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Postfire restoration seeding success increases with early
fall seeding and simulated precipitation in the Great
Basin Desert of North America

Tara B. B. Bishop!>3 ®, Rebecca Lee Molinari!, Samuel B. St. Clair!

Climate forecasts and disturbance mapping increasingly inform strategies for ecological restoration practices. Our study
objectives were to understand how a postfire rehabilitation seed mix responds to fire, seeding timing, and changes in fall pre-
cipitation timing due to climate change. We planted seeds commonly used in the Great Basin Desert of North America on soil
cores in a randomized block design. We imposed two experimental treatments, experimental fire (burned seedbeds or
unburned seedbeds) and timing of seeding with simulated precipitation (early September vs. mid-October) in a two-way facto-
rial design. We measured seedling emergence (1 month posttreatment), plant density, biomass, and seed production. Early
seeding and precipitation reduced seedling emergence over 2-fold but increased total plant density (3-fold), biomass (13-fold),
and seed production (140-fold) compared to delayed seeding and precipitation applications. Antelope bitterbrush was the only
species with a negative response to early seeding and precipitation, with a decrease in both density and biomass (over 2-fold) by
the end of the study. Burned seedbeds overall had little effect on measured outcomes for the total plant community. Burned
seedbeds decreased forb seedling emergence 2-fold and alfalfa and Lewis blue flax density almost 3-fold but increased overall
forb seed production 7-fold while other species and functional groups had minimal responses. Earlier seeding and precipitation
interacted with the effects of burned seedbeds to increase biomass of Wyoming big sagebrush and western yarrow. The positive
response of species to earlier fall seeding and precipitation underscores the importance of adapting our restoration practices for
changing climate conditions.
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typically provide a reference for restoration or rehabilitation
goals. However, historical references may become obsolete as
climate change and novel disturbance regimes emerge
(Turner 2010). Predicted changes in climate and altered distur-
bance regimes may shift abiotic threshold points beyond
species’ historic distribution ranges (Harris et al. 2006). Emerg-
ing practices are encouraging innovative approaches to restora-
tion such as incorporating predicted future environmental
conditions into historical data (Butterfield et al. 2017; Matzek
et al. 2017). The Great Basin is an ecosystem undergoing dra-
matic changes in vegetation structure due to human activities

Implications for Practice

e The positive effect of earlier seeding timing with simulated
earlier rainfall on biomass and reproduction underscores
the importance of utilizing projected changes in climate in
developing restoration strategies in a changing world. Cli-
mate change may provide new opportunities for adaptive
restoration management in terms of planting windows.

e Faster maturation of some native perennial grass species
related to earlier planting dates could increase their com-
petitive advantage against invasive annual grass species
and should be emphasized in rehabilitation seeding.

e Burned seedbeds differentially affected individual spe-
cies. Species-specific responses could be used to poten-
tially restructure seed mix proportions to favor the
species that responded well to the burn treatment for post-
fire rehabilitation.
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Introduction

Ecological restoration efforts focus on reestablishing ecosystem
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function and services following degradation, often related to
human activities (Harris et al. 2006). Predisturbance or precolo-
nization composition and structure of native plant communities
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including increased fire frequency and severity, non-native plant
species invasion, land-use change, and climate change
(Chambers & Pellant 2008; Snyder et al. 2019). Here, we explore
how the timing of seeding in postfire environments and shifts in
precipitation related to climate change may influence postfire reha-
bilitation success in the Great Basin Desert of North America.

Precipitation patterns strongly influence plant productivity in
arid and semiarid regions (Huxman et al. 2004) including the
Great Basin (Tang et al. 2015; Pilliod et al. 2017). The majority
of precipitation in the Great Basin occurs during winter and early
spring, which supports native foundational plant species such as
sagebrush (Artemisia tridentata Nutt.) into the hot, dry summers
by percolating into deeper soil profiles (Caldwell 1985; Smith
etal. 1997). Climate change forecasts predict earlier fall precipita-
tion in the Great Basin and more winter precipitation occurring as
rain rather than snow (Abatzoglou & Kolden 2011; Easterling
et al. 2017). Precipitation patterns in the Great Basin are trending
toward increased extreme rain events and rain days during fall and
winter, particularly in the eastern region (Gillies et al. 2012; Xue
et al. 2017). Research suggests that earlier fall precipitation and
more rain than snow tend to increase plant species invasion poten-
tial (e.g. Prevéy & Seastedt 2015; Horn et al. 2017; Pilliod
et al. 2017; Gill et al. 2018; Bishop et al. 2020). Variability in cli-
mate increases the need to understand how seeding timing
responds to projected increases in early fall precipitation and
warmer temperatures. A better understanding of the responses
of species included in stabilization and restoration seed mixes to
fall application timing could increase restoration success as the
growing season changes with time (Tang et al. 2015).

Changes in precipitation timing due to climate change are
likely to affect plant species differently based on life-history
strategies (Harris et al. 2006; Wilsey 2021). For example, grass
and forb species exhibit rapid early growth, vegetative dor-
mancy during stressful conditions, and variable seed dormancy
(Kitchen 1994). In contrast, shrub species, such as sagebrush,
are broadly characterized by slow germination rates linked to
light requirements and cold stratification followed by relatively
slow growth rates (Bonner & Karrfalt 2008). Research also
shows that invasive annual grasses can take advantage of earlier
fall precipitation timing in ways that reinforce invasion success
(Horn et al. 2015; Horn et al. 2017; Bishop et al. 2020). This
highlights the need to better define optimal planting windows
for stabilization and restoration seed mixes in response to chang-
ing climates. Some studies have found higher success with
seeded plant establishment when sowing based on life-cycle
characteristics and life-history traits (Frischie & Rowe 2012).
Additionally, modeling efforts and network infrastructures have
been used to identify ideal planting windows and show promise
in predicting plant growth responses to soil moisture and tem-
perature conditions (Hardegree et al. 2017, 2018; Richardson
et al. 2018; Havrilla et al. 2020). However, these models may
be limited for continued application as they commonly use his-
toric data to make conclusions and predictions. Successful resto-
ration efforts, therefore, depend on identifying optimal seeding
windows for establishment success based on changing climate
conditions. Matching fall seeding dates to earlier precipitation
timing has the potential to improve restoration outcomes

(e.g. Boyd & James 2013; Boyd & Lemos 2015; Bishop
et al. 2020; Harvey et al. 2020). Unfortunately, there is limited
understanding of how plant species used in restoration efforts
respond to changing climate conditions and how modifying
the timing of seeding may influence establishment success.

The wildfire season has lengthened, and fire frequency and
severity have increased in recent decades in desert ecosystems
of North America (Jolly et al. 2015; Abatzoglou & Wil-
liams 2016). This is largely related to the establishment and
spread of invasive annual grasses such as cheatgrass (Bromus
tectorum L.) that drive invasive grass-fire cycles (reviewed in
Germino et al. 2016; Bradley et al. 2018; Fusco et al. 2019).
The emergence of novel fire regimes highlights the need for
perennial plant restoration because of their varying tolerances
to changing postfire conditions (Germino et al. 2018; Shriver
et al. 2019; St. Clair & Bishop 2019). Semiarid and arid native
plant communities typically have long recovery times after fire
(Belnap & Eldridge 2001; Chambers & Wisdom 2009; Condon
et al. 2011). Fire also alters the physical and chemical properties
of seedbed environments, including shifts in soil crust structure and
function and soil resource availability that can affect seed germination
and seedling establishment (Neary et al. 1999; Allen et al. 2011;
Abella & Engel 2013; Aanderud et al. 2019). For example, soil min-
eral nitrogen is documented to have a sharp increase immediately fol-
lowing a wildfire in shrublands (Rau et al. 2007; Esque et al. 2010)
from biomass combustion that can provide a nutrient pulse for newly
emerging plants. One possible approach to increasing the success of
native vegetation in postfire environments is to understand their
responses to modified seedbed environments following a fire
(Mc(Gill et al. 2006; Leger & Baughman 2015). Desirable traits for
target species in restoration may therefore include early germination,
rapid growth rate, high resource use efficiency, adaptability, and high
propagule pressure to compete with invasive annual grasses that tend
to dominate in postfire environments (Funk & Vitousek 2007;
Blank & Morgan 2012; Uselman et al. 2015).

The objective of this study was to test the effects of burned
soil environments and the timing of fall seeding and simulated
precipitation on the establishment, growth, and reproductive
success of a postfire rehabilitation seed mix. We tested the fol-
lowing hypotheses: (1) earlier seeding in the fall period and sim-
ulated rainfall will increase plant density and reproduction by
triggering germination and growth during more mild abiotic
conditions in the early fall; (2) the burn treatment will tend to
have positive impacts on plant growth and reproduction by
increasing soil resource availability; and (3) functional group
differences among seed species will likely respond differently
with grasses and forbs being more responsive to the burn treat-
ment and earlier seeding and precipitation timing than shrub
species due to their less stringent germination requirements
and faster growth rates.

Methods

Experimental System

This study used soil cores collected from Rush Valley in Tooele
County, UT, U.S.A. (40.051°N, 112.305°W, elevation 1,650 m
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above sea level [asl]) on the eastern side of the Great Basin
Desert ecoregion. There was no evidence of fires and/or grazing
activity in the areas where soil cores were extracted as indicated
by well-developed biological soil crusts, and no evidence of
non-native plant invasion. The plant community consisted of
mature Wyoming big sagebrush (Artemisia tridentata Nutt
spp. wyomingensis Beetle & Young) and the perennial grass bot-
tlebrush squirrel-tail (Elymus elymoides [Raf.] Swezey). Rush
Valley is a mid-low elevation sagebrush steppe ecosystem with
silty, mixed mesic Haplic Natragrid Taylors Flat Loam (Soil
Survey Staff 2015). We transplanted the soil cores to a common
garden, outdoors at the Brigham Young University Life Sciences
bare field plots with no surrounding vegetation (BYU, Provo,
UT, US.A., 40.252°N, 111.649°W, elevation 1,450 m asl),
48 km east of Rush Valley. All experimental units were subject
to natural weather conditions from early September 2016 until
mid-June 2017, the study duration. Provo’s mean annual tempera-
ture is 12.3°C with a July mean of 24.2°C and January mean of
—1.1°C and mean annual precipitation of 411 mm. The mean tem-
perature and precipitation for the duration of the experiment
(September 2016-June 2017) were 10.7°C and 389 mm (not
including simulated rainfall treatment).

Experimental Design

We extracted soil in 15 cm diameter and 40 cm deep polyvinyl
chloride cylinders collected from intershrub spaces outside of
plant canopies (hereafter referred to as “soil cores”). We wet
the soil to prevent cracking and disruption of the soil crusts.
Based on visual inspection, soil crusts remained intact. We
secured a wire mesh screen to the bottom of each soil core to
maintain soil structure and allow root penetration during the

experiment. We transplanted and buried the soil cores in the
ground at BYU to provide native soil conditions from Rush Val-
ley and daily access for simulated rainfall applications, with the
top 1 cm above ground. To deter herbivory we installed a 2-m
welded-wire fence around the garden with 30 cm below ground.
We watered each core to saturation to germinate any seed bank
3 weeks before beginning the experiment. Very few seedlings
emerged and those that did were carefully removed. This study
was a2 x 2 full-factorial block design replicated four times with
burning and seeding/precipitation timing treatments randomly
positioned within each block. The study included four treatment
combinations: burned—early fall seeding and precipitation;
burned-mid-fall seeding and precipitation; unburned—early fall
seeding and precipitation; and unburned—mid-fall seeding and
precipitation (Bishop et al. 2020).

We selected plant species for the seed mix based on a Bureau
of Land Management rehabilitation mix widely used in the
Great Basin for postdisturbance rehabilitation projects (Bureau
of Land Management Salt Lake Field Office, UT, U.S.A.). The
mix contained a variety of native and non-native species belong-
ing to different functional groups: grasses, forbs, and shrub spe-
cies, with different general life history characteristics (Table 1).
The Great Basin Research Center, Utah Division of Wildlife
Resources (Ephraim, UT, U.S.A.) provided the seeds and the
Wyoming Seed Analysis Laboratory (Powell, WY, U.S.A.) ver-
ified seed viability. We cleaned seeds from all chaff and individ-
ual hand-selected filled (thereby assumed viable) seeds for this
experiment. We calculated the seeding densities of selected spe-
cies used for the experiment (Table 1) based on the densities
used in the rehabilitation mix scaled to the surface area of the
soil core. Seeding took place after the fire treatment to simulate
a typical rehabilitation scenario for this system.

Table 1. List of the species and number of seeds per core used from the rehabilitation seed mix with both scientific and common names based on the USDA
PLANTS database naming convention. Functional group totals and proportions are given for the beginning and end of the study. All species were planted in each
core and received a randomly selected treatment: burned—early precipitation, burned—late precipitation, unburned—early precipitation, and unburned-late

precipitation.

Seeds Per Begin End

Species Name Native Status Core Prop Prop

Grasses 67 0.55 0.68
Anatone bluebunch Wheatgrass Psgudgroegneria spica[a (Pursh) A Love Native 4
Thickspike wheatgrass Elymus lanceolatus (Scribn. & J.G. Sm.) Gould Native 4
Snake River wheatgrass Elymus wawawaiensis J. Carlson & Barkworth Native 5
Sandberg bluegrass Poa secunda J. Presl Native 14
Canby bluegrass Poa canbyi (Scribn.) Howell Native 13
Crested wheatgrass Agropyron cristatum (L.) Gaertn. Non-native 7
Siberian wheatgrass Agropyron fragile (Roth) P. Candargy Non-native 8
Russian wildrye Psathyrostachys (Elymus) junceus (Fisch.) Nevski Non-native 12

Forbs 25 0.2 0.27
Lewis blueflax Linum lewisii Pursh Native 6
Western yarrow Achillea millefolium L. var. occidentalis DC. Native 13
Alfalfa Medicago sativa L. Non-native 6

Shrubs 30 0.25 0.05
Fourwing salt bush Atriplex canescens (Pursh) Nutt. Native 10
Antelope bitterbrush Purshia tridentata (Pursh) DC. Native 10
Wyoming big sagebrush Artemisia tridentata Nutt. sSp. wyomingensis Native 10

Beetle & Young
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Burn Treatment

For the burn treatment, we aimed to simulate a postfire environ-
ment commonly found in the Great Basin that has been invaded
by cheatgrass (Bromus tectorum L.). Cheatgrass has invaded
large areas of the Great Basin contributing to the spread of fire,
which has increased the need for postfire restoration and/or reha-
bilitation (reviewed in Germino et al. 2016). We collected cheat-
grass straw from Rush Valley and sterilized it in an autoclave.
We placed an aluminum cylinder containing 526 g/m* of steril-
ized cheatgrass straw on top of eight randomly assigned cores
and ignited it with a lighter to create a low-severity burn treat-
ment. Fuel loads were similar to nearby areas in Rush Valley
estimated at 462 + 20 g of cheatgrass biomass/m* (St. Clair
et al. 2016). We left the remnant ash from the fully combusted
straw on top of the soil surface resulting in an estimated 9.9 g
of N/m? input (St. Clair et al. 2016).

Seeding Timing and Simulated Precipitation Treatment

We conducted seeding and simulated precipitation treatments
together at two different time points: (1) early fall treatment
and (2) late fall treatment. We scattered seeds evenly on the soil
core surfaces following the burn treatments. To increase soil
contact and reduce the potential for wind loss we lightly
imprinted seeds by hand. Seed mixes were added to the cores
on 6 September for the early fall treatment and on 12 October
for the late fall treatment. Climate projections indicate a shift
toward earlier and larger fall precipitation events in the Great
Basin (Gonzalez et al. 2018; IPCC 2021) thus we applied the
simulated precipitation in conjunction with the seeding treat-
ments to evaluate how coordinating planting efforts with shifted
precipitation would affect restoration outcomes. All cores were
subject to natural weather conditions during the entire study
period regardless of which seeding treatment they received.
We watered cores with 1.5 mm of water once every morning
and afternoon for a total of 3 mm water per day using a flattened
colander to simulate raindrops (Fig. 1). This represents an
approximately 30% increase in overall fall precipitation during
the 2-week watering period (Alder et al. 2013; Gonzalez
et al. 2018). Anecdotally, we did not notice hydrophobicity as
we imposed watering treatments. We watered the early seeded
cores between 6 and 19 September 2016, and the late seeded
cores between 12 and 25 October 2016, starting the same day
as planting. Two natural rain events occurred during the treat-
ment period on 14 September (10 mm) and 24-25 October
(7 mm); we did not water on those days. Only one natural rain
event occurred outside the simulated precipitation treatment
period on 23-24 September (9 mm). The total cumulative
amount of water received by soil cores was an estimated
431 mm from 6 September 2016 until plant collection in mid-
June 2017 (Fig. 1).

Plant Measurements

Plant measurements included seedling emergence counts, plant
density, biomass of aboveground plant tissues, and total seed
production per core. We counted seedling emergence 1 month
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Figure 1. Timing and cumulative precipitation of the two seeding timing/
precipitation treatments (top), accumulated growing degree days (GDD)
with a base temperature of 10°C (middle), and daily mean temperature (°C)
for the study period. The time spanning each seeding timing and simulated
precipitation treatment (early and late) is denoted by the two vertical gray
bars. Cumulative precipitation and GDD lines for each seeding timing/
precipitation treatment (solid and dotted) are jittered to avoid overlap. The
time of plant harvest is denoted by the vertical black line.

after seeding, 11-12 October for early seeded cores, and
14-15 November for late seeded cores. We counted the density
of individual forb and shrub plants and each grass tiller (with
and without seed) that grew by early June 2017. We destruc-
tively harvested all plants by removing all aboveground biomass
and snipping at ground level. After all harvested plants were
dried at room temperature and stored for 9 months, we then
weighed all biomass on a mass balance. We counted filled seeds
individually for all plants that produced seeds.

Statistical Analysis

We used linear mixed-effects analysis of variance to analyze
treatment effects on the seedling emergence, density, biomass,
and seed production of the total plant community, each func-
tional group (grasses, forbs, and shrubs), and each identifiable
species (except for grasses) using R package “nlme” (Pinheiro
et al. 2022). The timing of seeding/precipitation and burn treat-
ments were designated as fixed effects with experimental block
as a random effect. To meet homogeneity of variance assump-
tions we used a varldent covariance structure for the fixed
effects when needed. We used zero-inflated generalized
mixed-effects models for shrub species using R package
“elmmTMB” (Brooks et al. 2017). We could not identify all
grasses to species although some individuals were identifiable
to genera such as native bluegrass (Poa spp.) or native wheat-
grass (Elymus spp.); therefore, we present statistics for grasses
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as a functional group. We provide mean values for identifiable
Poa spp. and Elymus spp., though no analyses were conducted.
We conducted all analyses in R version 3.5.2 (R Core Team) and
made figures using R package “ggplot2” (Wickham 2016).

Results

Seeding and Simulated Precipitation Timing

Total plant community growth and reproduction had a strong
positive response to the early fall seeding and precipitation treat-
ment (Fig. 2). Initial seedling emergence in the early fall
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Figure 2. Growth and establishment of all plant species modified by seeding
timing/precipitation and burn treatment combinations. Means (& SE)
presented. F-statistics and p-value significance are provided in Table S1.

treatment was less than half that of the late fall seeding with sim-
ulated precipitation treatment (F = 17.5, p < 0.01; Table S1;
Fig. 3). However, by the end of the study, early fall treatment
cores increased total plant community biomass nearly 15-fold
(F = 30.0, p<0.01), density nearly 3-fold (F = 23.0,
p <0.01), and seed production almost 140-fold (F = 60.0,
p <0.01) compared with the late fall treatment (Table S1;
Fig. 2). Early fall treatment increased growth responses of nearly
every plant species in the study.

Early fall seeding and simulated precipitation decreased ini-
tial forb seedling emergence over 2-fold (F = 15.4, p <0.01)
compared to the late fall treatment (Table S2; Fig. 3). Early fall
treatment increased forb biomass nearly 17-fold (F = 16.0,
p < 0.01), and density 2-fold (F = 10.9, p < 0.01) compared to
late fall treatment cores by the end of the study (Table S2;
Fig. 4). Even though harvesting occurred during an average
fruiting window for these forb species, there was no forb seed
production in late fall treatment cores, whereas average seed
production was 22,827 + 1,226 seeds/m? in early fall treatment
cores at the time of harvest (F = 4.1, p = 0.03; Table S2; Fig. 4).
All species of forbs increased in density, biomass, and seed pro-
duction in response to early fall seeding and precipitation treat-
ment compared with late fall treatment (Table S2; Fig. 4).

Early fall seeding and simulated precipitation treatment ini-
tially decreased the number of grass seedlings that emerged
almost 2-fold (F = 32.3, p < 0.01) in late fall treatment cores
(Table S3; Fig. 3). However, the early fall treatment signifi-
cantly increased grass density 4-fold (F = 13.0, p < 0.01), bio-
mass 7-fold (F = 5.4, p = 0.03), and seed production near
100-fold (F = 22.0, p < 0.01) compared to the late fall treat-
ments (Table S3; Fig. 4) by the end of the study. Native blue-
grass responded positively to early fall treatments where
average biomass (F = 18.7, p < 0.01), density (F = 7.7,
p = 0.01), and seed production (F = 19.0, p < 0.01) increased
6.5-, 17-, 32-, and 97-fold compared to late fall treatment cores
(Table S3).

Early fall seeding and simulated precipitation treatment
decreased the shrub seedling emergence 2-fold (F = 5.4,
p = 0.02; Fig. 3) but increased shrub biomass 3-fold (F = 3.2,
p = 0.07; Table S4; Fig. 4). However, each shrub species had
differing responses to seed timing and simulated precipitation
treatments (Table S4). Early seeding with simulated precipita-
tion increased Wyoming big sagebrush average biomass 3-fold
(F =34, p =0.04) and density 2.6-fold (F = 6.5, p = 0.02)
(Table S4). In contrast, seed timing and simulated precipitation
did not affect bitterbrush biomass (F = 0.9, p = 0.4) or density
(F=0.1, p =0.55; Table S4).

Burned Seedbed Effects

Burned seedbeds did not significantly affect the biomass, den-
sity, or total seed production of the total plant community by
the end of the study (F = 2.0, 1.7, and 1.3 respectively,
p > 0.1; Table S1; Fig. 2) but decreased the mean emergence
of seedlings 1 month postsowing (F = 17.5, p<0.01;
Table S1; Fig. 3). There was also a significant interaction
between burn treatment and seeding/precipitation timing that
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Seedlings were counted 1 month postsowing and initiation of seeding
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p-value significance are provided in Table S1.
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Figure 4. Growth, establishment, and seed production of functional plant
groups modified by seeding timing/precipitation and burn treatment
combinations. Means (£ SE) presented. F-statistics and p-value significance
are provided in forbs—Table S2; grass—Table S3; and shrubs—Table S4).

led to a 2-fold increase in total seed production in burned—early
seeding/precipitation cores compared to the other treatments
(F = 6.0, p = 0.03; Table S1; Fig. 2).

Burn effects were highly variable depending on species, par-
ticularly among forbs. Burned seedbeds decreased forb seedling

emergence 1.6-fold (F = 5.6, p = 0.02; Table S2; Fig. 3), and
total forb density 1.6-fold (F = 5.5, p = 0.02; Table S2;
Fig. 4) compared with unburned cores. The burned seedbed
environment had no significant effect on overall forb seed pro-
duction (F = 2.4, p = 0.14; Table S2; Fig. 4) or forb biomass
(F=0.3, p=0.5; Table S2; Fig. 4). Lewis blue flax and alfalfa
density decreased in burned seedbeds. The biomass and seed
production of western yarrow responded positively to burned
seedbeds (p < 0.05; Table S2). Western yarrow biomass
increased over 33-fold in response to the burn treatment
(F=9.3, p=0.01; Table S2). Western yarrow seed production
was highest in burned—early seeded/precipitation cores (6-fold
greater) compared to unburned—early seeded/precipitation cores
as indicated by the significant burn x seed timing/precipitation
interaction (Table S2). No other significant treatment interac-
tions were present for forb species (Table S2).

Grasses had minimal response to the burned seedbed treat-
ment. The number of emerged grass seedlings was 1.5-fold
fewer in burned seedbeds compared to unburned seedbeds
(F =12.6, p < 0.01; Table S3; Fig. 3). There was no significant
response of biomass, density, or seed production among grass
species to the burn treatment (all p > 0.1; Table S3; Fig. 4).

The burn treatment decreased the emergence of shrub seed-
lings 5-fold (F = 13.6, p < 0.01) compared to unburned cores
(Table S4; Fig. 3). Shrub biomass and final density had no sig-
nificant response to the burn treatment (F = 0.1, p > 0.1 and
F=0.8, p> 0.1, respectively; Table S4; Fig. 4). Also, no shrub
species produced seed under any treatment during the experi-
ment, as expected. Burned seedbeds decreased antelope bitter-
brush density (6-fold) (F = 4.0, p = 0.04; Table S4) and
biomass (F = 2.1, p = 0.08; Table S4). Burned seedbeds did
not significantly affect Wyoming big sagebrush density
(F = 0.6, p>0.1; Table S4) but slightly increased biomass
(F = 1.9, p = 0.08; Table S4). Four-wing saltbush failed to
emerge in the soil cores (Table S4). Shrub biomass was greatest
in burned—early seeded/precipitation cores, relative to the other
three treatment conditions resulting in significant burn x seed
timing/precipitation interactions (F' = 3.8, p = 0.06; Table S4;
Fig. 4). No other interactions between burned seedbed and seed-
ing timing/precipitation treatments were statistically significant
for shrub species.

Discussion

Our results underscore the importance of testing plant species
responses to modifications in seeding timing in the context of
future climate scenarios. Related to our first hypothesis, we
found evidence that differences in the timing of fall seeding dur-
ing periods of increased soil moisture strongly alter plant emer-
gence, growth, and reproduction. From a management
perspective, this could mean shifting priorities for seeding tim-
ing based on weather forecasting to identify windows of
resource opportunity. We did not find support for our second
hypothesis that the altered seedbed environment related to the
burn treatment would have a widespread positive effect on plant
growth. While our burned seedbed treatment did affect emer-
gence for some species, effects tended to be muted or negative
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and did not appear to be as dramatic as the impacts of more
severe fires created by perennial woody vegetation (Booth
et al. 2003; Germino et al. 2018; Bishop et al. 2020). There
was mixed support for our third hypothesis, where the effects
of seeding/precipitation timing and burning differed among spe-
cies and functional groups.

Effects of Seed/Precipitation Timing on Emergence, Growth, and
Seed Production

Precipitation and temperature patterns strongly influence seed
germination timing (Kildisheva et al. 2019) and soil nutrient
availability. Earlier seeding accompanied by precipitation
increased growth responses of the plant communities in our
study, likely because of readily available soil moisture during
a period of warmer temperatures in the early fall that promotes
earlier germination (Kildisheva et al. 2019). Longer periods of
wet soil during the warmer temperatures of early fall can also
increase nitrogen fixation in biological soil crusts increasing soil
N availability (Belnap & Lange 2003; Pregitzer & King 2005).
Increased soil N promotes plant growth and enhances seedling
hardiness to frost events later in the fall period (Belnap 2002;
Pregitzer & King 2005; Schlaepfer et al. 2014). Though we
saw fewer emerging seedlings in the early seeding treatment
(1 month postsowing), the increased robustness, possibly due
to the aforementioned mechanisms, may have decreased winter
seedling mortality. Also, with the extended growing period,
more seedlings could have emerged after the 1-month mark in
the earlier seeding treatment.

Growth rate and phenological traits can create variable germi-
nation and emergence timing that can affect competitive ability
(Uselman et al. 2015; discussed in Buisson et al. 2017). Our
results are supported by a growing body of evidence suggesting
that the timing of seeding can be a factor in determining seedling
establishment success (e.g. James et al. 2011, 2012; Richardson
etal. 2018; Bennett et al. 2019). The growing season is changing
for much of the Great Basin ecoregion (Tang et al. 2015) and
changes in precipitation timing can affect sagebrush systems
(Bates et al. 2006; Prevéy et al. 2010), with important implica-
tions for restoration practices. This is a relevant management
consideration particularly as soil resource availability, which
impacts plant establishment, is shifting with climate change
(Jansson & Hofmockel 2020).

Effects of Burned Seedbeds on the Plant Community

We had expected burned seedbeds to provide a more hospitable
microsite environment for seed germination and emergence
(Allen et al. 2011; Bowman et al. 2011; Bishop et al. 2020)
across all plant functional groups and species. However, forbs
were the most responsive to the burned seedbed treatments.
Alfalfa and Lewis blue flax responded similarly to Davies
et al. (2014) where these species failed to establish in postfire
environments. However, western yarrow established well in
postfire environments as found in Sheley and Bates (2008). In
burned landscapes in the western United States, species such
as western yarrow and bottlebrush squirrel-tail grass (Elymus

spp.) are facultative early seral species and can increase the like-
lihood of native shrub species’ eventual return by competing
with invasive plants (Nelle et al. 2000; Booth et al. 2003). Based
on our results, western yarrow and bottlebrush squirrel-tail grass
may be key target species for rehabilitation of postfire land-
scapes where a fire is less severe. Fires are commonly associated
with nutrient pulses and biological soil crust damage (Allen
etal. 2011; Sankey et al. 2012) which may have also contributed
to positive responses to the burned seedbeds by these early seral
species (Deines et al. 2007; Boyd & Obradovich 2014; Ferren-
berg et al. 2017; Germino et al. 2018; Bishop et al. 2020). This
underscores the need for using a priority effects framework in
management practices such as species selection and landscape
treatments.

Restoration for Future Climates

Similar opportunities to match seeding timing with changing cli-
mate conditions are likely to exist in other arid ecosystems
where changing landscape conditions, such as plant invasions
and novel fire regimes, driven by changing climate, increasingly
constrain the establishment of desirable species (i.e. Gelviz-
Gelvez et al. 2015). For example, in the Mojave Desert, Custer
et al. (2022) showed that intraspecific variation in growth
response of two dominant perennial shrubs was largely deter-
mined by precipitation regimes and local adaptation. As shifts
in precipitation timing can benefit earlier seeded native, non-
native preferred, and non-native weedy species alike
(Prevéy & Seastedt 2015; Horn et al. 2017; Pilliod et al. 2017;
Bishop 2019; Bishop et al. 2020), competition for soil resources
can become a bottleneck for native plant community success
(Booth et al. 2003; Ulrich & Perkins 2014). We found earlier
seeding with accompanying shifts in simulated precipitation
may have led to more density-dependent competition resulting
in fewer but larger individuals for some of the seeded species.
Increased growth and reproductive response of native forbs
and grass species in response to earlier seeding may be benefi-
cial when attempting to preempt space and resources in invaded
ecosystems (Werner et al. 2016; Young et al. 2017). More gen-
erally across ecosystems, new studies and reviews show that res-
toration outcomes in future climate scenarios and shifting
disturbance and management regimes are poorly understood
(Schéidler et al. 2019; Lemmer et al. 2021). Therefore, as man-
agement efforts adapt to changing landscape conditions
(i.e. fire regime changes) (Epanchin-Niell et al. 20009;
Cochrane & Bowman 2021), those efforts should also take into
consideration shifting precipitation patterns (Tietjen &
Jeltsch 2007; Ramén Vallejo et al. 2012; Korell et al. 2020).
Characterizing seed mix performance in response to changing
climate conditions is critical to successful restoration and reha-
bilitation projects (Wilsey 2021). As our study shows, changing
climate may influence vegetation responses, which highlights
the imperative need for further studies that examine projected
changes in precipitation and changing fire regimes across eco-
systems (Johnson et al. 2015; Wilsey 2021). Longer field exper-
iments are needed to extend these initial results (e.g. Ott
et al. 2019) for restoration and rehabilitation species, though
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the responses in our study have been documented for invasive
Bromus species (Horn et al. 2015; Bishop et al. 2020). Seed ger-
mination and seedling emergence modeling efforts (Bradford
2002 and others) have increased the capacity to support integra-
tion of future climate scenarios with the timing of seeding
events. It is important to note, however, that in some ecoregions
with high interannual variability in precipitation, coupled with
warming temperature (Hardegree et al. 2020) these practices
should be approached with caution and field-tested to validate
modeling efforts. Nevertheless, the increased availability of
seed enhancement technology (e.g. priming, coatings;) could
work synergistically with modified seeding times (Pedrini
et al. 2020). Increased availability of user-friendly and flexible
weather forecasting (USGCRP 2017, 2018) and visualization
tools (i.e. Southwest FireCLIME n.d.; Alder et al. 2013), and
increased network collaboration (i.e. RestoreNET) could help
land managers make rapid decisions on when to seed a specific
region.
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