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Abstract

Establishing perennial grasses from seed in postdisturbance Wyoming big sagebrush (Artemesia tridentata subsp. wyomingensis
Welsh) communities is often unsuccessful, due in part to a lack of knowledge of the seedling ecology of perennial grasses. We
examined the influence of planting timing on germination and seedling demography of bluebunch wheatgrass (Pseudoroegneria
spicata [Pursh] A. Love) in the northern Great Basin. In 2008 (year 1) and 2009 (year 2) we planted seeds monthly, September–
December, in 1-m2 plots (500 seeds per plot) using a randomized block design with five replications. Germination timing was
indexed using seed bags placed adjacent to 1-m2 plots and retrieved at 2-wk intervals in fall and 1-mo intervals in spring.
Seedlings were marked in March–June of the year following planting; seedlings alive in July were considered initially
established. Planting in September and October had up to 80% germination prior to winter, whereas December plantings
germinated mainly in spring and at reduced rates (15–35%). Seeds planted in September and October emerged approximately a
month earlier than November–December plantings. The percentage of germinated seeds that emerged was highest for
September–October plantings but the percentage of emergent seeds surviving to the end of the first growing season was highest
for later plantings. Final seedling density was lowest for November planting in year 1 and highest for September and October
planting in year 2. Our data indicate that timing of and performance at critical stages of seedling development were affected by
planting month. We suggest that it may be possible to use emerging technologies (e.g., seed coatings or germplasm
manipulations) to produce variable chronologies of seedling development with single plantings and allow managers to exploit
multiple temporal windows of opportunity for seedling establishment.
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INTRODUCTION

Worldwide, arid-land plant communities are critically impor-

tant for forage production and as a reservoir of biodiversity

(Bedunah et al. 2006; Rosiere 2006). The integrity of these

ecosystems has been increasingly compromised in association

with a growing number of factors including intensive agricul-

tural production and associated desertification, land type

conversion, altered ecological processes, and invasion or

expansion of nondesirable plant species (Milton et al. 1994;

Greene and Stager 2001; Gisladottir and Stocking 2005;

Huxman et al. 2005). Among these factors, invasive plant

species, particularly annual grasses, currently threaten shrub-

and grass-dominated ecosystems across North and South

America, Eurasia, Africa, and Australia (D’Antonio and

Vitousek 1992; Mack et al. 2000). Containing the spread of

invasive plant species and restoring areas previously invaded is

contingent on successful propagation and maintenance of

desired species. To date, restoration attempts in arid-land plant

communities have been insufficient to curtail the spread of

invasive plants, and restoring desirable vegetation is limited, in

part, by an insufficient understanding of the reproductive

ecology of key species (James et al. 2011).

In arid and semiarid portions of the western United States,

sagebrush plant communities occupy over 62 million hectares

and provide a wide variety of ecological services including

maintenance of plant diversity, habitat for obligate and

facultative sagebrush wildlife species, and forage for livestock

grazing (Küchler 1970; Miller et al. 1994; West and Young

2000). Low to mid-elevation plant communities such as those

dominated by Wyoming big sagebrush (Artemesia tridentata
subsp. wyomingensis Welsh) are increasingly impacted by

nonnative invasive annual grasses such as cheatgrass (Bromus
tectorum L.) and medusahead (Taeniatherum caput-medusae
[L.] Nevski; Chambers et al. 2007). These annual grasses alter

the ecology of sagebrush/perennial bunchgrass plant commu-

nities by creating a more continuous fuel bed that cures earlier

in the growing season than native perennials (Brooks et al.

2004). Altered fuel bed characteristics in invaded areas have

dramatically increased fire frequency resulting in reduction or

elimination of perennial plant species and associated ecosystem

services over millions of hectares in the Intermountain West

(Melgoza et al. 1990; Whisenant 1990; D’Antonio and

Vitousek 1992; Miller and Eddleman 2000; Stringham et al.

2003; Pellant et al. 2004; Davies and Svejcar 2008) and

jeopardized much of the remaining intact rangeland within the

region (Pellant and Hall 1994). This process has resulted in

what has been characterized as the largest plant invasion in

recent North American history (D’Antonio and Vitousek 1992;

Chambers et al. 2007).
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Much of the management effort to stem annual grass
invasion has been associated with seeding perennial grass
species in the postfire environment (Eiswerth et al. 2009).
Established native and nonnative perennial grasses can compete
effectively with annual species (Chambers et al. 2007) and help
to reduce invasion (Davies 2008). However, competition at the
seedling stage strongly favors annual grasses (Young and
Mangold 2008) and thus, establishment of perennial bunch-
grasses from seed in postdisturbance Wyoming big sagebrush
communities has met with only limited success (Pyke et al.
2003), particularly for native species (Robertson et al. 1966)
despite massive capital and logistical expenditures. This lack of
success is likely, in part, a function of reliance on ineffectual
restoration techniques and paradigms (Boyd and Svejcar 2009),
but is also related to a lack of understanding of the seedling
ecology of seeded perennial grasses.

Previous work suggests that soil water content and temper-
ature influence perennial grass germination (Hardegree 1994;
Meyer et al. 2000; Hardegree et al. 2003, 2010; Hardegree and
Van Vactor 2004; Rawlins et al. 2012a, 2012b) and establish-
ment (Hironaka and Sindelar 1975). The abiotic environment
of the Wyoming big sagebrush alliance is highly variable within
and between years (Bates et al. 2007), and within this variable
environment, most restoration/rehabilitation efforts focus on
planting perennial grass seeds during the fall period; by
convention, the majority of this effort is in October and
November. Fall is a period of strong transition in both
temperature and moisture patterns from a hot and dry summer
regime to the cold temperatures and frozen soils of winter.
During the fall period, the abiotic environment can vary
dramatically depending on the occurrence of fall moisture and
timing of seasonal air temperature changes and their effect on
soil temperature. Thus, the specific timing of planting will
impact the immediate seed environment and may ultimately
impact degree of restoration/rehabilitation success. Traditional
wisdom suggests that planting in late fall (e.g., November),
when soils are at or near the freezing point, will curtail
prewinter germination and prevent subsequent freeze–thaw
cycles from damaging germinated seeds prior to spring
emergence (Arredondo et al. 1998). However, to date there is
only limited empirical work documenting the influence of
planting date on seeding success or describing the chronology
of seedling development in response to temporally variable
environmental factors.

Bluebunch wheatgrass (Pseudoroegneria spicata [Pursh] A.
Love) is one of the most prevalent native perennial bunch-
grasses in the western United States and is found in plant
communities throughout the Intermountain West (Miller et al.
1986; Pyke 1990). Seeds begin germination in fall (bluebunch
wheatgrass does not require cold stratification; Link et al.
2011) and germination rate decreases as temperatures ap-
proach freezing (Kitchen and Monsen 1994). Seed production
can vary widely between years (Pyke 1990) and establishment
from seed following disturbance can be limited by abiotic
factors (Mangla et al. 2011) and competition with exotic
species (Knapp 1996).

The objectives of the current study were to determine the
influence of timing of planting on germination, emergence, and
initial establishment of bluebunch wheatgrass under conditions
of ambient and excess soil water (to mimic a wider range of

environmental conditions). We hypothesized that: 1) fall/winter
germination would decrease with later planting date, 2) spring
germination would result in increased emergence of germinated
seedlings compared to fall/winter germination, 3) survival of
emergent seedlings would increase with fall/winter germination
in association with increased potential for root development
and resource capture at time of spring thaw, and 4) watering
would increase percentage of germination, emergence, and
initial establishment.

METHODS

Our study site was located at the Northern Great Basin
Experimental Range, approximately 50 km west of Burns,
Oregon, at an elevation of approximately 1 400 m. Annual
precipitation is highly variable, but averages 286 mm with the
majority falling as rain or snow during the October to March
period (data file, Eastern Oregon Agricultural Research Center,
Burns, OR). Soils at the study site were classified as a well-
drained Derallo Variant-Pernty complex with a surface horizon
of fine sandy loam underlain by bedrock at approximately 75
cm (Lentz and Simonson 1986).

To assess the influence of planting month and watering on
percentage of seedling emergence and initial establishment, and
seedling density and biomass, we used a randomized complete
block design with five blocks, two watering levels, and four
dates of planting. This design was repeated in 2008–2009
(‘‘year 1’’) and 2009–2010 (‘‘year 2’’). Treatments were imposed
on 1.6630.75 m plots. Watering treatments consisted of no
watering (‘‘ambient’’) and ambient plus 75% of historic
monthly average (‘‘watered’’). Plots in the later treatment were
hand-watered from 21 September through soil freezing in early
December. Watering frequency was based on historical (1937–
2006) average by month (Table 1). The amount of water
applied in a single watering was calculated by dividing the
historical monthly average precipitation by the historical event
frequency and multiplying by 0.75.

A 1.3330.75 m section of each plot was demarcated and
hand-seeded in the third week of September, October, or
November or the second week of December of each year. On
the assigned date, plots were raked and hand-seeded with 500
viable Anatone bluebunch wheatgrass seeds (Lot LHS1D3-445-
1; L&H Seeds, Inc., Connell, WA). Seed viability was
determined in an incubation chamber by placing 50 seeds on
moist filter paper (four replications) for 4 wk (218C, 12 h light/
12 h dark); seeds with a visible radicle were considered viable.
Planted seeds were covered with approximately 1 cm of soil
that had been sifted through a 6-mm mesh screen.

We began counting emergent seedlings in March of both
study years; counts continued on a 2–3-wk basis thereafter
until early July. Seedlings of nonseeded species were removed
from plots during counts. We monitored plots for emergence in
the fall/early winter but observed no emergence until March.
Emergence was defined as the presence of a coleoptile or
cotyledon above the soil surface. For the initial count, emergent
seedlings were marked with a toothpick; for subsequent counts,
toothpicks were removed for dead seedlings (desiccated
seedlings that broke when touched) and added for new
seedlings. Toothpick colors were unique to each count. After
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the final seedling density count of each year (1 July 2009; 8 July
2010), we measured seedling height and harvested, oven-dried,
and weighed aboveground seedling biomass. Seedlings alive in
July were considered to be initially established.

Soil moisture and temperature were logged on an hourly
basis using Gro-Point sensors (Environmental Sensors Inc.,
Sidney, BC) buried to a depth of approximately 2 cm within
one ambient plot and one watered plot. Values for soil moisture
and temperature were averaged within month. Current and
historical precipitation and air temperature data were collected
at an existing nearby (, 1 km) weather station.

To index percentage of germination of planted seeds we used
a buried seed bag technique (Abbott and Roundy 2003) within
the unplanted 0.3330.75 m section of each plot. Bags were
planted simultaneous with plot seeding and were prepared by
filling a 10.2315.2 cm nylon mesh bag (S-10648W, Uline,
Chicago, IL) with a mix of 50 bluebunch wheatgrass seeds and
sifted (6-mm mesh) soil from the study site. Bags were placed at
0–2 cm soil depth and bags were harvested twice monthly (one
bag � plot�1 � harvest�1) beginning 2 wk after planting through
December and monthly in March, April, and May (year 2
only). Following harvest, materials from bags were washed
over a 0.7-mm mesh screen to separate seeds from soil and
seeds were classified as germinated or nongerminated. Seeds
with visual radicle development were considered germinated.

Data Analysis
Data were examined for skewness and kurtosis (PROC
UNIVARIATE; SAS Institute Inc. 1999). When normality or
homogeneity of variance assumptions were violated, data were
weighted by the inverse of the treatment variance (James and
Drenovsky 2007; Neter et al. 1990). Because years had unique
precipitation and temperature regimes (Fig. 1), statistical
analysis was conducted within study year.

We used analysis of variance (ANOVA; PROC MIXED, SAS
Institute Inc. 1999) to evaluate planting month and watering
effects on percentage of germination, emergence and initial
establishment, and seedling density and biomass. Block and the
block by treatment interaction were considered random effects
in the model. Covariance structure was determined as per
Littell et al. (1996). When significant main or interactive effects
were found, we used the LSMEANS procedure (SAS Institute
Inc. 1999) to determine differences among treatment means.

To examine the relative performance of seedlings by life
history stage, we expressed values for germination, emergence,
and initial establishment within year, relative to percentage of
maximum possible values. We estimated percentage of germi-
nation per plot by dividing the highest observed germination
values (regardless of date) from seed retrieval bags by 50, and

then adjusted these values by the estimate of seed viability
percentage determined from laboratory viability tests. We then
estimated the total number of seeds germinating for each plot
by multiplying percentage of germination values by the number
of seeds planted (i.e., 500) in each plot. Observed values for
total emergent seedlings were then divided by the per-plot
estimates of the number of germinated seeds to obtain estimates
of percentage of emergence. Values for percentage of initial
establishment were calculated by dividing the number of live
seedlings at the final (July) count by the total number of
emerged seedlings.

We further partitioned emergence by examining the propor-
tion of total emergence, within year, that was recorded on each

Table 1. Historical precipitation amount, and frequency and watering amount for plots planted with bluebunch wheatgrass in southeast Oregon. Watering
amount per plot is equal to 75% of the historical (1937–2006) monthly precipitation amount divided by historical precipitation frequency and adjusted for a
1.25-m�2 plot.

Planting month Historical precipitation (cm) Historical precipitation frequency Precipitation per event (cm) Water amount (ml) for 1.25-m�2 plot

September 1.37 4 0.34 3 210.94

October 2.18 6 0.36 3 406.25

November 2.89 9 0.32 3 010.42

December 3.27 9 0.36 3 406.25

Figure 1. Monthly air temperature and precipitation at southeast Oregon
study site. Data are stratified by year 1 (2008–2009), year 2 (2009–2010),
and long-term mean (1936–2006). Nonhistorical means (n¼28–31) are
plotted with associated standard errors.
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date of data collection; we then used ANOVA to determine the
effect of planting month and watering treatment on percentage
of total emergence by date of data collection. Percentage of
survival within these cohorts was calculated by dividing the
number of initially established seedlings from each cohort by
the number that emerged. We used ANOVA to determine
differences in cohort survival by date of emergence. Main
effects, interactions, and treatment differences were considered
to be significant at a¼0.05. All means are reported with their
associated standard errors.

RESULTS

July through June precipitation was 241 mm in year 1 and 259
mm in year 2 compared to a 70-yr average of 286 mm (Fig. 1).
Seasonality of precipitation varied strongly within study years
and both years had wetter spring (April–June) periods than
average (121.2 mm and 94.5 mm in years 1 and 2 compared to
a 70-yr mean of 78.5 mm). June precipitation was above
average in study year 1 and below average in year 2. Average
monthly air temperatures closely tracked long-term averages in
most months but were below normal in October and
November of year 2, February of year 1 and May of year 2.

Soil water content ranged from 11.16 0.26% for ambient
plots in October to 16.36 0.51% for November watered plots
in year 1. In year 2, water content was lowest for December
ambient plots (7.06 0.48%) and highest for January watered
plots (19.560.99%; Fig. 2). Moisture generally declined from
snowmelt (March) through June, but increased in June in year 1
due to high rainfall inputs. Soil temperatures ranged from a high
of approximately 188C in June (both years) to�2.2 6 0.448C in
December of year 2 (Fig. 2). The first sustained (. 5 d) soil
freezing period was by December 3 in year 1 and by December
10 in year 2. Average monthly soil temperatures were below
freezing for 3 mo in year 1 and 1 mo in year 2 (Fig. 2).

Seed viability was 996 1% in year 1 and 9261% in year 2.
Recovery of seeds from seed bags was 99.8% in both years.
Timing of germination varied by data collection date by
planting month and planting month by water treatment in both
years (Table 2; Fig. 3). In both years, September- and October-

Figure 2. Surface (0–5 cm) soil water content and temperature (8C) for
ambient and water-added plots in southeast Oregon. Data are stratified by
year 1 (2008–2009) and year 2 (2009–2010). Means (n¼28–31) are
plotted with their associated standard errors.

Table 2. Analysis of variance table with F statistic and P values for factors effecting different measures of seedling performance at varying demographic
stages. Only significant (P� 0.05) factors are shown.

Dependent variable Figure Significant effects

Year 1 Year 2

F statistic P value F statistic P value

Germination timing 3 planting month3 data collection date 15.26 , 0.001 4.49 , 0.001

planting month3water treatment 5.15 0.002 16.90 , 0.001

Germination 4 planting month 42.6 , 0.001 — —

planting month3water treatment — — 4.80 0.008

Emergence 4 planting month3water treatment 3.02 0.046 3.99 0.018

Initial establishment 4 planting month — — 12.42 , 0.001

planting month3water treatment 3.28 0.035 — —

Emergence timing 5 planting month3 data collection date 5.56 , 0.001 5.69 , 0.001

Survival of emergent seedlings 5 data collection date 7.87 , 0.001 8.33 , 0.001

Seedling density (plants �m�2) 6 planting month 9.56 , 0.001 5.71 , 0.001

Seedling biomass (g �m�2) 6 planting month 9.51 , 0.001 8.46 , 0.001

Seedling biomass (g � plant�1) 6 planting month 3.05 0.049 3.57 0.027
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planted plots had germination (40–80%) prior to onset of
freezing soils. Elevated fall moisture in year 1 was associated
with numerically higher germination for September- and
October-planted plots as compared to year 2 (Fig. 3). Fall
and winter germination of plots planted in November was
higher in year 1 than year 2, ranging from 50.86 7.74% to
56.16 4.53%, for watered and ambient plots, respectively, and
was 0% for year 2 (regardless of watering treatment).
December-planted plots germinated mainly in the spring period
with peak germination values approaching 30% and 20% for
years 1 and 2, respectively. Watering was associated with
increased fall and winter germination rates of October-planted
plots in both years (Fig. 3).

Percentage of germination (in seed bags) differed by planting
month in year 1, and planting month by water treatment in
year 2 (Table 2; Fig. 4). In year 1, germination was highest for
September and October plots at approximately 80% and
decreased to 39.726 4.59% with December planting. Both
November and December plots had lower germination
(approximately 20%) than earlier plantings in year 2.
Percentage of emergence differed by planting month by water
treatment in year 1 and year 2 (Table 2; Fig. 4). November plots

had lowest percentage of emergence in year 1 (1.516 0.28%
and 0.766 0.23% for watered and ambient plots, respectively)
and watering increased emergence for October plots (from
7.36 6 1.89% to 18.03 6 3.43%). In year 2, September
watered plots had highest percentage of emergence (water-
ed¼19.77 6 2.07%, ambient¼11.69 6 2.57%); remaining
planting dates had values ,7%. Percentage of initial seedling
establishment was influenced by planting month by water in
year 1 and planting month in year 2 (Table 2; Fig. 4). December
ambient plots had highest percentage of initial establishment in
year 1 (73.156 13.77%). November and December plots had
highest percentage of initial establishment in year 2 (approx-
imately 73%), which was more than double that recorded for
September and October Plots.

Figure 3. Timing of germination for bluebunch wheatgrass seeds by month
of planting, data collection date, and water treatment for plots planted in
southeast Oregon. Closed symbols indicate means for watered plots and
open circles represent ambient plots. Data are stratified by year 1 (2008–
2009) and year 2 (2009–2010). Means (n¼5) are plotted with their
associated standard errors. Figure 4. Percentage of germination, emergence, and initial establishment

for bluebunch wheatgrass seeds as a function of planting month and
watering treatment. Means within a year and panel without a common letter
are different (a¼0.05). Data are stratified by year 1 (2008–2009) and year
2 (2009–2010) and only significant main effects and interactions are
reported. Data indicate percentage of maximum possible score; scores for
‘‘emergence’’ were calculated based on the number of germinated seeds
and ‘‘initial establishment’’ was calculated as a percentage of emergent
seedlings. This differs from final seedling density as presented in Figure 6.
Means are plotted with their associated standard errors.
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Timing of emergence varied by planting month by date of
data collection in both years (Table 2; Fig. 5). For September-
and October-planted plots, emergence largely occurred by (year
1) or prior to (year 2) April 8. Emergence in these plots was
more temporally dispersed in year 1 with approximately 80%
of total emergence occurring from 11 March through 8 April;
in year 2, September- and October-planted plots had
83.36 4.22% and 746 4.80% emergence, respectively, by
the first data collection on 17 March (Fig. 5). Survival of
emergent cohorts varied by date in both years (Table 2; Fig. 5).
We found a pattern of increasing survival with later calendar
date of emergence ranging from mid-March through early May.
Survival then remained elevated for seedlings emerging through
mid-June (Fig. 5).

Final seedling density varied by planting month in both years
(Table 2; Fig. 6). In year 1 density ranged from 11.662.38
plants �m�2 for October plots to a low of 1.30 6 0.37
plants �m�2 for November plots (Fig. 6). September plots had
highest seedling density in year 2 (17.86 3.71 plants �m�2) and
November plots were lowest (2.56 0.40 plants �m�2). Seedling
biomass per unit area was influenced by planting month in year
1 and year 2 (Table 2; Fig. 6). November plots had lower
biomass than other planting months in year 1 (0.16 0.04
g �m�2) and year 2 (1.76 0.18 g �m�2) and September plots had
highest biomass in year 2 (10.16 0.18 g �m�2). Planting month
influenced biomass of individual seedlings in both years with no
consistent between-year pattern (Table 2; Fig. 6).

DISCUSSION

Seasonal patterns of temperature and soil moisture conditions
across the Wyoming big sagebrush alliance provide a complex
environment for germination, emergence, and establishment of
perennial grasses. Seeds that germinate in fall often have high
moisture availability but developing coleoptiles and radicles
will be exposed to the rigors of frozen soil events during winter.
Alternatively, advanced root development associated with fall
germination may ‘‘prime’’ seedlings for increased resource
capture during spring snowmelt, a life history strategy that is
employed by most annual grasses resulting, at least partially, in
their competitive dominance (Harris 1967). Spring germination
avoids potential damage associated with soil freezing, but at
the expense of delayed root development and potentially
decreased survival in the ensuing summer dry period (Harde-
gree 1994). In our study, seedlings did not emerge prior to
winter snow, regardless of planting or germination date.

Emergence and Germination vs. Planting Date
Our results clearly demonstrate variable success across life
history stages and that success at a given stage is influenced by
planting date. We found that emergence was the most limiting
life history stage (Fig. 4), and, contrary to our hypothesis,
planting dates with seeds that germinated predominately in
spring did not have higher emergence. In general, less than 20%
of germinated seeds emerged and for most year/treatment
combinations, that number was ,10%. Previous fieldwork
documenting emergence patterns for perennial grasses in
sagebrush ecosystems is extremely limited. One study (James
and Svejcar 2010) reported comparable emergence rates (4% of

Figure 5. Emergence and survival of bluebunch wheatgrass seeds as a
function of data collection date (dates describe cohort emergence rather
than changes in a single cohort through time). Emergence values (n¼10)
are the percentage of seedlings (within year) that emerged on a given date.
Survival values (n¼40) are the percentage of an emergent cohort (within
date and year) that survived to establishment. Means within a year, panel,
and date without a common letter are different (a¼0.05). Data are stratified
by year 1 (2008–2009) and year 2 (2009–2010). Means are plotted with
their associated standard errors.

Figure 6. Final seedling density and biomass (per plant and per unit area)
as a function of planting month. Means within a year and panel without a
common letter are different (a¼0.05). Data are stratified by year 1 (2008–
2009) and year 2 (2009–2010). Means (n¼10) are plotted with their
associated standard error.
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germinated seeds) for November-planted seeds. Our decision to
harvest seedlings at the time of senescence during the first
growing season did not permit us to examine interannual
survival of emergent seedlings. Other authors have found high
grass seedling mortality during the first summer drought period
(Salhi and Norton 1987; Pyke 1990). In contrast, Chambers
(2000) found that once perennial grass seedlings emerged,
survival in sagebrush steppe was high (. 50% over 2 yr).
Similarly, Huber-Sannwald and Pyke (2005) reported 50–85%
survival (20 mo) of emergent bluebunch and desert (Agropyron
desertorum [Fisch. ex Link] Schult.) wheatgrasses. Experimen-
tal evidence from our area suggests that seedling survival to the
end of the first growing season represents a major demographic
milestone. James et al. (2011) reported approximately 0.70
probability of survival of bluebunch wheatgrass seedlings from
the first to second growing seasons postemergence.

The degree to which emergence limited final seedling density
varied by planting date with the balance of the data suggesting
that emergence may be less limiting with early planting
(September or October). The bulk of early-planted seed had
emerged by mid-April as compared to November and
December plantings that continued to show strong emergence
into early to mid-May (Fig. 5). One explanation for a low
percentage of emergence for November-planted plots in year 1
is that these plots initiated germination prior to winter onset
(i.e., frozen soil conditions; see Fig. 3), within approximately
10 d of the first soil freezing event. Average soil temperature
was below freezing for approximately 3 mo in year 1 as
compared to 1 mo in year 2. Previous work with perennial
grasses (Laude 1956) suggests that exposure of germinated
seeds to freezing conditions can cause high levels of preemer-
gent mortality. Slightly warmer soil temperatures and elevated
soil moisture content in February (Fig. 2) may have resulted in
less temporally dispersed emergence in year 2 as compared to
year 1 (Fig. 5; Hardegree et al. 2010). Additional environmen-
tal correlates explaining differential emergence timing relative
to planting date are unclear in our data. Such patterns may
relate to timing of development of seedlings from competing
species (Rummell 1946; Hironaka 1961; Mack and Pyke
1983), but competing vegetation was removed from our plots.
Other authors have reported that crusting of the soil surface
may decrease emergence of germinated seedlings (Wood et al.
1982; Unger 1984) by physically preventing coleoptile emer-
gence, or indirectly by impeding water infiltration into the soil
(Rapp et al. 2000). In our study, soil moisture during the
emergence period was generally sufficient to prevent issues with
soil crusting.

Percentage of germination was impacted by planting date.
Earlier-planted (September, October, but also November in year
1) plots had up to 400% higher germination rates as compared
to late-planted plots (December, but also November in year 2;
Fig. 4). These data suggest that the wet-degree-day requirement
for germination was met earlier, with early-planted plots
(Meyer et al. 2000; Hardegree et al. 2003; Hardegree et al.
2010; Rawlins et al. 2012b). James and Svejcar (2010) found
comparable rates (56–78%) of field germination to the present
study for November-planted bunchgrasses using a seed bag
technique. Consistent with our hypothesis, fall/winter germi-
nation decreased with later planting date, and prewinter
germination of September and October plots (Fig. 3) was

associated with a high percentage of seeds germinating (Fig. 4).
It is interesting to note that germination of November plots was
highest in year 1 (Fig. 4) and that up to 55% of these seeds had
germinated by December (Fig. 3). Maximum germination of
November plots was much reduced in year 2 (Fig. 4), but
germination did not initiate prior to spring (Fig. 3). This
differential between-year germination is associated with
slightly colder soil temperatures in early winter (December)
for year 2 (Fig. 2) and the first soil freezing event in year 1
falling on 12 December, approximately 1 wk later than the first
event in year 2. Hardegree et al. (2003) reported that seeds
exposed to 38C vs. 98C took almost four times the number of
days (29.3 d vs. 8.1 d) to reach 50% of total germination.
Additionally, decreased fall/winter germination of November-
and December-planted plots in year 2 is associated with
reduced soil water content, particularly in December, as
compared to year 1 (Fig. 2). This explanation is consistent
with empirical models linking germination with the interactive
influence of temperature and moisture availability (Meyer et al.
2000; Hardegree et al. 2003; Rawlins et al. 2012a, 2012b).
Because we did not attempt postretrieval germination of
nongerminated seeds, our estimates of germination rate should
be considered conservative. For example, if seeds were
undergoing secondary dormancy, or if they germinated but
died during winter, we would have recorded those seeds as
nongerminated.

Previous literature (e.g., Van Mourik et al. 2005) has
criticized the buried seed bag technique because loss of seeds
to fungal pathogen attack (due to high seed density) can lead to
overestimates of seed bank depletion, but others have found
that this technique compares favorably to alternate methods
(Schutte et al. 2008). Our use of the buried bag technique could
lead to underestimates of germination if nongerminated seeds
were actually dormant, and underestimates in the case of fungal
pathogen attack. In either case, we have no reason to suspect
that such inaccuracies would change relative differences noted
between planting dates.

A greater understanding of the relationship between envi-
ronmental factors and seedling emergence could significantly
improve seeding success. However, improvements in germina-
tion and initial establishment may also be important, even with
low emergence. For example, with September- and October-
planted seeds, germination was relatively high but there is room
for improvement in the relatively low percentage of emergent
seedlings that survived to initial establishment. Conversely,
late-planted seeds have a high percentage of initial establish-
ment but low germination rates limit the potential density of
established plants. Thus, low emergence could be at least
partially offset by improvement in germination or establish-
ment percentages.

Planting Date Effects on Initial Establishment and Seedling
Density
Our results suggest that timing of planting and timing of
germination can have a strong influence on the temporal
pattern of emergence and the subsequent survival of emergent
seedlings (Figs. 4 and 5). Results of this study contradict our
hypothesis that survival of emergent seedlings would increase
with fall/winter germination. Seedlings in plots planted in
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September and October (and November in year 1) had a much
lower percentage of initial establishment than plots planted in
December (and November in year 2), which had up to 80%
initial establishment (Fig. 4). Increased percentage of initial
establishment for late-planted plots corresponded to later
germination (Fig. 3) and emergence (Fig. 5) dates and may
relate to resource availability at the time of germination. Our
data suggest that soil water content can be higher following
spring snowmelt and rainfall as compared to the fall period
(e.g., year 2) but that this pattern will vary by year (Fig. 2). Soil
temperature had similar variability in spring vs. fall patterns
across years (Fig. 2); however, soil and air temperatures (Fig. 1)
in both years were decreasing over time in fall and increasing
over time in spring, which may have promoted more favorable
conditions for initial establishment of spring-germinated
seedlings. Most planting month/year combinations produced
final (July) seedling densities that would be considered
successful within a restoration context (e.g., . 5 plants �m�2)
and were comparable to other work incorporating hand-seeded
plots (e.g., Eckert et al. 1986, James and Svejcar 2010).

The relative effect of planting date on seedling demography
may be influenced by the potentially interactive effects of
planting date and competition from nonplanted species. In our
study, we removed nonplanted species (mainly cheatgrass) from
plots at approximately 2-wk intervals beginning with the first
seedling count in March. This strategy allowed us to more
effectively isolate the influence of planting date on seedling
demography, but curtailed our ability to place those results
within the context of competition from nonplanted species.
Competition from nonplanted annual grasses can decrease
establishment of seedling perennial grasses (Rafferty and Young
2002).

Watering Effects
Evidence for our hypothesis that water additions would
increase seedling performance with respect to percentages of
germination, emergence, and initial establishment was not
clear-cut and when watering treatment was significant it
interacted with planting month and varied by year (Fig. 4).
Data for most planting dates suggest that watering may
increase initial germination but that over time these patterns
(as compared to ambient plots) converge to similar maximum
germination percentages (Fig. 3). Emergence was the only life
history stage for which watering treatment was significant in
both years, with limited evidence suggesting some benefit to
watering for September or October planting (Fig. 4). Further-
more, the fact that seedling density and biomass did not differ
by watering treatment suggests that fall watering within the
bounds of the frequency and amount applied in this study has
little effect. This is somewhat surprising given that both study
years had below normal precipitation (Fig. 1) but is not
unprecedented in the literature. James and Svejcar (2010)
found that spring watering had no effect on density of seeded
perennial bunchgrasses. The fact that both study years had
above normal precipitation periods at or just after the time of
seedling emergence (Figs. 1 and 5) may have dampened the
potential magnitude of watering effects. Watering may also
have an effect on survival of seedlings at time horizons beyond
those examined in the current study.

Additional research is needed to test the efficacy of the
findings of this study in different years and sites, given that
demography of seeded perennial grasses is inherently tied to
variation in both year and site conditions (Boyd and Svejcar
2009). To that end, our study took place in the mesic end of the
Wyoming big sagebrush alliance and within years with
precipitation slightly below that of long-term average. While
we investigated planting success at the scale of 1-m�2 plots and
1-mo intervals, smaller-scale variation in environmental con-
ditions (e.g., Pierson and Wight 1991) will undoubtedly have
influence on seedlings. Alternatively, research to determine the
mechanistic underpinnings of findings in this study may allow
for prediction of seedling demography under a wide variety of
abiotic conditions associated with a diversity of temporal and
spatial scales.

MANAGEMENT IMPLICATIONS

Prior to European arrival, recovery of native perennial grasses
following disturbance could have been through either vegeta-
tive or sexual reproduction (Ratzlaff and Anderson 1995;
Liston et al. 2003). Because of strong interannual variability in
the climate of sagebrush systems (Bates et al. 2007), successful
reproduction of native perennial bunchgrasses from seed may
have been episodic and associated with years having favorable
climatic conditions. This is significant because present-day
management techniques for restoring ecologically degraded
Wyoming big sagebrush communities rely on successful and
timely reproduction from seed, an association that may not fit
with the historical ecology of native perennial grasses in these
systems. If we are to use these techniques to promote the
abundance of a limited number of desirable perennial species in
a climatically variable environment, then we should attempt to
capitalize on all available windows of opportunity in time for
germination and emergence. Our data suggest that early-
planted (September and October) seeds will have a high
percentage of germination and emergence, but that late-planted
seeds have an increased percentage of initial establishment of
emergent seedlings. Because emergence is the most limiting
demographic stage, September or October planting may result
in highest probability of restoration success, although final
plant density by planting month was not consistent between
years (Fig. 6).

Our data highlight the importance of timing of key
demographic stages for planted seeds. For example, our data
indicate that timing of germination influences temporal
emergence patterns and likelihood of initial seedling establish-
ment. We suggest that these results could be used to guide
technologies, such as seed coating, to produce variable
chronologies of seedling development with single plantings
that effectively allow managers to ‘‘hedge their bets’’ (Philippi
1993; Adondakis and Venable 2004) by exploiting multiple
temporal windows of opportunity for seedling establishment.
In theory, a mix of noncoated and hydrophilic and hydrophobic
coated seeds (Scott 1989) could promote a diversity of
germination and emergence episodes over time that increases
the probability of seeding success in a temporally variable
restoration environment. Previous literature (Stratton 1992;
Kelly and Levin 1997) also suggests the potential for
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manipulating germplasm to select for variable timing of
emergence to best match the constraints of a temporally and
spatially variable environment. Improvements may be small,
but managers should consider that small improvements can
have merit. For example, only 5–10 established plants �m�2 are
needed for successful restoration of Wyoming big sagebrush
(Vallentine 1989); with a seeding rate for perennial bunch
grasses of 10–14 kg � ha�1, or approximately 500 seeds �m�2

(Boyd and Davies 2010), a 1% increase in the number of seeds
that eventually establish equates to a 5 plant �m�2 increase in
seedling density. Thus, small increases in survival probabilities
can equate to significant improvement in restoration success.
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