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Abstract 

The emergence of big sagebrush (Artemtricr frkfeufotcr) seedlings 
from 5 gardens where both the seed source and the soils were 
reciprocated was investigated over a g-year period in western Nev- 
ada. The sites where the study was conducted were located at the 
arid extremes for mountain (A. rrGfenturu subsp. vareyuna) and 
basin big sagebrush (A. tridentata subsp. tridentata) in the trans- 
Sierra Nevada area. Soils, sites, and seed sources differed signifi- 
cantly (FO.01) in seedling emergence. The driest site, where it was 
difficult to obtain seedling emergence even on a year of above 
average precipitation, had a soil surface that was very conducive to 
the germination of seeds of big sagebrush when the seedbed was 
moved to garden locations with greater environmental potential. 
Seedbed quality differed markedly among sites with soil derived 
from decomposing granite versus metavolcanic sources. Big sage- 
brush seeds were buried in soils derived from granite through a 
winnowing action. Seeds from a non-granltlc soil site were also 
adapted, apparently through size and shape, to this winnowing 
self-burial. The dominant microenvironmental factors contribut- 
ing to seedling emergence tended to be site and seed source specific. 
Microtopography in the fall, when seeds were dispersed, and sea- 
sonal precipitation were dominant factors controlling the emer- 
gence of big sagebrush seedlings. 

Key Words: seedbed ecology, microtopography, periodicity of 
emergence, native plant seeding 

The temperate deserts of western North America consist of vast 
areas largely dominated by woody species of Artemisia (West 
1983). Big sagebrush (Arfemisia tridentata)is the dominant species 
on large areas of rangelands and as such plays a role in successional 
rates and patterns (Hironaka et al. 1983), nutrient cycling (Charley 
1972, Charley and West 1975), and in the habitat and dietary 
requirements of native animals (Klebenow 1969). As a result of 
periods of excessive livestock grazing in sagebrush/ grasslands dur- 
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ing the late 19th and early 29th centuries, the herbaceous under- 
story was greatly depleted and the relatively nonpreferred big 
sagebrush increased in density and dominance to become the sym- 
bol of degraded range in this environmental setting (Pechanec 
1945). This led to control programs to reduce the dominance of big 
sagebrush (Hull and Vaughn 1951, Pechanec et al. 1954). 

The use of various control measures to reduce the dominance of 
big sagebrush has been practiced with varying degrees of intensity 
and success on the sagebrush rangelands of western North America 
since World War II (Young et al. 198 1). If the recommendations of 
brush control specialists were followed in regard to the selection of 
sites to treat, choice and timing of methods, and application proce- 
dures, it would be possible to nearly completely control big sage- 
brush with consistency. Unfortunately, partial control of big sage- 
brush is perceived as a desirable management goal. Selected 
treatments interact with the reproductive biology of the shrub to 
encourage seed production and subsequent seedling establishment 
(Evans and Young 1975). 

The reestablishment of big sagebrush seedlings following range 
improvement treatments on sagebrush/ bunchgrass ranges has 
long been recognized as the key factor in determining the biological 
and economic efficacy of such treatments (Blaisdell 1949, Frisch- 
knecht and Bleak 1957, Sneva 1972). Despite the recognition of the 
importance of seedling establishment, we do not have a good 
model that incorporates physical and biological site data with 
management alternatives to predict the periodicity and success of 
seedling establishment of big sagebrush. 

In a series of studies we have investigated biological and physical 
environmental factors that influence seed production, dispersal, 
seedbanks, and germination for big sagebrush for selected sites 
located in western Nevada (Young et al. 1989, Young and Evans 
1989a and b). Our purpose in this study was to investigate the 
emergence of big sagebrush in reciprocal gardens in relation to 
surface soils, climate, and ecotypic variability. 
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Methods We used the force required to penetrate the soil surface at the time 

Environmental Setting 
Studies were conducted from 1981 through 1986 at 5 locations in 

the semiarid to arid mountains located between the eastern crest of 
the Sierra Nevada and the Carson Desert in northwestern Nevada. 
The Churchill Canyon sites Number 1,3, and 5 were located 100 
km southeast and the Granite Peak and Medell Flat sites 40 km 
north of Reno, Nevada. Churchill Canyon Number 5 and Granite 
Peak supported mountain big sagebrush (Artemisia tridentata 
subsp. vaseyana) and the other 3 sites supported basin big sage- 
brush (Artemisia tridentata subsp. tridentata). 

The physical and biological characteristics of the 5 study sites 
were given in previous papers (Young et al. 1989, Young and Evans 
1989a and b). Details necessary for the understanding of this study 
will be repeated. 

Planting Experiments in Field 
The basic concept of the study involved the use of reciprocal 

gardens as in the classic procedures of Clausen, Keck, and Hiesey 
(1940). In’this procedure, seed produced at 1 site is planted at the 
site of collection and all other sites and the reciprocal is done for all 
locations. The experimental design consisted of 4 replications 
arranged in a randomized block design. Plastic boxes, 10 by 10 by 
15 cm, were filled with soil and firmly packed. With this procedure 
you do not get as firm a seedbed as occurs under natural conditions 
(see later section on reciprocal soils). The soil came from the 
surface 2.5 cm at the site being planted. The boxes had drainage 
holes in the bottom. Seeds produced from native stands at the 5 
sites were used annually to plant the boxes. On each box, 100 seeds 
of big sagebrush were dropped from a height of 15 cm. The seeds 
were not artificially buried or covered. Planting was done in late 
November near the time of natural seed rain from the current year’s 
crop. Seeds of all 5 sources were seeded at each location. As soon as 
seedling emergence was noted in the spring, usually in February, 
the number of seedlings emerged was counted and recorded weekly 
until emergence ceased. 

The majority of big sagebrush seeds are dispersed within 1 m of 
the canopy edge of the shrubs (Young and Evans 1989a). The boxes 
were placed in a cleared area at each location to reduce the chances 
of contamination of the seeded boxes. 

Planting Experiments-Reciproakd Soils 
In a separate experiment, we collected surface soil to a depth of 

2.5 cm from each site and transported it to the greenhouse where 
plastic boxes were packed with the soil and repeatedly wet and 
packed until the soils in the boxes approached the bulk density and 
surface characteristics of the field surface soils at each location. 
The boxes were then carefully transported back to the field and 
buried so the tops of the prepared soils were flush with the existing 
soil surface. Every location received its own soil and soils from the 
other locations. This experiment was repeated annually. It was 
seeded and sampled in the same manner as the previous experiment. 

of seed dispersal in the fall asa standard and compared this with 
the force required for penetrance at the start and end of the seedling 
emergence period. We took all soil penetrance measurements, 
those taken in the fall and at the beginning and the end of emer- 
gence, over the 5 years of the study at the 5 locations and ranked the 
soils in order of hardness. 

The surface soils at each location were analyzed for percent rock 
and gravel by sieving through screens to 2 mm and for percent 
sand, silt, and clay using the method of Bouyoucos (1962). Extra 
boxes were prepared for each field soil and for the soils prepared in 
the greenhouse and returned to the field reciprocally. After emer- 
gence was complete in the spring, the surface 1 cm of soil was 
removed from the extra boxes and composited by origin for parti- 
cle size analysis. 

Data Anrrlyses 
Data were analyzed by analysis of variance and simple and 

multiple regression. The appropriateness of the transformation of 
means was determined by Hartley’s F-Max test for homogeneity of 
variance. Transformation (arc sin percent) were made where 
appropriate. Statistical difference between means was determined 
using Duncan’s multiple range test or regression analysis and 
confidence intervals for discrete and continuous variables, respec- 
tively. To relate seedling emergence to seedbed characteristics, a 
step-up multiple regression technique was used to generate best 
variable set equations for each location at each year. The coefli- 
cient of determination (R2) was calculated for each equation along 
with ranking of significant variables included in the analysis. 

Results 

As seeds of big sagebrush are dispersed from the inflorescences, 
they interact with the surface of the seedbed. In this study, we 
measured over time, the surface rock and gravel cover, soil texture, 
soil penetrance, and microtopography. Characteristics such as 
rock cover are relatively stable while soil penetrance or hardness is 
obviously transitory, depending on the moisture content of the 
surface soil. 

Seedbed-Surface SoIla 
The Granite Peak and Medell Flat sites separated from the other 

3 locations in surface seedbed characteristics because these 2 sites 

Table 1. Perccntep of gravel end rock in surface 2-S cm of field and 
prepared rolls for Cburcblll Canyon locations. There were no rock 
fragments coarser tbra 2 mm in the surface of tbe Granite Peak end 
Medell Flat soils: 

Surface soil 
characteristics 

Experimental locations 
Churchill Canyon 

No. 1 No. 3 No. 5 
Natural Natural Natural 
Prepared PrCpartd Prepared 

Microtopography Rock 
A point frame with 10 points, l-cm apart, was used to determine >2 cm 

___~~~__~(~~_____l(%,__.___,--,_____ 
2(3) l(3) 

the nature of the surface microtopography of each box (Evans and l to2cm 12X5) 10(6) 18(5) 15(7) 43(12) 35(U) 
Young 1972). The height of the pins when they touched the soil 0.5 to 1 cm 6(2) 5(2) 37(11) 41(17) 30(11) 26(19) 
surface, and ifthey touched the soil surface or rock, were recorded. 0.2 to 0.5 cm 3(2) 4(2) 6(3) 5(4) 2(3) 2(4) 
A total of 20 points were recorded in each box. Total 27(6) 21(8) 63(S) 62(7) 78(14) 65(18) 

Soil Penetrance ‘Means for gravel and rock classes given with confidence interval (0.01 level of 

A soil Denetrometer was used to measure the resistance of the 
probability) in parenthesis. 

, surface soil to penetration in each box at the time of first emergence were characterized by soils derived from decomposing granite and 
and at each weekly sampling. The tip of the penetrometer was lacked gravel and rock on the surface. The Churchill Canyon sites 
cone-shaped and 0.96 cm2 in area. with soils derived from volcanic and metavolcanic sources (Young 

Soil penetrance was determined by measuring the force required and Evans 1989) had varying degrees of rock and stone coverage 
to push the cone-shaped tip of a penetrometer into the soil surface. (Table 1). Churchill Canyon Number 1 had fewer, larger stones 
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while Churchill Canyon Numbers 3 and 5 had nearly continuous 
gravel coverage. The prepared and the natural soil surfaces had 
similar distribution of gravel and rock coverage (Table 1). 

The texture of the surface soils of all 5 experimental sites tended 
to be dominated by sand-size particles, reflecting a desert environ- 
ment with sparse vegetation cover and windy conditions where 
sorting of soil particles occurs (Table 2) The natural and prepared 
soils were very similar in texture (Table 2). The prepared soils for 
Granite Peak and Medell Flat showed a decided winnowing effect 
over winter (Table 2), with a sorting of the surface soil to increase 
the dominance of sand-size particles. This winnowing effect of 
surface soils derived from decomposing granite was apparent in 
boxes of soil prepared on field sites in the fall but was not apparent 
for undisturbed soil surfaces at the granite soil locations (data not 
shown). 

Soil Penetrance 
We obtained a relative index of the hardness of the soil surface at 

the various experimental locations (Table 3). Five to 30% less force 
was required to penetrate the surface soil in the early spring when 
the first emergence of big sagebrush seedlings was noted than in the 
fall, at the time of seed dispersal. The soils we prepared for seeding 
in the field were softer than the undisturbed soils at each location in 
the fall at time of seed dispersal. By the end of the emergence 
period, the soil surfaces were harder than at the time of seed 
dispersal in the fall. The prepared soils were as hard as the undis- 
turbed soils by the end of the seedling emergence period. 

Ranking of soil hardness indicated that the surface soils at 
Churchill Canyon sites Number 1 and 5 required the most force to 
penetrate and those at Granite Peak and Medell Flat the least, with 
Churchill Canyon Number 3 being intermediate (Table 3). The 

Table 2. Surface soil particle sizes for natural seedbeds at each location and soil particle size of surface soil of prepared soil In tbe fall and spring. Values for 
prepnred soils are the means for 5 years of reputed experiments: 

Experimental locations 
Churchill Canyon 

Granite Peak Medell Flat No. I No. 3 No. 5 
Natural Prepared Natural Prepared Natural Prepared Natural Prepared Natural Prepared 

Particle size Fall Spring Fall Spring Fall Spring Fall Spring Fall Spring 

Sand 
_______________________ _____________________ ~“_‘_____;s____74____;6____6_____,o____65____ 
70b 72b 86a 77b 78b 89a 77 78 76 

Silt l8a l5ab 6b 15a 13a 5b 16 12 14 16 14 I6 22 24 20 
Clay I2 I3 8 8 9 6 8 10 IO 6 12 8 I2 6 14 

‘Means within particle size within location, followed by the same letter are not significantly different at the 0.0 I level of probability as determined by Duncan’s Multiple Range 
test. No letters mdicate no significant differences. 

Table 3. Relative penetrance of natural and prepared surface soils at 5 experimental locations. Data presented as a percentage of the forct required to 
penetrate an undisturbed soil at each location in the fall. Means for 5 years of measurements: mean ranking compares absolute penetrance among sites. 

Soil surface penetrance 
Natural soil surface Seeded field soil 

Emergence Period Emergence Period Mean ranking 
Location Fall Start End Fall Start End (soft to hard) 

MPa/cmr 
Granite Peak 1.8 

____;~___~___~____~~_~_________~~)_____~____~____~_________~_‘__ 
80 110 85 80 II0 1.4c 

Medell Flat 2.1 100 80 100 80 80 100 1.6c 
Churchill Canyon No. I 2.8 100 95 120 60 100 I15 4.8a 
Churchill Canyon No. 3 2.5 100 85 110 80 120 3.2b 
Churchill Canyon No. 5 2.3 100 70 140 : 65 130 4.2a 

‘Mean ranking based on 1 softest (least pressure) and S hardest (most pressure) required for penetrance. Mean ranking compared by nonparametric statistical analysis. Means 
followed by the same letter are not significantly different at the 0.01 level of probability as determined by Duncan’s Multiple Range test. 

Table 4. Relative penetrance of the surface soil at 5 reciprocal experimental locations. Data presented as a soil-surface hardness ranking (1 soft, 5 hard) of 
the soils at a given location at the begimdng and end of big sagebrush seedling emergence. Means are the average for 5 years of experiments.” 

Experimental locations 
Churchill Canyon 

Granite Peak Medell Flat No. 1 No. 3 No. 5 Mean of all soils 
Origin of prepared soil Start End Start End Start End Start End Start End Start End 

Granite Peak 
___________________________--_(ra~ki~g)------~Oc-----;8c----;~~------ 

l.Od 1.2c l.6c 1.8~ 1.2c l.2c 
Medell Flat 2.2c 2.2bc 1.41~ 1.6~ I& 1.4c 3.Ob 1:4c 1:6b 

Isk 1.3c I .4c 
2.Oc 1.9c l.7c 

Churchill Canyon No. 1 5.0a 5.Oa 5.0a 5.0a 4.8a 5.Oa 5.0a 5.Oa 4.4a 4.4a 4.8a 4.9a 
Churchii Canyon No. 3 ‘3.2b 2.6b 3.2b 3.2b 3.2b 2.6b 2.Obc 3.0b 3.4a 4.2ab 3.0b 3.lb 
Churchill Canyon No. 5 3.6b 4.Oa 4.0ab 3.4b 4.2ab 4.Oa 4.0ab 3.8~ 3.4a 3.2b 3.8b 3.7b 

Location mean 3.0 3.0 3.0 3.0 3.0 2.8 3.0 3.0 2.8 3.0 

‘Mean ranking based on 1 softest (least pressure) and 5 hardest (most pressure) required for penetration. Mean ranking cqmpared by nonparam$ic statistical analysis. Means 
followed by the same letter, vertically wthin columns, not significantly different at the 0.01 level of probabdity as determmed by Duncan’s Multlple Range test. Overall means 
compared separately. No letters indxate no significant differences. 
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surface soil structure as indicated by force required for penetrance 
does not appear to be clearly related to soil texture (Tables 2 and 3). 
The sites studied have a narrow range in clay content of the surface 
soil, but the hardest soils did have the highest clay content at the 
end of the emergence period. The soils derived from decomposing 
granite, Granite Peak and Medell Flat, had the highest sand-sized 
particle content and were consistently the easiest to penetrate. 

Reciprocating the prepared soils from each site allowed a com- 
parison of the relative influence of site and soil on the force 
required for penetrance. There was no site-soil interaction for the 
relative ranking (Table 4). Overall, the disturbed soils ranked in the 
same order as did undisturbed surface soils at each location. 

Microtopography 
The microtopography of the soil surface of the 2 soils derived 

from decomposing granite, Granite Peak and Medell Flat, was 
smoother and less variable than soils of the other 3 experimental 
sites in the fall (Table 5). The decomposing granite soils became as 

Table 5. Microtopography of soil surface of undisturbed soils at 5 erperi- 
mental locations. Microtopoyphy measured with point frame in fall at 
seed dispersal and in the spring during emergence of big sagebrush 
seedlings.” 

Experimental locations 

Microtopography of soil surface 
Fall Spring 

Mean sr Mean sr 

Granite Peak 
~~2~~.~~~~~0~(mm)-44~~~~~~060~~ 

Medeli Flat 2:i 0:01 4:6 0:so 
Churchill Canyon No. 1 5.6 0.90 5.2 1.10 
Churchill Canyon No. 3 4.6 0.60 4.2 0.80 
Churchill Canyon No. 5 4.7 0.50 4.1 0.50 
l S;:\/ vu&lc@ rlur.Lwr 

rough in surface topography as the volcanic soils by spring. There 
was no pronounced change from fall to spring with the volcanic 
derived soils. 

Reciprocating the soils illustrated that soil surface microtopo- 
graphy, like soil surface penetrance, was a function of the soil more 
than of the site where it was located (Table 6). The soil surface 
microtopography in relation to soil origin remained relatively 
stable in the 3 gardens while the mean values in relation to the 
different gardens were nearly identical. 

Phenology 
Seedling emergence of big sagebrush at the Churchill Canyon 

Number 1 site was more rapid with the shortest interval of emer- 
gence (days between first and last observed emergence) (Table 7) at 

the 2 mountain big sagebrush sites. Churchill Canyon Number 5 
and Granite Peak emergence was slowest with Churchill Canyon 
Number 5 having the longest interval of emergence. The Churchill 
Canyon Number 5 seed source had the shortest interval of emer- 
gence across all gardens despite the parent garden having the 
longest interval of emergence. 

Precipitation 
Obviously, precipitation was an uncontrolled variable in the 

experimental design, but equally as obvious was the amount and 
periodicity of precipitation as critical factors in seedling emer- 
gence. Based on the phenology of seed dispersal and seedling 
emergence, the fall-winter-spring precipitation period was divided 
into 3 periods. The fall period, extending from 1 September to 1 
December, covered flowering and seed maturity for big sagebrush. 
The winter period, from 1 December to 1 February, covered seed 
dispersal and preceded seedling emergence. The spring period, 
from 1 February to 1 June, covered seedling emergence. 

Fall precipitation probably influenced seed production of big 
sagebrush and certainly influenced the quality of the seedbed on 
which big sagebrush seeds were dispersed. Precipitation for the fall 
period ranged from -16 to +12% of average during the course of 
this study with the mean departure for the fall precipitation period 
being -6% (Table 8). Normal or average precipitation was based on 
rain gauges maintained on the plots as long as 25 years for some 
locations (Young et al. 1989). For winter precipitation the average 
departure from normal was +21 I%, but in 4 of the 5 years of the 
study, precipitation was below normal, and in 1983, winter precipi- 
tation was 6 1% below normal (Table 8). This seemingly impossible 
disparity was caused by a once in 6O- to 80-year storm that 
occurred in January and February 1986 (Table 8, winters listed by 
December date). Precipitation for the spring period followed the 
same pattern as the winter precipitation, but the below-average 
disparity for 4 of the 5 years was even more pronounced. 

Seedling Emergence-Residual Soils 
Residual soils refer to the soils that were potted on the site as 

opposed to reciprocated soils that were transported to the green- 
house, prepared, and returned to the site. To reduce the volume of 
data presented, emergence means for the closest to average total 
precipitation season (termed moderate to avoid implying we estab- 
lished a truly average precipitation with the short scale of observa- 
tion), and only the driest and wettest year are presented (Table 9). 
Except for the Churchill Canyon Numbu 1 site where, emergence 
was very low and highly variable, there were significant (P=O.Ol) 
year-site differences for all 3 years. For 4 of the 5 experimental 
locations, emergence on the very wet year was more than double 
that measured on moderate years. The exception was Churchill 
Canyon Number 5, the site with the highest average emergence, but 

Table 6. Microtopography of soil surface of 5 soils prepared in the greenhouse end then transplanted to reciprocal gardens. Point frame measurements 
were nude in the fall when the soils were placed in tbe fleid end again in the spring at the time of first emergence of big sagebrush eeedlinw.’ 

Microtopography of soil surface 
Original soil locations 

Churchill Canyon Garden mean 
Reciprocal Granite Peak Medell Flat No. 1 No. 3 No. 5 
garden locations Fall Spring Fall Spring Fall Spring Fall Spring Fall Spring Fall Spring 

_---__- ________ _____ ____ _--------(mm) _______ _ ____ _ ____ - ____ -_ ______ ___ 

Granite Peak 2.1(0.2) 4.5(0.6) 2.0(0.2) 4.0(0.7) 4.5(0.1) 5.1(0.6) 4.3(0.8) SA(O.9) 3.9(0.4) S.O(O.5) 3.4(0.4) 4.6(0.8) 
Medell Flat 2.qO.2) 5.1(0.8) 1.9(0.2) 5.2(0.8) 4.3(0.4) 4.9(0.8) 4.5(0.6) 5.0(0.3) 4.1(0.5) 4.4(0.7) 3.4(0.4) 4.9(0.7) 
ChurchillCanyon No. 1 2.2(0.3) 4.9(0.7) 2.1(0.3) 4.qO.6) 4.qO.5) 4.7(0.5) 4.4(0.5) 5.1(0.5) 4.4(0.4) 4.3(0.6) 3.5(0.4) 4.7(0.6) 
ChurchillCanyonNo. 3 2.1(0.2) 4.qO.6) 2.qO.2) 5.1(0.9) 4.4(0.2) 4.9(0.7) 4.6(0.7) 4.8(0.6) 4.qO.3) 4.1(0.5) 3.4(0.3) 4.7(0.7) 
Churchill CanyonNo. 5 2.4(0.3) 4.qO.5) 2.1(0.3) 4.8(0.7) 4.qO.3) 4.5(0.2) 4.3(0.7) 4.7(0.8) 4.1(0.3) 4.4(0.5) 3.qO.4) 3.7(0.5) 

Source mean 2.2(0.2) 4.7(0.6) 2.qO.2) 4.7(0.7) 4.5(0.4) 4.8(0.6) 4.4(0.7) 5.0(0.6) 4.1(0.4) 4.2(0.7) 

‘Means of experiments repeat for 5 years with confidence interval 0.01 level of probability in parenthesis. 
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Table 7. Mean first and iast datea when emergence of seedlings of big sagebrush wes observed et 5 reciprocal plantings over P S-year period. 

First and last emergence 
Garden location 

Churchill Canyon 
Granite Peak Medell Flat No.1 No. 3 No. 5 

Seed source First Last First Last First Last First Last First Last First Last Interval 

-~~---~~~-~~~~~~~~~~~~~~__~~~-(~~y~f~~~y~~~)------------------------------ 

Granite Peak48bcd 9Ow 44-cf 14x 35f-i 55yz 45bc 6Oy 48bcd 9Ow 44B 74YZ 30aabb 
Medcll Flat 48bcd 9Ow 38e-h 74x 27ij SOyz 37fgh 55yz 52abc 9Ow 40B 72X 32aa 
Churchill 25j 5oya 27ij 60y 20j 462 25j 5oyx 30hij 5oyx 25D 51z 26aabb 
Canyon 
No. 1 

Churchill 30hij 57Y 30hij 6Oy 25lj 462 30hlj 6Oy 39d-h 9Ow 31c 63Y 32aa 
Canyon 
No. 3 

Churchill 60a 9Ow 5Obc 14x 48bcd 60y 53abc 65xy 58a 100~ 54A 78X 24bb 
Canyon 
No. 5 

Garden 42A 75wx 38AB 68XY 31B 51z 38AB 58YZ 45A 89W 
mean 

Interval 33bb 30bb 2Occ 2Occ 39az 

‘Means for first and last date of observed emergence am compared separately. 
Means for seed source and garden location are corn 
Means followed by the same letter (a through j for p” 

red separately. 
ust and x through a for last observed germination; A throu 

f 
h C for first and X through Z for last observed day of mean 

emergence; and aa through cc for average interval of emergence) am not signiticantly different at the 0.01 level o probability as determined by Duncan’s Multiple Range test. 

Table 8. Precipitation patterns and amounts at the 5 experimental iocations during the 5 year course of the study. 

Percentage of average precipitation 

Mean Fall (1 Sept.-l Dec.) Winter (1 Dec.-i Feb.) 
Location 

Spring (1 Feb.-l June) 
precipitation 1981 1982 1983 1984 1985 1981 1982 1983 1984 1985b 1982 1983 1984 1985 1986b 

cm ~__~____~_________~~~~~~~~~~~~~~~~ (%) ~_-_~~~-~~~~___~~~~~~~~~~~~~~~~__~~ 
Granite Peak 31 80 90 95 110 105 90 95 40 90 350 50 85 30 85 100 
Medell Flat 20 80 90 100 100 110 90 95 35 90 425 50 75 25 95 310 
Churchill Canyon No. 1 15 70 95 105 150 110 85 105 10 90 550 45 70 10 75 320 
Churchill Canyon No. 3 25 95 90 100 100 100 100 100 50 90 350 60 75 35 100 300 
Churchill Canyon No. 5 41 95 100 110 100 90 100 100 60 85 250 85 85 35 75 300 

Mean departure -16 -7 +2 +12 +3 -7 -1 -61 -11 +29i -42 -22 -73 -14 +274 
Overall mean departum -6 +21i *123 

‘Precipitation can occur during the summer (June-Sept.) months and may have great significance to establishment of seedlings of perennials, howevq this precipitation is so 
erratic that a longer timescale than this study would be required to obtain meaningful results. 
%is precipitation reflects a once in 60 to 80 year storm that occurred the end of January-first of February 1986. 

Table 9. Emergence of seedlings of big sagebrush in reciprocai gardens on years with moderate, below normal (dry), or above normal precipitation. Soils 
are not reciprocated in this experiment, they are the soil of the experimental site.” 

Seed source 

Experimental locations and year 
Churchill Canyon 

Granite Peak Medell Flat No. 1 No. 3 No. 5 
Mod- Mod- Mod- Mod- Mod- 
erate Dry Wet et-ate Dry Wet erate Dry Wet erate Dry Wet crate Dry Wet 

Seed 
source 
mean 

Granite Peak 
Medell Flat 
Churchill Canyon No. 1 

~~___~____~~___~~~~__~~~~~~~~~~~~~~ _ __;_________--__--__-_-____-___ 
4Ocd 6gh 86a 14de Oe 46bc 2 d%)-- - 13 6ef Of 27cd 58~ 12f 78a 
12gh 2h 36cd 54bc 2e 74a 0 0 8 6ef Of 28cd 44a-e 6f 74ab 
28de 22ef 48c 18d 6de 5Obc 2 0 12 22cde 4f 68a 6Obc 18f 78a 

26 
23 
29 

Churchill Canyon No. 3 20ef i6ef 36cd 18d 14de 4Oc 4 0 2 46b Of 76a 48cde 6f 76a 27 
Churchill Canyon No. 5 66b 12fg 94a 9de Oe 64ab 2 0 6 12a-f Of 31bc 4Oe. 4f 88a 29 

Year-site 33B 12C 60A 23B 4C 55A 2 0 8 i8B iB 46A 50B 9C 79A 

‘Means followed by the same letter (a through h within locations and A through C within location for year site means) are not significantly different at the 0.01 level of probability 
as determined by Duncan’s Multiple Range test. No letter indicates no signiticant differences among means. 
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Table 10. Emergence of seedlings of big sagebrush from soils prepared in the greenhowe md returned to 5 reciprocal gardens. Means for 5 years of fall 
planting. 

Seed source 
Granite 
Peak 

Medell 
Flat 

Emergence 
Experimental locations 

Churchill Canyon Soil seed 
No. I No. 3 No. 5 x 

Granite Peak 
Medell Flat 
Churchill Canyon No. 1 
Churchill Canyon No. 3 
Churchill Canyon No. 5 

Location-Seed X 

Granite Peak 
Medell Flat 
Churchill Canyon No. I 
Churchill Canyon No. 3 
Churchill Canyon No. 5 
Location-Seed X 

Granite Peak 
Medell Flat 
Churchill Canyon No. I 
Churchill Canyon No. 3 
Churchill Canyon No. 5 

Location-Seed X 

____________________________(%)____________________________ 

Granite Peak 
45c 34d Of 6ef 4Ocd 
l& . 80a Of 12ef 36cd 
4Ocd 76ab 4f 64b 64b 
30d 74ab Of If 68ab 
66b 34d Of 4f 8Oa 

40B 60a ID l7C 58A 
Medell Flat 
36ef 28g Ok Bjk 36ef 
26g 76a Ok l6hij 28g 

28g 6jk 35cd 55cd 
34f 64bc Ok 6jk 46de 
58~ I8hi OK l2ij 74ab 

38A 43A 1c 20B 48A 

Churchill No. I 
68cde 74ad 8kl 28j 74ad 

2; 
68cde 41 36ij 44hi 
80ab l6k 68cde 68cde 

76abc 78abd lOk1 82a 72ad 
68cde 70bcd 41 24ij 82a 

63A 74A 8C 48B 68A 
Churchill No. 3 

Granite Peak 56cde 
Medell Flat 44fg 
Churchill Canyon No. 1 48d-g 
Churchill Canyon No. 3 38gh 
Churchill Canyon No. 5 48d-g 

Location-Seed X 47A 

Granite Peak 
Medell Flat 
Churchill Canyon No. I 
Churchill Canyon No. 3 
Churchill Canyon No. 5 

Location-Seed X 
Overall location X 
Overall soil X 
Overall seed source X 

Churchill No. 5 
36fe 2Ohi 
14$ 
56cd 
68ab 
64abc 
48B 
47X 
35YZ 
342 

64bcd 
56cde 
42fgh 
56cde 
6Obcd 
56A 

Oi 
2i 
6i 

if 
4C 

6i 
12i 
36gh 
58bcd 
22hi 
27B 

62ab 
20hi 
54c-f 
38gh 
76a 
51A 

Ok 42ef 70ab 
52d 
74a 
62bcd 
56cd 

63A 
58W 
43Y 
42Y 

36fg 4k 
62bcd 8jk 
56cd 2k 
63bc Ok 

47B 3c 
56WX 32 
302 52X 
312 47Y 

44e 
72a 
55cd 
68ab 

56AB 
34Y 
37Y 
44Y 

25C 
29C 
5OA 
35BC 
37B 

35 

22B 
29AB 
36A 
30AB 
32AB 
30 

SOB 
40C 
58AB 
64A 
50B 

52 

39A 
27B 
37AB 
40A 
42A 

37 

34B 
30B 
54A 
49A 
50A 
43 

l \‘:‘,1!,, . ‘, rr,: .‘: “,? ,, r f”,..# ::m ,’ ,.<! .,., m : ,:y:f..,., . rm’ II “b.. “f”$,‘.“. II as determined by Duncan’s Multiple Range test. Within a soil source all possible 
c.‘: . ,.... ,*: .I .h b:,’ .*.:I u ::.rl ,q, ,I m’r.0: ;*h r.! I .: ,’ F .i I.‘,‘,! .I 
overall location, soil, and seed source means are compared separately (W through 2). 

- ~nlandsoil-seed meansarecompared sepmtelytithineachsoil(Athrough D). The 

even at this site, emergence of big sagebrush seedlings was about 
4Wc higher on the wet year. The reduction in emergence on the 
driest year was severe at all sites. 

Emergence of big sagebrush seedlings was very limited at Chur- 
chill Canyon Number 1, the driest site, even on a wet year (Table 9). 
Seedling emergence from seeds collected at this site was substantial 
at all other sites in moderate or wet years. The 2 mountain big 
sagebrush sites and their corresponding seed sources tended to be 
different from the basin big sagebrush sites and seed sources, but 
the interactions of source, site, and precipitation were complex. At 
Granite Peak, the local seeds had the highest seedling emergence 
on the moderate precipitation year (Table 9). On the driest year, 
Churchill Canyon Number 1 source seedlings had markedly higher 
emergence at Granite Peak than the local source seedlings. On the 
wettest year, the 2 mountain big sagebrush sources were signifi- 

cantly higher in emergence than the basin big sagebrush sources. 
On the moderate year at Churchill Canyon Number 5, the other 
mountain big sagebrush site, both Churchill Canyon Number 1 
and Granite Peak source seedlings had higher emergence than the 
local seed. On the wettest year at Churchill Canyon Number 5, all 
seed sources had above 7% seedling emergence. 

The Medell Flat seed source of big sagebrush clearly had the 
greatest emergence at Medell Flat on the moderate and wettest 
year (Table 9). Seedlings from the Medell Flat source were not 
clearly higher in emergence than those originating from sites with 
volcanic or metavolcanic soils when planted at the granitic soil site 
of the Granite Peak. The Medell Flat seed source may be site 
specific, but apparently not because of the soil derived from 
decomposing granite. 
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Seedling Emergence-Reciprocal Soils 
The Churchill Canyon Number 1 location had the lowest aver- 

age big sagebrush seedling emergence across all soil-seed source 
combinations (Table 1). This is the expected result based on the 
results obtained using nonreciprocated soils (Table 9). The Chur- 
chill Canyon Number 1 seed source of big sagebrush, when com- 
pared across all soil locations, consistently had the highest seedling 
emergence (Table 1). The average emergence for Churchill Canyon 
Number 1 source seedling was not always statistically distinct 
(P=O.Of) from other seed sources, depending on location, but the 
overlapping sources changed in origin with changing location. 

Emergence from the reciprocated Granite Peak soils at Granite 
Peak was very similar to emergence from residual soils at that 
location (Tables 9 and 10). Granite Peak soil at Medell Flat accen- 
tuated the basin versus mountain big sagebrush differences in favor 
of the basin sources. At Churchill Canyon Number 1, only local 
source seedlings emerged on the Granite Peak soil. The Churchill 
Canyon Number 1 seed source had much higher mean emergence 
at the Churchill Canyon Number 3 location on the Granite Peak 
soil. At the Churchill Canyon Number 5 location, the local source 
seed had the highest emergence for the Granite Peak soil. 

The Medell Flat and the Granite Peak soils are derived from the 
same parent material at different positions along an elevational 
and environmental gradient (Young and Evans 1989a). When 
Medell Flat soil was moved to Granite Peak or when Granite Peak 
big sagebrush seeds were planted at Medell Flat, seedling emer- 
gence did not differ from that obtained with basin big sagebrush 

from sites Churchill Canyon Numbers 1 and 3 (Table 10). 
Markedly lower emergence was obtained from the Medell Flat 
source seed on its own soil. Significantly higher emergence resulted 
when mountain big sagebrush seeds from Churchill Canyon 
Number 5 were planted at Medell Flat. The specific relationship of 
Medell Flat soil, seeds, and location previously mentioned was 
enhanced in this experiment, where by far the highest emergence 
seedlings from this source occurred at Medell Flat on the local soil. 

Both Granite Peak and Medell Flat have surface soils virtually 
rock free (Table I), but seeds from both locations have excellent 
emergence at these locations when planted on the rocky Churchill 
Canyon Number.1 soil (Table 10). At the Churchill Canyon 
Number 1 site, the local seed had highest emergence on the local 
soil. In capsule form, the results indicate the Churchill Canyon 
Number 1 soil provides an excellent seedbed for seeds of big 
sagebrush. 

The soil of the Churchill Canyon Number 3 site is derived from a 
mixed volcanic, metavolcanic source similar to the Churchill 
Canyon Number 1 location (Young and Evans 1988a). The seed 
source-location results for big sagebrush seedling establishment 
for Churchill Canyon Number 3 soil were similar to those obtained 
with Churchill Canyon Number 1 soils except the magnitude of the 
emergence was reduced. The emergence of big sagebrush seedlings 
at the Churchill Canyon Number 3 site was highest with local seed 
on the local soil (Table IO). 

The soils at the Churchill Canyon Number 5 site were derived 
from volcanic material, were more uniform than the other Chur- 

Table 11. Coefflcicnts of determination and stepwise ranking of variables for multiple regression eqoatlons for relation of seedbed characteristics to 
seed&g emergence of big sagebrush. This array does not separate out seed soorce.’ 

Variables 

c 

Penetro- 
meter/ Coefti- 
emer- cient 

Rock size Soil texture Microtopography Precipitation gence of deter- 
Location Soilb >2 1-2 0.5-l .O Sand Silt Clay Fall Spring Fall Winter Spring interval mination 

mm mm mm 
Granite Peak GP : 3 4 2 0.35 

MF 4 1 3 0.21 
cc1 4 5 2 1 0.40 
cc3 1 2 

: 
0.81 

cc5 4 1 3 5 0.82 
Medell Flat GP 1 ; 0.61 

MF 2 1 3 4 5 0.23 
cc1 2 1 5 3 0.52 
cc3 3 4 1 

2’ 
5 0.73 

cc5 1 3 4 2 0.40 
Churchill Canyon No. 1 GP 2 3 4 5 1 0.38 

MF 3 1 4 2 0.35 
cc1 3 2 I 0.30 
cc3 3 4 5 1 2 0.66 
cc5 2. 1 3 0.42 

Churchill Canyon No. 3 GP 3 2 1 0.06 
El 3 4 2 I 3 4 5 2 1 0.22 0.26 

cc3 1 2 0.22 
cc5 3 2 1 0.25 

Churchill Canyon No. 5 GP : 3 4 0.14 
MF 5 

: 
4 2 0.16 

cc1 5 1 4 0.46 
cc3 4 3 1 3 

f 
0.81 

cc5 3 4 2 1 0.82 
Mean 3.3 4.0 4.0 3.1 3.7 2.5 1.8 2.6 2.5 26 29 
Frequency 12 16 8 28 12 24 56 40 60 :;’ 5k 64 

‘Penetrometer/emergcnee interval calculated by dividing the difference between soil surface panetrance at the beginning and end of seedling emergence by the length of the 
emergence period. Mean ranking calculated by dividing some of the rankings for a given variable by the number of equations into which the variable entered. The frequency of 
rankings was calculated by dividing the sum of the equations where the variable occurred by the potential number of 25. 
bGP represents Granite ParL; MF, Medell Flat; Ccl, Churchill Canyon No. I; CC3, Churchill Canyon No. 3; and CC5, Chruchill Canyon No. 5. 
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chill Canyon locations, and were the only ones supporting a mollic 
epidon or surface soil (Young et al. 1989). These soils appeared to 
discriminate against seed sources produced on other soils derived 
from decomposed granite (Table 10). This tendency was not fol- 
lowed at the location of origin where seeds of the other source of 
mountain big sagebrush had significantly (P=O.Ol) higher emer- 
gence. 

Interrelation 01 Factors-Soils and Site 
If we first consider soils and site factors without separating out 

the relative importance of inherent differences in seed source, a 
starting point for interpretation is provided. The mass of data and 
interaction of variables inherent in studies of this nature make it 
difficult to assign cause and effect to the various seedbed parame- 
ters. The generation of multiple regression equations using the 26 
variables of seedbed ecology against seedling emergence of big 
sagebrush and ranking the contribution of the variables to the 
variance of the regression equations provides a method of estimat- 
ing the relative importance of the various seedbed factors. The 
scale of this study makes even these statistical summarizing tech- 
niques difficult to follow. Therefore, we determined the mean 
ranking of a seedbed characteristic by dividing the sum of the 
rankings where the characteristic ranked in the top 5 of a given 
equation by the number of equations where it occurred. The 
smaller the number, the more important the seedbed characteristic. 
Secondly, we determined the frequency of ranking by dividing the 
number of equations where a characteristic ranked in the top 5 by 
the possible number of equations (25). The problem with interpret- 
ing this process is that not all equations have the same coefficient of 
determination. In fact, the coefficient of determination for several 
equations in this presentation were so low as to be virtually mean- 

ingless by themselves. With these limitations in mind the analysis 
still provides a starting point toward understanding the seedbed 
ecology of big sagebrush. 

The 5 highest ranking variables were fall microtopography, 
winter, fall, and spring precipitation, and spring microtopography 
(Table 11). The most frequent variables were penetrometer/emer- 
gence interval in the spring (64%), fall precipitation (60%), fall 
microtopography (56%), spring precipitation (569c), and spring 
microtopography (40%) (Table 11). Among the different soils there 
was a considerable range of variability in the relation of seedling 
emergence with seedbed variables. For the Churchill Canyon 
Number 3 soil, an average of 65% of the variability was accounted 
for by the equations. For the other 4 sites, 75% of the variability 
was accounted for by the equations. Considering soils-site without 
separating seed source, the Churchill Canyon Number 3 location 
was always most variable. The soil with the least variability 
accounted for by the equations was Medell Flat, where the average 
for the equations was only 20%. 

Interrelation of Factors-Seed Source, Soils, and Site 
Introducing seed source to the multiple regression equations 

results in markedly higher coefficients of determination (Table 12). 
With only soil and site variables, maximum values were in the 
range of RzO.75 (Table 11); with the addition of the seed source 
variable to the equations, R? as high as 0.99 were attained (Table 
12). The seedbed property most frequently occurring in the equa- 
tions at the highest average R2 value was fall seedbed microtopo- 
graphy. This would be the microtopography of the seedbed when 
the seed is dispersed. 

Averaging the relative ranking of variables in the equations 
tends to average out the differences between the sites for specific 

Table 12. Coefficients of determination and stepwise ranking of veriebles for muitlplc regression equations for relation of seedbed chuacteristics to 
seedling emergence of big sagebrush. This array includea soil, site, and seed source.’ 

Location 

Microto- Penetrometer 
Seed Rock size Soil texture topography Precipitation Emergence 

Soil source>2 l-2 OS-i.0 0.0-0.5 Sand Silt Clay Fall Spring Fall Winter Spring Internal 

Granite Peak 

Medell Flat 

I 

Churchill Canyon No. 1 

_~~__~___~___~___~~__~~~~~~~~~~~~~~~~~ (rankingr2) _______ -_--- ______ ___________________ 
,o.lz GP 

MF 
cc1 
cc3 
cc5 
GP 
MF 
cc1 
cc3 
cc5 
GP 
MF 
cc1 
cc3 

GP 
GP 
GP 3’.” 40ss GP 5 086 

GP 
MF 
MF 
MF 2’“’ 
MF 
MF 4”’ 2 0.91 

cc1 

4089 
081 2 

088 4 

0.97 2 

3 0.99 

;0b4 

]O." 

isgo 
1 089 

3ss 5 091 

3oga 1 OB9 

4 0.99 

3 0.97 

40M 

5 o.sa 20.76 

IO.76 ,087 5 0.90 

1 088 30.s6 50.sa 
10”’ 2o8o 

,0.99 

208a 0.96 

p.79 kg 

1 OB4 

iode 
4081 

lOM 

lom 
3 0.99 20” 
,o.sa 30” 40” 
20.97 

IO.47 

2 0.79 3 0.82 

3 0.93 

40% 
5 0.96 

cc1 
cc1 30B5 p.@s 
cc1 2”” 
cc1 30N 

OS9 4 
5o= 

mm mm mm mm 

cc5 
Churchill Canyon No. 3 GP 

MF 
cc1 
cc3 
cc5 

Churchill Canyon No. 5 GP 
MF 
cc1 
cc3 
cc5 

Mean constant seed sourcwanking 
Frequency constant seed source - 70 

cc3 
cc3 
cc3 50x9 20xs 
cc3 50= 4090 
cc3 40ss 
cc5 
cc5 
cc5 4 o#J 50.ea 

cc5 20.W2 

cc5 4o.sr 

068 3 10” 
,081 

3oBs 2oBO 

,0.7. 

3 007 10.97 

2087 

1 06, 

Pm 
*OS5 

3.4 3.8 3.7 3.0 3.5 3.0 2.0 1.7 2.3 
36 16 24 20 8 64 4 52 32 

Overall mean site X source X soil-ranking 3.5 3.9 3.9 2.6 3.6 3.4 2.8 1.7 2.9 3.1 2.7 3.1 3.4 
Overall frequency % 20 21 25 14 11 12 11 44 30 34 30 31 34 
‘Mean ranking calculated by dividing some of the rankings for a given variable by the number of equations into which the variable entered. 
The frequency of rankings was calculated by dividing the sum of the equations where the variable occurred by the potential number of 25. 
The overall mean for the entire 125 possible equations. 
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seedbed characteristics. For example, at the location of Churchill 
Canyon Number 1 where moisture events only tend to occur during 
the winter, precipitation during this period was the paramount 
variable in the equations. The dominance of winter precipitation at 
this location is diminished by averaging across sites where fall and 
spring precipitation have a higher frequency of occurrence and, 
therefore, have a larger relative impact on big sagebrush seedling 
emergence. 

A second point of caution in interpreting the dam concerns the 
relative importance of the factors in the equations. For example, at 
Churchill Canyon Number 1 with soiland seed from the site, the R 
values for the 5 most important variables in seedling emergence 
were: (a) winter precipitation 0.85; (b) fall precipitation, an 
increase to 0.88; (c) surface rock 2 mm, an increase to 0.95; (d) 
sand-sized surface soil textured, an increase to 0.96; and(e) surface 
rock size 0.5-1.0, an increase to 0.97 (Table 12). Obviously, winter 
precipitation which accounts for 85% of the variability in seedling 
emergence is more important than the lower ranked variables that 
may account for as little as 1% of the variability. 

Discussion 
Since J.L. Harper (1977) and his students (Harper et al. 1965, 

Harper and Benton 1966) put forth the concept of safesites for 
germination more than 2 decades ago, various studies have attemp- 
ted to define the physical and biological dimensions of such sites 
(Fowler 1988). The small seeds of big sagebrush (1.5 X 0.5 mm) 
that are dispersed on noncultivated seedbeds during the winter 
must fall or be transferred into safesites for germination by late 
winter. 

For the locations used in this study, big sagebrush plants pro- 
duced seed in late fall or early winter (Young et al. 1989). Most of 
this seed is dispersed within a meter of the shrub canopies during 
December (Young and Evans 1989a). There are virtually no big 
sagebrush seeds in the litter and soil that will germinate by the 
following May (Young and Evans 1989a). The big sagebrush seeds 
that are produced are highly viable with little or no dormancy 
(Young and Evans 1989b). From the results of this study, it is 
apparent that the texture of surface soils, and presence or absence 
and size of surface gravel influences the abundance and environ- 
mental quality of safesites for germination of this species. The 
abundance and periodicity of fall precipitation apparently has an 
influence on the quality of seedbeds for germination of seeds of big 
sagebrush. Sagebrush seeds apparently emerge best from the sur- 
face of seedbeds or with minimal soil coverage (Jacobson and 
Welch 1987). It is not clear if the influence of fall precipitation is 
through the quality of the seed produced, physical nature of the 
seedbed, or through the storage of moisture for early spring 
germination. 

The seeds of big sagebrush appear to be very adaptable to 
different seedbeds, such as soils derived from decomposed granite 
versus metavolcanic derived soils with gravel covered surfaces, but 
at the same time are occasionally very site specific as in the case of 
Medell Flat. Seeds of big sagebrush appear to mimic the medium 
sized sand particles of granite soils in aerodynamic characteristics 
if not actual size to obtain seed burial. 

The pronounced winnowing influence on the surface of soils 
derived from decomposing granite was an unforeseen feature of the 
seedbeds. Essentially the texture of the soil surface changes from 
fall to spring on these seedbeds through wind action. 

Churchill Canyon Number 1 location is one of the driest loca- 
tions in the western Great Basin supporting big sagebrush. The big 
sagebrush plants at this location produce few seeds, have a slow 
rate of growth, and accumulate woody biomass slowly (Young and 
Evans 1989a). The surface soil of this site provides an excellent 
seedbed for big sagebrush seeds when transported to locations with 

greater environmental potential. Seeds produced at Churchill 
Canyon Number 1 location are at or near the best seedling estab- 
lishment when seeded on the Churchill Canyon Number 1 soil or 
other soils at other locations. None of the seed sources had marked 
seedling emergence at the Churchill Canyon Number 1 site. Analy- 
sis of the demography of the natural population of big sagebrush 
plants growing at the Churchill Canyon Number 1 site revealed 
that 5 times in this century, periods of seedling recruitment 
occurred at the location (Young and Evans 1989a). Because of the 
difficulty in precise age dating big sagebrush stems, especially older 
plants, it is not known if the 5 recruitment events were single season 
or occurred over multiple seasons. Superficial examination of 
weather records does not reveal any obvious precipitation pattern 
related to establishment periods. Did the recruitment episodes 
occur because the quality of the seedbed changed in conjunction or 
independent of precipitation changes? Does big sagebrush occur at 
this very arid location because the quality of the seedbed allows 
episodic seedling recruitment? 

The gradient is apparent in the mean seedling emergence per site 
in this study. However, the mountain big sagebrush sites are now 
always statistically distinct from the basin big sagebrush locations. 
The apparent lack of tetraploid subspecies wyomingends along 
these gradients is a puzzling part of the distribution of big sage- 
brush in the far western Great Basin. 
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