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Abstract

Changes in precipitation patterns and inputs have the potential to cause major changes in
productivity, composition, and diversity of terrestrial plant communities. Vegetation response
to altered timing of precipitation was assessed during a 7-year experiment in an Artemisia
tridentata spp. wyomingensis community in the northern Great Basin, USA. Four permanent
rainout shelters excluded natural rainfall, with seasonal distribution of precipitation controlled
with the use of an overhead sprinkler system. Precipitation treatments under each shelter were
WINTER, SPRING, and CURRENT. The WINTER treatment received 80% of its water
between October and March; in the SPRING treatment 80% of total water was applied
between April and July; and the CURRENT treatment received precipitation matching the
site’s long-term (50 years) distribution pattern. A CONTROL treatment, placed outside each
shelter replicate, received natural precipitation inputs. CURRENT, WINTER, and
CONTROL treatments had similar  soil water-content patterns and thus, there were few
consistent differences in vegetation response. The SPRING treatment resulted in more bare-
ground and lower plant productivity compared to other shelter treatments. This result
contrasted with our initial hypothesis that shallower-rooted grasses would gain a competitive
advantage over shrubs if precipitation was shifted from winter to spring. Our results also
demonstrated the resilience of these communities to climate perturbation as many of the
vegetation shifts did not begin until the fourth year after treatments were applied.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Precipitation exerts primary control of plant productivity and composition in
semi-arid and arid land plant communities (Pechanec et al., 1937; Noy-Meier, 1973;
Passey et al., 1982; Graetz et al., 1988). The frequency and seasonal distribution of
precipitation play a major role in the availability of water within soil profiles, thus,
strongly influencing arid land plant composition and dynamics (Graetz et al., 1988;
Comstock and Ehleringer, 1992; Ojima et al., 1993; Ehleringer et al., 1999). Winter
precipitation is more likely to percolate deeper into the soil profile, whereas, summer
precipitation may evaporate before infiltrating (Schwinning et al., 2003). In the
northern Great Basin of the United States, the majority of annual precipitation
is received during the winter and early spring. This climatic regime favors growth
and development of deep-rooted shrubs and cool season plants using the C;
photosynthetic pathway (Comstock and Ehleringer, 1992). The prevalence of
summer precipitation on the Colorado Plateau and Great Plains results in a higher
proportion of shallower-rooted summer active species using the C4 photosynthetic
pathway (Comstock and Ehleringer, 1992; Cook and Irwin, 1992).

Climate change brought on by anthropogenic activities forecasts not only global
warming but alteration of precipitation regimes by affecting timing, frequency, and
intensity of precipitation events (Easterling et al., 2000; NAST, 2000; IPCC, 2001).
Alteration of precipitation patterns has the potential to cause major changes in
vegetation, soils, biodiversity, and ecological processes in terrestrial ecosystems
(Neilson et al., 1989; Brown et al., 1997; Ehleringer et al., 2001). Experimental
evidence indicates that reducing storm frequency and increasing rainfall quantity per
storm increases temporal variability of soil moisture and decreases above-ground
production in tall grass prairie of the central United States (Fay et al., 2002; Knapp
et al., 2002). Shifting from a winter to spring precipitation pattern reduced
productivity in the sagebrush steppe of the northern Great Basin (Svejcar et al.,
2003, pp. 90-106). Atmospheric increases in CO, and climate change also have the
potential to increase the competitiveness of invasive weeds in arid lands as
documented by increased Bromus tectorum productivity in response to elevated CO,
in southern Nevada (Smith et al., 2000).

We investigated the effects of altered timing of precipitation to vegetation
dynamics in an Artemisia tridentata spp. wyomingensis community in the northern
Great Basin over 7 years. We hypothesized that herbaceous plants, particularly
perennial grasses, would better adapt to a shift toward a spring precipitation
distribution and productivity and composition would either remain stable or
increase. Perennial grasses in this system have more shallow-fibrous roots compared
to A. tridentata (Branson et al., 1976; Reynolds and Fraley, 1989; Dobrowolski et al.,
1990). Evidence from ecological studies conducted in our area indicated that cool
season species would respond to late spring and summer moisture with increased
growth (Bates et al., 2000). We also hypothesized that a shift to a greater percentage
of winter precipitation would increase cover and recruitment of A. tridentata
compared to herbaceous perennials. Increased winter precipitation was expected
to enhance water recharge in the lower part of the soil profile and thus favor
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deeper-rooted species such as A. tridentata. Higher than average winter precipitation
in the 1990s in the south-western United States may have been responsible for the
three-fold increase in shrub densities observed by Brown et al. (1997). Because the
precipitation pattern applied to the CURRENT treatment conformed to long-term
trends, we did not expect vegetation in this treatment to change relative to ambient
conditions. Further, we expected that total vegetation cover and bare ground would
not be influenced by rainfall distribution.

2. Methods
2.1. Study area and experimental design

The study was conducted on the Northern Great Basin Experimental Range
(119°43'W, 43°29'N), 67km west of Burns, Oregon, USA. The study site is co-
dominated by A. tridentata spp. wyomingensis' and perennial bunch grasses: Stipa
thurberiana, A. spicatum, and Poa sandbergii. All herbaceous species present were
cool season plants that utilize the C; photosynthetic pathway. Elevation is 1380 m
and slope is 0-1%. Soils were classed as a Vil-Decantl, Variant-Ratto complex and
are well drained with a duripan beginning at 30-50 cm (Lentz and Simonson, 1986).
Gravimetric field capacity of soils was 23% (0-15cm) and 25% (15-30cm). Annual
precipitation has averaged 300mm since measurements began in the 1930s.
Historical distribution of precipitation was 60% from October to March, 30%
from April to July, and 10% in September. Annual precipitation is highly variable
year to year. The wettest year on record in 1993 (530 mm precipitation) was followed
by the driest year on record in 1994 (140 mm precipitation). Winter precipitation
tends to be in the form of snow, although during the study period there was little
snow accumulation during the winter months.

Four, fixed location rainout shelters were built in late summer 1994. The design of
the shelters and sprinkler application system was described by Svejcar et al. (1999).
Rainout shelters were 30 m x 12m in size and were open on all sides. The original
transparent fiberglass roof was replaced in summer 1998 with Dynaglass®™, a clear
polycarbonate material.”> Precipitation treatments began in fall 1994. Treatment
plots were 8.0 x 8.0m? in size with a 2m buffer strip bordering each plot. Shelter
effects to environmental conditions (soil and air temperature, PAR, wind speed, and
RH) are reported in Svejcar et al. (1999). Average soil temperatures were about
1-2 °C warmer and wind speeds were 25% less under the shelters than in CONTROL
plots (Svejcar et al., 1999, 2003).

Treatments were randomly assigned as WINTER, SPRING, and CURRENT
under each shelter. The WINTER treatment received 80% of its water between
October and March; the SPRING treatment received 80% of its water between April
and July; and the CURRENT treatment received precipitation corresponding to

"Nomenclature used is from Hitchcock and Cronquist (1987).
2Mention of trade names does not indicate an endorsement by USDA-ARS or Oregon State University.
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Table 1
Precipitation distribution for the shelter treatments (WINTER, SPRING, CURRENT) and CONTROL
Year and Winter Spring—Summer Fall Precipitation total
treatment (Oct.—April) (May-July) (August—Sept.)
Application
target (mm)
Control® 180 90 30 300
Current 153 40 10 203
Winter 183 20 0 203
Spring 45 158 0 203
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Fig. 1. Annual precipitation (mm) from 1994 to 2000 in the CONTROL and showing the long-term
average for the site (300 mm) and the level applied to each shelter treatment (203 mm).

long-term (50 years) distribution patterns. The watering distribution schedule is
shown in Table 1. CONTROL plots of identical size were located 10 m south of each
shelter and received natural precipitation (Fig. 1). All shelter treatments received a
total of 203 mm of water annually, which is 68% of the site’s long-term annual
average. In a natural setting this would be considered a drought. However, it was
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determined in the first year of the study that applying 300 mm of water was excessive,
as soils became super-saturated. Thus, the amount of water input was reduced,
alleviating the saturated conditions. Because all shelter treatments received the same
amount of water, the study provides an indication of effects to vegetation with shifts
in seasonality of precipitation. Though less water was applied in total, more was
applied in fewer events and was effective at wetting the soil profile for the WINTER
and CURRENT treatments when compared to CONTROLS (Svejcar et al., 2003).
Typically, shelter treatments received annual precipitation totals in 13-20 events
each year (averaging between 10 and 15 mm per event but occasionally up to 25 mm).
In a natural setting, there are many smaller storm events during a given year. These
small events are not that effective at wetting the soil, especially by late spring
when evaporative demand increases. For example, in 1999 the control treatment
experienced 90 storm events, but 67% of the events were recorded as being less than
2.5mm of water. In the study it was not feasible, logistically and because of
environmental conditions, to duplicate this number of events under the shelters.

2.2. Precipitation application and soil water-content

Water applied to shelter treatments was collected using five rain gauges placed in
each experimental unit. Gauges were constructed of 2-liter plastic soft drink
containers and anchored to the ground with steel rods (Wrage et al., 1994). Collected
water was measured immediately after application. Precipitation in the CONTROL
was determined from a tipping bucket rain gauge. Under the shelters, water
application was not feasible between mid-November and mid-February because of
cold air temperatures which froze sprinkler heads or caused heavy accumulations of
ice on plants, with the potential to cause significant mechanical damage.

Gravimetric soil water-content was measured biweekly in the 1998 and 1999
growing season (April-September) at 0-15 and 15-30cm. Two subsamples,
randomly placed in bare interspaces were collected for each depth in each treatment
replicate. Soils were weighed, dried at 106 °C for 48 h, and re-weighed to determine
gravimetric water-content.

2.3. Vegetation measurements

Plant response parameters measured were shrub cover and density, herbaceous
biomass, herbaceous cover and density, reproductive success, and reproductive shoot
density and weight. Shrub cover was estimated by the line intercept method
(Canfield, 1941). Three, 8-m transects, spaced 2-m apart were permanently
established in each experimental unit. Density of mature shrubs was determined
by counting all rooted plants in 8 x 2m?” belt transects. Herbaceous cover and
density were determined inside 0.2m? (40 x 50 cm?) frames. Frames were placed
every meter along the 8-m transect lines (starting at 0.5m). Cover of herbaceous
plants, litter, rock, and bare ground were estimated visually. Densities of herbaceous
species and shrub seedlings were determined by counting all individuals rooted
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within frames. Vegetation was sampled in mid-June in 1994-2000 and early August
1995-1999.

The June sampling captured cover and density at peak production for the
understory component. The August sampling was designed to capture continued
growth and any changes in cover through the summer in all treatments. The two
sampling dates proved unnecessary for comparing among treatments. Plants in the
SPRING treatment stayed active longer but treatment relationships for cover,
density, and biomass were consistent across sampling dates. Thus, presented data
will focus on the June sampling.

Herbaceous biomass was determined in September 1998, June 1999, and June
2000. Plants were clipped to a 2cm stubble height inside five, 1 m? frames in each
treatment replicate. Biomass was separated into five functional groups; perennial
grasses, P. sandbergii, perennial forbs, B. tectorum (annual grass), and annual forbs.
P. sandbergii is a common perennial grass but is shallow rooted, and grows and
develops carlier in the spring than other bunchgrass species (Rickard and Vaughn,
1988; Link et al., 1990).

Reproductive success was determined by tracking plant phenology from growth
initiation to seed dispersal over six growing seasons (1995-2000). Phenology was
collected on a weekly to biweekly schedule in 1995 and 1996 and on a weekly basis
from 1997 through 2000. Reproduction was rated successful if plants completed
all growth phases from initiation or germination through seed dispersal. Plants
monitored were A. tridentata spp. wyomingensis, S. thurberiana, Sitanion hystrix,
Collinsia parviflora, and, as a group, we monitored the perennial forbs Agoseris
glauca and Crepis acuminata. Three individuals (A. tridentata, S. thurberiana,
S. hystrix) or groups of individuals (e.g. 4. glauca and C. parviflora) of each species
were monitored in each treatment replicate. Reproductive density and shoot weights
were estimated for A. tridentata spp. wyomingensis, S. thurberiana, and S. hystrix in
1998, 1999, and 2000. Artemisia tridentata reproductive shoots were counted within
two 20 cm? frames on three plants per replicate. All reproductive shoots were then
harvested, dried (at 48 °C) and weighed to obtain an average shoot weight. Stipa
thurberiana and S. hystrix reproductive tillers were counted on four plants per
replicate in July 1998, 1999, and 2000. Plants were clipped to a 2-cm stubble height
and dried; then separated into dead, live, and reproductive components and weighed.

2.4. Statistical analysis and data presentation

A randomized block design was used with four replicates of each treatment. A
repeated measures analysis of variance (ANOVA) was used to assess year (df = 6),
treatment (df = 3), interaction effects on herbaceous and shrub cover, density, and
reproductive success (df = 18, error df = 81). Pre-treatment data (plant cover and
density) were analysed to test for pre-existing differences among treatments.
Vegetation cover and density were also analysed by year using ANOVA to assist
in explaining interactions. Biomass (herbaceous and reproductive) and reproductive
densities were compared among treatments using a repeated measure ANOVA for
randomized block design. Main effects were year (df = 2) and treatment (df = 3) and
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the year by treatment interaction (df = 6, error df = 21). Soil water-content was
analysed within years using repeated measures ANOVA. Main effects for soil water-
content were treatment (df = 3), soil depth (df =1), and time (df =19). All
statistical analyses were performed using the Statistical Analysis System (SAS
Institute, 2001). Arcsine square root transformations of cover and density data were
used to meet ANOVA assumptions of normality and homogeneity of variance. Non-
transformed means are reported from statistical comparisons of the transformed
means. Statistical significance of all tests were set at p<0.05. Treatment means and
their interactions were separated using Fisher’s protected LSD procedure.

3. Results
3.1. Precipitation application and soil water-content

The CONTROL treatment illustrates the variability of precipitation among
(Fig. 1) and within years (Fig. 2) that are characteristic of the sagebrush ecosystem.
Annual precipitation amounts for the CONTROL in 1998-1999 and 1999-2000 were
significantly less than the long-term average (Fig. 1, p<0.01). Precipitation in the
CONTROL was also less than the shelters in the last 2 years of the study. The
CONTROL received five times as much water in the spring—summer (March—July)
period in 1997-1998 compared to the same period in 1998-1999. Except for winter
1997-98, there was little snow accumulation during the winter months of the study.
Winter precipitation during most of the study arrived as rain or wet snow that
melted quickly.

CURRENT and WINTER treatments tended to have equivalent soil water-
content at the start of each growing season when compared to the CONTROL in
both 1998 and 1999 (Fig. 3A and B). CURRENT and WINTER treatments resulted
in higher soil profile water-contents than the SPRING treatment between the
months of March and May in both 1998 and 1999. Soil water-content in the
SPRING treatment was greater than the other treatments from late June until mid-
August in 1998 and 1999. However, soils at both depths in the SPRING treatment
never reached field capacity.

3.2. Herbaceous biomass

Herbaceous biomass production was influenced by the different precipitation
treatments. There was a year by treatment interaction for P. sandbergii biomass
(Table 2). The interaction resulted from the CONTROL treatment having greater
P. sandbergii biomass than the WINTER and CURRENT treatments in 1999,
but in 2000 the WINTER was greater than CURRENT and CONTROL treatments
(Fig. 4A). In both years, the SPRING treatment was significantly less than other
treatments for P. sandbergii biomass.

Means separation indicated that the SPRING treatment was less than one or
more of the other treatments for biomass of perennial grasses, perennial forbs,
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Fig. 2. Monthly water applications (mm) for the shelter treatments and precipitation (mm) in CONTROL
in (A) 1997-1998 and (B) 1998-1999.

B. tectorum, and total herbaceous when compared across the three sample years
(Table 2). However, when analysed by year, a consistent trend for these response
variables was not obvious, except for total biomass (Fig. 4B-E). Among the three
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shelter treatments, total biomass was greater in the WINTER and CURRENT
treatments compared to the SPRING of the last 2 years of the study.

3.3. Plant cover—functional group response

Cover of herbaceous functional groups was also influenced by the different
precipitation treatments. There were year by treatment interactions for cover of
P. sandbergii, total perennial grasses, B. tectorum, total herbaceous, litter, and bare
ground (Table 2). The treatment differences for these response variables did not
materialize until the third (1997) or fourth growing season (1998) after treatment
application (Figs. 5 and 6). Perennial grass cover only had 1 year (1997) that
showed a strong treatment difference (Fig. 5A). Cover of P. sandbergii and perennial
forbs were less in the SPRING compared to the other treatments in 1998 and 1999
(Fig. 5B—C). Cover of B. tectorum appeared to be establishing a trend of greater
cover in the WINTER compared to the other treatments by study’s end (Fig. 5D).

At a coarser scale, treatments became more distinct at the conclusion of the study,
particularly total herbaceous cover. Herbaceous cover in 2000 was greatest in the
WINTER followed in descending order by CURRENT, CONTROL, and SPRING
treatments (Fig. 6A). The lower cover in the SPRING treatment was mainly a result
of reduced cover of P. sandbergii and perennial forbs than the other treatments.
Cover provided by litter was lowest in the CONTROL compared to the shelter
treatments (Fig. 6B). Bare ground in CURRENT and WINTER treatments declined
over time while not changing in SPRING and CONTROL treatments (Fig. 6C). As
a result, bare ground was greater in the SPRING and CONTROL treatments
compared to the CURRENT and WINTER treatments. Artemisia tridentata cover
and density did not change nor were any treatment differences detected (Table 2).

3.4. Plant cover and density, species response

Cover and density of individual species were influenced by the different
precipitation treatments. There were year by treatment interactions for cover and/
or densities of S. hystrix, S. thurberiana, P. sandbergii, B. tectorum, C. acuminata,
Lomatium nevadensis, A. desertorum, C. parviflora, and Microseris gracilis (Table 2).
For several species some clear trends became obvious and are illustrated by changes
in plant densities (Fig. 7A—F). P. sandbergii densities increased in the WINTER and
CURRENT treatments between 1997 and 1999 and were greater than the SPRING
and CONTROL treatments (Fig. 7A). B. tectorum and Crepis acuminata densities
increased in the WINTER treatments and by 1998 were greater than the other
treatments (Fig. 7B and C). However, for S. hystrix, S. thurberiana, A. desertorum,
C. parviflora, and M. gracilis the response to precipitation applications was highly
variable across years and no clear trends emerged. This is illustrated by the density
dynamics of A. desertorum and C. parviflora (Fig. 7D and E).

Main effects (year and/or treatment) for cover and density were significant
for most of the remaining plant species (Table 2, e.g. cover of C. acuminata and
L. nevadensis, and densities of S. thuberiana and A. glauca). Cover and/or density
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values for these species increased for all or some of the treatments but the SPRING
between 1996 and 1999. In the SPRING treatment there was no measurable change
in cover or densities of remaining plant species. Several perennial forb species were
particularly sensitive to the precipitation applications. Densities of P. longifolia
increased in CONTROL, WINTER and CURRENT treatments and were greater
than the SPRING by the end of the study (Fig. 7F).

3.5. Reproductive development

Reproductive development was affected by the precipitation treatments (Table 3,
Figs. 8 and 9). There was a tendency for A. tridentata to reach more advanced stages
of phenology in the shelter treatments compared to the CONTROL plots (Table 3),
though this was not consistent across years (Fig. 8A). Reproductive success of
S. thurberiana and S. hystrix was significantly lower in the SPRING treatment versus
the other treatments when analysed over the course of the study (Table 3). However,
there was variation in reproductive success for both species across years (Figs. 8B
and C), particularly for S. thurberiana. Reproductive success of the A. glauca/
C. acuminata was also highly variable for CONTROL, WINTER, and CURRENT
treatments, resulting in a year by treatment interaction (Table 3, Fig. 8D).
Nonetheless, 4. glauca/C. acuminata reproductive success was lowest in the
SPRING when compared to the other treatments over the course of the study
(Table 3). Reproductive success for C. parviflora was lower in the SPRING versus
the other treatments (Fig. 8E). In the SPRING treatment, C. parviflora did not
advance beyond early leaf stage.

Reproductive effort by both S. thurberiana and S. hystrix exhibited no consistent
treatment differences in tiller densities or weights (Figs. 9A-B and 10A-B). Tiller
densities and weights of both species were greater in 1999 compared to other years
for WINTER, CURRENT, and CONTROL treatments. Reproductive shoot
densities for A. tridentata were greatest in the SPRING compared to all other
treatments during the study (Table 6). This relationship was particularly in evidence
the last 2 years of the study (Fig. 9C). Reproductive shoot weight densities of
A. tridentata were greatest in the SPRING compared to the other treatments,
although there was a strong year by treatment interaction (Table 3, Fig. 10C).

4. Discussion

Precipitation timing influenced herbaceous composition and dynamics of the
A. tridentata steppe community, but not as hypothesized. We had anticipated that
the SPRING water application would result in stable or increased cover and biomass
of grasses and other herbaceous species because their rooting structures would allow
them to utilize soil water in the upper profile more effectively than A. tridentata. We
expected the WINTER treatment to favor A. tridentata because of its ability to
access soil water deeper in the profile. Neither of these hypotheses proved to be
correct.
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4.1. Sagebrush

Artemisia tridentata was unresponsive to the precipitation shifts in terms of cover
and density, and thus appeared less likely to be influenced in the short term by climatic
shifts than associated herbaceous species. However, visually, sagebrush in the
SPRING treatment did not appear to produce as much vegetative biomass as in the
other treatments. We did not measure A. tridentata biomass because we wanted to
minimize destructive sampling. We attempted to use allometric equations developed
for this location by Rittenhouse and Sneva (1977) to estimate sagebrush biomass but
these models were not sensitive enough to detect differences among treatments.

The SPRING treatment did confer some advantages to reproductive success, stem
density, and stem weight density of A. tridentata (Figs. 8A, 9C and 10C). The
summer water application in the SPRING treatment may provide an explanation.
At the Hanford facility in eastern Washington, A. tridentata spp. wyomingensis has
been shown to respond to summer precipitation with increased reproductive shoot
development (Evans et al., 1991). A. tridentata reproductive shoots initiate growth in
mid-June and this is the period the SPRING treatment received frequent water
applications. This would explain the high reproductive success of A. tridentata and
heavier shoot weights in the SPRING compared to the other precipitation
treatments. The greater reproductive effort did not result in the recruitment of
new individuals.

4.2. Effects of spring precipitation pattern: herbaceous response and soil moisture

Herbaceous plants were detrimentally affected by the SPRING precipitation
treatment as indicated by a pattern of lower herbaceous biomass, cover, and
densities compared to the other treatments. The herbaceous response in the SPRING
treatment likely resulted from reduced availability of soil water during the most
active growth period (April-May) (Fig. 2A and B). Even when water was made
available in June and July, soils never became thoroughly wetted; thus effective
precipitation was less in the SPRING when compared to the other treatments. Soil
water-content never rose above 15% gravimetric, even with applications as high as
25mm. This level of soil water-content was inadequate for stimulating herbaceous
growth and development in the spring and summer. Observing the development of
plants in the other treatments at this level of soil water-content may explain the lack
of response in the SPRING. In WINTER, CURRENT, and CONTROL treatments,
by the time soil water content had been drawn down to 15% gravimetric, most
herbaceous plants had either entered dormancy (e.g. P. sandbergii, annual forbs) or
are in later growth stages (seed development) and are not adding additional above-
ground biomass.

4.3. Ecological implications of a spring precipitation pattern

Shifting precipitation distribution to a spring/summer pattern (SPRING treat-
ment) has the greatest potential for altering productivity, composition, and structure
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of A. tridentata steppe vegetation. Annual and perennial forbs native to the system
were the least resistant to a timing change, declining in density, cover, and biomass.
A long-term shift to a spring/summer dominated precipitation pattern would lead to
the forb component being lost or severely reduced, with the potential to reduce
ecosystem biodiversity.

Reproductive measurements demonstrated the utility of using certain species as
indicators of environmental change in controlled or field experiments. Collinsia
parviflora and perennial forbs were particularly sensitive to soil water conditions in
late winter/early spring. In the SPRING treatment, C. parviflora rarely emerged or
completed its life cycle and reproductive efforts of perennial forbs were also reduced.
Though individuals emerged, the lack of seed development suggests that the seed
banks for C. parviflora and other forbs are being depleted.

When compared to the other shelter treatments the results also suggest an increase
in bare ground with a spring/summer precipitation pattern. Greater levels of bare
ground could potentially increase soil erosion in this environment and increase
heterogeneity of soil resources. According to Schlesinger et al. (1990), this results in a
positive feedback linkage exacerbating desertification processes and further reducing
ecosystem productivity.

In retrospect, we probably should not have been surprised by the community
dynamics in the SPRING treatment. There is ample documentation in the literature,
from experimental evidence (e.g. Caldwell et al., 1977; Sneva, 1982) and from reviews
(Comstock and Ehleringer, 1992) that productivity of cold desert C; species of the
Great Basin are keyed to the recharging of soil moisture during winter. Recent
physiological studies indicate that cool season-C; species may utilize summer
moisture but do not increase carbon assimilation, particularly following winter
drought (Schwinning et al., 2002; Schwinning et al., 2005a). Our study tends to
confirm these results at the plant community level. Though plant species stayed green
longer into the summer in the SPRING treatment, they did not add additional
above-ground structures and there was no recruitment of new individuals. When
plants do not respond to summer precipitation events it is because there is no
incentive to invest in additional structures to exploit available water, as the costs are
outweighed by any potential returns in carbon gain (Schwinning et al., 2003;
Schwinning and Sala, 2004).

There is evidence that suggests plants in this system will respond to pulses of
precipitation in the summer. Bates et al. (2000) observed extensive tillering of C;
perennial grasses and a second set of reproductive tillers were produced by P.
sandbergii and S. hystrix following 70 mm (3-day event) and 20 mm storm events
occurring over a 3-week period in June and mid-July. There are two factors that we
believe contributed to this response; (1) there was adequate winter recharge in soils,
thus, the root net was probably well developed and able to rapidly exploit available
water, and/or (2) the precipitation pulses were large enough to recharge the soil
profile sufficiently for plants to make additional investments in new growth. In the
SPRING treatment, we suspect that root development was curtailed because of
winter drought, thus when water arrived in the late spring and summer, plants
did not have the capacity to fully exploit available water. In addition, watering
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treatments were never sufficient to recharge the soil profile so there was likely little
incentive to increase rooting activity to capture available water. The most water
applied in a 1-month period was about 60 mm with a maximum of 25 mm for a single
event. There is likely a threshold whereby cool season species will respond to summer
moisture but we did not arrive at that level in the study.

4.4. WINTER, CURRENT, and CONTROL treatments: soil water and vegetation
response

Generally, we measured few consistent differences among the WINTER,
CURRENT, and CONTROL treatments. We had predicted that a shift to greater
winter precipitation coupled with reduced spring and summer precipitation would
result in deep percolation of water and increase growth of deep-rooted A. tridentata
compared to more shallow rooted herbaceous plants. The similarity among
treatments in soil water-content (Fig. 3) probably explains the resemblance in plant
community response. In addition, soils on our site are relatively shallow for the
A. tridentata spp. wyomingensis alliance; 30-50 cm in depth before striking a hard
pan. Davies et al. (2004, pp. 28-42) quantified soil characteristics on 150 sites in the
alliance scattered across eastern Oregon and northern Nevada. Soils in their study
averaged 85 cm in depth with a range from 28 to 215 cm. Because soils on our site are
shallow and fine-textured, water cannot easily penetrate below rooting depths of
perennial grasses and forbs. For A. tridentata to take advantage of additional winter
moisture probably requires deeper and/or coarser textured soils. Nonetheless, our
results contrast with recent studies that documented increased shrub density and
cover with greater long-term winter precipitation in south-eastern Arizona (Brown
et al., 1997), and conclusions developed by Schwinning et al. (2005b) found that
increased summer drought would favor survivorship of deep-rooted shrubs over
shallow rooted plants.

4.5. Shelter effects and vegetation response

Differences in vegetation, litter, and bare ground among WINTER, CURRENT
and CONTROL treatments we attributed to the effects of the shelters rather than the
watering treatments. The warmer temperatures and reduced diurnal variation under
the shelters (Svejcar et al., 1999) may explain the higher densities of P. sandbergii and
B. tectorum in CURRENT and WINTER treatments. Frost heaving and pedestaling
at the soil surface was commonly observed in late winter and early spring
(February—April) in the CONTROL treatment. Under the shelters, frost heaving was
not a factor, which may partially explain the increased establishment by reducing
stress of P. sandbergii and B. tectorum seedlings during the late winter—early spring
period. Frost heaving in soils has been reported to reduce B. tectorum establishment
(Sheley and Larsen, 1994). The warmer temperatures combined with winter moisture
application were probable factors for the larger B. tectorum biomass values
measured in the WINTER treatment. With warmer soil temperatures, B. tectorum
produces greater shoot biomass (Nasri and Doescher, 1995).
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The increase in B. tectorum is of concern as its presence has altered historic fire
regimes and permanently modified Great Basin plant communities (Young et al.,
1987). If temperatures increase as predicted by general circulation models (NAST,
2000; IPCC, 2001), the potential exists for increased annual grass establishment into
areas where it is still a minor component of the A. tridentata ecosystem. Research has
indicated B. tectorum can spread, establish, and increase in undisturbed and intact
sagebrush communities (Passey et al., 1982; Svejcar and Tausch, 1991). B. tectorum
dominates extensive areas in the Intermountain region, particularly in areas only
slightly warmer than our study site (Young et al., 1987; Pellant, 1990). These
areas have converted to systems dominated by annual grass and are now maintained
by more frequent fire disturbances. The altered disturbance regime has largely
removed or prevented reestablishment of native flora. There are also indications that
B. tectorum is more competitive with native species with elevated CO, levels (Smith
et al., 2000). A warmer environment coupled with a winter precipitation regime and
greater CO, levels would likely permit invasion and dominance by B. tectorum,
particularly if fire disturbances increase.

Litter breakdown and decomposition appeared to be reduced under the shelters
which may explain the higher litter covers in the shelter treatments. Litter material in
the CONTROL was more exposed and appeared more readily degraded. Litter in the
CONTROL rapidly assumed a bleached appearance after the growing season, while
litter under the shelters retained a freshly cured appearance. This may be related to
ultraviolet radiation inputs which are an important factor in degradation of plant
materials in arid land systems (McKay et al., 1994; Moorehead and Callaghan, 1994;
Rozema et al., 1997). Ultraviolet radiation inputs were not measured but would be
reduced under the shelters due to the filtering of UV radiation by the roofing
material.

5. Conclusions

In other studies, experimentally shifting precipitation patterns, altering storm
frequency, or adjusting annual water inputs have had variable effects to plant
community productivity and composition. Productivity and composition in plant
communities has increased, decreased, or not changed substantially in response to
experimental manipulation of precipitation (Grime et al., 2000; Knapp et al., 2002;
Svejcar et al., 2003). A shift in precipitation that does not stray far from historical
patterns does not appear to cause major disruptions to ecosystem composition or
productivity, and in some cases may enhance productivity (Grime et al., 2000). As
indicated by our study, increased winter precipitation combined with summer
drought appears unlikely to cause major changes to vegetation composition or
productivity of A. tridentata communities in the northern Great Basin. Schwinning
et al. (2005a) suggested that increasing summer drought in cold desert plant
communities will potentially reduce fitness of native perennial plants and open sites
up to invasion by exotic annuals. We measured increases in annual grass B. tectorum
but there was no indication that the fitness of native perennials decreased under the
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WINTER regime. However, as discussed, the trend of increasing B. fectorum is of
concern, particularly if regional temperatures increase as predicted.

Major shifts away from historical precipitation patterns have the greatest potential
to alter ecosystem function and productivity. Altering the temporal distribution and
size of rainfall events in the tall grass prairie of the Great Plains reduced above-
ground productivity by 11% (Knapp et al., 2002). In our study, the shift to a
spring—summer precipitation pattern approximately halved herbaceous production
compared to the other treatments, and bare ground was 20% and 40% greater in the
SPRING than CURRENT and WINTER treatments, respectively.

In the past, a great deal of emphasis has been placed on total annual precipitation
relative to changes in productivity and composition of semi-arid plant communities.
Our results demonstrated that species composition and productivity in the sagebrush
steppe can be altered by the timing of precipitation. Others have also established that
community response to altered precipitation patterns is a direct result of the timing
of water availability within the soil profile (Brown et al., 1997; Schwinning et al.,
2005b). This becomes particularly important in making ecological assessments and
detecting trends in rangeland condition. Land managers are often presented with the
challenge of separating weather effects from those related to management actions.
Experimental results from this and other studies should begin to provide managers
with knowledge they require to evaluate weather-related changes in semi-arid and
arid ecosystems.

Acknowledgments

The research was funded by the Vegetation Diversity Project, United States
Geological Survey, Forest and Rangeland Ecosystem Science Center, Corvallis,
Oregon. We thank Dr. H. Wayne Polley and Dr. Debra Peters for constructive
reviews of the manuscript. The authors acknowledge the technical/field assistance of
Roxanne Bailey and Kara Paintner and numerous summer student technicians. The
Eastern Oregon Agricultural Research Center is jointly funded by the Oregon
Agricultural Experiment Station and USDA-Agricultural Research Service.

References

Bates, J., Miller, R.F., Svejcar, T.S., 2000. Understory dynamics in cut and uncut western juniper
woodlands. Journal of Range Management 53, 119-126.

Branson, F.A., Miller, R.F., McQueen, 1.S., 1976. Moisture relationships in twelve northern desert shrub
communities near Grand Junction, Colorado. Ecology 57, 1104-1124.

Brown, J.H., Valone, T.J., Curtin, C.G., 1997. Reorganization of an arid ecosystem in response to recent
climate change. Proceedings of the National Academy of Science 94, 9729-9733.

Caldwell, M.M., White, R.S., Moore, R.T., Camp, L.B., 1977. Carbon balance, productivity: water use of
cold-winter desert shrub communities dominated by C; and Cy4 species. Oecologia 29, 275-300.

Canfield, R.H., 1941. Application of the line intercept in sampling range vegetation. Journal of Forestry
39, 388-394.



J.D. Bates et al. | Journal of Arid Environments 64 (2006) 670-697 695

Comstock, J.P., Ehleringer, J.R., 1992. Plant adaptation in the Great basin and Colorado Plateau. Great
Basin Naturalist 52, 195-215.

Cook, J.G., Irwin, L.L., 1992. Climate—vegetation relationships between the Great Plains and Great Basin.
American Midland Naturalist 127, 316-326.

Davies, K.W., Bates, J.D., Miller, R.F., 2004. Vegetation and environmental characteristics of the
Wyoming big sagebrush alliance in Oregon. In: Bates, J. (Ed.), Ecology of the Wyoming Big Sagebrush
Alliance in the Northern Great Basin: 2004 Special Report. Eastern Oregon Agricultural Research
Center, Burns, Oregon 65pp.

Dobrowolski, J.P., Caldwell, M.M., Richards, J.H., 1990. Basin hydrology and plnat root systems. In:
Ormond, C.B., Pitelka, L.F., Hidy, G.M. (Eds.), Plant Biology of the Basin and Range. Ecological
Studies 80. Springer, Berlin.

Easterling, D.R., Meehl, G.A., Parmesan, C., Changnon, S.A., Karl, T.R., Mearns, L.O., 2000. Climate
Extremes: Observations, Modeling, and Impacts. Science 289, 2068-2074.

Ehleringer, J.R., Schwinning, S., Gebauer, R., 1999. Water use in arid land ecosystems. In: Press, M.C.,
Scholes, J.D., Barker, M.G. (Eds.), Physiological Plant Ecology. Blackwell Science, Boston, USA, pp.
347-365.

Ehleringer, J.R., Cerling, T.E., Flanagan, L.B., 2001. Global changes and the linkages between
physiological ecology and ecosystem ecology. In: Press, M., Huntly, N., Levin, S. (Eds.), Ecology:
Achievement and Challenge. Blackwell, Oxford, pp. 115-138.

Evans, R.D., Black, R.A., Link, S.0., 1991. Reproductive growth during drought in Artemisia tridentata.
Functional Ecology 5, 676-683.

Fay, P.A., Carlisle, J.D., Danner, B.T., Lett, M.S., McCarron, J.K., Stewart, C., Knapp, A.K., Blair,
J.M., Collins, S.L., 2002. Altered rainfall patterns, gas exchange, and growth in grasses and forbs.
International Journal of Plant Sciences 163, 549-557.

Graetz, R.D., Walker, B.H., Walker, P.A., 1988. The consequence of climate change for seventy percent of
Australia. Natural Environment, 399-420.

Grime, J.P., Brown, V.K., Thompson, K., Masters, G.J., Hillier, S.H., Clarke, I.P., Askew, A.P., Corker,
D., Kielty, J.P., 2000. The response of two contrasting limestone grasslands to simulated climate
change. Science 289, 762-765.

Hitchcock, C.L., Cronquist, A., 1987. Flora of the Pacific Northwest, Sixth Printing. University of
Washington Press, Seattle, WA, USA.

IPCC, 2001. Climate change 2001: the scientific basis. Contribution of Working Group I to the Third
Assessment Report of the International Panel on Climate Change, Cambridge University Press,
Cambridge, 881pp.

Knapp, A.K., Fay, P.A., Blair, J.M., Collins, S.L., Smith, M.D., Carlisle, J.D., Harper, C.W., Danner,
B.T., Lett, M.S., McCarron, J.K., 2002. Rainfall variability, carbon cycling, and plant species diversity
in a mesic grassland. Science 298, 2202-2205.

Lentz, D.R., Simonson, G.H., 1986. A detailed soils inventory and associated vegetation of Squaw Butte
Range Experiment Station. Special Report 760, Agricultural Experiment Station, Oregon State
University, Corvallis, 184pp.

Link, S.O., Gee, G.W., Downs, J.L., 1990. The effects of water stress on phenological and
ecophysiological characteristics of cheatgrass and Sandberg’s bluegrass. Journal of Range Manage-
ment 43, 506-512.

McKay, P., Johnson, L., Billow, C., Miller, J., Pu, R., 1994. Factors affecting loss in mass of creosotebush
bush leaf litter in the northern Chihuahuan desert. Southwest Naturalist 39, 78-82.

Moorehead, D.L., Callaghan, J.F., 1994. Effects of increasing ultraviolet-B radiation on decomposition
and soil organic matter dynamics: a synthesis and modeling study. Biology and Fertility of Soils 18,
19-26.

Nasri, M., Doescher, P.S., 1995. Effect of temperature on growth of cheatgrass and Idaho fescue. Journal
of Range Management 48, 406-409.

National Assessment Synthesis Team (NAST), 2000. Climate Change Impacts on the United States:
Potential Consequences of Climate Variability and Change. US Global Change Research Program,
Washington, DC. Cambridge University Press, New York, USA 154pp.



696 J.D. Bates et al. | Journal of Arid Environments 64 (2006) 670-697

Neilson, R.P., King, G.A., DeVelice, R.L., Lenihan, J., Marks, D., Dolph, J., Campbell, B.,
Glick, G., 1989. Sensitivity of Ecological Landscapes and Regions to Global Climate Change.
US Environmental Protection Agency, Environmental Research Laboratory, Corvallis, OR
103pp.

Noy-Meier, 1., 1973. Desert ecosystems, environment, and producers. Annual Review of Ecological
Systems 4, 25-32.

Qjima, D.S., Dirks, B.O.M., Glenn, E.P., Owensby, C.E., Scurlock, J.O., 1993. Assessment of C budget
for grasslands and drylands of the world. Water, Air, and Soil Pollution 70, 95-109.

Pechanec, J.F., Pickford, G.D., Stewart, G., 1937. Effects of the 1934 drought on native vegetation on the
upper Snake River Plains, Idaho. Ecology 18, 290-505.

Pellant, M., 1990. The cheatgrass-wildfire cycle: are there any solutions? In: Proceedings—Symposium;
Cheatgrass Invasion, Shrub Die-Off, and other Aspects of Shrub Biology and Management.
United States Forest Service, Intermountain Research Station General Technical Report, INT-276,
pp. 11-18.

Passey, H.B., Hugie, V.K., Williams, E.W., Ball, D.E., 1982. Relationships between soil, plant community,
and climate on rangelands of the Intermountain west. USDA Soil Conservation Service Technical
Bulletin 1662, 124pp.

Reynolds, T.D., Fraley, L., 1989. Root profiles of some native and exotic species in southeastern Idaho.
Environmental and Experimental Botany 29, 241-248.

Rickard, W.H., Vaughn, B.E., 1988. Plant community characteristics and responses. In: Rickard, W.H.,
Rogers, L.E., Vaughn, B.E., Liebetrau, S.F. (Eds.), Shrub-Steppe: Balance and Change in a Semi-arid
Terrestrial Ecosystem. Elsevier Science Publ. Co. Inc., New York, pp. 109-181.

Rittenhouse, L.R., Sneva, F.A., 1977. A technique for estimating big sagebrush (Artemisia tridentata)
production. Journal of Range Management 30, 68—70.

Rozema, J., Staaij, J.W.M., Bjorn, L.O., Caldwell, M.M., 1997. UV-B as an environmental factor in plant
life: stress and regulation. Trends in Ecology and Evolution 12, 22-28.

SAS Institute, 2001. User’s Guide, Version 8.2 Edition. SAS Institute, Cary, NC.

Schlesinger, W.H., Reynolds, J.F., Cunningham, G.L., Huenneke, L.F., Jarrell, W.M., Virginia, R.A.,
Whitford, W.G., 1990. Biological feedbacks in global desertification. Science 247, 1043-10438.

Schwinning, S., Sala, O.E., 2004. Hierarchy of responses to resource pulses in arid and semi-arid
ecosystems. Oecologia 141, 211-220.

Schwinning, S., Davis, K., Richardson, L., Ehleringer, J.R., 2002. Deuterium enriched irrigation
indicates different forms of rain use in shrub/grass species of the Colorado Plateau. Oecologia 130,
345-355.

Schwinning, S., Starr, B.I., Ehleringer, J.R., 2003. Dominant cold desert plants do not partition warm
season precipitation by event size. Oecologia 136, 252-260.

Schwinning, S., Starr, B.1., Ehleringer, J.R., 2005a. Summer and winter drought in a cold desert ecosystem
(Colorado Plateau) part II: effects on plant carbon assimilation and growth. Journal of Arid
Environments 61, 61-78.

Schwinning, S., Starr, B.1., Ehleringer, J.R., 2005b. Summer and winter drought in a cold desert ecosystem
(Colorado Plateau) part I: effects on soil water and plant water uptake. Journal of Arid Environments
60, 547-566.

Sheley, R.L., Larsen, L.L., 1994. Observation: comparative life-history of cheatgrass and yellow star
thistle. Journal of Range Management 47, 450—456.

Smith, S.D., Huxman, T.E., Zitzer, S.F., Charlet, T.N., Housman, D.C., Coleman, J.S., Fenstermaker,
L.K., Seeman, J.R., Nowak, R.S., 2000. Elevated CO, increases productivity and invasive species
success in an arid ecosystem. Nature 40, 79-82.

Sneva, F., 1982. Relation of precipitation and temperature with yield of herbaceous plants in eastern
Oregon. International Journal of Biometeorology 26, 263-276.

Svejcar, T., Tausch, R.J., 1991. Anaho Island, Nevada: a relict area dominated by annual invader species.
Rangelands 13, 233-236.

Svejcar, T., Angell, R., Miller, R., 1999. Fixed location rain shelters for studying precipitation effects on
rangelands. Journal of Arid Environments 42, 187-193.



J.D. Bates et al. | Journal of Arid Environments 64 (2006) 670-697 697

Svejcar, T., Bates, J., Angell, R., Miller, R., 2003. The influence of precipitation timing on the sagebrush
steppe ecosystem. In: Guy, McPherson, Jake, Weltzin (Eds.), Changing Precipitation Regimes &
Terrestrial Ecosystems. University of Arizona Press, Tucson, AZ 237pp.

Wrage, K.J., Gartner, F.R., Butler, J.L., 1994. Inexpensive rain gauges constructed from recyclable 2-liter
plastic soft drink bottles. Journal of Range Management 47, 249-250.

Young, J.A., Evans, R.A., Eckert, R.E., Key, B.L., 1987. Cheatgrass. Rangelands 9, 266-270.



	The effects of precipitation timing on sagebrush steppe vegetation
	Introduction
	Methods
	Study area and experimental design
	Precipitation application and soil water-content
	Vegetation measurements
	Statistical analysis and data presentation

	Results
	Precipitation application and soil water-content
	Herbaceous biomass
	Plant cover--functional group response
	Plant cover and density, species response
	Reproductive development

	Discussion
	Sagebrush
	Effects of spring precipitation pattern: herbaceous response and soil moisture
	Ecological implications of a spring precipitation pattern
	WINTER, CURRENT, and CONTROL treatments: soil water and vegetation response
	Shelter effects and vegetation response

	Conclusions
	Acknowledgments
	References




