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SUMMARY 

An 11.4-ha facility was constructed on undisturbed big sagebrush-cheatgrass 

habitat in 1982 for the purposes of supporting drilling of a large-diameter 

exploratory shaft deep into the basalts underlying the Hanford Site. This work was 

terminated in December 1987, and reclamation efforts were begun. The goal of the 

reclamation program was to restore the site as nearly as practicable to its original 

condition using native plant species. 

Demolition of the Exploratory Shaft Facility (ESF) began in 1988, and reseeding 

efforts were completed in November of that year. Revegetation consisted of 

broadcasting seeds of big sagebrush and grey and green rabbitbrush, followed by drill­

seeding the native grasses Sandberg bluegrass and bottlebrush squirreltail. Spiny 

hopsage tubeling plants were then set by hand in a triangular configuration at a 

density 30% greater than that in the surrounding habitat. The site was irrigated 

from March to June 1989 at a rate sufficient to make the cumulative precipitation on 

the site reach 2.5 em/mo. 

Two methods were used to estimate reclamation success: trend analysis and 

spatial analysis of plant counts or cover per unit area. These analytical methods 

were applied to revegetated sites and nearby control areas. Trend data were gathered 

over 2 years in control areas and over 1.5 years in revegetated areas. Examination of 

trends on the two types of areas allowed estimation of the eventual outcome of 

reclamation with regard to the average density of species planted or seeded on the 

site. Spatial analyses allowed comparison of the spatial variability in plant counts 

and cover. Successful reclamation sites should resemble the undisturbed habitat 

both in average density of revegetated plants as well as in their spatial distribution. 

Plant cover on undisturbed plots was dominated by cheatgrass. Big sagebrush 
and grey rabbitbrush were the second and third most abundant species in terms of 

cover. The most common native grasses were Sandberg bluegrass, Indian ricegrass, 

and bottlebrush squirrel tail. The most common shrub in terms of average density 

was grey rabbitbrush, followed by big sagebrush, green rabbitbrush, and spiny 

hopsage. Spatial variation accounted for 17.6% of the residual variance in 

percentage cover that was unexplained by species identity, and temporal variation 

accounted for 10.6%. Spatial-temporal interaction accounted for only 1.4% of the 

residual variance. 
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Sandberg bluegrass was the most common native species on the revegetated 
sites, although cheatgrass had the highest average cover. Both Sandberg bluegrass 

and bottlebrush squirreltail occurred in average densities higher than that in 
surrounding habitat; however, the average is misleading. Plants occurred at 
extremely high density in a few areas, and not at all in the majority of others. Cover 

by cheatgrass was highest on the ESF access road and least (absent) on the mound 

over the former drill rig pad. Russian thistle cover was highest on the pad and least 

on the mound. The only species present on the mound were Russian thistle and 
Sandberg bluegrass. 

Shrub counts on the ESF were highest for grey rabbitbrush, followed by spiny 

hopsage. Approximately one third fewer spiny hopsage were alive in April 1990 
than had been found alive in July 1989. Big sagebrush did poorly and had an 
extremely patchy occurrence. Green rabbitbrush was not observed. No shrubs 
occurred on the mound area. Shrub numbers and percentage cover were both 
significantly lower on the ESF than in the surrounding habitat for all species except 
spiny hopsage. 

Plant numbers of both seeded grasses declined markedly during the first year 

after seeding. Sandberg bluegrass numbers dropped by an order of magnitude on the 

revegetated area, but showed no significant change during the same period on 
undisturbed areas. Bottlebrush squirreltail numbers declined even more 
precipitously on the revegetated site, but showed no change in the undisturbed 
areas. 

Grass cover at the ESF was found to be within the reclamation objective in 
terms of average cover, but not in terms of evenness of cover. The prospects of 
these patches filling with native grasses via natural processes are poor. Shrub 
density was below the objective set for the site for all species in all areas. 
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INTRODUCTION 

The restoration of areas disturbed by activities of the Basalt Waste Isolation 

Project (BWIP) constitutes a unique operation at the U. S. Department of Energy's 

(DOE) Hanford Site, both from the standpoint of restoration objectives and the time 

frame for accomplishing these objectives. The BWIP reclamation program 
comprises three separate projects: borehole reclamation, Near Surface Test Facility 

(NSTF) reclamation, and Exploratory Shaft Facility (ESF) reclamation. The main 

focus of this report is on determining the success of the revegetation effort 1 year 

after work was completed. This report also provides a brief overview of the ESF 

reclamation program. Details of the BWIP, the history of the ESF, and the 

development of the reclamation program can be found in Brandt et al. (1990a). 

The ESF was constructed in 1982 to the west of the 200-West Area by clearing 

11.4 ha of land (Figure 1). This clearing was covered with 30 em of compacted rock, 

gravel, and sand to provide support for a large rotary drill rig that was to bore the 
first large-diameter shaft to the depth of the proposed nuclear waste repository. The 

drill rig was mounted on a reinforced concrete foundation. A large mud pit was 
excavated south of the drill rig to receive drilling muds. The shaft was to be drilled 

to a depth of more than 1158 m and a diameter of more than 2.8 m. A starter shaft 
was dug to a depth of 30m and lined with a steel liner. Further drilling was delayed 

byOOE. 

On December 22, 1987, President Reagan signed into law the Nuclear Waste 

Policy Amendments Act, which ended all repository-related characterization of the 

Hanford Site and required reclamation activities to be undertaken. 

No specific standards and' criteria were spelled out in the Nuclear Waste Policy 

Amendments Act that governed the reclamation of the Hanford Site; therefore, 
other guidelines and commitments were applied. The Nuclear Waste Policy Act 
requires DOE to reclaim sites disturbed during civilian radioactive waste 

management activities. Guidelines for decommissioning sites found unsuitable for 

repository development are presented in Section 7.6 of the Mission Plan for the 
Civilian Radioactive Waste Management Program (DOE 1985). 

The Mission Plan states that a site shall be returned as nearly as practicable to the 

condition existing before disturbance. This became the objective of the BWIP 
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FIGURE 1. Aerial View of the Exploratory Shaft Facility Before Reclamation 
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reclamation project. Although the Hanford Site was not determined to be 

unsuitable for licensing, for purposes of decommissioning, the provisions spelled 

out in the DOE Mission Plan were applied to BWIP closeout . 
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SITE DESCRIPTION 

The Hanford Site is located in southeastern Washington State, occupying an 
area of approximately 1450 km2 (Figure 2). Because of its unique history and 

location, the Hanford Site constitutes a significant preserve of natural resources in 
Washington. Because public access to the Hanford Site has been restricted since the 
1940s, it is the only expanse of nearly pristine shrub-steppe habitat in the state. 

Consequently, much of the Site is designated as wildlife refuge and ecological 
reserves. 

Native plants of the shrub-steppe comprise mainly cool-season species (Rickard 

1988). Vegetative growth occurs primarily during the late fall after the first rains 
and during spring before the extreme temperatures of summer (Rickard and Schuler 

1988). The primary shrub species is big sagebrush (Artemisia tridentata). The most 

problematic shrub species as far as revegetation is concerned is spiny hopsage 
(Atriplex spinosa). No representative of this species on the Hanford Site is known 

to be less than 70 to 100 year old, indicating reproduction from seed is extremely 

poor. The principal native grasses of the lowland shrub-steppe are Sandberg 

bluegrass (Poa sandbergil), bottlebrush squirreltail (Sitanion hystrix), and needle­
and-thread grass (Stipa comata). 

A number of alien annual species occur on the Hanford Site. Most of these are 
early successional varieties that rapidly colonize areas of soil disturbance. Such 

colonizers include prickly lettuce (Lactuca serriola), tansy mustard (Descurainea 
pinnata), tumble mustard (Sisymbrium altissimum), Russian thistle (Salsola kali), 

and cheatgrass (Bromus tectorum). Cheatgrass is an important nonnative 
component of most habitats on the Hanford Site. It is highly competitive with 

native species, especially on disturbed areas. Areas occupied by cheatgrass are 
resistant to invasion by native species (Rickard and Sauer 1982). 
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FIGURE 2. Location of the Exploratory Shaft Facility on the Hanford Site 
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DEVELOPMENT OF THE RECLAMATION PROGRAM 

The DOE determined on the basis of commitments made in several National 

Environmental Policy Act (NEPA) documents that sites disturbed by BWIP would be 

restored to conditions similar to natural plant communities adjacent to disturbed 
areas unless alternative land uses were to be implemented (DOE 1978, 1982, 1986). 

Primary goals were to establish self-sustaining vegetation and to produce cover 

conditions comparable to those existing before the disturbance. Restoration focused 

on re-establishment of native plant species and suppression of invading exotic 
species; however, disturbed sites located entirely within plant communities 

dominated by exotic species would not be required to be reclaimed with native 

species. 

For the purpose of reclamation, natural vegetation is defined as the pre-existing 
vegetation of sites before BWIP disturbance and can generally be determined by the 

plant communities surrounding a disturbed site. Native vegetation is defined as 
plants endemic to southeastern Washington as opposed to exotic vegetation. Exotic 

or alien vegetation is defined as plants that are not native to southeastern 
Washington (i.e., have been imported in historical times from outside this region). 

The DOE has determined that recovery of natural vegetation on disturbed sites 

and eventual restoration success will be evaluated 1 year after completion of the 

reclamation activities. 

Constraints that define the rates and endpoints of succession at any particular 

site include climatic factors, edaphic (soil) characteristics, competition from native 
and non-native species, and seed germination and growth characteristics of the 

desired species. In arid areas, moisture availability and interspecific competition 
from alien annuals are the key constraints to reclamation. 

The ESF lies in an arid zone that experiences a net input to soil moisture 

between November and February and a severe moisture deficit from July to October 

(Brandt et al. 1990a). Summer storms occasionally drop large amounts of moisture, 

but these are very infrequent and cannot be relied on to sustain plant growth. 

Precipitation during any period is unreliable: droughts have occurred in 1 of 5 years. 

Temperatures during the winter months are usually not so low as to preclude some 

plant growth at that time: indeed most of the shrubs and grasses are physiologically 
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very active during this period. However, arctic air masses occasionally push the 

temperatures down to -20°C or -30°C. At these temperatures, damage to unprotected 
growing plants may be severe. The transition period between March and June may 

be of primary importance to plant establishment. However, 15% of years since 1912 

have failed to receive 2.5 em of precipitation during this period. 

Another consideration for reclamation is that native grasses all germinate after 

the first significant rains in the fall, a period when soil temperatures are still high 
but occasional freezing air temperatures may be expected. Because native grasses are 

cool-season species, they perform most of their growth and nutrient storage during 

the winter before the ground freezes and in the spring between ground-thaw and 
summer heat (Chapin 1980). Grasses planted too close to ground freeze or in the 

spring may not have sufficient time to establish an adequate nutrient and moisture 
base to carry them successfully through summer dormancy. 

A further consideration for reclamation deals with competition from cheatgrass. 
As a component of nearly all communities on the Hanford Site, cheatgrass was 

expected to invade the ESF site at some point. Establishment of native grasses early 

in the successional cycle before that invasion is essential to their continued presence 

at that site (Daubenmire 1970). 

REVEGETATION METHODS 

The strategy employed at the ESF was to introduce most of the key species from 
seed, supplement rainfall by irrigation, and establish spiny hopsage by planting 
tubeling stock. Details of the revegetation may be found in Brandt et al. (1990a). The 
order of work consisted of six activities: fertilization, seedbed preparation, seeding 

of grasses and shrubs, mulching with straw, planting hopsage tubelings, and 

irrigation. 

A slow-release nitrogen fertilizer (sulphur-coated urea) was broadcast over the 

recla:r:nation area at a rate of 34 kg nitrogen/ha before seeding. Soil compaction was 

relieved by disking to a depth of 15 em. The seedbed was then surface-compacted 
using a cultipacker and roller. Seeding began November 14 and was completed 

November 16, 1988, under cool, rainy conditions. Seeding consisted first of 
broadcasting seeds of grey and green rabbitbrush (Chrysothamnus nauseosus and 

viscidiflorus) and big sagebrush at the rates of 0.14 and 0.28 kg seed/ha, respectively. 
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Grass seed was then drilled into the seedbed using a Truax drill calibrated to deliver 
Sandberg bluegrass and bottlebrush squirreltail at the rates of 4.5 and 2.2 kg Pure 

Live Seed/ha, respectively. Each grass species was drilled into alternate drill furrows 
by loading each species into a separate seed-hopper. Soil openers were spaced at 30 

em. Specifications for seed are listed in Brandt et al. (1990a). 

Following the drilling of seed, a mulch of certified weed-free straw was blown 

over the seedbed at a rate of 9000 kg/ha, which was inadvertantly twice the amount 

recommended in the revegetation plan for the ESF. The mulch was crimped into 

the seedbed using a Finn Krimper. Mulching began November 16 and was 
completed by November 18, 1988. 

Between March 8 and 15, 1989, 15-cm-long tubeling spiny hopsage was planted 

on the ESF. Plants were set in the ground in a clumped configuration with each 

plant set in a depression at least 2.5 em below grade. The depressions had a radius of 
approximately 17 em. Clumps consisted of three tubelings in a triangular 

configuration with approxiqtately 35 em between plants. Two liters of water were 
applied by hand to each tubeling at the time of planting to minimize planting shock. 

Hopsage clumps were randomly distributed over the site at an average density of 89 
clumps/ha. 

As the final step in the revegetation effort, the ESF was irrigated using hand­
moved sprinklers from March to June 1989. Irrigation was done at the end of each 

month sufficient to make the cumulative precipitation on the site reach 2.5 em/mo. 
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METHODS FOR DETERMINING REVEGETATION SUCCESS 

Determination of the success of reclamation of mined lands is generally based 

upon measures of species diversity, productivity, and wildlife usage at the reclaimed 

site (Hansen 1976). Specific diversity, productivity, and wildlife usage goals are 

generally set based on undisturbed reference areas located in regions similar to the 

site being reclaimed. In the BWIP reclamation effort, no direct attempt was made to 

re-establish original species diversity patterns due to the short time period over 

which reclamation was to be completed, nor were efforts directed at mimicing the 

productivity of undisturbed habitats. In desert ecosystems, productivity is a function 

of available nitrogen (Lajtha and Schlesinger 1986), water, and species composition 

(Rickard and Vaughan 1988). Water and nitrogen levels may be artificially elevated 

as a consequence of reclamation practices such as the addition of fertilizers, 

irrigation, and water harvesting features of the micro-landscape. These factors will 

temporarily elevate productivity above that expected in the mature community; 

thus, productivity is a poor method for estimating reclamation success unless such 

is measured a number of years after all reclamation efforts on the site have ceased. 

Wildlife usage of shrub-steppe systems is primarily a function of vertical 

structure (Rosenzweig 1973; Rotenberry and Wiens 1980). Suitable understory 

plants, such as Sandberg bluegrass, are required as a primary food source, and a well­

established shrub cover is also required by most species of birds and mammals as 

nesting sites and refuges from heat and avian predators. Some bird species, such as 

the western meadowlark (Sturnella neglecta) and the horned lark (Eremophila 
alpestris), do not require shrub cover; others, such as the long-billed curlew 

(Numenius americanus), require open grassland in which to nest, but also require 

nearby shrub communities in which to rear their young. Shrub growth may be 

quite slow such that little vertical diversity would be apparent on any BWIP 

reclamation site within 5 years of reclamation. Wildlife usage of a particular patch 

of habitat is constrained both by the habitat on the patch in relation to the 

surrounding area and by the size of the patch. Small grassland patches within a 

larger shrub-steppe community may show no differences in wildlife usage for any 

save the smallest species. Consequently, wildlife usage may be a poor measure of 

reclamation success of a given site, at least within the first 5 to 10 years. 

Two methods are used to estimate the success of reclamation efforts for the 

BWIP Reclamation Project: trend analysis and spatial analysis of plant counts or 
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cover per unit area. These analytical methods are applied to data on cover and 

density of seeded and planted species relative to the occurrence of the same species 

in nearby control areas. 

Data were gathered over 2 years in control areas and over 1.5 years in 

revegetated areas to compare trends occurring on the revegetated areas with those in 

undisturbed habitats nearby. Examination of trends on the two types of areas allows 

estimation of the eventual outcome of reclamation with regard to the average 

density of species planted or seeded on the site. Spatial analyses are used to compare 

the spatial variability in plant counts and cover. A successful reclamation site 

should resemble the undisturbed habitat both in terms of the average density of 

revegetated plants as well as in terms of their spatial distribution. For example, 

much of a reclaimed area could be barren of seeded species, yet have a few patches of 

very high (and unsupportable) density seeded species. Average density values may 

be similar between reclaimed and undisturbed sites, yet the sites may appear very 

different as a result of the differences in spatial characteristics. 

The vegetative community was assessed in the least disturbed habitat near the 

site. On May 11, 1988, four plots were located at the ESF site: one west of RRL-2B, 

one north of the ESF, and two west of the ESF. Sampling locations consisted of 10-

by 10-m plots located at least 10m from the edge of the reclamation site. Plots were 

marked with wooden stakes bearing the site and location designations. Canopy 

cover of grasses and shrubs was measured along the side of the plot nearest the 

disturbed area. Plant cover was measured using the point-interception method 

(Goodall1953) by means of an optical point bar. The bar consists of 10 ocular scopes 

with crosshairs. Species were recorded whenever they intersected the view beyond 

the crosshairs. Sampling using the optical point bar was repeated at 1-m intervals 

starting 1 m from one corner of the plot. Percentage cover for any species at any 

sampling location was therefore simply the sum of the point interceptions for that 

species at that location. Shrub density was determined by counting all shrubs, by 

species, within the plot. Finally, all species present wit~n the plot were tallied. 

Plots were sampled for cover on May 11 and June 21, 1988; April6 and June 12, 1989; 

and January 11 and March 23,1990. Sometime between May 11 and June 21, 1988, 

the stakes marking the plot at borehole RRL-2B were removed, and the original plot 

could not be relocated. Consequently, a fifth plot was added at that time south of the 
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ESF. Plots were sampled for shrub density on May 11, 1988; June 12, 1989; and March 
23,1990 . 
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CHARACTERIZATION OF UNDISTURBED HABIT AT 

Annual species composed 41.8% of the total cover on undisturbed plots, while 
perennial species composed 15.0% (Table 1). Plant cover was dominated by 
cheatgrass, which covered over 38% of the land surface during the 2 years of 
monitoring. The perennial shrubs big sagebrush and grey rabbitbrush were the 
second and third most abundant species in terms of cover. The most common 
native grasses in terms of cover were Sandberg bluegrass, Indian ricegrass, and 
bottlebrush squirreltail, although none averaged more than 0.1% cover. The most 
common forb was turpentine cymopterus . 

The percentage cover data were examined for statistically significant differences 
among plots and species and over time using a repeated-measures design Analysis 
of Variance with angular-transformed percentage cover as the dependent variable. 
Angular transformations of the data were necessary, to produce conformation to a 
normal distribution, which is an assumption underlying Analysis of Variance. 

TABLE 1. Average Percentage Cover and Coefficients of Variation for Species on ESF Control Plots 

~ 

~2mm2n t:hm~ Sus;i~E H1l2i1 Avm:ll' 
Cheatgrass BromJU tectorwn Annual 38.4 
Big sagebrush Artemisia tridenlala Perennial 7 .7 
Grey rabbitbrush Chrysothanatuu nauseosus Perennial 6.5 
Turpentine cymopterus Cymopterus terebinthinus Annual 2 .4 
Matted cryptantha Cryptanlha circ1U71Cissa Annual 0 .7 
Green rabbitbrush Chrysotl&am!aMs viscidiflorus Perennial 0 .5 
Jagged chickweed Holostewn llmbellatwn Annual 0.1 
Bonlebrush squirreltail Sitanion hystrix Perennial 0 .1 
Indian ricegrass Oryzopsis hymenoides Perennial 0 .1 
Sandberg bluegrass Poa sandbergii Perennial 0.1 
Bur ragweed Ambrosia acanlhicarpa Annual 0 .05 
Spring whitlowgrass Drabaverna Annual 0 .05 
Russian thistle Salsola kali Annual 0.05 
White-stemmed globe-mallow Sphaeralcea nuuaroana Annual 0 .05 
Needle-and-thread S,!8SS St~e.a comata Perennial 0.05 

AVERAGE Perennial 2.14 
AVERAGE Annual 5 .21 

(a) CV=Temporal Coefficient of Variation for Cover Data Transformed as: Y'=arcsin(sqrt(Y+0.05)) 
(b) CV=Spatial Coefficient of Variation for Cover Data Transformed as: Y'=arcsin(sqrt(Y+0.05)) 

15 

~Qv~r 

~ ~ 
8.9 16.7 
8.2 23.8 
3.6 32.0 

16.9 19.2 
9.1 11.0 
4.3 7 .3 
2 .0 1.5 
2 .0 1.5 
1.3 1.5 
1.3 0 .9 
1.0 0 .7 
1.0 0 .7 
1.0 0 .7 
1.0 0 .7 
1.0 0 .7 
3.10 9 .67 

5.13 6.40 



Because no data were available for Plot RRL-2B after May 11, 1988, this plot was 
excluded from the analysis. Also, plot species averages were included for the May 

11, 1988, sampling of Plot ESF #4, which was not actually first examined until June 

21, 1988. Employment of plot averages allows use of the remaining data from Plot 

ESF #4 without biasing the analysis. 

There were no significant differences between plots in terms of their overall 
average plant cover [i.e., no plots were more barren or lush than others (Table 2)]. 

As expected, species were significantly different in their relative cover. Variance 

associated with sampling date (temporal pattern) and plot (spatial pattern) were 

approximately equal (see Mean Square in Table 2). Spatial variation accounted for 

17.6% of the residual variance in percentage cover that was unexplained by species 
identity, and temporal variation accounted for 10.6%. Spatial-temporal interaction 

accounted for only 1.4% of the residual variance. The interaction between sampling 

date and species was not large, but was highly significant. Examination of a plot of 

sampling date by percentage cover by species shows that this effect was a 

consequence of some species (primarily the annual cheatgrass) exhibiting wide 

differences in cover with time, while others did not (Figure 3). Examination of 
coefficients of variation (standard deviation/mean) show that annual species, as 

expected, were generally more variable over time than were perennial species (Table 

1). Turpentine cymopterus, for example, had less than 1% cover in 1988, but 

TABLE 2. Repeated Measures Analysis of Variance of Percentage Cover for Species on ESF Control Plots<a) 

Sum of 
Source ..s!L Sguwes<hl Mean Sauare ~ ~ 

Plot 3 0.014 0.005 0.286 0.8354 
Species 14 5.496 0.393 23.261 0.0001 
Subject( Group) 42 0.709 0.017 
Sample Date 5 0.013 0.003 3.468 0.0049 
Sample Date • Plot 15 0.006 0.0004 0.519 0.9284 
Sample Date • Species 70 0.134 0.002 2.491 0.0001 
Sample Date • Subject(Group) 210 0.161 0.001 

(a) Cover Data Transformation: Y'=~rcsin(sqrt(Y·HW5)) 
(b) Type ID Sum of SqullCS 
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averaged over 3% over the remaining years. Despite such differences, no species 
exhibited a significant trend in percentage cover across years (Figure 3). 

The most common shrub in terms of average density was grey rabbitbrush, 

followed by big sagebrush, green rabbitbrush, and spiny hopsage (Table 3). 
Differences among plots, species, and years were examined using repeated-measures 

Analysis of Variance of log-transformed density data. Because Plot RRL-28 was only 

measured once, it was excluded from this analysis. Temporal variation in shrub 

density was found to be statistically insignificant (Table 4). Thus, little in the way of 

reproduction or mortality occurred among any of the shrub species monitored 
during the 2 years of this study. 

Although also insignificant statistically, spatial variation in total shrub cover 

was some four orders of magnitude greater than temporal variation. Spatial 

variation was highest for spiny hopsage, which occurred only once on one 100-m2 

plot (Table 3). The shrub with the least spatial variability was big sagebrush, which 

TABLE 3. Average Shrub Count per 100m2 and Coefficients of Variation for Species on ESF Control Plots 

Specjes Average cv(a) 

Grey rabbitbrush 76.6 1.94 
Big sagebrush 11.3 2.81 
Green rabbitbrush 2.7 8.62 
Spiny hopsage 0 .2 0 .00 

(a) CV=Temporal Coefficient of Variation for Cover Data Transformed u: y·=log(Y.t0.9) 
(b) CV=Spatial Coefficient of Variation for Cover Data Transformed u: Y'=log(Y-+0.9) 

cv(b) 

97 .64 
63.27 

132.79 
758.05 

TABLE 4. Repeated Measures Analysis of Variance of Shrub Density per 100 m2 on ESF Control Plots<a> 

Sum of 
Source ..H. Squares® Mean Sauare ~ ~ 

Plot 3 6.521 2.174 0.929 0.4824 
Species 2 2.470 1.235 0 .528 0 .6151 
Subject( Group) 6 14.044 2.341 
Sample Date 2 0.005 0.003 0 .486 0.6264 
Sample Date • Plot 6 0.031 0.005 0.918 0 .5148 
Sample Date • Species 4 0.011 0.003 0.482 0.7489 
Sample Date • Subject(Group) 12 0 .067 0.006 

(a) Density Data Transformation: Y'=log(Y -+0.9) 
(b) Type ill Sum of Squares 
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.. 
occurred in 4 of the 5 plots (Figure 4). Thus, the shrub assemblage in the 
undisturbed habitat is one in which big sagebrush is the most common shrub. Grey 
rabbitbrush occurs sporadically at occasionally extremely high densities. Green 
rabbitbrush co-occurs with grey rabbitbrush, but at less than 4% of the density. Spiny 
hopsage is rare. 

The habitat surrounding the ESF can therefore be characterized as a big 
sagebrush/ cheatgrass community in which native grasses occur sparsely. The 
aggressive alien cheatgrass is the predominant species of the understory. Other 
successional species such as Russian thistle are present in some areas, but they are a 
very minor component of the community. Grey rabbitbrush is locally abundant and 
tends to occur with green rabbitbrush. Spiny hopsage is scarce and never abundant 
even locally. 
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.. 
CHARACTERIZATION OF REVEGETA TED HABIT AT 

Revegetation success was assessed using a variety of methods. Grass growth and 
density were measured using a random sampling of 60 plot frames (0.25 m2) located 

across the ESF. All plants growing within the plot frames were counted by species by 
the number of leaves present. Average height of each species was also recorded. 

Vegetative growth was measured on March 30 and December 27, 1989. Seeded 
shrubs were too immature in March to allow differentiation between seeded shrubs 

and volunteer dicot herbs; consequently, all observations of dicots were classed as 
Forb in March 1989. No shrubs were encountered in the counting plots in 

December. On April 16, 1990, 10 permanent 10-by-10-m plots were established on the 

ESF: 9 on the former area of the pad and one on the mound. Shrub species 

occurring within these plots were counted on that date. For the purposes of 

statistical analyses, counts of plants were transformed to logs and counts of leaves 
were transformed to inverse square roots to normalize distributions and eliminate 

correlations between means and variances. 

Density of surviving spiny hopsage tubelings was determined by walking east­
west transects across the ESF area, noting the number of planted shrubs along the 

transect and indicating which appeared alive and which did not. Transects were 

approximately 250 m by 5 m; thus, an area of 0.125 ha was sampled by each transect. 

Eight transects were surveyed on July 13, 1989, and 6 on April 18, 1990. 

Estimation of plant cover on the revegetated area could not be done using the 

optical point scheme for two reasons. First, plants were not distributed randomly 
over the ESF; instead, they occur in regularly spaced rows. The optical point bar 

samples in equally spaced increments, rather than at random increments; thus, data 
collected from such a scheme would be biased toward the extremes of the sampling 

space. Second, plants on the ESF were both immature and unnaturally spaced (i.e., 
they often occurred in extremely high densities along furrows, but had not spread 

outside those furrows). As these plants develop, competition will reduce density 

along the furrow. Also, plants will spread to cover more area outside the furrow 

itself. Because little of the ESF surface comprised furrows, point sampling of any 

kind would underestimate expected cover by mature plants. Cover was therefore 

estimated using a 0.25-m2 plot frame divided by string into 25 squares each 0.01 m2 

in size. The sizes of the squares correspond to the average areal cover of a mature 
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Sandberg bluegrass plant; therefore, this plot frame samples "mature" cover 
equivalent to the cover estimations of mature plants that were obtained in 

undisturbed habitat. This frame was located randomly within three strata on the 

ESF, such that 23 frames were sampled on the ESF access road, 32 frames were 

sampled on the ESF proper, and 8 frames were sampled on the ESF mound. Species 

occurring within the frames were recorded by the number of squares in which they 

occurred. Cover sampling was conducted on April20, 1990. For statistical analyses, 

cover data were transformed to arcsine square roots to meet the necessary 
assumptions of the tests. 

Sandberg bluegrass density was higher, on average, than bottlebrush squirreltail 

density during both surveys (Table 5). Both Sandberg bluegrass and bottlebrush 
squirreltail exhibited similar and significant declines in numbers in the 9 months 

between the first and last assessment (Table 6). Spatial variation increased for both 

species between the first and last surveys, indicating distributions had become more 
patchy as a consequence of mortality (Table 5). The survey interval covered the 

most stressful portion of the year for plants on the Hanford Site (i.e., summer heat 

and drought). Cold season grasses become dormant during this period, relying for 
survival on metabolic stores generated during the preceding cool months. A severe 
low-temperature event occurred during February 1989, which burnt the above­

ground portion of most plants established on the ESF. Plants thus had to employ 

stored energy and structural components to regenerate lost tissue, which probably 
left many in poor condition to enter dormancy. 

TABLE 5. Average Plant Density per 0.25 m2 and Coefficients of Variation for Plants Growing on ESF 

Sampling Date Species Average cy(a) 

March 30, 1989 Sandberg bluegrass 43.45 42.14 
December 27, 1989 Sandberg bluegrass 4.03 91.18 

March 30, 1989 Bottlebrush squirreltail 11.12 48.40 

December 27, 1989 Bottlebrush squirreltail 0.57 518.75 

March 30, 1989 Forb 1.18 34.59 

(a) Density Data Transformation: Y'=log(Y +0.9) 
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TABLE 6. Analysis of Variance of Grass Density per 0.25 m2 on the Revegetated Esp(a) 

Sum of 
Source ..51L Sguares® Mean Sguare ~ ~ 

Date 1 18.286 18.286 96.925 0.0001 
Species 2 12.773 6.387 33.852 0.0001 
Date • Species 1 0.0003 0.0003 0.002 0.9669 
Residual 191 36.034 0.189 
1UfAL 195 92.556 

(a) Density Data Transformation: Y'=log(Y -+{1.9) 
(b) Type ill Sum of Squares 

This interpretation is borne out by analysis of plant height changes during the 
same interval (Table 7). In the March survey, Sandberg bluegrass was taller, on 

average, than when measured in December (Table 8). During the same interval, 
bottlebrush squirreltail gained one third in height, indicating that Sandberg 

bluegrass probably suffered more damage as a consequence of the freezing 

temperatures. Not all Sandberg bluegrass plants suffered equally; many remained 
unaffected (hence the larger Coefficient of Variation for the December 

measurement). 

TABLE 7. Analysis of Variance of Grass Height on the Revegetated ESF 

Source 

Date 
Species 
Date • Species 
Residual 
1UfAL 

.J1L 

1 
2 
1 

119 
123 

(a) Type ill Sum of Squares 

Sum of 
Sauarey(a) Mean SQuare ~ 

3.133 3.133 5.526 
27.875 13.938 24.581 

3.656 3.656 6.448 
67.474 0.567 

102.138 

TABLE 8. Heights of Grasses Seeded on ESF 

Sampline Date Species Averaee 

March 30, 1989 Sandberg bluegrus 2.09 
December 27, 1989 Sandberg bluegrus 2.05 
March 30, 1989 Bottlebrush squirreltail 3.00 
December 27, 1989 Bottlebrush squirreltail 4 .00 
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0.0204 
0.0001 
0.0124 

cv 

31.47 

44.08 
25.46 

21.65 



Surviving plants set new leaves and expanded their basal areas during the 

interval between measurements. Both species averaged more leaves in December 
than they had the previous March (Table 9). Bottlebrush squirreltail performed 

considerably better than Sandberg bluegrass (Table 10). Surviving bottlebrush 

squirreltail plants nearly doubled the number of leaves per plant, while Sandberg 

bluegrass only experienced a 25% increase. 

Most of the species seeded on the ESF managed to establish themselves during 

the first full year after seeding. The most successful revegetated plant in terms of 

average percentage cover as measured in April 1990 was Sandberg bluegrass, 
followed by bottlebrush squirreltail (Table 11). Shrubs had the lowest cover. Green 

rabbitbrush seedlings have not been discovered on any of the assessment plots. 

Spatial variation was extremely high for all species. 

TABLE 9. Average Number of Leaves per Plant and Coefficients of Variation for Plants 
Growing on ESF 

Samplin Date 

March 30, 1989 

December 27, 1989 
March 30, 1989 
December 27, 1989 

Species 

Sandberg bluegrass 
Sandberg bluegrass 
Bottlebrush squirreltail 

Bottlebrush squirreltail 

(a) Leaf Number Data Transformation: Y'=1/VY 

A verne cy(a) 

1.6 6.77 
2.0 18.07 

2.0 4.38 
3.6 25.24 

TABLE 10. Analysis of Variance of Grass Leaf Number on the Revegetated ESf(a) 

Source 

Date 
Species 
Date • Species 
Residual 
rorAL 

..d.L 

1 
2 
1 

119 
123 

(a) Leaf Number Data Transformation: Y'=1NY 
(b) Type ID Sum of Squares 

Sum of 
Sguares(b) 

0.056 
0.210 
0.027 
0.889 
1.182 

24 

Mean Square ~ f:YIW£ 

0.056 7.468 0.0072 
0.105 14.135 0.0001 
0.027 3.655 0.0583 
0.007 
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TABLE 11. Average Percent Cover and Coefficients of Variation for Seeded Plants Growing on ESF 

Specjes Averue cv(a) 

Sandberg bluegrass 14.79 83.96 
Bottlebrush squirreltail 3.62 111.45 
Grey rabbitbrush 0.89 181.63 
Big sagebrush 0.44 182.86 
Green rabbitbrush 0.0 0.0 

(a) Percent Cover Data Transformation: Y'=arcsin(sqrt(Y+<>.o5)) 

Spatial variability was examined in more detail by examining percentage cover 
according to the general location in which the sample was taken (i.e., the access road, 
the main pad, or the mound area). Percentage cover for each of the seeded species 
within these areas was examined using contrast analysis in which cover on the 
mound area was compared to cover elsewhere. The mound area supported many 
fewer species than did the remainder of the ESF (Table 12). Although no big 
sagebrush or grey rabbitbrush was found on the mound, cover by these species was 
generally so low that the contrast was not statistically significant. The access road 
was the only area in which big sagebrush seedlings occurred in the cover 
assessment. 

Seeded species were not the most abundant plants on the reV'egetated areas. 
Cheatgrass and Russian thistle were the two most abundant species (Table 13). 
Cover by cheatgrass was highest on the access road and least (absent) on the mound. 
Russian thistle cover was highest on the pad and least on the mound. The only 
species present on the mound were Russian thistle and Sandberg bluegrass. 

Shrub counts were highest overall for grey rabbitbrush as determined from 
counts on the 10 permanent plots (Table 14). The second most prevalent shrub in 
terms of density was spiny hopsage, which was planted rather than seeded. 
Approximately one third fewer spiny hopsage were alive in April 1990 than had 
been found alive in July of the previous year. Much of this mortality was 
apparently due to grazing by blacktailed jackrabbits (Lepus californicus). Big 

sagebrush did poorly, as noted earlier, and had an extremely patchy occurrence. 
Green rabbitbrush was not observed. No shrubs occurred on the mound area. 
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TABLE 12. Average Percent Cover and Coefficients of Variation for Seeded Plants According to 
Location on ESF 

Location Species Averaee 

Access Road Sandberg bluegrass 13.22 

Bottlebrush squirrelta.il 3.48 

Grey rabbitbrush 0.87 

Big sagebrush 1.22 

Green rabbitbrush 0.0 

Main Pad Sandberg bluegrass 18.25 
Bottlebrush squirreltail 4.62 
Grey rabbitbrush 1.12 

Big sagebrush 0.0 

Green rabbitbrush 0.0 

Mound Sandberg bluegrass(b) 5.50 

Bottlebrush squirreltaiJ(c) 0.0 

Grey rabbitbrush(d) 0.0 

Big sagebrush(e) 0.0 
Green rabbitbrush 0.0 

(a) Percent Cover Data Transformation: Y'=arcsin(sqrt(Y+0.05)) 
(b) Contrast analysis, Mound vs. other: F1,6o=4.733, P=0.0335 
(c) F1,60=5.205, P=0.0261 
(d) F1,60=0.866, P=0.3558 
(e) F1,60=0.547, P=0.4624 
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63.80 
115.75 

122.58 
180.70 

0.0 
82.73 
94.44 

230.43 
0.0 
0.0 

182.81 
0.0 

0.0 
0.0 
0.0 
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TABLE 13. Average Percent Cover of Volunteer Plants Growing on ESP in April1990 

Location Species Avenee 

Access Road Bm ragweed 0.0 
Astragalus sp 0.17 
Cheatgrus 69.22 
Tansy mustard (DescwaniiJ pinliaJa) 0.17 

Broom buckwheat (Eriogonwn viminiwn) 0.17 

Prickly lettuce (Lactuca se"iola) 0.17 
Hoary aster (MachiJeranlhera canescens) 0.35 
Russian thistle 17.04 

Main Pad Bm ragweed 
Astragalus sp 

Cheatgrass 

0.12 

0.0 
2.75 

0.50 
0.0 
0.38 

0.0 

Moi.Dld 

Tansy mustard 
Broom buckwheat 

Prickly lettuce 
Hoary aster 

Russian thistle 
Bmragweed 
Astragalus sp 

Cheatgrass 
Tansy mustard 
Broom buckwheat 

Prickly lettuce 
Hoary aster 

Russian thistle 

28.25 
0.0 

0.0 
0.0 
0.0 
0.0 

0.0 

0.0 
6.00 

TABLE 14. Average Shrub Count per 100m2 and Coefficients of Variation for 
Revegetated Shrubs on ESP 

Specjes Avexaee cv(a) 

Grey rabbitbrush 3.00 69.51 
Big sagebrush 0.10 771.20 
Green rabbitbrush 0.00 0.00 
Spiny hopsage 1988 (Planted) 2.67 
Spiny hopsage 1989 1.16 37.76 
Spiny hopsage 1990 0.77 33.50 

(a) Density Data Transformation: Y'=log(Y.t0.9) 
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COMPARISON OF REVEGETA TED AREAS 
WITH UNDISTURBED HABITAT 

In terms of average cover, both seeded grass species on the ESF compared 
favorably at the end of their first full year of growth with their counterparts in the 

neighboring undisturbed habitat. Cover by Sandberg bluegrass averaged over 100 
times that in the surrounding habitat; average cover of bottlebrush squirreltail was 
even higher. Bottlebrush squirreltail is a common species throughout the shrub­

steppe on the Hanford Site in that it occurs in most 1Q-by-1Q-m samples in most 

habitats (Brandt et al. 1990b). However, generally only one to several plants occur 
within these samples, composing generally less than 0.5% of total cover. Cover by 

both species was similar on the access road and main pad of the ESF. Cover by 
Sandberg bluegrass on the mound also averaged higher than in the surrounding 

habitat. No bottlebrush squirreltail occurred on the mound. 

Growth by native grasses on the ESF was significantly more patchy than in the 

surrounding undisturbed habitat. Spatial coefficients of variation for Sandberg 

bluegrass were two orders of magnitude greater on the access road and the former 

ESF pad area than in undisturbed areas. Spatial variability on the mound was 200 

times that of undisturbed habitat and over twice that of other areas on the ESF. 

Plant numbers of both seeded grasses exhibited marked declines during the first 
year after seeding. Sandberg bluegrass numbers dropped by an order of magnitude 

on the revegetated area, but showed no significant change during the same period 

on undisturbed areas. Bottlebrush squirreltail numbers declined even more 

precipitously on the revegetated site, but showed no change in the undisturbed 
areas. Even so, the average density of this plant on most of the revegetated site in 

December 1989 was several orders of magnitude greater than that in the 
surrounding area. The mound area supported insufficient numbers of both species 
relative to undisturbed areas. 

Shrub numbers and percentage cover were both significantly lower on the ESF 

than in the surrounding habitat for all species except spiny hopsage. Seeded shrubs 

performed much poorer than did spiny hopsage, which was planted from tubeling 

stock. Grey rabbitbrush was the most common species in terms of average density 

on both the ESF and in undisturbed habitat, although its density on the ESF 

averaged over 20 times less than in undisturbed habitat. This species occurred in 
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greatest abundance on the ESF pad area and not at all on the mound. Patchiness on 

the revegetated sites matched that of the undisturbed habitat, as evidenced by the 
similar coefficients of spatial variation for the two habitats (see Tables 3 and 14). 

Big sagebrush numbers averaged some 100 times less on the ESF than in 

undisturbed habitat, although plants were far from evenly distributed. No big 
sagebrush was found in any of the cover assessment plots on the ESF pad or mound, 

and only one plant was found in the nine permanent plots on the ESF pad. No 

plants were found on the mound. Consequently, spatial variability for this species 
was much higher on the revegetated site than in the surrounding habitat. 

No green rabbitbrush has been detected on the ESF. This is in contrast to an 
average density of 2.7 plants/100 m2 in the undisturbed community. 

Spiny hopsage density on the ESF was over three times that in the surrounding 

habitat in April 1990. Spatial distribution was much more even on the ESF as well. 

However, no plants were detected on the mound. 
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ASSESSMENT OF REVEGETATION SUCCESS 

On average, seeded grasses performed well on the ESF. Despite severe mortality 
induced by extreme weather during their first winter of growth, grasses continued to 
expand their basal areas through the production of new leaves and to gain height. 
However, coefficients of spatial variability were extremely high. These extreme 
values quantify the visual impression that a few areas of the ESF support 
exceptional stands of seeded grasses, while others support no grasses at all. The 
mound area is a case in point: this area was nearly barren of all vegetation, seeded 
or volunteer, at the last assessment in April 1990. Cover by alien annuals, 
particularly Russian thistle, was quite high on the revegetated sites, but within the 
range expected (Figure 5). Cheatgrass cover was low, as expected, but will likely 
increase dramatically within the next year. 

Some mortality was expected to occur as a consequence of competition among 
neighboring plants. However, the magnitude of the decrease was not expected (see 
Figure 5) and is presumed to be primarily a consequence of the extreme conditions 
these plants experienced during their first winter. Another factor contributing to 
this decline is soil moisture differences around the site. The mound area soils 
comprise gravel spoil material with a large sand fraction (Brandt et al. 1990a). This 
material has very low water holding capacity (Bradshaw and Chadwick 1980). 
Similar material may be found in the former mud pit area. Soil moisture is 
commonly the principal factor limiting productivity in the northwestern shrub­
steppe plant communities (Sneva 1978). Competition for moisture occurs most 
heavily between species that draw water from similar depths in the soil column. 
Competition will thus be intraspecific among seeded grasses and interspecific 
between seeded grasses and alien annuals, primarily cheatgrass. Russian thistle is a 
warm-season plant with a long tap-root. Consequently, its main period of growth 
and moisture use occurs well after the cool-season species have ceased production. 

Competition for moisture is expected to continue, resulting in greater thinning 
of the seeded grasses. Assuming that an exponential decay function (i.e., Nt=N0 ert 
where Nt= number at timet, No= number at time 0, r=population growth rate, and 
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FIGURE 5. Successional Profiles Expected at the ESF (modified from DePuit 
and Redente 1988) 

t=time) describes the change in plant numbers per unit time [this function is 

standard for growth or survivorship functions over time for biological populations 

(e.g., Clow and Urquhart 1984)], Sandberg bluegrass on the ESF would be expected to 

reach a density similar to that in undisturbed habitat (approximately 300 plants per 
0.25 m2) within the next year (Figure 6), based on the loss rate measured between 
spring and winter 1989 (r= -0.2 plants/mo). Bottlebrush squirreltail would reach a 

density equivalent to that in the surrounding habitat (-2 plants/100 m2)within a 
year, based on the observed rate of decline in numbers (r=-0.25 plants/mo). This rate 
of decline will be mitigated by reproduction by established plants on the ESF, as well 

as by increased hardiness in surviving plants. At the present time, there are no 

direct means of predicting the equilibrium population density or future cover. 

Density of seeded shrubs was well below that in the surrounding habitat. Green 

rabbitbrush is totally absent from the revegetated areas. However, shrubs are more 
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likely to be able to increase their numbers within the next few years as a 

60 

consequence of establishment from seed produced by mature plants nearby. Rates of 
shrub regeneration within the shrub-steppe have not been studied. Without at least 

another growth season of monitoring, it is not possible to provide estimates of 

eventual shrub density on the site. 

Although spiny hopsage numbers were consistent with the surrounding area in 
April 1990, it is doubtful that they will remain so. Mortality rates averaged over 50% 

during the first several months after planting (Brandt 1990a) and continued to be 
nearly 34% over the next 9 months. Again assuming an exponential decay function 
describes the mortality of these shrubs, their density would decline to below the 

numbers in the surrounding habitat (20 plants/ha) within the next 2 years (Figure 
7), using the average rate of decline in numbers over the period since the shrubs 
were planted (r= -0.11 plants/mo). 
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In summary, the grass cover at the ESF is within the reclamation objective in 
terms of average cover, but not in terms of evenness of cover. Many large areas 

(greater than 0.5 ha each) are without any native grasses. The mound area is 

significant in that respect, being nearly devoid of all plant cover of any kind. Based 
on previous experience of secondary succession at the Hanford Site (Rickard and 
Sauer 1982), it is unlikely that native grasses will re-establish on these patches 

without intervention. The magnitude of the decline-in density during the first year 
and a half after seeding was unexpected. Without longer-term assessment, it will 

not be possible to determine whether this trend will continue. Shrub density is 
currently below the objective set for the site for all species in all areas. There are no 

data to allow estimation of the likelihood of natural recolonization by shrubs. 
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