
7438  |  	﻿�  Ecology and Evolution. 2019;9:7438–7447.www.ecolevol.org

 

Received: 17 July 2018  |  Revised: 28 March 2019  |  Accepted: 2 April 2019

DOI: 10.1002/ece3.5212  

O R I G I N A L  R E S E A R C H

Influence of an abscisic acid (ABA) seed coating on seed 
germination rate and timing of Bluebunch Wheatgrass

William C. Richardson  |   Turmandakh Badrakh |   Bruce A. Roundy |    
Zackary T. Aanderud |   Steven L. Petersen |   Phil S. Allen |   Dallin R. Whitaker |    
Matthew D. Madsen

This is an open access article under the terms of the Creat​ive Commo​ns Attri​bution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2019 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Department of Plant and Wildlife 
Sciences, Brigham Young University, Provo, 
Utah

Correspondence
Matthew Madsen, Brigham Young 
University, 701 East University Parkway 
Drive, Provo, UT 84602.
Email: matthew.madsen@byu.edu

Funding information
Oregon Department of Fish and Wildlife; 
Utah Division of Wildlife Resources; 
National Park Service; Joint Fire Science 
Program; University of Nevada Reno Great 
Basin Sagebrush Restoration Fund

Abstract
Semi‐arid rangeland degradation is a reoccurring issue throughout the world. In the 
Great Basin of North America, seeds sown in the fall to restore degraded sagebrush 
(Artemisia spp.) steppe plant communities may experience high mortality in winter 
due to exposure of seedlings to freezing temperatures and other stressors. Delaying 
germination until early spring when conditions are more suitable for growth may in‐
crease survival. We evaluated the use of BioNik™ (Valent BioSciences LLC) abscisic 
acid (ABA) to delay germination of bluebunch wheatgrass (Pseudoroegneria spicata). 
Seed was either left untreated or coated at five separate rates of ABA ranging from 
0.25 to 6.0 g 100 g−1 of seed. Seeds were incubated at five separate constant tem‐
peratures from 5 to 25°C. From the resultant germination data, we developed quad‐
ratic thermal accumulation models for each treatment and applied them to 4 years 
of historic soil moisture and temperature data across six sagebrush steppe sites to 
predict germination timing. Total germination percentage remained similar across all 
temperatures except at 25°C, where high ABA rates had slightly lower values. All 
ABA doses delayed germination, with the greatest delays at 5–10°C. For example, the 
time required for 50% of the seeds to germinate at 5°C was increased by 16–46 d, 
depending on the amount of ABA applied. Seed germination models predicted that 
the majority of untreated seed would germinate 5–11 weeks after a 15 October sim‐
ulated planting date. In contrast, seeds treated with ABA were predicted to delay 
germination to late winter or early spring. These results indicate that ABA coatings 
may delay germination of fall planted seed until conditions are more suitable for plant 
survival and growth.
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1  | INTRODUC TION

Disturbance and interannual precipitation variability cause arid and 
semi‐arid rangelands across the world to be susceptible to a decline 
in environmental health (GLP, 2005; Reynolds et al., 2007; Zhao, 
Zhao, Gao, & Ho, 2017). The sagebrush (Artemisia spp.)‐steppe eco‐
system in the Great Basin region of North America is an example 
of a degraded rangeland, which currently exists on only 56% of its 
historic range (Hardegree, Jones, Roundy, Shaw, & Monaco, 2016; 
Suring, Rowland, & Wisdom, 2005). Loss of the sagebrush steppe 
is commonly caused by invasion and dominance of annual grasses, 
which increases fire frequency and perpetuates weed dominance 
(Baker, 2006; Balch, Bradley, D'Antonio, & Gomez‐Dans, 2013; 
Dantonio & Vitousek, 1992). Cheatgrass (Bromus tectorum L.) is a 
dominant invasive annual weed that increases wildfire frequency 
by producing a dry, fine, continuous fuel layer early in the summer 
season (Bradley, Houghtonw, Mustard, & Hamburg, 2006; Dantonio 
& Vitousek, 1992; Germino, Chambers, & Brown, 2016). The domi‐
nance of cheatgrass also decreases organic carbon stored in the soil 
(Rau et al., 2011) and reduces the habitat of wildlife species such as 
sage‐grouse (Centrocercus urophasianus), that depend on the sage‐
brush steppe system (Knick et al., 2003). To reduce weed dominance 
and stabilize soils, native and introduced perennial species are typ‐
ically seeded in fall after wildfires (Crawford et al., 2004; Madsen, 
Davies, Boyd, Kerby, & Svejcar, 2016; Richards, Chambers, & Ross, 
1998). However, the success of native plant establishment from seed 
has been highly variable  (Hardegree et al., 2016).

Plant recruitment may be limited by ecological processes, such 
as freezing and thawing of the seedbed, development of physical 
soil crusts, and pathogen attack, during the first winter the seeds 
are sown (Hardegree et al., 2016; James, Svejcar, & Rinella, 2011). In 
the Great Basin, soil water recharge occurs in fall, winter, and spring 
(Roundy et al., 2014). Wildfires in sagebrush steppe generally occur 
during the hot and dry summer period. Burned rangelands are typ‐
ically seeded in fall before the soils begin to freeze and before soil 
moisture is too high to operate planting equipment (Amaranthus & 
Perry, 1989; Beyers, 2004). James et al. (2011) and Boyd and James 
(2013) found that approximatly 80% of fall‐seeded perennial grasses, 
such as bluebunch wheatgrass (Pseudoroegneria spicata  (Pursh) Á. 
Löve), germinated prior to winter but only a small percentage of the 
seeds sown (10%–15%) produced seedlings that emerged from the 
soil in the spring.

Seed dormancy may prevent seed germination until conditions 
are favorable for establishment and growth (Allen, Benech‐Arnold, 
Batlla, & Bradford, 2007; Baskin & Baskin, 2001; Finch‐Savage & 
Leubner‐Metzger, 2006). Dormancy mechanisms vary across spe‐
cies through adaptation to the prevailing environment (Baskin 
& Baskin, 2001, 2004; Finch‐Savage & Leubner‐Metzger, 2006). 
Physiological dormancy is the most abundant form of dormancy 
and varies in its depth from species that require several months 
of stratification before germination, to species that can germinate 
following brief after‐ripening in dry storage (Baskin & Baskin, 2005, 
2001). Seed dormancy may be induced through the addition of the 

plant hormone abscisic acid (ABA) during seed maturation on the 
mother plant (Kucera, Cohn, & Leubner‐Metzger, 2005). Within the 
seed, ABA is a regulator of both the induction and maintenance of 
dormancy, which functions through a complex network of signal‐
ing pathways (Finch‐Savage & Leubner‐Metzger, 2006; Zhao et al., 
2011). Within the seed, it is not necessarily the concentration of 
ABA that effects dormancy but its relation to the concentration of 
gibberellins (GA) (Dekkers & Bentsink, 2015; Finch‐Savage & Footitt, 
2017; Finch‐Savage & Leubner‐Metzger, 2006; Lefebvre et al., 2006; 
LeonKloosterziel et al., 1996). When the ratio of ABA concentration 
to GA concentration is higher, seeds are more likely to maintain 
some dormancy (Duclos, Altobello, & Taylor, 2014; Kermode, 2005). 
Additionally,  both the localization of ABA and the competency of 
cells to respond to the hormone play important roles in breaking 
seed dormancy (Finch‐Savage & Leubner‐Metzger, 2006).

Applications of ABA may have the potential to re‐induce seed 
dormancy to delay germination of fall‐sown seeds. The effects of 
ABA on seeds in laboratory and agricultural experiments show 
that ABA can delay germination when applied exogenously (Aroca, 
Alguacil, Vernieri, & Ruiz‐Lozano, 2008; Atia, Debez, Barhoumi, 
Smaoui, & Abdelly, 2009; Hussaina et al., 2015; Papenfus, Kulkarni, 
Stirk, Finnie, & Staden, 2013; Romagosa et al., 2001). However, no 
study has demonstrated the effect, ABA would have on seeds used 
for restoration efforts in rangeland settings. Research is needed 
to understand the rate ABA should be applied to sufficiently delay 
germination to at least late winter or early spring when tempera‐
tures are less likely to damage plant tissue (Pearce, 2001). Roundy 
and Madsen (2016) reported that freezing conditions in Great Basin 
sagebrush communities could last as long as 168 days (October to 
mid‐March).

Wet‐thermal accumulation models may offer the first step in de‐
termining if ABA application rates in a seed coating are sufficient to 
delay germination until after this freezing period. Germination tim‐
ing of many nondormant seed populations is a function of tempera‐
ture accumulation when seeds are imbibed (Rawlins, Roundy, Davis, 
& Egget, 2012). Wet‐thermal accumulation models predict the tim‐
ing and rate of seed germination based on temperature, with prog‐
ress toward germination accumulated when temperature and soil 
water potential are above a set threshold (Forcella, Arnold, Sanchez, 
& Ghersa, 2000; Vleeshouwers & Kropff, 2000). Rawlins, Roundy, 
Egget, and Cline (2012) found that wet‐thermal accumulation mod‐
els that were applied to field soil moisture and temperature data 
could accurately predict germination timing with a 50%–95% accu‐
racy, depending on the season the seeds were sown.

The objectives of this study were to: (a) assess the effect of ABA 
application rate, applied within a seed coating, on final germination 
percentage, seed germination timing, and the spread of when the 
seeds would germinate (synchrony) under different constant tem‐
peratures, (b) for each unique seed coating, create thermal accumu‐
lation models that express how germination timing changes with 
temperature, and (c) apply thermal accumulation models to field 
soil moisture and temperature data sets across the Great Basin to 
predict seed germination timing from simulated planting dates. We 
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hypothesized that ABA seed coatings would delay seed germina‐
tion, with the extent of delay a function of the rate of ABA applied. 
We also hypothesized that models would predict that ABA coatings 
could provide sufficient delay to allow seed germination to occur in 
spring.

2  | MATERIAL S AND METHODS

2.1 | Seed coatings

We used “Anatone” bluebunch wheatgrass as the model species to 
investigate the effect of ABA rates on seed germination. Bluebunch 
wheatgrass is a common perennial bunchgrass throughout much of 
the Intermountain West, USA. This species provides quality forage 
for livestock and wildlife, helps suppress weeds, and is frequently 
seeded in restoration projects. Certified seed was purchased from 
Granite Seed and Erosion Control.

A formulation of S‐ABA was obtained from Valent BioSciences 
LLC, under the trade name BioNik™. Seven different rates of BioNik 
were applied to the seed at rates of 0.25, 0.5, 1.0, 1.5, 2.0, 4.0, and 
6.0 g BioNik 100 g−1 seed (as formulation). A coated treatment with‐
out any ABA was not added to the study because preliminary lab‐
oratory trials showed no significant difference in germination time 
and total germination between untreated seed and coated seed 
(Badrakh, 2016).

Seeds were coated under a two‐step process in a 30‐cm rotary 
seed coater from Universal Coating Systems. We applied BioNik 
during the first step of the coating process in a dilution of Agrimer 
SCP binder (Ashland Inc.). In this first step, a total of 10  g of this 
mixture was applied to the seed. In the second step, 50 g of Agrimer 
SCP and 175 g of calcium carbonate powder (limestone) were added 
slowly to the seed to cover the BioNik coating and build up the size 
of the seed. The coated seed was then dried using a forced air dryer 
at 43°C (Brace Works Automation and Electric).

2.2 | Germination experiment

In addition to the seven ABA treatments, untreated seeds (con‐
trol) were included in the experiment. Each treatment was re‐
peated seven times. In each replicate, 25 seeds were placed in 
13  ×  13  cm acrylic boxes (Pioneer Plastics) filled with 140  g of 
fine sand. Before planting, the sand was watered to field capac‐
ity. Seeds were placed on the surface of the sand, and the boxes 
were sealed to maintain moisture levels. The study was installed 
as a randomized complete block split‐plot design, with tempera‐
ture comprising the split‐plot factor. We used a range of constant 
temperatures to germinate seeds (5, 10, 15, 20, 25°C). Seeds 
were placed in Precision Plant Growth Chambers (Thermo Fischer 
Scientific) to maintain the different temperatures, and each cham‐
ber was set to a 12‐hr light/12‐hr dark regime. Each block had one 
of each treatment and took up an entire shelf in the growth cham‐
ber. The number of germinated seeds was counted every 1–3  d. 
We defined germination as the extension of the radical 2 mm from 

the seed. Once germinated, seeds were removed from the boxes. 
After each counting, the blocks were randomly placed on a new 
shelf within the growth chamber.

From laboratory seed germination counts, we calculated several 
seed dormancy indices, final germination percentage, time to reach 
germination at 10% intervals from 10% to 90%, and germination syn‐
chrony. Final germination percentage was calculated as the ratio of 
the number of seeds germinated to the total number of seeds. Time 
to reach a certain germination percentage (Tx, i.e., time to reach 10% 
germination is T10) was calculated as follows:

where: Tx is equal to time (days) to subpopulation germination, ta is 
equal to the incubation day when subpopulation germination was 
reached, tb is equal to the incubation day before subpopulation ger‐
mination was reached, na is equal to the number of germinated seeds 
on the day that subpopulation germination was reached, nb is equal 
to the number of germinated seeds on the day before subpopulation 
germination was reached, and N is equal to the number of germi‐
nated seeds equal to the targeted subpopulation (Rawlins, Roundy, 
Davis, et al., 2012). Germination synchrony was calculated by sub‐
tracting T90 from T10.

We created mixed models to determine the significance (p < 0.05) 
of ABA dose , incubation temperature, and their interactions (unless 
determined not to be significant) for final germination percentage, 
T50, and synchrony of germination. In the model, blocks were con‐
sidered random, while incubation temperature and treatment were 
both considered fixed. We tested for differences in responses to 
ABA levels at the incubation temperatures of 5, 10, 15, 20, and 25°C 
using a Tukey pairwise comparison test (p < 0.05). The square root 
of T50 was used to normalize the data, but a transformation of total 
germination percentage and synchrony was not needed as indicated 
by viewing residuals.

2.3 | Prediction of seed germination timing 
in the field

Using the program Auto Germ (Richardson, et al., 2018), linear and 
curvilinear regression was used to apply polynomial equations to the 
germination time data gathered from the experiment in the previ‐
ous section. These equations, or wet‐thermal models, estimate ger‐
mination rate (inverse of Tx) in relation to incubation temperature. 
Germination rate was used instead of Tx to improve model accuracy 
(Rawlins, Roundy, Davis, et al., 2012). Models were created for all 
seed treatments, for each of the germination intervals described 
above. These models were then applied to historical soil tempera‐
ture and water potential data from the Sagebrush Step Treatment 
and Evaluation Project (SageSTEP); Cline, Roundy, & Christensen, 
2018a; Cline, Roundy, & Christensen, 2018b). We selected from the 
SageSTEP network six different sites to model seed germination 

(1)Tx=

[(

ta− tb

na−nb

)

(N−nb)

]

+ tb
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timing, which were within Wyoming big sagebrush (Artemisia triden‐
tata Nutt. ssp. wyomingensis Beetle & Young) communities that had 
all been treated with prescribed burns (Moses Coulee, WA, Saddle 
Mountain, WA, Hart Mountain, OR, Roberts, ID, Owyhee, NV, and 
Onaqui, UT) (McIver & Brunson, 2014). At each of the sites, hourly 
measurements were made at approximately 1–3 cm below the soil 
surface to estimate soil temperature using thermocouples and soil 
water potential using gypsum blocks (Delmhorst, Inc.). Gypsum block 
resistance was converted to MPa of water potential using standard 
calibration curves (Rawlins, Roundy, Egget, et al., 2012).

Estimates of seed germination timing were predicted at each 
site over four years (2011–2014) with the exception of the Moses 
Coulee site, which did not have enough data to be used for 2011. 
A simulated planting date of 15 October was set for modeling seed 
germination timing, which is a common time for land managers to 
initiate seeding projects in the Great Basin. In calculating seed 
germination timing, progress toward germination was determined 

for each individual hourly soil temperature data point starting at 
the planting date. Progress toward germination was calculated 
by dividing hourly soil temperature by the time to reach Tx at the 
temperature of that data point (determined using the regression 
models described above). In this model, thermal progress to‐
ward germination is accumulated only for hours when soil water 
potential is above −1.5 Ψ (Rawlins, Roundy, Egget, et al., 2012). 
This ratio, or progress toward germination, was then converted 
to a percentage and accumulated until 100% was reached. At that 
point, we determined that Tx was reached. The process was re‐
peated for each thermal model created. From this data, we de‐
termined the time when the majority of seed for each treatment 
would germinate (i.e. month of the year when >50% of the popu‐
lation had germinated) and then averaged the data across all sites 
and years. Additionally, graphs were developed that show when 
each treatment of seed would reach each Tx interval for each site 
and simulated planting year.

F I G U R E  1   Influence of BioNik (a 
25% formulation of S‐abscisic acid) 
rates applied to bluebunch wheatgrass 
(Pseudoroegneria spicata) seed on (a) final 
germination percentage, (b) time to reach 
50% germination, and (c) germination 
synchrony at temperatures ranging from 5 
to 25°C. Values with the same incubation 
temperature with different letters are 
significantly different (p < 0.05) at that 
temperature. Letters correspond with the 
order of the data points in the figure

(a)

(b)

(c)
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3  | RESULTS

3.1 | Final germination percentage

Mixed model analysis showed that incubation temperature (F = 5.6, 
p  < 0.001), ABA dose (F  = 8.9, p < 0.001), and the interaction be‐
tween these two factors (F = 8.0, p < 0.001) affected final germi‐
nation percentage. Typically, germination was similar between most 
treatments at temperatures ranging from 5 to 20°C. Germination for 
the lower application rates of ABA (0.25–1.0 g BioNik 100 g−1 seed) 
was slightly higher than untreated seed (Figure 1a). At 25°C, the 2 
and 6 g BioNik 100 g−1 seed treatments had lower germination (69% 
and 65%, respectively) than the other treated and untreated seeds 
(average of 87%). Across all temperatures, the highest final germina‐
tion percentage was 97% (0.5 g BioNik 100 g−1 seed, 20°C) and the 
lowest was 65% (6 g BioNik 100 g−1 seed, 25°C; Figure 1a).

3.2 | Germination time

Incubation temperature (F  =  81.8, p  <  0.001) and ABA  dose 
(F = 324.38, p < 0.001) affected T50. Typically, as temperature in‐
creased, T50 values declined to a minimum value at 15°C. At 25°C, 
T50 values began to increase. Within each constant temperature, 
T50 increased with increasing concentration of ABA (Figure 1b). 
Across all incubation temperatures, there was a strong delay in 
germination for treated compared to untreated seed (Figure 1b). 
For example, at 5°C, seed treated with ABA at 0.25, 0.5, 1, 2, 4, 
and 6 g BioNik 100 g−1 seed had T50 values that were 8.2, 10.1, 
12.7, 14.3, 14.4, 19.8, and 20.0 d longer than untreated seed, re‐
spectively (Figure 1b).

3.3 | Synchrony

Synchrony was affected by incubation temperature (F  =  90.1, 
p < 0.001), ABA dose (F = 109.5, p < 0.001), and the interaction 
between the two (F = 10.3, p < 0.001). Synchrony decreased (i.e. 
the difference between T90‐T10 was greater)  at  20 and 25°C for 
ABA doses at or above 2 g BioNik 100 g‐1, while all other treatments 

showed a decrease in synchrony at 25°C (Figure 1c). Within each 
temperature regime, untreated seed typically had the most syn‐
chronous germination, ranging from 5.3 to 33.5 d (Figure 1c). The 
only exception was at 25°C, where both the 0.25 and 0.5 g BioNik 
100 g−1 seeds were more synchronous (21.3 and 25.0 d, respec‐
tively) than the untreated seeds (33.5  d). Synchrony decreased 
with increasing ABA dose. For example, at the lowest application 
rate (0.25  g BioNik 100  g−1 seed) synchrony ranged from 6.4 to 
21.3 d, while at the highest application rate (6.0 g BioNik 100 g−1 
seed) synchrony was between 18.1 and 68.3 d, depending on tem‐
perature (Figure 1c).

3.4 | Prediction of seed germination timing 
in the field

All wet‐thermal accumulation models had sufficient accuracy to pre‐
dict germination time (adjusted R2 = 0.51–0.85). For untreated seed, 
the majority of the seeds were estimated to germinate during the fall 
and winter (October–February), and only 22% of the time  the major‐
ity of the seeds   germinated in March or later (Figure 2). Time re‐
quired for the majority of the seeds to germinate increased as ABA 
application rates increased (Figure 2). For almost all sites and planting 
years, the majority of ABA‐coated seeds were predicted to germinate 
in spring or early summer (March–May) depending on the application 
rate of BioNik applied (Figure 2). The majority of seeds coated with 
0.25–2.0  g BioNik 100  g−1 seed germinated 13%–22% of the time 
during October–February, 52%–57% of the time in March, and 21%–
35% of the time in April or later (Figure 2). Conversely, the majority of 
seed coated with 4 and 6 g BioNik 100 g−1 seed germinated 9% of the 
time during October–February, 26%–30% of the time in March, and 
61%–65% of the time in April or later (Figure 2).

Analysis of individual sites showed high variation in germination 
timing for the seed treatments by site and year (Figures 3 and 4). 
While the majority of the time germination of untreated seeds did 
occur in early fall or winter, when this happened there was commonly 
a small percentage of seed that would carryover and germinate in 
spring. In addition to ABA delaying seed germination through winter, 
application of BioNik spread the period of seed germination at most 

F I G U R E  2   The period of the year when greater than 50% of the seed germinated. Values represent the percentage of occurrence across 
all sites (four sites) and planting years (6 years) for untreated seed and seed treated with BioNik at rates ranging from 0 to 6 g product  
100 g−1 seed
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sites and planting years. The 2012‐2013 simulated planting at Saddle 
Mountain was the only time when all of the ABA treatments failed to 
delay seed germination for the majority of the population until spring 
(Figure 4). The Owyhee site was the only site that did not have at least 
one year where the majority of the untreated seeds germinated in fall 
or early winter (Figure 4). At this location, rates above 2 g BioNik 100 
g−1 seed commonly delayed germination into summer.

4  | DISCUSSION

Our hypothesis that ABA seed coatings will delay seed germi‐
nation, with the extent of delay a function of the rate of product 
applied, was validated through this study. The level of ABA in dor‐
mant seeds decreases over time due to after‐ripening (Ali‐Rachedi 
et al., 2004; Bewley, 1997; Walkersimmons, 1987). Seeds used for 

F I G U R E  3   Modeled estimates of the percentage of seeds expected to germinate over time for untreated seed and seed coated with 
increasing rates of BioNik (ABA), and soil water potential and temperature used to model seed germination timing. Simulations were run with 
a 15 October planting date on four separate years (2010–2013) for sites in Roberts, ID, Onaqui, UT, and Moses Coulee, WA
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restoration projects are usually stored for a year or longer before 
dispersal. Long storage periods can lead to decreased levels of ABA 
within the seeds, and quick germination once the seeds are sown. 
Our study provides a solution to this problem and demonstrates how 
a BioNik seed treatment application can be tailored to sites where 
early fall germination may lead to high seedling mortality during win‐
ter (Figures 2‒4).

In general, an  ABA  application had minimal influence on the 
total number of germinated seeds, except for two coating rates 
(2 and 6  g BioNik 100  g−1 seed) that showed moderately lower 
total germination at the highest temperature used in the study 
(25°C)  (Figure 1a). It was our observation that the lower germi‐
nation for these highcoating rates was due to the seeds spend‐
ing considerably more time prior to germination in warm moist 

F I G U R E  4   Modeled estimates of the percentage of seeds expected to germinate over time for untreated seed and seed coated with 
increasing rates of BioNik (ABA), and soil water potential and temperature used to model seed germination timing. Simulations were run with 
a 15 October planting date on four separate years (2010–2013) for sites in Saddle Mountain, WA, Hart Mountain, OR, and Owyhee, NV
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conditions, which may be more conducive to pathogen at‐
tack (Doohan, Brennan, & Cooke, 2003; Koseki & Isobe, 2005). 
Excessive pathogen attack under the laboratory conditions of this 
study may not necessarily indicate that ABA would decrease seed 
viability in the field.

Wet‐thermal accumulation models applied to historic microcli‐
mate field data predicted that the majority of untreated seeds ger‐
minated within two to three weeks of being planted on most years 
and sites (Figures 3 and 4). The late fall/early winter germination 
of untreated seed would subject the seedlings to harsh environ‐
mental conditions and potentially result in high seedling mortal‐
ity (James et al., 2011). Roundy and Madsen (2016) reported that 
across 14‐sagebrush steppe sites throughout the Great Basin, 
there was an average of 58 freeze‐thaw periods for the upper 
1–3  cm of soil between October and March. Boyd and Lemos 
(2013) reported a major reduction in emergence and tiller density 
for bluebunch wheatgrass after exposure to only 4 days of freez‐
ing. Our modeling research in combination with Boyd and Lemos’ 
(2013) physiology studies may indicate that bluebunch wheatgrass 
and potentially other restoration species are being lost to prema‐
ture germination over the winter period.

Wet‐thermal accumulation models also showed that an  ABA 
treatment can delay germination of fall plantings until spring (March 
or later) for most years and sites (Figures 3 and 4), which is antici‐
pated to be a more environmentally favorable condition for seed‐
ling survival and plant establishment. Furthermore, increased delay 
in germination with increasing ABA coating rates suggests that this 
treatment could be tailored to work on specific sites known to have 
shorter or longer average freezing periods, or to other species with 
different germination timing.

While the results of our modeling generally indicated that ABA 
would allow for germination to occur in spring or later, it is unclear 
whether ABA seed coatings would improve establishment on all 
planting years. We assume an early spring germination timing would 
be most beneficial because this would maximize the period seeds 
could grow before they were subjected to summer drought (Cline, 
2014). Our data indicate that on some sites and years high ABA rates 
pushed germination to late spring or early summer; under these 
conditions lower ABA application rates or no ABA (primarily at the 
Owhyee site) may provide a more optimal germination timing.

Since it may be difficult to predict what the precipitation and 
temperature will be for a given year, ABA may also be useful in cre‐
ating a bet‐hedging strategy for seed germination. Varying levels of 
dormancy within a seed population is a strategy used to mitigate 
environmental risks  in many plants growing in harsh conditions 
(Hierro et al., 2009; Lewandrowski, Erickson, Dixon, & Stevens, 
2016; Venable & Brown, 1988). For species like the one used in this 
study that typically do not exhibit high levels of seed dormancy, it is 
probable that the risk of seeding failures could be reduced by using 
ABA to expand the envelope that seeds germinate under to increase 
the likelihood that some seeds will germinate within a window that is 
more favorable for plant establishment and survival.

5  | CONCLUSION

Current seeding practices need to be altered to enhance success in the 
sagebrush steppe (James & Svejcar, 2010; James et al., 2011). Many 
species used in rangeland seeding practices germinate quickly after a 
fall planting and then are subjected to multiple stressors during winter 
that can cause mortality, such as freezing, drought, fungal pathogens, 
and other biotic and abiotic factors (Cline et al., 2018a, 2018b). Modeled 
estimates of seed germination timing in this study show that the appli‐
cation of BioNik (S‐ABA, Valent BioSciences LLC) has the potential to 
be a  strategy that overcomes these environmental barriers by delaying 
seed germination until spring when conditions are more favorable for 
plant establishment. The application of ABA to seeds may also improve 
restoration efforts by spreading the period seeds germinate, which may 
increase the likelihood of seeds germinating during periods of the year 
with favorable growing conditions. Experiments need to be conducted 
to verify the results of this research in the field and determine how de‐
laying seed germination with  BioNik impacts plant establishment and 
survival.
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