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Abstract 

In montane meadows of the southern Sierra Nevada mountains 
(Calif., USA), Rothrock sagebrush (Artemisia rothrockii G.) has 
expanded into sites once dominated by herbaceous species. We 
explored the relationship between climate and shrub establish- 
ment by estimating Rothrock sagebrush age distributions from 
growth rings. We compared these age distributions with annual 
records of spring snowpack and summer precipitation across 4 
vegetation types that differed in water table depth, soil moisture, 
and vegetation cover. In the 2 vegetation types where the water 
table is consistently deeper than 1 m, Rothrock sagebrush stands 
were up to 40 years old and had relatively even age structures 
that showed no strong relationship to climate. In the 2 vegetation 
types with a shallow water table - but with contrasting soil mois- 
ture and herbaceous cover - the majority of shrubs colonized 
synchronously between 1984 and 1994, a relatively dry period 
that followed the wet 1982 to 1983 El Nino. These and other pub- 
lished data suggest that initial shrub colonization of new sites is 
facilitated by wet years, which may increase seed production, 
germination, and seedling survival. However, once sagebrush 
stands are established and local seed supply is abundant, its con- 
tinued recruitment seems independent of climate. 

Key Words: Artemisia rothrockii, shrub invasion, montane mead- 
ows, seedling establishment, Sierra Nevada, Golden Trout 
Wilderness, demography 

Grassland ecosystems throughout the world have experienced 
shrub encroachment across a wide range of environments (West 
1983, Archer 1989, 1995, Vavra et al. 1994, Amalds and Archer 
1999, Van Auken 2000, Roques et al. 2001). Like other semi-arid 
rangelands of the western United States, large montane meadows 
(up to - 10 km long) of the southern Sierra Nevada Mountains, 
Calif. exhibit shrub expansion. In this region, repeat photographs, 
anecdotal accounts, and pollen data suggest that Rothrock sage- 
brush (Artemisia rothrockii G.), was historically restricted to the 
dry meadow fringes, and began invading herbaceous meadows 
after intensive livestock grazing beginning in the mid 1800's 
(Ratliff 1985, Odion et al. 1988, Menke et al. 1996, Dull 1999). 
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Resumen 

En las praderas montanas del sur de las montanas Sierra 
Nevada (California, E.U.A) el "Rothrock sagebrush" (Artemisia 
rothrockii G.) se ha expandido a sitios una vez dominados por 
especies herbaceas. Exploramos la relacion entre el clima y el 
establecimiento de arbustos mediante la estimacion de la dis- 
tribucion de edades del "Rothrock sagebrush" a partir de los 
anillos de crecimiento. Comparamos estas distribuciones de edad 
con los registros anuales de acumulacion de nieve y precipitation 
de verano a to largo de 4 tipos de vegetacion que diferian en la 
profundidad del manto freatico, humedad del suelo y cobertura 
vegetal. En los 2 tipos de vegetacion en los cuales la profundidad 
del manto freatico es consistentemente mayor de 1 m, la 
poblacion de "Rothrock sagebrush"fue hasta de 40 anos de edad, 
y tenia un estructura de edades relativamente uniforme que no 
mostro una fuerte relacion con el clima. En los 2 tipos de veg- 
etacion con manto freatico poco profundo, pero con humedad del 
suelo y cobertura vegetal contrastantes, la mayoria de los arbus- 
tos colonizo el area sincronicamente entre 1984 y 1994, un perio- 
do relativamente seco seguido por un periodo humedo del Nino, 
que fue de 1982 a 1983. Estos y otros datos publicados, sugieren 
que la colonization initial de arbustos en nuevos sitios es facilita- 
da por los anos humedos, to cual puede incrementar la produc- 
cion de semilla, la germination y la sobreviviencia de las plantu- 
las. Sin embargo, una vez que las poblaciones de "Sage- 
brush"estan establecidas y el suministro local de semilla es abun- 
dante, el establecimiento de nuevas plantulas parece ser indepen- 
diente del clima. 

Though cattle continue to graze some meadows in the Sierra 
Nevada, their numbers are under tighter regulation by the United 
States Forest Service (USFS), and stocking rates are up to 2 
orders of magnitude less today than 100 years ago (Del Hubbs, 
USFS, personal communication). 

Rothrock sagebrush expansion has been attributed to increases 
in meadow aridity. Grazing and trampling along the stream banks 
cause channel incision and are associated with the lowering of the 
water table in adjacent meadows (Platts 1979, Odion et al. 1988, 
Schoenherr 1995, Knapp and Matthews 1996, Kirchner et al. 
1998). Consistent with the notion that sagebrush expansion is a 
response to increased site aridity, sagebrush is predictably abun- 
dant on `abandoned' meadow terraces in our study sites, along 
incised stream channels where the water table is deeper than 1 

meter (Benedict 1983, Sarr 1995, Berlow et al. in press). 
However, sagebrush also occurs in moist herbaceous meadows on 
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low terraces, where the spring water table 
is shallow (0.2 to 0.6 m). A lower water 
table and increased site aridity do not fully 
explain all the patterns of sagebrush distri- 
bution (Berlow et al. in press). 

Changes in fire regimes have also been 
proposed to explain shrub expansion in 
grassland ecosystems (Milchunas and 
Lauenroth 1993, Vavra et al. 1994, Van 
Auken and Bush 1997). However, there is 
strong evidence that fires in this region 
were not frequent enough to be an impor- 
tant source of mortality for sagebrush in 
these montane meadows (Wood 1975, 
Dull 1999). Others suggest that effects of 
livestock and stream incision are con- 
founded by significant regional warming 
in the Sierra Nevada since the end of the 
`little ice age' (about 1900), which may 
have facilitated shrub expansion indepen- 
dent of grazing (Scuderi 1993, Millar and 
Woolfenden 1999). 

Here, our objective is to examine the 
relationship between climate and Rothrock 
sagebrush establishment by comparing the 
age distributions of shrubs to annual varia- 
tion in precipitation, over the past -'40 

years. By comparing the relationship 
between annual climate and shrub recruit- 
ment across 4 contrasting microhabitats 
we were able to address the following 
questions: 

1) Did Rothrock sagebrush colonize dif- 
ferent microhabitats synchronously in 
response to annual variation in regional 
climate? 

2) Are Rothrock sagebrush establish- 
ment events associated with drier (or wet- 
ter) than average years, and does this rela- 
tionship vary spatially among different 
habitat types? 

Materials and Methods 

Site Selection 
This study was conducted in the Golden 

Trout Wilderness, located on the Kern 
Plateau of the southern Sierra Nevada 
Mountains, Calif., USA (36° N, 118° W). 
In a series of open basins along the South 
Fork Kern River and its tributaries, the 
largest meadows of the entire range (up to 
30 km2) are found at elevations between 
2,500 m to 3,000 m. Despite a history of 
grazing in this area since the late 1800's, 
the meadow vegetation is almost entirely 
native. The only common exotic, dande- 
lions (Taraxicum officinale G.H. Weber ex 
Wiggers), comprises less than 0.1 % cover 
in all the vegetation types included in this 
study (Berlow et al. in press). 

These meadows are moist but occur 
within a semiarid landscape where annual 
precipitation is about 500 mm (Albert 
1982, Odion et al. 1988). They are snow- 
covered in the winter and snowmelt is the 
most important source of water for the 
meadow vegetation. Fluvial processes, 
including stream channel incision, have 
created distinct meadow terraces where 
water table depth increases with vertical 

distance from the active stream channel. 
Channel incision has left `abandoned' 
meadow terraces that are sometimes more 
than 2 meters above the level of the stream 
(Bryant and Nelson 2000). 

Data Collection 
We collected Rothrock sagebrush stems 

from Mulkey and Ramshaw meadows 
(2,806 and 2,597 m elevation, respective- 
ly) during 1997 and 1998. Each meadow 
is about 8 to 10 km long. Rothrock sage- 
brush occurs in extensive stands on high 
terraces where the water table is consis- 
tently deeper than 1 m. The shrub is 
patchily distributed on lower terraces, 
where the early summer water table is 0.2 
to 0.6 m deep (Berlow et al. in press). 
Within these 2 distinct water table 
regimes, Rothrock sagebrush may be 
found with an herbaceous understory and 
fine-textured soil, or with bare, coarse-tex- 
tured soil and a sparse understory in the 
inter-shrub spaces (Table 1). We sampled 
shrubs in 4 vegetation types, hereafter 
referred to as 'low-terrace Sage-Herb' 
(low terrace sagebrush with an herbaceous 
understory), 'low-terrace Sage' (low ter- 
race sagebrush with abundant exposed 
soil), and 'high-terrace Sage-Herb' (high 
terrace sagebrush, herbaceous understory), 
and 'high-terrace Sage' (high terrace sage- 
brush, exposed soil). Low-terrace Sage, 
low-terrace Sage-Herb, and high-terrace 
Sage sites were located in Mulkey 
Meadow; high-terrace Sage-Herb areas 

Table 1. Biotic and abiotic characteristics of the Rothrock sagebrush vegetation types sampled for shrub age distributions (1998-2000). 

Vegetation Meadow Water Table 
Depth 

Type' Water 
Content 

Herb 
Cover 

Common Herbs3 

(m) 

Mollisols (Cumulic 
(m3m 3)2 

spp. 
High-Terrace Ramshaw >1 macrantha L. Schultes 

Sage-Herb 

ollilsols 

Muhlenbergia richardsoni 
Potentilla spp. 
Poa Secunda ssp. juncifolia 

Eriogonum umbellatum 

High-Terrace (Cumulic and Juncus balticus 
Sage Mulkey >1 

Haplocryolls) 

Mollisols 

spp. 
Muhlenbergia richardsonis 
Poa secunda ssp. juncifolia 

Poa secunda ssp. juncifolia 
Low-Terrace (Aquic Muhlengergia richardsonis 

Sage-Herb Mulkey 0.2-0.6 
and Typic 
Cryoaqualls) 

Entisols 

spp. 
Eleocharis spp. 
Erigeron Peregrinus 

Eriogonum umbellatum 
Low-Terrace (Oxyaquatic Muhlengergia richardsonis 

Sage Mulkey 0.2-0.6 capestris 
Poa secunda ssp. juncifolia 
Antennaria spp. 

21From Bryant and Nelson (2000). 
0 to 30 cm depth measured in mid-summer using Time Domain Reflectometry (TDR) probes. 

3Listed in order of abundance, based on % canopy cover estimated using 0.5 x 0.5 m point-intercept quadrats during peak flowering. (Berlow et al., unpublished data). 
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were in Ramshaw meadow. The study area 
of Ramshaw meadow has been closed to 
exclude livestock grazing since 1983 
(Knapp et a1.1998). 

We sampled from each vegetation type 
at 5, 50 m2 sites separated by at least 50 m. 
For each site we selected 25 individuals at 
random points along a 10 m transect. 
Since accurate age determination requires 
that the stem be woody, we did not sample 
young seedlings (less than 2 yrs. old) that 
had not developed a woody stem. In each 
plot, we also selectively collected at least 
1 of the largest individuals to estimate the 
age of the oldest plants. A total of 502 
individuals were sampled. Each plant was 
excavated from the soil with hand tools 
and cut at the stem, as close to the roots as 
possible. 

In the laboratory, we followed the tech- 
niques suggested by Ferguson (1964) to 
count growth rings of sagebrush stems. 
Each stem was cut at its widest point, 
sanded, and moistened with water to 
enhance contrasts between the early wood 
and late wood cells within each ring. 
Using a dissecting lamp, we counted 
growth rings of each stem twice along the 
most visible radius. To acquire data about 
growth rates, we measured the radius of 
each stem, using the same axis of rings 
from which we had determined its age. 
The centers of sagebrush stems disinte- 
grate as plants age, complicating the 
counting of growth rings. However, this 
prevented us from counting rings in less 
than 1% of the stems we sampled, and pri- 
marily in individuals 20 years and older. 

In Mulkey and Ramshaw meadows, we 
also surveyed the entire sagebrush popula- 
tion in each sampling site to estimate its 
size structure. We divided the population 
into 4 groups based on appearance and 
size: small (< 10 cm), medium (10 to 20 
cm), large (> 20 cm), and dead. This cen- 
sus allowed us to assess whether there was 
systematic variation among vegetation 
types in the proportion of very young (< 2 
yrs) and dead individuals, which were nec- 
essarily excluded from the ring counting. 

We examined annual variation in spring 
snowpack and summer rains using data 
gathered by the California Department of 
Water Resources (CDWR) for over 40 
years. The CDWR has recorded the water 
content of snowpack (cm) at Ramshaw 
meadow monthly since 1958 (except from 
1959 to 1968, and from 1971 to 1972). 
Peak snowmelt in these meadows occurs 
between April and early June, with large 
variations from year to year. We used May 
snowpack, the last month for which data 
are reported each year by CDWR, as an 

indicator of spring and summer water 
availability. Mulkey Meadow is approxi- 
mately 200 m higher in elevation than 
Ramshaw, and is likely to have a later 
snowmelt date (E. Berlow, personal obser- 
vation). However, field observations also 
suggest that Mulkey and Ramshaw show 
similar annual trends in relative water 
availability. Thus, this snowpack data are 
a good relative indicator of annual varia- 
tion in water availability for the region, 

0.2 

0.1 

0.0 

0.2 

0.1 

0.01 

dl Low-Terrace 
Sage-Herb 

Co 
W 
o (0 

(N0 ((0 W t0D F 
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rather than an absolute measure of water 
availability in a given year. For each year 
that data were available, the May snow 
water content was standardized relative to 
the mean of this period (1958 to 1997). In 
addition to the CDWR data, daily precipi- 
tation has been recorded at the USFS 
weather station in Cottonwood Basin 
(adjacent to Mulkey and Ramshaw mead- 
ows) since 1987. For each year between 
1987 and 1997, we calculated the total 

t 

t0 tq O N t0 O O N' t0 
I... I- CO CO CO CO CO 01 01 O 01 
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Fig. 1. Relationship between annual recruitment of Rothrock sagebrush seedlings (estimated 
by counting growth rings) and water content of May snowpack for 4 habitat types. Bar 
data are relative seedling abundance (the mean + s.e. of 5 sampling sites). The line repre- 
sents the May snowpack water content (cm) expressed as a percent of the mean snowpack 
recorded between 1958-1997. 
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Fig. 2. Size structure of Rothrock sagebrush in 4 vegetation types. Data are the mean (± s.e.) of 
5 sampling sites. Size classes are based on the maximum of either height or canopy diameter 
(whichever was greatest): `small' (< 10 cm), `medium' (10-20 cm), and `large' (> 20 cm). 

days of rain and total amount of precipita- We calculated shrub growth rates as the 
tion over the growing season (1 June to 31 slope of the relationship between age 
August). (years) and stem radius (mm). To test for 

Data Analysis 
We used the Pearson Chi-Square to test 

whether the frequency distribution of 
shrub ages differed among the 4 vegeta- 
tion types. Establishment date was the cat- 
egorical predictor variable and the total 
counts of individuals established that year 
served as the response variable. The age 
distributions differed significantly among 
all 4 vegetation types (p < 0.0001). 
Therefore, we used separate analyses to 
test for overall differences between the 2 
terrace types ('high-terrace' vs. 'low-ter- 
race'), and to test for differences between 
2 vegetation types (`Sage' vs. `Sage- 
Herb') within terraces. 

We used a 2-way factorial Analysis of 
Variance (ANOVA) to test for differences 
among vegetation types in the proportion 
of dead individuals, and proportions of 
individuals in each size class (`small', 
`medium', and `large'). The factors for 
this analysis were `Terrace' (high vs. low) 
and `Vegetation Type' (`Sage' vs. 'Sage- 
Herb'). Separate ANOVA's were used for 
each category of plants. Since data were 
proportions, all data were aresine square 
root transformed prior to analysis, which 
greatly improved variance homogeneity 
and normality. 

differences in shrub growth rates across 4 
vegetation types, we used an Analysis of 
Covariance (ANCOVA), with stem radius 
as the response variable, `Habitat Type' as 
the categorical predictor variable, and 
`Age' as the covariate. Since the interac- 
tion of ̀ Habitat Type' x `Age' was signifi- 
cant (p = 0.001), we used F-protected pair- 
wise comparisons to evaluate differences 
among habitat types (SAS Institute Inc. 
1988). 

Results 

In both low-terrace vegetation types, 
less than 50% of the individuals sampled 

were over 10 yrs. old (Fig. 1). The age dis- 
tributions of these 2 low-terrace vegetation 
types were not significantly different, 
though there was a trend towards a greater 
number of older individuals in the low-ter- 
race Sage (p = 0.13). Most of the low-ter- 
race individuals we sampled colonized 
between 1984 and 1994 - a relatively dry 
period that followed the wet 1982 to 1983 
El Nino (74 and 85% for low-terrace Sage 
and low-terrace Sage-Herb, respectively). 
So, Rothrock sagebrush appears to have 
only recently colonized the low meadow 
terraces that we sampled. 

The age distributions of the 2 high-ter- 
race vegetation types were significantly 
different than the low-terrace types (p < 
0.0001). Compared to the low-terraces, 
individuals of sagebrush in both high-ter- 
race vegetation types were older and 
recruited steadily over time (Fig. 1). 
Recruitment in these terraces appeared 
independent of annual variations in snow- 
pack. Within high-terraces, the age distrib- 
utions of sagebrush in the Sage and Sage- 
Herb vegetation types were significantly 
different (p = 0.005). This difference 
seems due to: a) early recruitment in the 
high-terrace Sage in the mid-1960s, b) 
greater recruitment in high-terrace Sage 
during the dry period between 1984 and 
1992, c) greater recruitment in high-ter- 
race Sage-Herb between 1977 and 1979 
(which included the deepest May snow- 
pack on record), and d) greater recruitment 
in the high-terrace Sage-Herb following 
the wet winter of 1995 (Fig. 1). 

In our general survey of shrub size 
classes, the relative abundances of small, 
medium, and large individuals were simi- 
lar between the low-terrace vegetation 
types (p > 0.15), a pattern consistent with 
age distribution data (Fig. 1). Small sage- 
brush seedlings (< 10 cm) were signifi- 
cantly more abundant (p < 0.001) in both 
low-terrace vegetation types than in high- 
terrace ones (Fig. 2). Large (> 20 cm) and 
dead shrubs were significantly more abun- 

Table 2. Rothrock sagebrush stem growth rates in 4 vegetation types. 

Vegetation Growth Rate R2 p 
Type Age/Radius 

(mm' yr 1) (yr' mm i) 

High-Terrace 
Sage-Herb 

(0.059 b 

High-Terrace 
Sage 

0.046 c 

Low-Terrace 
Sage-Herb 

0.069 a 

Low-Terrace 
Sage 

O.062 b 

Estimated from the slope of the linear regression of stem radius (mm) and shrub age (years). 
Habitat types with different letters have significantly different slopes (p < 0.05 for F-protected pairwise contrasts). 
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dant in the high-terrace vegetation types (p 
< 0.001). Rothrock sagebrush stem growth 
rates differed significantly among the 4 
vegetation types (Table 2). Compared with 
high terraces, stem growth was 25% faster 
in low-terraces. Within each terrace type, 
growth rates were higher where an herba- 
ceous understory was present, particularly 
in the high terrace sites. 

There were less than 6 total days of rain, 
on average, during the summer growing 
seasons between 1987 and 1997. Most of 
this precipitation comes in the form of 
brief thundershowers. The mean total 
summer precipitation during this period 
was less than 1 mm. Total summer precip- 
itation never exceeded 3 mm, suggesting 
that it is unlikely to be an important source 
of water in this system. Our analyses 
showed no clear relationship between 
Rothrock sagebrush recruitment and sum- 
mer precipitation in any of the vegetation 
types. 

Discussion 

We did not observe a consistent or 
region-wide response of Rothrock sage- 
brush establishment to climatic variation. 
However, spatial variation in shrub colo- 
nization patterns suggests some conditions 
under which recruitment is sensitive to 
annual climatic variation. The almost syn- 
chronous colonization by Rothrock sage- 
brush of 2 distinct low-terrace vegetation 
types from 1984 to 1994 suggests that 
patch establishment was driven by exter- 
nal climatic factors. One might hypothe- 
size that low-terrace Sage and Sage-Herb 
types represent different stages in the arid- 
ification of formerly moist, herb-dominat- 
ed sites (e.g., Schlesinger et al. 1990, 
Vavra et al. 1994). Or these vegetation 
types might represent different stages in 
the colonization of gravel bars deposited 
by the stream. However, our data show 
that Rothrock sagebrush independently 
colonized these sites with a priori differ- 
ences in surface soil conditions. In com- 
parison, Rothrock sagebrush on high 
meadow terraces were older. Recruitment 
over the past 20 years in these areas was 
more steady and appeared to be less relat- 
ed to climate than recruitment in the low- 
terrace sites (Fig. 1). Together, these pat- 
terns suggest that the initial invasion of 
sagebrush may be related to climate, but 
once a stand is established, its continued 
recruitment is independent of climate. 

It is unclear from these data alone if the 
recent colonization of low terrace sites 
occurred in response to the wet 1982-83 

El Nino or to a subsequent string of dry 
years (1984 to 1994). While shrub expan- 
sion in montane meadows is commonly 
attributed to an increase in meadow aridity 
(e.g., Schoenherr 1995), other evidence 
suggests that it may have been the wet 
conditions that facilitated colonization of 
new sites. Studies of shrub expansion in 
other systems have shown that shrub colo- 
nization is sometimes associated with peri- 
ods of increased water availability, even 
though these species may ultimately be 
associated with acidification of these habi- 
tats (Brown and Archer 1987, 1999, 
O'Connor 1995, Brown et al. 1997). In a 
germination experiment conducted in 
Mulkey meadow (Berlow et al., in press), 
Rothrock sagebrush had extremely low 
germination in xeric microhabitats (mean 
germination percentage was <0.05%), as 
well as slow growth and low survival 
rates. The highest observed rates of germi- 
nation and seedling growth were in moist 
meadow microhabitats (Berlow et al., in 
press). While wet years may also suppress 
colonization by increasing competition 
from established herbaceous vegetation 
(e.g., Harrington 1991), seedling emer- 
gence, growth, and survival were consis- 
tently high in disturbed micro-sites, which 
are frequently created by burrowing mam- 
mals (Berlow et al., in press). Naturally 
occurring seedlings in moist meadow 
areas are almost always associated with 
gopher mounds (Berlow et al., in press). 

Whether shrubs are able to colonize 
these disturbances in moist areas may 
depend critically on seed supply. While 
individual plants can produce over 5,000 
seeds, maximum observed germination 
rates in the field were < 1% (Berlow et al. 
in press). Studies of other Artemisia 
species suggest that most seeds fall within 
one meter of the shrub (Friedman and 
Orshan 1975, Wambolt et al. 1989). In our 
study system, sagebrush seedling density 
decreased significantly beyond 0.5 m from 
reproductive shrubs (Berlow et al., in 
press). Sagebrush seed dispersal is likely 
limited due to reduced seed pappus and 
low seed release height (authors' observa- 
tions). Thus, wet conditions could be 
important in increasing Rothrock sage- 
brush seed production and germination 
rates, which are critical for colonizing new 
sites given limited dispersal ability of this 
species. Invasion rates have been shown to 
increase rapidly following rare long dis- 
tance establishment events (Nathan and 
Muller-Landau, 2000). Thus, once the ini- 
tial colonists have reached reproductive 
maturity (after approximately 5 to 7 
years), further colonization may accelerate 

rapidly, independent of climatic variation, 
due to abundant local seed supply. 

The age distributions and climate data 
presented here are consistent with the idea 
that moist conditions and local seed sup- 
ply are critical for shrub recruitment. The 
first shrubs colonized both low-terrace 
Sage and low-terrace Sage-Herb during or 
immediately following wetter than aver- 
age years (e.g., 1973 to 1974 for the for- 
mer, 1969 for the latter) (Fig. 1 c, id). 
Similarly, distinct increases in establish- 
ment rates occurred in both areas immedi- 
ately after the wet 1982 to 1983 El Nino. 
Furthermore, the time lags between colo- 
nization pulses were approximately 6 to 8 

years - the time it takes for seedlings to 
reach reproductive maturity (Fig. 1 c, id). 
By 1984, local seed supply may have been 
sufficient to promote rapid recruitment 
independent of climate. 

There is also some evidence that, in the 
older high-terrace sage-herb stands, 
Rothrock sagebrush establishment 
increased during wet years. For example, 
2 distinct increases in recruitment within 
high-terrace Sage-Herb stands (1970 and 
1978) were preceded by years with a 
spring snowpack 300% of the average 
(Fig. l ). However, there are insufficient 
climate data to rigorously evaluate the 
trends of establishment before 1974. After 
that time, recruitment in high terraces 
appears continuous and independent of cli- 
mate. Since the high terrace stands are 
older and more expansive than low terrace 
patches, seed supply may not be limiting. 
Recruitment opportunities may instead 
depend on the death of adult individuals. 

Our growth ring data suggest that the 
maximum shrub age was 40 years. We 
assessed whether the age distributions 
derived from our growth ring data were 
biased by being based entirely on living 
individuals. It is possible that individuals 
died earlier, decomposed, and were not 
sampled. In aerial photographs taken of 
Mulkey meadow in 1955 and 1974, 
Rothrock sagebrush were present in the 
high-terrace sites but not in the low-ter- 
race sites. These patterns suggest that our 
age distribution data accurately represent 
the recent establishment of sagebrush in 
the low-terrace sites. The aerial pho- 
tographs, the relative abundance patterns 
of dead individuals, as well as the size 
class distributions, suggest that, if any- 
thing, we under-estimated the age of the 
high-terrace Sage stands and underesti- 
mated the abundance of recent recruits in 
the low-terrace patches (Fig. 2). 

Our results are consistent with other 
studies that suggest it is the interaction of 
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local factors and broader site or climatic 
conditions that ultimately determine the 
timing and patterns of shrub encroachment 
(e.g., Williams and Hobbs 1989, Harrington 
1991, Gosz 1993, O'Connor 1995, Miller 
and Halpern 1998). Our data show that 
Rothrock sagebrush recently and rapidly 
colonized meadow areas where the water 
table is shallow. These and other data sug- 
gest that initial colonization of new areas 
may be facilitated by moist conditions, 
given a nearby seed source and exposed 
soil (Berlow et al, in press). In areas where 
sagebrush cover is already well established, 
sagebrush will likely continue to recruit 
independent of climate and grazing regime. 
Understanding this spatial and temporal 
variability in the mechanisms of shrub col- 
onization may help land managers identify 
critical times or places where they might 
intervene to manage shrub expansion. 
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