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the force generated by assembly of trans-SNARE
complexes onto the two fusing membranes (Fig. 4),
consistent with biochemical data (23). We postu-
late that after complexin binds to assembling
SNARE complexes, its N-terminal sequence ac-
tivates and clamps the force generated by SNARE-
complex assembly. The N terminus of complexin
might perform its activator function by pulling
the complex closer to the membrane, possibly
by binding to phospholipids, whereas the acces-
sory N-terminal o-helix might clamp the com-
plex by inserting into the space between the
v- and t-SNARESs or even substituting for one
of the SNARES in the C-terminal segment of the
trans-SNARE complex (24). Once anchored on
the SNARE complex, the 40 N-terminal residues
of complexin both activate and clamp SNARE
complexes to control fast Ca**-triggered neuro-
transmitter release in a process that is conserved
in all animals. Viewed in the broader picture,
complexin and synaptotagmin therefore operate
as interdependent clamp-activators of SNARE-
dependent fusion, with synaptotagmin exploiting
the activator effect of complexin and reversing its

clamping function (17, 21, 22). In this molecular
pas-de-deux, the functions of both proteins are
intimately linked: Their phenotypes are identical
both as activators and as clamps, and one does
not operate without the other.
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Widespread Increase of Tree Mortality
Rates in the Western United States

Phillip J. van Mantgem,™*t1 Nathan L. Stephenson,**t John C. Byrne,? Lori D. Daniels,?
Jerry F. Franklin,® Peter Z. Fulé,® Mark E. Harmon,® Andrew ]. 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 in 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 increases in competition. Because mortality increased in small
trees, the overall increase 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.

s key regulators of global hydrologic and
Acarbon cycles, forests are capable of con-

tributing substantial feedbacks to global
changes (/). Such feedbacks may already be un-
der 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 mortali-
ty), such as those mediated by bark beetle out-
breaks in western North America (3, 6). Yet little
effort has gone toward determining whether en-
vironmental changes are contributing to chronic,
long-term changes in tree demographic rates (mor-
tality and recruitment). Changes in demographic
rates, when compounded over time, can alter for-
est structure, composition, and function (7). For

example, a persistent doubling of background
mortality rate (such as from 1 to 2% year ') ul-
timately would cause a >50% reduction in aver-
age tree age in a forest, and hence a potential
reduction in average tree size. Additionally,
changing demographic rates could indicate
forests approaching thresholds for abrupt die-
back. Yet spatially extensive analyses of long-
term changes in tree demographic rates have
been limited to tropical forests, where mortality
and recruitment rates both have increased over
the past several decades, perhaps in response to
rising atmospheric CO, concentrations, nutrient
deposition, or other environmental changes (2, §).
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 seem-
ingly 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 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) (/4), potentially
obscuring environmentally driven changes.
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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 (X =
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
(X = 1981); the final census year ranged from
1998 to 2007 (x = 2004). Plots were censused
three to seven times (X = 4.8). Our generally
conservative estimates of forest ages at the time
of initial censuses averaged ~450 years, with some
plots exceeding 1000 years.

We used generalized nonlinear models to re-
gress demographic rates on year; generalized non-
linear mixed models (GNMMs) were used when
several plots were analyzed collectively (). Demo-
graphic rates were estimated by annual compound-
ing 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 es-
timated doubling periods ranging from 17 years
(Pacific Northwest) to 29 years (interior). Mor-
tality 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 (75uga, late succes-
sional; Pinus, generally shade-intolerant; Abies,
generally shade-tolerant); all three showed in-
creasing mortality rates (Fig. 2 and Table 1). An
introduced fungal pathogen, Cronartium ribicola,
is known to contribute to increasing mortality
rates in five-needled species of Pinus (15). When
all five-needled Pinus were removed from analy-
sis, mortality rates among the remaining Pinus
(those immune to the pathogen) still increased
[a=0.027, P=0.0011, GNMM, n =22, where a
is the estimated annual fractional change in
mortality rate; see (/0)]. Finally, trees belonging
to the remaining 16 genera (23% of all trees)
collectively showed increasing mortality rates
(Fig. 2 and Table 1).

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: methodo-
logical artifacts, endogenous processes, and ex-
ogenous processes. We tested for and ruled out
several obvious potential sources of methodolog-
ical artifacts (/0). Among endogenous processes,
perhaps the best-known cause of increasing tree
mortality rates is increasing competition resulting

from increasing forest density and basal area
(11, 12). Such changes might especially be ex-
pected in the subset of old forests in the western
United States that formerly experienced frequent
surface fires; in these forests, fire exclusion (gen-
erally spanning the last century) often resulted in
an initial increase in forest density and basal area
(16, 17). However, consistent with our observa-
tions of increasing mortality without compensat-
ing increases in recruitment, forest density and
basal area declined slightly during the study period

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 increasing or
decreasing mortality rates. Symbol
size corresponds to annual fractional
change in mortality rate (smallest
symbol, <0.025 year™; largest sym-
bol, >0.100 year™; the three inter-
mediate symbol sizes are scaled in
increments of 0.025 year™?). Numer-
als indicate groups of plots used in
analyses by region: (1) Pacific North-
west, (2) California, and (3) interior.
Forest cover is shown in green.
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Fig. 2. Modeled trends in tree mortality rates for (A) regions, (B) elevational class, (C) stem
diameter class, (D) genus, and (E) historical fire return interval class.
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[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 sug-
gests that increasing mortality rates cannot be
attributed to changes in forest structure.

Fire exclusion conceivably could affect mor-
tality rates through mechanisms unrelated to
forest structural changes, such as allowing in-
creases in insects 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). If fire 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 experi-
enced 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 re-
gime). However, mortality rates showed compa-
rable 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 refer-
ences in (8)]. If such a mechanism were respon-
sible for the observed increase in tree mortality
rates, we would expect to see no parallel increase
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 domi-
nated by a particular life history trait (such as
shade intolerance), which suggests that succes-
sional dynamics are unlikely to be primary driv-
ers of increasing mortality rates.

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 sub-
continental scale. Moreover, the available evi-
dence is 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 declin-
ing fraction of precipitation falling as snow (19),
declining snowpack water content (20), earlier
spring snowmelt and runoff (27), and a conse-
quent lengthening of the summer drought (22).
Specific to our study sites, mean annual precip-
itation 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 avail-
able 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 mor-
tality rates by (i) increasing water deficits and thus

Table 1. Fixed effects of generalized nonlinear mixed models describing mortality rate trends (10);
a is the estimated annual fractional change in mortality rate (10) and n is the number of forest plots

used in the model.

REPORTS

drought stress on trees, with possible direct and
indirect contributions to tree mortality (/3, 23);
(ii) enhancing the growth and reproduction of
insects and pathogens that attack trees (6); or (iii)
both. A contribution from warming is consistent
with both the apparent role of warming in epi-
sodes of recent forest dieback in western North
America (5, 6) and the positive correlation be-
tween short-term fluctuations in background mor-
tality rates and climatic water deficits observed in
California and Colorado (13, 24).

The rapid and pervasive increases in tree mor-
tality rates in old forests of the western United
States are notable for several reasons. First, increas-
ing mortality rates could presage substantial
changes in forest structure, composition, and func-
tion (7, 25), and in some cases could be sympto-
matic of forests that are stressed and vulnerable to
abrupt dieback (). Indeed, since their most recent
censuses, several of our plots in the interior region
experienced greatly accelerated mortality due to
bark beetle outbreaks, and in some cases nearly
complete mortality of large trees (/0). Second, the
increasing mortality rates demonstrate that on-
going, subcontinental-scale changes in tree demo-
graphic 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 par-
alleled by increasing recruitment rates and basal
area (2, 8). In the western United States, recruit-
ment rates have not changed while forest density
and basal area have declined slightly. Fourth, our
results are inconsistent with a major role for en-
dogenous causes of increasing mortality rates.
Instead, the evidence is consistent with contribu-
tions from exogenous causes, with regional warm-
ing and consequent drought stress being the most
likely drivers.
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The Sphingolipid Transporter
Spns2 Functions in Migration of
Zebrafish Myocardial Precursors
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Sphingosine-1-phosphate (S1P) is a secreted lipid mediator that functions in vascular development;
however, it remains unclear how S1P secretion is regulated during embryogenesis. We identified a
zebrafish mutant, ko157, that displays cardia bifida (two hearts) resembling that in the S1P receptor-2
mutant. A migration defect of myocardial precursors in the ko157 mutant is due to a mutation in a

multipass transmembrane protein, Spns2, and can be rescued by S1P injection. We show that the

tiated into two chambers at the bilateral positions.

The migration of several mesodermal deriv-
atives examined by the expression pattern of a
vascular marker (fli/), an erythroid marker
(gatal), a pronephric marker (pax2), and a lateral
plate mesoderm marker (hand2) was not im-
paired in ko/57 mutants (figs. S2 and S3), which
suggests that the migration of myocardial pre-
cursors is dominantly affected. Besides cardia
bifida, there were abnormal blisters at the tip of
the tail in the mutant (Fig. 1, D and H). These two
characteristic phenotypes (cardia bifida and tail
blisters) in the kol57 mutant were similar to
those in the miles apart (mil)/SIP receptor-2
(S1P2) mutant (4). Sphingosine-1-phosphate
(S1P) is a lipid mediator involved in cell growth,

export of S1P from cells requires Spns2. spns2 is expressed in the extraembryonic tissue yolk
syncytial layer (YSL), and the introduction of spns2 mRNA in the YSL restored the cardiac defect
in the ko157 mutant. Thus, Spns2 in the YSL functions as a S1P transporter in S1P secretion,
thereby regulating myocardial precursor migration.

uring the late stages of zebrafish seg-
D mentation characterized by the formation

of the somites, the myocardial precursors
from both sides of the anterior lateral plate meso-
derm migrate toward the midline to form the
heart tube (/, 2). Forward genetic analysis in
zebrafish has helped to uncover genes involved
in vertebrate heart formation (3). To identify ad-
ditional regulators of heart development, we per-
formed N-ethyl-N-nitrosourea (ENU) mutagenesis
screening for mutations specifically affecting
cardiac morphogenesis. We isolated a recessive
ko157 mutant that displayed two hearts, a condi-
tion known as cardia bifida with swollen peri-
cardial sacs (Fig. 1, A, B, E, and F). The expression
of myocardial markers [nkx2.5 and cardiac myosin
light chain 2 (cmlc2)] and chamber-specific
markers [atrial myosin heavy chain (amhc) and
ventricular myosin heavy chain (vimhc)] was de-
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death, migration, and differentiation (5-8). Both
cardia bifida and tail blisters were observed in
embryos injected with an antisense morpholino
for mil/SIP2 (mil MO; 15 ng) (9) (fig. S4 and
table S1), suggesting a genetic interaction be-
tween ko157 and mil/S1P2.

Genetic mapping of the kol57 mutation by
means of simple sequence length polymorphism

tected in two separated domains (Fig. 1, C and G,
and fig. S2); this finding suggests that the myo-
cardial precursors failed to migrate but differen-

Wt C Wt D wt
24hpf cmic2 54hpf
E ko157 F ko157 G ko157 H ko157

24hpf

Fig. 1. Morphological phenotypes of ko157 mutants. (A, B, D, E, F, and H) Stereomicroscopic
views of wild-type (Wt) embryo [(A), (B), and (D)] and ko157 mutant [(E), (F), and (H)]. Two swollen
pericardial sacs (arrowheads) at 54 hours post-fertilization (hpf) were observed in ko157 mutant
[(E) and (F)] but not in Wt embryos [(A) and (B)]. (B) and (F) are ventral views. (C and G) Two hearts
(arrowheads) in ko157 mutants at 24 hpf were visualized (dorsal view) by whole-mount in situ
hybridization with antisense cmlc2 probe. ko157 mutant (H), but not Wt embryos (D), exhibited tail
blisters (arrow).

cmic2 54hpf
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Data

For reasons given below, we limited analyses to forest plots meeting the following eight
criteria. (7) Analyses were limited to plots in which the fates of individual trees were tracked
through repeated censuses. This conservative approach allowed us to avoid possible problems
associated with retrospective analyses. For example, dendrochronological (tree-ring) approaches
to estimating demographic rates can suffer imprecision in estimated year of tree death (S7) and a
“fading record” problem (the disproportionate loss of records from trees that have been dead the
longest) (S2). (if) To minimize transient dynamics associated with stand development and
succession (53, S4), we assessed only forests in which the last stand-replacing disturbance
occurred >200 years ago, as estimated by counting rings on increment cores or nearby stumps, or
by local historical records and the sizes of the largest trees. (iii) Because we also wished to
minimize transient dynamics associated with less severe but more recent disturbances, we used
only plots with no evidence of fire, flood, avalanche, or tree cutting in the last several decades.
(iv) To ensure our samples of tree populations were complete and unbiased, we used plots in
which every tree above a defined diameter at breast height (dbh, 1.4 m above ground level) was
sampled at the initial census used in our analyses (Table S1). We made an exception for four
plots in which tree recruitment had been measured inconsistently (FRB2, FRC3, FRD2, FRDI;
Table S1); at the first censuses used in analyses, data from these four plots did not include small
trees that had recruited in the preceding 13 to 22 years. (v) Because individual plots are our unit
of analysis, we limited analyses to plots large enough and containing enough trees to reduce
random variation in plot-level demographic rates (S5). We therefore required that plots were
>(0.25 ha and contained >100 trees at their first census. (vi) All plots had at least three complete
censuses, a requirement for comparing demographic rates from at least two different time
intervals. (vii) We limited analyses to plots with records of sufficient length to detect possible
long-term demographic changes — those with >10 years of record between their first and last
censuses. (viii) Finally, both because the vast majority of available data was from recent decades
and because we were most interested in exploring recent demographic changes, we required that
final censuses for all plots occurred within the last 10 years (1998 or later).

To find data meeting these criteria, we began by examining an extensive literature review
and data compilation (S6). We sought additional data sources by contacting colleagues at
universities and long-term forest research sites, such as those in the USDA Forest Service’s
Experimental Forest and Research Natural Area networks, the U.S. National Science
Foundation’s Long-Term Ecological Research network, and the U.S. National Park Service’s
Inventory and Monitoring network. Most forest plots did not meet our criteria, usually because
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they lacked three or more complete censuses or were not in undisturbed old forest. Data
requirements precluded some extensive and well-known plot networks, such as the USDA Forest
Service’s Forest Inventory and Analysis network (§7), which in the western United States lacked
three complete censuses in which the fates of individual trees were tracked. Plots and plot
networks meeting our criteria (Table S1) are described in more detail elsewhere (S§-14).
Subsequent to their most recent censuses, some of our plots in the interior region experienced
greatly accelerated mortality due to bark beetle outbreaks (plots FRB2, FRC3, FRD1, and FRD2
in Colorado, last censused in 2004, and Gus Pearson in Arizona, last censused in 2000), and in
some cases nearly complete mortality of large trees. Lacking subsequent censuses, these recent
mortality episodes could not be included in our analyses.

Census intervals for the majority of qualifying plots averaged ~6 years. To increase
consistency in interval lengths among regions, for the region with annual-resolution demographic
data (California; Table S1) we analyzed data at ~5 year intervals; exact interval lengths were
determined by the intervals between tree diameter remeasurements in these plots.

Newly-recruited trees (those that for the first time meet the minimum dbh threshold for a
given plot) were added to populations at each census and were included in all subsequent
analyses. Fifteen of our 76 plots lacked consistent recruitment data for all censuses, and were
therefore precluded from analyses of recruitment trends (plots LDUN, LD1A, LD1B, LD1C,
LDMA, LD2C, LD2B, MRS5, MRS7, BW2, FRB2, FRC3, FRD2, FRDI, and Gus Pearson;
Table S1). All else being equal, mortality rate calculations for these 15 plots are expected to be
biased toward yielding declining mortality rates through time (S75). When a group of trees is
tracked without addition of new recruits at each census, subpopulations of trees with intrinsically
high mortality rates [often the smallest trees (S76)] will, through time, decline in relative
abundance compared to subpopulations with intrinsically low mortality rates, so that calculated
mortality rates for the plot as a whole may decline with each subsequent census (S75). However,
in spite of their potential bias toward declining mortality rates, these 15 plots showed
significantly increasing mortality rates (a=0.025, S.E.=0.011, P=0.0363, generalized nonlinear
mixed model).

To estimate climate associated with individual plots (most of which lie in complex
mountainous terrain without adjacent weather stations), we used outputs from the Parameter-
elevation Regression on Independent Slopes Model (PRISM) (§77-18). PRISM interpolates
climate at a 4 km grid resolution from instrumental observations and a digital elevation model,
making adjustments for features such as elevation, aspect, slope, and rainshadows. We used
PRISM-derived monthly average temperature and precipitation with a modified Thornthwaite
method (S79) to calculate annual climatic water deficit — a biologically meaningful index of
unmet evaporative demand (drought) that is responsive to changes in both temperature and
precipitation (S20). Climatic parameters were calculated for water years (October through
September). For modeling with demographic data, we averaged annual climatic measurements
across all years within each census interval for the associated plot.

Statistical Models

We sought statistical models that were simple, appropriate to the data, and capable of
detecting directional changes in demographic rates. Plot-specific trends in demographic rates
were analyzed with generalized nonlinear models. When analyzing trends across multiple plots,
we added a normal random effect based on plot identity to the linear function to account for
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differences among plots. Specifically, to estimate changes in annual mortality rates we modeled
the rate as a logistic function exp(f, + St +7,)/ (1 +exp(f, + Bt + 7i)). We applied a

statistical model to our data where n; was the number of trees alive at the previous census for the
ith plot and the jth census, and m;; the corresponding count of mortalities

-1

-1
L : n;p;+a
my|y ; ~ Negative binomial with mean n; p;; and variance n,; p; (LJ (1)
a

pij:1_(1+exp(ﬂ0+ﬂltj+7i))_Cj’ Vi NN(O’O_VZ) @)

where p;; represents the probability of mortality over the census interval, # represents the year of
the jth census, and ¢ represents the census interval length in years. The random intercept
parameter ( y,) follows a normal distribution. The negative binomial distribution is an extension

of the Poisson distribution with >0 representing overdispersion.
We modeled annual recruitment rates as exp(f, + B¢, + ;) and applied a similar

statistical model where 7y is the count of recruits

n.p.+o
ri|y i ~ Negative binomial with mean n;; p;; and variance n;py (UPU—_IJ 3)
‘ o
p, = (v exp(B, + B, + 7, )7 1., 7, ~N(0.07) 0

where p;; represents the rate of recruitment over the census interval.

We used maximum likelihood to estimate model parameters producing the most likely
annual demographic rates that, when compounded by the length of the census intervals, best
corresponded to the rates observed in the data. We tested models that included parameters for
random slopes among plots and additional polynomial terms, but found little support for these
models. Estimated annual fractional changes in mortality and recruitment rates (a) were
calculated as exp(f)-1, which provides an exact value for recruitment rates and, when mortality
rates are small (as they are in this study), a close approximation of fractional changes for
mortality rates.

Trends in forest density, basal area, climatic parameters, and census interval length were
estimated using linear mixed models (LMM); for forest density and basal area we used only the
61 plots with recruitment data at each census. Substantial temporal autocorrelation was
accounted for with a first order autoregressive autocorrelation function. Problems with
heteroscedasticity, when present, were resolved by allowing different variance components
among logical groups (e.g., plots with low vs. high forest density).

Assessing Possible Methodological Problems

Mantel tests showed no evidence of positive spatial autocorrelation among all plots
considered together, or among plots within regions, for (i) average mortality rate (P>0.77), (ii)
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annual fractional change in mortality rate (P>0.68), and (ii7) residuals of the plot identity random
effect (P>0.72). The lack of spatial autocorrelation is not surprising; our plots primarily occur in
heterogeneous mountainous terrain, where close geographic proximity does not imply similarity
in forest characteristics or in climatic, edaphic, or topographic environments.

If census interval length declines through time, calculated mortality rate can increase
even though the underlying rate has remained constant (575, S27). However, the effect is slight
(821), and our plots collectively showed no trend in census interval lengths through time (Byea=
-0.013, S.E.= 0.015, P=0.39, LMM, where S, represents the slope of annual change).
Increasing mortality rates were also unrelated to the addition of new plots through time;
mortality rates increased for plots established on or before 1975, 1980, 1985, and 1990 (Table
S3).

To explore whether heterogeneity in plot characteristics might affect a (modeled annual
fractional changes in mortality rates), we regressed calculated values of a for individual plots on
plot size, average census interval length, and forest density, all of which vary widely among
plots. A single plot, CIRQUE (Table S1), was initially dropped from this analysis. CIRQUE
was the only plot to record no mortalities during a census interval (the first of two intervals),
leading to a modeled value of a that was orders of magnitude greater than that of other plots.
(This lack of mortality during one interval was of no concern in the mixed models, in which all
other plots recorded mortality in all intervals.) Our linear regressions showed that a was
uncorrelated with plot size, average census interval length, and forest density (Fig. S2); all
regressions remained non-significant when CIRQUE was added. We therefore conclude that
even though plot size, average census interval length, and forest density vary widely among
plots, they have no detectible effect on modeled annual fractional changes in mortality rates.

We used simple analyses and graphs as independent checks on model results for the three
regions. Consistent with model results, graphed mortality rates of individual plots, though quite
variable, collectively increased through time (Figs. S3-S5). Because potential biases associated
with “site switching” prevented us from simply graphing averaged mortality rates by year
(see S22), we instead compared mean mortality rates of first and last census intervals (Fig. S6).
Consistent with model results, for each region mean mortality rate of the last census interval was
significantly higher than that of the first interval (Pacific Northwest, P<0.0001; California,
P<0.0001; interior, P=0.0078, paired permutation tests).

Supporting Text
Assessing Possible Exogenous Causes of Increasing Mortality Rates

We can reasonably reject increasing rates of forest fragmentation as a source of
increasing tree mortality rates. In tropical Amazonia, trees up to 300 m from forest edges
experience higher mortality rates due to windthrow and microclimatic changes (S23). However,
33 of our plots lie deep within national parks protected from logging. Mortality rate in these
plots increased, at a rate comparable to plots outside of parks (Table S3).

While air pollution might enhance susceptibility of some of our study forests to other
stresses, we consider it an unlikely cause of the widespread increase in mortality rates. Ozone —
arguably the atmospheric pollutant most likely to affect tree survival in the western United States
— varies greatly in concentration across the western United States (S24). Even the Pacific
Northwest, the study region with ozone concentrations too low to be considered significant
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influences on tree survival, showed strongly increasing mortality rates (see Fig. 2 and Table 1 in
the main article). Additionally, in California (the study region with highest ozone
concentrations), concentrations did not increase during the study period (524), though mortality
rates did. Further, short-term fluctuations in ozone concentrations were not correlated with tree
mortality rates in California (S717).

Climatic data modeled for all plots indicated increasing average temperatures
(Byear=0.026, S.E.= 0.002, P<0.0001, LMM) with no trend in precipitation (fyea=0.289,
S.E.=0.577, P=0.616, LMM), together resulting in significant increases in climatic water deficits
(Byear=1.101, S.E.=0.114, P<0.0001, LMM). Both average temperature and climatic water
deficit were positively correlated with tree mortality rates (Table S4). Even though the rather
coarse resolution of demographic data used in our analyses (mean census interval length ~6
years) may have obscured correlations between short-term fluctuations in environmental
conditions and demographic rates, previous annual-resolution analyses of our California data
revealed a strong positive correlation between short-term fluctuations in water deficits and tree
mortality rates (S17).
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Figure S1. Trends in forest density (black line) and basal area (red line) from linear mixed
models for the 61 forest plots with complete recruitment data.
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Figure S2. Modeled annual fractional change in mortality rate of individual plots relative to (A)
plot area, (B) average census interval length, and (C) forest density. Black, red, and green
symbols represent plots in the Pacific Northwest, California, and interior regions, respectively.
Forest density was calculated as density of trees at the first census that were >15 cm in diameter,
the minimum measured diameter common to all plots.
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Figure S3. Mortality rate through time for each of the 47 plots in the Pacific Northwest region.
Each horizontal line segment represents the mortality rate during a single census interval for a
particular plot. The heavy black curve is the modeled trend in tree mortality rate for the Pacific
Northwest region presented in Fig. 2A of the main article.
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Figure S4. Mortality rate through time for each of the 20 plots in California. Each horizontal
line segment represents the mortality rate during a single census interval for a particular plot.
The heavy red curve is the modeled trend in tree mortality rate for the California region
presented in Fig. 2A of the main article.
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Figure S5. Mortality rate through time for each of the 9 plots in the interior region. Each
horizontal line segment represents the mortality rate during a single census interval for a
particular plot. The heavy green curve is the modeled trend in tree mortality rate for the interior
region presented in Fig. 2A of the main article.
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Figure S6. Mean mortality rates (+1 S.E.) for the first and last census intervals of all plots in
each region. For each region, mean mortality rate of the last census interval is significantly
higher than that of the first interval (Pacific Northwest, P<0.0001; California, P<0.0001; interior,
P=0.0078, paired permutation tests). The calendar years of first and last census intervals, and the
number of intervening years between the intervals, vary widely among plots (Table S1, Figs. S3-
S5). Thus, the time periods spanned by the lines in this figure are shorter than those spanned by
the modeled curves presented in Figs. S3-S5, which begin and end at the first and last censuses
occurring in a particular region. Mean census interval midpoints for the first and last censuses in
this figure are: Pacific Northwest, 1982-2000; California, 1991-2002; interior, 1979-1998.
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Table S1. Characteristics of the 76 forest plots.

Plot Fire Return Elevation  Plot Minimum Live Calendar year of censuses

identifier Region® Lat.° Long.° Interval classJr (m)  area(ha) dbh(cm) treesi year | year2 year3 year4 year5 year 6 year7 Species comprising > 1% of trees§
LDUN 1 49.5 -123.0 >250 (S25) 367 0.49 9.8 220 1992 1997 2002 2007 ABAM 49%, TSHE 44%, THPL7%
LDIA 1 49.5 -1229 >250 (S25) 531 0.49 9.8 177 1992 1997 2002 2007 TSHE 70%, THPL 15%, ABAM 12%, TABR 3%
LD1B 1 49.5 -1229 >250 (S25) 527 0.49 9.8 200 1992 1997 2002 2007 TSHE 75%, THPL 10%, TABR 6%, PSME 5%, ABAM 4%
LDIC 1 49.5 -1229 >250 (525) 538 0.49 9.8 220 1992 1997 2002 2007 TSHE 65%, THPL 19%, TABR 10%, ABAM 4%, PSME 1%
LDMA 1 49.5 -122.9 >250 (S25) 471 0.49 9.8 139 1992 1997 2002 2007 ABAM 45%, TSHE 37%, THPL 17%
LD2C 1 49.5 -1229 >250 (S25) 425 0.49 9.8 175 1992 1997 2002 2007 TSHE 52%, ABAM 47%, THPL 1%
LD2B 1 49.5 -122.9 >250 (S25) 414 0.49 9.8 143 1992 1997 2002 2007 TSHE 79%, ABAM 16%, THPL 5%
HS04 1 47.8 -124.0 >250 (S26) 130 1.00 5.0 221 1984 1989 1995 1999 TSHE 53%, PISI 46%, PSME 1%
HRO1 1 478 -123.9 >250 (S26) 215 1.00 5.0 167 1978 1984 1989 1995 2000 TSHE 52%, PISI 47%, PSME 1%, THPL 1%
HRO02 1 47.8 -123.9 >250 (S26) 215 1.00 5.0 133 1978 1984 1989 1995 2000 TSHE 50%, PISI 48%, PSME 1%, THPL 1%
AV14 1 47.0 -121.8 >250 (S26) 1080 1.00 15.0 259 1978 1984 1990 1995 2000 ABAM 53%, TSHE 45%, CHNO 2%
ABO8 1 46.9 -121.5 >250 (S26) 1050 1.00 15.0 298 1978 1984 1990 1995 2002 TSHE 71%, THPL 19%, PSME 6%, ABAM 2%, CHNO 1%
PP17 1 46.9 -121.6 25-250 (S26) 1120 1.00 15.0 306 1978 1984 1990 1995 2002 PSME 33%, PICO 29%, PIMO 14%, ABLA 8%, TSHE 6%, PIEN 5%, POTR2 3%, TSME 1%
AO03 1 46.8 -121.5 >250 (S26) 866 1.00 5.0 381 1977 1982 1987 1991 1996 2001 ABAM 72%, TSHE 25%, THPL 2%, PSME 1%
AV02 1 46.8 -121.6 >250 (S26) 850 1.00 5.0 1032 1977 1982 1987 1991 1996 2001 ABAM 83%, TSHE 16%, THPL 1%
CCNF 1 46.8 -121.8 >250 (S26) 1140 0.50 5.0 182 1978 1983 1989 1994 1999 TSHE 41%, ABAM 30%, ABPR 29%
ARO07 1 46.8 -121.7 >250 (S26) 1430 1.00 15.0 423 1978 1983 1988 1993 1998 CHNO 37%, ABAM 35%, TSME 28%
AV06 1 46.8 -121.8 >250 (S26) 1060 1.00 15.0 436 1978 1983 1988 1993 1998 ABAM 63%, TSHE 33%, CHNO 1%, PSME 1%, THPL 1%
AM16 1 46.8 -121.8 >250 (S26) 1195 1.00 15.0 349 1978 1983 1989 1994 1999 ABAM 42%, CHNO 32%, TSME 19%, TSHE 7%
AE10 1 46.8 -121.7 >250 (S26) 1430 1.00 15.0 617 1978 1983 1988 1993 1998 CHNO 52%, ABAM 46%, ABLA 1%, TSME 1%
AGO5 1 46.7 -121.8 >250 (S26) 950 1.00 15.0 422 1978 1983 1988 1993 1998 ABAM 47%, THPL 23%, TSHE 19%, PSME 5%, TABR 5%
TAO1 1 46.7 -121.6 25-250 (S26) 670 1.00 5.0 399 1977 1982 1987 1991 1995 2001 TSHE 58%, PSME 35%, TABR 4%, ABAM 3%, THPL 1%
GMNF 1 46.2 -1223 25-250 (S26) 945 4.00 15.0 1073 1977 1989 1994 1999 2006 ABAM 47%, TSHE 28%, ABPR 19%, PSME 6%
BRNA 1 449 -1222 25-250 (S26) 650 1.00 5.0 405 1977 1984 1989 1995 2001 2006 TSHE 64%, PSME 31%, THPL 4%
RS25 1 445 -1223 25-250 (S27) 457 1.13 5.0 434 1977 1984 1989 1995 2001 TSHE 81%, PSME 17%, CONU 2%
MRNA 1 445 -121.6 <25 (526) 850 4.50 10.0 1420 1981 1986 1991 1996 2001 2006 PIPO 100%
SP06 1 444 -121.8 >250 (S26) 1464 0.25 5.0 224 1976 1981 1986 1991 1996 2001 TSME 95%, ABLA 4%, ABAM 1%
RS22 1 443 -122.1 25-250 (827) 1290 1.00 5.0 651 1977 1983 1988 1993 1999 2005 ABAM 60%, ABPR 13%, TSHE 13%, TSME 10%, PSME 5%

RS04 1 443 -122.1 25-250 (S27) 1440 0.25 5.0 214 1972 1976 1981 1986 1990 1996 2002 ABAM 76%, PSME 20%, TSHE 3%, ABPR 1%
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1978 1983 1988 1995 2001 2006 TSHE 75%, PSME 19%, THPL 3%, TABR 2%, ABAM 1%

1981 1986 1992 1998 2004 TSHE 57%, THPL 18%, TABR 10%, ABAM 8%, PSME 6%, CACH 1%

1978 1983 1988 1994 2000 2005 TSHE 46%, PSME 20%, TABR 19%, THPL 12%, ABAM 1%, ABGR 1%, CONU 1%
1977 1983 1988 1993 1999 2005 ABAM 55%, TSHE 37%, PSME 7%
1978 1983 1988 1994 2000 2006 TSHE 68%, PSME 21%, ABAM 6%, ABGR 3%, TABR 3%

1972 1976 1981 1986 1991 1997 2003 PSME 60%, TSHE 15%, CONU 11%, TABR 6%, THPL 4%, CACH 3%, ABGR 1%, PILA 1%

1978 1983 1988 1995 2001 2006 TSHE 42%, THPL 32%, PSME 18%, TABR 8%, ABAM 1%

1978 1983 1988 1995 2001 2006 TSHE 49%, THPL 22%, PSME 21%, TABR 7%, ABAM 1%

1977 1983 1988 1993 1999 2005 TSHE 50%, ABAM 16%, TABR 13%, PSME 10%, ABCO 5%, THPL 5%, PIMO 1%
1977 1983 1988 1993 1999 2005 PSME 89%, QUGA 4%, ARME 2%, ACMA 1%, CADE 1%, PILA 1%

1973 1976 1981 1986 1992 1998 2004 TABR 53%, TSHE 30%, PSME 11%, CONU 3%, THPL 2%, ACMA 1%
1979 1984 1989 1995 2001 TSHE 55%, THPL 25%, TABR 14%, PSME 6%, ABAM 1%, ACMA 1%
1983 1988 1993 1999 TSHE 71%, PSME 20%, TABR 5%, THPL 3%, CONU 2%

1973 1976 1983 1988 1993 1999 2005 CACH 48%, PSME 17%, TSHE 13%, CONU 10%, TABR 9%, PILA 1%, THPL 1%
1973 1976 1981 1986 1992 1998 2004 TSHE 54%, THPL 20%, ACMA 13%, PSME 9%, CONU 2%, TABR 2%

1988 1994 2000 2006 TSHE 50%, PSME 21%, TABR 12%, CACH 6%, THPL 4%, ACMA 3%, CONU 3%
1972 1976 1981 1986 1991 1997 2003 PSME 75%, ACMA 11%, TABR 5%, CONU 4%, TSHE 2%, CACH 1%, CADE 1%
1983 1988 1992 1998 2004 PSME 88%, ACMA 7%, TABR 3%, ARME 1%, TSHE 1%
1989 1994 1999 2004 ABMA 88%, ABCO 12%
1989 1994 1999 2004 ABMA 78%, ABCO 22%
1992 1997 2002 2007 ABMA 100%

1994 1999 2004 ABMA 94%, PICO 6%
1991 1997 2001 2006 ABCO 35%, CADE 32%, PILA 26%, PIPO 5%, PSME 1%, QUKE 1%
1993 1998 2003 ABCO 44%, CADE 29%, PILA 18%, PIPO 6%, QUKE 2%

1983 1988 1994 1999 2003 PIJE 87%, ABCO 8%, CADE 2%, PILA 2%, PIMO 1% f
1983 1988 1994 1999 2004 ABCO 68%, PILA 21%, CADE 9%, QUKE 1%
1983 1988 1994 1999 2004 ABCO 59%, CADE 28%, PILA 9%, ABMA 4%
1983 1988 1994 1999 2004 ABCO 55%, CADE 20%, PILA 20%, ABMA 4%, QUKE 1%
1993 1998 2003 ABMA 99%, PIMO 1%

1992 1997 2002 2007 ABMA 100%

1991 1996 2001 2005 ABCO 46%, CADE 30%, QUKE 15%, PILA 5%, PIPO 4%
1985 1990 1995 2000 2005 ABCO 58%, PIJE 39%, ABMA 2%, PILA 1%

1992 1997 2002 2007 CADE 55%, QUKE 24%, ABCO 12%, PILA 5%, PIPO 4%, QUCH 1%
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LMCC 2 36.6 -118.7 <25 (528) 2128 2.00 0.1 591 1982 1988 1994 1999 2003 ABCO 69%, ABMA 22%, SEGI 7%, PILA 2%
LOGSEGI 2 36.6 -118.7 <25(S28) 2170 2.50 0.1 1055 1983 1988 1994 1999 2004 ABCO 76%, ABMA 15%, PILA 5%, SEGI 3%

UPLOG 2 36.6 -118.7 <25 (8528) 2210 1.00 0.1 407 1988 1992 1997 2002 2007 ABCO 89%, PILA 6%, CADE 2%, PIJIE 1%, QUKE 1%
LOLOG 2 36.6 -118.7 <25 (8528) 2207 1.13 0.1 451 1987 1992 1997 2002 2007 ABCO 75%, ABMA 22%, PILA 2%, SEGI 1%
CIRQUE 2 36.5 -118.3 25-250 (S28) 3353 1.56 0.1 248 1993 2000 2004 PIBA 98%, PICO 2%

Priest River 148 3 482 -116.5 25-250 (S29) 2300 0.88 7.6 503 1984 1994 2004 TSHE 35%, ABGR 23%, THPL 23%, PIMO 12%, PSME 4%, LAOC 2%
MRS5 3 40.0 -105.6 >250 (S30) 3280 0.29 4.0 424 1982 1994 2007 ABLA 51%, PIEN 49%

MRS7 3 40.0 -105.6 >250 (S30) 3260 0.29 4.0 494 1983 1994 2007 ABLA 49%, PIEN 47%, PICO 2%, PIFL 2%

BW2 3 40.0 -105.6 >250 (530) 2980 0.26 4.0 369 1982 1994 2007 PIFL 69%, ABLA 15%, PIEN 9%, PICO 5%, POTR 2%
FRB2 3 39.9 -105.9 >250 (S30) 2840 2.02 9.1 1509 1960 1989 2004 PICO 94%, PIEN 4%, ABLA 2%

FRC3 3 39.9 -1059 >250 (S30) 2880 2.02 9.1 1986 1960 1989 2004 PICO 98%, ABLA 1%, PIEN 1%

FRD2 3 39.9 -105.9 >250 (S30) 2900 2.02 9.1 1875 1960 1989 2004 PICO 99%, ABLA 1%

FRD1 3 39.9 -105.9 >250 (530) 2900 3.24 9.1 3528 1955 1989 2004 PICO 48%, PIEN 29%, ABLA 23%

Gus Pearson 3 353 -111.7 <25 (S31) 2255 15.75 8.9 3090 1960 1970 1980 1990 2000 PIPO 100%

* Numerals indicate groups of plots used in analyses by region: (1) Pacific Northwest, (2) California, and (3) interior.
1 Fire return interval class (in years) was estimated from the cited sources (570, $25-31).
1 Count of live trees at the first census.

§ Species composition of trees at the first census. Percentages may not add to 100 due to rounding. ABAM = Abies amabilis, ABCO = A. concolor,
ABGR = 4. grandis, ABLA = A. lasiocarpa, ABMA = A. magnifica, ABPR = A. procera, ACMA = Acer macrophyllum, ARME = Arbutus menziesii,
CACH = Castanopsis chrysophylla, CADE = Calocedrus decurrens, CHNO = Chamaecyparis nootkatensis, CONU = Cornus nuttallii, LAOC = Larix
occidentalis, PIBA = Pinus balfouriana, PICO = P. contorta, PIEN = Picea engelmannii, PIFL = Pinus flexilis, PIJE = P. jeffreyi, PILA = P.
lambertiana, PIMO = P. monticola, PIPO = P. ponderosa, PIS1 = Picea sitchensis, POTR = Populus tremuloides, POTR2 = P. trichocarpa, PSME =
Pseudotsuga menziesii, QUCH = Quercus chrysolepis, QUGA = Q. garryana, QUKE = Q. kelloggii, SEGI = Sequoiadendron giganteum, TABR =
Taxus brevifolia, THPL = Thuja plicata, TSHE = Tsuga heterophylla, TSME = T. mertensiana.

9 Q. kelloggii (16 trees) was excluded from analysis at this plot due to inconsistent methods for censusing recruitment.
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Table S2. Fixed effects of the generalized nonlinear mixed models describing
recruitment rate trends. a is the annual fractional change in recruitment rate, # is the
number of forest plots used in the model.

Model Data a Std. Error P n

Recruitment trend All plots 0.004 0.006 0.4359 61

Recruitment trend by region  Pacific Northwest ~ 0.004 0.007 0.5898 40
California -0.002 0.011 0.839% 20
Interior -0.697 0.195 0.2041 1
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Table S3. Fixed effects of generalized nonlinear mixed models investigating some possible causes of the widespread increase in
mortality rates (see the main article). a is the estimated annual fractional change in mortality rate, » is the number of forest plots used
in the model.

Possible cause Data a Std. Error P n
Aging tree cohorts Small tree standing dead* 0.043 0.007 <0.0001 53
Adding plots through time Plots established by 1975 0.031 0.013 0.0333 11

Plots established by 1980 0.043 0.006 <0.0001 39
Plots established by 1985 0.040 0.005 <0.0001 55
Plots established by 1990 0.040 0.005 <0.0001 60
Forest fragmentation Inside national parksJr 0.033 0.007 <0.0001 33
Outside national parks 0.041 0.006 <0.0001 43

* Cause of death data for small trees (<15 cm dbh) were available for plots in the Pacific Northwest, California, and for the Gus
Pearson plot (see table S1).

1 Plots inside national parks were ABOS8, AE10, AG05, AM16, AO03, AR07, AV02, AV06, AV14, CCNF, HRO1, HR02, HS04,
PP17, TAO1, BBBPIPO, CCRPIPO, CIRQUE, CRCRPIPO, FRPIJE, LMCC, LOGPIJE, LOGSEGI, LOLOG, PGABMA,
POFLABMA, SFTRABMA, SUABCO, SUPILA, SURIP, UPLOG, WTABMA, and YOHOPIPO (see table S1).
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Table S4. Fixed effects of the generalized nonlinear mixed models describing mortality rate trends with climate, where f§ represents
estimated model parameters. There was little evidence for interactions between year and average temperature and between year and

climatic water deficit.

Model Parameter b Std. Error P n
Mortality trend with average temperature  Year 0.033 0.004 <0.0001 76
Average annual temperature (°C) 0.092 0.022 <0.0001
Mortality trend with climatic water deficit Year 0.033 0.005 <0.0001 76
Average annual climatic water deficit (mm)  0.002 0.001 0.0066
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