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ABSTRACT 

Wet‑Thermal Time and Plant Available Water in the Seedbeds 
and Root Zones Across the Sagebrush Steppe Ecosystem  

of the Great Basin 

Nathan L. Cline 
Department of Plant and Wildlife Sciences, BYU 

Doctor of Philosophy 

Following wildfires, plant materials are direct-seeded to limit erosion and annual weed 
invasion. Seedlings often fail to establish because selected plant materials are not always well 
adapted to local soil moisture and temperature conditions. In an effort to help improve plant 
materials selection and to evaluate sites potential revegetation, we have worked toward 
developing methodology to predict germination and root growth based on site specific soil 
moisture and temperature conditions. First, we characterized the seedbed environment of 24 
sagebrush (Artemisia spp.) steppe sites throughout the Intermountain West to determine the wet-
thermal time of five temperature ranges relevant to germination response and thermal-time 
model accuracy (Chapter 1). Second, we predicted potential germination for 31 plant materials at 
those same sites (Chapter 2). Third, in preparation to predict root growth at multiple sites, we 
characterized the drying patterns and the associated plant-available water for in the seedling root 
zone across nine woodland (Juniperus spp. and Piñus spp.) sites (Chapter 3). For all of these 
studies, we determined the effects of tree reduction and tree infilling phase at time of tree 
reduction. Our key findings are that seedbeds generally sum most wet-thermal time at 
temperature ranges where the germination rates fit thermal accumulation models quite well (R2 
≥ 0.7). The majority of plant materials summed enough wet-thermal time for a potential 
germination at most sites during the fall, early spring, and late spring. Soil drying primarily 
occurs from the soil surface downward. Drying rates and Plant available water associated with 
the first drying event increase with increasing soil depth. Root zone (1-30 cm) plant-available 
water increases before and decreases after the first spring drying event with increasing soil depth.  
Tree removal with increasing pretreatment tree infilling phase generally added progress toward 
germination, plant available water, and wet-thermal time in the seedbed and root zones of the 
sagebrush steppe in the Great Basin.  Because soil moisture and temperature does not appear to 
be limiting for potential germination, combining germination and root growth models to create a 
more comprehensive model may allow for a more robust prediction for seedling survival.  For 
either root growth or combined germination and root growth models, plant available water and 
wet-thermal time before the first spring drying period hold the most potential for successfully 
predicting seedling survival. 

Keywords: thermal time, germination, root growth, soil temperature, soil moisture, tree cutting, 
prescribed fire, mechanical shredding, SageSTEP, cheatgrass, wet days, wet degree days, 
woodland, seedbed
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ABSTRACT 

Wet thermal germination prediction models have been developed to improve plant material 

selection for rangeland revegetation.  These models predict when the fastest germinating 

subpopulations of seeds will germinate and are based on summation of thermal time when 

seedbed soil water matric potential > -1.5 MPa. Models are developed by fitting germination 

rates to incubation temperatures using linear and non-linear regression.  However, germination 

rates can be highly variable at temperatures less than 5° C and greater than 25° C and only 

loosely fit regression models.  Previous research has assumed that a minority of thermal time is 

spent in the seedbed at these temperature ranges.  We tested this hypothesis by quantifying and 

comparing seasonal wet degree days (WDD – a measure of thermal time) of sagebrush 

(Artemisia L.) -steppe seedbeds at five temperature ranges for up to 9 yr across 24 sites.  Effects 

of three piñon and juniper (Pinus spp. and Juniperus spp.) tree removal treatments and three 

woodland infilling phases at time of tree reduction were also compared.  We summarized the 

influence of site physical characteristics on WDD.  We found that seedbeds sum a majority of 

WDD between 5°C and 25°C, indicating that thermal models should work well for predicting 

field germination in most cases. Seedbeds summed enough WDD for potential germination of 

some species at 0 to 5° C (42.5 ± 3.89 WDD in March-April) and at 25 to < 30° C (52.9 ± 6.37 

WDD in May-June) on some years and sites.  However, these exceptions amount to a relatively 

small percentage (12-20%) of total WDD for these seasons.  Tree infilling or removal added 

WDD at 0 to < 5°C and 25 to < 30°C on a few sites, but germination models should still be 

accurate enough to predict effects of vegetation manipulations on germination potential.  Winter 
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precipitation, early spring precipitation, air temperature, and elevation were positively associated 

with higher early spring WDD.  
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INTRODUCTION 

Researchers use thermal-time models to predict post-dormancy germination in range 

weed and revegetation species to help predict seedling establishment for rangeland revegetation 

(Hardegree et al., 1999; 2002).  Thermal-time models estimate germination timing by summing 

progress toward germination as a function of degree-days above a base temperature when seeds 

are imbibed (Garcia-Huidobro et al., 1982a; Jordan and Haferkamp, 1989; Roundy and 

Biedenbender, 1996; Hardegree et al., 2002; McDonald, 2002; Bradford, 2002).  Thermal-time 

models are developed by measuring percent germination over time for a range of constant 

temperatures.  Germination rate (quantified as days-1 to a given germination percentage) is 

modeled as a function of incubation temperature using linear and non-linear regression for 

temperature ranges that are optimal (temperatures where the germination rate is highest), sub-

optimal, or supra-optimal (Fig. 1) (Garcia-Huidobro et al., 1982a; 1982b; 1985; Covell et al., 

1986; Roundy and Biedenbender, 1996; Hardegree and Van Vactor, 1999; Hardegree et al., 

1999; Alvarado and Bradford, 2002; Hardegree, 2006; Roundy et al., 2007; Rawlins et al., 

2012a).  These temperature ranges vary by species and even populations or collections of 

populations of different species.  Generally, for upper sub-optimal and optimal temperatures of 5 

to 25° C, thermal-time models fit constant temperature germination data well (R2 > 0.7) (Roundy 

et al., 2007), whereas lower sub-optimal temperatures <5 ° C and supra-optimal temperatures 

>25° C have a more variable germination time response (Hardegree et al., 1999; Hardegree and 

Winstral, 2006; Rawlins et al., 2012a).  If sagebrush (Artemisia spp.) steppe seedbeds spend a 

substantial amount of thermal time when wet (soil matric potential > - 1.5 MPa) within the lower 

sub-optimal and supraoptimal temperature ranges, the models may have reduced reliability.   
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Roundy et al. (2007) defined wet thermal time as the sum of hourly soil temperatures > 0 

° C  or some other base temperature for each hour that the seedbed has a soil matric potential > - 

1.5 MPa or some other base water potential over a period time.  Hours are converted to days and 

referred to as wet degree days (WDD) (Roundy et al., 2007).  Some plant materials, such as 

cheatgrass (Bromus tectorum L.), germinate with 36 to 50 wet degree days (WDD) (Hardegree 

1994, Trudgill et al. 2000).  Common revegetation plant materials, such as bluebunch wheatgrass 

(Pseudoroegneria spicata (Pursh) Á. Löve) and squirreltail (Elymus elymoides (Raf.) Swezey) 

require an estimated 60 to 80 and 130 to 150 WDD for 50% of seeds to germinate, respectively 

(Hardegree 1994).   

Previous characterizations of WDD at lower suboptimal and supraoptimal temperature 

ranges are limited (Hardegree, 2006; Rawlins et al., 2012b).  Identifying site physical 

characteristics that most influence WDD across the sagebrush steppe may allow for future 

development of methods for predicting germination where soil moisture and temperature data are 

not available. 

Sagebrush steppe climate in the Great Basin is typically characterized as having hot, dry 

summers and cold, wet winters.  During the hot and cold periods, there is evidence that seedbeds 

of the sagebrush steppe may spend time at lower sub-optimal and supra optimal temperature 

ranges of below 5° C and above 25° C.  Seedbeds at two crested wheatgrass sites (Agropyron 

cristatum (L.) Gaertn.) in Utah spent 22% of the fall to spring wet days between 0° C  and 5° C 

(Rawlins et al., 2012b).  Hardegree et al. (1999) indicated that night temperatures in April and 

into May often reached below 5° C and 10° C at one site in Idaho.  Prediction of germination in 

seedbeds that spend a significant amount of time at non-optimal temperatures will require 
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thermal-time models that represent accurate germination timing at those temperatures, or 

prediction may be limited if germination is highly variable at these ranges.  

Site, season, or annual variations in localized climate or alterations to vegetation structure 

such as fire or fuel-control treatments may change seedbed WDD by altering soil temperatures 

and evapotranspiration (ET) (Gifford and Shaw, 1973; Gifford, 1975; 1982; Everett and 

Sharrow, 1985; Davies et al., 2007; Whittaker et al., 2008).  Roundy et al. (2007) found that for 

cheatgrass (Bromus tectorum L.), differences between seasons had the greatest effect on 

predicted potential germination, followed by site and year,  while disturbance treatments had 

small but significant effects on predicted potential germination (P < 0.05).  Prater and DeLucia 

(2006) found that ET and soil-heat flux were higher on post-fire plots than on adjacent native 

sagebrush plots.  They concluded that the differences were due to increased soil-water content 

and incident solar radiation on the post-fire plots.  Treatments that reduce canopy cover and 

transpiration may reduce soil-water loss, especially as the woodland infilling increases (Roundy 

et al., 2014b; Young et al., 2013).   However, the effects of infilling on seedbed water and 

temperature dynamics are not well understood (Breshears et al., 1998).  

Climatic factors such as the timing and amount of seasonal precipitation strongly affect 

seedbed water dynamics (Ogle and Reynolds, 2004; Bates et al., 2006; 2007).  Site physical 

factors such as slope and elevation should likewise be strongly associated with seedbed 

temperature and moisture conditions (Reid, 1973; Cantón et al., 2004; Weisberg et al., 2007; 

Bochet et al., 2007).  Determination of site characteristics, such as solar radiation, slope, 

precipitation, and temperature, which affect seedbed conditions and germination prediction may 

allow us to better select plant materials for establishment.  Although site characteristics in the 
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Great Basin have been associated with soil water and temperatures at depths below the seedbed 

(Jensen et al., 1989; Ryel et al., 2010), seedbeds have not been similarly characterized. 

Here, we address two questions regarding seasonal WDD at optimal and non-optimal 

temperature ranges.  First, in sagebrush steppe communities, what effect do site, season, year, 

woodland removal treatment, and woodland infilling phase have on seasonal WDD at optimal 

and non-optimal temperature ranges? Second, which site characteristics influence seedbed 

WDD?  We quantified WDD at temperature ranges relevant to wet thermal-time models for 

predicting potential germination rates.  Also, we compared WDD by seasons, sites, years, tree 

removal treatments, and tree infilling phases.  Further, we determined which climate and site 

characteristics were associated with seedbed WDD. 

METHODS 

Study Sites 

We used soil water potential and temperature data collected from soil monitoring stations 

installed across the Great Basin. Experiments are designated “sagebrush and perennial grass”, 

“crested wheatgrass” (Agropyron cristatum (L.) Gaertn.), “sagebrush”, and “woodlands” (Piñus 

spp. and Juniperus spp.) (Table 1). The nine sagebrush and perennial grass sites are described in 

Roundy et al. (2007), Chambers et al. (2007) and Blank et al. (2007). The two crested wheatgrass 

sites are described in Hulet et al. (2010) and Rawlins et al. (2012b). Sagebrush and woodland site 

experiments included three and nine sites, respectively, and are described in McIver et al. (2010). 

Data from the Stansbury site were not included in analyses from summer 2009 to 2011 due to a 

wildfire.   

Experimental Design and Analysis 
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Each experiment was a randomized block and mixed model analysis of variance (SAS® 

Institute, Inc.) was used to estimate seasonal WDD by temperature range and to determine 

effects of specific factors for each experiment. At each site of the sagebrush and perennial grass 

experiment, hourly averages were recorded at two soil water matric potential and three soil 

temperature plots that were replicated and untreated.  We averaged replicated hourly 

measurements of soil water matric potential and temperature by site as was done by Roundy et 

al. (2007). Sites were considered random blocks across the region.  Fixed factors were season 

and year.   

At the crested wheatgrass experiment, soil monitoring stations were installed in four 

replicate blocks at each of two sites as described in Rawlins et al. (2012b). Soil water matric 

potential and temperature were measured and averaged across three untreated replicate plots in 

each of four blocks at each site.  Block was considered random, while site, season, and year were 

considered fixed factors. 

The sagebrush experiment was set up across the region with each of the three sites 

considered a random block as described in McIver et al. (2010). At each site, monitoring stations 

were installed within a plot (ranging from 30 to 81 ha) where perennial grass cover was greater 

than other areas within the plot). Soil water matric potential and soil temperature were measured 

under a shrub canopy, or adjacent to a tall perennial grass, a short perennial grass, and within an 

interspace. Season and year were considered fixed factors. 

The woodland treatments were applied across the region as described in Miller et al. (2014) 

and Roundy et al. (2014a). Each of nine sites was considered a random block.  At each site, three 

tree removal treatments were applied to 8-20 ha plots: prescribed burning, tree felling (also 

known as “cut and drop” in place), and untreated.  Also, a mechanical shred or mastication 
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treatment was applied to the four Utah sites as described in Roundy et al. (2014a; 2014b), Young 

et al. (2013), and Cline et al. (2010).  Within each treatment, monitoring stations were installed 

in each of three woodland infilling phases (Miller et al., 2007). The three phases of tree infilling 

are: Phase 1 represents a community where understory vegetation is dominant with trees present. 

Phase 2 represents a community where understory vegetation and trees co-dominate. Phase 3 

represents a community where trees are dominant. Near (< 3 m) each monitoring station, soil 

water potential and temperature were measured at a tree drip line, shrub, and interspace. Fixed 

factors were season, year, tree removal treatment, and tree infilling phase. 

We measured seedbed soil water potential and temperature using gypsum blocks 

(Delmhorst, Inc., Towaco, NJ) and thermocouples at 1-3 cm soil depth. Gypsum blocks electrical 

resistance estimated soil water potentials down to -1.5 MPa using a standard calibration curve 

(Campbell Scientific, Inc. 1983). Measurements were made every minute and hourly averages 

were recorded on Campbell Scientific® (Logan, UT), Inc. CR10X and CR1000 microloggers. 

We measured precipitation and ambient air temperature with a Texas Electronics®, Inc. (Dallas, 

TX) tipping-bucket rain gauge and a thermistor from Campbell Scientific®, Inc. (107 

temperature probe with gill shield) at each site. Complete precipitation and ambient air 

temperature data were not available for sagebrush and perennial grass sites from 2002 to 2005. 

Also, daily maximum and minimum air temperatures were measured at sagebrush and woodland 

sites only.   

We summed WDD for five temperature ranges for each season. Temperature ranges 

were: 0° C to less than 5° C (0 to < 5° C), 5° C to less than 10° C (5 to < 10° C), 10° C to less 

than 25° C (10 to < 25° C), 25° C to less than 30° C (25 to < 30° C), and 30° C to less than 35° C 

(30 to < 35° C). We did not include temperature ranges above 35° C because preliminary 
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analyses indicated that soils were rarely wet and therefore WDD almost always summed to zero 

at that temperature range. Hardegree et al. (2002) and Hardegree (2006) reported increased 

statistical error in seed germination trials at temperature ranges below 5° C and above 25° C. 

Seasons were defined as: Early spring – 1 March through 31 April, late spring-1 May through 30 

June; summer – 1 July through 31 August; fall – 1 September through 30 November; winter – 1 

December through 28 February. Data generally had a normal distribution and statistical outliers 

were removed. Significant differences among fixed factors were determined by the Tukey-

Kramer significance test (P < 0.05). For site analysis at sagebrush and perennial grass, 

sagebrush, and woodland sites, we used Best Unbiased Linear Predictors (BLUPs) (Littell et al., 

1996) to estimate average WDD by temperature range.   

We summarized the influence of five site characteristics on WDD using a Canonical 

Correspondence Analysis  for early spring (March-April) and fall through spring (1 September 

through 30 June) (PC-ORD v. 6.0, McCune and Mefford, 2010). We only used data from 

untreated plots and data for early spring included years 2008 through 2011, while data for fall 

through spring included years 2008 through 2010  The site characteristic matrices included 

summed solar radiation (WH/m2), elevation (m), and slope (degrees) derived from a Digital 

Elevation Model (DEM) (ArcGIS® v. 9.3.1 Spatial Analyst Tool). Sites with missing data were 

excluded from the final ordination. Row and column scores were standardized by using the 

centering and normalizing option (Peck, 2010). Ordination significance was determined by 

randomization and Monte Carlo tests (P < 0.05). 
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RESULTS 

Sites Characteristics 

Precipitation and temperature varied by site, season, and year during the study for all 

experiments (Figs. 2-3). Highest precipitation was measured in winter for sagebrush and 

perennial grass, sagebrush, and woodland sites in 2008, 2009, and 2010, as well as in woodlands 

in 2007. On crested wheatgrass sites, precipitation averaged highest in early and late spring. 

Highest temperatures were in summer, followed by late spring, fall, early spring, and winter.  

Temperature Range Distribution and Variation for Sagebrush and Perennial grass, Sagebrush, 

and Crested Wheatgrass Sites 

Generally, WDD averaged highest for 10 to < 25° C and second highest for the upper 

sub-optimal range of 5 to < 10° C for early spring, late spring, and fall (Fig. 4). As expected, the 

lower range of 0 to < 5° C had most WDD in winter.  The 0 to < 5° C range during the early 

spring averaged as high as 42.6 ± 3.89 WDD at crested wheatgrass sites and 42.1 ± 6.12 WDD at 

sagebrush and perennial grass sites. The 25 to < 30° C temperature range averaged as high as 

52.9 ± 6.37 WDD at sagebrush and perennial grass sites during late spring. Because of large 

differences in summed WDD between the 10 to < 25° C temperature range and the other 

temperature ranges, we separately analyzed interactions between temperature range and year.  

For non-optimal temperature ranges, the interaction between seasonal WDD and year was 

significant for all seasons within sagebrush and perennial grass (early spring, F24,241=2.02, P = 

0.0043), sagebrush ( early spring, F6,265=2.83, P = 0.0043) , and crested wheatgrass (early spring, 

F4,92=4.66, P = 0.0018) sites. Annual WDD varied by season and temperature range (Figs. 4-6). 

The annual WDD at 0 to < 5° C averaged as high as 52.5 ± 3.97 WDD during the early spring, 
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49.2 ± 7.57 during the fall, and 52.2 ± 1.31 during the winter, all during 2010. The 25 to < 30° C 

range exceeded an average 50 WDD for three of the nine sagebrush and perennial grass sites, 

while all other estimates did not exceed 35 WDD. Wet degree days for the optimal temperature 

range of 10 to < 25° C varied every year at all three sets of sites (early spring, sagebrush and 

perennial grass F4,21=2.02,  P = 0.0043, sagebrush F2,61.2=4.04,  P = 0.0225, crested wheatgrass 

F4,21=7.82, P = 0.0005). WDD averaged as high as 235.1 ± 31.3 in the early spring, 413.59 ± 

39.9 WDD during late spring, 58.7 ± 6.09 WDD during the summer, and 232.3 ± 12.9 WDD 

during the fall. WDD did not generally exceed 10 during the winter. In general, WDD varied by 

site more at 5 to < 10° C and 10 to < 25° C during most seasons than at 0 to < 5° C, 25 to < 30° 

C,  and 30 to < 35° C  (Fig. 5).   

Woodland Removal Response  

Average annual WDD were 116.3 ± 13.6, 210.0 ± 13.6, 469.7 ± 13.7, 57.0 ± 13.6, and 

29.0 ± 13.7 for the 0 to < 5° C, 5 to < 10° C, 10 to < 25° C, 25 to < 30° C, and 30 to < 35° C 

temperature ranges. Generally, average WDD increased by the third year post treatment for the 0 

to < 5° C, 5 to < 10° C, 10 to < 25° C temperature ranges, while WDD for the 25 to < 30° C and 

30 to < 35° C temperature ranges did not change (Table 3). Because the treatment year varied by 

sites and most seasons had an unequal number of days, we separately estimated average WDD 

for each season by year-since-treatment (Roundy et al., 2014b). As with the non-woodland 

experiments, we also separately analyzed non-optimal temperature ranges from the optimal 

temperature range.   

Burning and tree felling treatment comparisons at non-optimal and optimal temperature 

ranges were significantly different for 11 of 17 seasons since treatment (3 yr, early spring, 
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F2,247=28.15, P < 0.0001). Treatment plots were generally different from untreated plots at 0 to < 

5° C. Where there were significant differences at 5 to < 10° C, treated plots generally had more 

WDD than untreated plots during early spring and fall. Also, burned plots occasionally had more 

WDD than untreated plots at 25 to < 30° C and 30 to < 35° C during the late spring and summer. 

At 10 to < 25° C, treated plots had more WDD than untreated plots during the first year after 

treatment and for early and late spring for the second through fourth year after treatment (P < 

0.05). Also at 10 to < 25° C, tree felled plots had more WDD than untreated plots, but often had 

less WDD than burned plots. Due to WDD variation among sites (Fig. 7), we determined the 

average change in WDD in seedbeds as a result of treatment by comparing the difference 

between treated and untreated plots at each site (Roundy et al., 2014b). 

Additional Wet-Degree Days in Response to Woodland Tree Removal Treatments and Infilling 

Phases 

Treatment Response. Temperature range was significant for 12 of 17 seasons since 

treatment when comparing non-optimal temperature ranges (P < 0.05). The interaction between 

temperature range and tree removal treatment was significant for 8 of 17 seasons including early 

spring (yr 4, F2,651=6.25, P = 0.0066), late spring (yr 4, F3,613=2.9, P = 0.0343), summer (yr 1, 

F3,561=9.81, P < 0.0001), and fall (yr 2, F3,587=3.52, P = 0.015). Where significant, tree removal 

treatments generally added WDD. Most increases were observed at the upper sub-optimal range 

of 5 to < 10° C and the optimal range of 10 to < 25° C. Also, additional WDD tended to diminish 

with year since treatment (Fig. 8).   

Where there were significant differences between burning and mechanical treatments, 

burning usually added more WDD than cutting (P < 0.05). Most differences were found during 
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early and late spring at 5 to < 10° C and 10 to < 25° C. However, during the late spring of the 

third and fourth year post-treatment, cutting added 10 and 14 more WDD than burning at 5 to < 

10° C (P < 0.05). Where mechanical shredding was compared to burning and cutting at Utah 

sites, burned and shredded plots at 5 to < 10° C and 10 to < 25° C had up to 20 and 70 more 

WDD than cut plots during early spring.  Also, burned plots had approximately 32 more WDD 

than shredded plots during late spring of the second year at 25 to < 30° C. Burning also added 

between 5 and 32 more WDD than shredding in the fall and winter at 0 to < 5° C and 5 to < 10° 

C, on average (P < 0.05). 

Woodland Infilling Phase. At non-optimal temperature ranges, the interaction of 

temperature range with tree infilling phase at time of treatment was significant for early spring 

(F6,156 = 5.15, P  < 0.0001) and late spring (F6,133 = 11.77, P < 0.0001) of the first year after 

treatment and during early spring of the third and fourth years after treatment across tree removal 

methods. During early spring of the second year, effects of woodland infilling phase were 

marginally significant (F6,651= 2.01, P = 0.0625). At the optimal temperature range of 10 to < 25° 

C, WDD for tree infilling phases were significantly different during early spring and late spring 

of the third year (ES, F2,130 = 5.72, P = 0.0042; LS, F2,135 = 4.85, P = 0.0093) and early spring of 

the fourth year (ES, F2,115 = 6.85, P = 0.0015). Similar to non-optimal comparisons, early spring 

of the second year was marginal, but not significant (P > 0.05). Generally,  increased tree 

infilling added WDD at 5 to < 10° C and 10 to < 25° C during the early spring (Fig. 9), but only 

occasionally during other seasons or at other temperature ranges (P < 0.05). 
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Influence of Climate and Site Physical Characteristics 

 The CCA indicated that early spring WDD was associated most with early spring and 

winter precipitation, elevation, and ambient air temperature. The resulting ordination was 

significant (Fig. 10, P = 0.008). Also, the association between these variables and the variation 

among sites for early spring WDD (axis 1 R2 = 0.834, axis 2 R2 = 0.678, axis 3 R2 = 0.420) was 

also significant (P = 0.018). The first axis explained 44.6 % of the variability in WDD, while all 

three axes explained 49.9% of the variability. Because axis 1 accounted for most of the variation 

explained by the model, we focus our discussion on its elements. Winter precipitation, spring 

precipitation, and elevation were positively correlated with axis 1, while ambient air temperature 

was negatively correlated with axis 1. Except for Bridge Creek, Scipio, and the Boulter Creek 

Elymus sites, WDD of woodland and sagebrush and perennial grass sites were associated with 

increasing elevation, increasing spring and winter precipitation, and decreasing ambient air 

temperature. For Scipio and Boulter Creek Elymus, as well as sagebrush and crested wheatgrass 

sites, WDD were more strongly associated with increasing ambient air temperature, decreasing 

elevation, and decreasing spring and winter precipitation. For Mill Canyon High, WDD were 

strongly associated with increasing winter precipitation and elevation, as well as decreasing 

ambient air temperature. Association of site climate and physical characteristics with WDD for 

September through June was not significant (P = 0.104). 

DISCUSSION 

Seasonal Wet Thermal Time 

The accuracy of thermal-time models for estimating germination in field seedbeds 

depends on whether or not the majority of summed WDD is within the temperature range where 

15 



  
 

variation in germination rate is minimal relative to incubation temperature. Hardegree et al. 

(2002) reported increased standard error in the total germination percentage at below 5° C and 

above 25° C. We found minimal WDD at 5 to < 10° C and 10 to < 25° C temperature ranges 

where variability in the germination response has been found to be minimal, averaged the most 

WDD days in early spring, late spring, and fall (Fig. 4). These findings are consistent with the 

assumption made by Rawlins et al. (2012b) that non-optimal temperature ranges sum a small 

percentage of thermal time compared to more optimal temperature ranges. 

Despite the fact that most WDD were summed where variation in germination rate is 

minimal, seed beds occasionally summed sufficient WDD from 0 to < 5° C and 25 to < 30° C for 

potential germination prediction. All four sites averaged between 36 and 52 WDD during early 

spring at 0 to < 5° C.  Also at 25 to < 30° C, late spring averaged up to 52.4 ± 6.37 WDD (Fig. 

6). With cheatgrass needing approximately 40 to 50 WDD for potential germination prediction, 

wet thermal time models may overestimate the time to cheatgrass germination as a result of 

underestimating progress toward germination at these temperature ranges (Rawlins et al., 2012a; 

2012b).  

Additionally, fluctuation in wet days (> 1.5 MPa) among sites and years in the top 30 cm 

of the soil profile have been found (Jensen et al., 1989; Roundy et al., 2014b). In our study, 

differences between seasons, sites, and years were generally at the upper sub-optimal and 

optimal temperature ranges. However, there were occasions where WDD at non-optimal 

temperature ranges were sufficient for a potential germination as a result of these fluctuations. 

For example, some sites during the winter of 2010 averaged as high as 45 WDD (Fig. 6). The 

year 2010 had greater precipitation during fall and winter compared to the previous few years 
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during the same seasons. This increase in precipitation likely allowed for the increased 

summation of WDD.   

Potential-germination predictions may be less accurate when sufficient WDD are 

summed at the lower sub-optimal range of 0 to < 5° C or at the supra optimal ranges above 25° 

C. However, Rawlins et al. (2012b) found that wet thermal time models were most accurate 

(75% to 95%) in predicting potential germination between late winter (21 Feb) and mid spring 

(10 May), a period where 26% of wet days were at 0 to < 5° C. A possible explanation for this 

apparent inconsistency may be that base temperatures (the temperature where the germination 

rate is zero) for many plant materials are above 0° C and, therefore there is minimal summed wet 

thermal time at 0 to < 5° C. Cheatgrass, bluebunch wheatgrass, and squirreltail have base 

temperatures at approximately 1.5° to 2° C (Hardegree, 1994; Hardegree et al., 1999; 2008). 

Another explanation might be that as day-time temperatures increase through the early spring, 

the amount of wet thermal time the seedbed spends at warmer temperatures produces a potential 

germination response well before sufficient wet thermal time is summed at 0 to < 5° C 

(Hardegree, 1994; Hardegree et al., 2008).   

Woodland Removal Response 

Changes in plant community structure like woodland tree removal treatments 

implemented at different tree infilling phases may influence soil moisture and temperature 

dynamics. Tree reduction has been reported to increase time of plant-available water during the 

spring by as much as 26 days to six weeks (Bates et al., 2000; Roundy et al., 2014b; Young et al., 

2013). Also, Roundy et al (2014b) reported an additional 332.1 WDD during the spring at 13 to 

30 cm soil depth compared to untreated plots. Similarly, we found that tree reduction added 

WDD in the seedbed generally at temperature ranges where WDD summation is highest for each 
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season. In general, these additions are at temperature ranges where germination variability is 

low. However, temperature ranges with more variability in germination response do occasionally 

show increased WDD as a result of treatment (Fig. 8). For example, as much as 12.1 ± 2.88 

WDD and 18.2 ± 6.67 WDD was added in fall and winter at 0 to < 5° C as a result of treatment. 

These additions are still relatively small and are not likely to be sufficient to influence potential 

germination predictions. However, in conjunction with site and annual fluctuations, treatments 

may result in situations where potential germination predictions may be influenced at some non-

optimal temperature ranges.   

Roundy et al. (2014b) found that there was little difference in plant available water 

between burning and mechanical treatments at 13-30 cm soil depth the first 4 yr after treatment. 

For the seedbed, we found differences in WDD during some early springs, late springs, falls, and 

one winter for most measured temperature ranges (Fig. 8). However, these differences were 

generally sporadic and often inconsistent.   

Where differences between tree removal treatments occurred, altering the plant 

community structure may have influenced the summation of WDD by changing ET dynamics. 

Burning removes tree and understory vegetation which allows for more incident solar radiation 

(Prater and DeLucia, 2006). Increased solar radiation could result in early post-winter thaw and 

warming of the soil surface at least until the understory vegetation recovers and may explain why 

burned plots often had higher additional WDD than at shredded and cut plots.   

Mechanical treatments likely buffer the seedbed to changes in climate by shielding the soil 

surface with tree skeleton (cutting), shredded residue (mechanical shredding), and residual 

understory vegetation. Shredded residue has been found to decrease soil water loss from ET and 

runoff (Chung and Horton, 1987; Enrique et al., 1999; Cline et al., 2010). Shielding of the soil 
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surface during short duration precipitation events may result in precipitation interception. 

Further, any decomposition as a result of available nitrogen during the first few years following 

treatment may occur when soil moisture is high (Buggelnl and Rynk, 2002; Rau et al., 2007; 

Young et al., 2013). The resulting positive thermodynamic condition, as well as effects resulting 

from changes in community structure, may explain why shredding often has more additional 

WDD than cutting during early spring. In any case, differences between treatments tend to 

diminish by the fourth year after treatment. 

Roundy et al. (2014b) found that tree reduction by fire or mechanical methods resulted in 

increased WDD where pretreatment woodland infilling was higher at 13-30 cm soil depth. 

Generally, our analysis of woodland infilling phase for the seedbed was similar to their findings 

at the sub optimal and optimal temperature ranges. Often phase 3 had significantly more WDD 

than phase 1 (P < 0.05) where trees were reduced.  Because trees are assumed to be using the 

majority of plant available water, phase 3 tree removal would represent a larger resource pulse (a 

temporary increase in available resources) than at lower infilling phases (Ryel et al., 2010; 

Roundy et al., 2014b; Young et al., 2013). This resource pulse may facilitate weed invasion 

(Chambers et al., 2007; Roundy et al., 2014b). Weed cover has been found to increase after 

treatment where tree infilling was greater before treatment (Roundy et al., 2014a) 

Although the summation of WDD at non-optimal temperature ranges was usually small, 

the potential for overestimating the timing of potential germination remains a concern. Rawlins 

et al. (2012a) found that thermal-time models frequently overestimate germination timing. 

Hardegree et al. (1999) suggested that overestimation in thermal time models may be a result of 

germination rate sensitivity near base temperatures.  Rawlins et al. (2012a) also stated that 

19 



progress toward germination may be underestimated as a result of summing WDD at non-

optimal temperature ranges where germination response is not well understood (Rawlins et al., 

2012a). Consequently, when climate conditions allow for a summation of WDD at the lower sub-

optimal or supra optimal temperature ranges, more investigation into germination response may 

improve accuracy of potential germination predictions in some plant materials. 

Influence of Site Physical Characteristics 

Bates et al. (2006) found a reduction in plant productivity and an increase in bare ground 

at a Great Basin sagebrush site as a result of applying a majority of seasonal water between April 

and July as compared to between October and March. This indicates that sites with high winter 

precipitation may have more WDD during the early spring than sites with low winter 

precipitation. Our CCA analyses across all temperature ranges and 19 sites indicated that both 

early spring and winter precipitation, as well as elevation and ambient air temperature, influence 

early spring WDD in the seedbed. Wet degree days at wetter, cooler sites like Underdown 

Canyon High and Mill Canyon High tend to be positively influenced by increasing winter 

precipitation, increasing elevation, and decreasing ambient air temperature. On warmer, drier 

sites like Skull Valley, Lookout Pass, and Scipio WDD tend to be influenced with decreasing 

early spring precipitation, decreasing elevation, and increasing ambient air temperature. Wetter, 

cooler sites have more plant cover than the warmer, drier sites (Chambers et al., 2013). Plant 

production relies on sufficient WDD in both the seedbed for germination and in the root zone for 

root growth. However, frequent rewetting of the seedbed may promote germination and lengthen 

wet periods in the deeper root zone soil depths.   

One opportunity to make thermal time models more practical in application to 

revegetation projects in the Great Basin is to model WDD using site characteristics. We have 
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identified site characteristics associated with early spring WDD across a broad range of 

conditions in the Great Basin. However, our analysis was not sufficient to estimate WDD at sites 

where soil moisture and temperature conditions are not known. An analysis of site characteristics 

at a finer scale may increase the percent variability explained by the CCA and may reveal other 

important predictors of WDD. 

Management Implications 

On average, WDD at lower sub-optimal and supra-optimal temperature ranges are not 

likely to be sufficient to influence germination as predicted by wet thermal time models during 

the early spring. Where germination response for individual plant materials has a relatively good 

fit to estimated response between 5 and 25° C, wet thermal time models may be sufficiently 

precise to determine the site potential for revegetation using site specific soil climate conditions. 

These models may also improve plant material selection for rangeland revegetation projects for 

the sagebrush steppe ecosystem. Tree removal treatments should not greatly influence results of 

model precision as it relates to wet thermal time.   
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TABLES 

Comminity Type State Coordinance Elev (m)
Sagebrush & Perennial Grass Sites (Described in Chambers et al. 2007, Roundy et al. 2007, Blank et al. 2007)

Underdown Canyon High (NVU) Mountian Big Sagebrush NV 39⁰ N, 117⁰30'  W 2380 Fine-loamy and loamy-skeletal, frigid Typic Haploxerolls
Underdown Canyon Mid (NVM) Mountian Big Sagebrush NV 39⁰ N, 117⁰30'  W 2190 Loamy-skeletal, mesic, Xeric Haplodurids
Underdown Canyon Low (NVL) Wyoming Big Sagebrush NV 39⁰ N, 117⁰30'  W 1960 Loamy-skeletal, mesic, Typic Haploxerolls
Mill Canyon High (UTU) Mountain Big Sagebrush UT 40⁰ N, 112⁰ W 2274 Loamy-skeletal, carbonatic, mesic, frigid, Lithic Calcixerolls
Black Rock Canyon Mid (UTM) Mountian Big Sagebrush UT 40⁰ N, 112⁰ W 2085 Loamy-skeletal, carbonatic, mesic, Lithic, Calcixerolls
Black Rock Canyon Low (UTL) Wyoming Big Sagebrush UT 40⁰ N, 112⁰ W 1710 Loamy-skeletal, carbonatic, mesic, shallow, Petrocalcic Palexerolls
Barrett Canyon  (NVC) Crested Wheatgrass NV 39⁰ N, 117⁰30'  W 2065 Loamy-skeletal, mesic, Xereptic Haplodurids
Boulter Creek (UTC) Crested Wheatgrass UT 40⁰ N, 112⁰ W 1628 Fine-loamy to loamy-skeletal, mesic, Xeric Haplocalcids
Boulter Creek ELEL (UTS) Squirreltail grass UT 40⁰ N, 112⁰ W 1597 Fine-loamy to loamy-skeletal, mesic, Xeric Haplocalcids

Sagebrush Sites  (Described in McIver et al. 2010)
Hart Mountain (HM) Wyoming Big Sagebrush OR 42⁰ 43' N, 119⁰ 29' W 1510 Loamy, mixed, superactive, frigid, shallow Xeric Haplodurids
Onaqui Sagebrush (OS) Wyoming Big Sagebrush UT 40⁰ 11' N, 112⁰ 27' W 1675 Loamy-skeletal, mixed, active, mesic Xeric Haplocalcids 
Saddle Mountain (SM) Wyoming Big Sagebrush WA 46⁰ 45' N, 119⁰ 21' W 1510

Crested Wheatgrass Sites  (Described in Rawlins 2012 and Hulet et al. 2010)
Skull Valley (SV) Crested Wheatgrass UT 40⁰18' N, 112⁰51' W 1524 Sandy loam, mixed (Calcareous) mesic, and xeric Torriorthents
Lookout Pass (LP) Crested Wheatgrass UT 40⁰09' N, 112⁰28' W 1676 Taylorsflat fine -loamy, mixed, mesic, xerolic Calciorthids 

Woodland Sites(Described in McIver et al. 2010)
Blue Mountain (BM) Western Juniper CA 41⁰ 49' N, 120⁰ 50' W 1510 Loamy, mixed, superactive, mesic Lithic Haploxerolls
Bridge Creek (BC) Western Juniper OR 44⁰ 36' N, 120⁰ 9' W 840 Sandy loam, frigid Typic Haploxerolls to frigid Torriorthents
Devine Ridge (DR) Western Juniper OR 43⁰ 43' N, 118⁰ 56' W 1510 Loamy-skeletal, mixed, superactive, frigid Lithic Haploxerolls 
Marking Corral (MC) Pinyon-juniper NV 39⁰ 25' N, 115⁰ 7' W 1730 Loamy-skeletal, mixed, superactive, mesic Argidic Durixerolls 
South Ruby (SR) Pinyon-juniper NV 40⁰ 40' N, 109⁰ 46' W 2005 Loamy, mixed, superactive, mesic, shallow Haploduridic Durixerolls
Greenville Bench (GV) Pinyon-juniper UT 38⁰ 12' N, 112⁰ 47' W 1800 Loamy-skeletal, carbonatic, mesic Typic Calcixerepts
Scipio (SC) Pinyon-juniper UT 39⁰ 16' N, 112⁰ 4' W 1755 Loamy-skeletal, mixed, superactive, mesic, shallow Calcic Petrocalcids
Onaqui woodland (OJ) Utah Juniper UT 40⁰ 13' N, 112⁰ 28' W 1705 Loamy-skeletal, carbonatic, mesic, shallow Petrocalcic Palexerolls 
Stansbury (ST) Utah Juniper UT 40⁰ 35' N, 112⁰ 39' W 1740 Loamy-skeletal, mixed, active, frigid Pachic Haploxerolls 

Table 1-1. Site location information.   Community types: Mountain big sagebrush (Artemisia tridentata  Nutt. ssp. vaseyana (Rydb.) Beetle), Wyoming big sagebrush (Artemisia tridentata  Nutt. ssp. 
wyomingensis  Beetle & Young), crested wheatgrass (Agropyron cristatum  (L.) Gaertn.), squirreltail (Elymus elymoides  (Raf.) Swezey), western juniper (Juniperus occidentalis  Hook.), pinyon-juniper 
(Pinus edulis  Engelm. - Juniperus osteosperma (Torr.) Little), Utah juniper (Juniperus osteosperma (Torr.) Little), cheatgrass (Bromus tectorum  L.). 

Site Soil classification

Coarse-silty, mixed, superactive, mesic Xeric Haplocambids
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Table 1-2. List of woodland sites, year of treatment, and years of 
soil moisture and temperature year data used for post treatment and 
woodland infilling phase analysis. * Years where only early spring 
and late spring data was used. 

Treatment and phase comparison 

Year  
Year data used for year since 

treatment 
Site treated Year 1 Year 2 Year 3 Year 4* 
Blue Mountain 2007 2009 2010 2011 
Bridge Creek 2006 2008 2009 2010 
Devine Ridge 2007 2009 2010 2011 
Marking Corral 2006 2008 2009 2010 
South Ruby 2008 2010 2011* 
Stansbury 2007 2008 2009* 
Onaqui 2006 2007 2008 2009 2010 
Scipio 2007 2010 2011 
Greenville 2007 2009 2010 2011 
Total number of sites 2 7 7 7 
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Table 1-3. Seasonal wet degree days (± SE) by temperature range (ᵒC) for year since 
treatment in woodlands.  Dash marks (-) indicate temperature ranges that had little or no wet 
degree days.  

Season 
Year 
Since 

Treatment 

Wet Degree Days for a Temperature Range 
0 to 

 < 5ᵒ C 
5 to 

 < 10ᵒ C 
10 to 

< 25ᵒ C 
25 to 

 < 30ᵒ C 
30 to 

 < 35ᵒ C 
Early 
Spring Year 1 40.9 ± 12.9 82.7 ± 12.9 140.4 ± 12.9 1.46 ± 12.9 0.1 ± 12.9 

Year 2 45.2 ± 5.3 79.5 ± 5.3 113.4 ± 5.3 4.4 ± 5.3 0.8 ± 5.3 
Year 3 51.7 ± 2.7 87.0 ± 2.7 128.9 ± 2.7 4.3 ± 2.6 0.4 ± 2.6 
Year 4 44.4 ± 6.4 79.3 ±6.4 116.8 ± 6.4 3.9 ± 6.4 0.5 ± 6.4 

Late 
Spring Year 1 3.0 ± 45.0 32.0 ± 45.0 189.8 ± 45.0 28.3 ± 45.0 3.0 ± 45.0 

Year 2 7.9 ± 16.1 40.1 ± 16.2 227.6 ± 16.2 29.1 ± 16.2 13.3 ± 16.1 
Year 3 9.4 ± 8.9 63.5 ± 8.9 274.0 ± 8.9 32.2 ± 8.9 12.0 ± 8.9 
Year 4 8.9 ± 16.9 72.9 ± 16.9 324.2 ± 16.9 16.3 ± 16.9 8.9 ± 16.9 

Summer Year 1 - - 48.8 ± 5.9 15.0 ± 5.9 11.7 ± 5.9 
Year 2 - - 15.9 ± 2.7 4.2 ± 2.7 3.7 ± 2.7 
Year 3 - - 67.0 ± 8.5 22.7 ± 8.5 16.1 ± 8.5 

Fall Year 1 30.8 ± 5.5 62.1 ± 5.5 71.7 ± 5.5 8.8 ± 5.5 6.0 ± 5.5 
Year 2 26.2 ± 4.7 54.5 ± 4.7 64.8 ± 4.7 3.7 ± 4.7 1.7 ± 4.7 
Year 3 33.9 ± 8.9 24.7 ± 8.5  88.1 ± 8.5 1.9 ± 8.5 0.7 ± 8.5 

Winter Year 1 23.8 ± 5.6 10.8 ± 6.0 3.4 ± 5.6 - - 
Year 2 21.5 ± 5.8 12.2 ± 5.8 2.2 ± 5.8 - - 
Year 3 42.2 ± 10.6 21.4 ± 10.6 2.1 ± 10.6 - - 
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FIGURES 

Figure 1-1. Typical thermal time model illustrating days-1 to germination of a seed 

subpopulation as a function of incubation temperature (Rawlins et al., 2012a).  These nonlinear 

curves vary by subpopulations of seeds.  Temperature is divided up into generalized ranges 

based on optimal germination rate.
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Figure 1-2. Precipitation and air temperature for sites.  NVU = Underdown Canyon High 

elevation, NVM = Underdown Canyon Middle elevation, NVL = Underdown Canyon Low 

elevation, UTU = Mill Canyon High elevation, UTM = Black Rock Canyon Middle elevation, 
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UTL = Black Rock Canyon Low elevation, NVC = Barrett Canyon, UTC = Boulter Creek, UTS 

= Boulter Creek ELEL, HM = Hart Mountain, OS = Onaqui Sagebrush, SM = Saddle Mountain, 

SV = Skull Valley, BM = Blue Mountain, BC = Bridge Creek, DR = Devine Ridge, MC = 

Marking Corral, SR = South Ruby, GV = Greenville Bench, SC = Scipio, OJ = Onaqui 

Woodland, ST = Stansbury. 
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Figure 1-3. Average precipitation and air temperature by season for each experiment.  Error bars 

represent ± 1 standard error. 
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Figure 1-4. Wet degree days by five temperature ranges and seasons for sagebrush and perennial 

grass, crested wheatgrass, and sagebrush sites. Error bars represent ± 1 standard error. 
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Figure 1-5. Average annual wet degree days by season and temperature range. Error bars represent ± 1 standard error.
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39 

Figure 1-6.  Wet degree day estimates by site, season and temperature range. Experimental



designs are SP = Sagebrush & Perennial Grass sites, CW = Crested Wheatgrass sites, and SG = 

Sagebrush sites. Sites are NVU = Underdown Canyon High Elevation, NVM = Underdown 

Canyon Middle Elevation, NVL = Underdown Canyon Low Elevation, UTU = Mill Canyon 

High Elevation, UTM = Black Rock Canyon Middle Elevation, UTL = Black Rock Canyon Low 

Elevation, NVC = Barrett Canyon, UTC = Boulter Creek, UTS = Boulter Creek ELEL, HM = 

Hart Mountain, OS = Onaqui Sagebrush, SM = Saddle Mountain, SV = Skull Valley, BM = 

Blue Mountain, BC = Bridge Creek, DR = Devine Ridge, MC = Marking Corral, SR = South 

Ruby, GV = Greenville Bench, SC = Scipio, OJ = Onaqui Woodland, ST = Stansbury. Error 

bars represent ± 1 standard error. 
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Figure 1-7.  Site averages of wet degree days for second, third, and fourth years since tree 

reduction treatments for seedbed temperature ranges in early spring. Data are averages of 

untreated and treated plots. Sites are BC = Bridge Creek, BM = Blue Mountain, DR = Devine 
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Ridge, MC = Marking Corral, OJ = Onaqui Juniper, SC = Scipio, SR = South Ruby, and ST = 

Stansbury. Error bars are ± 1 standard error.  
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Figure 1-8. Seasonal additional wet degree days by treatment for non-optimal (top) and optimal 

(bottom) temperature ranges. Comparisons are within year. 
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Figure 1-9. Additional wet degree days (tree treatment wet degree days-untreated wet degree 

days) for three woodland infilling phases at temperature ranges of 5 to < 10° C and 10 to < 25° 

C.  Shown are the second through fourth year since treatment during the early spring.  Different 

letters indicate significant differences between phases with each year. 
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Figure 1-10. The distribution of wet degree days for 19 sagebrush steppe sites in the Great Basin 

as explained by six site physical characteristics.  Site physical characteristics were winter 

precipitation, early spring precipitation, ambient air temperature, elevation, solar radiation, and 

slope.  Only site physical characteristics with r2 > 0.2 are illustrated with black arrows. Sites are 

NVU = Underdown Canyon High Elevation, NVM = Underdown Canyon Middle Elevation, 

NVL = Underdown Canyon Low Elevation, UTU = Mill Canyon High Elevation, UTM = Black 

Rock Canyon Middle Elevation, UTL = Black Rock Canyon Low Elevation, NVC = Barrett 
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Canyon, UTC = Boulter Creek, UTS = Boulter Creek ELEL, HM = Hart Mountain, OS = Onaqui 

Sagebrush, SM = Saddle Mountain, SV = Skull Valley, BM = Blue Mountain, BC = Bridge 

Creek, DR = Devine Ridge, MC = Marking Corral, GV = Greenville Bench, SC = Scipio, OJ = 

Onaqui Woodland. 
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ABSTRACT 

Preventing cheatgrass (Bromus tectorum L.) dominance associated with frequent 

wildfires requires successful establishment of desirable species in rehabilitation and fuel-control 

projects. Germination prediction models may provide useful criteria for selecting among 

alternative plant materials by predicting relative performance under seedbed water potential and 

temperature conditions of specific sites. Using a wet thermal time model for germination 

prediction, progress toward germination (PTG) was estimated as a function of seedbed 

temperature (> 0 ⁰C) when soils were above a threshold water potential of -1.5 MPa. Progress 

toward germination is summed over time and a value > 1 indicates positive germination potential 

at a given site. We estimated and compared PTG for 31 seedlots (10 species) using near surface 

(1-3 cm) soil water potential and temperature at 24 sites in the Great Basin. We determined the 

effects of site, season, year, tree removal method, tree infilling phase, and microsite on estimated 

PTG. Sites included grassland (Elymus spp. and Agropyron spp.) and sagebrush stands 

(Artemisia spp.) with and without woodland species (Juniperus spp. and Pinus spp.). Soils were 

wet and warm enough in early spring, late spring, and fall for PTG > 1 indicating potential 

germination for most plant materials and species. In general, estimated PTG was highest for 

cheatgrass collections followed by perennial grasses and then forbs. Progress toward germination 

varied significantly for seasons, years, and sites. Prescribed burning increased PTG three times 

more than either tree cutting or mechanical shredding. Progress toward germination was highest 

for tree reduction treatments implemented at an advanced phase of infilling and for tree drip line 

compared to other microsites. Winter precipitation, elevation, and solar radiation were most 

strongly positively associated with early spring PTG, while air temperature was negatively 

associated with PTG. Because seedbed temperatures and water potentials do not appear to be 
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limiting to germination for the plant materials tested, selection based on germination potential 

alone may not improve rangeland seeding success for these materials. Selection based on higher 

or lower PTG results in selecting for earlier of later germination, which could have implications 

for seedling survival. Prediction of germination in conjunction with root growth predictions may 

allow for potential seedling survival predictions and plant material screening. 
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INTRODUCTION 

Land managers plant seeds on rangelands to establish desirable plant species, stabilize 

soils and prevent weed dominance (Call and Roundy, 1991; Whisenant, 1999). Plant materials 

are selected based on regional adaptation, but germination in particular is constrained by site and 

year-specific soil water and temperature conditions (Rawlins et al., 201b). Germination 

prediction models may aid in plant material selection by predicting germination timing using 

site-specific soil temperature and seedbed water potential (Roundy et al., 2007; Rawlins et al., 

2012b). Thermal time models that estimate potential germination are developed by measuring 

percent germination over time for a range of constant incubation temperatures of a seedlot. The 

inverse of time to germination (germination rate) for each seed subpopulation at various constant 

temperatures are fitted to linear and non-linear regression equations for each seedlot (Garcia-

Huidobro et al., 1982a; 1982b; Roundy and Biedenbender, 1996; Hardegree et al.,1999; 

McDonald, 2002a; 2002b; Hardegree, 2006; Rawlins et al., 2012a). Germination rate is summed 

as progress toward germination (PTG) and a value > 1 indicates positive germination potential at 

a given site.  Some germination models incorporate soil water potential and use hydrothermal–

time to predict PTG under dynamic field soil water conditions (Alvarado and Bradford, 2002; 

Bradford, 2002; Meyer and Allen, 2009). Continuous measurements of soil water potential at 

seeding depths, however, have proven problematic due to technology limitations (Taylor et al., 

2007).   

Thermal time models that characterize soil conditions as either wet or dry using a 

threshold water potential (wet thermal time) rather than incorporating continuous water potential 

measurements provide a more simplistic approach to utilizing soil water data in the development 

of thermal time germination models (Finch-Savage and Phelps, 1993; Finch-Savage et al., 2001; 
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Roundy et al., 2007; Rawlins et al., 2012b). Roundy et al. (2007) utilized wet thermal time 

models to compare potential PTG in cheatgrass (Bromus tectorum L.) seedlots. Wet thermal time 

models produced relatively accurate predictions for germination of six species at two locations in 

Utah (Rawlins et al., 2012b). Utilizing wet thermal time models to predict PTG for multiple 

seedlots and species under a range of field conditions may aid in successful plant material 

selection by identifying seed populations with a greater or lesser potential for germination.   

To help identify suitable plant material for revegetation projects where soil moisture and 

temperature have not been monitored, PTG may be estimated using associated site 

characteristics. Precipitation and temperature would be expected to influence wet thermal time 

(Roundy et al., 2007). Likewise, site characteristics, such as slope, elevation, and solar radiation 

also influence soil moisture and temperature and, consequently, may influence PTG (Reid, 1973; 

Cantón et al., 2004; Weisberg et al., 2007; Bochet et al., 2007).  Yet, their association to PTG has 

not been quantified.  

Seedbed water potential and temperature conditions were sufficient for cheatgrass 

subpopulations to germinate in the fall and spring most years on nine big sagebrush (Artemisia 

tridentata Nutt.) sites in the Great Basin (Roundy et al., 2007). Sagebrush and perennial grass 

removal had much less effect on cheatgrass germination than season, site, or year (Roundy et al., 

2007). Also, cheatgrass germinates at faster rates than perennial grasses under simulated seedbed 

temperature and soil water conditions (Hardegree et al., 2003; 2013). Cheatgrass has not been 

found to significantly deplete soil moisture when compared to perennial grasses across the soil 

profile (Cline et al., 1977; Ryel et al., 2010). With sufficient wet thermal time, successful 

germination of revegetation plant materials may occur regardless of the presence of cheatgrass. 

Although site, season, year, various tree removal methods, tree infilling phase, and various 
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microsites affect the time of soil water availability (Roundy et al., 2014b), effects of these factors 

on potential  germination of weeds and revegetation species have yet to be determined. 

Here we investigated differences in PTG in revegetation seed populations and cheatgrass 

by site, season, year, various tree (Juniperus spp. and Piñus spp.) removal methods, tree infilling 

phase, and various microsites. We also quantified the influence of site characteristics of seasonal 

precipitation, air temperature, solar radiation, slope, and elevation on PTG.  

METHODS  

Study Sites  

We used soil water potential and temperature data collected for four experiments (located 

on 24 total sites) described in Cline et al. (2014).  The four experiments were designated (1) 

sagebrush (Artemisia spp.) and perennial grass, (2) crested wheatgrass (Agropyron cristatum L.), 

(3) sagebrush, and (4) woodland (Cline et al., 2014). The sagebrush and perennial grass 

experiment was located on six sagebrush sites with associated native bunchgrasses, two 

sagebrush sites seeded to crested wheatgrass and recolonized by sagebrush, and a squirrel tail 

(Elymus elymoides (Raf.) Swezy) site with scattered big sagebrush and shadscale (Atriplex 

confertifolia (Torr. & Frem.) S. Watson) shrubs, all having data from 2002 to the spring of 2011 

(Blank et al., 2007; Chambers et al., 2007; Roundy et al., 2007; Cline et al., 2014). The crested 

wheatgrass experiment was located in two crested wheatgrass monocultures with data from 2006 

to the spring of 2011 (Hulet et al., 2010; Rawlins et al., 2012b; Cline et al., 2014). The sagebrush 

experiment was located on three sagebrush and perennial bunchgrass sites (separate from the 

sagebrush and perennial grass experiment) and was measured from 2008 to the spring of 2011 

(McIver et al., 2010; Cline et al., 2014). The woodland experiment was located on four Utah 
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juniper (Juniperus osteosperma (Torr.) Little) sites, two piñon (Pinus edulis Engelm.)-juniper, 

and three western juniper (Juniperus occidentalis Hook.) sites for varying years of data since tree 

reduction treatment (Table 1; Cline et al., 2014; Roundy et al., 2014b). Plots used in the 

sagebrush and perennial grass, crested wheatgrass, and sagebrush experiments were untreated. 

Woodland sites had both treated and untreated plots. Woodland treatments included prescribed 

burning, tree cutting and mechanical shredding. Mechanical shredding was conducted only at the 

Utah sites and all woodland sites included untreated plots.   

Thermal Time Analysis 

Experiments were originally set up in a randomized block design to determine vegetation 

treatment effects (Chambers et al., 2007; Rawlins et al., 2012b; Roundy et al., 2014a; 2014b). 

Collection of soil water matric potential, soil temperature, air temperature, precipitation, slope, 

solar radiation, and elevation data are described in Cline et al. (2014). Cline et al. (2014) also 

described the experimental design as well as the collection of soil water potential and 

temperature data. Cline et al. (2014) also characterized the climate, as well as seedbed soil 

moisture and temperature conditions for each experiment over the same time periods as in the 

present study.   

We compiled 19 germination prediction equations for median germination rate of 19 

seedlots (eight cheatgrass, two crested wheatgrass, two bluebunch wheatgrass [Pseudoroegneria 

spicata (Pursh) A. Löve], and one squirreltail) from previous studies (Table 2; Roundy et al., 

2007; Rawlins et al., 2012a). Another 11 seedlot equations (five species) were derived from 

constant incubation temperature data compiled from Hardegree et al. (2008, 2010).  
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 Germination rate or 1/days to 50% germination of germinable seeds was regressed on 

constant incubation temperatures for all seedlots using a combination of best fit linear and 

nonlinear regression equations as derived from Tablecurve® 2D curve fitting software (Table 2, 

Roundy et al., 2007; Rawlins et al., 2012a). Linear regressions were derived from the lowest two 

incubation temperature rates as described by Roundy et al. (2007) and were used to estimate 

PTG for the lower sub-optimal temperature range (< 5° C, 10° C, or sometimes 15° C) as 

described in Hardegree et al. (1999), Roundy et al. (2007), and Rawlins et al. (2012a). Best fit 

linear and nonlinear regressions were selected utilizing the highest R2 and F-values with 

minimum residuals for incubation temperatures > 10 or sometimes 15° C (Roundy et al., 2007; 

Rawlins et al., 2012a). Hourly soil temperature was used as the independent variable in these 

regression equations to calculate hourly PTG for each seedlot. Progress toward germination for a 

season was calculated by summing hourly PTG for each hour when soil water potential was > -

1.5 MPa. When hourly PTG sums to 1, 50% of seeds are predicted to germinate for that seedlot. 

Increasing PTG sums of > 1 indicate increasing potential for seeds to germinate. Roundy et al. 

(2007) and Rawlins et al. (2011b) described two methods to sum hourly PTG: cumulative - 

summing across intermittent wet periods in a season and singular - requiring thermal summation 

to occur within a single wet period. Our study reports cumulative summing of PTG across 

intermittent wet periods as was found to be most accurate in predicting field germination by 

Rawlins et al. (2012a). 

We used mixed model analysis of variance (SAS® Institute, Inc., 2001) to analyze each 

experiment separately. Site was considered a random block across the region for the sagebrush 

and perennial grass, sagebrush, and woodland experiments, while four replicated blocks per site 

were used as a random factor for the crested wheatgrass experiment. Fixed factors were seasons, 
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years, and seedlots for all experiments. Site was a fixed factor in crested wheatgrass experiments, 

while woodland experiments had additional fixed factors of tree removal methods, tree infilling 

phase, and microsites of the tree drip line, shrub mound, and interspace. The tree drip line is 

defined as the perimeter of where canopy covers the surface. Seasons were early spring (1 March 

to 30 April), late spring (1 May to 30 June), and fall (1 September to 30 November), and winter 

(1 December to 28 February). Significant differences among fixed factors were determined by 

the Tukey-Kramer multiple comparison test (P < 0.05).  

We summarized the effects of site characteristics on the PTG of seedlots for early spring, 

late spring, and from 1 September to 30 June using Canonical Correspondence Analysis (CCA) 

in PC-ORD®. Site characteristics for each time period were precipitation seasonal average air 

temperature, slope, solar radiation, and elevation. For early spring, winter and early spring 

precipitation were included in the analysis. Sites with missing data were excluded. Default CCA 

settings were used and significance was determined using a randomization test (P < 0.05).   

RESULTS 

Percentages of PTG estimations for seasons, sites, treatments, infilling phases, and 

microsites where seedbeds accumulated enough PTG to sum to 1 or greater averaged from 62.8  

± 14.8% (sagebrush) to 78.7 ± 4.94% (sagebrush and perennial grass) for fall, from 18.2 ± 4.54% 

(sagebrush and perennial grass) to 23.6 ± 8.25% (crested wheatgrass) for winter, from 86.6 ± 

3.55% (sagebrush and perennial grass) to 94.3 ± 0.86% (crested wheatgrass) for early spring, and 

from 79.3 ± 3.42% (crested wheatgrass) to 90.1 ± 1.85% (sagebrush) for late spring among all 

four experiments. Percent of potential germination estimated for each site by season is noted in 

Table 3. Generally, seedbeds summed enough PTG to predict at least 50% germination during 
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fall, early spring, and late spring for a majority of plant materials tested. With some exceptions, 

germination was predicted for < 30% of tested instances during the winter. At Bridge Creek, 

76.1% of potential predictions summed sufficient PTG for germination during the winter. 

Sagebrush and Grasslands 

 Seedbeds in early and late spring generally averaged nearly three times the PTG needed 

to predict 50% germination while in fall, seedbeds summed nearly two times the PTG required 

for germination (Fig. 1). In winter, seedbeds always averaged < 1 PTG for the nonwoodland 

experiments. Because the number of days was uneven for each season, we compared annual PTG 

for each season separately for all experiments (Roundy et al., 2014b; Cline et al., 2014). 

Progress toward germination varied by sites, years, and seedlots for each season (P < 

0.05). Progress toward germination averaged as high as 5.15 ± 0.27 in early spring, 8.93 ± 0.22 

in late spring, 5.52 ± 0.14 in fall, and 1.11± 0.04 in winter (Fig. 2). The effects of year and 

seedlot were significant for all seasons and for sagebrush and perennial grass, crested 

wheatgrass, and sagebrush experiments (Table 4, P < 0.05). Nearly all the interactions between 

seedlots and year were also significant for every season for the sagebrush and perennial grass, 

crested wheatgrass, and sagebrush experiments (P < 0.05). For sites, the majority of PTG was 

summed during early and late spring (Fig. 3). Summation of PTG generally was highest in 

cheatgrass seedlots, followed by perennial grasses and then forbs (Fig. 4). As expected, years 

with the highest precipitation had the highest PTG (Cline et al. 2014).  

Tree Removal Response 

 Seedbeds in woodlands were similar to those on the sagebrush and grassland sites with 

early and late spring having the most seasonal PTG, followed by fall and winter (Table 5). 
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Progress toward germination rankings among seedlots for woodland seedbeds were also similar 

to those for the other experiments (cheatgrass > perennial grasses > forbs) (Fig. 5). The effects of 

seedlot, tree removal methods, and tree infilling phase were generally significant (Table 6, P < 

0.05). Because of significant site differences (Fig. 7), we standardized the effects of site soil 

water potential and temperature by comparing the differences in PTG between treated and 

untreated plots at each study site. 

Main effects and interactions on additional PTG were generally significant for tree 

removal methods, tree infilling phase, and microsites through the third year after treatment 

(Table 6, P < 0.05). While treatment was significant during the early spring (F1,3812 = 66.03, P < 

0.0001) of the fourth year, treatment was not significant for late spring  (F1,3284 = 0.73, P = 

0.3944). Burning added as much as 1.05 ± 0.15 additional PTG for a season, while tree cutting 

added as much as 0.88 ± 0.14 additional PTG (Fig. 8). Burning generally resulted in more 

additional PTG than tree cutting for all four seasons of the first 2 yr and early spring of the third 

and fourth years after tree reduction (P > 0.05). Mechanical shredding added as much as 1.99 ± 

0.93 additional PTG (yr 1) at Utah sites. In comparison with burning and tree cutting at Utah 

sites, shredding exhibited as much as 0.4 PTG less than burning and as much as 1.3 PTG more 

than tree cutting during the early spring, late spring, and fall of the first year following treatment 

(P < 0.05). However, during the second year shedding and burning were not different (P > 0.05). 

During the third and fourth years, shredding added as much as 0.3 PTG more than both burning 

and tree cutting during the late spring (P < 0.05).  Implementation of tree reduction at Phase 3 of 

woodland infilling generally added more PTG than tree reduction at Phases 1 and 2 for most 

treatments and microsites during early spring, late spring, and fall (Fig. 9, P < 0.05). Tree 

microsites added more PTG than shrub and interspace microsites during the first year following 
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treatment at Utah sites and during early spring for the second, third, and fourth year following 

treatment at all woodland sites (Fig. 10, P < 0.05). 

According to the CCA, PTG for September through June was associated with 

precipitation, elevation, and solar radiation, while early spring PTG was associated with 

temperature, elevation, winter precipitation, and solar radiation (Fig. 11, P = 0.006). The CCA 

for late spring was not significant (P > 0.05).  For September through June, total variation 

explained by the CCA was 59.4 % (axis 1 = 49.2 %, axis 2 = 7.8 %, and axis 3 = 2.4 %). For 

early spring, total variation explained by the CCA was 64.3% (axis 1 = 58.2 %, axis 2 = 5.7 %, 

and axis 3 = 0.5 %). As the majority of the variation explained was in the first two axes for both 

ordinations, we focused our analysis axis 1 and 2.  For September through June, axis 1 had a 

positive correlation with elevation (R2 = 0.130), but a negative correlation with solar radiation 

(R2 = -0.572) and precipitation (R2 = -0.681). Axis 2 had a positive correlation with solar 

radiation (0.176) but a negative correlation with elevation (R2 = -0.647) and precipitation (R2 = -

0.265). For early spring, axis 1 had a positive correlation with solar radiation (R2 = 0.222), winter 

precipitation (R2 = 0.751), and elevation (R2 = 0.243), but had a negative correlations with air 

temperature (R2 = -0.507). Axis 2 had a positive correlation with air temperature (R2 = 0.694) 

and winter precipitation (R2 = 0.014), but had a negative correlation with solar radiation (R2 = -

0.549) and elevation (R2 = -0.885). For September through June, woodland sites were associated 

with more precipitation, while sagebrush sites tend to be associated with less precipitation. For 

early spring, higher elevation sites were associated with increased elevation, solar radiation, and 

winter precipitation. Warmer, drier sites were more associated with temperature.   
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DISCUSSION 

Use of soil microclimate conditions to evaluate potential germination response in field 

seedbeds has been limited, but has potential for improved revegetation decision-making 

(Hardegree et al. 2010). Roundy et al. (2007) assessed PTG using the wet thermal time model for 

18 seedlots of B. tectorum across 4 yr and nine sites in NV and UT. Hardegree et al. (2008, 2010, 

2003, 2013) simulated germination rate for multiple species and seedlots using a 38 yr history of 

soil microclimate data from a site in Idaho. Rawlins et al. (2012a) evaluated PTG for 10 species 

with soil microclimate data from one site in Nevada. Rawlins et al. (2012b) field verified 

potential germination response based on soil microclimate conditions at two sites in UT for 3 yr. 

Their study assessed potential germination for five species. Our study evaluated 31 species and 

seedlots from previous studies (Roundy et al., 2007; Hardegree et al., 2010; Rawlins et al., 

2012a; 2012b). Further, we added several years of soil microclimate data collected at previous 

study sites (Chambers et al., 2007; Hardegree et al., 2010; Rawlins et al., 2012b), added three 

sagebrush sites with the sagebrush experiment, and added nine sites with the woodland 

experiment.  

Successful seedling establishment should be associated, in part, with greater time when 

soil temperatures are warm and wet enough to support germination (Ryel et al., 2010; Leffler and 

Ryel, 2012; Roundy et al., 2014b). For our sites, seedbeds summed sufficient thermal time when 

seedbeds were wet in fall, early, and late spring to predict germination of 50% of the seed 

population for most of the plant materials we studied. These findings are consistent with Roundy 

et al., (2007) where cheatgrass seedlots were found to potentially germinate at the sagebrush and 

perennial grass sites for most years during the fall and spring. Though, potential germination was 

predicted for most plant materials and sites, we found the PTG varied with season, site, and year. 
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Roundy et al., (2007) also found that season had the greatest effect on PTG, followed by sites 

and years.  

Results of Roundy et al. (2007) and our study suggest that germination does not generally 

limit plant establishment on these sagebrush zone sites in the Great Basin on most years during 

the growing season. These findings coincide with James et al. (2011) who found that when 

comparing successful transitions between perennial grass life stages, germination was among 

those with the highest probability for success. This finding limits the utility of using germination 

thermal time models as a tool to improve plant material selection for revegetation projects. 

Germination estimates do provide comparisons between plant materials that may lend 

understanding to niche competition and also indicate which plant materials have the most time to 

extend their roots. For example, while seedbeds generally summed more than enough PTG for 

potential germination during either early spring or late spring for most plant materials, the entire 

spring was required to sum sufficient PTG for basin wildrye (Leymus cinereus (Scribn. & Merr.) 

Á. Löve) and lupine (Lupinus arbustus Douglas ex Lindl.) to germinate if planting date was on 1 

March. Delayed germination could limit seedling survival for these species if seminal root 

extension does not remain in wet soils ahead of the soil drying front (Cline et al., 2014b). 

Germination timing, especially when grouped with root growth timing, may be useful in 

determining the potential for seedling survival and may be a useful plant material selection tool. 

The competitive ability of sown perennial grasses and forbs compared to cheatgrass has 

been identified a possible reason for the invasion and dominance of cheatgrass after fire 

rehabilitation seedings conducted by land management agencies in the Intermountain West (Call 

and Roundy, 1991; Whisenant, 1999). Hardegree et al. (2010) and Rawlins et al. (2012a) found 

that cheatgrass has a faster germination rate than perennial grasses. In support of their findings, 
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PTG in our study generally ranked highest in cheatgrass, followed by perennial grasses, and then 

forbs for every experiment.  Previous research found evidence that faster germination and 

establishment in cheatgrass may reduce plant available water for slower germinating perennial 

grasses and forbs (Chambers et al., 2007; Roundy et al., 2007). Yet Ryel et al. (2010) found that 

cheatgrass has very little effect on plant available water in the top 3 m of the soil profile during 

the spring. However, their most shallow soil moisture measurement was at 30 cm soil depth and 

not at the seedbed. Fast germination in cheatgrass may also facilitate early soil nitrogen 

utilization during the fall and early spring compared to perennial grasses (Leffler et al., 2011; 

2013). Cheatgrass seedlings have a higher nitrogen absorption rate compared to some common 

revegetation plant materials, such as A. cristatum, E. Elymoidies, and P. spicatum (Leffler et al., 

2011), at temperature ranges where wet degree days are highest in the seedbed (Cline et al., 

2014). The invasibility of cheatgrass increases with increased nitrate and soil water availability 

as a result of vegetation disturbance (Chambers et al., 2007). 

Percent cheatgrass cover increased with increasing pretreatment tree cover by the third 

year post treatment for the woodland experiment (Roundy et al., 2014a). Bates et al. (2013) 

discovered that cheatgrass replaced native plants at Phase 3 infilling of a western juniper 

woodland. At temperature ranges between 5° C and 25° C where the majority PTG is summed, 

Cline et al. (2014) found an increase in wet degree days with treatment and increasing infilling 

phase. We found that tree removal added PTG for all 31 plant materials, including cheatgrass. 

We also found that implementing tree reduction at woodland infilling Phase 3 added more PTG 

than implementation at lower infilling phases. While effects of tree reduction on increasing time 

of available water may be expected to diminish over time as residual understory plants grow and 
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transpire, Roundy et al. (2014b) and Cline et al. (2014), reported that these effects extend at least 

to the fourth spring since treatment.   

Miller et al. (2014) indicated that postburn vegetation recovered and surpassed preburn 

cover percentages by the second or third year following treatment. They also noted that perennial 

grass cover increased during second and third year following mechanical treatments at the 

woodland sites. However, the increase in cover came primarily from residual plant growth and 

not from new seedlings. Low seedling density initially following treatment may result from tree 

exclusion of understory plants and reduction of propagules. Yet our findings for this study 

indicate that for most tested seedlots, including cheatgrass, seedbeds sum additional PTG as a 

result of tree removal. As a result, tree removal improves the likelihood of germination and 

subsequent establishment. Seeding desirable plant materials following tree removal may be 

needed to accomplish restoration goals where desirable residual propagules are limited (Bybee, 

2013).  

Prescribed burning added more wet degree days in the seedbed than tree cutting during 

the spring only (Cline et al., 2014). Yet we found that burning resulted in twice the additional 

PTG as tree cutting during every season at least up to the second year after treatment. By the 

fourth year after treatment, prescribed burned seedbeds had more additional PTG than those in 

cut treatments only in early spring. Tree shredding produced similar additional PTG as 

prescribed burning in early spring, but less than half of the additional PTG as produced by 

prescribed fire during late spring. One intriguing exception was during the fourth year, when 

shredding added more additional PTG than both burning and tree cutting during early and late 

spring (Fig. 8). Shredding reduces runoff from hill slopes and adds wet degree days to seedbeds 

(Cline et al. 2010, 2014). It is likely that decomposition of shredded material requires many 
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years, leaving the soil covered and limiting plant growth where debris is deep (Young et al. 

2013). The additional PTG in shredded plots may be an indication of a prolonged resource pulse 

as a result of shredded material limiting the use of resources by colonizers. 

 We found more additional PTG at the tree drip line compared to interspace microsites 

during early spring. Also, Roundy et al. (2014b) reported that tree reduction increased wet days 

more at the tree drip line than at other microsites at 18 to 30 cm soil depth. Tree mounds are 

often covered by a litter and duff layer.  Litter and duff layers likely act similar to shredded 

material in trapping soil moisture and increasing wet degree days in the seedbed (Cline et al., 

2010; 2014; Young et al., 2013). Also, piñon and juniper tree structure filters water away from 

its trunk to the tree drip line.  Interspace microsites have been found to dry more rapidly than tree 

mounds (Breshears et al., 1998). Presumably by reducing transpiration soil water loss, tree 

reduction increases time of available soil water more than does ground cover by tree litter or 

shredded debris (Young et al., 2013). However, tree reduction and soil cover by litter or debris 

may additively increase time of available soil water (Young et al., 2013).   

Influence of Site Characteristics 

Cline et al. (2014) found that winter and early spring precipitation as well as air 

temperature and elevation positively influenced wet degree days across the majority of our sites 

during the early spring. However, we did not find a significant association with PTG and early 

spring precipitation. We also found that early spring PTG associated positively with winter 

precipitation, elevation, and solar radiation, while PTG associated negatively with air 

temperature, probably because increased air temperature was associated with fewer wet days in 

the seedbed. This provides further evidence that winter precipitation has an important role in 
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successful seedling establishment. Reasons for the difference between PTG and wet degree days 

are unclear; however Cline et al. (2014) included only one measure of wet degree days per site 

per year, while our CCA had increased site resolution because we included 3 yr averages of PTG 

of 31 plant materials.  

Precipitation, elevation, and solar radiation were positively associated with PTG for 

September through June (P < 0.05). Increased elevation resulted in a decreased in temperature 

and subsequent decreased total PTG during this time period. Also, increasing precipitation and 

solar radiation in woodlands and sagebrush communities might be expected to increase PTG by 

increasing plant available water and the thermal environment of the soil. Yet our CCA analysis 

indicates that they associated with decreasing precipitation and solar radiation. As water is 

limiting in these communities, increased plant available water may be transpired by existing 

vegetation for increased growth, as was the case when trees were removed at our woodland sites 

(Miller et al., 2013; Roundy et al., 2013). When shrub and herbaceous cover were probably 

reduced because of drought (decreased precipitation) at sagebrush and perennial grass sites, PTG 

was decreased. Conversely, increased tree infilling in woodlands may result in competitive 

exclusion of understory species also increasing bare ground (Miller et al., 2008). Thus, 

increasing precipitation at sites where understory vegetation is not present to transpire newly 

available plant available water results in increased PTG.  

Conclusions 

Development and use of wet thermal time regressions for a large number of species and 

seedlots provided an opportunity to predict potential germination over a large network of sites 

where soil microclimate was measured over several years.  Germination of at least 50% of the 
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seed population was predicted to occur for most plant materials in the spring and fall, but highest 

PTG was predicted in the spring.  While significant variation among sites, years, and tree 

removal treatments were found, these factors rarely influence whether at least 50% germination 

will occur over the course of a season. Variation in these factors may influence germination 

timing, subsequent root growth timing, and probability for seedling establishment. Though 

thermal time models for germination do not appear to be discriminate enough for plant material 

selection based solely on the potential for germination, estimation of germination timing in 

conjunction with root growth timing may be used as a tool for plant material selection and 

generally evaluate sites and plant materials for potential revegetation. 
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TABLES 

Table 2-1. List of woodland sites, year of treatment, and years of soil moisture and 

temperature year data used for post treatment and woodland infilling phase analysis. * Years 

where only early spring and late spring data was used. Reproduced from Cline et al. (2014). 
Treatment and phase comparison 

Year Year data used for year since treatment 
Site treated Year 1 Year 2 Year 3 Year 4* 
Blue Mountain 2007 2009 2010 2011 
Bridge Creek 2006 2008 2009 2010 
Devine Ridge 2007 2009 2010 2011 
Marking Corral 2006 2008 2009 2010 
South Ruby 2008 2010 2011* 
Stansbury 2007 2008 2009* 
Onaqui 2006 2007 2008 2009 2010 
Scipio 2007 2010 2011 
Greenville 2007 2009 2010 2011 
Total number of sites 2 7 7 7 
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Table 2-2. Seedlots and related studies where constant temperature germination trials were conducted and 

thermal germination equations were developed. 

Constant Temperature Development of 

Species & Seedlot Origin or Cultivar Germination Trial Predictive Equation 

Cheatgrass (Bromus tectorum L.) 

 CC07BRTE Cache Creek, BC Roundy et al., 2007 Roundy et al., 2007 

 LPBRTE Lookout Pass, UT Roundy et al., 2007 Roundy et al., 2007 

 OD98BRTE Odessa, WA  Roundy et al., 2007 Roundy et al., 2007 

 SB98BRTE Spences Bridge, BC  Roundy et al., 2007 Roundy et al., 2007 

 TM97BRTE Ten Mile, ID  Roundy et al., 2007 Roundy et al., 2007 

 LPRBRTE Lookout Pass, UT  Rawlins et al., 2012a Rawlins et al., 2012a 

 SFBRTE Spanish Fork Farm, UT Roundy et al., 2007 Roundy et al., 2007 

 SVBRTE West Skull Valley, UT  Rawlins et al., 2012a Rawlins et al., 2012a 

Perennial Grass 

Crested wheatgrass (Agropyron ssp.) 

 AGCR Hycrest  Rawlins et al., 2012a  Rawlins et al., 2012a 

 AGDE Nordan  Rawlins et al., 2012a Rawlins et al., 2012a 

Bluebunch wheatgrass (Pseudoroegneria spicata (Pursh) Á. Löve) 

 APSSP Anatone Rawlins et al., 2012a Rawlins et al., 2012b 

 GPSSP Goldar Hardegree et al., 2010 Present Study 

 WPSSP Whitmar Hardegree et al., 2010 Present Study 

Snake River wheatgrass (Elymus wawawaiensis J. Carlson & Barkworth) 

   ELWA2  Secar Rawlins et al., 2012a Rawlins et al. 2012b 

Bottlebrush Squirreltail (Elymus elymoides (Raf.) Swezey) 

 ELEL Sanpete Hardegree et al., 2008 Present Study 

 T-1202 Hwy 75 X 20, ID Hardegree et al., 2008 Present Study 

 T-1205-98 W. Hill City, ID 1998 Hardegree et al., 2008 Present Study 

 T-1205-99 W. Hill City, ID 1999 Hardegree et al., 2008 Present Study 

 T-1175-98 Ditto Creek, ID 1998 Hardegree et al., 2008 Present Study 
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T-1175-99  Ditto Creek, ID 1999 Hardegree et al., 2008 Present Study 

Big Squirreltail (Elymus multisetus M. E. Jones 

ELMU-1 Sand Hollow Hardegree et al., 2010 Present Study 

ELMU-2 Sand Hollow Hardegree et al., 2010 Present Study 

Basin wildrye (Leymus cinereus (Scribn & Merr.) Á. Löve ) 

LECI-1 Magnar Hardegree et al., 2010 Present Study 

LECI-2 Trailhead Hardegree et al., 2010 Present Study 

Sandberg bluegrass (Poa secunda J. Presl.) 

POSE-1 Commercial Seed Co. Hardegree et al., 2010 Present Study 

POSE-2 Commercial Seed Co. Hardegree et al., 2010 Present Study 

Forbs 

Common yarrow (Achillea millefolium L.) 

ACMI-1 Eagle  Rawlins et al., 2012a Rawlins et al., 2012a 

ACMI-2 VNS White  Rawlins et al., 2012a Rawlins et al., 2012a 

Lewis flax (Linum lewisii  Pursh) 

LILE  Provo, UT  Rawlins et al., 2012a Rawlins et al., 2012a 

Blue flax (Linum perenne L.) 

LIPE  Appar  Rawlins et al., 2012a Rawlins et al., 2012a 

Longspur lupine (Lupinus arbustus Douglas ex Lindl.) 

LUAR  Wells common garden  Rawlins et al., 2012a Rawlins et al., 2012a 
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Table 2-3. Percentages of PTG estimations for seasons, sites, treatments, infilling 

phases, and microsites where seedbeds accumulated enough PTG to sum to 1 or 

greater for different experimental sites in the Great Basin. 
Experiment Early Late 

Sites Fall Winter Spring Spring Spring 

Sagebrush & 
Perennial Grass 

NVC 56.5 36.5 98.6 93.1 86.0 
NVU 72.9 3.0 99.7 77.8 98.6 
NVM 53.3 0.7 95.9 87.2 91.2 
NVL 81.4 26.6 96.6 90.6 84.1 
UTC 85.6 12.6 97.8 93.2 75.9 
UTU 93.5 16.1 97.6 61.3 96.6 
UTM 92.4 20.1 98.9 91.8 89.9 
UTL 88.8 38.7 97.0 92.8 83.6 
UTS 83.7 9.1 97.2 91.2 81.8 

Crested Wheatgrass LP 75.7 16.3 94.7 93.5 82.3 
SV 79.4 32.8 98.4 95.2 75.5 

Sagebrush 
HM 58.2 12.8 96.9 83.5 93.5 
OS 39.9 2.8 96.6 92.5 89.7 
SM 90.4 48.4 96.9 92.0 87.1 

Woodlands 

BC 89.1 76.1 99.5 93.9 97.6 
BM 87.2 15.7 99.1 86.9 97.3 
DR 92.0 8.1 99.3 85.3 98.5 
GV 52.6 10.0 84.2 81.8 67.1 
MC 72.6 2.2 92.4 86.3 64.5 
OJ 61.0 12.3 94.4 88.3 73.4 
SC 87.7 20.1 98.1 92.0 93.1 
SR 50.3 9.6 96.4 89.4 92.1 
ST 92.3 38.9 98.9 92.6 95.7 
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Table 2-4.  Fixed effects on progress toward germination from mixed model analysis for 

sagebrush and perennial grass, crested wheatgrass, and sagebrush experiments.  SL = seedlot; 

NDF and DDF= numerator and denominator degrees of freedom. 

Season Effect ND DD F-
 

Pvalu
Sagebrush/ Early 

 
YEAR 8 211 84.69 <.000

Perennial 
 

SL 28 211 86.75 <.000
YEAR*S 224 211 0.67 0.999

Late 
 

YEAR 8 200 230.15 <.000
SL 30 200 55.24 <.000
YEAR*S 240 200 1.4 0.000

Fall YEAR 8 185 86.76 <.000
SL 30 185 35.53 <.000
YEAR*S 240 185 0.51 1 

Winter YEAR 8 197 69.34 <.000
SL 30 197 46.81 <.000
YEAR*S 240 197 0.99 0.547

Crested Early 
 

SL 30 893 100.5 <.000
YEAR 4 893 206.46 <.000
YEAR*S 120 893 1.09 0.245

Late 
 

SL 30 873 19.38 <.000
YEAR 4 875 242.04 <.000
YEAR*S 120 873 1.11 0.206

Fall YEAR 4 101 1261.8 <.000
SL 30 101 75.82 <.000
YEAR*S 120 101 6.73 <.000

Winter SL 30 956 149.49 <.000
YEAR 4 957 285.22 <.000
YEAR*S 120 956 4.45 <.000

Sagebrush Early 
 

YEAR 2 160 82.98 <.000
SL 30 160 57.32 <.000
YEAR*S 60 160 0.37 1 

Late 
 

YEAR 2 147 748.29 <.000
SL 30 147 64.54 <.000
YEAR*S 60 147 3.76 <.000

Fall YEAR 2 163 1318.5 <.000
SL 30 163 61.33 <.000
YEAR*S 60 163 9.56 <.000

Winter YEAR 2 164 15.55 <.000
SL 30 164 117.55 <.000
YEAR*S 60 164 7.47 <.000
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Table 2-5. Progress toward germination (± SE) for 31 seedlots at woodland sites for each year 

since tree reduction treatment. 

Early Spring Late Spring Fall Winter 
Year 1 3.40 ± 0.85 3.64 ± 2.92 3.07 ± 1.39 0.56 ± 0.29 
Year 2 3.38 ± 0.37 4.63 ±1.03 1.98 ± 0.29 0.47 ± 0.19 
Year 3 3.60 ± 0.22 5.40 ± 0.69 2.67 ± 0.55 0.01 ± 0.00 
Year 4 3.62 ± 0.57 6.10 ± 0.95 
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Table 2-6. Fixed effects on PTG from mixed model analysis for different years since tree 

reduction for woodland sites. SL= seedlot, TRT = tree removal method. 

Year Season Effect NDF DDF F-value P-value
Year 1 Early Spring SL 30 1580 102.91 <.0001 

TRT 2 1580 620.81 <.0001 
SL*TRT 60 1580 3.17 <.0001 

Late Spring SL 30 1580 25.89 <.0001 
TRT 2 1580 127.75 <.0001 
SL*TRT 60 1580 0.71 0.9542 

Fall SL 30 1301 34.6 <.0001 
TRT 2 1301 223.95 <.0001 
SL*TRT 60 1301 1.05 0.3746 

Winter SL 30 1580 152.46 <.0001 
TRT 2 1580 34.08 <.0001 
SL*TRT 60 1580 1.35 0.0392 

Year 2 Early Spring SL 30 5294 244.44 <.0001 
TRT 2 5294 372.21 <.0001 
SL*TRT 60 5294 1.95 <.0001 

Late Spring SL 30 4923 125.46 <.0001 
TRT 2 4923 72 <.0001 
SL*TRT 60 4923 1.06 0.351 

Fall SL 30 5466 156.89 <.0001 
TRT 2 5466 457.25 <.0001 
SL*TRT 60 5466 2.23 <.0001 

Winter SL 30 5357 135.67 <.0001 
TRT 2 5357 94.21 <.0001 
SL*TRT 60 5357 1.1 0.2744 

Year 3 Early Spring SL 30 5295 434.49 <.0001 
TRT 2 5296 681.58 <.0001 
SL*TRT 60 5295 3.61 <.0001 

Late Spring SPP 30 5666 157.37 <.0001 
TRT 2 5666 99.75 <.0001 
SPP*TRT 60 5666 1.4 0.0236 

Fall SL 30 5605 152.19 <.0001 
TRT 2 5605 158.6 <.0001 
SL*TRT 60 5605 0.8 0.8658 

Winter SL 30 5574 142.15 <.0001 
TRT 2 5574 20.81 <.0001 
SL*TRT 60 5574 0.32 1 

Year 4 Early Spring SL 30 5730 236.69 <.0001 
TRT 2 5730 79.04 <.0001 
SL*TRT 60 5730 0.48 0.9998 

Late Spring SL 30 5730 237.19 <.0001 
TRT 2 5730 37.83 <.0001 
SL*TRT 60 5730 0.24 1 
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Table 2-7. Fixed effects on additional progress toward germination for tree reduction treatments 

compared to no tree reduction 3 yr after treatment. SL= seedlot, TRT = tree removal method, 

PHASE = tree infilling phase. 

Season Effect NDF DDF F-
 

P-
 Early 

 
TRT 1 3321 36.83 <.0001 
PHASE 2 3320 138.83 <.0001 
TRT*PHASE 2 3319 23.35 <.0001 
MS 2 3316 9.13 0.0001 
TRT*MS 2 3316 16.01 <.0001 
MS*PHASE 4 3316 2.95 0.019 
TRT*MS*PHASE 4 3316 4.3 0.0018 

Late 
 

TRT 1 3200 47.48 <.0001 
PHASE 2 3229 113.67 <.0001 
TRT*PHASE 2 3230 18.66 <.0001 
MS 2 3227 13.65 <.0001 
TRT*MS 2 3227 1.99 0.1365 
MS*PHASE 4 3227 5.39 0.0003 
TRT*MS*PHASE 4 3227 5.33 0.0003 

Fall TRT 1 3598 2.02 0.1548 
PHASE 2 3596 107.27 <.0001 
TRT*PHASE 2 3598 11.13 <.0001 
MS 2 3599 0.66 0.5185 
TRT*MS 2 3599 8.57 0.0002 
MS*PHASE 4 3599 2.65 0.0317 
TRT*MS*PHASE 4 3599 34.41 <.0001 

Winter TRT 1 3662 2.05 0.152 
PHASE 2 3661 60.83 <.0001 
TRT*PHASE 2 3662 28.42 <.0001 
MS 2 3660 11.07 <.0001 
TRT*MS 2 3662 3.67 0.0256 
MS*PHASE 4 3661 4.31 0.0018 
TRT*MS*PHASE 4 3660 2.37 0.0504 
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FIGURES 

Figure 2-1. Seasonal progress towards germination. Error bars are ± 1 standard error of the mean. 
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Figure 2-2. Annual progress toward germination by season across all seedlots for sagebrush and 

perennial grass, crested wheatgrass, and sagebrush sites. Error bars are ± 1 standard error of the 

mean. Seasons were early spring – 1 March to 30 April, late spring – 1 May to 30 June, fall – 1 

September to 31 November, and winter – 1 December to 28 Feburary. 
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Figure 2-3. Seasonal progress toward germination averaged across all seedlots by site and 

experiment. Error bars are ± 1 standard error of the mean. Seasons were early spring – 1 March 

to 30 April, late spring – 1 May to 30 June, fall – 1 September to 31 November, and winter – 1 

December to 28 Feburary. Sites are NVU = Underdown Canyon High elevation, NVM = 

Underdown Canyon Middle elevation, NVL = Underdown Canyon Low elevation, UTU = Mill 

Canyon High elevation, UTM = Black Rock Canyon Middle elevation, UTL = Black Rock 

Canyon Low elevation, NVC = Barrett Canyon, UTC = Boulter Creek, UTS = Boulter Creek 

ELEL, HM = Hart Mountain, OS = Onaqui Sagebrush, SM = Saddle Mountain, SV = Skull 

Valley, LP = Lookout Pass.  
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Figure 2-4. Seasonal progress toward germination by seedlot and plant functional group for



sagebrush and perennial grass (top), crested wheatgrass (middle), and sagebrush (bottom) 

experimental sites. Error bars are ± 1 standard error of the mean. Seasons were early spring – 1 

March to 30 April, late spring – 1 May to 30 June, fall – 1 September to 31 November, and 

winter – 1 December to 28 February. See table 2 for species codes. Dashed horizontal line 

indicates a progress toward germination of 1 where at least 50% of seeds are predicted to 

germinate. 
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Figure 2-5. Seasonal progress toward germination by seedlot and functional group for the 

woodland experiment. Error bars are 1 ± standard error of the mean. Seasons were early spring – 

1 March to 30 April, late spring – 1 May to 30 June, fall – 1 September to 31 November, and 

winter – 1 December to 28 February. See table 2 for species codes. Dashed horizontal line 

indicates a progress toward germination of 1 where at least 50% of seeds are predicted to 

germinate. 
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Figure 2-6. Seasonal progress toward germination averaged across all seedlots by woodland site 

for year 2 (top), year 3 (middle), and year 4 (bottom) since implementation of tree reduction 
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treatments. Data are averages of untreated plots and plots where trees were reduced.  Error bars 

are ± 1 standard error of the mean. Seasons were early spring – 1 March to 30 April, late spring – 

1 May to 30 June, fall – 1 September to 31 November, and winter – 1 December to 28 February. 
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All woodland sites Utah woodland sites 

Figure 2-7. Additional progress toward germination averaged across all seedlots for tree removal 

methods by season for all woodland sites (left) and Utah sites (right) for the second (top) and 

fourth (bottom) years since treatment. Different letters indicate significant differences within a 

season. 
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Figure 2-8. Additional progress toward germination averaged across all seedlots for tree 

reduction treatments implemented at different phases of  tree infilling for the second (left) and 

third (right) year since treatment by season.  Different letters indicate significant differences 

within a season. ES and LS= early and late spring. 
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Figure 2-9. Additional progress toward germination averaged across all seedlots for each 

microsite by year since tree reduction treatment for late spring (1 May to 30 June).  Different 

letters indicate significant differences within a season.
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92 

Figure 2-10. Canonical correspondence analysis (CCA) associating site progress toward



germination with early spring (1 March to 30 June) (top)  and 1 September to 30 June (bottom) 

precipitation.  Arrow length indicates comparative strength of association between winter and 

spring precipitation. Sites are BC – Bridge Creek, OR; BM – Blue Mountain, CA; DR – Devine 

Ridge, OR; GV - Greenville, UT; MC – Marking Corral, NV; OJ – Onaqui, UT; SC – Scipio, 

UT; SR – South Ruby, NV; ST – Stansbury, UT.  
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 ABSTRACT 

To determine the potential success of post wildfire revegetation, we have developed seedling 

root-growth prediction models. These models estimate seedling root depth as a function of 

temperature and time. To determine how well these models could work under actual soil 

temperature and water potential dynamics, we measured soil water matric potential and 

temperature at nine sites in the Great Basin, USA to quantify spring drying patterns and rates, 

time of plant available water (wet days or days when soil water matric potential was > -1.5 

MPa), and wet thermal time (wet degree days or degree days when the soil was >-1.5 MPa) over 

five temperature ranges. Each site had plots where trees (Pinus ssp. and Juniperus spp.) were 

either left untreated or removed by prescribed fire, cutting, or shredding.  Soils generally dried 

from the top down. Wet days before the initial spring drying period ranged from 37.3 at 3 cm soil 

depth to 87.3 at 30 cm and were increased by as much as 34.7 ± 6.56 with tree removal. Initial 

spring drying front rates averaged 2.6 ± 0.3 cm day-1 and ranged from 1.61 cm day-1 for 3-15 cm 

of soil depth to 3.98 cm day-1 for 20-30 cm. Root zones when wet were generally within the 

temperature ranges used to develop seminal root growth models. Thermal root growth models 

hold promise for predicting seedling establishment with and without vegetation removal 

treatments after appropriate field tests. 
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INTRODUCTION 

 Revegetation plant materials often fail to establish as a result of drought in the soils of 

the Great Basin (Call and Roundy, 1999). In water limited ecosystems, seedling growth and 

establishment may depend on rapid seminal root growth into moist soil layers ahead of soil 

drying and subsequent development of adventitious roots (Briske and Wilson, 1978). Longer 

seedling growth periods may result in increased seedling survival. The climate of the Great Basin 

consists of a short period in the spring when soil water is available and temperatures are 

conducive to plant growth (Caldwell 1985, Smith et al., 2011). This general pattern can vary 

greatly with annual weather, elevation, and topography (Smith et al., 2011; Roundy et al., 2014b; 

Cline et al., 2014). Winter precipitation is considered key to plant growth and establishment in 

the Great Basin because it extends plant available water before the first spring drying period 

(Gifford and Shaw, 1973; Cline et al., 1977; Anderson et al., 1987; Eissenstat and Caldwell, 

1988; Schwinning et al., 2003; Schwinning and Sala, 2004; Bates et al., 2006; Ryel et al., 2010). 

Late spring and summer precipitation that occurs after the first spring drying period contributes 

to plant maintenance, but may not provide sufficient plant available water to promote plant 

growth (Ivans et al., 2003; Snyder et al., 2004; Ryel et al., 2010; Leffler and Ryel, 2012). Also, 

Great Basin soils are heterogeneous in their physical characteristics which influence plant 

available water and the thermal environment (Jensen et al., 1989). We have developed models 

that predict seminal root depth as a function of soil temperature under unlimited water (Young 

and Roundy, 2012; Roundy et al., 2014). Characterization of soil drying front patterns and rates, 

time of plant available water (total days when soil water matric potential > - 1.5 MPa), and wet 

thermal time (degree days when the soil is >-1.5 MPa) may allow us to apply seminal root depth 

models to Great Basin plant materials and predict potential seedling survival.    
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Root growth prediction models work on the premise of drying occurring from the soil 

surface-downward and that root growth is a function of temperature when the soils are wet (> -

1.5 MPa) (Aguirre and Johnson, 1991; Kremer and Running, 1996; Breshears et al., 1997). 

Predicting seedling survival is based on determining whether root growth as a function of soil 

temperature is adequate for seminal roots to stay ahead of the soil drying front so that the 

seedling continues to grow and does not die from drought (Briske and Wilson, 1977; Roundy et 

al., 1993). Therefore, rates and patterns of root zone drying for the first and last spring drying 

periods provide the environmental context for determining what plant materials, sites, and annual 

weather conditions will result in seedling survival or desiccation using thermal-driven seminal 

root growth models. Drying patterns have been found to vary in semiarid and arid soils (Ryel et 

al., 2010; Hardie et al., 2011) and may affect the accuracy of predicted seedling root growth for 

Great Basin sites. This lack of uniformity in drying patterns may result from soil physical 

conditions influencing water infiltration into soils, seasonal weather characteristics, and 

transpirational soil water loss resulting from differences in plant community structure (Jensen, 

1989, Leffler et al., 2002; Ryel et al. 2002, 2010; Schenk and Jackson, 2002).     

Changes in evapotranspiration as a result of wildfire or the removal of Juniperus spp. and 

Piñus spp. trees that have encroached on Artemisia spp. communities alter the time of plant 

available water, as well as the soil thermal environment by changing canopy structure and soil 

cover. Root zone water is temporarily increased for a few years after vegetation disturbance until 

other plants or colonizers grow sufficiently to use the available resource (Gifford and Shaw, 

1973; Davis and Pelsor, 2001; Chambers et al., 2007; Davies et al., 2007).  

Site and annual weather variations in the Great Basin had a more significant effect on 

predicted potential germination of cheatgrass (Bromus tectorum) than disturbance (Roundy et al., 
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2007). Disturbance effects on soil drying conditions may attenuate as soil depth increases due to 

insulation from solar radiation and ambient air temperature (Campbell and Norman, 1998). 

Effects of vegetation disturbance on soil water availability may increase with depth, however, as 

root zone transpirational water use decreases. Understanding soil drying conditions in relation to 

tree removal may allow for application of wet thermal time models to estimate root growth or 

time to a maximum root depth for species sown on treated woodlands of the Great Basin. 

Desirable grasses, shrubs and forbs are often sown on these woodlands in conjunction with tree 

reduction to lower woody fuel loads and decrease probability of high intensity wildfires (Bybee, 

2013).  

One concern for use of  thermal time models to predict seed germination and plant 

growth is that very little is known about seed germination and root growth responses at extreme 

temperatures (< 5° C and > 25°C) (Hardegree et al., 2002, Rawlins et al., 2012a, 2012b).  

Hardegree et al. (2002) found a more variable germination response at 3° C and above 25° C. 

Germination rates fit temperatures between 5° and 25° C rather well (r2 > 0.7) (Roundy et al., 

2007; Rawlins et al. 2011a.). Thermal time models for estimating growth in seminal roots for 

rangeland species have only been developed at temperatures ranging from 7-30° C (Young and 

Roundy, 2012). The models were relatively accurate at predicting root growth response to 15 cm 

soil depth under growth chamber programmed to simulate diurnal soil temperatures in spring for 

sagebrush steppe communities. Response to more extreme temperature ranges have not been 

tested due to the difficulty in maintaining low growth chamber temperatures and also because it 

has been assumed that insufficient wet-thermal time is summed under these temperatures to 

influence model accuracy (Rawlins et al., 2012b).   
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Roundy et al. (2014b) determined the effect of tree removal on plant available water and 

the overall wet thermal conditions in the top 30 cm of the root zone, but did not determine soil 

drying patterns and conditions. Our study fills this knowledge gap by quantifying patterns and 

rates of drying for the first and last spring drying periods in treated and untreated woodlands. We 

also quantified wet days and wet degree days both before and after the first spring drying period 

as measures of plant available water and the wet thermal environment. Also, we determined the 

effects of tree removal, tree infilling phase, and microsite differences on soil drying and plant 

available water variables. We quantified wet degree days at five temperature ranges and we 

associated spring drying rates for the different sites with spring and winter precipitation. 

METHODS 

Study Sites 

We measured soil water matric potential and soil temperature data at nine sites where 

trees (Juniperus occidentalis Hook., Pinus edulis Engelm. – Juniperus osteosperma (Torr.) 

Little, and Juniperus osteosperma (Torr.) Little) have encroached into sagebrush (Artemisia L. 

spp.)-bunch grass communities. Experiments at the sites were originally designed to determine 

the effects of tree removal treatments on understory vegetation recovery. For detailed site 

descriptions see McIver et al. (2010) and Cline et al. (2014).   

Study Design and Tree Removal 

Tree removal treatments were applied in a randomized block design using the nine sites 

as blocks. Tree removal treatments included untreated woodlands, prescribed burning, tree 

cutting (or cut and drop), and mechanically shredding trees (or mastication).  Mechanical 

shredding was only applied at the four Utah sites. Each tree removal method was applied in 8-20 
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ha plots at each site. Within each tree removal plot, soil monitoring stations were installed for 

each pretreatment tree infilling phase. Phase 1 signifies a community where understory 

vegetation is dominant with trees present. Phase 2 signifies a codominate community of both 

understory vegetation and trees. Phase 3 signifies a tree dominant community (Miller et al., 

2007). At each soil monitoring station, soil water matric potential and temperature were 

measured at three nearby (< 3 m) microsites: at a tree drip line, at a shrub mound, and in an 

interspace between shrubs and trees. Treatment procedures are described in detail in McIver et 

al. (2010). The year that treatments were implemented varied by site (Table 1), therefore, we 

analyzed response variables by the year since treatment. 

Meteorological stations are described in detail in related studies by Roundy et al. (2014b) 

and Cline et al. (2014). We estimated soil water matric potential using gypsum blocks, and soil 

temperature with thermocouples at 1-3 cm, 13-15 cm, 18-20 cm, and 28-30 cm soil depths. 

These depths will be referred to by their deepest point of 3 cm, 15 cm, 20 cm, and 30 cm. 

Measurements were made every minute and hourly averages were recorded on Campbell 

Scientific®, Inc. CR10X and CR1000 microloggers. Water potential measurements of > -1.5 

MPa were considered "wet", while soil water potentials measurements of ≤ -1.5 MPa were 

considered "dry". We measured precipitation and ambient air temperature with a Texas 

Electronics®, Inc. tipping-bucket rain gauge and a thermistor from Campbell Scientific®, Inc. 

(107 temperature probe with gill shield).  

Root Zone Conditions and Analysis 

Soil water matric potential and temperature data were used to derive wet days and wet 

degree days both before and after the first spring (1 March to 30 June) drying period, wet period 
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frequency after the first spring drying period, the first and last spring drying rates, and wet 

degree days at five temperature ranges. Wet days are the total hours when the soil water matric 

potential was > -1.5 MPa for a season divided by 24 hr in a day. Wet degree days is the 

summation of hourly temperatures > 0° C for all hours when the matric potential is > -1.5 MPa 

for a season divided by 24 hr in a day (Roundy et al., 2014b). Drying rates are the difference in 

soil depths divided by. The pattern of drying was determined by comparing soil water potential 

transitions from wet to dry at each depth and then calculating the percentage of downward (soil 

water matric potential at shallower soil depths decrease to ≤ -1.5 MPa at least 1 day before 

deeper soil depths), upward (soil matric potential at deeper soil depths decreased to ≤ -1.5 MPa 

least 1 day before shallower soil depths), and even (soil matric potential for shallow and deep 

soil depths dry out on the same day) soil drying between the soil depths. The drying rate was 

determined by dividing the distance between probes at the four soil depths and the time between 

the more shallow soil depth and the deeper soil depth needed to decrease to at least -1.5 MPa. 

Drying rates were determined for the first and last drying period of the spring. We determined 

the first spring drying period by ascertaining the day and hour when soil matric potential first 

descended to ≤ -1.5 MPa at each soil depth during the spring. While, the final spring drying 

period was determined by ascertaining the last incident when soil matric potential descended to ≤ 

-1.5 MPa when there was at least one additional wetting of the 3-15 cm soil layers following the 

first spring drying period. For wet period frequency, we summed the number of wet periods 

following the first spring drying period.  Wet days and wet degree days were summed before and 

after the first spring drying period. Also, we summed wet degree days at five temperature ranges 

(0 to < 5° C, 5 to < 25° C, 10 to < 25° C, 25 to < 30° C, 30 to < 35° C) to determine the amount 

of wet thermal time spent at each temperature range. As little research was found characterizing 

101 



root zone soil temperatures for the Great Basin, we defined temperature ranges based on the 

thermal time model reports of seedbed wet period duration reported in Rawlins et al. (2012b).  

Because 10 to < 25° C is a 15° C interval compared to 5° C intervals of the other temperature 

ranges, 10 to 25° C was separately analyzed from the other temperature ranges. 

We used mixed model analysis of variance (SAS® Institute, Inc.) to determine the fixed 

effects of soil depth, tree removal treatments, tree infilling phases, and microsites on response 

variables. Significant differences among fixed factors were determined by the Tukey-Kramer 

multiple comparison test (P > 0.05). Sites were considered random blocks over the region.  We 

used Best Unbiased Linear Predictors (BLUPs) to estimate site differences (Littell et al., 1996). 

We summarized the association of winter and spring precipitation on the first spring drying rate 

for each site using Canonical Correspondence Analysis (CCA) in PC-ORD®. We used default 

CCA settings and significance was determined by a randomization test (P < 0.05). 

RESULTS 

 Precipitation was generally equal to or below the 20 yr PRISM (2013) average at four of 

nine sites during the winter and at six of nine sites during the spring (Fig. 1). Winter precipitation 

ranged as high as 157 mm at Scipio for the fourth year since treatment and as low as 35.0 mm at 

Stansbury for second year since treatment. Spring precipitation ranged as high as 271 mm at 

Blue Mountain for the fourth year since treatment and as low as 20.1 mm at Marking Corral for 

the second year. Spring temperatures averaged as high as 14.8° C at Blue Mountain and as low 

as 6.47° C at Marking Corral both during the second year since treatment. 

The average date of drying by soil depth ranged from 27 March to 14 April at 3 cm, from 

23 April to 17 May at 15 cm, from 28 April to 24 May at 20 cm, and from 2 May to 26 May at 
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30 cm (Fig. 2). For the greatest percentage of time, the initial and final drying direction was from 

the soil surface downward (Table 2). Spring drying frequency decreased with soil depth 

averaging 2.96, 0.71, 0.44, and 0.34 wet periods at soil depths of 3, 15, 20, and 30-cm deep 

following the initial drying period (Fig. 3). Sixty seven-80% of hourly soil water matric potential 

measurements dry downward for the initial spring drying period. Because sensors generally 

indicated that soils at 15-30 cm dried at a frequency of less than 0.5, final drying rate was only 

determined between 3-15 cm. For the final spring drying period, the drying direction was from 

the soil surface downward for 50-60% of soil matric potential measurements taken across all 4 yr 

since treatment. The final drying rate was more variable among sites than was the drying rate for 

the first drying period.  For the final drying period, percentage of hourly soil matric potential 

measurements ranged from 7- 65.5% where drying was upward and  ranged from 9-24% where 

drying was even across soil depths. 

Effect of Soil Depth 

Wet days and wet degree days before the first spring drying period tended to increase 

with increasing soil depth for all 4 yr since treatment (Figs. 4 and 5). Increases in wet days from 

3 to 30 cm soil depths ranged from 34.3 to 44.3. While, increases in wet degree days ranged from 

445 to 489. Conversely, wet days and wet degree days following the first spring drying period 

tended to decrease with increasing soil depth. Decreases in wet days from 3 to 30 cm ranged 

from 38.3 to 10.5, and decreases in wet degree days ranged from 397 to 146. The first spring 

drying period rates tended to increase with depth with rates between 20-30 cm of 1.82 cm day-1 

and 2.45 cm day-1 faster than between 3-15 cm and 15-20 cm (P < 0.05) (Fig. 6). Average final 

drying rate between 3-15 cm and across all sites, treatments, phases, and microsites was 3.38 ± 

0.42 cm day-1. 
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Also increasing with soil depth were summed wet degree days at the 10 to < 25° C 

temperature range (Fig. 7). There were 72.1 to 181.5 more wet degree days at 30 than at 3 cm 

deep.  Wet degree days for other temperature ranges ranked from highest to lowest at all four soil 

depths as follows: 5 to < 10° C, 0 to < 5° C, 25 to < 30° C, and 30 to < 35° C (Fig. 8). In general, 

wet degree days at 5 to < 10° C increased with soil depth from 3 to 30 cm by as much as 88.2 

wet degree days during the first year to 104.0 wet degree days for the fourth year since tree 

reduction.  Wet degree days for all other temperature ranges generally did not vary among soil 

depths. 

Tree Removal Response 

 Before the first spring drying period, wet days varied significantly for tree removal 

treatments for all 4 yr since treatment and across all four soil depths (4 yr, F2,574 =  22.36, P < 

0.0001). Wet degree days similarly varied with tree removal both before (4 yr, F2,640= 3.46, P = 

0.0319) and after (4 yr, F2,640 = 7.45, P = 0.0006) the first spring drying period. Usually, tree 

removal did not change wet days (4 yr, F2,625 = 0.26, P = 0.7731) and wet period frequency (3 yr, 

F2,529 = 2.07, P = 0.0111) after the first spring drying period. First (4 yr, F2,363 = 0.49, P = 

0.6113) and final (4 yr, F2,37.9 = 1.62, P = 0.2115) spring drying period rates were not 

significantly affected by tree removal treatments. The interactions of tree removal treatments 

with soil depth were not usually significant for most variables (P > 0.05). Treated plots had more 

wet days and wet degree days than untreated plots. In order to account for variability among sites 

(Table 3), we determined the magnitude of change in wet days and wet degree days as a result of 

each tree removal treatment by subtracting untreated plot from treated plot responses for each 

site, year, treatment, phase, and microsite. 
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Additional Wet days and Wet Degree Days Before and After the First Spring Drying Period 

Soil Depth. The effect of soil depth on additional wet days (2 yr, F3,341 = 3.02, P = 

0.0301) and wet degree days (2 yr, F3,412 = 6.48, P = 0.0003) before and after the first spring 

drying period due to tree removal treatments was usually significant for the first 2 yr following 

treatment. Where significant, increasing soil depth from 3 to 30 cm may result in as much as 37.9 

additional wet days and 500.0 additional wet degree days before the first spring drying period 

(Figs. 9 and 10). After the first spring drying period, increased depth resulted in no change or a 

loss by as much as 26 wet days and 284 wet degree days between 3-30 cm. 

Tree Removal Treatment.  Interactions with treatment and soil depth were not significant 

for wet days or wet degree days before or after the first spring drying period (P > 0.05). Across 

all soil depths, the effect of tree removal treatments on wet days (4 yr, F1,423 = 5.16, P = 0.0236) 

and wet degree days (3 yr, F1,403 = 12.44, P = 0.0005) before the first spring drying period were 

significant for 3 of 4 and 2 of 4 years since treatment. In general, the highest additions were 

observed during the first year since treatment at the two Utah sites (Fig. 9). After the first year, 

reduced additions or no changes were estimated across all sites for prescribed burn and cutting 

before the first drying period (Fig. 10).  Changes in wet days after the first drying period were 

not typically different from zero.  Prescribed burn plots  had  22 more wet days and 388 more 

wet degree days than untreated plots before the first spring drying during the first year since 

treatment (Figs. 10 and 11). However, by the third and fourth year since treatment, tree cutting 

added more wet days and wet degree days before the first spring drying than prescribed fire (P > 

0.05). 
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Where measured at sites in Utah, across all four soil depths and during the first year and 

before initial spring drying, mechanical shredding plots had approximately 12 wet days less than 

prescribed burn plots. Shredded plots had approximately 280 wet degree days more than 

untreated plots before the first drying period during the first 2 years since treatment. There were 

no other differences found between mechanical shredding, prescribed burning and tree cutting 

for other comparisons (P > 0.05).    

Tree Infilling Phase. The effect of tree infilling phase was significant for wet days (yr 4, 

F2,423 = 4.09, P = 0.0174)  and wet degree days (yr 4, F2,423 = 9.58, P < 0.0001) before the first 

spring drying period 3 of 4 and 4 of 4 years since treatment, respectively. After the first spring 

drying period, phase was significant for wet days (yr 3, F2,404 = 4.77,  P = 0.0089) and wet 

degree days (yr 4, F2,342 = 6.5, P = 0.0017) 2 of 4 and 3 of 4 years since treatment, respectively. 

Generally, additions of each response increased with increasing tree infilling phase, with phase 3 

significantly higher than phase 1 (Fig. 12) (P < 0.05).  

Microsite Differences. The effect of microsite differences across all four soil depths was 

significant for wet days (yr 3, F2,397 = 4.08, P = 0.0175) and wet degree days (yr 4, F2,423 = 3.18, 

P = 0.0425) before the first spring drying period for 3 of 4 and 4 of 4 years since treatment, 

respectively. After the first spring drying period, the effect of microsite was not significant for 

wet days (yr 4, F2,424 = 0.16, P = 0.8484) and wet degree days (yr 4, F2,341 = 1.23, P = 0.2942). 

The interaction between microsite and soil depth was not significant for any comparison (P > 

0.05). Typically, more wet days and wet degree days were added at the tree drip line microsite 

compared to interspace before the first spring drying compared and during the first year since 

treatment (Fig. 9, P < 0.05). More wet days and wet degree days tended to be added for shrub 

than tree drip line and interspace microsites, but values were not significantly different from 

106 



either (P > 0.05). After the first year since treatment, shrub mounds usually had less wet days 

and wet degree days than tree drip lines (P < 0.05), but neither was generally different from 

interspaces (P > 0.05). 

Winter versus Spring Precipitation 

 The first spring drying rate across treated and untreated plots was associated with both 

winter (axis 1 R2 = 0.931, axis 2 R2 = 0.364, axis 3 R2 = 0.000) and spring (axis 1 R2 = 0.594, axis 

2 R2 = -0.804, axis 3 R2 = 0.000) precipitation and the resulting ordination of sites was significant 

(Fig. 14, P = 0.025). Winter precipitation was positively correlated with axes 1 and 2, while 

spring precipitation was positively correlated with axis 1 and negatively correlated with axis 2. 

Axis 1 explained 51.7 % of the variation in first spring drying rates, while axis 2 explained only 

0.3%. Because axis 2 explained little variation and axis 3 had R2 = 0.000 for both winter and 

spring precipitation, we focused our analysis on axis 1. The first spring drying rates for the Blue 

Mountain, Stansbury, and Scipio sites were associated with increasing winter and spring 

precipitation, while the first spring drying rates for Bridge Creek, Devine Ridge, Greenville 

Bench, Marking Corral, Onaqui, and South Ruby sites were associated with decreasing winter 

and spring precipitation.   

DISCUSSION 

Soils predominantly dried from the soil surface downward for the first spring drying 

period with drying rates increasing with soil depth (Table 2, Fig. 3). Starting at the end of March 

or the first of April (Fig. 2), soils dried an average of 1.62 ± 0.15 cm day-1, 2.25 ± 0.06 cm day-1, 

and 4.07 ± 0.24 cm day-1 for the 3-15 cm, 15-20 cm, and 20-30 cm soil intervals for an average 

of 2.64 ± 0.28 cm day-1. Conversely, the final drying rate between 3-15 cm was 3.38 ± 0.42 cm 
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day-1. The final drying rate was similar to that reported by Roundy et al. (1997), who found that 

soils dried at a Sonoran desert grassland site after summer rainfall in Arizona at about 3.6 cm 

day-1 for the top 8 cm of the soil surface. The percentage of soil water matric potential 

measurements that dried evenly or upward increased with year since treatment and during the 

final spring drying period. Increased upward drying is probably associated with increased 

transpiration from recovering plants. Bybee (2013), Miller et al. (2014) and Roundy et al. 

(2014a) reported increased perennial herbaceous cover after tree removal treatments. 

Winter and spring precipitation has been shown to strongly influence seedbed wet degree 

days at several of our sites in a companion study (Cline et al., 2014). The current study also 

indicates that the first spring drying rates were associated with winter and spring precipitation 

(Fig. 13). The duration of the first spring wet period leading to the first drying period primarily 

resulted from winter storage deposited by rain or snowfall. This period is prolonged by frequent 

early spring rain or snowfall and cooler early spring temperatures which are associated with 

lower evaporative demand (Noy-Meir, 1973; Bates et al.,2006; Smith et al., 2011). Conversely, 

late spring precipitation events are usually limited by amount, by the rate of water infiltration, 

and by the duration of force of the hydraulic head of the wetting front (Hillel, 2004). Also, late 

spring temperatures often are associated with higher evaporative and transpirational demand.  

The influence of late spring precipitation events on plant available water equates to a relatively 

small resource pulse in comparison to winter and early spring (Noy-Meir, 1973). These short 

term resource pulses likely have little effect on plant growth, but have been found to improve 

plant water status in herbaceous vegetation and shrubs (Donovan and Ehleringer, 1994; Bates et 

al., 1998; Snyder et al., 2004). Therefore, successfully modeling root growth to predict seedling 

survival should focus more on wet periods before and during the first spring drying period. 

108 



Roundy et al. (2014b) reported increased time of wet days, as well as degree days, with 

increasing soil depth, as would be expected with soil drying from the soil surface downward. We 

similarly found increased wet days and wet degree days before the first spring drying period with 

increasing soil depth (Fig. 3 and 4). Conversely, wet days and wet degree days after the first 

spring drying period decreased with soil depth. This decrease in plant available water with 

increasing soil depth is likely a result of the short time and sufficient water to percolate to the 

deeper soil depths before the precipitation event ends and the surface soils dry out. The drying of 

the surface soils reduces the hydraulic pressure on soil water moving down (Hillel 2006). 

Similar to the findings of Cline et al. (2014) for Great Basin seedbeds, we found that the 

vast majority of wet degree days at every measured soil depth were summed between 5 and 25° 

C. Soils when at 0 to < 5° C temperature range summed as high as 80 wet degree days at 30 cm 

and soils when at temperatures above 25° C summed as much as 84 wet degree days. B. 

tectorum, Pseudoroegneria spicata (Pursh) Á. Löve, ‘Nordon’ Agropyron desertorum (Fisch. Ex 

Link) Schult, and Elymus elymoides (Raf.) Swezey may require approximately 200 to 300 degree 

days in wet conditions for seminal roots to extend 15 cm (Young and Roundy, 2012; Roundy et 

al., 2013).  Also, the additional 40 to 120 wet degree days needed for germination in the seedbed 

before roots begin to extend further limit time of exposure to cooler temperatures in the spring 

(Cline et al., 2014), Therefore, we conclude that the majority of wet degree days needed to 

extend roots to 15 cm are summed between  5-25 C°. Because root zone temperatures when soils 

are wet are generally summed within the range of model development, seminal root growth 

predicted by thermal time models for field root zones should be fairly accurate. However, 

because of variability in soil temperature, nutrient status variability, and soil texture, further root 

growth trials at these temperatures may be needed to be able to predict root growth at locations 
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where summations of wet degree days are significantly higher at < 5° C and > 25° C (Cline et al., 

2014; Leffler and Ryel, 2012; Chambers et al., 2007; Jensen, 1989).     

Tree Removal Response 

Roundy et al. (2014b) and Cline et al. (2014) have found that tree removal added time of 

plant available water (wet days) with increasing tree infilling phase in both the seedbed and root 

zone. Throughout the upper 30 cm of root zone and before the first spring drying period, we 

similarly found additional wet days and wet degree days with tree removal, often increasing with 

tree infilling phase. The extensive root systems of piñon and juniper trees utilize a large 

percentage of plant available water and nutrients needed for growth and maintenance (Ryel et al., 

2010; Leffler and Ryel, 2012; Roundy et al., 2014b). As trees infill, understory vegetation may 

be competitively excluded due to a lack of soil water. Tree removal at an increased phase of tree 

infilling leaves available water unutilized. Thus after tree removal, root zones exhibit increased 

wet days and wet degree days before the first spring drying period.   

Resource pulses may allow for increases in vegetation cover (Davis et al., 2000; 

Chambers et al., 2007; Bybee, 2013; Roundy et al. 2013b). The additional wet days and wet 

degree days before the first spring drying period may provide species seeded in revegetation 

projects more time to extend their seminal roots and develop adventitious roots, thereby 

increasing probability of survival. Wilson and Briske (1979) found that if adventitious roots have 

not been initiated, blue grama (Bouteloua gracilis (Willd. ex Kunth) Lag. ex Griffiths) seedlings 

did not survive. The lack of additional wet days and wet degree days from tree reduction after the 

first spring drying period is not well understood, but it could be that the differences are too small 

to measure at the scale of this study or that spring vegetation growth and evaporation with 
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increased temperatures have allowed for more equal use of plant available water across tree 

removal treatments. 

 Differences in time of plant available water between prescribed burning and mechanical 

treatments were expected but not found across the top 1-30 cm of soil depth (Roundy et al., 

2014b). Understory vegetation initially decreases following a prescribed burn but recovers by the 

second or third year since treatment (Miller et al., 2014). Therefore, effects of removing trees by 

fire or mechanical treatments throughout the seedbed and root zone are most likely to be 

observed during the first year since treatment before understory vegetation increases. Also, 

burning reduces shrub cover while tree cutting or shredding does not (Bybee, 2013; Roundy et 

al., 2014a; 2014b). Cline et al. (2014) reported that prescribed burning added nearly twice as 

many wet degree days between 5 and 25° C in the seedbed during the first spring since treatment. 

In our study at the two Utah sites measured during the first year since treatment (Table 1), 

prescribed burning added at least 12 wet days and 296 wet degree days before the first spring 

drying period over both mechanical treatments (P < 0.05). After the first drying period of the 

first year, there was little or no difference between tree removal methods (P > 0.05). Before the 

first drying period of the first spring following a prescribed burn, the lack understory vegetation 

undoubtedly reduced soil water loss from transpiration which added wet days and wet degree 

days. As a result of these additional wet days and wet degree days, seedlings may gain needed 

time to extend roots sufficient for seedling survival.   

Our analysis comparing microsites indicated that before the first spring drying period, 

more wet days and wet degree days were added by tree reduction treatments at the tree drip line 

than at the other microsites. More wet days and wet degree days were added at shrub mounds 

than interspaces during the first year since treatment at the two Utah sites. This might be 
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expected where prescribed burning removes shrubs (Roundy et al., 2014b) and tree cutting may 

increase the potential for hydraulic redistribution around remnant shrubs (Ryel et al., 2002; 

2009). However, by the second year following treatment, more wet degree days were added in 

interspaces than shrub mounds. Shrub mounds are known as “fertile islands” in arid and semiarid 

environments because of increased soil nutrients (from organic matter decomposition), soil 

aggregate stability, infiltration, and canopy protection from solar radiation and raindrop impact 

(Whitford et al., 1997; Parsons et al., 2003). As a result, it should be expected that these 

microsites may increase in herbaceous cover faster than areas that were interspaces. The 

resulting increase in vegetation may be reducing the additional plant available water that was 

initially present following tree removal.   

In summary, thermal time models that estimate root growth timing will best estimate 

seedling growth periods before and during the first spring dying period. Subsequent spring 

precipitation may increase the time of available soil water and thus seedling growth period and 

plant survival. Field experiments should be designed to test the importance of initial and 

subsequent spring drying patterns on seedling root growth and survival. Plant available water 

before the first drying period is of longer duration and is lost much slower than during 

subsequent drying periods. Removing trees at increasing tree infilling phase adds time of plant 

available water mainly before and during the initial drying period, and adds wet degree days both 

before and after this period. This additional time of available water may make the difference in 

germination and seedling survival for both invasive and revegetation plant materials on some 

years. Additional plant available water, as well as differences in tree removal methods and 

microsites, appears to decrease with time since treatment as understory plant cover increases.   
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TABLES 

Table 3-1. List of woodland sites, year of treatment, and years of soil moisture and 

temperature year data used for post treatment and woodland infilling phase 

analysis. Table reprinted from Cline et al. (2014). 

Treatment and phase comparison 
Year Year data used for year since treatment 

Site treated Year 1 Year 2 Year 3 Year 4 
Blue Mountain 2007 2009 2010 2011 
Bridge Creek 2006 2008 2009 2010 
Devine Ridge 2007 2009 2010 2011 

Marking Corral 2006 2008 2009 2010 
South Ruby 2009 2010 2011 
Stansbury 2007 2008 2009 

Onaqui 2006 2007 2008 2009 2010 
Scipio 2007 2010 2011 

Greenville 2007 2009 2010 2011 
Total number of sites 9 2 8 8 7 
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Table 3-2. Percentage of time that soils dried at shallower soils before deeper soils (down), soils 

dried occurred at deeper soils before shallower soils  (up), or both shallow and deep soils dried 

at the same time (even) during spring (1 March to 30 June) for the first and last drying periods 

of the season across treated and untreated plots.  Sites are BC – Bridge Creek, OR; BM – Blue 

Mountain, CA; DR – Devine Ridge, OR; GV - Greenville, UT; MC – Marking Corral, NV; OJ 

– Onaqui, UT; SC – Scipio, UT; SR – South Ruby, NV; ST – Stansbury, UT.

First Spring Drying Last Spring Drying 
Down Even Up Down Even Up 

Years since treatment for 
soil depths Year 2 80.1 13.0 6.9 63.9 11.1 25.0 

Year 3 78.8 13.4 7.8 59.3 21.2 19.5 
Year 4 77.0 11.4 11.6 48.9 14.2 37.0 

Between soil depths 3 and 15 cm 93.7 4.0 2.4 60.9 14.1 25.0 
15 and 20 cm 72.1 17.1 10.8 - - - 
20 and 30 cm 70.0 17.0 13.0 - - - 

Sites BC 67.3 20.0 12.7 76.2 9.5 14.3 
BM 83.4 13.9 2.7 60.0 8.9 31.1 
DR 74.1 14.6 11.3 79.1 13.4 7.5 
GV 90.3 5.3 4.3 37.5 12.5 50.0 
MC 76.2 9.9 13.9 56.1 2.4 41.5 
OJ 80.4 13.9 5.7 64.4 24.0 11.5 
SC 77.7 10.8 11.5 38.9 22.2 38.9 
SR 79.7 13.7 6.5 62.5 12.5 25.0 
ST 76.4 9.7 13.9 20.7 13.8 65.5 
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Table 3-3. Site drying and wetting conditions (± standard error and +,- confidence intervals) across treated and untreated sites. Sites 

are BC – Bridge Creek, OR; BM – Blue Mountain, CA; DR – Devine Ridge, OR; GV - Greenville, UT; MC – Marking Corral, NV; 

OJ – Onaqui, UT; SC – Scipio, UT; SR – South Ruby, NV; ST – Stansbury, UT. Parentheses next to sites indicate number of years 

included in estimates. 

Sites 

Soil 
Depth (cm) BC (3 yr) BM (3 yr) DR (3 yr) GV (3 yr) MC (3 yr) OJ (4 yr) SC (2 yr) SR (2 yr) ST (2 yr) 

Before 1st Drying Period 

 Wet Days 
3  83.3 ± 2.96 132 ± 3.02 120 ± 3.08 97.0 ± 3.08 67.1 ± 2.96 83.7 ± 2.74 101 ± 3.21 72.1 ± 3.56 103 ± 3.57 

15  114 ± 3.13  157 ± 2.99 148 ± 3.17 135 ± 3.15 93.1 ± 3.04 121 ± 2.74 128 ± 3.13 84.8 ± 3.62 133 ± 3.74 

20  123 ± 3.08 161 ± 2.99 154 ± 3.31 142 ± 3.23 93.1 ± 3.04  128 ± 2.79 133 ± 3.15 93.9 ± 3.65 33 ± 3.81 

30  127 ± 3.11 166 ± 3.01 155 ± 3.45 148 ± 3.31 93.2 ± 3.09  133 ± 3.21 140 ± 3.11 100 ± 3.80 138 ± 3.77 

Wet degree days 
3 164 ± 29.3 401 ± 28.8 281 ± 29.8 202 ± 29.8 64.6 ± 29.3 120 ± 26.9 219 ± 30.9 217 ± 35.2 207 ± 28.4 

15  551 ± 29.3 624 ± 28.8 546 ± 29.8 590 ± 29.8 481 ± 29.3 503 ± 27.0 486 ± 30.8 537 ± 35.2 612 ± 28.4 

20  620 ± 29.3 658 ± 28.8 617 ± 30.2 694 ± 29.8 576 ± 29.3 611 ± 26.9 545 ± 30.8 639 ± 35.2 664 ± 28.4 

30  672 ± 29.3 723 ± 28.8 645 ± 29.8 776 ± 29.8 640 ± 29.3 673 ± 26.9 632 ± 30.8 669 ± 35.2 730 ± 28.4 

Initial drying rate(cm/day) 
  

3 to 15  0.90± 0.29 2.72±0.29 1.93±0.30 1.46 ± 0.27 0.87 ± 0.29 0.90 ± 0.25 1.59 ± 0.29 1.40 ± 0.34 2.25 ± 0.33

15 to 20  2.00 ±0.30 2.78 ±0.27 2.45 ±0.30 1.92 ± 0.28 2.16 ± 0.30 1.60 ± 0.25 2.51 ± 0.30 2.16 ± 0.34 4.84 ± 0.44 

20 to 30  4.66 ±0.31 3.79 ±0.27 4.98 ±0.33 3.12 ± 0.28 2.76 ± 0.30 4.52 ± 0.25 3.45 ± 0.29 4.14 ± 0.34 5.05 ± 0.35 

After 1st Drying Period 
Frequency 
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123 



3 
4.73 
(+0.67, -
0.60) 

1.22 
(+0.26, -
0.23) 

2.01 
(+0.37, -
0.33) 

2.12 (+0.37, 
-0.33) 

5.04 (+0.72, 
-0.64) 

4.50 (+0.58, 
-0.52) 

4.02 (+0.62, 
-0.55) 

2.72 (+0.27, 
-0.24) 

3.7 (+0.28, -
0.24) 

15 
1.47 
(+0.31, -
0.28) 

0.38 
(+0.16, -
0.15) 

0.68 
(+0.22, -
0.19) 

0.34 (+0.16, 
-0.14) 

0.49 (+0.18, 
-0.16) 

1.09 (+0.22, 
-0.20) 

1.21 (+0.27, 
-0.24) 

0.32 (+0.54, 
-0.47) 

1.07 (+0.32, 
-0.28) 

20 
1.07 
(+0.25, -
0.23) 

0.33 
(+0.16,-
0.14) 

0.48 
(+0.20, -
0.18) 

0.17 (+0.14, 
-0.11) 

0.38 (+0.17, 
-0.15) 

0.49 (+0.16, 
-0.15) 

0.74 (+0.21, 
-0.19) 

0.13 (+0.16, 
-0.14) 

0.79 (+0.78, 
-0.24) 

30 
0.84 
(+0.23, -
0.20) 

0.11 
(+0.13, -
0.11) 

0.46 
(+0.21, -
0.18) 

0.06 (+0.13, 
-0.11) 

0.53 (+0.19, 
-0.18) 

0.23 (+0.14, 
-0.12) 

0.34 (+0.16, 
-0.15) 

0.18 (+0.17, 
-0.14) 

0.60 (+0.25, 
-0.22) 

Wet Days 
3 52.5 ±1.83 28.0 ±1.84 41.5 ±1.88 33.8 ± 1.85 42.2 ± 1.84 35.1 ± 1.70 37.1 ± 1.90 39.5 ± 2.08 44.5 ± 2.10 

15 28.1 ±1.90 7.31 ±1.84 18.9 ±1.91 9.25 ± 1.85 15.8 ± 1.90 11.5 ± 1.72 13.9 ± 1.88 15.1 ± 2.09 19.7 ± 2.16 

20 24.2 ±1.88 4.25 ±1.84 14.7 ±1.97 5.23 ± 1.84 12.2 ± 1.91 6.26 ± 1.74 9.56 ± 1.88 10.4 ± 2.09 16.9 ± 2.18 

30 21.1 ±1.88 0.81 ±1.85 11.8 ±2.03 2.27 ± 1.85 10.1 ± 1.88 3.79 ± 1.77 6.24 ± 1.88 10.1 ± 2.09 13.9 ± 2.17 

Wet Degree Days 
3 655 ± 18.6 279 ± 18.3 408 ± 18.9 343 ± 16.8 373 ± 18.6 369 ± 15.1 444 ± 17.8 312 ± 22.3 497 ± 16.1 

15  397 ± 18.6 113 ± 18.3 223 ± 18.9 105 ± 16.8 192 ± 18.6 182 ± 15.1 225 ± 17.8 123 ± 22.3 216 ± 16.1 

20  358 ± 18.6 85.9 ±18.3 175 ± 19.1 52.2 ± 16.8 156 ± 18.6 102 ± 15.1 152 ± 17.8 72.9 ± 22.3 160 ± 16.1 

30  293 ± 18.6 26.6 ±18.3 134 ± 18.9 22 ± 16.8 123 ± 18.6 57.5 ± 15.1 81.0 ± 17.8 66.9 ± 22.3 112 ± 16.1 

Final Drying Rate 
3 to 15 3.43 ±0.35  4.64 ±0.37  4.59 ±0.39  4.01 ± 0.49  2.91 ± 0.52  4.81 ± 0.35  3.48 ± 0.57  3.49 ± 0.62  4.27 ± 0.63 
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FIGURES 

Figure 3-1. Winter precipitation (top), spring precipitation (middle), and average spring 

temperature (bottom) for four years since tree reduction treatments. Sites are BC – Bridge Creek, 
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OR; BM – Blue Mountain, CA; DR – Devine Ridge, OR; GV - Greenville, UT; MC – Marking 

Corral, NV; OJ – Onaqui, UT; SC – Scipio, UT; SR – South Ruby, NV; ST – Stansbury, UT. 

PRISM (2013). 
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Figure 3-2. Date of the first spring drying period by soil depth across treated and untreated plots.  

Year 1 (Top) is represented by two Utah sites, Years 2-4 (bottom) are represented by six to eight 

sites each. Error bars = 1 standard error. 
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Figure 3-3. Spring wet period frequency (number of wet periods from 1 March to 30 June) after 

the first drying period at four soil depths for 4 yr since tree reduction treatments across treated 

and untreated plots.  Each year was separately analyzed and different letters indicate significant 

differences among soil depths for that year (P < 0.05). 
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Figure 3-4. Spring wet days (1 March to 30 June) before (top) and after (bottom) the first spring 

drying period at four soil depths for 4 yr since tree reduction treatments across treated and 

untreated plots. Each year was separately analyzed and different letters indicate significant 

differences between soil depths for that year (P < 0.05). 
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Figure 3-5. Spring (1 March to 30 June) wet degree days before and after first spring drying 

period at four soil depths for 4 yr since tree reduction treatments across treated and untreated 

plots. Each year was separately analyzed and different letters indicate significant differences 

between soil depths for that year (P < 0.05). 
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Figure 3-6. Drying rates for the first spring (1 March to 30 June) drying period between soil 

depths for 4 yr since tree reduction treatments across treated and untreated plots.  Each year was 

analyzed separately and different letters indicate significant differences between soil depths for 

that year (P < 0.05). 
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Figure 3-7. Wet degree days in spring (1 March to 30 June) at four temperature ranges for four 

soil depths and 4 yr since tree reduction treatments across treated and untreated plots.  Each year 

and was separately analyzed and different letters indicate significant differences between soil 

depths and temperature ranges for that year (P < 0.05). 
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Figure 3-8. Spring wet degree days for 4 yr since tree reduction treatments at the 10 to 25° C 

temperature range at four soil depths across treated and untreated plots.  Each year was 

separately analyzed and different letters indicate significant differences between soil depths for 

that year (P < 0.05). 
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Figure 3-9. Additional wet days (top) and wet degree days (bottom) for soil depth, tree removal 

methods, microsites, and tree infilling phases the first year after tree reduction.  Factors were 

separately analyzed and different letters indicate significant differences between soil depths for 

that year (P < 0.05). 
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Before First Spring Drying Period After First Spring Drying Period 

Figure 3-10.  Additional wet days (top) and wet degree days (bottom) before (left) and after 

(right) the first spring (1 March to 30 June) drying period by soil depth.  Bars are standard error 

of the mean.  Each year was separately analyzed and different letters indicate significant 

differences between soil depths for that year (P < 0.05). 
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Before First Spring Drying Period After First Spring Drying Period 

Figure 3-11. Additional wet days (top) and wet degree days (bottom) after prescribed burning 

and tree cutting before (right) and after (left) the first spring  (1 March to 30 June) drying period.  

Bars are standard error of the mean.  Each year after treatment was analyzed separately and 

different letters indicate significant differences among treatments for that year (P < 0.05). 
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Before First Spring Drying After First Spring Drying 

Figure 3-12. Additional wet days (top) and wet degree days (bottom) for the before (right) and 

after (left) the first spring (1 March to 30 June) drying period when trees were reduced by 

prescribed burning or cutting at different phases of tree infilling.  Error bars are standard error of 

the mean.  Each year was separately analyzed and different letters indicate significant differences 

between soil depths for that year (P < 0.05). 
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Before First Spring Drying After First Spring Drying 

Figure 3-13.  Additional wet days (top) and wet degree days (bottom) for before (right) and after 

(left) the first spring (1 March to 30 June) drying period for different microsites and after tree 

reduction treatments.  Error bars are standard error of the mean.  Each year was separately 

analyzed and different letters indicate significant differences between soil depths for that year   

(P < 0.05). 
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Figure 3-14.  Canonical correspondence analysis (CCA) associating initial spring soil drying rate 

for nine Great Basin woodland sites with winter (1 December to 28 February) and spring (1 

March to 30 June) precipitation. Arrow length indicates comparative strength of association 

between winter and spring precipitation. Sites are BC – Bridge Creek, OR; BM – Blue Mountain, 

CA; DR – Devine Ridge, OR; GV - Greenville, UT; MC – Marking Corral, NV; OJ – Onaqui, 

UT; SC – Scipio, UT; SR – South Ruby, NV; ST – Stansbury, UT. 
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