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Abstract

Invasion and dominance of weedy species is facilitated or constrained by environmental and ecological factors that affect
resource availability during critical life stages. We compared the relative effects of season, annual weather, site, and disturbance
on potential cheatgrass (Bromus tectorum L.) germination in big sagebrush (Artemisia tridentata Nutt.) communities. Soil water
status and temperature in the seedbed were measured continuously for 4 years on 9 big sagebrush sites in Nevada and Utah.
Field plots at lower-, middle-, and upper-elevation sites were either undisturbed, or were burned, sprayed with herbicide, or
both sprayed and burned. Spraying removed perennial herbaceous vegetation, whereas burning removed sagebrush. We used
thermal-germination data from laboratory incubation studies of 18 cheatgrass seedlots and field soil moisture and temperature
measurements to model and predict potential germination in the field plots for periods when seedbeds were continuously wet
(above —0.5, —1, or —1.5 MPa) and across intermittent wet and dry periods. Season had the greatest effect on potential
cheatgrass germination, followed by annual weather, and site variables (elevation and location); the effects of disturbance were
minimal. Potential germination was predicted for most sites and years in spring, a majority of sites and years in fall, and few
sites or years in winter. Even though disturbance has limited effects on potential germination, it can increase cheatgrass invasion
and dominance by reducing perennial herbaceous species resource use and allowing increased cheatgrass growth and
reproduction.

Resumen

La invasién y dominancia de las malezas es facilitada o dificultada por factores ambientales y ecoldgicos que afectan la
disponibilidad de recursos durante las etapas criticas del ciclo de vida. Comparamos los efectos relativos de la estacion, clima
anual, sitio, y disturbio sobre la germinacion potencial del “Cheatgrass” (Bromus tectorum L.) en comunidades de ‘“Big
sagebrush” (Artemisia tridentata Nutt.). La temperatura y el estado del agua en el suelo se midieron continuamente en la cama
de siembra por cuatros afios en 9 sitios de “Big sagebrush” en Nevada y Utah. Las parcelas de campo en los sitios de elevaciones
baja, media, y alta recibieron alguno de los siguientes tratamientos: sin disturbio, quemados, asperjados con herbicidas, o
quemados y asperjados con herbicidas. La aspersion de herbicida removié la vegetacion herbacea perenne, mientras que la
quema removio el “Sagebrush.” Usamos datos de temperatura-germinacién de estudios de incubacion en laboratorio de 18 lotes
de semilla de “Cheatgrass” y las mediciones de campo de temperatura y humedad del suelo para modelar y predecir la
germinacion potencial en las parcelas de campo en periodos cuando las camas de siembra estuvieron continuamente humedas
(arriba de —0.5, —1, 0 —1.5 MPa) y durante periodos intermitentes secos y himedos. La estacion tuvo el efecto mds fuerte sobre
la germinacién potencial del “Cheatgrass,” seguida por el clima anual y las variables del sitio (elevacion y localizacion); que los
efectos del disturbio fueron minimos. En primavera, la germinacion potencial se predijo para la mayoria de los sitios y afos, en
otofio, para un gran nimero de sitios y afios, y en invierno para pocos sitios y afios. A pesar de que el disturbio tuvo efectos
limitados sobre la germinacion potencial, esta condicion puede aumentar la invasion y dominio del “Cheatgrass™ al reducir es
uso de los recursos por especies herbaceas perennes y permitir un mayor crecimiento y reproduccion del “Cheatgrass.”

Key Words: big sagebrush, disturbance, fire, Great Basin, heat accumulation, soil temperature, soil water, thermal-germination
models, weed invasion

INTRODUCTION (Mack 1986). Its current dominance on rangelands once
occupied by big sagebrush (Artemisia tridentata Nutt.) has
decreased ecological values and greatly increased the frequency
of catastrophic wildfire in this region (Billings 1990; D’Antonio
and Vitousek 1992). Because of their extent and location,
Wyoming big sagebrush (Artemisia tridentata Nutt. subsp.

wyomingensis Beetle and Young) communities in the Great

Cheatgrass (Bromus tectorum 1.) has spread across the
Intermountain West since its introduction in the late 1880s
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Basin are especially susceptible to invasion by cheatgrass and
other annual weeds (Wisdom et al. 2005). Higher elevation
mountain big sagebrush (Artemisia tridentata Nutt. subsp.
Vaseyana [Rydb.] Beetle) communities are also considered to
be at risk to invasion, but are less extensive than Wyoming big
sagebrush communities and have exhibited less invasion
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(Wisdom et al. 2005). Cheatgrass invasion produces an
abundance of fine fuels, lengthens the dry period, and results
in an annual-dominated steady state that is sustained by
increased fire frequency (Whisenant 1990; Knapp 1996;
Brooks and Pyke 2001).

Resource availability greatly influences weed invasion and
dominance (Chambers et al. 2007). An understanding of the
effects of disturbance on resource availability during critical
weed life stages and within the climatic context of the
environment at risk should help focus weed management
strategies. Cheatgrass is able to exist in undisturbed plant
communities (Douglas et al. 1990; Rice and Mack 1991;
Valentine and Stevens 1994; Meyer et al. 2001; Chambers et al.
2007) but maintenance of mature perennial herbaceous
vegetation can reduce the potential for cheatgrass dominance
(Stevens 1997; Booth et al. 2003; Beckstead and Auspurger
2004; Humphrey and Schupp 2004; Chambers et al. 2007).
Weed invasion is considered most likely in systems where
climatic conditions or disturbance vyield the environmental
resources required for germination, growth, and seed pro-
duction of invasive species (Davis et al. 2000). Resource
availability can also determine the extent of dominance of
annual species such as cheatgrass that have high potential for
growth and seed production. On a large scale, climate is a major
determinant of what bioregions are susceptible to cheatgrass
invasion, whereas disturbance can dictate the extent of invasion
in a susceptible bioregion such as the sagebrush steppe
(Bradford and Lauenroth 2006). Disturbance that removes
understory perennial herbaceous species greatly increases
cheatgrass growth and reproduction in big sagebrush commu-
nities of the Great Basin (Chambers et al. 2007).

What is the role of germination in cheatgrass invasion
relative to resource availability? Cheatgrass seeds are well-
suited to take advantage of available resources. After a dry
afterripening period in summer (Meyer et al. 1997), cheatgrass
seeds germinate over a wide range of temperatures (Martens et
al. 1994). Previous authors have measured cheatgrass germi-
nation as a function of thermal and hydrotime accumulation,
or as time spent above threshold values of temperature and
water potential (Christensen et al. 1996; Bauer et al. 1998;
Hardegree et al. 2003; Taylor et al. 2004, 2007; Bair et al.
2006). The ability to germinate rapidly at low temperature has
been proposed as one mechanism by which cheatgrass
successfully competes with native perennial grasses for soil
moisture in the fall, winter, and early spring (Wilson et al.
1974).

Is disturbance necessary for cheatgrass germination in Great
Basin big sagebrush communities? The purpose of our study
was to estimate potential germination response of cheatgrass to
temperature and water-potential thresholds in the field to
determine the relative effects of disturbance compared to
factors such as site, season, and annual weather, which make
up much of the physical environmental context of these
communities. This was done by using field-measured soil
temperatures and water potentials to calculate progress toward
germination based on laboratory response of cheatgrass
germination rate to temperature. Because disturbance can
influence soil temperatures and water potentials, it has the
potential to influence cheatgrass germination. We hypothesized
that seasonal temperatures and water potentials are generally
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adequate for cheatgrass germination in Great Basin big
sagebrush plant communities and that germination is therefore
not dependent on disturbance.

METHODS
Study Sites

Soil water status and soil temperature were measured on 4 sites
in Nevada and 4 sites in Utah, as described in detail by
Chambers et al. (2007), with an additional site in Utah
dominated by squirreltail grass (Elymus elmoides [Raf.]
Swezey). Study sites were located along elevation gradients
within drainages dominated by Wyoming big sagebrush at
lower elevation and mountain big sagebrush at middle and
upper elevation. These sites were either in good condition (7
sites) or seeded to crested wheatgrass (Agropyron cristatum [L.]
Gaertn.; 2 sites). Soils at the Nevada crested wheatgrass-,
lower-, and middle-elevation sites are sandy loam; at the
Nevada upper-elevation site they are loam to sandy loam. Soils
at the Utah crested wheatgrass- and lower-elevation sites are
gravelly coarse sandy loam; at the Utah squirreltail site they are
coarse loam; at the Utah middle-elevation site they are gravelly
coarse loam; and at the Utah upper-elevation site they are very
gravelly coarse loam.

Experimental Treatments

Vegetation removal and burn treatments were applied in
a factorial design to examine the separate and combined effects
of perennial herbaceous vegetation removal and fire on seedbed
temperature and moisture. Individual study plots (3.4-m
diameter) were located within each of the shrub-dominated
study sites around individual sagebrush plants and were usually
separated by =2 m. Crested wheatgrass and squirreltail study
plots were located within areas of relatively uniform grass
cover. Vegetation treatments included leaving the herbaceous
understory intact (live) or spraying with glyphosate (Round-
up®) herbicide in spring of 2001 for complete kill (dead). Burn
treatments were applied in fall 2001 and consisted of placing
3.4-m diameter barrels around each plot, adding 4.5 kg of
straw to improve fuel consistency, and igniting the straw and
initial vegetation with a drip torch (Korfmacher et al. 2003).
Three replicates of each treatment combination were applied
per site (9 sites X2 herbicide treatments X2 burn treat-
ments X 3 replicates = 108 plots).

Seedbed Environmental Monitoring

In summer 2001, thermocouples were buried at a depth of 1-
3cm in 2 replicate plots of each treatment combination.
Gypsum blocks (Delmhorst, Inc.) were buried at a similar depth
in 3 replicate plots of each treatment combination. Thermo-
couple and gypsum-block output were read every minute and
hourly averages were recorded using Campbell Scientific, Inc.
CR-10X microloggers. Soil water potentials down to
—1.5 MPa were estimated from gypsum block electrical
resistance using a standard calibration curve (Campbell
Scientific, Inc. 1983). Hourly air temperature was measured
from a thermister in a gill shield, and total hourly precipitation
was monitored from an electronic tipping bucket rain gage at
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each study site. Measurements for this study were recorded
from fall 2001 through spring 20035.

Thermal Accumulation Responses

Times to 25% and 50% germination of total germinable seeds
(the subpopulations of seeds that germinate faster than the
remaining 75% and 50% of seeds) were measured at 11
temperatures in 3°C increments between 3°C and 33°C for 8
populations of cheatgrass collected for 1-2 years (15 total
seedlots) from Idaho, Washington, Nevada, and British
Columbia using methods described by Hardegree (2006).
Germination times for the same subpopulation percentiles
were also tested for 3 populations collected from Utah and
incubated at 6 constant temperatures in 5°C increments
between 5°C and 30°C using methods of Roundy and
Biedenbender (1996). Germination rate (d ') of the 25% and
50% subpopulations was estimated for all seedlots as a function
of incubation temperature using nonlinear regressions derived
with the TableCurve® 2D curve-fitting program (Systat
Software, Inc.) as described by Hardegree (2006). Curvilinear
equations with best fit and lowest residuals were selected for
each seedlot within the measurement range. R* values for these
curves ranged from to 0.74 to 0.99, with 23 of the 36 curves
having an R* >0.90. Germination rates below the lowest
measured temperature response were estimated using linear
regression of the lowest 2 measured rates (3°C and 6°C for 15
seedlots and 5°C and 10°C for 3 seedlots). For rates above the
highest measured temperatures, germination rates were esti-
mated by the curvilinear equations up to 38°C, above which
they were set to zero.

Progress toward germination (PTG; Roundy and Biedenben-
der 1996) of the 25%- and 50%-seed subpopulations were
estimated for each seedlot for every hour as a function of
average soil temperature for that hour using the nonlinear
equations derived with Tablecurve® 2D. Germination can be
estimated to occur when the summation of hourly PTG
estimates subsequent to planting reaches a value of 1 (Roundy
and Biedenbender 1996). Thermal accumulation toward
germination is expected to occur only when sufficient water
is available for seed hydration. We separately calculated
thermal progress toward germination during periods when
estimates of water availability were above the following water
potential thresholds: —0.5, —1, and —1.5 MPa. In addition, we
used 2 indices for characterizing potential cheatgrass germina-
tion. The first and most conservative method was to calculate
the number of discrete, effective wet periods (EWP) within
which germination progress was sufficient to achieve either
25% or 50% germination (number of wet periods where
PTG =1). The second method was to calculate PTG across all
wet periods within a season, which we refer to as seasonal
progress toward germination (SPTG). For modeling purposes,
the first method assumed that cheatgrass seeds returned to their
original germination potential if they dried out (soil at 1-3 cm
reached a specified water potential threshold) before achieving
radicle growth. The second method assumed that the cheatgrass
seeds retained their thermal accumulation and progress toward
germination during intermittent wet and dry periods. If
SPTG =1, then potential 25% or 50% germination is predicted
for that treatment.
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Average hourly soil temperatures from thermocouples buried
in 2 treatment replicates were used to calculate PTG for each
seedlot for every wet period and for each season (SPTG) for the
three water potential threshold values (—0.5, —1, or, —1.5
MPa) using the mean water potential estimate calculated from
gypsum blocks buried in 3 treatment replicates. The number of
EWP and the SPTG were analyzed in a mixed model (Littell et
al. 1996), with site considered random, and cheatgrass seedlot,
year, herbicide, and burn treatments considered fixed factors.
The Tukey—Kramer method (P < 0.05) was used to determine
significant differences among means for fixed factors (SAS
Institute Inc. 1987). Best unbiased linear prediction equations
(BLUPS) were used to estimate the potential number of EWP
and SPTG values for sites and site by year (site-year)
combinations (Littell et al. 1996). These analyses were
conducted separately for 3 seasons: fall (September through
November), winter (December through February), and spring
(March through June), and for each water potential threshold.
Consequently, 36 separate analyses were conducted: 3 water
potential thresholds X 3 seasons X 2 germination responses
(days to 25% and 50% germination) X 2 thermal accumulation
methods (number of EWP and values of SPTG).

We used discriminate analysis (SAS Institute Inc. 1987) to
classify and predict germination success or failure as estimated
by the number of EWP and SPTG as a function of
meteorological variables for each combination of site, year,
and season. Independent variables included average air
temperature, total degree-days (sum of daily air temperatures
above 0°C), total precipitation, and days of precipitation.
Discriminate analysis was used to predict success or failure
across all seasons, as well as within the fall season.

RESULTS

Effects of Estimation Parameters

Both the number of EWP and SPTG values decreased with less-
negative water potential thresholds (Fig. 1, Table 1). The
differences in germination indices were generally greater
between the —0.5 and —1 MPa thresholds than between the
—1 and —1.5 MPa thresholds (Fig. 1). The number of EWP
estimated in spring averaged greater with the —1 MPa
threshold than for the —1.5 MPa threshold because the latter
resulted in fewer, but longer wet periods. For fall, the number
of EWP was lowest when using a water potential threshold of
—0.5 MPa. SPTG was lowest in winter when using a water
potential threshold of —0.5 MPa (Table 1, Fig. 1). Number of
site years with successful predicted germination in fall and
spring were more similar when using water potential thresholds
of =1 and —1.5, than —0.5 MPa. Germination potential
predictions based on EWP were similar for 25% and 50%
germination in winter and in spring; but for fall, fewer
successful site-years were predicted for 50% than 25%
germination (Table 1). SPTG was less for the 50% sub-
population in fall and winter. SPTG estimates were similar
for both subpopulations in the spring (Table 1). EWP estimates
of germination potential were more conservative than those
derived from SPTG (Fig. 1 and Table 1). These indices agreed
in their predictions of potential germination success in the
spring, but less so for fall, and least for winter. Winter
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Figure 1. Seasonal number of effective wet periods (EWP) where
thermal accumulation was sufficient for 25% (D25) and 50% (D50)
germination of cheatgrass and total seasonal intermittent wet progress
toward 25% and 50% germination (SPTG) for different water potential
thresholds in big sagebrush seedbeds. Potential germination is predicted
when EWP or SPTG =1. Data are averaged across all years, sites, and
disturbance treatments.

germination was predicted for about half of the site—years
based on SPTG. There were no EWP in winter, and therefore
no potential germination predicted for winter, based on the
more conservative index.

Effects of Seedlot, Season, and Site

Seedlots. The number of EWP and SPTG values varied
significantly (P <0.001) among cheatgrass seedlots for both
25% and 50% subpopulations and for all seasons and all water
potential thresholds. Seedlot germination rate responses to
constant temperatures in incubators were most similar at
suboptimal temperatures for the inverse of days to 25%
germination and varied most at supraoptimal temperatures
(Fig. 2). Although the germination indices varied significantly
(P <0.0001) among seedlots and the seedlot by year interaction
was significant for SPTG (P < 0.05), most seedlots were similar
in predicted potential germination for a season or year. For
example, using the EWP index and a water potential threshold
of —1 MPa, germination failure was predicted for all seedlots
in fall 2001, but all seedlots were predicted to germinate in fall
2002, 2003, and 2004. Similarly using the EWP index, all
seedlots were predicted to successfully germinate every spring,
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and none were predicted to germinate in the winter. Using the
SPTG index, all seedlots were predicted to germinate in fall and
spring, but only 7 of 18 seedlots were predicted to germinate at
the 25% level and only 2 seedlots at the 50% level in winter.

Season. Scason had the strongest treatment effect in this
study. The number of EWP and SPTG values was highest in
spring, and lowest in winter (Fig. 1). Potential germination was
predicted for almost all sites and years in spring using either
germination index (Table 1). Winter germination was only
predicted based on SPTG, and then only for about one-half of
the 36 total site—years, depending on the water potential
threshold. Potential germination was predicted for the majority
of site—years in fall (Table 1), but predictions were sensitive to
water potential thresholds and varied with the subpopulation.

Site. Site effects on potential germination varied with season
(Fig. 3). In fall, lower-elevation big sagebrush sites had higher
germination potential than upper-elevation sites. Using the
EWP index, the Nevada crested wheatgrass site had the fewest
years in which cheatgrass germination was predicted in the fall
(Table 1). In spring, all sites had high germination potential for
both germination indices. The crested wheatgrass and lower
elevation big sagebrush sites had a greater number of EWP than
the upper elevation sagebrush sites in spring. Nevada sites had
increasing SPTG with increasing elevation in spring (Fig. 3).
The EWP index predicted no potential germination on any sites
in winter. SPGT was also low for winter, but generally
predicted successful germination on more site-years for the
lower elevation than upper elevation sites (Table 1). An
exception to this was the Utah squirreltail site, which had
limited SPTG values for winter germination. Winter SPTG
values predicted no germination for the middle- and upper-
elevation sites in Nevada, but predicted germination on 1 to 4
site—years for similar sites in Utah, depending on the water
potential threshold and germination percentage.

Effects of Year and Disturbance

EWP and SPTG indices varied significantly (P <0.0001) by
year for all seasons, water potential thresholds, and seed
subpopulations. The EWP index predicted fall germination for
all years except 2001; no winter germination; and germination
every spring across all sites and disturbance treatments, using
a water potential threshold of —1 MPa (Table 1). For these
same treatments and water potential threshold, SPTG predicted
germination every fall and spring, but for only 2 winter
seasons.

Herbicide and burn treatment main effects were also
significant (P <0.05) for EWP and SPTG indices for some
water potential thresholds and seed subpopulations. The year
by herbicide (live vs. dead) by burn interaction was significant
(P <0.05) for both indices for most combinations of water
potential threshold and seed subpopulation. Annual weather
(year) had a much greater effect on the germination indices
than did disturbance for all seasons (Fig. 4). For example, fall
EWP between 2001 and 2002 differed significantly (P <0.05)
by about 1.5 for each herbicide-burn treatment combination,
but within these years, differences in EWP among herbicide—
burn treatment combinations were <0.5 (Fig.4). Annual
precipitation varied among years and among sites within years

Rangeland Ecology & Management



Table 1. Number of years out of 4 for 9 sites and number of site—years out of 36 for 9 sites X 4 years that sufficient degree-days were accumulated
for 25% (D25) and 50% (D50) germination of cheatgrass seeds. Numbers calculated by continuous wet period (effective wet period [EWP]) require
that sufficient degree-days for germination had to accumulate within at least one continuously wet period for a season. Numbers calculated for all wet
periods (seasonal progress toward germination [SPTG]) assume that degree-days for germination were accumulated across all wet periods within
a season. Water potential thresholds indicate different seedbed water potentials above which seed thermal accumulation was calculated.

Germination ~ Water potential Nevada Utah
Season fraction threshold (MPa)  Crested Low Middle Upper Squirreltail ~ Crested Low Middle Upper  All Sites
Calculated by continuous wet periods (EWP)
Fall D25 -05 0 3 1 1 0 3 3 3 1 15
—1 1 3 3 2 3 3 4 3 3 25
-1.5 3 3 3 3 3 3 4 3 3 28
D50 -0.5 0 2 0 0 0 3 2 3 0 10
-1 0 3 1 1 3 3 3 3 2 19
-15 1 3 3 3 3 3 4 3 3 26
Winter D25 -0.5 0 0 0 0 0 0 0 0 0 0
-1 0 0 0 0 0 0 0 0 0 0
-1.5 0 0 0 0 0 0 0 0 0 0
D50 -05 0 0 0 0 0 0 0 0 0 0
-1 0 0 0 0 0 0 0 0 0 0
-15 0 0 0 0 0 0 0 0 0 0
Spring D25 -0.5 4 4 4 4 0 4 4 4 4 32
-1 4 4 4 4 4 4 4 4 4 36
-15 4 4 4 4 4 4 4 4 3 35
D50 -05 1 4 4 4 4 4 4 4 3 32
-1 4 4 4 4 4 4 4 4 4 36
-1.5 4 4 4 4 4 4 4 4 3 35
Calculated for all wet periods (SPTG)
Fall D25 -0.5 4 3 4 3 3 4 4 4 3 32
-1 4 3 4 3 3 4 4 4 4 33
-15 4 3 4 3 4 4 4 4 4 34
D50 -0.5 3 4 3 3 3 4 4 4 3 31
-1 2 4 3 3 4 4 4 4 3 31
-15 3 4 3 3 4 4 4 4 4 33
Winter D25 -0.5 2 3 0 0 0 2 4 3 1 15
-1 2 3 0 0 1 2 4 4 2 18
-15 2 3 0 0 2 2 4 4 2 19
D50 -05 0 0 0 0 0 0 0 0 0 0
-1 2 2 0 0 0 2 4 2 1 13
-15 2 2 0 0 0 2 4 2 2 14
Spring D25 -0.5 4 4 4 4 4 4 4 4 4 36
-1 4 4 4 4 4 4 4 4 4 36
-15 4 4 4 4 4 4 4 4 4 36
D50 -0.5 4 4 4 4 4 4 4 4 4 36
-1 4 4 4 4 4 4 4 4 4 36
-15 4 4 4 4 4 4 4 4 4 36

for each season (Fig. 5). Fall 2001 precipitation was especially
low, and for most sites and years, precipitation was below the
PRISM (2006) average except for fall 2004 and spring 200S5.
Herbicide treatment to kill native herbaceous understory had
little effect on predicted germination performance (Fig. 4).
Although burning increased thermal accumulation during wet
periods in some cases, as evidenced by significantly higher
(P<0.05) EWP and SPTG for some years and herbicide
treatments (Fig. 4), it did not affect the total number of years or
wet periods that resulted in potential germination for the 2 seed
subpopulations.
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Using Meteorological Variables to Predict

Potential Germination

Discriminant analysis of potential germination response as
a function of season, mean daily air temperature, total degree-
days, total days of precipitation, and total precipitation for the
season correctly classified cases of no germination 79% of the
time, and cases of potential germination 95% of the time
(Table 2). The results in Table 2 are for the 25% seed
subpopulation, the EWP index, and a water potential threshold
of —1 MPa; however, classifications were similar for both
subpopulations and for any water potential threshold and
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1/Days to 25% germination

1/Days to 50% germination

Temperature {C}

Figure 2. Curvilinear germination rate responses of 18 cheatgrass
seedlots to constant incubation temperatures as modeled by Table-
curve® 2D. R? values ranged from to 0.74 to 0.99, with 23 of the 36
curves having an R? > 0.90.

germination index. Mean daily air temperature and degree-
days were the best predictors of germination potential across all
seasons, as indicated by their simple 7> values (Table 2).
Discriminant analysis was also used to predict specific
germination potential for the fall season, because the fall had
relatively high variation in potential germination among sites
and years relative to the winter (low germination) and spring
(high germination). Based on the higher #* for degree-days than
air temperature for seasonal predictions (Table 2), and the
recognition that precipitation would be a limiting factor for wet
thermal accumulation in fall, we only used degree-days and
total precipitation to predict successful fall germination. Using
these 2 variables, the discriminant functions correctly classified
90% (9) of the 10 site-years having no potential germination
and 76% (19) of the 25 site—years having potential germination
for the fall season (Table 2).

DISCUSSION

We suggest that a reasonable comparison of potential
cheatgrass germination as a function of season, year, and
disturbance can be obtained from our data using thermal
accumulation toward 25% germination above a water poten-
tial threshold of —1 MPa. Cheatgrass seeds have been shown to
germinate at water potentials as low as —1.5 MPa (Pyke and
Novak 1994; Christensen et al. 1996). Taylor et al. (2007)
found that the base water potential for the fastest 50% seed
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Figure 3. Number of effective wet periods (EWP) fulfilling thermal
progress toward 25% germination (top) and total seasonal intermittent
wet progress (SPTG) toward 25% of cheatgrass germination (bottom,
potential germination when total progress = 1) for 9 big sagebrush sites
and over a 4-year period in Nevada and Utah. Data are averaged across
all years and disturbance treatments. Wet means the seedbed was
= —1 MPa.

fraction for 3 cheatgrass seedlots in Utah ranged from —0.76 to
—1.06 MPa. Hardegree et al. (2003) found that for a long-term
tield simulation, about 80% of the hydrothermal accumulation
for the 10% seed subpopulation of two cheatgrass seedlots
occurred at water potentials > —1 MPa. Use of the 25% rather
than the 50% subpopulation for modeling is reasonable for
a species such as cheatgrass which is a prolific seed producer
and may have >15000 viable seeds - m % in degraded big
sagebrush communities (Young and Evans 1985; Meyer et al.
2007). Although a hot fire can greatly reduce the cheatgrass
seedbank, prolific seed production of the seedlings that do
establish can be expected to restock the seedbank within a few
years (Young and Evans 1978).

A rather robust way of comparing relative effects of different
factors on potential germination is to compare the standard
deviations of the potential germination indices for each
statistically significant factor across all other factors. Because
the means of these factors across all other factors are the same,
a larger standard deviation would indicate greater variation
overall, and therefore a greater relative effect of that factor on
the potential germination index variable. The maximum-
minimum value for a factor also gauges relative effect. Using
a —1 MPa threshold water potential and a 25% germination
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percentage, the relative effect on EWP was greatest for season,
followed by year (annual weather), site, and was minimal for
herbicide and fire disturbance treatments (Fig. 6). For these
same parameters, the relative effect on SPTG was also greatest
for season, about equal for year and site, and also minor for the
disturbance factors.

Why did fire and vegetation removal by herbicides not have
a greater effect on wet thermal accumulation for germination?
Fire can increase soil temperatures (Whisenant et al. 1984;
Sumrall et al. 1991; Chambers and Linnerooth 2001), but
neither fire nor understory vegetation removal increased the
time of surface soil water availability in the first 2 years of this
study (Whittaker 2006). Reduction of understory vegetation by
disturbance would be expected to reduce transpirational soil
water loss and increase time of subsurface soil water
availability. It should have less effect on surface soil water
availability, which is more responsive to surface atmospheric
conditions. In this study, big sagebrush plants within the plots
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were removed by burning, but roots from surrounding live
sagebrush plants might have influenced soil water potential in
the plots (Chambers et al. 2007). Greater perennial herbaceous
growth after burning of live (nonsprayed) plots also might have
increased transpirational water loss on burned plots. Chambers
and Linneroth (2001) found that surface soils of larger burned
plots dried out faster than those on unburned plots, probably
because snow blew off of them and because they had higher soil
temperatures compared to unburned plots. In our study,
apparently surface soil water availability as influenced mainly
by precipitation and soil water evaporation had a greater effect
on wet thermal accumulation for germination than did
vegetation disturbance.

Our data show that seasonal soil water availability and soil
temperatures were adequate for high-potential cheatgrass
germination on both undisturbed and disturbed plots, especial-
ly in spring. Taylor et al. (2007) found that gypsum blocks
dried out 4-6 days after the seed zone dried in a sandy loam
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Figure 5. Seasonal precipitation measured on site for 4 years and site
average precipitation estimated by PRISM (2006) for 9 big sagebrush
sites in Nevada and Utah.

soil in a growth chamber programmed to simulate spring soil
temperatures for Provo, Utah. Such sensor delay could cause an
overestimation of wet thermal time and potential germination.
Reducing the time of water availability by up to 6 days in
thermal accumulation calculations for our data did not reduce
predicted potential cheatgrass germination in spring. These
reductions did lower predicted fall germination to 1 in 4 years,
but such water availability reductions should probably not
apply to fall thermal accumulation. We have found that in fall,
gypsum blocks might not wet up as fast as the seed zone with
the onset of fall rains, thereby potentially underestimating wet
thermal time under some conditions.

We conclude that disturbance of big sagebrush plant
communities in the Great Basin is generally not necessary for
cheatgrass germination because 1) disturbance has little effect
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on wet thermal accumulation, and 2) concurrent soil moisture
and temperature conditions are generally adequate for germi-
nation without disturbance. Because we conducted our study
on 9 sites during 3 years of below-average and 1 year of above-
average precipitation, these conclusions should be fairly robust.

Our discriminant analysis results indicate the relative
importance of temperature in predicting seasonal germination
(Table 2). Total degree-days, based on daily air temperatures,
was the strongest predictor of seasonal germination potential.
An average of 658 =21 degree-days was associated with
potential germination compared to 220 * 49 for season-site—
years that lacked potential germination. Degree-days from
daily air temperatures averaged 746 = 30 for fall, 71.3 £6.9
for winter, and 1146 =40 for spring. Because no thermal
accumulation occurs when seeds are dry, germination is limited
by lack of precipitation during dry falls and then limited by
cold temperatures when precipitation comes in late November.
Germination is also limited during wet winters until seedbeds
warm up in spring (Mack and Pyke 1983; Hardegree et al.
2003).

Faster germination results in higher potential germination in
fall because wet thermal accumulation is dependent on the
onset of fall rains before temperatures become limiting. Faster
germination also results in higher potential germination in
winter when cool temperatures limit thermal accumulation.
Potential germination of the 25% and 50% subpopulations
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Table 2. Potential cheatgrass germination across all seasons and for fall only and the means = standard errors and r? values of meteorological
variables used to predict germination using discriminant analyses. Potential germination was originally estimated from thermal accumulation to 25%

germination using a water potential threshold of —1 MPa.

Observations Observations
Mean daily Total degree Days of Total precipitation correctly correctly
(C) days precipitation (mm) classified (%) n classified (no.)
All seasons
No germination 092+12 220 + 49 16.5+15 342+45 79 43 34
Germination 87+04 658 = 21 11.4+09 802+7.0 95 59 56
r? 0.49 0.81 0.09 0.25
Fall
No germination 841+ 44 37.7*x5.7 90 10 9
Germination 708 + 36 78.6 10.5 76 25 19
r? 0.12 0.15

was more similar in spring when both available soil moisture
and warm temperatures are less limiting than in winter or fall
when the 25% subpopulation had higher potential germination
than the 50% subpopulation (Table 1). More consistent
accumulation of thermal time for spring than fall germination
in our study parallels observations and analyses of others.
Although cheatgrass is reported normally to germinate in fall
(Carpenter and Murray 2005), Martens et al. (1994) consid-
ered that cheatgrass only germinates in the fall in the western
Great Basin once in every 5 years. Hardegree et al. (2003)
modeled seedbed microclimates in southern Idaho and also
found predicted germination rates of cheatgrass to be higher in
spring than fall. Using soil-water and gap-dynamics models,
Bradford and Lauenroth (2006) concluded that climate was the
major determinant of cheatgrass invasion susceptibility, and
that sagebrush steppe areas had higher establishment proba-
bilities in spring than fall. Our results indicate that spring
germination is more dependable than fall germination in the
central and eastern Great Basin.

In fall, seedbeds are already warm and germination is
dependent on precipitation for hydration before freezing and
near-freezing temperatures limit thermal accumulation. De-
gree-days for the fall discriminant analysis were inversely
correlated with potential germination (841 degree-days for no
germination and 708 for potential germination; Table 2).
Higher temperatures and greater degree-days are associated
with fewer storms, less rainfall, higher evaporative demand,
and less time of available water in fall. The usual midwinter
precipitation of the Great Basin climate is generally out of
phase with temperatures conducive to growth (Martens et al.
1994). However, precipitation in the central and eastern Great
Basin can actually peak in October or May when temperatures
are warm enough for germination and growth. These peaks are
due to high altitude, low pressure systems, referred to as lows
aloft (Richardson et al. 1989). Lows aloft are erratic in
movement and often produce heavy precipitation that is less
dependent on elevation and orographic lifting than Pacific
frontal storms, which are most frequent in winter and early
spring. Lows aloft in October should result in fall germination
of cheatgrass.

Cheatgrass germination rarely occurs in summer when
seedlings are susceptible to subsequent drought, or in late fall
when very young seedlings are susceptible to freezing injury.
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Cheatgrass seed populations have a dry afterripening re-
quirement to prevent germination between seed shatter in
early summer and fall rains (Beckstead et al. 1996; Bauer et al.
1998). Failure to germinate in fall because of lack of water for
seeds present in the litter (Young et al. 1969), followed by
induction of secondary dormancy during the winter (Young
and Evans 1975; Kelrick 1991) might allow some seeds to
remain dormant in the seedbank until the following fall and
environmental conditions allow for seedling establishment
(Pyke and Novak 1994; Meyer et al. 2007). Seeds acquiring
secondary dormancy are not available for spring germination,
but seeds that do not germinate or acquire secondary dormancy
in the fall or winter have high potential for spring germination
(Mack and Pyke 1983; Meyer et al. 2007). These nondormant
seeds must account for the frequently observed emergence of
spring seedling cohorts.

Our most conservative predictions of EWP germination with
a —0.5 MPa water potential threshold were also high in the
spring. The less conservative estimate of cheatgrass germination
using the SPTG index might be more relevant depending upon
the physiological response of cheatgrass to heat accumulation
during periods of wetting, drying, and rewetting. Seeds of some
species which have been dehydrated before initiating radical
growth can tolerate desiccation and even retain a degree of the
germination progress made during initial hydration (Allen et al.
1993; Bradford 1995; Hardegree and Van Vactor 2000).
Previous studies of several grass species indicate that the ability
of a seed to retain progress toward germination after drying is
a function of the timing and severity of the dehydration episode
(Allen et al. 1993; Debaene-Gill et al. 1994). If cheatgrass does
retain enhanced germinability during intermittent drying epi-
sodes, then it would exhibit the higher germination potential that
was estimated using the SPTG index in this study.

MANAGEMENT IMPLICATIONS

Cheatgrass can fail to accumulate sufficient wet thermal time to
germinate on drier sites and years than were measured in this
study. However, this study was conducted mainly during years
of below-average precipitation indicating that wet thermal
accumulation for cheatgrass germination is generally adequate
with or without disturbance. These predictions and conclusions
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should be tested with field observations of cheatgrass germi-
nation. Our modeling results indicate that seed germination
does not appear to limit cheatgrass invasion and dominance of
big sagebrush communities in the Great Basin, but that
cheatgrass is constrained more by seedling survival and
reproductive output as affected by resource availability.
Ecophysiological limitations on plant growth and seed pro-
duction exist at higher elevations and on colder aspects
(Chambers et al. 2007). Under favorable growing conditions
competition from native herbaceous species reduces cheatgrass
biomass and seed numbers (Chambers et al. 2007). This
indicates that for climatic zones favorable for cheatgrass,
invasion and dominance is best limited by maintaining these
communities in good condition with relatively high density and
cover of perennial herbaceous species.
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