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AbStMCt 
Differences in growth rate among 3 subspecies of big sagebrush 

(basin big sagebrush, mountain big sagebrush, and Wyoming big 
sagebrush) for mature plants have been reported by a number of 
workers. Little has been reported on comparisons of seedling 
growth rate among these 3 subspecies. Results of this study huh- 
cated that (1) over an extended period and in a non-water-limiting 
environment, the rate of seedling growth In Wyoming big sage- 
brush approached zero and was less than that of seedlings of basin 
and mountain big sagebrusht (2) basin and mountain big sagebrush 
continued to have nonnegligible growth rates even at the end of the 
study; and (3) Wyoming big sagebrush reached its point of maxi- 
mum growth rate approximately 2 weeks earlier than did the other 
2 subspecies. It appears that Wyoming big sagebrush has evolved, 
placing 2 important growth characteristics under genetic control: 
(1) the maximum growth rate is attained earlier (when more water 
is available to sustain such growth) than in the other 2 subspecies, 
possibly enhancing its ability to survive on xeric sites during the 
early stages of growth; and (2) top growth produces smaller above- 
ground parts, enhancing survival after the early stages. 
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Differences in growth rate among 3 subspecies of big sagebrush 
(Artemisia tridentata ssp. tridentata-basin big sagebrush; A.t. ssp. 
vaseyana-mountain big sagebrush, A.t. ssp. wyomingensi+Wyo- 
ming big sagebrush) have been reported by a number of workers 
(McArthur and Welch 1982, Barker and McKelll983, Barker et al. 
1983, Welch and McArthur 1986). These studies were conducted 
using mature plants either growing in uniform gardens or in wild- 
land situations. Little has been reported on comparing seedling 
growth rate among these 3 subspecies. Hamiss and McDonough 
(1975), reported no seedling growth differences among the 3 sub- 
species when grown for 10 weeks under controlled-temperature 
regimens. This was in contrast with the results in mature plants. 

The smaller Wyoming big sagebrush grows in drier habitats than 
the other subspecies (West et al. 1978, Barker and McKell 1983, 
Winward 1983). 
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Evolutionary pressures in a drier habitat would tend to select for 
big sagebrush subspecies that either conserve water or utilize water 
early in the season before it becomes a limiting factor in survival. 
Water could be conserved by limiting aboveground growth in 
favor of root development. This is in agreement with data gener- 
ated from studies of mature big sagebrush plants (Barker et al. 
1983, Welch and McArthur 1986). However, this appeared not to 
be the case with seedlings (Harniss and McDonough 1975). Plants 
that quickly reach the time of most rapid growth (i.e., the highest 
growth rate) earlier in the year would have more water available at 
this critical point in their development. 

We conducted this study to determine whether (1) over an 
extended period and in a non-water-limiting environment, the 
seedling growth rate in Wyoming big sagebrush is less than that of 
basin and mountain big sagebrush, (2) whether growth of all 3 
subspecies approach zero at the end of 24 weeks (approximately 1 
growing season), and (3) whether all 3 subspecies reach their peri- 
ods of most rapid growth at the same time. 

Materials and Methods 

This study was conducted in a greenhouse. Plant material con- 
sisted of seed collected from 14 big sagebrush sites. The plant 
material collected from a single site is referred to in this paper as an 
accession. Basin big sagebrush was represented by 5 accessions, 
mountain big sagebrush by 5, and Wyoming big sagebrush by 4. 
Table 1 lists the acquisition sites of the lrlaccessions. In all statisti- 
cal analyses, the accessions of a given subspecies were treated as if 
they constituted a random sample from that subspecies. 

The growth medium was prepared by dry-mixing 4 parts of 
screened (6 by 6 mm) peat moss, 3 parts of expanded horticultural 
vermiculite, 3 parts of a dry fine sandy loam soil, and 2 parts 
number 3 silica sandblasting grit. Added to each 0.9 mr of mixture 
was a fertilizer supplement consisting of 600 g of dolomite lime- 
stone, 600 g of agricultural limestone (rock dust), 340 g of agricul- 
tural gypsum, 110 g of calcium nitrate, 110 g of osmocote, 90 g of 
triphosphate, 15 g of frittered trace elements, and 5 g of sesques- 
trene iron-138. The growing medium was mixed in a concrete 
mixer. Enough water was added during the mixing so the medium 
would remain in a ball after being squeezed by hand. After mixing, 
the medium was heated to 76.7’ C for 30 minutes with aerated 
steam. This treatment eliminates most soil-borne plant pathogens 
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Subspecies Accessions County and state 

Basin 

Mountain 

Gordon Creek 
Clear Creek Canyon 
Loa 
Dove Creek 
Kenunerer 

sulnmit 
Hobbk Creek 
Pinto Canyon 
Clear Creek Canyon 
Sardine Canyon 

Carbon, Utah 
Sevier. Utah 
Wayne, Utah 
Dolores, Colorado 
Lincoln, Wyoming 

Iron. Utah 
Utah, Utah 
Washington, Utah 
Scvier. Utah 
Cache, Utah 

Wyoming Trot@ Springs 
Kemmerer 
Gordon Creek 
Maytiekl 

Humboldt, Nevada 
Liiln, Wyoming 
Carbon, Utah 
Slurp&e, Utah 

yet leaves most of the beneficial microorganisms (Nelson 1984). 
Next, the growing medium was placed in containers constructed of 
9 mm plywood impregnated with copper-napthenate (Nelson 
1984) and with drainage holes in the bottom. The container size 
was 45.7 by 45.7 by 125.0 cm, resulting in a total volume of 0.261 

ma-larger than the 3-liter containers used in the Hamiss and 
McDonough (1975) study. Thermocouple psychrometers, placed 
at 25.4 and 50.8 cm depth, were used to measure water potential on 
a weekly basis (Brown and Bartos 1982). Growth medium was 
placed within 1 .O cm of the top of the containers. Each container 
was sown 5 January 1983 with 5 seeds from a single accession, and 
the seeds were covered about 2 mm deep with number 3 silica 
sandblasting grit. Each accession was represented by 5 containers 
randomly placed in the greenhouse. Surface moisture was main- 
tained by using a fogger until 3 or 4 seeds had germinated, after 
which no water was provided. After 20 days, all plants but 1 were 
removed from each container. The plant closest to the center of the 
container surface was kept. Greenhouse day temperature (12 
hours) was 200 C. Night temperature (12 hours) was 10” C. Natural 
day length was extended by means of artificial light (Sylvania 
Grolux) to 12-hours. 

During the 24 weeks, height was measured from the surface of 
the growing medium to the end of the terminal leaves. This mea- 
surement was recorded each week starting with the 7th week until 
the crowns of the plants were detached from the roots at the surface 
of the growing medium. 

To describe and study growth patterns, we chose to fit a logistic 
function to the data. Because a plot of the data revealed an obvious 
increase in variance as the seedlings became larger, a logarithmic 
transformation was applied to the seedling heights before further 

Weeks After Sowing 

Fig. 1. The height of seedlings of 3 subspecks of big sagebrush (Artemf.v&z trldartoto ssp. tridcnlot-Bruin big sagebrue A.& ssp. vpwyonc-mountain big 
s8gebrusb,A.t. ssp. wyomkgeti-Wyoming big sagebrush). The curves are the fitted logistic growth functions d&bed in Table 2. The mum of all 
acceradono are represented by solid dots, and the error bus (based on one-standard error of the mean) are plotted vertically. 
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analysis. This necessitated fitting the following model to the trans- 
formed data in order to obtain a logistic relationship in the original 
scale: 

ln(Height) = In@) - ln( 1 + Q exp(8 week)). 

Because this model is nonlinear in the parameters (Y, 8, and 6, a 
nonlinear least-squares fit was obtained. This method produces 
unbiased estimates of the parameters and asymptotic estimates of 
their variances. The estimates are then substituted into the logistic 
growth function: 

Height = 6 / (1 + o exp (p week)) (I) 
Because the logistic function (1) reaches a maximum at its 

asymptote, 6, this value-representing long-term height-is of 
interest. Furthermore, the first derivative of the logistic function 
(l), with respect to week, is a dynamic representation of growth 
rate. It will be referred to as the growth rate function and should 
not be confused with the growth function (1). The growth rate 
function is given by: 

Rate = (-a fl6 exp (B week)) (2) 
(1 + a exp(8 week))2 

The time, corresponding to the highest point on a plot of the 
growth rate function (2), represents the time of most rapid growth. 
It is important that sufficient growth resources, such as water, be 
available at this time. The time of most rapid growth is given by: 

Time of Most Rapid Growth = (1 /fi) In( 1 /a) . (3) 

Water potential was analyzed by computing a regression on 
weeks to determine whether a change occurred during the test 
period. The magnitude of the slope is a measure of the rate at which 
water potential is changing. 

Results 

Sagebrush plants were allowed to grow for 24 weeks. At the end 
of that period, the Wyoming big sagebrush had practically stopped 
growing, and the growth of both the mountain and basin big 
sagebrush had slowed considerably. The growing medium was 
starting to dry to the point where moisture could start to become 
limiting. Also, we did not want roots to grow in contact with the 
bottom of the containers. 

The fitted logistic functions for seedling height of the 3 subspe- 
cies are plotted in Figure 1 along with the means and error bars of 
the data. The fit is good, is evidenced by the clean separation of the 
means in Figure 1 and by the small standard errors of the parame- 
ter estimates as presented in Table 2. 

By week 7, the start of data collection, basin big sagebrush was 
taller than both the mountain and Wyoming subspecies (Fig. 1). 
This greater height continued throughout the study. Soon after 
week 7, mountain big sagebrush began to produce taller seedlings 
than the Wyoming subspecies, but it did not achieve the height of 
the basin subspecies. 

The growth rate functions (rates in cm/week), plotted against 
time (weeks after sowing), are presented in Figure 2. These func- 
tions are derived from the logistic functions that were fitted to the 

Weeks After Sowing 

Fig. 2. The growth rate plotted against weeks since sowing for, seedlings of 3 subspecies of big sagebrush (Artemicr tridentata asp. trkfentata-basin big 
sagebrush; A.t. ssp. vaveyanu-mountain big sagebrush; At. ssp. wyomingensis-Wyoming big sagebrush). Each curve is the first derivative 
of the logistic function presented in Figure 1, end the points represent successive first differences es estimates of the inst8nt8neous slope. 
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Table 2. Estimated logistic growth functfons for 3 subspecies of big sage- 
brush (Artemisia Iride&rta) grown in a greenhouse environment for a 
period of 24 weeks 8fter seeds were son. 

sub- Estimatea SE’ 
B 8 

species Estimate SE Estimate SE 

Basin 29.64 1.07 -0.29 0.005 56.36 
Mountain 27.08 0.52 -0.29 0.002 40.20 :z 
Wyoming 11.28 0.25 -0.26 0.003 24.11 0:09 
Form of logistic function: 6/ (l+a exp(8 * Week)) 

lAsymptotic standard error as computed from nonlinear least-squares. 

data. Basin and mountain big sagebrush are similar in growth 
pattern except that the basin subspecies grows at a uniformly 
higher rate (Fig. 2 and Table 3). Both achieved their maximum 
growth rates at about the same time, during the 12th week. Basin 
big sagebrush attained a maximum growth rate of slightly more 
than 4 cm per week (at 11.9 weeks) while mountain big sagebrush 
reached a rate of only slightly more than 3 cm per week (at 11.4 
weeks). On the other hand, Wyoming big sagebrush has a different 
growth pattern, reaching its fastest growth rate of only 1.7 cm per 
week approximately 2 weeks earlier (9.5 weeks) than the other 2 
subspecies reached their fastest growth rates. Confidence intervals 
on the time required to reach the highest growth rate are presented 
in Table 3. 

Table 3. Times of highest growth rates of 3 subspecies of big sagebrush 
(Artemisia tridentato) grown in II greenhouse for 24 weeks after seeds 
were sown. 

Subspecies 

Basin 
Mountain 
Wyoming 

Time of 
maximum 

growth 
rate’ 

weeks 
11.87 
11.40 
9.47 

Lower 
limit2 

weeks 
11.74 
11.32 
9.40 

Upper 
limit 

weeks 
12.00 
11.48 
9.53 

Maximum 
rater 

cm/ week 
4.02 
3.01 
1.70 

*The 
*Co s 

oint of iatlection of the logistic height function. 
ldence intervals (95%). obtained by error propagation, using the asymptotic 

variances and covariances from nonlinear least-s uares. 
3The height of the growth function at the point o 8. . mflectron. 

Growth rates for all 3 subspecies had decreased markedly by 
week 24 (Fig. 2). Moreover, by that time, the growth rate of the 
Wyoming subspecies was only about 0.2 cm/ week. 

Water potential measurements indicate none of the 3 subspecies 
was in a water-limiting environment (Table 4). Although there was 
a significant slope on the regression of water potential on time 
(when using the water potential measurement nearest the surface), 
the magnitude of the slope is small for each of the 3 subspecies. We 
concluded that, even under the most severe conditions encountered 

In a companion study, Welch and Jacobson (1988) reported that 
for the first 10 days after germination the rate of root growth of 
Wyoming big sagebrush significantly exceeded that of basin and 
mountain big sagebrush. Part of this faster root growth was attrib- 
uted to a faster germination rate for Wyoming big sagebrush. At 20 
and 30 days, the rate of root growth of Wyoming and basin big 
sagebrush was not significantly different, but both significantly 
exceeded mountain big sagebrush. At 40 days, the rate of root 
growth of basin big sagebrush significantly exceeded that of 
Wyoming big sagebrush, which significantly exceeded that of 
mountain big sagebrush. At 174 days, basin and Wyoming big 
sagebrush root lengths were significantly longer than mountain big 
sagebrush, but were not different from each other. Thus, it appears 
that Wyoming big sagebrush has evolved to achieve maximum 
growth rate early in the growing season and to limit aboveground 
growth. These characteristics appear to be under genetic control 
because they remained consistent in a controlled environment. 
Limiting aboveground parts would allow the plant to assign energy 
to rapid and long root growth. These characteristics, and probably 
others, allow Wyoming big sagebrush to survive on xeric sites 
where basin and mountain big sagebrush cannot. 
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stlb- 
species Min 

Top’ 
Max Slope 

Bottom* 
Min Max Slope 

Basin -3.1 
bars 
-9.5 a.17 -1.4 

bars 
-7.1 NS’ 

Mountain -2.4 -6.5 -0.10 -2.5 -5.3 NS 
Wyoming -2.1 -3.7 -0.05 -2.2 -5.1 NS 

‘Buried 25.4 cm below surface. 
*Buried 50.8 cm below surface. 
‘Not statistically significant (DO.25). 

during the study, water was not sufficiently limited to retard seed- 
ling growth. 

Discussion 
Results presented in Figures 1 and 2 support our hypothesis that, 

over an extended period and in a non-water-limiting environment, 
the seedling growth rate of aboveground parts in Wyoming big 
sagebrush approaches zero and over the period is less than that of 
seedlings of basin and mountain big sagebrush. Water potential 
measurements remained in a non-water-limiting range over the 
entire study period (Table 4). Therefore, we conclude that water 
availability was not the factor that caused the Wyoming seedlings 
to stop growing. Perhaps the drier habitats-both in terms of lower 
precipitation and shallower soils-that Wyoming big sagebrush 
occupies in relation to the other subspecies exerted evolutionary 
pressure. This would cause Wyoming big sagebrush to evolve so 
that genetic control of growth would force it to reach its highest 
growth rate early and produce smaller aboveground parts. 

Our study disagrees with the Hamiss and McDonough (1975) 
report, They were unable in a IO-week study to differentiate the 
rate of growth of seedlings among the 3 subspecies. In our study, 
we detected obvious differences (Fig. 2) among the growth rate 
curves. Perhaps if their data had been subjected to the same logistic 
function analysis as ours, the results may have been in agreement. 
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