F. Franklin,* Peter Z. Fulé,®
Mark E. Harmon,® Andrew J. Larson,* Jeremy M. Smith,’ Alan
H. Taylor,® Thomas T. Veblen’

Persistent changes in tree mortality rates can alter forest
structure, composition, and ecosystem services such as
carbon sequestration. Our analyses of longitudinal data from
unmanaged old forests in the western United States showed
that background (noncatastrophic) mortality rates have
increased rapidly iIn recent decades, with doubling periods
ranging from 17 to 29 years among regions. Increases were
also pervasive across elevations, tree sizes, dominant
genera, and past fire histories. Forest density and basal
area declined slightly, which suggests that increasing
mortality was not caused by endogenous iIncreases in
competition. Because mortality increased in small trees, the
overall iIncrease In mortality rates cannot be attributed
solely to aging of large trees. Regional warming and
consequent increases in water deficits are likely
contributors to the increases in tree mortality rates.
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As key regulators of global hydrologic and carbon cycles,
forests are capable of contributing substantial feedbacks to
global changes (1). Such feedbacks may already be under way;
for example, forest carbon storage may be responding to
environmentally driven changes in global patterns of tree
growth and forest productivity (2-4). Recent warming has
been implicated as contributing to episodes of forest
dieback (pulses of greatly elevated tree mortality), such as
those mediated by bark beetle outbreaks in western North
America (5, 6). Yet little effort has gone toward
determining whether environmental changes are contributing
to chronic, long-term changes iIn tree demographic rates
(mortality and recruitment). Changes in demographic rates,
when compounded over time, can alter forest structure,
composition, and function (7). For example, a persistent
doubling of background mortality rate (such as from 1 to 2%
year™) ultimately would cause a >50% reduction in average
tree age i1n a forest, and hence a potential reduction iIn
average tree size. Additionally, changing demographic rates
could i1ndicate forests approaching thresholds for abrupt
dieback. Yet spatially extensive analyses of long-term
changes iIn tree demographic rates have been limited to
tropical forests, where mortality and recruitment rates both
have iIncreased over the past several decades, perhaps in
response to rising atmospheric CO, concentrations, nutrient
deposition, or other environmental changes (2, 8).
Comparably extensive analyses have not been conducted in
temperate forests.

We sought to determine whether systematic changes in tree
demographic rates have occurred recently in coniferous
forests of the western United States, and if so, to identify
possible causes of those changes. Although the western
United States has witnessed recent episodes of forest
dieback related to bark beetle outbreaks or combinations of
drought and outbreaks (5, 6), most forested land continues
to support seemingly healthy forests that have not died back
(9). To minimize transient dynamics associated with stand
development and succession, we limited our analyses to data
from repeated censuses in undisturbed forest stands more
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than 200 years old (10). Old forests contain trees of all
ages and sizes (11, 12), and any large, persistent changes
in demographic rates over a short period (such as a few
decades) are likely to be consequences of exogenous
environmental changes (2, 13). In contrast, in young forests
rapid demographic changes can sometimes result largely from
endogenous processes (such as self-thinning during stand
development) (14), potentially obscuring environmentally
driven changes.

Seventy-six long-term forest plots from three broad
regions, spanning 14° of latitude and 18° of longitude and
at elevations of 130 to 3353 m (Fig. 1 and table S1), met
our criteria for analysis (10). Plots ranged from 0.25 to
15.75 ha (7 = 1.33 ha), collectively containing 58,736
living trees over the study period, of which 11,095 died.
The plots were originally established for diverse purposes—
such as to investigate different stages of forest
development, document dynamics of certain forest types,
explore forest dynamics along environmental gradients, or
act as controls for silvicultural experiments [see
references in (10)]—that are unlikely to produce bias
relative to our study"s goals. We analyzed data from 1955
and later; only five plots from one region had earlier
censuses. For individual plots, the initial census year
analyzed ranged from 1955 to 1994 (& = 1981); the final
census year ranged from 1998 to 2007 (i = 2004). Plots were
censused three to seven times (¢ = 4.8). Our generally
conservative estimates of forest ages at the time of initial
censuses averaged ~450 years, with some plots exceeding 1000
years.

Fig. 1. Locations of the 76 forest
plots in the western United States and
southwestern British Columbia. Red and
| | blue symbols indicate, respectively,

| | plots with iIncreasing or decreasing

- |mortality rates. Symbol size
corresponds to annual fractional
change in mortality rate (smallest

1 symbol, <0.025 year™; largest symbol,
_ >0.100 year'; the three intermediate
R symbol sizes are scaled In increments
of 0.025 year ). Numerals indicate
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groups of plots used i1n analyses by
region: (1) Pacific Northwest, (2)
California, and (3) interior. Forest
cover i1s shown in green. [View Larger
Version of this Image (78K GIF file)]

We used generalized nonlinear models to regress demographic
rates on year; generalized nonlinear mixed models (GNMMs)
were used when several plots were analyzed collectively
(10). Demographic rates were estimated by annual compounding
over the census interval length. All parameters were
estimated by maximum likelihood.

Our models showed that mortality rates increased in 87% of
plots (Fig. 1) (P < 0.0001, two-tailed binomial test).
Mortality rate increased significantly for all plots
combined and in each of the three regions (Fig. 2 and Table
1), with estimated doubling periods ranging from 17 years
(Pacific Northwest) to 29 years (interior). Mortality rates
also increased at low, middle, and high elevations (<1000 m,
1000 to 2000 m, and >2000 m, respectively) and for small,
medium, and large trees (stem diameter <15 cm, 15 to 40 cm,
and >40 cm, respectively) (Fig. 2 and Table 1). The three
most abundant tree genera in our plots (comprising 77% of
trees) are dominated by different life history traits
(Tsuga, late successional; Pinus, generally shade-
intolerant; Abies, generally shade-tolerant); all three
showed increasing mortality rates (Fig. 2 and Table 1). An
introduced fungal pathogen, Cronartium ribicola, is known to
contribute to iIncreasing mortality rates in five-needled
species of Pinus (15). When all five-needled Pinus were
removed from analysis, mortality rates among the remaining
Pinus (those immune to the pathogen) still iIncreased [a =
0.027, P= 0.0011, GNMM, n = 22, where a is the estimated
annual fractional change in mortality rate; see (10)].
Finally, trees belonging to the remaining 16 genera (23% of
all trees) collectively showed increasing mortality rates
(Fig. 2 and Table 1).
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1 0 Fig. 2. Modeled trends in tree
S = e mortality rates for (A) regions,
. . (B) elevational class, (C) stem
- diameter class, (D) genus, and (E)
e 2w % .. historical fire return interval
=/ —=/ 7/ class. [View Larger Version of
7 -~ this Image (21K GIF file)]
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In contrast to mortality rates, recruitment rates increased
in only 52% of plots—a proportion indistinguishable from
random (P = 0.80, two-tailed binomial test). There was no
detectable trend in recruitment for all plots combined, nor
when regions were analyzed separately (P =0.20, GNMM; table
S2).

We examined three classes of possible causes of the
increasing tree mortality rates: methodological artifacts,
endogenous processes, and exogenous processes. We tested for
and rulled out several obvious potential sources of
methodological artifacts (10). Among endogenous processes,
perhaps the best-known cause of increasing tree mortality
rates 1Is increasing competition resulting from increasing
forest density and basal area (11, 12). Such changes might
especially be expected in the subset of old forests in the
western United States that formerly experienced frequent
surface fires; iIn these forests, fTire exclusion (generally
spanning the last century) often resulted in an initial
increase iIn forest density and basal area (16, 17). However,
consistent with our observations of Increasing mortality
without compensating increases in recruitment, forest
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density and basal area declined slightly during the study
period [P =0.028, linear mixed model (LMM); fig. S1]. Thus,
forest structural changes are consistent with a slight
decline rather than an increase in potential for
competition over the study period, which suggests that
increasing mortality rates cannot be attributed to changes
in forest structure.

Fire exclusion conceivably could affect mortality rates
through mechanisms unrelated to forest structural changes,
such as allowing increases in iInsects or pathogens that were
formerly controlled by fire. We therefore classified plots
by their pre-fire exclusion fire return intervals: short,
intermediate, and long (<25 years, 25 to 250 years, and >250
years, respectively) (table S1). IT Tire exclusion
ultimately were responsible for increasing tree mortality
rates, we would expect to see increases in plots with
historically short fire return intervals (which have
experienced substantial recent changes in fire regime) and
little or no change In mortality rates in plots with
historically long return intervals (which have experienced
little or no change in fire regime). However, mortality
rates showed comparable increases in each of the three
classes (Fig. 2 and Table 1); we therefore conclude that
fire exclusion is an unlikely cause of the observed
increases in mortality rates.

Mortality rates could increase if a cohort of old trees
begins to die and fall, crushing smaller trees at an
increasing rate [a mechanism related to the proposed
"majestic forest" effect; see references in (8)]. If such a
mechanism were responsible for the observed increase in tree
mortality rates, we would expect to see no parallel iIncrease
in mortality rates of small trees that died standing (i.e.,
trees <15 cm in diameter that died of causes other than
being crushed by falling trees from an aging cohort),
because such deaths are independent of deaths in an aging
cohort. However, the mortality rate of small trees that died
standing increased rapidly in recent decades, doubling in ~
16 years (P < 0.0001, GNMM; table S3); thus, other
mechanisms must be acting. Finally, mortality rates
increased in all major genera rather than being limited to
those dominated by a particular life history trait (such as
shade i1ntolerance), which suggests that successional
dynamics are unlikely to be primary drivers of increasing
mortality rates.
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We conclude that endogenous processes are unlikely to be
major contributors to the observed rapid, synchronous
doubling of mortality rates in our heterogeneous sample of
old forests at a subcontinental scale. Moreover, the
available evidence 1is inconsistent with major roles for two
possible exogenous causes: forest fragmentation and air
pollution (10).

We suggest that regional warming may be the dominant
contributor to the increases In tree mortality rates. From
the 1970s to 2006 (the period including the bulk of our
data; table S1), the mean annual temperature of the western
United States increased at a rate of 0.3° to 0.4°C decade™,
even approaching 0.5°C decade™ at the higher elevations
typically occupied by forests (18). This regional warming
has contributed to widespread hydrologic changes, such as
declining fraction of precipitation falling as snow (19),
declining snowpack water content (20), earlier spring
snowmelt and runoff (21), and a consequent lengthening of
the summer drought (22). Specific to our study sites, mean
annual precipitation showed no directional trend over the
study period (P= 0.62, LMM), whereas both mean annual
temperature and climatic water deficit (annual evaporative
demand that exceeds available water) increased
significantly (P < 0.0001, LMM) (10). Furthermore,
temperature and water deficit were positively correlated
with tree mortality rates (P <0.0066, GNMM; table S4).

Warming could contribute to increasing mortality rates by
(1) increasing water deficits and thus drought stress on
trees, with possible direct and indirect contributions to
tree mortality (13, 23); (i1) enhancing the growth and
reproduction of iInsects and pathogens that attack trees (6);
or (iiil) both. A contribution from warming is consistent
with both the apparent role of warming in episodes of recent
forest dieback in western North America (5, 6) and the
positive correlation between short-term fluctuations iIn
background mortality rates and climatic water deficits
observed in California and Colorado (13, 24).

The rapid and pervasive iIncreases in tree mortality rates
in old forests of the western United States are notable for
several reasons. First, increasing mortality rates could
presage substantial changes in forest structure,
composition, and function (7, 25), and in some cases could
be symptomatic of forests that are stressed and vulnerable
to abrupt dieback (5). Indeed, since their most recent
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censuses, several of our plots in the iInterior region
experienced greatly accelerated mortality due to bark
beetle outbreaks, and in some cases nearly complete
mortality of large trees (10). Second, the increasing
mortality rates demonstrate that ongoing, subcontinental-
scale changes In tree demographic rates are not limited to
the tropics (8). Third, some of the changes in the western
United States contrast sharply with those in the tropics,
where increasing mortality rates have been paralleled by
increasing recruitment rates and basal area (2, 8). In the
western United States, recruitment rates have not changed
while forest density and basal area have declined slightly.
Fourth, our results are inconsistent with a major role for
endogenous causes of increasing mortality rates. Instead,
the evidence is consistent with contributions from exogenous
causes, with regional warming and consequent drought stress
being the most likely drivers.

References and Notes

1. G. B. Bonan, Science 320, 1444
(2008) . [Abstract/Free Full Text]

2. S. L. Lewis et al., Philos. Trans. R. Soc. London
Ser. B 359, 421 (2004).[Abstract/Free Full Text]

3. A. S. Jump, J. M. Hunt, J. Pefiuelas, Glob. Change
Biol. 12, 2163 (2006). [CrossRef]

4. K. J. Feeley, S. J. Wright, M. N. Nur Supardi, A.
R. Kassim, S. J. Davies, Ecol. Lett. 10, 461 (2007).
[CrossRef] [ISI] [Medline]

5. D. D. Breshears et al., Proc. Natl. Acad. Sci.
U.S.A. 102, 15144 (2005).[Abstract/Free Full Text]

6. K. F. Raffa et al., Bioscience 58, 501 (2008).
[CrossRef] [ISI]

7. R. K. Kobe, Ecol. Monogr. 66, 181 (1996).
[CrossRef] [I1SI]

8. O. L. Phillips et al., Philos. Trans. R. Soc.
London Ser. B 359, 381 (2004).[Abstract/Free Full Text]

9. J. A. Hicke, J. C. Jenkins, D. S. Ojima, M. Ducey,
Ecol. Appl. 17, 2387 (2007). [CrossRef]

10. See supporting material on Science Online.

11. C. D. Oliver, B. C. Larson, Forest Stand Dynamics
(McGraw-Hill, New York, 1990).


http://www.sciencemag.org/cgi/content/full/323/5913/521?ijkey=iVMX1XOb9c10o&keytype=ref&siteid=sci#REF10#REF10
http://www.sciencemag.org/cgi/content/full/323/5913/521?ijkey=iVMX1XOb9c10o&keytype=ref&siteid=sci#REF8#REF8
http://www.sciencemag.org/cgi/content/full/323/5913/521?ijkey=iVMX1XOb9c10o&keytype=ref&siteid=sci#REF2#REF2
http://www.sciencemag.org/cgi/content/full/323/5913/521?ijkey=iVMX1XOb9c10o&keytype=ref&siteid=sci#REF8#REF8
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=sci&resid=320/5882/1444
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=sci&resid=320/5882/1444
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=sci&resid=320/5882/1444
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=sci&resid=320/5882/1444
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=sci&resid=320/5882/1444
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=royptb&resid=359/1443/421
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=royptb&resid=359/1443/421
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=royptb&resid=359/1443/421
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=royptb&resid=359/1443/421
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=royptb&resid=359/1443/421
http://www.sciencemag.org/cgi/external_ref?access_num=10.1111%2Fj.1365-2486.2006.01250.x&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1111%2Fj.1461-0248.2007.01033.x&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1111%2Fj.1461-0248.2007.01033.x&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=000246364500003&link_type=ISI
http://www.sciencemag.org/cgi/external_ref?access_num=17498145&link_type=MED
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=pnas&resid=102/42/15144
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=pnas&resid=102/42/15144
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=pnas&resid=102/42/15144
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=pnas&resid=102/42/15144
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=pnas&resid=102/42/15144
http://www.sciencemag.org/cgi/external_ref?access_num=10.1641%2FB580607&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1641%2FB580607&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=000256569200007&link_type=ISI
http://www.sciencemag.org/cgi/external_ref?access_num=10.2307%2F2963474&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=10.2307%2F2963474&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=A1996UH25800003&link_type=ISI
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=royptb&resid=359/1443/381
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=royptb&resid=359/1443/381
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=royptb&resid=359/1443/381
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=royptb&resid=359/1443/381
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=royptb&resid=359/1443/381
http://www.sciencemag.org/cgi/external_ref?access_num=10.1890%2F06-1951.1&link_type=DOI

12. J. F. Franklin et al., For. Ecol. Manage. 155, 399
(2002) . [CrossRef]

13. P. J. van Mantgem, N. L. Stephenson, Ecol. Lett.
10, 909 (2007). [CrossRef] [ISI1] [Medline]

14. J. A. Lutz, C. B. Halpern, Ecol. Monogr. 76, 257
(2006) . [CrossRef] [ISI]

15. G. 1. McDonald, R. J. Hoff, in Whitebark Pine
Communities, D. F. Tomback, S. F. Arno, R. E. Keane, Eds.

(Island Press, Washington, DC, 2001), pp- 193-220.

16. R. T. Brown, J. K. Agee, J. F. Franklin, Conserv.
Biol. 18, 903 (2004). [CrossRef] [ISI]

17. M. North, J. Innes, H. Zald, Can. J. For. Res. 37,
331 (2007). [CrossRef]

18. H. F. Diaz, J. K. Eischeid, Geophys. Res. Lett.
34, L18707 (2007). [CrossRef]

19. N. Knowles, M. D. Dettinger, D. R. Cayan, J. Clim.
19, 4545 (2006). [CrossRef]

20. P. W. Mote, A. F. Hamlet, M. P. Clark, D. P.
Lettenmaier, Bull. Am. Meteorol. Soc. 86, 39 (2005).
[CrossRef]

21. 1. T. Stewart, D. R. Cayan, M. D. Dettinger, J.
Clim. 18, 1136 (2005). [CrossRef]

22. A. L. Westerling, H. G. Hidalgo, D. R. Cayan, T.
W. Swetnam, Science 313, 940 (2006); published online 5

July 2006 (10.1126/science.1128834).[Abstract/Free Full Text]

23. N. McDowell et al., New Phytol. 178, 719 (2008).
[CrossRef] [1SI1] [Medline]

24. C. Bigler, D. G. Gavin, C. Gunning, T. T. Veblen,
Oikos 116, 1983 (2007). [CrossRef] [ISI1]

25. A. W. Fellows, M. L. Goulden, Geophys. Res. Lett.
35, L12404 (2008). [CrossRef]

26. We thank the many people involved in establishing
and maintaining the permanent forest plots; C. Allen, A.
Das, J. Halofsky, J. Hicke, J. Lutz, and four anonymous
reviewers for helpful comments on the manuscript; and J.
Yee for essential statistical advice. The forest plots were
funded by NSF*s Long-term Studies Program (DEB-0218088);
the Wind River Canopy Crane Program through cooperative
agreement PNW 08-DG-11261952-488 with the USDA Forest
Service Pacific Northwest Research Station; various awards
through the USDA Forest Service®s Pacific Northwest,
Pacific Southwest, and Rocky Mountain research stations and
the MclIntire-Stennis Cooperative Forestry Program; NSF


http://www.sciencemag.org/cgi/external_ref?access_num=10.1016%2FS0378-1127%2801%2900575-8&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1111%2Fj.1461-0248.2007.01080.x&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=000249275900007&link_type=ISI
http://www.sciencemag.org/cgi/external_ref?access_num=17845291&link_type=MED
http://www.sciencemag.org/cgi/external_ref?access_num=10.1890%2F0012-9615%282006%29076%5B0257%3ATMDEFD%5D2.0.CO%3B2&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=000237348100006&link_type=ISI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1111%2Fj.1523-1739.2004.521_1.x&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=000222979400012&link_type=ISI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1139%2FX06-236&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1029%2F2007GL031253&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1175%2FJCLI3850.1&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1175%2FBAMS-86-1-39&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1175%2FBAMS-86-1-39&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1175%2FJCLI3321.1&link_type=DOI
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=sci&resid=313/5789/940
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=sci&resid=313/5789/940
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=sci&resid=313/5789/940
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=sci&resid=313/5789/940
http://www.sciencemag.org/cgi/ijlink?linkType=ABST&journalCode=sci&resid=313/5789/940
http://www.sciencemag.org/cgi/external_ref?access_num=10.1111%2Fj.1469-8137.2008.02436.x&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1111%2Fj.1469-8137.2008.02436.x&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=000255722300005&link_type=ISI
http://www.sciencemag.org/cgi/external_ref?access_num=18422905&link_type=MED
http://www.sciencemag.org/cgi/external_ref?access_num=10.1111%2Fj.2007.0030-1299.16034.x&link_type=DOI
http://www.sciencemag.org/cgi/external_ref?access_num=000251205500006&link_type=ISI
http://www.sciencemag.org/cgi/external_ref?access_num=10.1029%2F2008GL033965&link_type=DOI

awards DEB-0743498 and BCS-0825823; the Natural Science and
Engineering Research Council of Canada; and various awards
through the U.S. National Park Service and U.S. Geological
Survey (USGS). This work is a contribution of the Western
Mountain Initiative (a USGS global change research project)
and the Cordillera Forest Dynamics Network (CORFOR).



