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HOLOCENE DYNAMICS OF TREELINE FORESTS IN THE SIERRA NEVADA
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Abstract. We reconstructed a 3500-yr history of fluctuations in treeline elevation and
tree abundance in the southern Sierra Nevada. Treeline elevation was higher than at present
throughout most of the last 3500 yr. Declines in the abundance of live trees and treeline
elevation occurred twice during the last 1000 yr: from 950 to 550 yr BP and from 450 to
50 yr BE. The earlier decline coincided with a period of warm temperatures (relative to
present) in which at [east two severe, multidecadal droughts occurred. This decline was
apparently triggered by an increase in the rate of adult mortality in treeline forests. The
more recent decline occurred during a period of low temperatures lasting for up to 400 yr
and was apparently caused by a sustained failure of regeneration in combination with an
increased rate of adult mortality. The apparent past importance of precipitation in controlling
the position and structure of the treeline ecotone suggests that climatic controls over treeline
may be more complex than previously thought. In the Sierra Nevada, responses of high-

elevation forests to future warming may depend strongly on water supply.
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INTRODUCTION

Significant variation in global climate has occurred
on decadal to centennial time scales during the last
3000 yr (Hughes and Diaz 1994, Briffa et al. 1995,
Hughes and Graumlich 1996). Biotic responses to cli-
mate variation at these frequencies are not yet well
understood. Modern ecological siudies typically focus
on biotic responses to inter- or intraannual climate vari-
ation {e.g., Pake and Venable 1995) and palececolog-
ical studies, constrained by limits on temporal reso-
lution, often emphasize ecalogical effects of millen-
nial-scale climate variation {e.g., Gagnon and Payette
1681, Spear 1989, 1993, Moser and MacDonald 1990,
Scuderi 1994, Kullman 1995b). The pace and pattern
of biotic response to climate variation on scales of
decades to centuries is highly relevant to understanding
the potential ecological coensequences of anthropogen-
ically indnced climate change. In the research reported
here, we investigate decade-to-century scale changes
in the position of the treeline ecotone and the structure
of treeline forests in the southern Sierra Nevada during
the late Holocene.

The late Holocene provides an excellent context in
which to identify correlations between ecological
change and climate variation at intermediate frequen-
cies of decades to centuries, for two reasons. First,
climate history for some regions, such as western North
America, is especially well known for the late Holocene
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and has been derived from both biological indicators
(e.g., tree rings) and physical indicators (e.g., lake sed-
iments). Paleoclimatic records for the last few millen-
nia are generally well dated and often have enough
resolution to discern annual (e.g., Briffa et al. 1992)
and decadal-scale climate variation (e.g., Stine 1994,
Hughes and Graumlich 1996}, The multiple data
sources used in reconstructions of late Holocene cli-
mate frequently allow climate history to be inferred
independently of ecological history, and thus permit
comparisons of independent records of physical envi-
ronmental change and biotic change. Second, the high
temporal resolution of late Holocene palececological
records allows more reliable inference of ecological
pracesses from reconstructed paiterns (Payette and
Gagnon 1985, Payette et al. 1985, 1989, Kullman
1986a, b, 1987, Jackson et al. 1988, Campbell and
McAndrews 1993, Graumlich and Davis 1993, Payette
and Morneau 1993). The wealth of largely independent
climatic and ecological histories covering the late Ho-
locene therefore provides an excellent, and largely un-
exploited, resource with which to explore how ecolog-
ical change may be related to decadal- and centennial-
scale trends in climate.

Patterns of plant population response to climate vari-
ation are most easily observed at climatically deter-
mined ecotones where the abjotic environment is the
nltimate contrel ever ecological processes (e.g., Del-
court and Delcourt 1992, Risser 1995). Altitudinal iree-
line is one such ecotone that has been particularly well
studied to understand the sensitivity of plant popula-
tions to climate variation. Despite the complexities in
determining proximal mechanisms of climatic control
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aver treeline position, the overriding influence of cli-
mate on tree growth and survival at treeline is indicated
at physiological, population, and landscape scales (Kli-
koff 1965, Schulze et al. 1967, Wardle 1968, Marr
1977, Tranquillini 1979, Black and Bliss 1980, Hasler
1982, Hadley and Smith 1983, 1986, Kullman 19864,
Earle 1993). Seedling establishment above treeline and
the formation of upright stems on shrubby, prostrate
krummholz trees at a number of sites coincide with late
20th-century warming, adding to the evidence that tem-
perature may exert direct control aver treeline position
(Griggs 1934, Brink 1959, Patten 1963, Bray 1971,
Franklin et al. 1971, Gorchakovsky and Shiyatov 1978,
Payette and Filion 1985, Kullman 19865, Magee and
Antos 1992). The sensitivity of treeline forests to cli-
mate is also suggested by paleoecological studies that
demonstrate that millennial-scale fluctuations in the el-
evation of treeline often coincide with millennial-
length trends in temperature (Bryson et al. 1965,
LaMarche and Moaney 1967, Denton and Karlen 1977,
Spear 1989, Moser and MacDonald 1990, Elias et al.
1961, Kullman 19954).

Shifts in the position of ecotones are easily docu-
mented from paleoecological records because they can
be reconstructed with presencefabsence data. However,
ecotonal shifts ultimately result from environmental
influences on population-level and physiological pro-
cesses. Changes in the position of an ecotone can be
decomposed into two linked processes: changes in
abundance and changes in distribution of individuals.
The history of abundance variation at marginal sites
may provide a more complete record of the pace and
pattern of biotic response to climate variation than does
the history of distributional changes. However, evi-
dence of changing abundance is poorly preserved in
paleoecological records, so¢ opportunities to examine
these more subtle changes in vegetation structure over
long time spans are few.

In the Sierra Nevada of California, dead trees at high
elevations are preserved in situ for millennia. Dead
trees located above current treeline testify to the dy-
namic behavior of treeline in the recent past. Recent
seedling establishment above the current elevational
limit of adult trees at these same sites suggest ongoing
change at the ecaotone (A. H. Lloyd, unpublished manu-
script). The paleoecological record preserved in dead
trees in the southern Sierra Nevada is highly resolved
spatially and temporally, providing a unique opportu-
nity to reconstruct fine-scale changes in the structure
of treeline forests and the position of this treeline eco-
tone. Abundant paleoclimatic information from the Si-
erra Nevada (Graumlich and Lloyd 1996), allows com-
parison of ecological history with an independent his-
tory of climate. In this research, we investigated three
questions. (1) How has the abundance of trees beyond
the current distributional limirs of subalpine forests
changed over the last few millennia? (2) How do
changes in tree abundance relate to changes in levels
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of recrnitment and mortality? (3) How has the position
of the treeline ecotone changed over the last few mil-
lennia?

MEeTHODS
Study area

We condncted this study on the eastern crest of the
Sierra Nevada in Sequoia National Park, California,
United States (Fig. 1). Treeline elevation is between
3300 and 3500 m. Trees are frequently absent from
valley battoms and east-facing and north-facing slopes
at elevations >»3100 m. Treeline forests here are mono-
specific stands of foxtail pine (Pinus balfouriana Grev.
& Balf.). Because foxtail pine does not generally adopt
the krummbholz growth form characteristic of many
high-elevation tree species, treeline is an abrupt bound-
ary in this area. The forests are open and have a low
density of trees (50-100 trees/ha) with a sparse her-
baceous understory. Herbaceous plants above treeline
are scarce, occurring in densities considerably less than
1 plant/m?.

High elevation and the rain-shadow effect from the
western peaks of the Sierra Nevada create a cold and
dry climate at treeline in the eastern Sierra Nevada.
Snowpack varies greatly from year to year. Average
maximum snowpack (% 1 sp) ranges from 157.6 =
74.8 cm at our northernmost sites to 140.0 = 68.3 cm
at our southernmost sites (1948—1994 data; State of
California Department of Water Resources, umpub-
lished data 1996).

Sampling

We selected five study sites at which to recongtruct
past changes in tree abundance and treeline position
along the eastern ridge of the southern Sierra Nevada
(Fig. 1). We systematically selected sites at upper tree-
line that had similar topography (Table 1) and evidence
of past movements of treeline, as indicated by the pres-
ence of dead wood above current treeline. We avolded
areas such as landslide chutes where position of dead
trees may have been substantially altered. However,
some downslope movement of trees may have occurred
at our sites, so elevations reported here are minimum
estimates of the elevation at which each tree grew.

All study sites were located in areas that are currently
treeless. All but one are immediately adjacent to for-
ested areas (Table 1). Three study sites were located at
altitudinal treeline (Fig. I, Upper Treeline 1, 2, and 3).
We sampled other topographic expressions of treeline
at two addirional study sites (Fig. 1, East Slope and
Meadow). The East Slope site is an area where there
1 a forest edge associated with a change from a south-
facing to east-facing slope. The Meadow site is an area
where there are dead trees within a now-treeless, flat
valley battom. The five sites are clustered into a south-
ern. group, consisting of Upper Treeline 1 and 2, and
a northern group, consisting of the remaining three
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Location of study sites in Sequoia National Park. The inset shows the location of the study area in California.

River drainages are indicated by the light gray lines. The Great Western Divide, indicating the major crest of the Sierra
Nevada, is indicated by the solid black line. Major peaks in the area are indicated by triangles. Stars show the position of
sites. Upper Treeline 3 and the East Slope sites are <1 km apart, so are indicated by a single symbol.

sites. The two clusters of sites are separated by = 20
km. With the exception of Upper Treeline 3 and East
Slope, all sites are separated by a minimum of | km.

We located a single plot {1-4 ha) at each site. A site
is therefore our sampling unit, and within each site a
complete sample was conducted. The density of dead
trees at each site varies from 10 to 70 trees/ha (Table
1). Except at the Meadow site, plots directly abutted
current treeline. The plots extended to the maximum
elevation, or at the East Slope site to the eastern extent,
at which dead wood was found. Within each plot, we
mapped the position of all dead wood and removed at

least one increment core from each piece that was
sound enough to be cored. We noted degree of decay
(presence of sapwood, surface texture, color, extent of
center rot) of each sampled tree. We examined each
specimen prior to coring in order to select the radius
most likely to contain the maximum number of rings.
We aobtained increment cores from >90% of all dead
irees at each site.

Data analysis

To determine the calendar year of each tree’s inner
and outer ring, we measured ring widths in each in-

TABLE 1. Sequora National Park study plot characteristics.

Elevational
Distance change
from cur- from
rent to current ta
Dead tree  maximum — maximum
Elevation  Aspect  Plot size density paleq- paleq-
Site {m) (degrees) {ha) (trees/ha) treeline {m) treeline {m}
Uppear Treeline | 3420 270° 36 24.16 180 54
Upper Treeline 2 3560 230° 5.6 10.89 280 94
Upper Treeline 3 3510 paliy 30 54.6 150 51
East Slope 3490 80° i.6 68.75 320 N/A
Meadow 3445 N/A 1.023 47.8 =500 N/A

Note: Elevation, except for the Meadow site, is the elevation of the lowest edge of the plot.
No aspect is indicated for the Meadaw plot, because it is on a flat valley bottom. The distance
from current to maximum paleo-treeline is the distance to the nearest living forests. At the
meadow site, there is no evidence that the sampled area was ever contiguous with the nearest
living forests. Maximum paleo-treeline is defined as the elevation of the highest dead tree in
the plot and is assumed to represent the highest elevation of treeline during the mid to late

Holocene.
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TanLE 2. Results of crossdating.

Number
of Range of outer
Site samples % dated ring dates {yr BP)

Upper Treeline 1 88 &0 4925—-present
Upper Treeline 2 61 &7 5046-85
Upper Treeline 3 164 33 5182-124
East Slope 110 72 1951-234
Meadow 49 57 3552-564

Nore: Total numbers of samples from which we obtained
increment cores are given. Dated samples are those to which
we could confidently assign an inner and outer ring date by
crossdating. The range of outer ring dates is expressed as
calendar-years before present and is based on the corrected
auter ring dates.

crement core and crossdated those ring widths against
foxtail pine and bristlecone pine (Pirus fongaeva D.
Bailey) chronologies from nearby sites (LaMarche
1974; D. Graybill and G. Funkhouser, unpublished
data, A. H. Lloyd and L. J. Graumlich, unpublished
dara). Crossdating was accomplished using the com-
puter program Cofecha (Holmes 1995), which statis-
tically matches undated samples against samples for
which exact dating has been established. Dates ob-
tained with computer crossdating were subsequently
confirmed by visually comparing undated and dated
samples (Stokes and Smiley 1968). In this manner, we
were able to date 53—-72% of samples at all sites (Table
2). From calibrated decay classes, we determined that
the majority of undated samples predated the period of
this reconstruction {data not shown), and are therefore
unlikely to canse a systematic error in our interpretation
of ecological changes in the last 3500 yrs.

As a result of pre- and postmortem decay, inner and
outer ring dates established for each tree by crossdating
are not exact establishment and mortality dates. The
innermost wood in many dead trees was too decayed
to sample with an increment corer, so the inner ring
date obtained in our sampling is an unknown number
of years from the true pith date of the sample. Because
we were generally unable to estimate the distance from
the innermost sampled ring to the pith of the tree, we
did not correct inner ring dates to estimate the true
estahlishment date, and therefore use caution in inter-
preting the precise timing of tree establishment. Be-
cause of pastmortem decay of outer-surface wood, and
premortem decay if the tree suffered from cambial die-
back (strip-barking) while alive, the outer ring date of
our sample is in most cases not the true mortality date.
Based on the observed condition of each tree, we ap-
plied two corrections to the outer ring date to obtain a
closer estimate of the true mortality date. First, the
outer ring date of all samples lacking sapwood, iden-
tifiable by a color change in the wood of both live and
dead trees, was adjusted for loss of sapwood. A site-
specific sapwood adjustment factor was estimated as
the mean number of sapwood rings in an all-aged sam-
ple of live trees at current treeline at each site. The
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adjustment ranged from 68 * 0.1 to 70 = 0.2 yr {mean
* 1 sg). Second, we adjusted the samples for rings not
sampled on the outer wood surface. We scored each
tree as having a surface that was furrowed (surface
primarily covered by deep furrows), feathered (long,
thin strips of wood peeling off the surface), or smooth.
Because increment cores were always removed from
within a furrow (= 3 cm deep), outer dates on furrowed
logs were adjusted for rings not sampled. Feathered
samples were corrected for the loss of rings in the outer
1 ¢m that crumbled during sampling. No rings were
lost during the sampling of trees with smooth surfaces.
We calculated years lost due to surface condition by
multiplying the estimated wood lost from its surface
(0, 1, or 3 cm} by average growth rate {(number of rings
per centimeter) of each tree. Sapwood corrections and
corrections for surface condition are additive. The total
correction to outer ring date applied to dead trees
ranged from O yr (for trees with sapwood) to =220 yr
(for furrowed trees with no sapwood). The average cor-
rection applied to each tree ranged from a low of 109
* 5 yr for trees at Upper Treeline 1 to a high of 129
= 3 yr {mean */sE) for trees at Upper Treeline 2. These
corrections were added to the crossdated outer ring date
to obtain an estimated mortality date for each tree.

To account for the error involved in estimating death
dates, we analyzed our data using 100-yr time steps,
assuming that a tree’s true death date falls within the
100-yr interval to which it is assigned. In order to
evaluate the sensitivity of our results to errors in es-
timating death date, we repeated our analyses using
time intervals of 50 and 200 yr (data not shown). These
analyses, which assumed we had twice (50-yr intervals)
or half (200-yr intervals) the precision we report in this
paper (100-yr intervals), led to inferences identical to
those presented here, indicating that our results are
robust to relatively large errors in death date estimates.
The reconstruction with 200-yr time intervals, for ex-
ample, had the effect of smoothing the time series but
did not alter our inference about the timing or climatic
correlates of episodes of changing forest structure. The
use of a 100-yr time step implies that we can confi-
dently resolve only those changes occurring on 100-yr
or greater time scales. We concentrate, therefore, on
identifying long-term trends in forest structure and dis-
teibution. In addition, becanse error is likely to be great-
est for the oldest samples, we have restricted our com-
parisons of paleoecological and paleoclimatic data to
the last 2,000 yr.

Time is expressed in this paper as calendar years
before present (yr BP), with AD 1950 as the zero year.
Dates refer to the beginning of a 100-yr time interval
(e.g., 30 yr BP is the period from AD 1900 to 1993,
150 yr BP is the period from AD 1800 to AD 1900).

We estimated abundance by calculating the number
of trees that were alive during each 100-yr time interval
from 3500 yr ago to present. Abundance estimates are
subject ta two specific errors. First, our sample is biased
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toward larger trees. Saplings and small adults are likely
to decompose more rapidly than large adults, resulting
in their systematic exclusion from our sample. Second,
the record fades over time because of the decomposi-
tion of all wood. Qur sample therefore includes an in-
creasing proportion of the original forest through time
and would be expected, as a result of decomposition
alone, to indicate a trend of increasing tree abundance
through time. Although we have dated trees as far back
as 4282 yr BP {Table 2), we truncated our analysis at
3450 yr BP in order to minimize the influence of the
fading record.

We estimated treeline position at 100-yr intervals
from the mapped position of live trees during each
interval. In order to acconnt for fine-scale variation in
the elevation of treeline, we divided the map of each
plot into four equal-sized sectors, each extending from
the current forest edge up the slope to the upper edge
of the plot. Treeline elevation is estimated for each time
interval as the mean of the elevation of the highest live
tree in each of the four sectors. At the East Slope site,
sectors extended laterally to the easternmost edge of
the plot. The standard deviation of the mean quantifies
the variance in trecline elevation among sectors within
each plot. This method serves the dual purpose of ac-
counting for the irregular shape of treeline and mini-
mizing the influence of isolated individuals beyond the
actual faorest limit. We did not reconstruct spatial
changes at the flat, isolated Meadow site.

Statistical analyses

The goal of the statistical analyses in this study was
to objectively define periods when changes in forest
structure and position were similar among sites. Au-
tocorrelation functions indicated significant first- and
second-order autocorrelation in the time series of
changing abundance and treeline elevation, so we were
unable to use parametric tests. We transformed the time
series of position and abundance to first differences,
caded them as either positive, negative, or no change,
and used a modified sign test (Sokal and Rohlf 1981)
ta compare sites. This approach is useful in allowing
us to distinguish. periods in which the changes among
sites are likely to be noise, i.e., due to chance, from
thase that are unlikely to be due to chance alone. We
compare our observed data to a null model in which
sites are independent and each outcome (positive, neg-
ative, or no change) is equally prebable in any time
interval. To identify periods in which sites were more
similar than would be expected by chance alone, we
estimated the probability that 1, 2, 3, 4, or 5 sites would
have the same value (positive, negative, or no change)
for a given time period. The probability, fer example,
of any one site having a positive sign in time period ¢
is 0.333. The probability of having three sites with a
positive sign during the same time period is therefore
0.3337, or 0.037. Using a probability threshold of P <
0.05, we established the criterion that synchronous pe-
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riods were those in which three or more sites had the
same value (positive, negative, or no change). We will
use “synchronous™ to describe those periods in which
three or more sites exhibit the same behavior.

RESULTS
Changes in tree abundance

Live trees grew beyond the cnrrent treeline at all
sites for most of the last 3500 yr (Fig. 2). Synchronous
increases in tree abundance above current treeline, each
affecting at least three sites, occurred from 2050 to
1850 yr BP, from 1750 to 1650 yr BF, and from 1450
to 1050 yr BP (Fig. 2). Within each site, episodes of
increasing abundance persisting for >200 yr occurred
at various times beiween 2350 and 1450 yr BP at the
three northern sites (Upper Treeline 3, East Slope, and
Meadow) and between 1450 and 1050 yr BP at all sites
except Upper Treeline 3 {Tables 3).

Synchronous declines in tree abundance occurred
from 3150 to 3050 yr BP, from 950 to 550 yr BP, and
from 450 yr BFP to present (Fig. 2). Long-term declines
in tree abundance occurred between 2050 and 1750 yr
BP at the two southern sites {Upper Treeline 1 and 2)
and at various times since 950 yr BP at all sites (Table
3.

Patterns of changing tree abundance at each site were
most similar to those of neighboring sites, regardless
of the type of ireeline involved (Fig. 2). For example,
patterns of changing abundance at Upper Treeline 3,
East Slope, and Meadow sites are very similar, although
each is a different type of treeline (i.e., elevational vs.
aspect-related vs. locally inverted).

An early peak of abundance at the two southernmost
sites (Upper Treeline 1 and 2) indicates that forests
existed above current treeline for at least several cen-
turies before 2050 yr BP (Fig. 2). Approximately the
same number of trees were alive at the Upper Treeline
3 site during the early part of this episede {e.g., prior
to 3050 yr BP), suggesting that forests may have ex-
isted at all three upper treeline sites daring the early
part of the record. The disappearance of these forests
was somewhat, although not always, synchronous
among sites. Abundance declined from 2550 to 2250
yr BP at Upper Treeline 2 and from 2050 to 1750 yr
BP at both Upper Treeline 1 and 2 (Table 3). Minimum
abundances were reached at both sites during the in-
terval AD 200 to AD 300 (Fig. 2).

At all five sites, a second period of high tree abun-
dance beyond current treeline occurred between 1250
yr BP and 750 yr BP (Fig. 2). The demise of these
forests accurred over several hundred years after 950
yr BP. At the Meadow site, abundance began to decline
after 950 yr BP and all trees at the site had died by
350 yr BP (Fig. 2). At two sites, Upper Treeline 3 and
East Slope, abundance declined continuously from 850
to <100 yr BP (Table 3). At Upper Treeline 2, abun-
dance declined from 10350 te 650 yr BP, and sporadic
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periods of declining abundance occurred thereafier.
Synchronous declines began again after 450 yr BP, and
all trees had died at all sites by 50 yr BP (Fig. 2).

Levels of recruitment and mortality

Time periods in which synchronous increases in tree
abundance oceurred were also characterized by periods
of high recruitment and low (<25%) or no mortality
(Fig. 3). Time periods in which synchronous declines
in tree abundance occurred were associated with two
distinct modes of population-level respense. First, as
exemplified by the decline from 950 to 550 yr BP,
recruitment remained high, but mortality increased
from low or none te >50%. Second, as exemplified by
the decline after 450 yr BP, recruitment dropped to low
levels and eventually to zero and mortality increased
to moderate and then high rates (Fig. 3).

Changes in treeline position

Patterns of change in treeline position during the last
3500 yr were characterized by a few distinct periods
of synchronous change interspersed with multi-century
periods of stasis {Fig. 4). Changes in elevation accurred
simultanecusly with changes in abundance, but were
typically of shorter duration (Table 3). Synchronous
increases in treeline elevation occurred from 2250 to
2150 yr BP and from 1150 to 1050 yr BP (Fig. 4).
These events were generally of small magnitude (e.g.,
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Fig. 2. Abundance of live trees in study
plots in currently unforested areas. Abundance
is the minimum number of trees that were alive
during any part of each 100-yr time interval.
Dates on the x axis are the first year, in units of
years BP, of each 10Q-yr time interval; A.D.
1950 is the zera year. Thus 50 yr BP is the
interval from AD 1900 ta present. Note that the
seale of the y axis differs among sites. Periods
of synchrony among sites, as determined by a
modified sign test, are indicated by the shaded
rectangles. Rectangles shaded by vertical lines
indicate synchronous declines, and rectangles
with cross-hatching indicate synchronous in-
creases.

."III.,,.,.
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|
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<5 m change). Synchronous decreases in the elevatjon
of treeline occurred from 850 to 750 yr BP, from 550
ta 450 yr BE, and from 250 to 50 yr BP (Fig. 4).

DIscuUssIioN
Patterns of change at treeline

Synchrony among the different topographical ex-
pressions of treeline studied here {upper treeline, as-
pect-related treeline, lake basin treeline) indicates that
past changes in ecotone position involved the expan-
sion of subalpine forests across a complex topography
rather than simple upward movements of the forest
border. Relatively small changes in the elevational Himit
of subalpine forests may have therefore corresponded
to large changes in total forested area at high eleva-
tions, as farests spread onto east-facing slopes and into
valley bottoms as well as upslope.

The local and regional synchrony of changes in tree-
line forests in the Sierra Nevada during the last 3500
yr implies a common control, most likely climatic, over
treeline movements. Errors in determining the timing
of climate events and estimating tree death dates pre-
vent us from correlating ecological changes with short-
duration climate events (e.g., extreme single-year
events; Minnich 1984), and we therefore restrict com-
parison of our data to climate events persisting for
decades or longer. Such a comparison yields hypath-
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TaerLe 3. Long-term trends in tree abundance and treeline elevation.

Abundance Elevation
Site Positive trend  Negative trend Positive trend  Negative trend
Upper Treeline 1 1450-1050 2050-1730 350-50
350-50
Upper Treeline 2 13501050 2330-2250 2450-2150
2050~17350 2050-1750
1050-650
Upper Treeline 3 3550-3250 3250-2850 25530-2250 350~-30
2650-1550 830-30 1350-1050
2050-1450
East Slope 2350~-1650 850-150 2450-1950 650-150
1450-1150
Meadow 2150-1850 1750~1450 N/A N/A
1450-1050 350-530

Note: Long-term trends are perieds in which direction of change (positive or negative)} is
constant for 300 yr or more. Time periods are expressed as calendar-years before present {yr

BP; see Methods: Data analysis).

eses about general climatic controls over treeline dy-
namics, but does not permit us to identify the specific
climate events that lead to change at treeline. The po-
tential far circularity exists in comparisons of our rec-
ord of foxtail pine forest history with a climatic history
derived in part from foxrail pine ring-widths (Graum-
lich 1993, Scuderi 1993). We have attempted to avoid
such circular inferences by using a climate history from
multiple proxy data sources, in¢luding tree ring records
of multiple species (foxtail pine, bristlecone pine, giant
sequeia [Sequoiadendron giganteum), western juniper
[Juniperus occidentalis]) and geomorphic records (gla-
cial history, lake sediments; Curry 1969, Graumlich
and Lloyd 1996).

Previous retrospective studies have concluded that
increases in treeline elevations are associated with ex-
tended warm periods (LaMarche and Mooney 1967,
Denton and Karlen 1977, Kullman 19864, 19954, Scu-
deri 1987h, Payette et al. 1989, Shiyatov 1993). Evi-
dence linking treeline forest expansion to warm tem-
peratures is ambiguous in this study due to a lack of
cansensus in the paleoclimatic reconstructions, The in-
crease in tree abundance and treeline elevation that we
have identified hetween 2050 and 1850 yr BP corre-
sponds to a peried of relatively warm temperatures in-
ferred from bristlecone pine ring-widths in the adjacent
White Mountain range {LaMarche 1974). The episode
of increasing tree abundance between 1450 and 1050
yr BP, however, corresponds to a period in which con-
flicting inferences have been made from paleoclimatic
proxies. A recenstruction of summer temperatures from
treeline foxtail pine ring widths indicates that the pe-
riod from 1550 to 1150 yr BP is dominated by positive
temperature anomalies relative to the 20th century
{Scuderi 1993). In contrast, inference from bristlecone
pine ring-widths suggests that the period from 1650 to
1050 yr BP was cooler than present {LaMarche 1974).
If Scuderi's {1993) reconstruction describes climaie at
our sites during thac time, then the hypothesis that the
expansion of subalpine forests is always associated

with warm temperatures is supported by this study. If
LaMarche’s {1974) reconstruction describes climate at
our sites during that time, then our data fail to support
the hypothesis.

Synchronous declines in tree abundance from 950 ta
550 yr BP and in treeline elevation from 850 to 750
yr BP are associated with warm, dry conditions.
Warmth in this period is inferred from climatic recon-
structions from foxtail pine, western. juniper, and bris-
tlecone pine ring-widths (LaMarche 1974, Graumlich
1993, Scuderi 1993). The warm temperatures were ac-
companied by severe, multi-decadal droughts, the mag-
nitude and duration of which exceeded any experienced
during the 20th century. Dry conditions at this time are
indicated by lake-level records from nearby Mono Lake
(Stine 1990, 1994), low-elevation bristlecone-pine
ring-widths (LaMarche 1974), and precipitation recon-
structions from tree-rings of western juniper, foxtail
pine, bristlecone pine, and giant sequoia from the Sierra
Nevada and adjacent White Mountains (Hughes and
Brown 1992, Graumlich 1993, Hughes and Graumlich
1996).

Evidence suggests that the influence of temperature
on treeline dynamics may be moderated by other cli-
matic factors such as wind, moisture, and snowpack
distribution (Minnich 1984, Spear 1989, Earle 1993).
To our knowledge, -however, no previous study has
1dentified drought as a correlate of treeline decline. The
coincidence of drought with declining tree abundance
and contraction of high-elevation forests at our sites
is, however, consistent with the finding that both low
temperature and low precipitation limit radial growth
of high elevation trees in the southern Sierra Nevada
(Graumlich 1993, Scuderi et al. 1993).

Two explanations exist to explain the coincidence of
drought and treeline decline identified in our study.
First, although droughe severity is unlikely to increase
with elevation, some studies have shown that transpi-
ration rates may increase with elevation, leaving trees
at the alpine treecline more vulnerable to droughts
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percentage of the total population that died during each 100-yr interval. Time intervals are the same as those deseribed in

Fig. 2.

(Smith and Geller 1979, Baig and Tranquillini 1980).
In addition, lower snowpack in drought years may lead
to increases in winter desiccation injury of trees in
exposed sites at treeline (e.g., Hadley and Smith 1983,
Minnich 1984, Grace 1989). Alternatively, declining
temperatures with increasing altitude may set up a gra-
dient of vulnerability in which trees at high-elevation
sites, stressed by cold temperatures, are more vulner-
able to other stress, including drought. In this scenario,
the additional stress imposed by severe, sustained
drought may be sufficient to kill trees in the most mar-
ginal sites, producing a landscape-level response that
mimics the effects expected to be produced by tem-
perature. Both hypotheses lead to the prediction that
tree mortality at treeline should increase during

droughts, as the most marginal trees succumb to either
direct or indirect effects of water stress. This is pre-
cisely what the paleoecological record shows: adult
mortality increases during the period in which the se-
vere droughts occurred, from 950 to 550 yr BP.

The most recent decline in tree abundance and tree-
line elevation, after 450 yr BP, corresponds to a well-
documented cold, wet period in the Sierra Nevada, Low
ternperatures are indicated in the Sierra Nevada by tree-
ring reconstructions of temperature (LaMarche 1974,
Graumlich 1993, Scuderi 1993) and evidence of glacial
advances (Curry 1969, Scuderi 1987g). Intermittent
wet periods between 450 yr BP and present are indi-
cated by tree-ring reconstructions in the Sierra Nevada
and adjacent White Mountains (Hughes and Brown
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1992, Graumlich 1993, Hughes and Graumlich 1996)
and by the episodic appearance of ephemeral lakes in
southern California (Enzel et al. 1989, 1992}. This cor-
respondence between treeline decline and extended pe-
riods of cold is consistent with the results of previous
studies in the region (LaMarche 1973, Scuderi 19875)
and elsewhere (Denton and Karlen 1977, Kullman
1979, 19864, Payette et al. 1989) and confirms the hy-
pothesis that temperature is an important control over
forest dynamics at treeline {(e.g., Tranquillini 1979).

Changes in the position of treeline and the structure
of treeline forests are therefore associated with mul-
tcentury temperature fluctuations and multidecadal
precipitation fluctuations. Water supply can apparently
reverse the expected response of treeline forests to tem-
perature, indicating that these forests may be simul-
taneously limited by both water balance and warmth.
Effects of temperature and precipitation on forest strue-
ture are likely interactive; warm temperatures 950 to
550 yr BF, for example, may have exacerbated drought
effects.

Dynamics of change at treeline

Reconstructed estimates of recruitment and mortality
rates allow us to identify the population-level processes
that may drive changes in tree abundance. Since
changes in either recruitment or mortality rates can
affect population size, different pathways may lead to
the same pattern of changing tree abundance. Qur data

T T T
2050 1550 1050

YR BP

T
3050 2550 550 50

suggest two modes of population decline. In the first
made, exemplified by patterns of recruitment and mor-
tality between 950 and 550 yr BP, a decline in tree
abundance is caused by an increase in the adult mor-
tality rate. In the second mode of response, illustrated
by patterns of recruitment and mortality since 450 yr
BP, hoth recruitment and mortality are affected. These
results further suggest that low-temperature anomalies
may have had fundamentally different effects on pop-
ulatien dynamics than low-precipitation anomaljes. Re-
cruitment was low and mortality high during the low-
temperature anomaly, while mortality was high and re-
cruitment unaffected during the low-precipitation
anomaly.

Although changes in recruitment rates are an im-
portant process driving treeline forest dynamics (War-
dle 1963, Payette and Filion 1985, Payette and Gagnon
1985, Kullman 1986a, 1987, 1993, Payette et al. 1989),
our study suggests that adult mortality of foxtail pine
is at least as important as recruitment into adult age
classes in driving changes in tree abundance at treeline.
Recruitment failure can lead to the extinction of a pop-
ulation enly if it persists for as long as the average
remaining lifespan of the adule trees in the population
(e.g., Kullman 1993). In a species like foxtail pine,
where lifespan commonly exceeds 1000 yr, population
decline is unlikely to occur without an increase in adult
mortality. Populations of shorter lived trees may there-
fore be more sensitive to changes in recruitment rates.
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Tree abundance changed nearly continuously
through time, with synchronous increases and declines
occurring during 75% of the 100-y1 time intervals in
the last 2000 yr. In contrast, treeline elevation exhibited
long periods of stasis punctuated by brief periods of
change. These patterns suggest that high-elevation tree
abundance may be more sensitive to environmental
variation than treeline position, a result consistent with
Payette and Filion's (1985) observation that recent cli-
mate warming has led to increases in forest density
below treeline rather than causing major change in eco-
tone position. At our sites, changes in tree abundance
preceded changes in treeline position by up to 400 yr.

These results suggest thar landscape-level patterns
aof response to climate variation may differ from pop-
ulation-level patterns of response. The inferred pattern
of change in the position of treeline, a landscape-level
response, is one of long periods of stasis punctuated
by perieds of relatively rapid change. This pattern is
consistent with the model that treeline responds pri-
marily to thresholds in climate, remaining static or
moving gradually vpward for long periods, and de-
clining quickly in response to disturbance {Slatyer and
Noble 1992, Noble 19973) or extreme climate (Kullman
1993). Treeline position therefore alternates hetween
periods of stasis or gradual change when it is unre-
sponsive to climate variation and periods of rapid
change during times when critical climate parameters
exceed some threshold value. In contrast, the recon-
structed pattern of change in tree abundance, a popu-
lation-level response, indicates slow, continual change.
This pattern is consistent with the model that treeline
is in a dynamic equilibrium with climate and that tree-
line forests therefore adjust continuously to variation
in climate, The scale at which the ecological response
occurs can, in this model, be modified by a species’
life history traits (Prentice 1986, Stevens and Fox 1992,
Kullman 1993} and by feedbacks between forest struc-
ture and microclimate (Minnich 1984, Wilson and Ag-
new 1992) that buffer treeline forests against short-
duration climate variation. The dependence of the in-
ferred treecline sensitivity on the hierarchical level of
the analysis suggests that there may be a lag between
the initiation of a demographic response {e.g., change
in recruitment and mortality rate) and the landscape-
scale expression of that response (e.g., a change in
treeline position). Long-lived, persistent adults are a
likely source of such a lag (Kullman 1993).

Implications for future change ar ireeline

Qur results have three primary implications for the
potential of anthropogenically induced warming to
cause future changes at ireeline. First, although large
changes in forest structure apd distribution occur on
time scales of hundreds of years, the rate at which these
forests respond to rapid future climate change is likely
ta be slow, and treeline position may lag climate change
by decades to centuries. Monitaring efforts at treeline
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might therefore emphasize change in density of exist-
ing stands as well as change in the position of treeline.

Second, the peried from 9350 to 550 yr BP illustrates
the extent to which water balance can reverse treeline
response to temperature. Whereas climate appears to
have been warm when treeline forests expanded,
warmth does not necessarily lead to suhalpine forest
expansion. The observational record of the relatively
wet 20th century (e.g., Graumlich 1993) leads to the
prediction that treeline will rise if temperatures rise.
The paleoecological record, however, indicates that fu-
ture warming is unlikely to cause an expansion of sub-
alpine forests if it is accompanied by a reduction in
water supply.

Third, responses to past climate variation have in-
volved more than simple upward or downward move-
ments of the weeline boundary: they have invelved
relatively complex changes in distribution, accompa-
nied by changes in forest structure. The impacts of even
minor changes in the elevation of treeline are therefore
likely to be substantial. A warming-induced rise in tree-
line elevation is likely to involve landscape-scale in-
creases in biomass, productivity, and carbon peols as
a result of increases in both forested area and density
of current forests.
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