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Abstract

Tree mortality is an important process causing forest structural and compositional change. In this study, we investigate the
influence of drought and topography on recent patterns of tree mortality in old-growth mixed conifer forests in Yosemite
National Park, located in the Sierra Nevada Mountains of northern California, USA. The surveyed stands have experienced a
century of fire exclusion and are dominated by associations of Pinus ponderosa, Calocedrus decurrens and Abies concolor. The
average age of trees in the stands was 88 years. We sought answers to the following questions: (1) Do periods of high tree
mortality correspond with drought? (2) Do spatial and temporal patterns of high tree mortality vary by slope aspect? and (3) Do
different tree species exhibit similar temporal and spatial patterns of tree mortality? We identified temporal patterns of tree
mortality on three north- and south-facing slopes by determining the death date of trees using dendrochronology. Tree death date
frequency was then compared by slope aspect and to Palmer Drought Severity Index (PDSI), and April snowpack depth as
measures of growing season water availability. The frequency of tree death dates was negatively correlated with annual and
seasonal PDSI and April snowpack depth, and more trees died in years with below normal PDSI and snowpack. Correlations
between tree mortality and drought were evident only for multi-year periods (2-5 years). Temporal patterns of tree death were
similar on north- and south-facing slopes and among species, but the density of dead trees was higher on north than south slopes.
Dense stand conditions caused by fire suppression, and the coincident outbreak of bark beetles during drought, may have limited
any buffering effect of topography on tree mortality. Drought induced tree mortality in mixed conifer forests in Yosemite
National Park highlights the importance of both historical legacies such as fire suppression and exogenous controls such as
climate as drivers of vegetation change.
© 2005 Elsevier B.V. All rights reserved.
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as an agent of forest structural and compositional
change (Franklin et al., 1987). While the causes of tree
death related to discrete events such as fire or wind-
throw may be identified easily, longer periods of
elevated tree mortality are usually associated with
complex interactions between endogenous factors
such as stand characteristics and genetics, and
exogenous factors like site conditions, climate, insects
and pathogens, which operate over a range of scales
(Allen and Breshears, 1998; Mueller-Dombois, 1987,
1992; Savage, 1994).

Climate is an exogenous, regional-scale environ-
mental control that influences vegetation development
and establishes a context for local stand-level growth
responses of trees (Lertzman and Fall, 1998). Climatic
variation is thought to be an important factor
influencing temporal and spatial patterns of tree death
in forested ecosystems in both direct and indirect
ways. For example, extended drought has been linked
directly to tree death in tropical and temperate forests
(Allen and Breshears, 1998; Villalba and Veblen,
1998; Fensham and Holman, 1999; Williamson et al.,
2000). Indirectly, drought has been linked to tree death
by acting as a trigger for insect or pathogen outbreaks
(Ferrell et al., 1994; Ferrell, 1996; Speer et al., 2001).
Extended periods of warm, dry conditions can induce
a state of physiological stress, which reduces the
ability of trees to withstand insect attacks. Conse-
quently, drought often makes conifers more vulnerable
to the attack of cambium-eating insects and this
vulnerability may be expressed by an episode of high
tree mortality (Mattson and Haack, 1987; Ferrell et al.,
1994).

Montane forests in the western United States that
once experienced frequent low and moderate severity
fires have been dramatically altered by nearly a
century of fire exclusion. For example, prior to Euro-
American settlement, fires burned every 5-10 years in
California’s mixed conifer forests (Kilgore and Taylor,
1979; Caprio and Swetnam, 1995; Beaty and Taylor,
2001; Taylor and Skinner, 2003). Since the early 20th
century a policy of excluding fires has been
implemented in these forests (Skinner and Chang,
1996) and the reduction in the frequency and extent of
fire has caused an increase in forest density, and a
compositional shift to more fire sensitive species
(Vankat and Major, 1978; Parsons and DeBenedetti,
1979; Minnich et al., 1995; Taylor, 2000; Taylor and

Skinner, 2003). Unusually high forest densities caused
by fire suppression are thought to exacerbate the effect
of drought on tree mortality because of increased
competition for soil moisture that increases water
stress in trees (Innes, 1992; Dolph et al., 1995).
Consequently, drought may trigger rapid vegetation
change because mortality processes are quick and
episodic compared to vegetation changes caused by
new establishment which are slow and gradual
(Franklin et al., 1987). Retrospective studies that
examine the influence of climate on vegetation
dynamics (e.g., Overpeck et al., 1990) provide an
important basis for understanding how ecosystems
respond to climatic variation, including climate
changes predicted by models that incorporate
increased greenhouse gas emissions from the combus-
tion of fossil fuels (e.g., Leung and Ghan, 1999;
Dettinger et al., 2004).

The regional-scale control of climate on temporal
patterns of tree mortality may be mediated by local-
scale controls, such as topographic variation, that
influence site-level water availability (Stephenson,
1990). Topographic characteristics such as slope
position and slope aspect are known to strongly
influence site moisture conditions (Stephenson, 1990,
1998), and climatically triggered tree dieback may
vary accordingly (Jane and Green, 1983; Allen and
Breshears, 1998; Powers et al., 1999). Slope aspect, in
particular, is a key topographic variable influencing
site moisture availability in the mountainous western
United States (Parker, 1982; Stephenson, 1990).
South-facing slopes receive more solar radiation,
experience greater evapotranspiration, and have less
plant available soil moisture compared to north-facing
slopes. Consequently, spatial and temporal variations
in site moisture conditions may influence the spatial
pattern and severity of drought induced tree mortality.
Yet, few studies have evaluated the potential mediat-
ing effects of topography on widespread tree mortality
(Akashi and Mueller-Dombois, 1995; Powers et al.,
1999).

High interannual variability in precipitation is a
hallmark of California’s Mediterranean climate
(Mittchell and Blier, 1997), and tree mortality in
Californian mixed conifer forests in the San Bernar-
dino Mountains and Sierra Nevada appear to be
associated with prolonged drought and drought-
related insect outbreaks (CFPC, 1970-1997; Macom-



A. Guarin, A.H. Taylor/ Forest Ecology and Management 218 (2005) 229-244 231

ber and Woodcock, 1994; Savage, 1994, 1997). In this
study, we evaluate the effect of topography on the
spatial patterns of climatically related tree mortality in
two mixed conifer forests in Yosemite National Park
(hereafter Yosemite). Our goal was to determine if
local-scale controls on site moisture availability, in
particular slope aspect, mediate regional climatic-
related tree mortality. Specifically, we sought answers
to the following questions: (1) Do periods of high tree
mortality correspond with periods of drought? (2) Do
spatial and temporal patterns of high tree mortality
vary by slope aspect? and (3) Do different tree species
exhibit similar temporal and spatial patterns of tree
mortality? We hypothesized that widespread tree
mortality was associated with drought, but that the
timing and extent of tree death would be influenced by
slope aspect. In particular, we expected decreased or
delayed mortality on north-facing slopes compared to
south-facing slopes because of higher soil moisture
availability on north-facing slopes.

1.1. Study area and stands

The influence of drought and topography on
temporal and spatial patterns of tree mortality was
examined in mixed conifer forests in Yosemite, a
3000 km? protected area in the central Sierra Nevada,
in northern California, USA (latitude 37.58° N,
longitude 119.66° W). Terrain in the park is rugged
and varied and elevations range from 610 to 4000 m.
The climate is Mediterranean and is characterized by
warm, dry summers and cold, wet winters. Mean
monthly temperatures in Yosemite, at 1200 m of
elevation, range from 32 °C in July to —3°C in
January. Average annual precipitation is 945 mm, 85%
of which falls between November and March as snow
(NCDC, 2003). Soils in Yosemite are derived mainly
from Mesozoic-aged granitic bedrock, and soil depth
is variable depending on local site conditions (Hill,
1975; Huber, 1987).

Forests in the study area were composed of any of
six conifer species: ponderosa pine (Pinus ponderosa
Dougl.), sugar pine (P. lambertiana Dougl.), incense
cedar (Calocedrus decurrens Torr. Florin), white fir
(Abies concolor Gord. and Glend.), Jeffrey pine (P.
Jjeffreyi Grev. and Balf.), and Douglas-fir [Pseudotsuga
menziensii var. menziesii (Mirb.) Franco], which may
co-occur and share dominance in a stand depending on

local site conditions and stand history (Barbour,
1988). In general, south-facing stands were dominated
by an association of P. ponderosa and C. decurrens,
while forests on north-facing sites were predominantly
A. concolor, C. decurrens, and P. lambertiana. The
sub-canopy hardwoods black oak (Quercus kelloggii
Newb.) and canyon live oak (Q. chrysolepsis Liebm.)
were present in the understory of most stands.

To examine the mediating role of topography on
recent episodes of tree mortality, stands on paired
north- and south-facing slopes were chosen in two
watersheds 7.5 km apart: Alder Creek (hereafter AC)
and South Fork Merced River (hereafter SFM). For
each slope aspect, we then chose three 5 ha stands on
comparable elevations and slope configurations but
separated by at least 1 km to serve as replicates. The
south-facing stands were AC1, AC2, and SFM1, and
the north-facing stands were AC3, SFM2, and SFM3.
Stands were chosen subjectively to represent wide
areas of tree mortality in the two watershed based on
evidence of tree mortality (standing dead trees, fallen
boles). Many of the dead trees were standing (42%),
and fallen boles were in variable states of decay
(Maser et al.,, 1979). Tree mortality in the stands
appeared to be relatively recent because over 80% of
the trees had some bark attached.

2. Methods
2.1. Forest structure and composition

Forest structure and composition were determined
on each site using the point-centered quarter method
(Cottam and Curtis, 1956), a commonly used sampling
method in forestry to characterize stand structure
(Krebs, 1989). Thirty points were sampled at each site
along three to six parallel transects and points were
sampled every 25 m along each transect. Due to the
irregular shape of the stands, transect length varied
from 100 to 275 m. All transects were laid parallel to
the contour lines, and the first point for a transect was
selected randomly. At each point, the species of, and
distance to the nearest seedling (0.5-1.4 m in height),
sapling (>1.4 m in height, <5 cm DBH) and live tree
(> 5cm DBH) were measured in each of the four
quarters. The diameter (DBH) of each tree was also
measured. To identify tree age, each live tree was also
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cored to the pith with an increment borer 30 cm above
the soil surface. The elevation, location, aspect, pitch,
slope position, and slope configuration for each site
were recorded. The last four variables were used to
calculate the topographic relative moisture index
(TRMI; Parker, 1982), a measure of relative site
moisture availability based on topographic character-
istics that ranges from 0 to 60 (mesic to xeric).

Tree ages were determined by sanding each core to
high-polish and then cross-dating the annual rings
using standard dendrochronological techniques
(Stokes and Smiley, 1968). The year of the inner
most ring was then used as the tree age. Annual growth
rings could not be consistently identified in the oak
species so they were not included in the age—structure
analysis. Tree ages were successfully determined for
78% of the conifer cores (n=667). Ages for trees
with incomplete cores (22%) were estimated using
least squares regression equations of age on DBH.
A regression equation was developed for each species
at each site using the age data for complete cores.
All the regression equations were highly significant
(P < 0.001).

The structure and composition of recently dead
trees (> Scm DBH) on each site were also determined
using the point-centered quarter method. Recently
dead trees included any standing stems and downed
trees in Maser et al. (1979) decay class 1, 2, or 3. At
each point, the distance, species, and DBH of the
nearest dead tree in each quadrant were recorded.
Each dead tree was inspected to record any evidence of
bark beetle activity such as pitch tubes and beetle
galleries. Topographic influences on tree mortality
were then inferred by comparing the density
(trees ha~') and percentage of dead trees by slope
aspect using a Kruskal-Wallis H-test. We chose to use
non-parametric statistical tests because the time-
frequency distribution of dead trees was not normally
distributed (Zar, 1999). All statistical analyses were
performed using SPSS software (SPSS Inc., 2001).

2.2. Dates of tree death

The year a tree died was determined by identifying
the date of the last year of annual growth in partial
wood cross-sections removed from each dead tree
using a chainsaw. If the outermost growth rings were
visibly eroded due to weathering, insect galleries or

decay, the next nearest dead tree in each quarter
was selected for sampling. The wood samples were
sanded to high polish and the annual growth rings were
cross-dated using standard dendrochronological tech-
niques (Stokes and Smiley, 1968). The date of the last
annual growth ring for each sample was used as the
year of tree death. The accuracy of the death-date
estimate using this method may be influenced by
erosion of the outermost ring(s) on a wood sample or
by the lack of production of annual growth rings prior
to the year of death (Villalba and Veblen, 1998). To
account for possible differences in the accuracy of
tree-death dates among samples, we classified each
sample into one of three categories based on the
condition of the wood sample: 3 = visible evidence of
ring erosion; 2 = no visible evidence of ring erosion
(bark not always present); and 1 =no ring erosion
(bark attached). Thus, reported death dates represent
the earliest possible death date; actual death dates
could be later.

The influence of topography (north versus south
aspect) on the temporal patterns of tree death dates
was determined by comparing the time—frequency
distribution of tree-death dates for all north- and
south-facing sites, and for each north- and south-
facing slope pair, using a Kolmogorov—Smirnov two-
sample test. This test allowed us to compare the
goodness of fit, or shape, of the frequency distributions
of pairs of samples (Gotelli and Ellison, 2004). We
also made identical comparisons by species to
determine if the time—frequency distribution of tree-
death dates varied by species according to slope
aspect.

To determine if tree death was preconditioned, or
influenced by prior years’ growth, we determined if
reduced radial growth was associated with the year of
tree death. Preconditioning was defined as a succes-
sion of 2 or more years of radial growth less than the
width of the previous two rings. For each sample, we
recorded if there was evidence of preconditioning and
then counted the number of narrow growth rings
preceding death.

2.3. Drought and tree mortality
The relationship between drought and tree mor-

tality was determined by comparing tree death dates
with two climatic variables: the Palmer Drought
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Severity Index (PDSI) and April snowpack depth.
PDSI is a composite climatic index that includes
immediate (same month) and lagged (previous month)
precipitation and temperature effects on drought
(Alley, 1984). Negative PDSI conditions represent
drought while the opposite conditions prevail when
PDSI is positive. We used PDSI values calculated for
California Climate Division 5, which includes
Yosemite (NCDC, 2003). Prolonged drought is often
necessary to induce elevated rates of tree mortality, so
we calculated contemporaneous (same year) and
previous years’ averages (2, 3, 4 and 5 years) for
annual and seasonal PDSI. The seasonal PDSI
variables included averages for the spring (March—
May), summer (June—-August), and winter (Decem-
ber—February) periods.

In the Sierra Nevada, April snowpack depth is a
strong predictor of annual water availability at the
beginning of the growing season (Dettinger and
Cayan, 1995). We used average April snowpack depth
of two snow survey courses in Yosemite, Gin Flat
Outlook, 2134 m, and Peregoy Meadows, 2134 m
(CDWR, 2003), as a proxy for April snowpack depths
in our study area. We also calculated contempora-
neous and previous years’ averages (2, 3, 4 and 5) for
the snowpack variable.

The association between tree-death dates and
climate was identified in two ways. First, we calculated
Pearson product-moment correlations (Zar, 1999) of
the tree death time series with the time series for each
climate variable. Second, we compared the number of
trees that died during periods with above normal,
normal, or below normal PDSI and April snowpack
depth. The three climate groups were identified by
calculating Z-scores for each variable based on the
1931-2002 record of climate. This standardization
procedure involves transforming variables that have
different units to make them comparable (Gotelli and
Ellison, 2004). Z-scores + 0.43 were then used as cut-
offs for the three groups (Taylor, 1990). The number of
trees dying in each of the three climatic periods was
then compared using a Kruskal-Wallis H-test. The
correlation analysis and paired comparisons between
the frequency of tree death dates and climate were
conducted only for the period spanned by the tree death
date record (1975-2001). The longer climate record
(1932-2002) was used exclusively to calculate histor-
ical trends and averages.

Errors in estimating tree-death dates due to ring
erosion might influence associations between tree-
death date frequency and climate. The actual date a
tree died may have occurred later than the identified
date. To address possible misinterpretations in the
climate tree-death date association we also determined
the association between climate, single, and 2-year
averages of death date frequency for the current and
the following year.

3. Results
3.1. Forest structure and composition

The structure and composition of forests varied by
slope aspect. Ponderosa pine and incense cedar were
the dominant species in all diameter classes on south-
facing slopes, while sugar pine and canyon live oak
were concentrated in the forest understory (Table 1;
Fig. 1). On the other hand, white fir shared co-
dominance with a wide range of species including
incense cedar, ponderosa pine, sugar pine, and
Douglas-fir in the large and intermediate diameter
classes on north-facing slopes. Black oak was
confined to small and intermediate size diameter
classes, while incense cedar and white fir were the
most abundant species in the small diameter classes.
Douglas-fir was restricted to north-facing slopes and
was abundant only on the most mesic site (SFM2).

There were similarities in forest age structure
across all sites. Older trees (>100 years) were sparse
and occurred in a wide range of age-classes from 100
to 300 years old, while young (<100 years) trees were
very abundant (Fig. 2). However, there were differ-
ences by slope aspect, in the dominant species in older
and younger age-classes. On south-facing slopes, the
oldest trees were mainly ponderosa pine, while
incense cedar was much more abundant in the
younger age classes. On north-facing slopes, the
oldest trees were ponderosa pine and incense cedar,
and young trees were mainly incense cedar and white
fir; there were virtually no young pine.

The density, size and species composition of dead
trees also varied by slope aspect. The average density
(£standard error) of dead trees on north-facing slopes
(955.3 £ 93.7 trees hafl) was higher than on south-
facing slopes (412.1 +69.1 treesha™ ') as was the
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Site and stand characteristics for mixed conifer forests sampled on south- and north-facing slopes in Yosemite National Park

Site South-facing North-facing
AC1 AC2 SFM1 Average AC3 SFM2 SFM3 Average
Site characteristics
Elevation (m) 1608 1660 1490 1586 1610 1410 1519 1513
Slope (°) 14 22 20 19 12 16 9 12
Aspect (°) 225 180 210 205 1 2 18 7
TRMI 21 12 29 21 45 51 45 47
Site AC1 AC2 SFM1 Average AC3 SFM2 SM3 Average
BA Den. BA Den. BA Den. BA Den. BA Den. BA Den. BA Den. BA Den.
Forest structure and composition
Abco 0.0 0.0 0.4 7.0 0.2 11.0 0.2 6.0 31.0 319.0 9.0 168.0 31.0 4530 23.7 3133
Cade 33.0 2930 38.0 3070 250 781.0 32.0 4603 48.0 1290 380 2950 140 204.0 333 2093
Pila 2.0 50.0 0.1 21.0 0.5 74.0 0.9 48.3 6.0 16.0 4.0 40.0 240 38.0 113 31.3
Pipo 13.0 1490 51.0 4390 39.0 253.0 343 280.3 6.0 8.0 6.0 7.0 120 51.0 8.0 22.0
Psme 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 260 201.0 0.3 6.0 8.8 69.0
Quch 0.3 32.0 1.0 56.0 2.0 53.0 1.1 47.0 0.0 0.0 0.1 7.0 0.0 0.0 0.0 2.3
Quke 1.0 18.0 0.1 7.0 15.0 95.0 5.4 40.0 3.0 120 120 87.0 2.0 13.0 5.7 37.3
Total 49.3 542.0 90.6 837.0 81.7 1267.0 739 882.0 94.0 4840 951 8050 833 7650 90.8 684.7

TRMI is the Topographic Relative Moisture Index (Parker, 1982), which ranges from 0 (xeric) to 60 (mesic). Basal area (BA; m?ha~') and
density (Den.; ha™!) are for trees >5.0 cm DBH. Species acronyms are: Abco: Abies concolor (white fir); Cade: Calocedrus decurrens (incense
cedar); Pila: Pinus lambertiana (sugar pine); Pipo: Pinus ponderosa (ponderosa pine); Psme: Pseudotsuga menziensii (Douglas-fir); Quch:
Quercus chrysolepsis (canyon live oak); Quke: Quercus kelloggii (black oak).

proportion of dead trees in the forest (58.2 + 5.9% in
north-facing and 31.9 £+ 12.5%) (P < 0.05, Kruskal-
Wallis H-test) (Table 2). Ponderosa pine and white fir
were the most frequent dead species on south- and
north-facing slopes, respectively. On all sites, for all
species, dead trees were more frequent in small and
intermediate (5-45 cm DBH) than large (>45cm
DBH) size classes (P < 0.001; Kruskal-Wallis H-
test), except for ponderosa pine (P > 0.05, Kruskal—-
Wallis H-test) (Fig. 3). These data indicate that dead
pine were all sizes whereas dead white fir were mainly
small in diameter.

Table 2

Evidence of bark beetle activity on dead trees was
pervasive. Sixty-two percent of ponderosa pine, and
67% of white fir, had either beetle galleries or pitch
tubes. Furthermore, 16% of the incense cedar was
visibly infected by cedar rust.

3.2. Tree death date record

The date of death was successfully determined for
60% of the dead tree samples (n =706), and dating
was most successful for ponderosa pine (73%,
n =280) followed by white fir (60%, n =259) and

Density (ha™") of live and dead trees (>5 cm DBH) and proportion of dead trees in mixed conifer forests on south- and north-facing slopes in

Yosemite National Park

Site South-facing North-facing

AC1 AC2 SFM1 Average AC3 SFM2 SFM3 Average
Live 542.0 837.0 1265.6 881.3 484.0 805.0 766.3 685.0
Dead 490.9 361.5 383.9 412.1 1087.2 774.1 1004.6 955.3
Total 1032.3 1198.5 1649.5 1293.4 1571.5 1578.1 1770.9 1640.2
Proportion dead (%) 47.6 30.2 23.3 31.9 69.2 49.1 56.7 58.2

See Table 1 for the environmental and stand characteristics for each site.
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Fig. 1. Size-class distribution of live trees on south- and north-facing slopes in mixed conifer forests in Yosemite National Park. See Table 1 for

species acronyms and environmental conditions on each site.

incense cedar (45%, n = 1 14). More death dates were
successfully identified on south-(mean = 66%, range
60-74%) than north (mean = 53%, range = 34-67%)-
facing slopes. Complacent or highly suppressed tree
ring series were the main reasons death dates could not
be determined by cross-dating. Only 17% (n =75) of
the dated samples had evidence of ring erosion. The
earliest identified date of tree death was 1975 and the
latest was 2001, 1 year before data collection. Only
trees with known death dates were included in further
analysis.

3.3. Temporal patterns of tree death

Tree death was episodic and concentrated over an
8-year period between 1986 and 1992. Sixty percent of
the trees died between 1988 and 1991, and another
30% died in 1990, the year with the highest tree
mortality (Fig. 4).

Temporal patterns of tree death were not influenced
by slope aspect. North- and south-facing slopes had
similar (P > 0.05, Kolmogorov—Smirnov two-sample
test) death-date frequency distributions for 12 of 15
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Fig. 2. Age-class distribution of live trees on south- and north-facing slopes in mixed conifer forests in Yosemite National Park. Open bars are
tree ages from cores with a pith and filled bars are tree ages estimated using regression equations for cores without a pith. See Table 1 for species
acronyms and environmental conditions on each site. Note that only every other age class is labeled and that the scale of the vertical axis is

different for each graph.

paired comparisons while site AC1 had a different
death-date frequency distribution (P < 0.05, Kolmo-
gorov—Smirnov two-sample test) than three of the
other sites. Futhermore, temporal patterns of tree
death dates did not vary by species (P > 0.05,
Kolmogorov—Smirnov two-sample test).
Preconditioning, or reduced annual radial growth
before a tree died, was only observed in 33% of the
samples. Reduced radial growth (mean = 2.25 years,

range = 1-4 years) before the date of death was
observed most frequently in ponderosa pine (26%),
followed by white fir (11%) and incense cedar
(10%).

3.4. Drought and tree mortality

Both dry and wet periods occurred in the 70-year
climatic record (Fig. 5). The overall pattern of wet and
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Fig. 3. Size-class distribution of dead trees on south- and north-facing slopes in mixed conifer forests in Yosemite National Park. See Table 1 for

species acronyms and environmental conditions on each site.

dry years, as expressed by PDSI and April snowpack
depths, suggests that short (1-3 years) periods of
either above or below normal moisture conditions are
typically followed by short periods of the opposite
condition. However, between 1987 and 1992 there was
an extended drought and PDSI was below normal for
each of these 5 years and so was April snowpack
depth, except in 1991 (Fig. 5a and b).

Temporal variation in the frequency of tree deaths
was associated with drought (Table 3). Tree death-date
frequency by year for multi-year averages (i.e., 2-5

years) was negatively correlated (P < 0.05) with
annual and seasonal PDSI and April snowpack depth,
and the correlations were stronger for April snowpack
depth than for PDSI. Correlations were not significant
(P > 0.05) for single-year average values. Similarly,
more trees died in years that had below normal annual
and seasonal PDSI and snowpack depths (P < 0.05,
Kruskal-Wallis H-test) (Table 4). Again, the fre-
quency of tree death was associated with below
normal moisture conditions over periods of 2—5 years,
but not for single-years.
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acronyms and environmental conditions on each site.

The associations between annual and seasonal two-year period. Possible errors in the determina-
PDSI and April snowpack depth, and the frequency tion of the date of tree death due to missing rings
of tree deaths by year, were also significant (P < 0.05) do not account for the climate-tree mortality

if the frequency of tree deaths was averaged for a associations.
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4. Discussion

The structure and composition of the forests we
sampled in Yosemite varied with topography in a
manner similar to mixed conifer forests elsewhere in
the Sierra Nevada (Vankat and Major, 1978), and
further north towards the Oregon border in the
southern Cascades (Beaty and Taylor, 2001), and
the Klamath Mountains (Taylor and Skinner, 1998,
2003). Drought tolerant ponderosa pine, sugar pine
and canyon live oak were dominant on xeric south-
facing sites, while Douglas-fir and white fir were more
abundant on mesic north-facing slopes.

The size and age structure of the old-growth stands
we studied are also similar to those described for other
old-growth mixed conifer stands under the influence
of nearly a century of fire exclusion (Parsons and
DeBenedetti, 1979; Savage, 1997; Taylor, 2000;
Taylor and Skinner, 2003). Historically low and
moderate severity surface fires killed mainly seed-
lings, saplings, and small-diameter trees. Thick-
barked, large diameter trees such as large pines
(Pinus spp.) and Douglas-fir are more fire-resistant
than species of fir (Abies spp.) (Agee, 1993). The
presence of large diameter white fir, which is relatively
fire-sensitive, in all stands suggests that the burns were
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Table 3

Association between climatic conditions and number of tree deaths
each year for six mixed conifer stands sampled on south- and north-
facing slopes (combined) in Yosemite National Park

Table 4

Tree death date frequency during periods of below normal, normal,
and above normal climatic conditions in six mixed conifer forest
stands on south- and north-facing slopes (combined) in Yosemite

Climate Time period Pearson correlation
variable coefficient (r)
Tree death Tree death
current 2 year
year average
PDSI Annual, pre. 3 years —0.42" —043"
Annual, pre. 4 years —0.42" —0.40"
Spring, pre. 2 years —0.41" —-0.45"
Spring, pre. 3 years —0.49" -0.50""
Spring, pre. 4 years —0.48" —045"
Spring, pre. 5 years —0.39" —0.37
Summer, pre. 2 years —0.36 —0.40"
Summer, pre. 3 years —0.42" —0.46"
Summer, pre. 4 years —0.43" —0.44"
Summer, pre. 5 years —0.40" —0.41"
Winter, pre. 2 years —0.37 —0.39"
Winter, pre. 3 years —041" —0.40"
Winter, pre. 4 years —0.39" -0.33
Snowpack Pre. 2 years —0.45" —0.54™
Pre. 3 years —0.63" —0.67"
Pre. 4 years -0.70"" —0.69™"
Pre. 5 years —0.64"™ —0.60"

National Park

Climate variable

Mean number of trees

r is the Pearson product-moment correlation (n = 27) of current year
and smoothed 2-year (current year and the previous year) averages of
annual tree death date frequency with contemporaneous and previous
(pre.) years’ averages (2, 3, 4 and 5 years) for annual and seasonal
Palmer Drought Severity Index (PDSI) and April snowpack depth.
Only periods with significant correlations are reported.

" P<0.05.

" P<00L

light and patchy enough to allow white fir to grow to a
fire-resistant size (Agee, 1993). Thus, frequent fire
promoted development of an open forest consisting of
mainly large diameter fire-resistant trees that varied
widely in age (Parsons and DeBenedetti, 1979; Savage,
1997; Taylor, 2000). Due to a lack of surface fires, large
populations of young (<100 years old) fire-intolerant
white fir and incense cedar are now established beneath
an overstory of older pines and incense cedar.
Consequently, the stands are experiencing a shift in
proportional abundance from mixed forests dominated
by pine and incense cedar to forests dominated by
incense cedar and white fir. We did not develop a fire
history for each of our sites, but the frequency and
extent of fires prior to the fire suppression period has
been quantified in mixed conifer forests in other areas of

Below Normal Above
normal normal
Tree death, current year
PDSI
Annual, pre. 3 years” 27.4 3 6.5
Spring, pre. 3 years” 32.5 33 59
Spring, pre. 4 years" 25.8 45 4
Summer, pre. 2 years" 29.6 43 6
April snowpack depth
Pre. 4 years” 28.7 7.3 7.2
Pre. 5 years” 22.4 9.8 9.3
Tree death, 2 year average
PDSI
Annual, pre. 3 years” 54.1 2.1 3.6
Spring, pre. 3 years” 63.4 7.8 12.5
Spring, pre. 4 years” 50.4 21.8 11.5
Summer, pre. 2 years” 59.4 8.3 11.9
April snowpack depth
Pre. 4 years”™ 545 17 15.3
Pre. 5 years™ 42.3 23.5 19.8

Current year and smoothed 2-year (current year and the year before)
averages of annual tree death date frequency were compared
(Kruskal Wallis H-test) with contemporaneous and previous
(pre.) years’ averages (2, 3, 4 and 5 years) for annual and seasonal
Palmer Drought Severity Index (PDSI) and April snowpack depth.
Only periods with significant differences are reported

© P <0.05.

" P <00l

Yosemite (Caprio and Swetnam, 1995). In these
Yosemite mixed conifer stands, low and moderate
severity surface fires burned every 5-12 years, on
average, and fire was virtually eliminated from them
after 1890. The onset of widespread tree establishment
in our stands corresponds with the cessation of fire and
the beginning of the fire suppression period.

Fire exclusion in Yosemite mixed conifer forests
has caused stand density to increase dramatically and
this may have predisposed the forest to high mortality
from drought. A comparison of our forests with those
that have not experienced fire suppression manage-
ment in the San Pedro de Martir Mountains in northern
Baja California, Mexico illustrate this point. The
average density of live trees in Yosemite mixed conifer
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forests is 783 treesha ' (range = 484-1267 trees
ha™'), five- to 10-fold greater than the density
(range = 82174 trees ha™ ') in mixed conifer forests
in Baja California (Savage, 1997; Minnich et al.,
2000). Similarly, the average basal area of 82.4 m”
ha™! (range = 49.3-95.1 m? ha™!) in our stands is two
to three-fold greater than the basal area (26.2—
46.0m*ha~") of Baja California forests (Savage,
1997; Minnich et al., 2000). The density (trees hafl)
of standing dead trees, which is an index of recent tree
mortality, was also much higher in Yosemite. On
average, Yosemite forests have >100-fold more dead
trees (mean = 730 trees ha~') than Baja California
forests (3-23 trees hafl) (Savage, 1997; Maloney and
Rizzo, 2002; Stephens, 2004).

Recent tree mortality in old-growth mixed conifer
stands in Yosemite was synchronized by a sustained
period of drought when PDSI and April snowpack
depth were below normal. In the Mediterranean
climate of the Sierra Nevada, precipitation input to the
ecosystem occurs mainly in winter. Consequently,
April snowpack depth and spring and early summer
temperatures are critical determinants of annual site
water availability and the length and intensity of
summer drought (Stephenson, 1990; Dettinger and
Cayan, 1995). Our results indicate that co-occurring
periods of high spring and summer temperatures and
low annual and seasonal precipitation triggered high
tree mortality. However, mortality was not simply
associated with dry years. Statistically significant
associations between low moisture and high tree
mortality were only found for multi-year periods. This
indicates that although any annual drought may be
severe, elevated tree mortality is mainly associated
with dry conditions over extended periods.

Intense competition for water in the very dense
forests in Yosemite probably increased their vulner-
ability to drought triggered dieback. In dense stands,
increased water stress during drought increases the
susceptibility of trees to mortality factors (Gerecke,
1990; Ferrell, 1996; Allen and Breshears, 1998). In
northern Baja California, mixed conifer forests
experienced the same 1987-1992 drought as forests
in Yosemite. Yet, tree mortality was not extensive nor
were there insect outbreaks as in California forests
(Savage, 1997; Minnich et al., 2000; Maloney and
Rizzo, 2002; Stephens, 2004). Fire suppression, by
increasing tree density, appears to have predisposed

Yosemite forests to high tree mortality. Thus, fire
suppression amplified the effects of the 1987-1992
drought that triggered widespread tree mortality. The
attack of cambium-feeding bark beetles (Dendrocto-
nus spp.) was probably the ultimate cause of tree
mortality, but prolonged water stress from drought
increases the susceptibility of trees to insect attack
(Mattson and Haack, 1987, Ferrell et al., 1994, Ferrell,
1996). During the extended 1987-1992 drought bark
beetle outbreaks were observed elsewhere in the Sierra
Nevada and in the San Bernadino Mountains where
they triggered widespread tree mortality in some areas
(CFPC, 1970-1997; Savage, 1994; Ferrell, 1996). In
the northern Sierra Nevada, 15% of the standing
timber volume was killed by insect attacks during the
1987-1992 drought (Macomber and Woodcock,
1994).

Topographic characteristics such as slope aspect
and slope position are known to influence soil
moisture availability in mountainous terrain (Stephen-
son, 1990), and spatial patterns of tree mortality and
topography are associated in some forest ecosystems.
For example, in a Pacific Northwest Douglas-fir forest,
tree mortality caused by bark beetles was higher on
xeric east and south-facing slopes than on more mesic
north-facing slopes (Powers et al., 1999). Similarly, in
Metrosideros sp. forests in the Hawaiian Islands
(Akashi and Mueller-Dombois, 1995) and in New
Zealand (Jane and Green, 1983), patterns of tree
dieback vary with slope configuration which appears
to modulate tree mortality associated with cohort
senescence, especially on poorly drained soils. In
Southwestern USA ponderosa pine forests, drought
triggered more rapid and severe tree mortality on xeric
low elevation sites than at higher elevation (Allen and
Breshears, 1998). In Yosemite, the temporal pattern of
tree mortality was similar on south- and north-facing
slopes. This suggests that topography had a limited
effect on the timing of tree mortality because of the
strong and coincident effects of drought and insect
outbreak on mortality in the dense stands. The higher
density of dead trees and the higher dead to live ratio
of trees on north than south-facing slopes suggests,
however, a topographic influence on the magnitude of
drought-induced tree mortality. The greater mortality
on north than south-facing slopes is probably related
to how site quality affects stand composition and
density, especially during a period of highly altered



242 A. Guarin, A.H. Taylor/Forest Ecology and Management 218 (2005) 229-244

fire regimes. Prior to fire exclusion, low to moderate
severity surface fires burned frequently through mixed
conifer stands in Yosemite (Caprio and Swetnam,
1995) and these fires would have been particularly
effective at thinning fire sensitive white fir and incense
cedar seedlings and saplings, the dominant species on
north-facing slopes. With fire exclusion, forests on
mesic north-facing slopes increased more in density
than on xeric south-facing slopes. Thus, competition
between trees on north-facing slopes was probably
more intense and this lead to higher mortality on
north-facing slopes during the subsequent drought.
This suggests that spatial patterns of drought-induced
mortality may vary considerably between types of
forests depending on initial site conditions and how
forests respond to land use changes such as fire
suppression.

Our results may have important implications for
conifer forest dynamics under changing climate
regimes. Climate change influenced by greenhouse
gas emissions (for example, 2 x CO, scenario) is
expected to increase average temperatures in Cali-
fornia by about 2.4 °C in the next 100 years, but the
prevailing precipitation regime is not expected to
change (Leung and Ghan, 1999; Dettinger et al.,
2004). Warming is predicted to cause earlier spring
snowmelt, a trend that has already been observed
(Dettinger and Cayan, 1995), and this is likely to
increase the length and severity of summer droughts
that are experienced by Sierra Nevada forests
(Knowles and Cayan, 2002; Dettinger et al., 2004).
Drought-triggered mortality may become more fre-
quent and severe (Auclair et al., 1992). This seems
likely given the high forest density found in the Sierra
Nevada that has resulted from fire suppression
(Weatherspoon et al., 1992), and the amplifying effect
of drought on tree mortality, especially on mesic sites,
we identified in dense Yosemite forests. Consequently,
drought associated with greenhouse gas induced
climate change has the potential to cause rapid
vegetation change through drought-induced forest
dieback as different species replace contemporary
forest dominants. Similar interactions among fire
exclusion, forest density, drought, and insect out-
breaks are associated with tree mortality in ponderosa
pine and pifion pine-juniper (Pinus spp. —Juniperus
spp.) forests in the arid southwestern USA (Allen and
Breshears, 1998) and in mixed conifer forests in

southern California (Savage, 1994). Moreover, the
increase in dead fuels caused by widespread tree
mortality increases the risk and hazard of stand-
replacing fire in forests that historically experienced
mainly low and moderate severity surface fires. Thus,
fire suppression may not only have caused changes in
the structure and composition of forests, it may have
altered the historical response of forests to climate
variation. Drought induced tree mortality in Yosemite
mixed conifer forests highlights the importance of the
interaction between the historical legacy of fire
suppression and the exogenous control of climate
variation as a driver of vegetation change.
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