
REVEGETATION RESEAReR 
ON OIL SHALE LANE)S 
IN THE PICEANCE BASIN 

RESEARCH REPORT 
BY 
COLORADO STATE UNIV ERSITY 

COO -4018-5 

Report Submitted to 
u. S. Department of Energy 
Februa ry 1981 



COO-4018-5 

Revegetation Research on Oil Shale Lands 
in the Piceance Basin 

EDWARD F, REDENTE 
AND 

C, WAYNE COOK 

DEPARTMENT OF RANGE SCIENCE 
COLORADO STATE UNIVERSITY 

FORT COLLINS 1 COLORADO 80523 

Submitted 

February 1981 

Prepared for 

u.S. Department of Energy 
Under Contract No. DE-AS02-76EV04018 

Entitl ed 

REHABILITATION POTENTIAL AND PRACTICES FOR COLORADO OIL SHALE LANDS 
PROGRESS REPORT 1980-1981 



ABSTRACT 

The overall objective of this project is to 
study the effects of various reclamation practices 
on above- and belowground ecosystem development 
associated with disturbed oil shale lands in north-
western Colorado. Plant growth media that are 
being used in field test plots include retorted 
shale, soil over retorted shale, subsoil materials, 
and surface disturbed topsoils. This project was 
initiated in June 1975 and is presently reporting 
on fifth-year data. 

Satisfactory stands of vegetation failed to 
establish on unleached retorted shale during two 
successive years of seeding (1977 and 1979). Only 
salt-tolerant species produced any measureab1e bio-
mass during the second year's planting (1979), and 
these produced less than 200 kg/ha. Straw mulch 
and additions of nitrogen and phosphorus had little 
effect upon establishing vegetation on retorted 
shale. Coverings of topsoil over retorted oil 
shale (30 cm, 61 cm, and 91 cm) showed increased 
herbage production from seeded species, both native 
and introduced, with increased depth of soil cover-
ing. All seedings with soil over retorted shale 
were judged to be successful at the end of three 
growing seasons, but deep-rooted shrubs that depend 
upon subsoil moisture may have their growth ham-
pered by the retorted shale substrate. 

Natural revegetation on areas with various 
degrees of disturbance shows that natural invasion 
and succession was slow at best, but invading 
species and biomass production was greatest on the 
least disturbed and least on the most severely 
disturbed soils. Plants that are nonmycorrhiza1 
appear to be the first invaders on severely dis-
turbed areas. Yearly environmental fluctuations 
and severity of disturbance appear to be the pri-
mary factors in determining rates of natural inva-
sion and succession on disturbed native rangelands. 

Invasion of species on disturbed topsoil plots 
showed that after three years introduced seed mix-
tures were more effective than native mixtures in 
occupying space and closing the community to 

invading species. Fertilizer appears to encourage 
the invasion of annual plants even after the third 
year following application. 

Long-term storage of topsoil without vegetation 
significantly decreases the mycorrhizal infection 
potential and, therefore, decreases the relative 
success of aboveground vegetation and subsequent 
succession. Severe disturbance of soils, use of 
fertilizer, and soil stockpiling can all adversely 
affect the microbial processes essential for estab-
lishment of plant communities in mined land recla-
mation. In general, treatments that increase the 
production of organic matter in the soil increase 
microbial activity. Microbiological activity in 
retorted oil shale is minimal and shows a direct 
negative effect when mixed with topsoil. 

Ecotypic differentiation related to growth and 
competitive ability, moisture stress tolerance, 
and reproductive potential have been found in five 
native shrub species. From this work it is possi-
ble to predict the appropriate species combinations 
or ecotypes that are best suited for different 
landscape reclamation. 

Germp1asm sources of two grasses and two 
legumes, that have shown promise as revegetation 
species, have been collected and evaluated for the 
production of test seed. Suitable breeding pro-
cedures are being used to develop improved strains 
which will eventually increase the availability of 
native plant materials for disturbed land reclama-
tion. 

The use of fertilizer in the reclamation of 
disturbed soils remains questionable. Fertilizer 
(nitrogen) when added to the soil at the time of 
planting may encourage competition from annual weeds 
to the detriment of seeded species. Likewise, fer-
tilizers may promote grass growth to the extent that 
it decreases the growth of other life forms. Heavy 
applications of nitrogen are lost from the soil and 
are, therefore, not as suitable as smaller annual 
applications following seedling establishment. 

NOTICE 
This report was prepared as an account of work sponsored by the United States Government. Neither the United 
States nor the United States Department of Energy, nor any of their employees, makes any warranty express or 
implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product or process disclosed or represents that its use would not infringe privately 
owned rights. 
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EFFECTS OF PLANT SPECIES~ SOIL MATERIAL~ AND CULTURAL PRACTICES UPON 
PLANT ESTABLISHMENT AND SUCCESSION 

Edward F. Redente, Ted B. Doerr, Carl B. Mount, Carolyn E. Grygiel, 
Thomas E. Sievers, and Mario Biondini 

Department of Range Science 
Colorado State University 

Fort Collins~ Colorado 80523 

OBJECTIVES 

This subproject has several interrelated objec-
tives directed toward the establishment of diverse, 
functional, and self-sustaining ecosystems with a 
minimum input of amendments. The results from this 
subproject will ultimately serve to provide pro-
cedures for establishing effective plant communi-
ties on lands disturbed by oil shale mining and 
retorting processes. Various plant species mixtures 
(native and introduced), planting techniques, fer-
tilization treatments, mulch, and irrigation are 
being tested on disturbed soils, retorted oil shale, 
and soil over retorted shale material. The spe-
cific objectives of the research include: (1) de-
termining proper seeding practices of potentially 
usable mixtures of plant species and their rela-
tionship to cultural practices such as fertiliza-
tion, irrigation, and mulching, (2) determining the 
rate and direction of plant succession on disturbed 
topsoil, subsoil, overburden, retorted shale, and 
retorted shale overlain by soil as influenced by 
natural invasion, species mixtures, and cultural 
practices, and (3) determining proper management 
procedures for long-term stabilization and reclama-
tion of retorted shale materials. 

RESULTS TO DATE 

Direct Revegetation of Retorted Shale 

Introduction 

In the fall of 1979 the treatment using no top-
soil covering over retorted shale was refertilized 
and reseeded to make a second attempt at establish-
ing a viable plant community. For this reason, the 
Shale-to-Surface treatment was not included in the 
Retorted Shale Successional Study analysis ,but 
rather is included in this study. 

The Shale-to-Surface panel was refertilized 
with three combinations of nitrogen and phosphorus 
which were: 

1. 56 kg N/ha, 672 kg P/ha 

2. 56 kg N/ha, 448 kg P/ha 

3. 56 kg N/ha, 224 kg P/ha 

High rates of phosphorus were chosen because 
results from greenhouse studies indicated that 
Paraho retorted shale was deficient in phosphorus, 
and this severely limited plant growth. Just prior 
to seeding, fertilizer was incorporated into the 
shale material using a tractor-mounted rototiller. 
The area was then broadcast seeded using three seed 
mixtures composed of either all native, all intro-
duced, or all salt-tolerant species (Table 1). 
Following broadcast seeding the area was lightly 
raked to cover the seed. A mulch consisting of 
seed-free wheat straw was spread over the entire 
area at the rate of 2.2 MT/ha. This was done to 
reduce surface temperatures, moderate temperature 
fluctuations, and improve moisture conditions for 
germination and emergence. 

Results and Discussion 

Vegetation failed to establish on the Shale-to-
Surface treatment following initial seeding and 
fertilization in 1977. Vegetation failure can be 
explained on the basis of many inherent chemical 
and physical properties of Paraho retorted shale 
which are detrimental to seed germination and plant 
growth. Those chemical properties which were con-
sidered to be of prime importance to plant growth 
were measured in 1977 and 1980 to provide some com-
parison of how these properties are changing with 
continued exposure of the retorted shale to natural 
weatbering (Table 2). The soil testing procedures 
used were developed for use on natural surface soil 
material and relate biological productivity to the 
parameters measured. However, no such relation-
ships have been established for retorted shale. 
Since the analyses on both unweathered and natu-
rally weathered retorted shale utilize the same 
procedures, useful comparisons can be made between 
the results obtained. After three years of 
weathering, the pH of Paraho retorted shale is 
still high and is considered to be strongly alka-
line. High pH is presumed detrimental to plant 
growth because it reduces uptake of such essential 
plant nutrients as nitrogen, phosphorus, iron, man-
ganese, copper, and zinc (California Fertilizer 
Association 1980). Tisdale and Nelson (1975) and 
Brady (1974) noted that increased pH allowed 
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Table 1. Seed mixtures used on the Retorted Shale-to-Surface Study. 

Common Name 

Mixture A--Salt-tolerant species 

1. Jose tall wheatgrass 
2. Rosana western wheatgrass 
3. Critana thickspike wheatgrass 
4. Oahe intermediate wheatgrass 
5. Slender wheatgrass 
6. Vinal Russian wildrye 
7. Madrid yellow sweetclover 
8. Ladak alfalfa 
9. Strawberry clover 

10. Fourwing saltbush 
11. Shadscale saltbush 
12. Mat saltbush 
13. Castle Valley clover 
14. Gardner saltbush 
15. Winterfat 

Mixture B--Native species 

1. Beardless bluebunch wheatgrass 
2. Sodar streambank wheatgrass 
3. Rosana western wheatgrass 
4. Paloma Indian ricegrass 
5. Green needlegrass 
6. Sweetvetch 
7. Lewis flax 
8. Palmer penstemon 
9. Big sagebrush 

10. Fourwing saltbush 
11. Curlleaf mountain mahogany 
12. Winterfat 

Mixture C--Introduced species 

1. Nordan crested wheatgrass 
2. Jose tall wheatgrass 
3. Oahe intermediate wheatgrass 
4. Siberian wheatgrass 
5. Luna pubescent wheatgrass 
6. Regar meadow brome 
7. Vinal Russian wildrye 
8. Lutana cicer mil kvetch 
9. Ladak alfalfa 

10. Madrid yellow sweetclover 
11. Small burnet 
12. Siberian peashrub 
13. Russian olive 

greater availability of molybdenum and boron to 
plants. The resulting copper/molybdenum imbalance 
and high boron levels have been noted as problems 
in retorted shale revegetation. Mil timore and Mason 
(1971) cautioned that copper to molybdenum ratios 
of less than two could result in mo1ybdenosis in 
ruminants. Schwab et al. (1980) reported Cu/Mo 
ratios in dichotomous plants growing on the shal-
lower topsoil treatments to be below this critical 
level and plants were concentrating boron to near 
phytotoxic levels. This could be one of the major 

Scientific Name 

Agropyron elongatum 
Agropyron smithii 
Agropyron dasystaahyum 
Agropyron intermedium 
Agropyron traahyaaulum 
Elymus junaeus 
Melilotus offiainalis 
Medwago sativa 
Trifolium fragiferum 
A trip lex aanesaens 
A trip lex aonfertifolia 
A trip lex aorrugata 
A trip lex auneata 
Atriplex gardneri 
Cerotoides Zanata 

Agropyron ine1'fTle 
Agropyron riparium 
Agropyron smithii 
Oryzopsis hymenoides 
Stipa viriduZa 
Hedysarum boreale 
Linum lewisii 
Penstemon palmeri 
Artemisia tridentata 
Atriplex aanesaens 
Ceraoaarpus ledifolius 
Ceratoides Zanata 

Agropyron aPistatum 
Agropyron elongatum 
Agropyron intermedium 
Agropyron siberiaum 
Agropyron trwhophorum 
Bromus ereatus 
Elymus junaeus 
Astragalus aiaer 
Medwago sativa 
MeZiZotus offwinalis 
Sanguisorba minor 
Carogana arboresaens 
EZaeagnus angustifolia 

Seeding 
Rate 
PLS 

(kg/ha) 

4.48 
2.24 
1.12 
2.24 
2.24 
1.12 
1.12 
1.12 
1.12 
4.48 
4.48 
2.24 
3.36 
2.24 
4.48 

2.24 
1.12 
2.24 
1.12 
1.12 
6.72 
1.12 
0.56 
0.056 
4.48 
4.48 
4.48 

1.12 
4.48 
2.24 
1.12 
2.24 
2.24 
1.12 
2.24 
1.12 
1.12 
4.48 

13.44 
44.80 

reasons for plants failing to establish after ini-
tial seeding and fertilization of the Sha1e-to-
Surface treatment. 

The electrical conductivity (EC) of weathered 
retorted shale shows the shale material to still be 
saline (EC>4 mmhos/cm). The 1:1 extract value must 
be converted to a saturation extract value for com-
parison with tables relating plant growth to EC 
values. When converted, the value for the satura-
tion extract is 12.2. This value indicates that 



Table 2. Comparison of chemical characteristics of 
fresh Paraho retorted shale and three-
year-old retorted shale with no topsoil 
covering. 

Chemical Characteristics 

Measurement 

pH 
EC (mmhos/cm @ 25°C)§ 
SAR 

Cations (meq/1) 

Ca 
Mg 
Na 
K 

Fresh 
Retorted 

Shal e 

9.6 
7.0 

14.0 

21. 0 
3.9 

49.2 
4.7 

3-Year-Old 
Retorted 

Shalet 

8.7 
4.7 
5.0 

20.1 
20.9 
23.6 
3.1 

tVa1ues are averages of four samples taken at 
different depths in the shale profile. 

§To convert 1:1 extract to a saturated paste 
reading, multiply by 2.6 (percent saturation is 
38%) . 

only highly salt-tolerant species would produce 
satisfactory yields even after weathering for three 
full years. The high salt content in the soil 
solution could bring about direct ion effects which 
may be phytotoxic. Sandoval and Gould (1978) noted 
that boron salts often accumulate in saline soil to 
phytotoxic levels, and this may be the case here. 
Also, high levels of carbonate salts could keep the 
pH of the shale at levels where plant roots could 
be damaged as a direct result of high pH. Thorup 
(1969) has noted this effect on plants growing in 
solution culture. 

The sodium adsorption ratio (SAR) of the 
retorted shale has dropped appreciably in three 
years because of two factors: sodium leaching and 
release of soluble magnesium compounds. These fac-
tors have reduced the sodium hazard on the Shale-
to-Surface treatment to levels where excess sodium 
would not be a major problem if salt-tolerant 
plants were already established. However, some 
surface crusting of the shale has been noticed, and 
this is probably because sodium levels are still 
high enough to disperse the surface particles and 
cause crusting when the shale material dries 
(Striff1er et al. 1974). 

The fertility status of the retorted shale 
before amendments are added is unfavorable for 
plant growth. Although these parameters were not 
measured in 1980, data from 1977 indicates that the 
retorted shale material contains adequate amounts 
of potassium but is very low in both nitrogen and 
phosphorus. 

Physical properties which could be detrimental 
to seedling emergence and growth include shale sur-
face crusting, high surface temperatures, and 
coarse texture. Surface crusting caused by ele-
vated sodium levels would have the effect of reduc-

3 

ing seedling emergence by direct physical obstruc-
tion and causing reduced water infiltration which 
would reduce soil moisture recharge. The black 
color of the retorted shale caused surface tempera-
tures on bare shale to reach 69°C during the midday 
periods of the summer months. Even on mulched 
areas, temperatures at the shale surface under the 
mulch reached 53°C which is still far above opti-
mums for seed germination and seedling emergence 
(between 10° and 30°C) reported by McDonough (1977). 
Coarse texture, of course, reduces the water hold-
ing capacity of the shale. Therefore, treatments 
initiated in 1979 were aimed at moderating the many 
detrimental chemical and physical properties of the 
shale while trying to determine minimum treatments 
needed for plant growth directly on retorted shale. 

Despite fertilization and mulching, vegetation 
that grew on the Sha1e-to-Surface treatment in 1980 
consisted mostly of non seeded species including 
Russian ,thistle (SaZsola iberica) with lesser 
amounts of kochia (Kochia scoparia), and prickly 
lettuce (Lactuca serriola). Of the species seeded, 
only wheatgrasses--tall wheatgrass (Agropyron 
eZongatum) , intermediate wheatgrass (A. intePmedium) , 
slender wheatgrass (A. trachycaulum), and western 
wheatgrass (A. smithii)--showed consistent emer-
gence. 

Effects of Seed Mixture 

The wheatgrasses used in the salt-tolerant 
mixture (Table 1) consistently showed higher values 
for density, production, and cover than the other 
native or introduced wheatgrasses in the two re-
maining mixtures. Wheatgrasses from the introduced 
seed mixture (Table 1) showed values for production 
and cover which were higher than the native seed 
mixture. The production values from salt-tolerant 
and introduced seed mixtures were significantly 
higher for production than the wheatgrasses in the 
native seed mixture (Figures 1 and 2). However, 
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Wheatgrass biomass by seed mixture on 
the Shale-to-Surface treatment. (Values 
followed by different letters are signi-
ficantly different at p = .10.) 
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Figure 2. Wheatgrass cover by seed mixture on the 
Shale-to-Surface treatment. (Values 
followed by different letters are signi-
ficantly different at p = .10.) 

the highest production and cover values for wheat-
grasses on the salt-tolerant mixture fell far below 
Russian thistle cover values. 

Russian thistle exhibited the highest cover on 
subplots seeded with the introduced seed mixture 
and the lowest on subplots seeded with the salt-
tolerant mixture (Figure 3). Apparently, the sa1t-
tolerant species were able to utilize resources 
such as moisture and nutrients better than most 
species seeded in the other two mixtures and there-
fore excluded more Russian thistle from the area. 
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Figure 3. Russian thistle cover by seed mixture. 
(Values followed by different letters 
are significnatly different at 
p = .10). 
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Effects of Fertilizer 

Fertilizer treatments affected Russian thistle 
growth dramatically. Cover of Russian thistle in-
creased with increasing fertilizer (Figure 4). 
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Figure 4. Russian thistle cover by fertilizer 
treatment. (Values followed by differ-
ent letters are significantly different 
at p = .10.) 

Generally, wheatgrasses showed the lowest cover 
on the lowest fertilizer rate, but there was no dif-
ference in cover between the two higher rates 
(Figure 5). It appears that something other than 
available phosphorus is limiting the growth of 
wheatgrasses once 448 kg P/ha is applied to the 
shale material. 
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Figure 5. Wheatgrass cover by fertilizer treatment 
on the Shale-to-Surface treatment. 
(Values followed by different letters 
are significantly different at p = .10.) 



Conclusions 

Following two separate attempts over a four-
year period, it was not possible to establish an 
effective stand of vegetation directly on Paraho 
retorted shale with the treatments tested. The use 
of fertilizer, salt-tolerant species, and high 
rates of straw mulch on retorted shale material 
(which was allowed to undergo natural weathering 
for two years) was not adequate for successful 
plant establishment. It is believed that high 
levels of soluble salts in combination with nutri-
ent imbalances, toxic trace elements, and high sur-
face temperatures of the retorted shale during the 
growing season were responsible for the failure of 
plants to become established. It appears that the 
only feasible approach to establishing a diverse 
and self-sustaining plant community on Paraho re-
torted shale will be to cover the shale with ade-
quate amounts of soil material. Leaching the shale 
to remove salts from the root zone will alter the 
chemistry of this material, perhaps making it a 
more acceptable plant growth media. However, there 
is not adequate evidence at this time to support 
this, and there are no assurances that the shale 
will not resalinize with time. In addition, the 
problem of trace element accumulation by plant ma-
terials is still being researched and may represent 
a major stumbling block to establishing plants 
directly on retorted shale material. 

Retorted Shale Successional Study 

Introduction 

The Retorted Shale Successional Study was ini-
tiated in the summer of 1977 to evaluate the 
effects of topsoil depth over retorted shale along 
with capillary barriers on plant growth and succes-
sion. To evaluate these techniques, several 
topsoil-shale profiles were constructed to simulate 
conditions that may result from various retorted 
shale disposal plans. The dimensions of each pro-
file treatment measured 23xl09 m and varied in 
depth from 61 to 152 cm depending upon the treat-
ment. The profile configurations are: 

l. Retorted shale without topsoil covering 

2. 30 cm topsoil over retorted shale 

3. 61 cm topsoi 1 over retorted shale 

4. 91 cm topsoil over retorted shale 

5. 61 cm topsoil over 30 cm rock capillary 
barrier over retorted shale 

6. Disturbed soil check with no retorted shale 

All profiles containing shale received 61 cm of 
Paraho (direct mode process) retorted shale from 
the Anvil Points retorting facility near Rifle, 
Colorado. The lower 15 cm of retorted shale in 
each profile was compacted to reduce soil water 
movement through the material. 

Following topsoil placement the six profiles 
were drill seeded with three seed mixtures which 
consisted of diverse combinations of grasses, forbs, 
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and shrubs. The three mixtures contained either 
all native, all introduced or a combination of na-
tive and introduced species (Table 3). Nitrogen 
and phosphorus were applied in the following combi-
nations: 

Treatment 1: 112 kg N/ha, 56 kg P/ha 

Treatment 2: 56 kg N/ha, 28 kg P/ha 

Treatment 3: no fertilizer 

The study is arranged in a randomized block 
design with three replications. Each replication 
contains nine subplots which include all combina-
tions of seed mixtures and fertilizer treatments. 
Each subplot has six permanently marked quadrats 
which have been sampled each year for density, 
aboveground biomass, and percent cover by species. 
These measurements were made on both seeded and 
invading species. 

Diversity was estimated using Shannon-Weiner 
index (Shannon and Weaver 1973) and using a ratio 
of the relative cover of each species to the total 
cover of all species (Bonham 1974). Higher diver-
sity indices indicate higher structural diversity 
and possibly greater plant stand stability. 

Data from the 1980 season were analyzed using 
multiple regression. Trends were analyzed using 
1978, 1979, and 1980 data by means of multiple re-
gression with year as a continuous variable. All 
analyses were done by species and 1 ife form (grasses, 
forbs, shrubs). 

Results and Discussion 

Results presented here are from data obtained 
during the 1978, 1979, and 1980 growing seasons. 
Interpretation of the results must be considered in 
light of the fact that the plant community is three 
years old and, therefore, still in the early stages 
of succession. However, significant plant responses 
and trends have been observed which may affect fu-
ture reclamation practices used on retorted shale. 

Effects of Topsoil Depth Over Retorted Shale 

Topsoil coverings have moderated the detrimen-
tal effects of the retorted shale material somewhat, 
and differing depths of topsoil have had pronounced 
effects on the development of the seeded communi-
ties. 

Canopy cover of seeded species increased with 
increasing soil depth over retorted shale (Figure 6). 
The greatest cover values were observed on the 61 cm 
topsoil with capillary barrier treatment with the 
91 cm topsoil treatment having the second highest 
values. Production was also greatest on the capil-
lary barrier and 91 cm of topsoil over retorted 
shale. No differences in production and cover were 
observed between the other two topsoil treatments 
(30 and 61 cm) and the control (no retorted shale). 

Soil pits were excavated on each of the retorted 
shale treatments to examine root growth and mor-
phology in the soil and shale. Roots of most seeded 
species have filled the available topsoil on each 
panel. Roots growing in topsoil were vigorous and 
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Table 3. Seeding mixtures and rates used on the Retorted Shale Successional Study. 

COl11l1on Name 

Mixture A--Combination (native and introduced) species 

1. Nordan crested wheatgrass 
2. Siberian wheatgrass 
3. Critana thickspike wheatgrass 
4. Sodar streambank wheatgrass 
5. Slender wheatgrass 
6. Regar meadow brome 
7. Indian ricegrass 
8. Green needlegrass 
9. Durar hard fescue 

10. Madrid yellow sweetclover 
11 . Sweetvetch 
12. Globema11ow 
13. Lewis flax 
14. Arrowleaf balsamroot 
15. Fourwing saltbush 
16. Stansbury cliffrose 
17. Winterfat 
18. Green ephedra 

Mixture B--Native species 

1. Rosana western wheatgrass 
2. Sodar streambank wheatgrass 
3. Bearded bluebunch wheatgrass 
4. Indian ricegrass 
5. Green needlegrass 
6. Durar hard fescue 
7. Shermans big bluegrass 
8. Alkali sacaton 
9. Globemallow 

10. Sweetvetc h 
11. Palmer penstemon 
12. Stansbury cliffrose 
13. Green ephedra 
14. Fourwing saltbush 
15. Winterfat 
16. Antelope bitterbrush 

Mixture C--Introduced species 

1. Nordan crested wheatgrass 
2. Siberian wheatgrass 
3. Jose tall wheatgrass 
4. Luna pubescent wheatgrass 
5. Oahe intermediate wheatgrass 
6. Manchar smooth brome 
7. Regar meadow brome 
8. Vinal Russian wildrye 
9. Ladak alfalfa 

10. Madrid yellow sweetclover 
11. Lutana cicer mi1kvetch 
1 2 . Sa i nf 0 in 
13. Bouncing bet 
14. Small burnet 
15. Siberian peashrub 
16. Russian olive 

Sci enti fi c Name 

Agropyron cristatum 
Agropyron sibericum 
Agropyron dasystachyum 
Agropyron riparium 
Agropyron trachycaulum 
Bromus erectus 
Oryzopsis hymenoides 
Stipa viridula 
Festuca ovina duriuscula 
Melilotus offwinalis 
HedysaPum boreale 
Sphaera lcea munroana 
Linum lewisii 
Balsamorhiza sagittata 
Atriplex canescens 
Cowania mexicana stansburiana 
Ceratoides lanata 
Ephedra viridis 

Agropyron smithii 
Agropyron riparium 
Agropyron spicatum 
Oryzopsis hymenoides 
Stipa viridula 
Festuca ovina duriuscula 
Poa ampla 
Sporobolus airoides 
Sphaeralcea munroana 
Hedysarum bor.eale 
Penstemon palmeri 
Cowania mexicana stansburiana 
Ephedra viridis 
A trip lex canescens 
Ceratoides lanata 
Purshia t1'identata 

Agropyron cristatum 
Agropyron sibericum 
Agropyron elongatum 
Agropyron trichophorum 
Agropyron intermedium 
B1'omus inermis 
Bromus erectus 
Elymus junceus 
Medicago sativa 
Melilotus officinalis 
Astragalus cwer 
Onobrychis vwiaefolia 
Saponaria officina lis 
Sanguisorba minor 
Carugana arborescens 
Elaeagnus angustifolia 

Seeding 
Rate 
PLS 

(kg/ha) 

1.12 
1.12 
1.12 
1.12 
1.12 
1.12 
1.12 
1.12 
0.56 
0.56 
1.12 
0.56 
0.56 
1.12 
1.12 
1.12 
1.12 
1.12 

1.12 
1.12 
1.12 
1.12 
1.12 
0.56 
1.12 
0.56 
0.56 
1.12 
0.56 
2.24 
1.12 
1.12 
1.12 
1.12 

1.12 
1.12 
1.12 
1.12 
1.12 
1.12 
1.12 
1.12 
0.56 
0.56 
0.56 
0.56 
1.12 
2.24 
1.12 
2.24 
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Figure 6. Cover of seeded species by topsoil treat-
ment over retorted shale. Values are 
across all seed mixtures and fertilizer 
treatments. (Values followed by differ-
ent letters are significantly different 
atp=.10.) 

showed normal, branching morphology. However, 
roots growing into the retorted shale material were 
extremely fibrous and less vigorous than in the 
soil. Thorup (1969) has observed this same struc-
ture on roots growing in high pH solutions and con-
cluded that root damage was a direct effect of pH. 
Ries et al. (1976) in a study of eight perennial 
forage species noted a decrease in root biomass 
with increasing salt concentration in coal mine 
spoils. This decrease was attributed to toxic or 
nutritional effects of the salts. Therefore, the 
morphology of roots in shale may be due to the high 
pH and salt content found in the retorted shale 
material. Roots of grasses, forbs, and shrubs 
growing on the shallower topsoil treatments have 
penetrated the shale to 13 cm (although most are 
concentrated in the top 8 cm) while on the 91 cm 
topsoil treatment the only roots that have pene-
trated into the shale are from native shrubs. 
Grass and forb roots on the capillary barrier 
treatment have not been able to penetrate the bar-
rier. However, shrubs such as fourwing saltbush 
(Atriplex canescens) and winterfat (Ceratoides 
lanata) have penetrated the barrier partly because 
topsoil is filtering into the barrier. The down-
ward movement of soil into the barrier is threaten-
ing its effectiveness in stopping the rise of salts 
from the shale material below; the results of this 
will probably be seen in future years as plant 
growth is affected. 
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Other factors need to be considered when 
assessing the quality of the plant community and 
its ability to survive on retorted shale disposal 
sites. Plants have successfully established on the 
30 cm topsoil treatment, the shallowest topsoil 
covering. However, Schwab et a1. (1980) noted that 
dichotomous plants (forbs and shrubs) growing on 
the shallower topsoil treatments are accumulating 
boron to near phytotoxic levels. They also noted 
that these plants are accumulating molybdenum to 
levels that could cause mo1ybdenosis in herbivores 
grazing on the plants. Klein et a1. (1980) found 
depressed levels of dehydrogenase activity, phos-
phatase activity, and nitrogen fixation potential 
on all topsoil treatments except the control and 
capillary barrier treatments. Klein suggested that 
a capillary barrier may be necessary for the 
development of a diverse and functional microbial 
community needed to sustain plants growing on the 
area. 

Effects of Seed Mixture 

Reclamation laws have emphasized the use of 
native species on disturbed lands. This has 
increased the importance of comparing native to 
introduced seed mixtures. Aboveground production 
values for all three seed mixtures used in this 
study were about equal. However, the native seed 
mixture exhibited slightly greater canopy cover 
than either the introduced or combination mixtures 
due to its more decumbent growth form (Figure 7). 
Species of native grasses primarily responsible for 
this effect were Shermans big bluegrass (Poa ampla) , 
Sodar streambank wheatgrass (Agropyron riparium) , 
Rosana western wheatgrass (Agropyron smithii) , and 
beardless bluebunch wheatgrass (Agropyron inerme). 
Nordan crested wheatgrass (Agropyron cristatum) and 
Oahe intermediate wheatgrass (Agropyron intermedium) 
were two introduced grasses that showed good 
cover (>3.5%). The only grasses that have shown 
steady increases in production and cover over three 
years were Nordan crested wheatgrass and Shermans 
big bluegrass. Other grass species have either 
shown a peak in production and cover in 1979 with a 
slight decline in 1980 or have declined since 1978. 
These declines could be due to competition with 
increasers for space and nutrients, a result of 
litter accumulation or the adaptability of the 
species to the site. The reasons may become clearer 
as the stands develop in the future. 

Seeded forbs in the combination seed mixture 
showed lower production in 1980 than forbs in the 
other two seed mixtures. Madrid yellow sweetclover 
(MeliZotus officinalis) provided 80% of seeded forb 
biomass in the combination seed mixture in 1979. 
This contribution to seeded forb biomass decreased 
in 1980 to only 15% because of the biennial life 
cycle of sweetc10ver. Therefore, 1980 production 
of total seeded forbs was less in combination seed 
mixture plots than in plots seeded with the other 
two mixtures. Sweetclover was also present in the 
introduced seed mixture, and this mixture showed 
the same qrowth trends as the combination mixture 
(Figure 8). However, production of sweetclover was 
lower in 1978 and 1979 because of greater competi-
tion with vigorous introduced grasses. Total seeded 
forb production in 1980 did not decline as much in 
introduced seed mixture plots as compared to combi-
nation seed mixture plots because alfalfa (Medicago 
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Figure 7. Cover of seeded species by seed mixture. 
(Values followed by different letters 
are significantly different at p = .10.) 

sativa) production in 1980 increased 400% over 1979 
values. Therefore, the seeded forb production de-
cline for the introduced seed mixture was not as 
dramatic as the decline found in the combination 
seed mixture for two reasons: (1) less initial 
sweetc10ver in the introduced seed mixture due to 
introduced grass competition and (2) 400% increase 
in alfalfa production from 1979 to 1980. 

Seeded shrub cover was greater in both the 
native and combination seed mixtures than in the 
introduced mixture. This is attributed to the 
excellent growth of winterfat and fourwing saltbush 
in these two mixtures. The introduced shrub 
species, Siberian peashrub (Ca~gana arbopescens) 
and Russian olive (ELeagnus angusti!oLia), failed 
to establish from seed. This is probably because 
of the inability of these species to compete with 
grasses and forbs under the environmental condi-
tions at the site. More research work needs to be 
done in selecting species and improving establish-
ment techniques for native and introduced shrubs 
for reclamation work. 

Effects of Fertilizer 

Biomass of seeded grasses increased with 
increasing fertilizer rates (Figure 9). Introduced 
grasses exhibited the greatest response to ferti-
lizer. Wight and Black (1978) found that grasses 
respond to increasing fertilization with increases 
in root surface area and depth. This allows the 
grasses to extract soil moisture nutrients faster 
than other life forms and thus give the grasses a 
competitive advantage. 
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Figure 8. Three-year trends for seeded forb produc-
tion by seed mixture. 

Unlike grasses, seeded forbs showed decreases 
in production with increased fertilization (Figure 
(Figure 9). Almost all forbs used in this study 
were nitrogen-fixing legumes, and it is presumed 
that N fertilization decreased the competitive ad-
vantage these forbs generally have under low nutri-
ent conditions. Thus, Nand P fertilization 
increased grass growth to the detriment of forbs. 

Shrubs in the combination versus native seed 
mixture responded differently to fertilizer appli-
cation. In combination seed mixture plots, shrub 
production decreased with increasing fertilization. 
This can be attributed directly to increases in 
grass competition. However, shrubs in native seed 
mixture plots showed increasing production with 
increases in fertilizer rates (Figure 10). Perhaps 
native grasses do not compete with shrubs as 
strongly as the introduced grasses in the combina-
tion seed mixture. 

Diversity 

In this study diversity changed dramatically by 
year and treatment. Generally, diversity increased 
to a high in the second year of the study and then 
decreased in the third year (Figure 11). However, 
when this effect is noted by seed mixture across 
years (Figure 12), it can be seen that the native 
and combination seed mixtures exhibit this effect 
more strongly than the introduced seed mixture. 
The introduced seed mixture showed the highest di-
versity of any seed mixture the first year and then 
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(Values followed by different letters 
are significantly different at p = .10.) 

steadily declined. These seed mixture effects can 
be explained by the relative establishment times 
and competitiveness of native and introduced 
species. Introduced species establish faster and 
are generally more vigorous and competitive than 
native species. Therefore, introduced seed mixture 
plots are quickly dominated by crested and inter-
mediate wheatgrasses. The native seed mixture 
plots may show this same effect in future years if 
Shermans big bluegrass continues to show the steady 
increases of the first three years of study. Even 
with these declines in diversity from 1979 to 1980, 
all plots are showing comparable or greater diver-
sity than undisturbed native vegetation. 

After three years diversity is seen to decline 
as soil depth increases (Figure 13). Lowest diver-
sity is found on the capillary barrier and control 
treatments. Apparently, highly competitive plants 
are being kept from completely dominating the plant 
community on the shallower topsoil treatments. 
This could be because plant roots of competitive 
species are reaching the retorted shale more 
quickly than plant roots of less competitive 
species. The more competitive plants may be lim-
ited in their growth because of inhibitory quali-
ties of the retorted shale on plant growth in 
addition to the lack of available topsoil. This 
would then allow greater growth of more species and 
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smaller individuals of these species which would in 
turn increase diversity. 

Increasing fertilizer rates decreased stand 
diversity by 1979 with the effect being more pro-
nounced in 1980 (Figure 14). It is assumed that 
highly competitive plants were able to take advan-
tage of the fertilizer and thus dominate the vege-
tation stand faster with increasing fertilizer 
rates. 
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Conclusions 

The following conclusions are based on third-
year data and three-year trends from the Retorted 
Shale Successional Study. As vegetation succes-
sion proceeds and the plant stands develop, 
changes in these conclusions may occur. However, 
some results and the conclusions drawn from them 
may dramatically affect the disposal and subsequent 
reclamation of retorted shale. 

Paraho retorted shale cannot be directly re-
vegetated after three years of natural weathering 
without great inputs of water, fertilizer, and 
mulch. The best alternative to these inputs of 
resources and management is to cover the shale ma-
terial with an adequate amount of topsoil material. 
For best results topsoil material should be depos-
ited on the shale either to a depth of at least 
91 cm or 61 cm in conjunction with a capillary bar-
rier to allow the development of diverse and func-
tional above- and belowground biological systems. 
Following topsoiling, native species should be 
drill seeded with a diverse array of plants that 
provides adequate cover by the second year. If 
more immediate (first-year) stabilization of top-
soil is preferred, introduced species may be a 
better alternative. However, when introduced 
species are used, problems may develop as some 
species (e.g., crested and intermediate wheatgrass) 
tend to dominate and exclude other species from the 
stand and thus may severely reduce stand diversity. 
Therefore, a mixture of native and introduced 
species may be best to allow better diversity and 
rapid soil stabilization. Fertilizer applications 
are useful for initial stand establishment but 
should be at low levels (possibly below 56 kg N/ha 
and 28 kg P/ha) in order to encourage higher diver-
sity by allowing relatively noncompetitive plants 



(such as, forbs and shrubs) to become established 
before facing intense competition from grasses. 

Annual Disturbance Plot Study 

Introduction 

The Annual Disturbance Study was initiated in 
1976 to examine the effects of soil disturbance on 
natural invasion and succession. Four levels of 
disturbance were applied, simulating various levels 
of disturbance which may accompany oil shale devel-
opment. The treatments were: 

Treatment 1: Scrape vegetation off while leav-
ing in place as much topsoil as 
possible 

Treatment 2: Scrape vegetation off and rip the 
soil to a depth of 30 cm 

Treatment 3: Remove topsoil and subsoil to a 
depth of 1 m. This topsoil and 
subsoil were then mixed and re-
turned to the excavated area. 

Treatment 4: Remove and stockpile the top 1 m 
of soil. Remove and stockpile an 
additional 1 m of subsoil. Then 
replace the soils in reverse 
order. 

A completely randomized block design was used. 
Two replicates for all four disturbance treatments 
were established in 1976, 1977, and 1979 to deter-
mine the effects of annually fluctuating environ-
mental factors. Ten 0.25 m2 permanent quadrats 
were randomly placed in each treatment plot. Den-
sity, biomass, and canopy cover by species were 
recorded during peak vegetation production each 
year following treatment and subsequent years. 
Data were analyzed using multiple regression tech-
niques. Treatment effects as they were influenced 
by yearly environmental effects on vegetation 
parameters were tested. 

Results and Discussion 

Treatment effects explained 60%-80% of the 
total variation in the data. Significant differ-
ences between treatments were found in the density, 
biomass, and cover of grasses (Table 4). As soil 
disturbance increased, grass densities, biomass, 
and cover decreased as a result of natural inva-
sion and succession. Wheatgrass (Agropyron spp.) 
and Indian ricegrass (Oryzopsis hymenoides) were 
the most important indicator species of this de-
creasing trend. The variation in amount of grass 
may be caused by a loss of seed and vegetative 
plant parts in the soil as disturbance increased. 
The quality of the topsoil also declined with in-
creased disturbance. Reeves (1980) found a 
decrease in mycorrhizal infection potential (MIP) 
as soil disturbance increased. This decrease of 
MIP is positively correlated (0.833) with grass 
densities. The higher MIP values found in the 
least disturbed treatments (Treatments 1 and 2) may 
benefit the invasion, establishment, and spread of 
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grasses compared to the highly disturbed treatments 
(Treatments 3 and 4)(Tab1e 1, Figure 15). 

Table 4. Average density (#/m2), biomass (kg/ha), 
and canopy cover (%) of grasses on the 
Annual Disturbance Plots which were dis-
turbed in 1976, 1977, and 1979. Fi gures 
are a result of natural invasion and 
succession. 

Dens ity 
Biomass 
Cover 
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Figure 15. Canopy cover of grasses on disturbance 
treatments for each successive year 
following disturbance. 



The difference in cover between Treatments 1 
and 2 indicates a greater initial loss of seed and 
vegetative plant parts and MIP in Treatment 2. MIP 
values rose to similar levels in Treatment 2 com-
pared to Treatment 1 the second year following dis-
turbance (Reeves 1980). Also, seed and vegetative 
plant parts probably increased at similar rates in 
Treatments 1 and 2. The rate of increase in grass 
cover between the two treatments was similar from 
the second through the fourth year following dis-
turbance (Figure 15). Herbage cover in Treatments 
3 and 4 (Figure 15) indicate a potential for vege-
tation to recover at a slower rate compared to 
Treatments 1 and 2. Cover in Treatment 3 increased 
greatly between the third and fourth year after 
disturbance but not in Treatment 4. However, MIP 
values were similar for Treatments 3 and 4. There-
fore, other factors besides MIP in the various 
degrees of disturbance accounted for some of the 
variation in canopy cover. One factor may be in-
creased competition by forbs (Figure 16). Also, 
differences in soil quality between the treatments 
may explain the vegetation increases more 
completely. 
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Figure 16. Canopy cover of forbs on disturbance 
treatments for each successive year 
following disturbance. 
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Forbs genera1l~ increased as disturbance 
increased (Table 5). However, Treatments 3 and 4 
were not significantly different. The major forb 
species was Russian thistle which is an annual and 
may be expected to invade according to degree of 
disturbance and absence of perennial plants. It 
comprised over 80% of the forbs. It does not re-
quire mycorrhizal fungi to grow, and therefore has 
a competitive advantage over other forbs and 
grasses that are associated with MIP. Scarlet 
globema110w (BphaeraZaea aoaainea) and phlox (Phlox 
musaoides) were perennial forbs found as natural 
invaders in most plots. They decreased, however, 
as disturbance increased, thus indicating that they 
may require mycorrhizal fungi and a seed or rhizome 
source to revegetate disturbed areas rapidly. 
Russian thistle invasion in Treatment 4 was largely 
a result of seed dispersed from surrounding areas 
while invasion in Treatment 3 may be the result of 
seed dispersed from surrounding areas as well as 
seed present in the portions of the topsoil that 
surfaced in the mixing procedure. Also, soil fer-
tility and water holding capacity may be superior 
in Treatment 3 compared to Treatment 4. Forb den-
sities were believed to be lower in Treatments 1 
and 2 compared to Treatments 3 and 4 as a result of 
competition with the perennial grasses for moisture. 

Table 5. Average density (#/m2), biomass (kg/ha), 
and canopy cover (%) over time of forbs 
on the Annual Disturbance Plots which 
were disturbed in 1976, 1977, and 1979. 
Figures are a result of natural invasion 
and succession. 

Density 
Biomass 
Cover 

110.0 
832 

7.7 

Soil Disturbance Treatment 

2 

218.4 
1725 

17 .5 

3 

119.8 
2616 

26.3 

4 

216.3 
2912 

22.5 

Shrubs have not successfully invaded and 
reestablished in any of the disturbance treatments. 
Treatment 1 had consistently higher densities of 
shrubs than the other treatments. However, the 
densities are still extremely low compared to na-
tive, undisturbed areas. The poor establishment 
success is believed to be due to a combination of 
insufficient seed and other vegetative organ 
sources (especially in the more disturbed areas), 
lowered MIP in the highly disturbed treatments, and 
poor microenvironments for seedling establishment. 

Yearly environmental fluctuations apparently 
affect the initial emergence of grasses more than 
they affect previously established grasses. There 
is a difference in the biomass of grasses between 
1977 and 1979 disturbed plots in the first year 
following disturbance (Table 6). Differences 
between 1977 plots and 1979 plots were a result of 
precipitation differences in 1977 and 1979. Pre-
cipitation was greater in the winter of 1979 com-
pared to the precipitation in 1977. This resulted 
1n better moisture and therefore better grass 



establishment occurred in the 1979 plots compared 
to the 1977 plots. The winter of 1976 also pro-
vided better moisture for the spring of 1977 com-
pared to 1978 spring moisture. Average grass den-
sities on plots disturbed in 1976 were 7.8 plants/ 
m2 on the plots disturbed in 1977. Therefore, 
grass establishment was better on 1976 plots com-
pared to 1977 plots. However, differences in grass 
biomass between 1976 and 1977 plots were negligible 
by the third year after disturbance (Table 6). 
Therefore, once perennial grasses become estab-
lished, they rapidly increase in size and then tend 
to maintain that size. 

Table 6. Average grass biomass (kg/ha) for all 
treatments on soil disturbed plots by 
yearly sample. 

Number of 
Years After 
Disturbance 

1976 Di s turbance 

Year 
Sampled 

1977 

1978 

1979 

Biomass 

176 

322 

1980 512 

tBiomass not recorded. 

1977 Di s turbance 

Year 
Sampled 

1978 

1979 

1980 

Biomass 

43 

114 

317 

1979 Di sturbance 

Year 
Sampled 

1980 

Biomass 

124 

Forbs varied from year to year regardless of 
the number of years following disturbance. The 
majority of forbs present were annuals. The estab-
lishment of these annuals is dependent on soil 
moisture during germination. Therefore, changes 
will occur annually. Forb biomass on 1976 plots 
increased nine-fold by 1979 but decreased in 1980 
due to a reduction in soil moisture (Table 7). A 
similar decrease was seen on the plots disturbed in 
1977 for cover in 1979 and 1980. 

Table 7. Average forb biomass (kg/ha) for all 
treatments by yearly sample on soil dis-
turbed plots. 

Number of 1976 Disturbance 1977 Disturbance 1979 Di s turbance 
Years After Year Year Year Di s turba nce Sampled Biomass Sampled Biomass Sampled Biomass 

1977 ___ t 1978 17.0 1980 69.3 

1978 33.9 1979 448.1 

3 1979 297.6 1980 362.3 

4 1980 189.1 

tBiomass not recorded. 

It is common knowledge that established peren-
nial grasses have a more developed root system and 
more stored carbohydrates, compared to seedlings 
and annual forbs, to withstand drought stress. 
Therefore, fluctuations in grasses are not as great 
as seen with annual forbs. Between 18% and 70% of 
the variation in forb density, biomass, and canopy 
cover is explained by yearly environmental f1uctua-
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tions. The success of germination and seedling 
survival directly affects density, biomass, and 
canopy cover on plots variously disturbed from time 
to time. 

Conclusions 

1. Minimized soil disturbance maintains higher 
levels of MIP and seed and rhizome sources. 

2. Mixing topsoil and subsoil during mining 
operations will reduce soil fertility and cover in-
digenous seed sources too deeply. 

3. Natural invasion and succession of peren-
nial plants may be much too slow for appropriate 
soil stabilization. Artificial seeding will accel-
erate the rate of reclamation. 

4. Year of disturbance will affect natural 
revegetation because of climatic variation from 
year to year. If invasion and establishment is 
favorable within the first year after disturbance, 
the grass component tends to close the community 
rather rapidly. 

Invasion as Related to Revegetation Practices 
on Surface Dlsturbed Salls 

Introduction 

The Successional Study on Surface Disturbed 
Soil was established in June of 1976 to determine 
the effects and interactions of seed mixture, fer-
tilizer, and mulch as they relate to artificial 
plant establishment and subsequent community suc-
cession on shallowly disturbed soil. The need for 
studying the effects of invasion on plant community 
development on disturbed lands became apparent when 
it was noted that the seeded plant communities rep-
resented more than simple interactions among seed 
mixture, mulch, and fertilizer. 

Invasion affects the seeded species in terms of 
introducing another competitive factor in the sur-
vival scheme of seeded plants. The occurrence of 
invading species in the plant community increases 
the competition for resources and makes them less 
available to seeded species. In the absence of 
invasion, the seeded species are only in competi-
tion with the environment and their own progeny. 
The use of proper seed mixtures and seeding rates 
can reduce competition among the seeded species and 
reduce invasion of undesirable species. The objec-
tive of an ideal seed mixture is to minimize compe-
tition within the mixture, while utilizing avail-
able soil moisture, nutrients. and incoming radia-
tion to result in a desirable level of biomass 
production and sustained diversity. 

An understanding of invasion as it relates to a 
seeded plant community is an important criteria for 
seed mixture selection. After three years, this 
study has shown, for example, that cheatgrass 
(Bromus tectorum) is significantly (p=.05) more 
prevalent in seed mixtures of native species, espe-
cially during early community development, as 
compared with seed mixtures of introduced species. 
These results would seem to indicate that a proposed 



reclamation site having a high cheatgrass invasion 
potential might best be planted with introduced 
species or a native-introduced species mixture 
rather than just native species. However, in the 
long term the seeded native species may be more 
permanent and in time close the community while 
introduced species may allow intermittent invasion 
of species resulting from periodic stresses that 
reduce the stand of the seeded introduced species. 

Site preparation for this study consisted of 
scraping off the existing vegetation and ripping 
the soil to a depth of 30 cm to simulate minor 
disturbances that may result from such activities 
as roads, construction sites, utility corridors, 
etc,. The site was then seeded with one of six 
seed mixtures ranging from a simple grass mixture 
to a complex grass-forb-shrub mixture including 
both native and introduced species (Table 8). 
Three levels of nitrogen and phosphorus fertilizer 
were used and applied at the following rates: 
112 kg N/ha and 56 kg P/ha, 56 kg N/ha and 28 kg 
P/ha, and a control which had no fertilizer 
applied. The phosphorus was applied prior to 
seeding, and nitrogen application occurred after 
the first growing season in an attempt to reduce 
competition from annual invading species during 
emergence of the seedlings. Wood fiber hydromulch 
was applied at a rate of 2.2 MT/ha following seed-
ing in the fall of 1976 and was applied only to 
the subplots lying on the perimeter of the site, 
due to the mechanical limitations of the hydro-
mulcher. 

The study is a sp1it-sp1it-block design con-
sisting of three replications and a total of 108 
subplots (Figure 17). The subplots measured 
9x18 m and covered an area of 2.5 ha. A total of 
ten 0.25 m2 quadrats were randomly placed within 
each subplot. Biomass, density, and percent 
canopy cover by species were measured within the 
quadrats. The biomass estimate is the predominant 
parameter discussed in this report because it ap-
pears to provide the most consistent information 
per individual measurement. 

In 1980 a decision was made to sample the 
seeded plots once every three to five years to 
determine subsequent succession. This was based 
upon the observation that the seeded communities 
had become relatively stable and year to year 
changes would be minimal compared to the first 
three growing seasons. As a result of this deci-
sion, sampling for 1980 was limited to invading 
species and was done using a systematic sampling 
method. This method treated the entire subplot as 
a quadrat, and every invading plant was measured 
for biomass, density, and percent canopy cover. 
These data were then statistically transformed so 
that trends could be observed across years. 

Field observations in conjunction with statis-
tical analysis indicated that existing plant com-
munities are not only a function of initial recla-
mation treatments but also a function of several 
environmental factors. For the purposes of this 
study, invading plant communities were assumed to 
be primarily a function of seed mixture, fertili-
zer, mulch, soil moisture, and time. The inclu-
sion of time as a contributing factor makes it 
possible to employ trend analysis in the statisti-
cal treatment of this data. 
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Results and Discussion 

The scarcity of information regarding invasion 
on reclaimed lands does not allow for a reaffirma-
tion of many of the findings of this study. The 
information as presented may be reflecting the 
initial stages, long-term trends, or only signifi-
cant short-term findings. However, the following 
results are based on trends derived from data col-
lected over the past three years. Three years is a 
relatively brief period of time in terms of a suc-
cessional study, but the seeded vegetation is well 
established and the presence of invading species 
has been shown to have a significant effect upon 
the seeded communities (Cook and Redente 1980). 

The discussion of invasion has been limited to 
a select group of invading species (Table 9). 
These species are believed to be representative of 
the invading life forms found on the study site. 
Cheatgrass is representative of invading annual 
grasses because it comprises the major portion of 
invading grass species on the site. Big sagebrush 
(Artemisia tridentata) is of interest because of 
its presence as a dominant component of the adja-
cent undisturbed ve~etation and is therefore likely 
to be an important lnvader. Scarlet globemallow is 
a perennial forb, and its reproductive characteris-
tics and capacity for growth on newly disturbed 
areas are rather high. 

In tracing invasion over the entire growing 
season, a comparison of aboveground biomass with 
density provides an estimate of plant size as re-
lated to numbers of individual plants. For 
example, similar biomass measurements between years, 
with an increase in density, indicates the estab-
lishment of many new seedlings for that season. 

Trend analysis across three successive growing 
seasons for three years indicates an increase in 
density for all invading species sampled, with the 
exception of Chenopodium spp. In 1979 these 
species exhibited a tremendous flush of growth as 
opposed to a step-wise increase shown by the other 
invading species (Figure 18). Also in 1979 the 
growth response of Chenopodium spp. appeared to be 
correlated with the increased amount of rainfall 
for that year. Data analysis for 1980 (Figures 18 
and 19) shows a significant (p=.05) decrease in the 
density and biomass of Chenopodium spp. The data 
gathered in 1981 may indicate whether or not this 
decline is temporary. The response by these 
species may be a case of recurrent invasion as de-
scribed by Clements and Weaver (1938). They dis-
cussed the invasion of newly deposited flood plain 
soil and silt in terms of invasion, removal, and 
reinvasion. Similarly, the Chenopodium spp. were 
absent during the dry season of 1978, present in 
abundance during the high moisture season of 1979, 
and absent again in 1980 when available moisture 
was low. The contrast between the response exhib-
ited by Chenopodium spp. and other invading species 
may indicate a higher moisture requirement by 
Chenopodium spp. 

Tumbling saltbush (AtripZex argentea) is an 
annual forb of the Chenopodiaceae family and appar-
ently exhibited a similar, but not as dramatic, 
response to increased available soil moisture as 
did the Chenopodium spp. Seedling density for 1980 
increased 74% over 1979. This perhaps is a result 
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Table 8. Mixtures seeded during November 1976 on the Surface Disturbed Successional Study Area. 

Common Name 

Mixture A--Native grass mixture 

1. Bearded b1uebunch wheatgrass 
2. Rosana western wheatgrass 
3. Green needlegrass 
4. Indian ricegrass 
5. Sodar streambank wheatgrass 

Mixture B--Introduced grass mixture 

1. Nordan crested wheatgrass 
2. Luna pubescent wheatgrass 
3. Vinal Russian wi1drye 
4. Oahe intermediate wheatgrass 

Mixture C--Native graSS-forb mixture 

1. Critana thickspike wheatgrass 
2. Green needlegrass 
3. Bearded bluebunch wheatgrass 
4. Indian ricegrass 
5. Sodar streambank wheatgrass 
6. Sweetvetch 
7. Emerald crownvetch 
8. Lewi s fl ax 
9. Palmer penstemon 

Mixture D--Introduced graSS-forb mixture 

1. Vinal Russian wi1drye 
2. Nordan crested wheatgrass 
3. Luna pubescent wheatgrass 
4. Ladak alfalfa 
5. Bouncing bet 
6. Small burnet 
7. Lutana cicer milkvetch 

Mixture E--Native grass-forb-shrub mixture 

1. Indian ricegrass 
2. Bearded b1uebunch wheatgrass 
3. Rosana western wheatgrass 
4. Emerald crownvetch 
5. Sweetvetch 
6. Stansbury cliffrose 
7. Green ephedra 
8. Fourwing saltbush 
9. Wi nterfat 

Scientific Name 

Agropyron spicatum 
Agropyron smithii 
Stipa viridu Za 
Oryzopsis hymenoides 
Agropyron riparium 

Agropyron cristatum 
Agropyron trichophoPUm 
Elymus junceus 
Agropyron intermedium 

Agropyron dasystachyum 
Stipa viriduZa 
Agropyron spicatum 
Oryzopsis hymenoides 
Agropyron riparium 
Hedysarum boreale 
Coroni l Za varia 
Linum lelJisii 
Penstemon palmeri 

EZyrrrus junceus 
Agropyron cristatum 
Agropyron trichophorum 
Medicago sativa 
Saponaria officinaZis 
Sanguisorba minor 
Astragalus cicer 

Oryzopsis hymenoides 
Agropyron spicatum 
Agropyron smithii 
Coronilla varia 
Hedysarum boreale 
Cowania mexicana stansburiana 
Ephedra viridis 
Atriplex canescens 
Cera to ides Zanata 

Mixture F--Native and introduced grass-forb-shrub mixture 

1. Green needlegrass 
2. Bearded bluebunch wheatgrass 
3. Nordan crested wheatgrass 
4. luna pubescent wheatgrass 
5. lutana cicer mi1kvetch 
6. Sweetvetch 
7. Stansbury c1iffrose 
8. Green ephedra 
9. Winterfat 

Stipa viridula 
Agropyron spicatum 
Agropyron cristatum 
Agropyron trichophorum 
Astragalus cicer 
Heaysarum boreale 
Cowania mexicana stansburiana 
Ephedra viridis 
Ceratoides lanata 

Seeding 
Rate 
PLS 

(kg/ha) 

3.36 
4.48 
3.36 
2.24 
3.36 

3.36 
4.48 
3.36 
4.48 

3.36 
2.24 
2.24 
1.12 
2.24 
1.12 
1.12 
1.12 
1.12 

3.36 
3.36 
3.36 
1.12 
1.12 
1.12 
2.24 

2.24 
2.24 
4.48 
1.12 
1.12 
1.12 
1.12 
2.24 
1.12 

2.24 
2.24 
2.24 
2.24 
1.12 
1.12 
1.12 
2.24 
1.12 
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1 = 112 kg N, 56 kg P per hectare 
2 = 56 kg N, 28 kg P per hectare 
3 = Control (0 kg N, 0 kg P per hectare) 

SPEC I ES SEEDED 
A = Native grass mixture 
B = Introduced grass mixture 
C = Native grass-forb mixture 
D = Introduced grass-forb mixture 
E = Native grass-forb-shrub mixture 
F = Native and introduced grass-forb-shrub mixture 

Figure 17. Experimental design for the Successional Study on Surface Disturbed Soil. 



Table 9. Invading species of interest. 

Common Name 

Grasses 
Cheatgrass 

Forbs 
Tumbling saltbush 
Chenopods 
Russian thistle 
Scarlet globemallow 

Shrubs 
Big sagebrush 
Rabbitbrush 
Broom snakeweed 
Greasewood 

Scientific Name 

BrorrTUs tectoY'UlTl 

AtripZex argentea 
Chenopodium spp. 
SaZso7.,a iberica 
SphaeraZcea coccinea 

Artemisia tridentata 
ChpYsothamnus spp. 
Gutierrezia sarothPae 
Sarcobatus vermicuZatus 

of the presence of an abundant seed source produced 
from the large, mature population from the previous 
year. However, individual plants produced less 
biomass in 1980 as a result of less available soil 
moisture (Figures 18 and 19). The presence of 
sodium in the soil is a positive factor contribut-
ing to the growth of tumbling saltbush. This 
species was found only on areas having a rather 
high degree of sodium (SAR levels 5.8-12.9), rela-
tive to the other subplots in the study. These 
areas of relatively high sodium concentration were 
not favorable for the growth of seeded species and 
resulted in large patches relatively free from 
seeded vegetation. Therefore, competition from 
seeded species was not a significant factor in the 
establishment of tumbling saltbush. 

Russian thistle showed a significant (p=.05) 
increase in density and biomass from 1978 and 1979 
to 1980. The original increase resulted in an in-
crease of seedlings which appears in response to 
higher precipitation in 1979. Higher seed produc-
tion from mature plants of the 1979 growing season 
provided a source of new seedlings for sustaining 
the density level which appeared in the 1980 grow-
ing season. Biomass in 1980 returned to 1978 
levels due to lower moisture. At the time of sam-
pling (1980) many of the seedlings were beginning 
to desiccate. 

Scarlet globema110w exhibited a fluctuation in 
biomass over the past three years, with a signifi-
cant increase in density from year to year. The 
increase in density can be attributed to the vege-
tative reproductive characteristics illustrated by 
this plant. Rather than increasing the biomass of 
the parent plant, carbohydrates are being distrib-
uted to the tillers. This redistribution of carbo-
hydrates maintains the biomass of the parent plant, 
while fostering growth of new plants originating 
from crown tillers. Scarlet globema110w is a per-
ennial forb, and subsequent growing s~asons will 
determine the ability of these new plants to become 
established mature plants (Figures 18 and 19). 

The trends derived from this data can be used 
in predicting future trends of invasion on this 
site. The forbs Chenopodium spp. and Russian 
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Fi-gure 18. Density of selected invading species 
for 1978, 1979, and 1980 on the Shal-
lowly Disturbed Successional Study. 
(Values followed by the same letter 
are not significant at the . 05 level . 

thistle appear to be reacting as recurrent invaders 
and will probably continue to fluctuate in response 
to available soil moisture. Scarlet globema110w 
has established itself across all seed mixtures but 
may continue to increase at a slower rate due to 
its perennial nature and spatial limitations. This 
plant will most likely be reproducing both vegeta-
tively and from seed production. The presence of 
Russian thistle will be maintained and show an in-
crease in seedling density across all seed mixtures. 
In subsequent growing seasons the large, mature 
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Figure 19. Biomass of selected invading species 
for 1978, 1979, and 1980 on the Shal-
lowly Disturbed Successional Study. 
(Values followed by the same letter are 
not significant at the .05 level.) 

plants will probably be less frequent due to spa-
tial limitations imposed by the regeneration of the 
seeded species on the nonsaline soils. Seedlings, 
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however, will continue to form a thick blanket 
wherever openings in the community occur and soil 
moisture is adequate. Russian thistle, as a 
species, can probably be considered an intermittent 
invader on the site. It will always be present to 
some degree owing to its occurrence in native vege-
tation. It is indeed typical of ephemerals that 
express themselves temporarily from time to time. 

Cheatgrass maintained a relatively stable bio-
mass but showed a 97% increase in density between 
1978 and 1979. The high seedling density which 
occurred from 1978 to 1979 illustrated the response 
of an annual grass to increased soil moisture. 
Increase in density between 1979 and 1980 was 
shown to be only 43%. Cheatgrass was present pre-
dominantly in the subplots bordering native vegeta-
tion and in depressions where there was a greater 
accumulation of soil moisture for all growing 
seasons. During the first growing season following 
seeding, cheatgrass was a stronger competitor in 
mixtures seeded to native species as compared with 
introduced species. This may be a reflection of 
the lower use level of limiting growth resources by 
seeded species in the native mixtures as compared 
with the introduced and combination mixtures. 

The presence of cheatgrass seems to be stabi-
lizing between seed mixtures and will probably 
start to show a gradual decrease during future 
growing seasons as the perennial grasses increase. 
The anticipated decrease in the presence of cheat-
grass may be owed to the competitive advantage 
that established perennial species can exert over 
invading annuals. 

Invading shrubs demonstrated a biologically 
significant increase in density over three growing 
seasons (Figure 18). A study done by Sindelar and 
Plantenberg (1978) presented similar findings re-
garding establishment by invading shrubs. They 
indicated that shrubs became an increasingly im-
portant component of the plant community as the 
seeded species became larger over time. 

Shrubs were not a significant component of in-
vasion until 1979 and 1980. During the last grow-
ing season rabbitbrush (ChPysothamnus spp.), 
greasewood (Saraobatus ve~iaulatus), broom snake-
weed (Cutierrezia sarothrae), and big sagebrush 
showed an increase in density and biomass above the 
previous two years (Figures 18 and 19). Greasewood 
was the only exception, with an increase in biomass 
in 1979 and a decrease in 1980. The biomass de-
crease in 1980 was believed to be a result of lower 
precipitation. Greasewood occurred primarily on 
areas of rather high sodium concentration. The in-
crease in seedling density during the second year 
following planting is probably a result of increased 
soil moisture during the 1979 season. This shrub 
is a perennial, and subsequent growing seasons will 
determine the survival of the new seedlings. 

Greasewood and the forb species tumbling salt-
bush occur in the same area as a result of their 
capacity for salt tolerance and sparce stands of 
seeded species. The perennial nature of grease-
wood may eventually out-compete the annual tumbling 
saltbush in an exhibition of competition between 
invaders on an area where seeded species will not 
grow vigorously due to the condition of the soil. 



Broom snakeweed, big sagebrush, and rabbitbrush 
are commonly recognized as invading species indica-
tive of disturbed areas. Broom snakeweed and 
rabbitbrush demonstrated a high frequency of occur-
rence in the native vegetation while big sagebrush 
was the major shrub species. The results of this 
study would seem to indicate an encroachment of in-
vading shrubs as the plant community matures, at 
least on a temporary short-term basis. 

Rabbitbrush, broom snakeweed, and big sagebrush 
may also increase as the seed source provided by 
early invaders increases. The presently established 
invading shrub plants are expected to increase in 
biomass and percent canopy cover, potentially re-
ducing the vigor of the surrounding seeded species. 

Invading species within the seeded plant commu-
nities increased in diversity from year to year 
with the appearance of additional invading shrub 
species and chenopods. Table 10 summarizes the in-
crease and pattern of diversity of invading species 
as they appeared in the seed mixtures over years. 
The increase in diversity of invading species il-
lustrates the dynamic nature of these communities 
as they relate to invasion and subsequent succes-
sion. Should a decrease in invaders become appar-
ent in subsequent years, it would indicate that the 

Table 10. Species diversity for invading species 
on the Shallowly Disturbed Successional 
Study. 
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in seed mixture. 
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seeded species are out-competing the invading 
species for the finite resources of nutrients, soil 
moisture, sunlight and space. 

The general trend over the past three growing 
seasons appears to be one of increased invasion. 
There was an increase in density for the invading 
grasses, forbs, and shrubs that were sampled. An 
increase in the number of annual species is indica-
tive of a plant community which is not closed. An 
increase in invading perennials illustrates that 
these invaders can maintain their presence and are 
capable of reproduction within the seeded communi-
ties. 

Effects of Seed Mixture 

Invasion in 1980 was still generally lower in 
the introduced seed mixtures than in native seed 
mixtures. Less invasion in the introduced mixtures 
can be partially explained by the more robust plant 
growth exhibited by the seeded introduced than by 
the seeded native grasses. The level of cheatgrass 
was 58% higher in 1978 in native seed mixtures than 
in the introduced and combination mixtures. As 
native plant communities close and competition be-
tween seeded and invading species becomes more 
intense, native species appear to be exhibiting 
their competitive advantage in relationship to some 
invaders. This advantage is the result of the in-
herent adaptability of native species to their 
environment. 

Effects of Fertilizer 

Invading forbs and shrubs did not respond con-
sistently to fertilization. However, cheatgrass 
exhibited a significant (p=.05) increase in density 
across all fertilizer levels from 1978 to 1979 and 
1979 to 1980. The actual increase in invading 
plants is most likely a result of increased soil 
moisture; however, the fertilizer effect is con-
sistent, i.e., a slightly higher level of invasion 
under high fertilization (40 plants/m2 in 1980) and 
a lower level under the control (32 plants/m2 in 
1980) existed. 

Russian thistle showed a slightly negative bio-
mass and density response to fertilization in 1980, 
9 kg/ha under high fertilization and 15 kg/ha under 
the control. The negative response exhibited by 
Russian thistle is the result of spatial limita-
tions imposed on the establishment of this annual 
forb by the regenerating perennial species. Data 
for 1979 showed that the seeded species responded 
positively to the increased level of fertilizer 
v/hich was appl ied before the second growing season, 
thereby decreasing the incidence of invasion by an 
annual forb such as Russian thistle. It should be 
noted that the response of the annual forbs tum-
bling saltbush and the Chenopodium spp. are not 
correlated with fertilizer levels. These two 
species are special cases which are responding more 
to the presence of sodium in the soil than to com-
petition with seeded species. 

Scarlet globema110w appeared to be unaffected 
by fertilization. The absence of a fertilizer 
response seems to be an inherent characteristic of 
this species. G10bema110w appears to be well 
adapted to areas of low nitrogen conditions, and 



therefore its level of growth does not appear to be 
affected by nitrogen fertilizer. 

The invading shrub species did not exhibit a 
clear response with regard to nitrogen fertilizer. 
This can be partially explained by the difficulty 
of establishment due to the spatial limitations im-
posed by the seeded grasses and forbs. This reac-
tion may also exhibit the lack of response of 
native shrubs to nitrogen fertilizer (Woodmansee 
et a1. 1978). 

Effects of Mulch 

Biomass of invading species was generally 
lower or showed no significant difference (p=.05) 
on mulched subplots as compared with unmu1ched 
subplots for the first two growing seasons 
(Figure 20). The difference was not statistically 
significant for data collected in 1980. At this 
time the wood fiber hydromu1ch had almost com-
pletely decomposed. The lower incidence of inva-
sion which occurred on the mulched plots would 
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Figure 20. Biomass of selected invading species by 
mulching treatment across years on the 
Shallowly Disturbed Successional Study. 
(Treatments followed by the same letter 
are not significant at the .05 level.) 
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seem to reaffirm the effectiveness of mulch in 
rapidly establishing a closed community during the 
early stages of community development. The proxim-
ity of native vegetation to the site perimeter in-
creases the probability of invasion in the margin 
subplots; however, invasion was higher in the 
interior plots which were not mulched. The physi-
cal presence of the mulch on the soil surface 
served as a moisture conserving facility and en-
hanced the establishment and vigor of seeded 
species. 

The density of invading forbs on both the 
mulched and unmu1ched plots in 1978 was due pri-
marily to the presence of Russian thistle 
(Figure 21). The density of invading forbs however 
was increased in 1979 over 1978 by the presence of 
Chenopodium spp. and tumbling saltbush. The sig-
nificantly greater number of scarlet globema110w 
plants in 1980 maintained a high invading forb 
density even though Chenopodium spp. was not 
present in great numbers for that year. 
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Figure 21. Density of selected invading species by 
mulching treatment across years on the 
Shallowly Disturbed Successional Study. 
(Treatments fo110wd by the same letter 
are not significant at the .05 level.) 

The presence of tumbling saltbush on the 
mulched plots accounted for a rather high portion 
of the density of forbs which occurred in 1979. As 
previously stated, only the subplots on the pe-
rimeter of the site were mulched. These subplots 
also contained a somewhat higher amount of sodium. 
It appears that the presence of high sodium levels 
along with high precipitation in 1979 rather than 
mulch accounted for the increased presence of this 
species. 



Applications for Reclamation Practices 

Invading species do not appear to pose a seri-
ous threat to the successful establishment of 
seeded communities on the shallowly disturbed soils 
in the Piceance Basin. A comparison of the biomass 
estimates of seeded and invading species for 1979 
showed invading species to represent only 7% of the 
total biomass on the area. Data collected during 
the 1981 growing season will provide additional 
information on the proportion of invading to seeded 
species on the site. 

Invasion on a reclaimed area may be of impor-
tance only where environmental conditions are 
extreme. This study has illustrated that the 
presence of sodium on the reclaimed sites can place 
a severe restriction upon the successful establish-
ment of a seeded plant community. Intensive soil 
testing is recommended to determine areas of high 
sodium concentration. An effective treatment for 
these areas might consist of seeding sodium-
tolerant species or using soil amendments. If 
proper procedures to alleviate the problem are not 
followed, these areas will remain unproductive. 

A comparison of plant density of the seeded 
species between 1978 and 1979 showed more plants in 
the introduced and combination species mixtures. 
It was also shown, however, that while total den-
sity is lower in native species the percentage in-
crease from 1978 to 1979 was greater than for the 
introduced and combination mixtures. Density of 
seeded species in the native grass mixture in-
creased 47% between 1978 and 1979; the introduced 
grass mixture showed an increase of 32%. In the 
native grass-forb mixture density increased 49% 
between 1978 and 1979, while the increase in the 
introduced grass-forb mixture was 38%. Data col-
lected in 1981 will further clarify this relation-
ship between native, introduced, and combination 
mixtures. 

Invasion levels between seeded native and 
introduced mixtures showed that invasion was gen-
erally higher in the native mixtures. Cheatgrass, 
as indicated previously, showed a marked preference 
for invading the seeded native mixtures. Cheat-
grass, however, seems to be exhibiting a gradual 
decline as the seeded native species regenerate. 
In contrast, scarlet globema110w invaded all mix-
tures at an almost equal level. It appears that 
invading annuals, such as cheatgrass, are more 
sensitive to competition from the seeded species 
while invading perennials are more competitive 
with seeded species over time. Favorable succes-
sive growing seasons following planting will deter-
mine the effectiveness of the seed mixtures in 
relation to each other. 

Nitrogen fertilizer was applied on this study 
after the first growing season in an attempt to 
reduce the aggressiveness of annual invaders. The 
data seems to indicate, however, that cheatgrass 
still showed a greater response after fertilization 
than the control. The annual Chenopodium spp. and 
tumbling saltbush were affected more by moisture 
than by time or amount of fertilizer application. 
Shrubs did not respond significantly to fertilizer. 
Data collected during 1979 showed.a significant 
increase in seeded community production under high 
fertilization as compared to the control. With-
holding fertilizer application was not conclusively 
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shown to be an effective method for general inva-
sion control. 

The use of a hydromu1ch as a method for 
increasing vigor of seeded species and reducing in-
vasion was not shown to be an effective long-term 
treatment. The 1979 data demonstrated a lack of 
response by seeded species to the mulching treat-
ment. Data analysis for 1980 showed no signifi-
cant (p=.05) difference between invasion on mulched 
and unmu1ched subplots. Based upon these results, 
use of hydromu1ch as a means of enhancing seeded 
community establishment on the Intensive Study Site 
should be questioned unless future data indicates 
otherwise. However, data on the number and 
quantity of invader species were less on mulched 
plots presumably because of increased vigor of the 
seeded species. 

Conclusions 

1. Invasion was generally lower in those seed 
mixtures containing introduced species, although 
this difference was less apparent in 1980 as in the 
previous years following seeding in 1976. 

2. Community diversity increased between 1978 
and 1979. Diversity was maintained in 1980 but 
density and biomass fluctuated within seed mixtures 
between each growing season. 

3. Invading shrubs demonstrated a general in-
crease in density as measured over three growing 
seasons following seeding. 

4. Biomass and density of invading species 
were generally lower on mulched as compared to un-
mulched plots. The presence of wood fiber hydro-
mulch resulted in a negative effect on invasion 
during early establishment of the seeded communi-
ties. As mulch became subject to decomposition, 
the negative effect appears to have faded. 

5. Chenopodium spp. and Russian thistle appear 
to be recurrent invaders on this site, subject to 
available soil moisture. 

6. Invasion by the perennial forb scarlet 
globema11ow is approaching equality on all plots 
regardless of mixtures seeded. 

7. The presence of high levels of sodium in 
the soil affected the type of invading species 
growing on the area. Greasewood and tumbling salt-
bush invaded these areas due, in part, to a lack of 
competition from seeded species. 

Revegetation Techniques Study 

Introduction 

The Revegetation Techniques Study was estab-
lished in the fall of 1976 to evaluate various 
cultural practices as they may influence the 
reestablishment of diverse and self-perpetuating 
ecosystems on intensively disturbed soils resulting 
from oil shale development. Six panels measuring 
16x92 m were scraper excavated to a depth of 1 m 
(Figure 22). The material from each panel was then 
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mixed and returned to the excavation. Each panel 
had a series of 24 plots that had all possible com-
binations of seed mixtures (Table 11), seeding 
technique, and fertilizer treatments. Thus, a 
reclamation situation where the plant growth 
medium included mixing shallow layers of topsoil 
with underlying subsoil material was simulated. 
The revegetation of this heterogeneous topsoil-
subsoil mixture is difficult since it presents a 
rocky and nutrient-deficient seedbed and rooting 
medium. The various cultural treatments being 
evaluated include seeding technique, seed mixture, 
fertilization, and irrigation. The four seeding 
techniGues being studied were: 

Technique 1: Grass, forb, and shrub mixtures 
drilled at a rate of 17 kg/ha 

Technique 2: Grass, forb, and shrub mixtures 
drilled at a rate of 19 kg/ha 
with a decreased grass and forb 
seeding rate and an increased 
shrub seeding rate 

Technqiue 3: Grasses and forbs drilled at a 
rate of 17 kg/ha 

Technique 4: Grasses and forbs broadcasted at 
a rate of 29 k~/ha and lightly 
covered wi th soil. 

Three seed mixtures of various combinations of 
grasses, forbs, and shrubs were evaluated in this 
study (Table 11). They are: (l) a combination 
mixture of native and introduced species, (2) a 
native species mixture, and (3) an introduced 
species mixture. Half of the study was fertilized 
with 112 kg N/ha and 90 kg P/ha while the remaining 
half was unfertilized. One-half of the study (in-
cluding fertilized plots) was irrigated the first 
two growing seasons. Supp1ementai water was added 
on a weekly basis beginning early in June to bal-
ance any deficit in the maximum natural precipita-
tion expected (2.5 cm/week). The entire study was 
hydromulched with wood fiber at a rate of 2.2 MT/ha. 
The experimental design was a split-split plot 
(Fi gure 22). 

The responses of vegetation to various cultural 
treatments were measured using quadrat, stand 
evaluation (Cook et al. 1967), and line intercept 
sampling. Permanent 0.25-m 2 quadrats were used to 
measure seeded grass, forb, and shrub density, 
canopy cover, and biomass. In addition, line 
intercept sampling provided density and canopy 
cover estimates for shrub species to provide a more 
accurate estimate of shrub responses. Stand 
evaluation provided information on number and dis-
tribution of invading species within treatments. 

Diversity was estimated using Shannon-Weiner 
index (Shannon and Weaver 1973) and using a ratio 
of the relative cover of each species to the total 
cover of all species (Bonham 1974). Higher diver-
sity indices indicate higher structural diversity 
and possibly greater plant stand stability. 

Results and Discussion 

Differing degrees of surface rockiness (>2 mm) 
cover and rock size in the substrate were found 
among the six panels (Table 12). Otherwise, all 
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panels had similar soil characteristics such as 
pH, water infiltration rates, electrical conduc-
tivities, and compaction. Degree of surface and 
subsurface rockiness was derived from ocular esti-
mates from quadrat data and exploratory pits, 
respectively (Table 12). It has been reported that 
as the percentage of coarse fragments in soil ma-
terial increases, the suitability of that soil 
material for revegetation decreases (Berg et al. 
1979). Therefore, vegetation responses were 
analyzed using a nested design which incorporated 
the varying degrees of surface and subsurface 
rockiness. 

Fourwing saltbush and winterfat are the domi-
nant seeded shrubs. Stansbury cliffrose (Gowania 
mexicana stansburiana) and green ephedra (Ephedra 
viridis) have achieved only limited establishment 
success as evidenced by their low biomass and com-
paratively small plants. This may be attributed to 
grass competition (Redente et al. 1980). Antelope 
bitterbrush (Purshia tridentata) has been consid-
erably less successful, and Siberian peashrub and 
Russian olive can no longer be found on the study 
plots. Therefore, fourwing saltbush and winterfat 
are the major shrubs considered in the discussion 
of seeded shrubs. 

Effects of Rockiness 

The effects of rockiness on seeded shrubs is 
not clearly understood. However, some literature 
indicates that rockiness may benefit shrubs. 
Hillel and Tadmore (1962) reported that rocky soils 
experienced lower water storage capacities (i .e. , 
smaller retensions per unit of depth) and the depth 
of water penetration was increased. This would be 
more advantageous to the deep-rooted fourwing salt-
bush than the more shallow-rooted grasses. Thereby, 
water competition between fourwing saltbush and the 
seeded grasses would be reduced, but not entirely 
eliminated. Generally, increased subsurface rocki-
ness lowered the overall productivity of the site 
and changed the species composition by increasing 
fourwing saltbush and decreasing seeded grasses on 
nonirrigated plots (Figure 23). However, Panel II 
had the highest subsurface rockiness and the lowest 
shrub cover. 

The high surface rockiness in Panel III may 
have caused poor seed-to-soil contact and a 
droughty seedbed condition. In any event, the 
higher surface rockiness in Panel III appears to 
have restricted forbs and qrasses more than the 
shrubs. Results from Panel I did not seem to show 
that rockiness favored either grasses and forbs or 
shrubs since it had comparatively smaller quantities 
of rocks in the soil profile. Further study is 
underway to explain the effect or rockiness more 
completely. Winterfat was not significantly 
affected by rockiness. Competition with fourwing 
sal tbush probably suppressed winterfat increases on 
rockier soils. Under irrigation there was no 
effect of rockiness on the stands of various life 
forms. Irrigation continually recharged these in-
tensively disturbed soils, thereby reducing compe-
tition for moisture among all life forms. 

Subsurface rockiness and total rockiness of the 
soil profile affected biomass (p=.25) of seeded 
grasses, but only on nonirrigated plots (Figure 23). 
Seeded grass biomass was greatest in Panel I, 
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Table 11. Seeding mixtures and rates used on the Revegetation Techiques Study. 

Common Name Scientific Name 

Mixture 1--Combination (native and introduced) species 

1. Nordan crested wheatgrass 
2. Siberian wheatgrass 
3. Critana thickspike wheatgrass 
4. Sodar streambank wheatgrass 
5. Slender wheatgrass 
6. Regar meadow brome 
7. Indian ricegrass 
8. Green needlegrass 
9. Durar hard fescue 

10. Madrid yellow sweetclover 
11. Sweetvetch 
12. Gl 0 bema 1 1 ow 
13. Lewis flax 
14. Arrowleaf balsamroot 
15. Fourwing saltbush 
16. Stansbury cliffrose 
17. Wi nterfat 
18. Green ephedra 

Mixture 2--Native species 

1. Rosana western wheatgrays 
2. Sodar streambank wheatgrass 
3. Bearded bluebunch wheatgrass 
4. Indian ricegrass 
5. Green needlegrass 
6. Durar hard fescue 
7. Shermans big bluegrass 
8. Alkali sacaton 
9. Gl o bema 11 ow 

10. Sweetvetch 
11. Palmer penstemon 
12. Stansbury cliffrose 
13. Green ephedra 
14. Fourwi ng saltbush 
15. Winterfat 
16. Antelope bitterbrush 

Mixture 3--Introduced species 

1. Nordan crested wheatgrass 
2. Siberian wheatgrass 
3. Jose tall wheatgrass 
4. Luna pubescent wheatgrass 
5. Oahe intermediate wheatgrass 
6. Manchar smooth brome 
7. Regar meadow brome 
8. Vinal Russian wildrye 
9. Ladak alfalfa 

10. Madrid yellow sweetc10ver 
11. Lutana cicer mi1kvetch 
12. Sainfoin 
13. Bouncing bet 
14. Small burnet 
15. Siberian peashrub 
16. Russian olive 

Ag~opyron cristatum 
Agropyron siberiaum 
Agropyron dasystachyum 
Agropryon riparium 
Agropyron trachycauZum 
Bromus erectus 
~zopsis hymenoides 
Stipa viridu Za 
Festuca ovina duriuscuZa 
MeZiZotus officinaZis 
Hedysarum boreaZe 
sphaeraZcea munroana 
Linum Zewisii 
BaZsamhoriza sagittata 
AtripZex canescens 
Cowania mexicana stansburiana 
Cera to ides Zanata 
Ephedra viridis 

Agropyron smithii 
Agropyron riparium 
Agropyron spicatum 
OPyzopsis hymenoides 
stipa viriduZa 
Festuca ovina duriuscuZa 
Poa ampZa 
sporoboZus airoides 
SphaeraZcea munroana 
Hedysarum boreaZe 
Penstemon paUneri 

Total 

Cowania mexicana stansburiana 
Ephedra viridis 
AtripZex canescens 
Ceratoides Zanata 
PUPshia tridentata 

Agropyron cristatum 
Agropyron sibericum 
Agropyron eZongatum 
Agropyron trichophorum 
Agropyron intermedium 
Bromus inermis 
Bromus erectus 
EZymus junceus 
Medicago sativa 
MeZiZotus officinaZis 
AstragaZus cicer 
Onobrychis viciaefoZia 
Saponaria officinaZis 
Sanguisorba minor 
Caragana arborescens 
EZaeagnus angustifoZia 

Total 

Total 

Seeding Rate PLS (kg/ha) 

Tech 1 Tech 2 Tech 3 Tech 4 

1.12 
1.12 
1.12 
1.12 
1.12 
1.12 
1.12 
1. 12 
0.56 
0.56 
1.12 
0.56 
0.56 
1.12 
1.12 
1.12 
1.12 

..l.:..J1. 
17.92 

1.12 
1.12 
1.12 
1.12 
1. 12 
0.56 
1.12 
0.56 
0.56 
1.12 
0.56 
2.24 
1.12 
1.12 
1.12 
1.12 

16.80 

1.12 
1.12 
1.12 
1.12 
1.12 
1.12 
1.12 
1.12 
0.56 
0.56 
0.56 
0.56 
1.12 
1.12 
1.12 
2.24 

16.80 

0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.28 
0.28 
0.56 
0.56 
0.56 
0.56 
4.48 
3.36 
2.24 
2.24 

19.60 

0.56 
0.56 
0.56 
0.56 
0.56 
0.28 
0.56 
0.28 
0.28 
0.56 
0.28 
4.48 
3.36 
3.36 
2.24 
3.36 

21 .84 

0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.56 
0.28 
0.28 
0.56 
0.56 
1.12 
1.12 
4.48 
4.48 

17.36 

1.12 
1.12 
2.24 
2.24 
2.24 
1. 12 
2.24 
2.24 
0.56 
0.56 
1. 12 
0.56 
0.56 
1.12 

19.04 

3.36 
1.12 
2.24 
2.24 
2.24 
0.56 
1.12 
0.56 
0.S6 
1.12 
0.S6 

lS.68 

2.24 
1.12 
2.24 
1.12 
1.12 
1.12 
2.24 
1.12 
0.56 
0.S6 
0.56 
0.56 
1.12 
1.12 

16.80 

1.12 
2.24 
3.36 
3.36 
3.36 
2.24 
2.24 
3.36 
1.12 
0.S6 
1.68 
1.12 
1.12 
1.68 

29.68 

4.48 
2.24 
4.48 
4.48 
4.48 
1.12 
1.12 
1.12 
1.12 
1.12 
1.12 

26.88 

3.36 
2.24 
3.36 
2.24 
2.24 
2.24 
4.48 
2.24 
1.12 
1.12 
1.12 
1.12 
2.24 
2.24 

31.36 



Table 12. Surface and subsurface rockiness on the 
Revegetation Techniques Study. 

Average Percent Rock; ness t 

Surface Subsurface 

Small § Medium' Large" Total Total 
Rock Rock Rock Rock Rock 

Nonirrigated 

Panel I 16 3 2 21 6 
Panel II 40 9 5 54 35 
Panel III 20 18 47 85 28 

Irri gated 

Panel I 37 12 7 56 43 
Panel II 28 27 20 75 60 
Panel III 6 4 0 20 20 

tRockiness averages are derived from ocular estimates of per-
centage rock cover on the surface of the ground and on the wa 11 of 
exploratory excavations. 

§Small rock'" 0.2-1.0 em in diameter. 
'Medium rock", 1.0-3.0 cm in diameter. 
"Large rock'" 3 cm in diameter or greater. 
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Figure 23. Average biomass of nonirrigated seeded 
grasses, forbs, and shrubs affected by 
rockiness. 

intermediate in Panel II, and least in Panel III. 
This correlates with the degree of surface rocki-
ness in the soil and could have been a vital fac-
tor in the emergence and survival of grass seed-
lings. frrigation, however, appears to mitigate 
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the effect of rockiness. Rockiness had no signifi-
cant effect On forb cover and biomass. 

Increased surface rockiness increases (p=.25) 
the densities of invading forbs on both irrigated 
and nonirrigated plots of all seeding techniques. 
Biomass and cover of invading forbs were unaffected. 
Surface rockiness appears to provide a favorable 
microsite (Evans and Young 1972) for invading forbs 
to establish. This microsite advantage is reduced 
with irrigation. 

Effects of Seed Mixture 

The expression of fourwing saltbush was not 
significantly affected by either the combination 
seed mixtures or the native seed mixture 
(Figure 24) in which it appeared. Fourwing salt-
bush competes rather successfully unless grass and 
forb stands are dense. The seeding rates of 
grasses and forbs were apparently low enough in 
these mixtures to allow fourwing saltbush to become 
established and produce vigorous plants on these 
rather severely disturbed soils. Winterfat pro-
duced significantly greater cover (p=.25) and 
densities (p=.lO) in the combination mixtures than 
in the native seed mixture on both irrigated and 
nonirrigated plots (Figure 24). 
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Figure 24. Average biomass of Techniques 1 and 2 
for seeded grasses, forbs, and shrubs 
as affected by seed mixture and 
irrigation. 



Mixtures of seed are confounded when comparing 
them across all, so called, technqiues because 
Techniques 3 and 4 had no shrubs in the mixture. 
Therefore, mixtures of all three life forms can be 
discussed only for Techniques 1 and 2 (Figure 24). 
The introduced seed mixture had no surviving shrubs; 
therefore, grass cover values were greatest in the 
introduced seed mixture (12.8%), followed by the 
native seed mixture (8.8%), and least in the com-
bination seed mixture (8.1%). Irrigation in all 
cases increased the production of grasses. The 
biomass of grasses on irrigated plots was greatest 
in the introduced seed mixture (182 9 m- 2), least 
in the combination (69 g m- 2 ), and intermediate in 
the native seed mixture (100 g m- 2 ). Cover values 
followed the same order (14.0% > 11.2% <> 10 . .0%) as 
biomass for introduced, native, and combination 
seed mixtures, respectively. 

Since shrubs were not seeded in Techniques 3 
and 4, the seeded grasses and-forbs of all three 
seed mixtures have equal opportunity to express 
themselves without shrub competition (Figure 25). 
In this case, seeded grasses of the native seed 
mixture out-produced the grasses of the combination 
seed mixture on nonirrigated plots (Figure 25). On 
irrigated plots, grasses in the introduced seed 
mixture had 183.g m- 2 biomass compared to 128 g m- 2 
in the native seed mixture and 125 g m- 2 in the 
combination seed mixture. 
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Figure 25. Average biomass of nonirrigated and 
irrigated Technqiues 3 and 4 seeded 
forbs and grasses affected by seed 
mixture. 

Generally, seeded forbs produced greater bio-
mass (p=.10) and cover (p=.10) in the introduced 
seed mixture as compared to the native and combina-
tion seed mixtures under both irrigated and non-
irrigated conditions of Techniques 1 and 2 
(Figure 24). There was no shrub competition in the 
introduced seed mixtures because all introduced 
shrubs had a 100% mortality. Therefore, forbs in 
the introduced seed mixture had greater biomass 
than forbs in combination and native seed mixtures 
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(Figure 24). However, Techniques 3 and 4 had no 
shrubs seeded in any of the seed mixtures. Forbs 
in the introduced seed mixtures still produced more 
biomass than forbs in the native and combination 
mixture (Figure 25). This was expected because 
introduced forb species are generally more robust 
than native forb species. Invading forb biomass 
was greater (p=.25) in the native seed mixture 
plots (2.9 g m- 2 ) compared to combination seed mix-
tures (1.6 g m- 2 ) and introduced seed mixtures 
(1.9 g m- 2 ). This indicates that species in the 
native seed mixture did not use space and resources 
as completely as did the seeded species in the 
introduced and combination seed mixtures. 

Effects of Seedi ng Techni ques 

Seeding Technique 2 had an increased shrub 
seeding rate and a reduction in the grass and forb 
seeding rate compared to Technique 1. Seeding 
Technique 2 produced greater fourwing saltbush 
cover than did Technique 1 under both irrigated and 
nonirrigated conditions (Figure 26). The higher 
grass seeding rate of Technique 1 did not allow 
robust fourwing saltbush growth compared to 
Technique 2. Winterfat was not significantly 
affected by seeding technique under either irriga-
ted or nonirrigated conditions (Figure 26). Four-
wing saltbush seeding rate was increased 3.5-fold 
whereas the winterfat rate was increased only two-
fold from Technique 1 to Technique 2. Also, four-
wing saltbush appears to be a more competitive 
species than winterfat. Therefore, saltbush may 
reduce winterfat vigor and numbers through competi-
tion for moisture and nutrients. In addition, 
winterfat has a developed fibrous root system as 
well as a tap root enabling it to use shallow 
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surface moisture which may have resulted in compe-
tition with grasses for this moisture. 

Seeded grass densities were significantly 
(p<.25) increased with the use of seeding Tech-
nique 1 (41 m- 2 ) compared to Technique 2 (35 m- 2 ). 
Grasses seeded with Technique 1 were seeded at 
twice the rate of Technique 2, thus resulting in 
smaller but more individual grass plants. 

Technique 3 (drill seeding) produced signifi-
cantly (p=.25) greater grass biomass than Tech-
nique 4 (broadcast seeding) under irrigation 
(Figure 26). However, no significant difference 
was found between the biomass of grasses of Tech-
niques 3 and 4 without irrigation. It should be 
remembered that seed was applied under broadcasting 
at twice the rate as drilling. There was no sig-
nificant difference in forb biomass between Tech-
niques 1 and 2, regardless of irrigation regime 
(Figure 26). Technique 4 produced more forb 
biomass than did Technique 3 in both irrigated and 
nonirrigated plots (Figure 26). This indicates 
that broadcast seeding reduces competition between 
grasses and forbs compared to drill seeding. 
Densities of forbs in Techniques 3 and 4 plots were 
similar. Since densities remained essentially 
unchanged, there may be no establishment advantage 
with the broadcast technique. However, the more 
vigorous forbs in Technique 4 plots probably would 
withstand a series of drought years more success-
fully than forbs in Technique 3 if root systems of 
forbs in Technique 4 are more developed. 

Invading forb densities were significantly 
greater (p=.25) with the use of seeding Technique 3 
(21.7 m- 2 ) compared to Technique 4 (7.4 m- 2 ). The 
density and biomass of invading forbs were re-
duced with the use of Technique 1 (23 m- 2 and 
0.9 g m- 2 ), as compared to Technique 2 (28 m- 2 and 
3 g m- 2 ) under both irrigated and nonirrigated 
conditions. This occurred because of an increased 
tendency of grasses in Technique 1 plots to close 
the community rather rapidly compared to Tech-
nique 2 which had more shrubs and less grasses, 
thus leaving open spaces for invasion. 

Effects of Fertilizer 

Fourwing saltbush showed no significant cover 
or density response because of fertilization 
(Figure 27) except on rockier sites where fertili-
zation somewhat increased fourwing saltbush bio-
mass. Fertilizer may leach down in rockier sub-
soils where the deep-rooted browse species can take 
advantage of it. Thus, fourwing saltbush may bene-
fit from fertilizer which is out of the reach of 
the grass roots. 

Fertilization did not increase the biomass of 
seeded grasses in all cases (Figure 27). However, 
in most instances grasses were increased by ferti-
lizer rather significantly. Cumulatively, total 
biomass of grasses, forbs, and shrubs was not sig-
nificantly increased with fertilizer applications 
because there was often not enough available water 
for fertilization to be beneficial. Additions of 
nitrogen fertilizer on dry sites may, in fact, be 
damaging as the stimulation of plant growth may 
lead to severe water stress (Va11entine 1977). 
The high salt index of ammonium nitrate may in-
crease osmotic pressure under nonirrigated condi-
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Figure 27. Average biomass of seeded grasses, 
forbs, and shrubs as affected by ferti-
lization. 

tions, thereby subjecting seedlings to water stress 
(Tisdale and Nelson 1975). Also, interspecies com-
petition may be severe with increases in one 
species being negated by decreases in another. 
Fertilizer additions with irrigation may cause vig-
orous introduced grass growth at the expense of 
forb and shrub growth. Accelerating competition even 
more for nutrients, water, and space may negate any 
gains from fertilizer applications. Finally, the 
effects of fertilizer may be diminished three years 
after application (Cook 1965). 

Fertilization produced no significant increase 
on seeded forb biomass, cover, or density on either 
irrigated or nonirrigated treatments over all tech-
niques. Again, fertilizer effects may be exhausted 
since it has been three years since the application 
of the fertilizer. It was suggested by Cosper 
et a1. (1967) that nitrogen fertilization favored 
grass growth and that shrubs and forbs, as a result, 
may suffer from increased competition. Most of the 
forbs in the trials are nitrogen fixers, and ferti-
lization may negate this competitive advantage over 
grasses. The exceptional response was in the 
native seed mixture, where with the use of fertili-
zer sweetvetch doubled in Technique 3 and globe-
mallow quadrupled in Technique 4 compared to no 
fertilizer. 

Fertilization did not significantly affect in-
vading forb density, biomass or cover on irrigated 
and nonirrigated plots when seeding Technqiues 1 
and 2 were used. The biomass of invading forbs was 



significantly decreased (p=.25) with fertilization 
on nonirrigated Technique 3 and 4 plots compared to 
nonferti1ized, nonirrigated plots. There were no 
material differences on the irrigated plots for 
seeding Techniques 3 and 4. Invading grasses also 
showed no responses attributable to fertilization 
on any of the treatments. 

Effects of Irrigation 

Seeded grasses on plots irrigated in 1977 and 
1978 did not produce greater biomass than non-
irrigated plots in 1980 (Figure 28). Irrigation in 
previous years, however, did increase seeded grass 
biomass. Irrigation allowed the seeded grasses to 
grow beyond the abilities of the site to sustain 
such biomass without continued supplemental water. 
Seeded grasses have since competed among themselves 
and apparently died back to a nonirrigated level. 
Irrigated seeded grass densities remained higher in 
1980 than those of the nonirrigated grasses but 
cover and biomass values were comparable. This 
recent reduction in biomass of seeded grasses ap-
pears to have coincided with an increase in biomass, 
cover, and density of seeded forbs. This indicates 
an ability of seeded forbs to occupy some space 
released by the reduction in grasses. Seeded 
shrubs on irrigated plots produced lower cover and 
biomass but higher densities than nonirrigated 
seeded shrubs. 
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Figure 28. Average biomass of seeded grasses, 
forbs, and shrubs as affected by 
irrigation. 

Vegetation Successional Trend 

Vegetation successional trends were analyzed in 
order to obtain a preliminary indication of the di-
rection and rate of plant community changes. 
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Analysis involved the comparison of 1978 quadrat 
data after one growing season to 1980 quadrat data. 

All three seed mixtures increased their total 
biomass from 1978 to 1980 both with and without the 
aid of fertilization or irrigation. Introduced 
species made larger biomass gains than native 
species. The mixing of native and introduced 
species appears to be of little benefit to total 
biomass production after three years since they 
responded about the same as when seeded separately. 
The introduced species showed a decline in plant 
numbers from 1978 to 1980, whereas native species 
gained in numbers. Western wheatgrass, streambank 
wheatgrass (AgPOpyron riparium) , and other wheat-
grasses composed the largest proportion of the 
density, cover, and biomass of native grasses in 
both 1978 and 1980. Indian ricegrass, green 
need1egrass (Stipa viridula) , and big bluegrass 
(Poa ampla) comprise a smaller proportion. Hard 
fescue (Festuca ovina duriuscula) and alkali saca-
ton (Sporobolus airoides) , when first established, 
accounted for only a very minor component of total 
native grass density and biomass. However, later 
they showed some increase. Antelope bitterbrush 
experienced establishment difficulty and generally 
died out by 1980. Crested wheatgrass (Agropryon 
aristatum), Siberian wheatgrass (AgPOpyron siberi-
aum), pubescent wheatgrass (Agropyron triahophorum), 
intermediate wheatgrass, and Russian wi1drye 
(Elymus junaeus) showed little change in density 
and biomass from 1978 to 1980. Alfalfa and cicer 
mi1kvetch (Astragalus aiaer) still comprise the 
largest percentage of introduced forbs and made 
some increases from 1978 to 1980. Yellow sweet-
clover (Melilotus offiainalis) was a substantial 
biomass producer in 1978 but has since been de-
creasing rapidly. Small burnet (Sanguisorba minor) 
is often present but in low numbers and biomass. 
Bouncing bet (Saponaria offiainalis) established 
with low numbers and biomass in 1978 and has since 
largely died out. 

Most seeded grass species under both fertiliza-
tion and irrigation established greater numbers in 
1978, but some decreases in number and biomass 
through 1979 and 1980 have been observed. Sweet-
vetch, globema110w, and Palmer penstemon (Penstemon 
palmel~) made small gains in biomass from 1978 to 
1980 with the use of seeding Techniques 1 and 2, 
but not with seeding Techniques 3 and 4. 

Diversi ty 

Species diversity on revegetation plots were 
similar to diversity in undisturbed vegetation 
(Table 13). Irrigation gives a slight increase in 
diversity, but when discontinued this advantage di-
minishes with time. Although grass cover appears 
to die back on irrigated and fertilized plots to 
values approximating nonirrigated and nonferti1ized 
conditions, grass densities still remain high. 
Fertilization depresses diversity without irriga-
tion, and there is little change with time. There 
was a slight increase in diversity due to fertili-
zation under irrigated conditions, but this de-
creases with the termination of irrigation. Tech-
niques 3 and 4, even without the third life form 
(shrubs), appear to produce greater diversity than 
do Techniques 1 and 2. Species diversity was de-
pressed in native and combination seed mixtures in 
Technqiues 1 and 2, particularly under nonirrigated 



conditions. This was due to competition and domi-
nance from fourwing saltbush. The native seed mix-
ture produced lower diversities than the combina-
tion seed mixture. The introduced seed mixture has 
had slightly higher diversities than the native 
mixture. This is due to the lack of shrubs and the 
increased grass and forb component of this mixture. 

Table 13. Average native and seeded vegetation 
diversity indices as determined by the 
Shannon-Weiner Index. 

1978 1979 1980 

Native range 0.77 0.77 0.77 
Revegetation 0.77 0.76 0.74 

Irrigated 0.84 0.82 0.76 
Nonirrigated 0.70 0.71 0.72 

Fertilized, Nonirrigated 0.68 0.66 0.69 
Nonfertilized, Nonirrigated 0.73 0.76 0.75 
Fertilized, Irrigated 0.84 0.83 0.78 
Nonfertilized, Irrigated 0.83 0.81 0.74 

Tec hni que 1 0.74 0.72 0.72 
Technique 2 0.64 0.61 0.62 
Technique 3 0.84 0.88 0.81 
Technique 4 0.85 0.85 0.82 

Technique 1, Nonirrigated 
Combination seed mixture 0.65 0.56 0.55 
Native seed mixture 0.54 0.38 0.54 
Introduced seed mixture 0.80 0.89 0.86 

Technique 2, Nonirrigated 
Combination seed mixture 0.40 0.42 0.50 
Native seed mixture 0.27 0.22 0.36 
Introduced seed mixture 0.88 0.88 0.81 

Seed Mixture 
Nonirrigated 

Combination 0.65 0.66 0.71 
Native 0.60 0.84 0.64 
Introduced 0.86 0.57 0.82 

Irrigated 
Combination 0.81 0.81 0.77 
Native 0.71 0.77 0.72 
Introduced 0.98 0.89 0.79 

Conclusions 

Subsurface and surface rockiness appear to in-
-fluence the establishment and growth of grasses 
and shrubs. Plots with greater rockiness promoted 
fourwing saltbush production and decreased grass 
production. Total production and species composi-
tion of the revegetated community appeared to be 
altered by rockiness in both the surface and sub-
surface profiles. A clearer explanation of the 
influence of rockiness cannot be offered at this 
time, but research is continuing. 

Biomass, cover, and density of seeded grasses 
and forbs were greatest in the introduced seed mix-
ture. Seeded shrubs in this mixture have had 
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almost 100% mortality since seeding in 1976. In 
general, the combination seed mixture of both na-
tive and introduced species was similar to the 
native seed mixture in terms of seeded species bio-
mass, cover, and density. The combination seed 
mixture did however produce greater winterfat den-
sity, cover, and biomass than the native seed 
mixture. The combination seed mixturealso produced 
greater biomass with the use of seeding Techniques 
1 and 2. However, the native seed mixture produced 
greater biomass with the use of seeding Techniques 
3 and 4 where shrubs were omitted. Fourwing salt-
bush densities were increased with the use of 
seeding Technique 2 where the rate of shrub seeding 
was increased and the rate of grass and forb seed-
ing was decreased. Conversely, winterfat, grass, 
and forb biomass were favored by use of seeding 
Technique 1. Forb biomass was increased using 
Technique 4 (broadcast seeding with twice the rate) 
compared to Technique 3. Grass biomass was in-
creased with Technique 3 over Technique 4. 

Fertilization increased the yield of fourwing 
saltbush on both irrigated and nonirrigated plots. 
Winterfat experienced decreased densities, cover, 
and biomass with fertilization under both irrigated 
and nonirrigated conditions. Forbs seeded with 
Techniques 1 and 2 did not respond to fertilization 
under nonirrigated conditions but did exhibit in-
creased densities with fertilization under irriga-
ted conditions. However, fertilization decreased 
biomass, cover, and density of forbs seeded with 
Techniques 3 and 4 under both irrigated and non-
irrigated conditions. Fertilization. in most cases, 
increased biomass, cover, and density of grasses 
seeded with all techniques under both irrigated and 
nonirrigated conditions. 

Irrigation enhanced grass establishment in 
1977 and 1978, which in turn suppressed forbs and 
shrubs. However, in 1980 these irrigated grasses 
have now decreased to similar biomass and cover 
levels as those found in the nonirrigated plots. 
This has allowed the surviving shrubs and forbs to 
increase biomass somewhat in the irrigated plots. 
Shrub cover in irrigated plots was half that found 
in nonirrigated plots. This was believed to be a 
consequence of increased stimulus of grass growth 
as a result of irrigation and greater competition 
with shrubs. Shrub densities, however, were higher 
in irrigated plots compared to nonirrigated plots. 
The major objective of irrigation is to protect 
the establishing vegetation from the adversities of 
climate. The species in nonirrigated plots, 
although slower to establish, survived the drought 
of 1976-1977 without this irrigation advantage. 
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OBJECTIVES 

Over the last five years, the effects of soil 
distubance and retorted oil shale on the develop-
ment of soil microbial processes have been moni-
tored in relation to seeding mixture, fertilization, 
irrigation, and seeding technique variables. Spe-
cific objectives have included the following: 

1. To evaluate microbial responses during 
reestablishment of plant communities on 
disturbed and revegetated soils using plots 
established at the Intensive Study Site 

2. To study the effects of soil storage on 
microbiological populations and on 
microorganism- related nutrient cycling 
processes 

3. To determine the effects of retorted shale 
materials on the microbiological character-
istics of surface soils from the study site 
in relation to the development of plant 
communities on these materials. 

METHODS 

Study Site 

For most of the sampling carried out as a part 
of this study, samples were taken from the Inten-
sive Study Site. These included samples from the 
various test plots and reference samples from 
adjacent control areas. 

Soil Sampling 

From each subplot three samples were taken, at 
each of the ends and in the center of the rectangu-
lar areas. The soil samples were taken from the 
0-5 cm depth to assure that effects of shorter-term 
variations in temperature and moisture would be 
minimized and to sample from the zone where maximum 
plant root development would occur. Also, no 
aboveground materials or soils directly adjacent to 
plants were taken in order to maintain the experi-
mental integrity of the plots. Samples were sieved 
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through a 2 mm mesh screen, mixed in a Patterson-
Kelly twin shell dry blender for 20 minutes, 
returned to individual plastic bags, and stored at 
6°C until analysis or use in experiments. 

General Analytical Procedures 

The procedures for soil organic matter measure-
ment, microbial enumeration, nitrogen fixation, 
phosphatase and dehydrogenase activities, and soil 
ATP have been described by Hersman and Klein (1979) 
and Sorensen et a1. (1981). The procedure for 
radioactive glucose mineralization has been de-
scribed by Nakas and Klein (1980). 

Plant-Associated Nitrogen Fixation Potential 

Laboratory Studies 

These procedures have been described in the 
1979 progress report. 

Field Studies 

To assess the relative nitrogen fixation ac-
tivity of legume species growing at the Intensive 
Site in plots described by Sabey et a1. on page 57 
of this report, nodule acetylene reduction activi-
ties were measured. Representative plants were 
selected from subsoil and topsoil plots fertilized 
with 0, 56, or 112 kg N/ha. The legume species 
studied were sweetvetch (Hedysarum boreale), cicer 
mi1kvetch (Astragalus cicer), and Ladak alfalfa 
(Medicago sativa). The effect of seedbed inocula-
tion with soil previously exposed to growth of 
specific legumes and/or growth with native grasses 
on acetylene reduction activity of sweetvetch 
nodulated roots was evaluated in addition to the 
effects of soil type and fertilization. 

For sampling carried out on June 10,11, and 
12, 1980, a soil cylinder of 30 cm in diameter and 
20 to 30 cm deep was taken containing the selected 
plant. The excavated soil and p1ant(s) were placed 
in an 18-1iter container of local well water for up 
to 60 minutes. When the soil had become saturated, 
it was gently separated from the roots to avoid 
tearing the nodules from the roots. After washing 



the root material and nodules were placed in a 
wide-mouthed, quart (980 ml) mason jar with a few 
milliliters of water and closed with a lid con-
taining a serum bottle septum. The closed jars 
were immediately buried in the soil with only the 
tops exposed. They were then shaded with aluminum 
foil. With this procedure the jars remained at 
19±0.5°C. 

The closed jars were incubated for 4S to 60 
minutes (exact incubation times were recorded) 
after which the atmosphere was sampled using a 
10 ml evacuated blood sampling tube. This initial 
sample was used as a check for ethylene production 
by the roots without added acetylene. After this 
sample was taken, approximately 88 ml of gas were 
removed from the jar atmosphere with a hypodermic 
syringe (i.e., 98 ml, or 0.1 atm, total volume 
including the 10 m1 removed with the initial 
sample). Then, 98 m1 of sulfuric acid-scrubbed 
acetylene was injected, the time was recorded, and 
the incubation was continued for about one hour. A 
final sample of the jar atmosphere was taken with a 
10 ml evacuated blood tube, and the time was again 
recorded. 

The gas samples in the blood tubes were 
analyzed for acetylene and ethylene, and the 
acetylene content was used as an internal standard. 
Adjustments for atmospheric pressure changes due to 
elevation changes were also made. 

The roots were then placed in a plastic bag and 
kept on ice until they were returned to the labora-
tory where they were kept frozen at -20 0 e. The 
roots and nodules were then dried separately in 
tared containers at 7Soe for 48 hours and then at 
10Soe for 2 hours. A ratio of dry weight of nod-
ules (mg) to dry weight of roots (g) (i.e., a 
nodulation frequency) was then calculated, "as well 
as the amount of acetylene reduced per milligram 
of dry weight of nodules. 

Shale Extraction Experiments 

Soils were mixed with retorted shale which had 
been exposed to methylene chloride for 48 hours, 
followed by washing for 24 hours with methyl 
alcohol and washing for 24 hours with double dis-
tilled sterile water. This was completed to deter-
mine whether the organic or inorganic fraction of 
retorted shale might be responsible for the previ-
ously reported effects of retorted shale on 
microbial activities. 

Nitrification Activity Measurements 

Nitrification activity has been monitored using 
two approaches. In the first studies, 50 gm por-
tions of the test soils were added to four petri 
plates to give three replicates and a control. To 
the three experimental soil samples, 10 ml of 
ammonium sulfate solution (0.5 g K2HPOq, S g 
(NH4)2S4' 100 ml H20) were added to the soil using 
a syringe to cover the entire surface of the plate. 
The plate was covered and placed in a sealed incu-
bator at room temperature which was kept humid by a 
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tray of water. At two-week intervals, 14 g soil 
aliquots were air dried and analyzed for nitrate 
using the Orion nitrate electrode (Model 93-07) and 
Orion reference electrode (Model 90-02) connected 
to a Corning pH/mv meter. The soil sample was 
emptied into a flask to which was added SO ml H20, 
O.S ml AgF, O.S ml of concentrated acetic acid, and 
1 g CaOH. The flask was shaken on a reciprocal 
shaker at 125 rpm for 30 minutes and filtered 
through Whatman #1 fi Her paper. The nitrate el ec-
trode was lowered into the filtrate, and millivolts 
were recorded and read against a nitrate standard 
curve. 

Secondly, the chlorate ion block procedure of 
Belser and Mays (1980) has been evaluated and re-
fined to allow rapid evaluation of the potential 
activity of autotrophic ammonium oxidizers and 
nitrate oxidizers in these lower activity soils. 

Ammonium Ion Effects on Nitrogen Fixation 
in Soil-Shale Mixtures 

Soil from the revegetation plot samples 
l-121-A, B, e and l-122-A, B, e (sampled on May 25, 
1979) were mixed together. This soil was then mix-
ed with shale into ratios of 90% s011-10% shale and 
75% soil-25% shale. In addition, the shale WqS 
used alone. The shale was passed through a 32-mesh 
sieve before use. Ammonium ion was added as ammon-
ium chloride. 

The soil water holding capacity was'determined 
using the procedure of Peters (196S) as modified by 
Sherwood (1979). For most experiments, if the soils 
were at an appropriate soil water level, the soils 
were s1mply amended with a 0.5% w/v glucose solu-
tion. The solutions of glucose at O.S% w/v were 
made up to give final ammonium ion nitrogen levels 
of 0, 50, and 200 ~g/g soil. The acetylene reduc-
tion values were determined as described previously. 

Ammonia Volatilization 

The loss of gaseous ammonia from revegetated 
soils was studied under laboratory conditions using 
unfertilized soils from the Retorted Shale Succes-
sional Study plots seeded with native plants. A 
sample was composited from soil 30 cm deep over 
spent shale, from soil 61 cm deep separated from 
spent shale by a 30 cm gravel capillary barrier, 
and from control soil (soil not over spent shale). 
Three subsamples of this composited and air dried 
soil were saturated with deionized water, a solu-
tion of 100 mg NHt-N/l, and a solution of 375 mg 
NHt-N/l (respectively) and were prepared from 
(NHq)2S04' The three saturated soils were quickly 
brought to approximate field capacity (22.7±0.3% 
moisture by weight) by centrifuging at 1000 X g for 
30 minutes. This procedure assures rapid, even 
distribution of the treatment solution through the 
soil. The soil treated with 100 mg N/l received 
about 22 mg N/g dry weight; the soil treated with 
375 mg N/1 received about 84 mg N/g dry weight. 
Initial KCl extractable NHt-N from the soils was 
lS.7±1.1 ~g/g and 66.9±7.8 ~g/g, respectively. 



Triplicate samples of approximately 100 9 of 
moist soil (after taring) were incorporated into 
gas scrubbing trains. Approximately 100 m1/min of 
water saturated air were drawn through each of the 
flasks and scrubbed through secondary H2S04 traps 
as controls. Any weight loss was compensated for 
by adding deionized water--1ess than 10 ml of water 
were added to any flask during the 34-day experi-
ment. 

Each of the treated soils was analyzed in 
triplicate immediately after treatment and at the 
end of the experiment for KC1 extractable NHt-N in 
1 N KCl soil extracts. Nitrate-nitrogen was deter-
mined using diazotization colorimetry (Strickland 
and Parson 1968). Analysis for N03-N was done 
using chromotropic acid colorimetry (APHA 1975). 
Soil pH was also measured following treatment and 
at the conclusion of the experiment using 50% (w/v) 
slurries, a glass combination electrode, and pH 
meter. 

Statistical Analysis 

All data were analyzed by standard statistical 
procedures. This included analysis of variance and 
regression analysis using available SPSS computer 
programs. 

RESULTS 

Revegetation Techniques Plot 

Over the four years during which this plot at 
the Intensive Study Site has been monitored, marked 
changes in microbial activity have been observed 
with the development of the soil-plant system. 

After one growing season, the Revegetation 
Techniques plot showed correlations which indicated 
that the system was responding to the planting mix-
ture variables as measured by microbiological 
parameters (Table 14). 

These initial Pearson correlations indicated 
that there were strong relationships between the 
soil organic matter levels, moisture availability, 
and more general microbial activity parameters 
especially in relation to the planting mixtures 
which had been used. 

Although not significant, interesting trends 
were noted for the changes in soil organic matter 
in relation to treatments and planting mixture 
variables which suggested that there was a rela-
tionship between the presence of the introduced 
planting mixture and the soil organic carbon con-
tent responses. After one season the dehydrogenase 
activity showed particular trends in relation to 
fertilizer and previous soil treatment methods; 
however, an interesting relationship was shown be-
tween the presence of the introduced plant mixture 
and the soil dehydrogenase activity (Figure 29). 
This would suggest that the introduced species are 
able to fix more carbon for transport to the below-
ground compartment during initial growth on the 
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Table 14. Significant Pearson correlations for the 
Revegetation Techniques plot. 
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Figure 29. Effect of planting method (seed mixture 
on soil dehydrogenase activity) Revege-
tation Techniques plot--1977. 

disturbed soil, an observation which was also sup-
ported by the organic matter analyses of the soil. 

Irrigation, seeding method, seed mixture, and 
fertilizer level showed significant effects (single 
and interactive) on soil microbiological processes 
by the 1978 sampling. For both the May and July 
samplings, strong overall direct correlations were 
shown between the percentage soil organic matter 
and pH (inverse), soil water, dehydrogenase, phos-
phatase activity, N2 fixation potential, and soil 
ATP which appeared to be related to plant growth 
and subsequent organic matter release to the soil. 
With irrigation the native seed mixture showed the 



highest levels of soil organic matter; without 
irrigation the introduced species mixture was re-
lated to the highest organic matter content in the 
test soils (Figure 30). This would suggest that 
different seed mixtures may be appropriate for use 
in irrigated versus nonirrigated revegetation pro-
grams if be10wground production is a concern. In 
addition, a trend towards decreased N2 fixation 
potential with fertilizer nitrogen additions was 
noted in comparison with the nonfertilized plots 
for the spring sampling (at a significance level of 
p < .06). Irrigation had significant independent 
effects upon soil pH, dehydrogenase and phosphatase 
activities, and ATP and organic matter levels in 
the surface soils. As irrigation did not begin 
until after the May sampling, irrigation did not 
share a relationship with the soil water content. 
These results indicate that the irrigation effect 
on these microbiological parameters resulted from 
the previous year's irrigation activity. In 1977 
the native plant species mixture appeared to pro-
duce more soil organic matter with irrigation, 
while with irrigation, the introduced plant species 
mixture produced better organic matter accumulation 
in the upper surface soil layer. 
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Figure 30. Irrigation and seed mixture effects on 
surface soil organic matter levels for 
the Revegetation Techniques plot--July 
1978. (Standard deviations are shown.) 

Dehydrogenase and phosphatase responses gave 
similar results for both the May and July samplings. 
For the spring sampling (May), fertilization was 
related to decreased phosphatase activity (p<.065). 
This was not observed for the July sampling. A 
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trend (still nonsignificant) towards decreased 
nitrogen fixation on the fertilized plots was also 
noted for the May sampling. 

By 1979 strong correlations between the surface 
soil organic matter levels and other parameters 
were noted. Significant interactions of irrigation 
with dehydrogenase activity, N2 fixation, phospha-
tase and organic matter were observed, as had 
occurred in earlier years. Other interactions in-
cluded species used with phosphatase and soil 
organic matter and a species-irrigation interaction. 

Significant effects of irrigation (p<.Ol) and 
fertilization (p<.02) on nitrogen fixation poten-
tial were indicated when the combined 1978 and 1979 
data were analyzed. 

The species used also affected the nitrogen 
fixation potential, independent of irrigation and 
fertilizer variables. For the combined 1978 and 
1979 years, the introduced species (Mixture 3) had 
a higher N2 fixation potential than the native or 
combination seed mixtures. This was significant at 
the .074% level and indicates a trend which may be-
come more profound in the coming season. 

In a similar manner, the soil phosphatase 
activities were strongly influenced by the species 
used (p<.Ol), with the introduced species showing 
the highest activities. With irrigation higher 
relative responses were also observed, and fertili-
zation caused slight decreases in phosphatase 
activity. 

Controls, which were taken across all test 
plots outside the zones where plant growth had 
taken place, did not indicate that significant dif-
ferences in soil organic matter levels were 
initially present across the test plots. 

For the 1980 season only a limited sampling of 
the Revegetation Technqiues plot was completed. As 
noted in earlier years, the effects of irrigation 
(even when carried out only in the first fall and 
spring following seeding) appears to have lead to 
significant increases in the surface soil organic 
matter levels and in the dehydrogenase and phospha-
tase activities. 

Long-Term Fertility Plots 

The fertility plots at the Intensive Study Site 
were analyzed during the 1979 season but not in 
1980. These plots and their various treatments are 
described by Sabey et a1. in this report. Data on 
microbial activity were presented in the 1980 pro-
gress report. 

Successional Plot 

The Surface Disturbed Successional plot was 
analyzed in both 1978 and 1979 but not in 1980. 
Reference to data collected and discussed appears 
in the 1980 progress report. 



Annual Disturbance Plots 

In the initial correlation of general micro-
biological measurements across the four treatments 
and the disturbance years 1976 and 1977, a series 
of significant relationships of disturbance and 
microbial activity were noted (see 1978 progress 
report) . 

Retorted Shale Successional Plot 

The Retorted Shale Successional plot, which was 
initiated in 1978 and sampled during 1979 and 1980, 
provided the first direct information concerning 
possible effects of retorted shale on the micro-
biological characteristics of revegetated soils 
placed over this material and concerning capillary 
barrier performance under field conditions. 

Major conclusions drawn from this study include 
the fo 11 owi ng: 

1. With direct contact of oil shale under sur-
face soil at various depths, similar 
decreases in microbial activity are noted 
which appear to give an early indication of 
similar subsequent decreased plant commu-
nity responses (see Redente et al. of this 
report) . 

2. A capillary barrier, as used in this 
experiment, appears to provide only short-
term (one to two year) protection of sur-
face soil from the effects of underlying 
retorted shale. 

3. Retorted shale without surface soil treat-
ments had negligible microbial activity at 
the beginning of the experiment and also 
after a three-year period. 

The major relationship noted for this experi-
ment was the nearness of retorted shale to the 
surface soil as it affects microbial activity. No 
species or fertilizer effects were observed in 1979 
although a fertilizer-planting mixture interactive 
effect on nitrogen fixation was noted. This infor-
mation is presented in the 1980 progress report. 

The major 1980 observation was that the capil-
lary barrier plot surface soils, instead of being 
similar to the control soils as observed in 1979, 
had relatively lower microbial activities which 
were more like soils place directly over retorted 
shale materials. This was most evident for the 
surface soil dehydrogenase activity where the soils 
with and without the capillary barrier had similar 
activities, all of which were lower than the 
controls. The dehydrogenase assay with added glu-
cose less control values gave the clearest differ-
ences (Fi gure 31) \,/hi 1 e dehydrogenase assay wi thout 
added glucose gave similar but less clear-cut 
results (Figure 32). Under these conditions the 
91 cm soil depth was not significantly different 
from the control soil, while the capillary barrier 
still showed a significant decreased activity. 

Similar decreased activity of all panels in 
comparison with the control were shown for 
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Figure 31. Effects of soil depth and a capillary 
barrier on the dehydrogenase activity 
(glucose-treated less control) of re-
vegetated soil located over retorted 
shale--1980. (The least significant 
difference range (p~.05) is given.) 

phosphatase (Figure 33) and nitrogen fixation po-
tential (Figure 34), with the nitrogen potential 
responses being most distinct. For the soil 
organic matter, the control and 91 cm surface soil 
over shale had similar levels while the capillary 
barrier soils were higher and the 30 and 61 cm soil 
depths over the retorted shale were significantly 
lower (Figure 35). 

In 1980 and as noted in 1979, there was an 
increased N2 fixation potential with the high fer-
tilizer treatment, although this was not signifi-
cantly different from the control (Fi~ure 36). 

For the 1980 season an attempt was made to 
measure microbial activities at various soil depths 
as well as analyzing the 5-10 cm surface soil 
samples. When averaged over depth to shale, 
capillary barrier soils had activities equal to or 
higher than the controls while soils directly oyer 
shales were more similar to controls. It was of 
particular interest to note that the capillary 
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barrier soil had markedly higher soil water con-
tents while the other treatments had lower and more 
similar values (Figure 37). This same relationship 
was observed for the soil organic matter, phospha-
tase, and dehydrogenase (glucose less control) data 
when all soil 'depths were averaged. The only 
exception to this general trend was shown by the 
ATP values. Other than for the 91 cm depth soil 
samples (which were significantly higher) the ATP 
values from the control, capillary, and other 
treatments were lower (Figure 38) . 

In summary, these results suggest that it 
should be possible to use selected soil microbial 
assays to detect possible effects of retorted shale 
materials on surface soil. This should be valuable 
to improving reclamation management with these 
materials. 

Stored Soil Experiment 

The stored soil experiment has been monitored 
for a three-year period in conjunction with 
Dr. Reeves of the Botany Department at CSU. During 
this period it has been possible to increase the 
intensity of monitoring and to sample the 274-cm 
(9-foot) depth during 1980. The major conclustons 
which can be drawn from this work to the present 
time include the following: 
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1. The storage pile has a high degree of 
heterogeneity which made identification of 
microbiological trends difficult. 

2. With the soil volume which has been used, 
it appears that surface and edge effects 
are influencing microbial activities, inde-
pendent of the particular p1ant--no plant 
and soil depth variables which were tested 
in the experiment. 

3. Over three years no major changes in 
general microbial activities occurred which 
can be attributed to surface versus sub-
surface location or with the presence or 
absence of plants. Mycorrhizal responses 
which were observed will be discussed in 
another section of this report. 

The soil storage pile was first sampled in 
May 1978, approximately four months after construc-
tion. During this time no plant cover had been 
estab1 i shed. 

The Pearson coefficient correlations for the 
1978 analysis indicated strong direct relationships 
between the soil organic matter levels and 
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microbiological activities are shown in the 1979 
progress report's Table 50. 

Early in the experiment (1978) soil at the sur-
face of the storage pile had significantly lower 
water contents than those from the deeper loca-
tions. In addition, the surface soil had a signi-
ficantly lower organic matter level, to approxi-
mately the 61-cm level. The nitrogen fixation 
potential assays also showed interesting trends, 
with the nonplant-associated nitrogen fixation 
potential of the surface soil layer at a lower 
level (see 1979 progress report). 

By the time of 1979 sampling, which was also 
only completed to a 182-cm (6-foot) depth, addi-
tional changes were evident. For the majority of 
the parameters, no bore or depth effects had 
occurred after one and one-half years of storage 
(see 1980 progress report). 

Based on the variability which appeared to be 
inherent in the soils in the storage stockpile, for 
the 1980 sampling 10 bores were completed to a 
274-cm (9-foot) depth. The data for the general 
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microbial parameters were analyzed both for cum-
lative depth and bore effects. 

For the comparison based on depth, no signifi-
cant differences were found for the percent soil 
organic matter. In contrast, the surface soils had 
a decreased soil water content (Figure 39) and 
markedly increased nitrogen fixation potential 
(Figure 40) and dehydrogenase activity both with 
(Figure 41) and without (Figure 42) added glucose. 
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Figure 39. Effects of soil depth on soil moisture 
in the soil storage pile--1980. (The 
least significant difference range 
(p~.05) is given.) 

This trend was also shown for the soil ATP, 
although there was some variability in the center 
volume of the stored soil pile (Figure 43). Soil 
phosphatase and viable actinomycetes and bacteria 
did not show particular surface effects, although 
some variations were observed in samples from the 
center of the stockpile. 

For the analyses of bore effects, no signifi-
cant differences were observed for most parameters, 
except for the phosphatase and ATP values. For 
both of these parameters, higher activities were 
observed at the ends of the pile with the southern 
end (not revegetated) showing a tendency to higher 
values for both of these parameters (Figures 44 and 
45). These results suggest that there may be 
geometric effects on the soil moisture responses 
which may be as important as the presence or 
absence of vegetation. 
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Figure 40. Effects of soil depth on nitrogen 
fixation potential in the soil storage 
pile--1980. (The least significant 
difference range (p~.05) is given.) 

Retorted Shale Effects on Soil Microbiological 
Processes 

This information has been summarized by Hersman 
and Klein (1979) and is included in the 1979 pro-
gress report. 

Retorted Shale and Ammonium Ion Effects on 
Nitrogen Fixation Potential 

Studies carried out by Hersman and Klein (1979) 
have shown that retorted shale will cause distinct 
decreases in soil nitrogen fixation potential (see 
1979 progress report). 

Ammonia Volatilization 

The cumulative amounts of ammonia volatilized 
from the soils treated with ammonium are shown in 
Figure 46), with values corrected for NH3-N trapped 
in the blank gas train. The soil treated with 
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Figure 41. Effects of soil depth on dehydrogenase 
activity (glucose-amended less controls) 
in the soil storage pile--1980. (The 
least significant difference range 
(p:::.05) is given.) 

100 g NHt-N/l did not show any additional ammonia 
volatilization after the first week, and less than 
3% of the amount added was released. The soils 
treated with 375 mg NHt-N/l showed continued vola-
tilization of NH3 for about 28 days. At that time 
the soils had lost an average of 6.8 ~g N/g dry 
weight of soil or about 8% of the NHt-N originally 
added. 

Nitrate nitrogen levels in all the treated 
soils at the end of the experiment indicated that 
virtually all (94%-113%) of the nitrogen added as 
NHt had been oxidized to nitrate. These results 
indicate that ammonia volatilization is probably 
important in these soils only when relatively high 
additions of (NH4)2S04 fertilizer are made. Soils 
receiving additions of NHt-N approaching 100 ~g N/g 
may lose approximately 10% of the added nitrogen if 
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Figure 42. Effects of soil depth on control 
dehydrogenase activity in the soil 
storage stockpi1e--1980. (The least 
significant difference range (p~.05) is 
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the soil becomes moist and temperatures are 
moderate. It also appears that nitrification will 
probably be complete under these conditions. 

Plant-Associated Nitrogen Fixation Potential 

Laboratory Studies 

These have been summarized in the 1979 progress 
report. 

Field Studies 

No significant differences in acetylene reduc-
tion rate per milligram dry weight of nodule could 
be detected between any of the species of legume or 
between any of the various treatments used in this 
study. It could be shown, however, that the nodu-
lation frequency for all species was higher (p~.05) 
with no fertilizer in comparison with a 56 kg N/ha 
treatment. The average nodulation frequency with 
112 kg N/ha was lower than without fertilizer, but 
the difference was not statistically significant 
(Figure 47). Analysis of soil samples taken about 
the same time as the acetylene reduction work was 
being done shows an increasing trend in both the 
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triphosphate (ATP) level in the soil 
storage pi1e--1980. The least signifi-
cant difference range (p~.05) is given.) 

average KC1 extractable NHt-N and the extractable 
N03-N with fertilization. However, the concentra-
tion of neither nitrogen species was significantly 
different (P~.05) regardless of fertilizer applica-
tion rate. It appears that acetylene reduction per 
unit dry weight of nodule tissue is constant and 
that legumes have a higher nodulation frequency 
with a lower soil nitrogen status. We may assume, 
therefore, that the amount of nitrogen fixed by 
legumes in unfertilized soil is somewhat higher 
than where fertilizer is applied. 

Nitrification and Denitrification 

Using incubation techniques for periods of 40 
days, the oxidation of ammonium in soils mixed with 
varying concentrations of Paraho processed oil 
shale has been monitored. With shale present at 
10% or more, nitrification was reduced as compared 
to soil not mixed with spent oil shale. In 
addition, an appreciable nitrate accumulation 
occurred in soils mixed with greater than 10% spent 
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shale, which was not seen in soil free from shale. 
These results are preliminary and need to be 
repeated before definite conclusions can be drawn. 

Initial experiments on the denitrification 
potential of soil of various depths over processed 
shale and with varied fertilization and vegetation 
treatment have been initiated using the acetylene 
inhibition technique. Preliminary results indicate 
that denitrification can be measured in water-
saturated soil under an air atmosphere. Further 
work is planned to estimate the impact of denitri-
fication on the nitrogen cycle of revegetated soils 
and the influence various revegetated soil and 
management techniques will have on denitrification 
rates. 

DISCUSSION 

The field and laboratory microbiological 
studies carried out to date indicate that techniques 
for retorted shale reclamation will have distinct 



25 r-

20 - ,.- I--

CI 
....... 
0-
E 15 ~ r-- r-
.... 
0 
0 
0: ,.- I--
l1J 10 -
.J 
::> 
0 
0 
Z 

5-

o~--~--~------~--~------~--~---o 56 112 

FERTILIZER (kg N I ho ) 

Figure 47. Effects of fertilizer on nodule weight 
per unit roots for the legume field 
experiment--1980. (The least signifi-
cant difference range (p~.05) is given.) 

effects upon be10wground soil microbiological pro-
cesses and that microbiological monitoring may be 
useful in the design and management of these 
programs. Different planting mixtures may be 
better suited for use under irrigated or non-
irrigated conditions, and nitrogen additions do not 
appear to have major effects on reestablishment or 
enhancement of microbiological processes. There is 
some indication that these may lead to a decreased 
nitrogen fixation potential. Generally, the pres-
ence of retorted shale in proximity to surface soil 
will lead to a .decrease in microbiological activi-
ties, and distinct effects on nitrogen fixation 
potential have been observed. 

Based on results obtained on the Revegetation 
Techniques plot at the Intensive Study Site, irri-
gation during plant community establishment appears 
to exert a major effect on subsequent plant growth 
and related microbial activity. The increases in 
ATP levels, dehydrogenase, phosphatase, nitrogen 
fixation processes and on the percent organic 
matter which has been observed support this concept. 
Water applications also had long-term effects, as 
irrigation-related changes were noted in the plots 
which had been irrigated from the previous year. 
This was believed to largely be a result of in-
creased organic matter in the upper soil profile. 

Equally important (from a revegetation and 
reclamation veiwpoint) were the effects of the 
other management variables, namely seed mixtures 
and seeding techniques, which had distinct effects 
on microbiological parameters. 

The percent soil organic matter also demon-
strated strong correlations with pH, phosphatase 
activity, and N2 fixation potential for both 
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sampling periods. Although each parameter measures 
a different aspect of the microbiological compart-
ment, these strong correlations indicated that 
these have similar responses to the imposed manage-
ment variables. 

These results suggest that added water will 
allow introduced species to respond more quickly, 
causing changes in decomposer processes. Whether 
this leads to a more stable, lower energy input 
plant community on a long-term basis remains to be 
determi ned. 

The surface disturbed successional plot results 
indicate that seed mixtures will have a major 
effect on the accumulation of organic matter in the 
soils, with the introduced grass mixtures and the 
native grass-forb-shrub mixture being related to 
the highest soil organic matter levels (both with 
and without mulching). 

Based on laboratory studies, retorted shale is 
capable of causing distinct decreases in several 
important microbial functions. ATP levels, nitro-
gen fixation, 14C-g1ucose mineralization, fungal 
viable populations, and dehydrogenase activity 
decreases have occurred in the presence of shale. 
However, soil moisture, soil pH, bacterial and 
actinomycete viable counts, and especially respira-
tion rates all remained relatively unchanged. The 
reduction in nitrogen fixation rates suggests that 
asymbiotic nonphotosynthetic nitrogen fixing bac-
teria could be especially sensitive to the presence 
of retorted shale. Loss of these microbial func-
tions, especially in a soil already of low biologi-
cal activity, could influence plant reestablishment. 

Retorted shale has been strongly associated 
with a reduction of microbial functions both in the 
laboratory and in field studies. Consequently, one 
might naturally wonder what characteristic{s) of 
retorted shale are causing these effects upon the 
soil microbial community. At the present time, 
information is not available on this point. How-
ever, research directed towards identifying 
particular factors which might control this inter-
action is planned in the next year. This will be 
especially critical in the design and evaluation of 
capillary barriers and other separation systems. 

The stored soil experiment generally has not 
yielded the type of or quality of information which 
had been desired when the experiment was initiated. 
This may be due to the heterogeneity of the surface 
soil material used in construction of the pile. 
These variations include pH and the "edge effects" 
which appear to have influenced several of the 
microbiological parameters which were used in this 
study. The design and conduct of stored soil 
microbiological experiments should be re-assessed 
based on these results. 
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OBJECTIVES 

Most important plants in rangelands of western 
Colorado have symbiotic fungi growing within their 
roots; the fungus-root is called a mycorrhiza. The 
extensions of the fungus from the root into the 
soil greatly increase the effective surface area of 
the root. Thus, the mycorrhiza (when compared to a 
root) is more effective in absorbing nutrients. 

Both disturbed and stored soil may lack vegeta-
tion for long periods of time. Because the mycor-
rhizal fungi are obligately dependent on their 
hosts for nutrition, the absence of vegetation can 
lead to substantial reductions in the population of 
mycorrhizal fungi. Elimination or death of these 
fungi means that mycorrhiza-dependent plants will 
not survive under natural conditions. 

To maximize reclamation procedures, knowledge 
of the population ecology of these fungi is bene-
ficial in understanding the establishment and suc-
cession of plants that depend on these fungi. The 
primary goals of this subproject are to determine 
the changes in populations of mycorrhizal fungi in 
disturbed or stored soils and how these changes 
affect the relative success of establishment and 
subsequent succession of the aboveground vegetation. 
The specific objectives for the past year were as 
follows: 

1. Monitor the Retorted Shale Successional 
Plot for changes in the mycorrhizal inocu-
lum potential (MIP) of the soil as a func-
tion of depth and fertilizer treatment. 

2. Monitor the Topsoil Storage Pile for 
changes in the MIP as a function of depth 
and time. 

3. Monitor the disturbance plots and correlate 
changes in MIP with succession of native 
plants. 

4. Monitor the Long-Term Fertility plots for 
effects of added nitrogen fertilizer on MIP 
of the soil. 

5. Compare the effects of different strains of 
mycorrhizal fungi on growth and survival of 
native pl ants. 
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6. Determine seasonal variations in populations 
of mycorrhizal fungi. 

PROGRESS TO DATE 

Retorted Shale Successional Plot 

This study was initiated in 1977 to test the 
effect of surface disposal plans for processed 
shale on plant growth and succession and on micro-
biological processes in the soil. Six panels 
(plots) representing artificial profiles of soil 
over shale were constructed. These panels 
(Figure 48) were: 

l. Retorted shale to surface 

2. 30 cm soil over shale 

3. 91 cm soil over shal e 

4. Check panel (no shale, only soil) 

5. 61 cm soil over shal e 

6. 61 cm soil over rock capillary barrier 
over shale 

For mycorrhizal analysis subplots Bl, B2, and 
B3 on each of the panels were sampled. These sub-
plots were planted with a native grass-forb-shrub 
species mixture (Mixture B) and fertilized at 
112 kg N/ha, 56 kg P/ha (Bl); or 56 kg N/ha, 28 kg 
P/ha (B2); or 0 kg N/ha, 0 kg P/ha (B3). Each 
panel had three replicates for each subplot. 
Details of these panels are found in Redente et al. 
of this report. 

On June 11, 1980, the Bl, B2, and 83 subplots 
were sampled using a 7.5 cm soil corer. Soil was 
sampled to the shale-soil interface, and each core 
was divided into l5-cm samples. Each sample was 
sieved through a l-cm sieve and analyzed for MIP 
using the a slight modification of our bioassay 
(Moorman and Reeves 1979). Rather than using 9-cm 
square pots, tubular "Conetainers" (used in forest 
nursery practices) 3. 5x21 crn v/ere pl anted with pre-
germinated DeKalb XL 321 corn. The bioassay was run 
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Figure 48. Mycorrhizal inoculum potential (MIP) of shale and soil cover over shale in the Retorted Shale 
Successional Plots, Panel 1-6. MIP mean values are based on Subplots Bl, B2, and B3. 

for 21 days in a growth chamber (d/n 14/10 hr; temp 
28/21 o C; light approx. 350 ~E/m2/sec). 

Results and Discussion 

The specific objective of this subproject was 
to determine if there are detrimental effects on 
the MIP of the soil covering processed shale due to 
the processed shale. Sampling discrete depths of 
the soil over shale allowed for detection of subtle 
changes of the MIP at comparable levels. Previous 
research on Panel 1 (sha1e-to-surface) indicated a 
o MIP for all treatments (B1, B2, and B3). 

Analysis of the 1980 data from the subplots 
using a three-way ANOVA for PaneZs 2-6 (Figure 48, 
different depths of soil over shale), fertiZizer 
treatment (112 kg N/ha, 56 kg P/ha vs. 56 kg N/ha, 
28 kg P/ha vs. 0 kg N/ha, 0 kg P/ha), and depth 
(15, 30, 45, 60, 75, and 90 cm soil over shale) 
indicates that there are no significant differences 
in the MIP of the soil due to fertiZizer treatment 
(p<.05). This data supports the previous results 
reported in 1978 and 1979 for the lack of ferti-
lizer effects on MIP on these panels and is con-
sistent with the lack of fertilizer effects on MIP 
reported for the Long-Term Fertility Plots in this 
report. 

Based on data for three years we conclude that 
up to 112 kg N/ha and 56 kg P/ha did not signifi-
cantly alter the MIP of the soil as measured by our 
bioassay; thus, the fertiZizer treatments up to 
this level are neither detrimental nor advantageous 
to the mycorrhizal fungi in these panels. Studies 
currently are in progress to determine if there are 
significant effects on the MIP of semiarid soils 

when large additions of fertilizers are added to 
the soil. The data for effects of additions of 
large amounts of fertilizer will be based on the 
Long-Term Fertility Plots at the Intensive Study 
Site. 

The three-way ANOVA analyses did indicate sig-
nificant differences (p<.Ol) in the MIP due to 
depth effects. Schwab and Reeves (1981) have 
reported that HIP is significantly reduced below 
30-cm depth and approaches zero at less than 1-m 
depth in undisturbed soils. Results obtained in 
this Oil Shale Panel Study indicate that there is a 
steady decline in the MIP from the upper 15 cm to 
the deepest depth (90 cm) sampled (Figure 48). 
These results indicate that the construction of the 
soil over shale in these panels was consistent with 
the decline of MIP found in natural, undisturbed 
soils; thus~ these panels represent an approach to 
natural conditions found prior to disturbance. 

The three-way ANOVA analyses support the pre-
vious findings that there are no significant dif-
ferences between Panels 2-6 in the upper 15 cm or 
comparably greater depths of soil across the panels. 
Thus, the experimental design and sampling methods 
are consistent with the expected results (i.e., no 
differences within comparable depths between or 
among panels). 

To determine the effects of retorted shale on 
MIP, MIP values of soil 15 cm above the processed 
shale or capillary barrier were compared using a 
two-way ANOVA and LSD test for significance, with 
the check panel (Panel 4) at comparable depths 
(Table 15). No significant differences were found 
between Panel 4 (check panel, control) and the 
other pane1s--except Panel 6 (barrier over shale). 



In this latter case, the soil at the soil barrier 
interface was near saturation due to the presence 
of the capillary barrier. Previous reports (Gerde-
mann 1968, Keeley 1980) suggest that waterlogged 
soil may not support mycorrhizae. It is more con-
sistent to ascribe the reduced MIP in Panel 6 to 
the saturated condition of the soil than to a direct 
effect from shale, especially since the capillary 
barrier is supposed to II protect ll the soil from the 
shale leachates. 

Table 15. Retorted shale panels showing MIP values 
for soil 15 cm above retorted shale or 
barrier. 

MIP Va1uest 
Soil Depth 15 cm Soi 1 (cm) No Sha1 e Over Shale 

15-30 67a 57a 

45-60 38b 37b, 22c 

75-90 10d 6d 

tVa1ues in each row or column with the same 
letter are not significantly different (p=.05). 

Conclusions and Recommendations 

We have only sampled these plots at different 
depths once, but after three years· growth on soil 
over shale we can find no significant alterations 
of MIP of soil in any soil-over-shale panels which 
are directly attributable to shale effects or fer-
tilizer treatments. MIP decreases with depth of 
sampling within a panel but is not significantly 
affected within depth across panels. MIP of pro-
cessed shale to surface (Panel 1) remains zero. 
Previous research suggests that roots may not pene-
trate shale in a normal manner when covered by 
soil. Thus, we cannot conclude that the shale 
sub1ayer will develop into an effective plant 
growth medium with time. 

Recommendations are: 

1. Use fertilizer treatments up to 112 kg N/ha, 
56 kg P/ha if these fertilizer treatments 
are beneficial to the establishment of the 
aboveground community. 

2. Continue to sample these plots to determine 
if the shale beneath the soil will support 
mycorrhizal development and if there are 
significant changes in MIP over time that 
can be attributed to direct effects of pro-
cessed shale. 

Stored Soil Experiment 

This study was initiated in 1978 in order to 
monitor the changes in microbial processes associ-
ated with simulated topsoil storage conditions. 
The stockpile was constructed from the upper 
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30-50 cm of topsoil material found on the Intensive 
Study Site. The dimensions of the pile are 3 m 
high, 5 m wide at the top, and 23.5 m long with 
sides and ends at the angle of repose. 

During July 1978 and June 1979 the pile was 
sampled with a 7.5-c~ soil corer to a depth of 
150 cm, and in July 1980 the pile was sampled to a 
depth of 270 cm. Four sample bores were made in 
1978 and 1979; ten sample bores were made in 1980. 
For each bore, the upper 30 cm was divided into two 
subsamp1es, viz., the upper 15 cm and the next 
15-30 cm. Further samples of the core were made 
at 30-60 cm, 60-90 cm, 90-120 cm, and 120-150 cm in 
1978, 1979, and 1980. In 1980 additional samples 
were made at 150-180 cm, 180-210 cm, 210-240 cm, 
and 240-270 cm. Soil for each subsample was sieved 
through a 1-cm sieve and analyzed according to the 
bioassay developed by Moorman and Reeves (1979). 
All bioassays were done in a growth chamber (d/n 
14/10, temp 28/21°C, light approx. 350 ~E/m2/sec) 
using pregerminated DeKalb XL 321 corn; bioassays 
were run for 21 days. 

In 1979 one-half of the top of the storage pile 
was planted with a mixture of native grasses, forbs, 
and shrubs; the other half of the pile was not 
planted but was manually weeded. Comparable data 
for 1978, 1979, and 1980 were obtained only from 
the nonplanted half of the pile. The results of 
the effects of seeding half the pile were obtained 
by comparing data from the two separate halves of 
the pile in 1980. 

Results and Discussion 

The specific objective of this subproject was 
to determine if, during long-term storage, there 
are detrimental effects on the MIP of the topsoil. 
The purpose of sampling different depths was to 
determine if greater depths offered greater or 
lesser protection of the MIP of the topsoil. 

For the unplanted half of the Topsoil Storage 
Pile, a one-way ANOVA was calculated for depth 
effects on MIP for each year and a two-way ANOVA 
for time and depth vs. MIP was calculated for the 
1978, 1979, and 1980 data. No significant differ-
ences (p<.05) were found for depth effects during 
any year or during any sampling period within years. 

When the 1980 MIP values (Table 16) of the 
upper 90 cm of soil (effective root zone) on the 
pZanted half of the pile were compared to the MIP 
values of the unpZanted half of the pile, a highly 
significant difference was found (p<.Ol). These 
results indicate that seeding the stored topsoil 
after two years of storage significantly increased 
the MIP of the soil even though the MIP had 
decreased from the original levels present when 
storage began. Data for depths greater than 150 cm 
were limited to a single year. Thus, analyses of 
changes over time are not possible at this time. 

Comparable mean MIP values for the different 
years of sampling of the unplanted topsoil are 
given in Table 17 (data for 1980 taken only from 
the unplanted half of the pile). Selected data for 
depths 15-30 cm, 60-90 cm, and 120-150 cm for 1978, 
1979, and 1980 clearly show the consistent downward 
trend in the MIP over time (Figure 49). 



Table 16. Mean MIP values of the upper 90 cm (root 
zone) of soil from the planted vs. un-
planted halves of the Topsoil Storage 
Pile (1980 data). 

Depth (cm) 

0-15 
15-30 
30-60 
60-90 

Table 17. 

Depth 
(cm) 

0- 15 
15- 30 
30- 60 
60- 90 
90-120 

120-150 

30 

10 

3 

Unplanted Planted 

6.4 25.2 
6.6 11.2 
8.7 16.4 
6.4 12.0 

Mean MIP values for different depths of 
unplanted, stored topsoil. 

July 
1978 

18.8 
25.0 
21.5 
18.8 
17.5 
25.0 

14 
Months Storage 

June 
1979 

11.8 
15.8 
14.3 
14.0 
15.5 
24.3 

....... 15-30 em. _ 60-90 em. 
A--A 120-150em. 

27 

July 
1980 

6.4 
6.6 
8.7 
6.4 
6.5 
5.2 

Figure 49. Relationship between decrease in MIP 
and time of storage of topsoil at depths 
15-30 cm, 60-90 cm, and 120-150 cm. 

A one-way ANOVA of MIP by'year (1978, 1979, 
1980) indicates a highly significant relationship 
(p<.Ol). Regression statistics of this data give a 
correlation coefficient of 0.68. Thus, we conclude 
that there are significant decreases in the MIP of 
topsoil when stored for 27 months under semiarid 
conditions. 

Conclusions and Recommendations 

Clearly, significant decreases in MIP of topsoil 
occur during storage in excess of 27 months (1980 
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data). The MIP levels of the unplanted soil are 
quite low, comparable to those found in severely 
disturbed semiarid soils of the Piceance Basin. 
However, by planting selected species on the Top-
soil Storage Pile it is possible to significantly 
raise the MIP values of the upper levels of the 
stored soil. It is suggested that the MIP values 
for the upper levels of planted topsoil will con-
tinue to increase and approach those found in un-
disturbed topsoil after several years. 

Recommendations are: 

1. To preserve MIP on stored topsoil, plant 
the topsoil with selected mycorrhizal 
species as soon as possible. 

2. Avoid prolonged storage of topsoil. In a 
relatively short time (27 months) signifi-
cant decreases in MIP occur; these decreases 
may approach the MIP values found in 
severely disturbed soils. 

3. Continue to monitor this storage pile for 
changes with time, depth, and planting. If 
the unplanted or very deep soil approaches 
a zero MIP, the soil may become less suit-
able as a growth medium for establishing a 
viable community. 

Annual Disturbance Plots 

This study was initiated in 1976 to test the 
effects of soil disturbance on natural succession 
and on microbial processes. At a mid elevation 
big sagebrush community in the Intensive Study Site, 
four increasingly severe disturbances were created 
on replicate 6x8 m plots. The disturbances were: 

Treatment 1: Vegetation scraped, topsoil left 
in place 

Treatment 2: Vegetation scraped, topsoil ripped 
to 30 cm 

Treatment 3: Vegetation scraped, topsoil and 
subsoil mixed to a depth of 1 m 

Treatment 4: Vegetation scraped, 1 m of subsoil 
placed over topsoil buried 1 m 
deep 

In 1976, 1977, and 1979 replicate plots (four 
treatments per plot) were established for observing 
the effects of initial treatment on the MIP of the 
soil and how MIP correlates with recovery of natural 
vegetation on these plots. No additional distur-
bances occurred following the establishment of each 
plot. For each treatment in each plot three samples 
of the top 15 cm of soil were removed at each sam-
pling date (Nov 1978, Ju1 1979, Jul 1980) and com-
posited. The soil was mixed in the lab and a 
bioassay (Moorman and Reeves 1979) was run for 15 
days in a growth chamber (d/n 14/10 hr, temp 
28/21°C, light approx. 350 ~E/m2/sec) using pre-
germinated DeKa1b XL 321 corn. 



Results and Discussion 

Although the mean MIP values for Treatments 1-4 
tend to decrease with increasing disturbance 
(Table 18), a one-way ANOVA of MIP vs. treatment 
for each year (1978, 1979, 1980) indicates that 
there are no significant differences (p<.05) 
between treatments for two years following distur-
bance. However, after the third year following 
disturbance significant (p=.Ol) differences between 
Treatments 1, 2, 3, and 4 in plots disturbed in 
1976 and 1977 were obvious (Figures 50 and 51). 

Table 18. Mean changes in the MIP of Disturbance 
plots established in 1976, 1977, and 
1979. 

1976 Plots 
Treatment 1 
Treatment 2 
Treatment 3 
Treatment 4 

1977 Plots 
Treatment 1 
Treatment 2 
Treatment 3 
Treatment 4 

1979 Plots 
Treatment 1 
Treatment 2 
Treatment 3 
Treatment 4 

Nov 
1978 

23.0 
24.0 
4.0 
3.5 

9.5 
1.0 
9.5 
6.5 

Sample Date 

Jul 
1979 

55.0 
44.5 
13.0 
11. 5 

49.5 
21.0 
16.5 
10.0 

33.5 
59.0 
29.0 
3.8 

Jul 
1980 

66.5 
52.5 
11. 0 
20.0 

39.0 
7.5 
2.5 
5.0 

48.5 
49.5 
18.0 
1.0 

x 

48.2 
40.3 
9.3 

11. 7 

32.7 
9.8 
9.5 
7.2 

41.0 
54.3 
23.5 
2.4 

For plots initially disturbed in 1976, Treat-
ments 1 and 2 show much greater recovery from dis-
turbance than the more severely disturbed Treat-
ments 3 and 4. The MIP values of the soil in these 
plots reflect this recovery (Table 18, Figure 50). 

For plots initially disturbed in 1977, Treat-
ments 1-4 do not exhibit the rate of recovery found 
in the plots disturbed in 1976. Similarly, the MIP 
of the soil (with the exception of the least dis-
turbed treatment, Treatment 1) remains relatively 
low (Table 18). 

Figures 50 and 51 suggest that there may be a 
certain critical MIP level (typically more than 20 
when measured two years after disturbance) which, 
in conjunction with other factors, is necessary if 
reasonably rapid MIP recovery is to be expected 
from disturbed areas. Slow MIP recovery (1976 
plots, Treatments 3 and 4; 1977 plots, Treatments 2, 
3, and 4) is typically characterized by an MIP 
value of 20 or less. 

Mean MIP data for the plots disturbed in 1979 
(Table 18) indicate a general trend for the less 
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Figure 50. Yearly changes in mean MIP on each 
treatment of the disturbance plots for 
plots initially disturbed in 1976. 
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Yearly changes in mean MIP on each 
treatment of the disturbance plots for 
plots initially disturbed in 1977. 

severely disturbed plots (Treatments 1 and 2) to 
maintain or increase the MIP of the soil in con-
trast with the more severely disturbed plots 
(Treatments 3 and 4) where the r'lIP tends to decline. 

For soils initially disturbed in 1976 and 1977, 
the average density, biomass, and cover of grasses 
(data from Redente et a1. in this report) and the 
average MIP for each treatment (Treatments 1-4) are 
given in Table 19. For each factor measured 
(density, biomass, cover, or MIP) there is a con-
sistent decrease in value as the degree of initial 



disturbance increases. These data represent aver-
ages for three years for the plots disturbed in 
1976 and 1977; these data are plotted in Figure 52. 
Data in Table 19 suggest that when the MIP value 
averages <10 (Treatments 3 and 4) three to four 
years after disturbance, then minimum increases in 
density, biomass, and cover of grasses will occur. 
In contrast, when the MIP averages 25 or more 
(Treatments 1 and 2) three to four years after dis-
turbance, then plant succession is reasonably rapid 
as measured by grass biomass, cover, and density. 

Table 19. Average (1977-1980) density, biomass, 
and canopy cover of grasses and MIP on 
the Disturbance plots initially di sturbed 
in 1976 and 1977. 

Density (#/m2) 
Biomass (kg/ha) 
Cover 
MIP 

50 

10 

(%) 

0.1 0.7 
5 

1.9 0.8 

38.6 
583 
11.2 
40.4 

1.7 
101 

12.0 

Treatment 

2 

12.0 
231 

1.7 
25.1 

231 

3 4 

1.9 0.7 
101 5 

0.8 0.1 
9.4 9.4 

38.6 density (#/m2) • 
11.2 cover (%). 

583 biomass(kg/ha) '" 

Figure 52. Relationship between the average MIP of 
the Disturbance plots initially dis-
turbed in 1976 and 1977 and the average 
density, biomass, and cover of grasses 
for each treatment. 

Comparisons of data in Tables 18 and 19 suggest 
that when the MIP is <20 two years after distur-
bance (Table 18) or when MIP averages <10 three 
years or more after disturbance (Table 19), minimal 
increases in density, biomass, and cover of grasses 
can be expected. In contrast, when MIP exceeds 20 
two years after disturbance (Table 18) or averages 
>10 three years after disturbance (Table 19), . 
establishment of grasses is reasonably rapid as 
measured by biomass, cover, and density. 

When MIP ranges between 10 and 25 (Table 19) 
three to four years after disturbance, there is a 
range of recovery which may be a function of addi-
tional factors such as the number of viable seeds 
present, soil moisture, etc. 
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We are currently attempting to integrate all 
the years' MIP data with all the years' vegetation 
data in a computer an1aysis. We hope this effort 
will more clearly explain the relationship among 
the various edaphic and mycorrhizal factors and 
their relative role in succession of native plants. 

Long-Term Fertility Plots 

These plots were initiated in 1977 to determine 
the long-term fertility requirements for establish-
ment and growth of plants on soil over shale. Dis-
turbed topsoil (61 cm) was placed over Paraho pro-
cessed oil shale (61 cm), and a uniform application 
of 130 kg P/ha was broadcast over the plots. Sub-
plots received various nitrogen treatments ranging 
from 0 to 448 kg/ha/yr or 1793 kg/ha or various 
levels of sewage sludge as an initial application. 
Each subplot was replicated three times and planted 
with a mixture of native species. Details of these 
plots are found in Sabey et a1. in this report. 

The subplots selected for sampling were those 
receiving uniform P applications (130 kg/hal and 
differin9 inorganic N applications (Plots 1-8) and 
a check (control) subplot (Plot 20) with no addi-
tional N (Table 20). Sampling (three 15-cm deep, 
7.5 cm wide cores/plot) was done in the early fall 
of 1980 (October 12) when the numbers of mycorrhizal 
spores were believed to be highest (Hayman 1975). 
Soil was returned to the lab, and a 21-day bioassay 
was run in our growth chambers using the methods 
described in this report. 

Table 20. MIP values of selected Long-Term Fer-
tility Plots (disturbed topsoil over 
shale. 

Plot Nitrogen Treatment MIP 
Value 

1 56 kg/ha/yr 73 
2 112 kg/ha/yr 54 
3 224 kg/ha/yr 28 
4 448 kg/ha/yr 26 

5 224 kg/ha initial application 65 
6 448 kg/ha initial application 74 
7 896 kg/ha initial application 56 
8 1792 kg/ha initial application 64 

20 o kg/ha 74 

Results and Discussion 

The specific objective of this subproject for 
this year was to determine if there are trends of 
detrimental effects on the MIP of disturbed topsoil 
over shale when moderate to high rates of nitrogen 
fertilizers are added. 

As Hayman (1975) has stated, "Quantitative 
studies on the effects of different fertilizer 
treatments on mycorrhizal propagu1es and infection 



in the field are few. II Previous results on the 
effects of added fertilizers are equivocal--some 
experiments indicate the fertilizers decrease the 
mycorrhizal population; others indicate the ferti-
lizers increase the populations (Hayman 1975, 
Gerdemann 1975). 

Results from experiments this year (Table 20, 
Figure 53) indicate that there are significant 
(p<.05) differences in MIP between Plots 1-4 where 
N fertilizer was added as incremental yearly 
additions. The addition of 56 or 112 kg/ha/yr 
(equal to 224 or 448 kg/ha total N over four years) 
does not significantly alter the MIP of the soil as 
compared to the control (Panel 20). No significant 
(p=.05) differences in MIP occur within Plots 5-8 
when rather heavy applications of N are added as an 
initial, single application. In terms of total 
added N, Plot 1 is equivalent to Plot 5, Plot 2 = 
Plot 6, Plot 3 = Plot 7, and Plot 4 = Plot 8. 
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Figure 53. Relationship in 1980 between MIP and 
the amount of N fertilizer added to soil 
as yearly (56-448 kg/ha) additions for 
four years or as a single addition 
(224-1792 kg/ha) in 1977. 

There appears to be a fundamentally different 
response between large, initial applications of N 
and smaller, incremental additions of N in terms of 
their effects on MIP of the soil (Figure 53). How-
ever, none of the additions of N reduce the MIP of 
the soil to a level which appears critically low, 
i.e., <20 (see "Annual Disturbance Plots" in Reeves 
et al. of this report). 

Next year it is hoped to repeat this study and 
extend the data to other subplots and to the Long-
Term Fertility subsoil plots. 

Conclusions and Recommendations 

The initial application of moderate to heavy 
(224-1792 kg/hal amounts of N to disturbed topsoil 
over shale does not significantly affect the MIP of 
the soil. Yearly applications of N equivalent to 
56 or 112 kg/ha do not significantly alter the MIP 
of the soil. Yearly additions of N equivalent to 
224 or 448 kgjha significantly reduce the MIP of 
disturbed topsoil over shale but not to levels 
considered to be critically low. 
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Recommendations are: 

1. Add N to disturbed topsoil at yearly inter-
vals up to a total of 112 kg/ha as an 
initial treatment to enhance reclamation 
procedures. Heavy applications of N de-
crease plant production--and heavy yearly 
additions (>224 kg/ha/yr) significantly re-
duce MIP of the soil. 

2. Continue to study these plots to determine 
if there are further reductions in the MIP 
of the soils with high initial or incre-
mental additions of N. Correlate MIP 
values with success or reclamation proce-
dures and soil analyses done by Dr. Sabey. 

3. Extend this study to similarly fertilized 
subsoil plots to determine if there are 
comparable changes in the MIP values of the 
subsoil plots. 

Effects of Different Strains of Mycorrhizal 
Fungi on Growth of Selected Native Plants 

and Comparative Survival of Native 
Plants Under Field Conditions 

These studies were initiated in 1978 to deter-
mine the effects of mycorrhizal fungi on several 
native species and to establish criteria for select-
ing the best strains of fungi for inoculating native 
plant species. 

The procedure was to use a native strain of the 
mycorrhizal fungus Glo~us fasciculatus, isolated in 
the laboratory, as an inoculum and compare growth 
responses of certain plants (viz., Atriplex 
canescens, Cel'ato ides lana ta, Artemisia tridentata, 
Stipa viridula, and Agropyron smithii) which were 
grown under different fertilizer conditions. The 
results of this work are now published (Kiel 1980) 
and were the basis of the author's M.S. thesis. 
In another study, the interaction of Glomus and 
Rhizobium on sweetvetch (Hedysarum boreale) were 
studied. Results of this work have been accepted 
for publication (Redente and Reeves 1981). 

Currently we have 200 seedlings each of the 
species western wheatgrass (Agropyron smithii) and 
big sagebrush (Artemis1~ tridentata) and 400 seed-
lings of fourw;ng saltbush (Atriplex canescens) 
under study in the greenhouse and in growth 
chambers which have been inoculated with the fol-
lowing mycorrhizal fungi: native culture of Glomus 
fasciculatus, Abbott Lab #3 culture of G. fascicu-
latus, and Abbott Lab #8 culture of G. mosseae. 
Results of these experiments are incomplete. We 
intend to use the 200 seedlings each of wheatgrass 
and sagebrush for transplants into the field in 
late spring to study growth and survival of these 
species. 

Seasonal Variation in Populations of 
Hycorrhizal Fungi 

This study was initiated in 1978 to determine 
if seasonal fluctuations of the MIP occurs in an 



undisturbed sagebrush community at the Intensive 
Study Site. 

Soil (upper 15 cm) was collected (Nov 1978, 
Mar 1979, Apr 1979, Jul 1980, Oct 1980) from six 
locations within a 20-m radius, viz., beneath 
sagebrush plants and in relatively open areas. The 
soil was returned to the lab, and a bioassay was 
run for 15 days for each sample in growth chambers 
using the methods described in this report. 

Results and Discussion 

The specific objective of this study was to 
determine the relative heterogeneity of the mycor-
rhizal population associated with years and seasons. 
Such information may be used to determine the time 
of maximum MIP in the undisturbed soil. 

The preliminary results of this work are given 
in Figure 54 and in Table 21. The highest mean MIP 
for all sites was in October 1980; the lowest mean 
MIP recorded was in July 1980. The trends indicate 
a rather large variation between years of sampling 
for all sites. Therefore, it appears necessary to 
correlate weather data, rather than only time of 
year, with MIP in order to better predict fluctua-
tions in MIP during any given year. 
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Figure 54. Variation in MIP of soil beneath big 
sagebrush and soi 1 in bare areas between 
big sagebrush at different seasons. 

Table 21. Seasonal variation in MIP values in an 
undisturbed big sagebrush community. 

Sampling Site Nov Mar Apr Ju1 Oct 
1978 1979 1979 1980 1980 

Bare ground 29 54 54 28 88 

Under 
sagebrush 42 67 51 26 82 
plants 

Between 
sagebrush 40 54 37 29 86 
plants 

Mean values 37.0 58.3 47.3 27.6 85.3 
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Conclusions and Recommendations 

Hayman (1975) reported that populations of 
viable mycorrhizal propagu1es were greatest in late 
summer. Thus far, data from Colorado suggest the 
numbers are greatest in early fall. Basically, 
this agrees with observations of other researchers. 

Recommendations are: 

1. When high MIP values for topsoil are needed, 
land disturbance should be done in the fall 
(October). Because intrinsic levels of MIP 
are at a minimum in mid summer. Disturbance 
during this period would exert the greatest 
detrimental effect on the viable populations 
of mycorrhizal fungi in the soil. 

2. Continue to monitor seasonal fluctuations 
of MIP at the Intensive Study Site and cor-
relate this data with weather data to deter-
mine the interactions of seasonal and 
climatic factors on MIP. 
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LONG-TERM FERTILITY STUDY ON LAND DRASTICALLY DISTURBED 
BY OIL SHALE DEVELOPMENT 

Burns R. Sabey, M. Katherine Corwin, and Ted B. Doerr 
Department of LI,~Y"'C~',,,m', and uet)artm~mt 

OBJECTIVES 

The general objective of this subproject was to 
determine the long-term fertility requirements and 
methods of meeting these requirements on nitrogen-
and phosphorus-deficient soil materials disturbed 
by oil shale development in northwestern Colorado. 
More specifically the objective involved comparing 
the usefulness of adding low to moderate annual 
applications 'of inorganic nitrogen fertilizer with 
that of adding high rates of inorganic nitrogen 
fertilizer only once at the initiation of the study 
on plant establishment and growth. Additionally, 
comparison of the effect on plant establishment and 
growth of the high rates of nitrogen fertilizer 
added initially with and without wood wastes was of 
interest. Other comparisons showing the effect of 
fertility treatments on plants were the addition of 
sewage sludge with and without wood wastes and four 
combinations of nitrogen and phosphorus fertilizer. 

METHODS 

The long-term fertility study was established 
on the Intensive Study Site in the summer and fall 
of 1977 to determine the fertility requirements and 
methods of meeting the requirements of nitrogen-
and phosphorus-deficient soils. The study was split 
into disturbed subsoil and disturbed topsoil studies 
because they are common plant growth media that may 
be used in revegetation. The topsoil study was 
constructed with 61 cm of topsoil material that was 
mixed thoroughly and placed over compacted Paraho 
retorted shale. The subsoil study was constructed 
using 1.2 m of subsoil over topsoil. 

In each study three replicates were established 
with 19 treatment plots and one control plot per 
replicate. The treatments included levels of annu-
ally applied nitrogen (N). single applications of 
N, wood waste with N. sewage sludge, and Nand 
phosphorus (P) combined as a single application when 
the plots were initially drill seeded (Table 22). 

Rodent and lagomorph damage was extensive on the 
topsoil study during the winter of 1978-1979. The 

Table 22. Species mixture and seeding rates used on the Long-Term Fertility plots. 

Common Name 

1. Rosana western wheatgrass 
2. Sodar streambank wheatgrass 
3. Bearded bluebunch wheatgrass 
4. Indian ricegrass 
5. Green needlegrass 
6. Durar hard fescue 
7. Shermans big bluegrass 
8. Alkali sacaton 
9. Globemallow 

10. Sweetvetch 
11. Palmer penstemon 
12. Stansbury cliffrose 
13. Green ephedra 
14. Fourw;ng saltbush 
15. Winterfat 
16. Antelope bitterbrush 

57 

Scientific Name 

Agropyron smithii 
Agropyron riparium 
Agropyron spicatum 
Oryzopsis hymenoides 
Stipa viridula 
Festuca ovina duriuscuZa 
Poa ClJ1'rpla 
Sporobolus airoides 
Sphaeralcea munroana 
Hedysarum boreale 
Penstemon palmeri 
Cowania mexicana stansbupiana 
Ephedra ?)iridis 
Atriplex canescens 
Ceratoides lanata 
Purshia tridentata 

Seeding 
Rate 
PLS 

(kg/ha) 

1.12 
1.12 
1.12 
1.12 
1.12 
0.56 
1.12 
0.56 
0.56 
1.12 
0.56 
2.24 
1.12 
1.12 
1.12 
1.12 



plot was therefore reseeded in May 1979. The seed-
bed was prepared using a chisel plow with two al-
ternate rows of chisels 20 cm apart. The area was 
chiseled once perpendicular to the original seed 
rows. All plots were broadcast seeded with a native 
seed mix (Table 22). The seed was broadcasted and 
covered by dragging a weighted chain-link fence 
over the plots. Approximately 15 cm of water were 
applied over six weeks during the spring and summer 
of 1979. 

Soil samples were obtained in the spring of 
1978, 1979, and 1980 from the topsoil and subsoil 
fertility plots. In 1978 the soil in both studies 
was sampled using an Oakfield probe 2 cm in 
diameter. Twenty cores 30 cm deep were obtained at 
random locations within each treatment plot. These 
cores were composited and air-dried in preparation 
for further analysis. 

In 1979 and 1980 the composite samples consisted 
of 10 cores per treatment plot from both studies as 
described above. The topsoil over retorted shale 
study was sampled at two depths, 0-30 cm and 30-60 
cm. The sampling depth stopped at the soil-retorted 
shale interface. The underlying shale was not 
sampled. 

The soil samples were analyzed each year for 
electrical conductivity, pH, NHt-N, N03-N, total 
nitrogen, and extractable phosphorus. Soils were 
air-dried and ground to pass through a 2-mm sieve 
prior to analysis. 

The pH was determined in a saturated soil paste, 
and electrical conductivity was determined on the 
filtered saturation extract using a conductivity 
meter and reported in mmhos/cm. 

Ammonium (NHt-N) was measured in a potassium 
chloride extract with an ammonium electrode and 
reported in ppm. Nitrate (N03-N) was determined by 
the pheno1disu1fonic acid method and reported in 
ppm. Extractable phosphorus was measured using the 
Olsen bicarbonate method which was suitable for high 
pH soils and was reported in ppm. Total nitrogen 
was measured by a block digestion-distillation 
method and reported as percent total nitrogen in 
a i r-dr i ed so i1 . 

The potassium chloride extract-distillation 
method of Bremner (1965) was used to determine both 
NHt-N and N03-N. Total nitrogen was measured with 
a block digest-Technicon Autoana1yzer method 
(Technicon Industrial Systems 1977). 

Selected samples from 1978 and 1979 were re-
analyzed in 1980 to determine analytical differences 
due to method and technician. The results obtained 
in 1980 compared favorably with results obtained in 
1978 and 1979 on the same soil samples. 

Vegetation was sampled using six permanent 
0.25-m2 quadrats placed randomly in each plot. 
Density, biomass, and canopy cover were measured by 
species during the peak of the growing season in 
each succeeding year following planting. The study 
was broken down into five divisions (Table 23). 
Data were analyzed using analysis of variance for 
1980 field data. Sheffe's multiple range test was 
used for mean separation. It must be understood 
that because of unexpected disturbance (i.e., rodent 
damage and subsequent reseeding in 1979) the results 
and discussion that follow concerning topsoil data 
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Table 23. 

Treatment 
Number 

1 
2 
3 
4 

5 
6 
7 
8 

9 
10 
11 
12 

13 
14 
15 

16 
17 
18 
19 

Fertilizer treatments for the five sub-
studies of the topsoil fertility study. 

Fertil izer Treatment 

Annual Rates of Nt 

56 kg N/ha appl ed annually for a four-year period 
112 kg N/ha app1 ed annually for a four-year period 
224 kg N/ha app1 ed annually for a four-year period 
448 kg N/haapp1 ed annually for a four-year period 

Si n91 e Rates of N 

224 kg N/ha in a single application 
448 kg N/ha in a single application 
896 kg N/ha in a single application 

1,792 kg N/ha in a singla application 

Single Rates of N as Above Plus Wood Wastes (ww) 

224 kg N/ha plus 11,120 kg ww/ha 
448 kg N/ha plus 22,400 kg ww/ha 
896 kg N/ha plus 44,800 kg ww/ha 

1,792 kg N/ha plus 89,700 kg ww/ha 

Sewage Sludge (ss) Plus ww 

56,000 kg ss/ha 
112,000 kg ss/ha p1 us 22,400 kg ww/ ha 
224,000 kg ss/ha plus 44,800 kg ww/ha 

p§ and N Interaction 

896 kg N/ha plus 56 kg P/ha in a single application 
112 kg N/ha plus 192 kg P/ha in a single application 
896 kg N/ha plus 192 kg P/ha in a single application 
112 kg N/ha plus 56 kg P/ha in a single appl ication 

Control 

20 130 kg P/ha 

tN applied as NH 4 N0 3 • 

§p applied as triple superphosphate. 

must be interpreted with caution. The effect of ro-
dent damage and subsequent plowing and seeding may 
still be confounding the results to some degree. 

RESULTS AND DISCUSSION 

Soil Oa ta for Subso i 1 Plots 

In 1980 electrical conductivity was low in all 
treatments (Table 24) and not significantly differ-
ent from the control. Where the highest rate of 
annual nitrogen was applied, an electrical conduc-
tivity of 1.3 mmhos/cm was measured which was signi-
ficantly higher than the control level of 1.1. How-
ever, this level was not elevated enough to have 
detrimental effects upon plant growth. Most plants, 
with the exception of some very salt-sensitive 
species, do not show appreciable salt-effect symp-
toms until the electrical conductivity is greater 
than 4 mmhos/cm (U.S. Salinity Laboratory Staff 
1954). Average electrical conductivity over all 
treatments decreased from 1.5 mmhos/cm in 1978 to 
0.5 mmhos/cm in 1979 and then increased to 1.0 mmhos/ 
cm in 1980. These yearly fluctuations reflect the 
redistribution of soluble salts in the soil as 
plants remove nutrients, as water moves in the soil, 
and as the soil minerals approach equilibrium. 



Table 24. Subsoil fertility parameters for 1980 as 
influenced by treatments shown in 

Fertil izer 
Treatment 

Number 

Table 23. 
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O. 73a b 8.3 4.33 2.8abc 0.0363 43.2 de 

0.83ab 8.1 ab 4.1 a 5.5abc 0.042a 36.5 bcd 

0.87ab 8. l3b 17.6 b 1.Sab 0.03ga 28.2abc 

1.33 c 7.Sa 37.4 5.3abc 0.03Sa 25. gab 

0.67 ab S.3ab 1. 7a 3.7abc 0.037 a 35. 9 bcd 

O.lOab 8.2ab 1.4a 3.0abc 0.038a 33.2abcd 

0.60ab S:3ab 1.4a 4.1 ab 0.033a 31.5abcd 

0.63ab S.lab 4. ga l.6ab O.037a 26.6abc 

O.77 ab 8.2ab 2. Sa 1.1 ab 0.03Sa 32.6abcd 

10 0.60ab 8.l ab 1. 9a 9.1 e 0.049a 26. labc 

11 0.5lab 8.l ab 2.1 a 3.0abe 0.043a 26. Od bc 

12 0.50a S.oab 2.1 a 4.8abc 0.045a 22.6ab 

13 0.73ab 8.0ab 4.8a 0.5a 0.052a 45.2 de 

14 0.73ab 8.0ab 3.7a 2.6abe 0.072a 35.2 bcd 

15 0.90ab 7.9ab 4.1 a 4.6abc 0.085a 53.7 e 

16 O. 60a b a.2ab 2.8a 0.5a 0.150a 19.5a 

17 0.63ab a.Oab 3. Sa 7. S bc 0.040a 20.9a 

18 0.63ab a.3ab 2.3a 3. 2a be 0.041 a 40.2 cde 

19 O. 57a b a.2ab 2.3a 3.0abc 0.043a 28.1 abc 

20 1.13ab a.2ab 0.7a 1. 9ab 0.034a 36.5 bed 

X 0.74 8.1 5.3 3.5 0.050 32.4 
Min 0.40 7.8 0.8 0.0 0.027 16.6 
Max 2.20 8.6 39.2 13.0 0.374 56.1 

tl1eans within columns follo\~ed by the same letter are not sta-
tistically Significant at the .05 level. 

§Phosphorus determ; ned by the 01 sen I s sad; urn bica rbona te 
extractable method (Watanabe and Olsen 1965). 

Fertilizer treatments, generally, had little 
effect upon pH in 1980 (Table 24). The highest 
annual rate of ammonium-nitrate (NH4NO~)(Treat
ment 4) resulted in the lowest pH (7.8) which could 
be explained by the formation of nitric acid (HN03) 
in the soil as a result of the dissociation of the 
NH4 N0 3 in solution. 

Phosphorus generally decreased over time in the 
soil in all plots. This decrease in extractable 
phosphorus was expected in these soils due to the 
equilibrium level of phosphorus that might be main-
tained at these pH levels. 

As in previous years, NHt-N and N03-N were 
generally low, below 5 ppm each (Table 24). The 
only treatments which showed increased levels of 
plant-available nitrogen were the two highest 
annua 1 rates of nitrogen, 224 kg N/ha and 448 kg N/ha 
(Treatments 3 and 4), which measured 17.6 and 37.4 
ppm of N03-N, respectively, in the soil. Ammonium 
in these two treatments was not greater than the 
control. This indicated that nitrification 

NH+ . so i 1. J NO-
4 mlcroorganlsms 3 
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occurred, resulting in lower NH! levels. These 
levels of plant-available nitrogen indicated that 
the only fertilizer treatments presently supplying 
levels of plant-available nitrogen above that found 
in the control were the two highest levels of 
annually applied nitrogen. This indicated that 
most of the NH 4N0 3 fertilizer applied was not effec-
tive in increasing the level of nitrogen available 
to plants in these soils. 

After three years, most of the nitrogen applied 
in Treatments 5-8 had been lost, thus precluding 
plant utilization. This loss can be explained by 
ammonia (NH 3 ) volatilization, nitrate leaching, 
denitrification, and/or other mechanisms (Power 
1965, Power and Alessi 1971, Power et a1. 1973, 
Power 1977. Power 1980). Total nitrogen values 
(Table 24) showed no significant differences due to 
fertilizer treatments. 

Fertility parameters in plots that had received 
annual rates of nitrogen for the past three years 
showed effects from rates of nitrogen applied. 
Soil pH (Figure 55) decreased as the rate of NH4N0 3 
applied increased. In 1980 the pH resulting from 
56 kg N/ha applied annually was not different from 
the control. However, at all other rates of 
annually applied nitrogen the pH was lower than the 
pH of the control after three years and the highest 
rate of nitrogen resulted in a significantly lower 
pH than the control. This effect upon pH from the 
annually applied nitrogen treatments was a result 
of the acid end-products that formed upon the dis-
solution and dissociation of NH4N0 3 in soil, the 
nitrification of NHt-N by soil microorganisms, and 
the formation of nitric acid in the soil. 
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Figure 55. Effect of annually applied N on pH over 
three years for the subsoil study plots. 



The pH of 7.8 measured in the plot which 
received 448 kg N/ha applied annually was not low 
enough to adversely affect most plant growth. It 
may have a beneficial effect in the years to come 
by increasing the solubility of nutrients in the 
soil, notably phosphorus. 

A net accumulation of N03-N was measured in the 
top 30 cm of soil over three years (Figure 56) in 
these plots. Significantly higher amounts of N03-N 
were measured in plots receiving the two highest 
rates (224 and 448 kg/hal of nitrogen each year 
than in the control plots. This accumulation was 
probably a result of the conversion of NHt-N to 
N03-N by soil microorganisms. 
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Figure 56. Effect of annually applied N on NOs-N 
in the soil over three years for the 
subsoil study plots. 

In contrast to the net accumulation of N03-N in 
these plots, NHt-N decreased from 24 ppm in 1978 to 
4 ~pm in 1980. This' reflected the conversion of 
NH 4-N to NOs-N. There was no difference in the 
level of NHt-N in the soil due to' the level of 
nitrogen applied annually, 

The treatments which added large amounts of 
nitrogen initially (Treatments 5-8 and 9-12) with 
and without wood wastes have had little effect upon 
soil fertility parameters after three years 
(Table 24). Nitrogen was apparently lost from the 
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incorporation zone of the soil-plant system when 
these high rates were added. 

In the first year after application, levels of 
NHt-N were significantly higher than in the control 
plot. However, after three years (1980) the levels 
of NHt-N in the soil for all of the high initial 
rates both with and without wood wastes were not 
significantly higher than in the control plot 
(Figure 57). Levels of N03-N after three years 
were also not significantly higher in any of these 
treatments than in the control (Table 24). These 
low levels of plant-available nitrogen left in the 
soil indicated a large loss of nitrogen from the 
soil system. This loss cannot be accounted for by 
plant uptake. 
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Figure 57. Effect of applying high initial rates 
of N with and without addi ng wood wastes 
on NHt-N after three years in the sub-
soil plots. 

The sewage sludge treatments decreased pH much 
like the annually applied nitrogen treatments com-
pared to control plots (Tabl e 24). It also 
decreased more as higher rates of sludge were 
added. In 1980 the plot receiving the highest ap-
plication rate of sludge had a pH value of 7.9 
which was very similar to Treatment 4 in 1980 
where 448 kg N/ha were applied annually, This 
effect was probably a result of the decomposition 
of organic matter in the sludge which released 
organic acids to lower pH. 

The N03-N and NH:-N levels in plots where 
sludge was applied showed trends similar to those 
seen where nitrogen was applied annually. From 
1978 to 1980, N03-N accumulated over time while 
NHt-N decreased from 30 ppm to less than 10 ppm. 

Applications of sludge were the only treatments 
where detectable differences in total soil nitrogen 
occurred as a result of treatments and time. 
Higher levels of total nitrogen were measured in 
the two highest rates of sludge each year, although 
from 1979 to 1980 the level of total nitrogen 
dropped from 0.08% to 0.07% in the higher treatment 
rates. 



The higher levels of total nitrogen were 
detected because the sludge was high in organic 
matter and organic nitrogen, which was included in 
the total nitrogen analysis. This form of nitrogen 
was more stable in the soil than plant-available 
nitrogen. The organic forms of nitrogen were con-
verted to plant-available nitrogen slowly as soil 
microorganisms decomposed organic nitrogen, produc-
ing NHt-N as a by-product of metabolism. It is 
highly probable that the sludge will continue to 
maintain elevated levels of plant-available nitro-
gen for some time. 

The highest level of sewage sludge treatments 
had a significant effect upon the levels of extract-
able phosphorous in the soil (Table 24). Since 
1979, levels of extractable phosphorus in Treat-
ment 15 were higher than those measured in any 
treatment plot, including plots where 192 kg P/ha 
was initially applied. The level of extractable 
phosphorus maintained by this treatment had de-
creased very slightly (from 56 ppm to 53 ppm) over 
three years. The phosphorus supplied by the sewage 
sludge was in various organic forms. This phos-
phorus became available mainly through microbial 
decomposition. The level of phosphorus that could 
be maintained from these forms was not as pH depen-
dent as the form applied as phosphorus fertilizer 
(triple superphosphate). 
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The effects of the two rates of nitrogen and 
phosphorus on soil nitrogen were similar to those 
described for the plots receiving nitrogen only at 
the beginning of the study (Treatments 5-8 and 
9-12). Levels of extractable phosphorus were lower 
than the control plot (which received 130 kg P/ha) 
when 56 kg P/ha were applied (Table 24). Levels of 
phosphorus were higher in Treatment 18 (192 kg P/ha) 
compared to control plots. Treatment 17, which re-
ceived the same amount of phosphorus as Treatment 18, 
had significantly lower amounts of phosphorus com-
pared to Treatment 18 and the control. 

Vegetation Data for Subsoil Plots 

Soil fertility data partially explained the 
variation of vegetation responses. Levels of NHt-N 
explained 31% and 11% of grass and shrub biomass 
variation, respectively. Generally, NHt-N levels 
decreased as biomass increased. Electrical conduc-
tivity explained 53%, 17%, and 13% of the variation 
in the cover of grasses, forbs, and shrubs, 
respectively. Electrical conductivity also ex-
plained 8% of the variation in grass biomass 
measurements. Total r2 values explained between 
14.7% and 58.7% of the variation in vegetation from 
1978 to 1980. Therefore, other factors besides 
soil fertility were acting on the vegetation. 

The biomass and cover of grasses of Treatments 
1-4 (annually applied N) was greater than the con-
trol, but the biomass decreased with each incre-
ment of additional nitrogen (Table 25). Biomass 
and cover of forbs and shrubs were less than the 
control for the first four treatments where nitro-
gen was applied annually. This is expected some-
what since the forbs and shrubs do not appear to 
show the response to fertilizer that occurs in 
grasses. In fact, it appears that forbs and shrubs 
generally respond in direct contrast to grasses 

because of the aggressive nature and competition of 
grasses with young forb and shrub plants during 
establ i shment. 

Single applications of N (Treatments 5-8) also 
produced greater biomass of grasses compared to 
control plots. However, the highest rates, 896 and 
1792 kg N/ha (Treatments 7 and 8), generally had 
lower forb and shrub biomass and cover compared to 
control treatments. This caused a general lowering 
of total biomass and cover of these high applica-
tion rates (Table 25). Also, the shrub biomass and 
cover in Treatment 8 may not accurately reflect the 
true shrub production of this treatment. 

Applications of N with wood waste (Treatments 
9-12) had higher grass biomass compared to control 
plots (Table 25). Forbs were significantly lower 
in the N plus wood waste plots compared to the 
control. Only the lowest N with wood waste treat-
ment (Treatment 9) produced significantly greater 
shrub biomass compared to the control plot. As the 
amount of N plus wood waste increased, the biomass 
and cover of vegetation decreased due to a burning 
of seedlings. 

Biomass and cover of grasses, forbs, and total 
vegetation was less in the N with wood waste plots 
(Treatments 9-12) compared to the single rates of 
N (Treatments 5-8)(Tab1e 25). Shrub biomass and 
cover generally was greater in the N plus wood 
waste compared to single rates of N. This shrub 
increase appears to be due to less competition from 
grasses and shrubs. 

Sewage sludge treatments applied with wood 
waste (Treatments 13-15) had significantly greater 
grass biomass compared to the control plot. How-
ever, only Treatment 14 had greater total vegeta-
tion production compared to the control plot. 
Sewage sludge alone (Treatment 13) or very high 
rates of sewage sludge applied with wood wastes 
(Treatment 15) appeared to have a negative effect 
on shrub growth. Therefore, moderate rates of sew-
age sludge and wood waste (Treatment 14) appear to 
be a more optimum fertilizer treatment for shrub 
production. Also, Treatment 14 had higher grass 
production compared to Treatments 13 and 15. Sew-
age sludge alone (Treatment 13) had a similar 
amount of N applied as did Treatment 5(224 kg N/ha). 
The average production was similar in both treat-
ments. However, shrub production in Treatment 5 
was almost twice that found in the sewage sludge 
treatment. This provided the difference in total 
production. Apparently sewage sludge on subsoils 
did not contribute more as a soil amendment than 
did commercial N (Treatment 5). Comparable amounts 
of wood waste and available N/ha were added to 
Treatments 10 and 11 compared to Treatments 14 and 
15. Sewage sludge with wood wastes (Treatments 
14 and 15) produced more grass than did commercial 
N with wood waste (Treatments 10 and 11). However, 
variations in forb and shrub production allowed 
total production of the commercial N with wood 
waste treatments to be similar to sewage sludge 
with wood waste treatments (Table 23). Neverthe~ 
less, Treatment 14 still had greater total 
product ion. 

Treatments 16-19 had varying amounts of Nand 
P applied at the time of seeding. Generally, these 
were high applications of N with low and high ap-
plications of P (Treatments 16 and 18, respectively) 
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Table 2S. Three-year average biomass and cover for seeded grasses, forbs, and shrubs for the subsoil fer-
tility p10ts.t 

Fertilizer Grasses Forbs Shrubs Total 
Treatment Biomass Cover Biomass Cover Biomass Cover Biomass Cover Number (kg/ha) (%) (kg/ha) (%) (kg/ha) ( %) (kg/ha) (%) 

3564a 17 .6ab 261 1.2abc 1775def 10.8bcdef 5365 29.6 
2 2740b 18.3a 320d 0.7abc 55Shi 3.0f 3615 22.0 
3 1431 hi 12.8abc 150h 0.4abc 1462efg 11 .8abcdef 3443 2S.0 
4 1439hi l2.6abc 340c 2.2ab 1304fgh 9.9cdef 3083 24.7 

S 1847efgh1 13.1 abc 270e 2.0abc 24l2bcd 14.0abcd 4529 29.1 
6 2057def 13.8abc 240f 0.3b 2337cd 14.1 abcd 4634 28.2 
7 2711 bc 12.7abc 1201 0.9abc 9739h 6.9def 3804 20.5 
8 2411 bcd 8.9abc 380b 1 .5abc 13 i 0.8g 2804 11.2 

9 15109hi 9.8abc 210g 1 . Sabc 3265a 19.9a 4385 31.2 
10 1954defg 8.8abc 50k 0.4abc 2382cd 12.0abcde 4386 21.2 
11 1392hi 8.6bc 70j 0.6abc 2207cde 11.1abcdef 3669 20.3 
12 1383hi 9.4abc 70j 0.4abc 11 55fgh 5.9def 2608 1S.7 

13 1763fgh 15.Sabc 200g 1.2abc l438efg 7.2def 3401 23.9 
14 2839b 18.3a 50k 0.2c 2830abc 13.6abcd 5719 32.1 
15 2255cde 18.2a 270e 2.0abc 8879h 4.4ef 3412 24.6 

16 2098def 7.7a 670a 2.3a 2167cde 14.5abcd 4335 24.5 
17 1248 ; 6.7c 260e 2.0abc 1306 fgh 6.9def 2815 15.6 
18 1622fghi 12.4abc 380b 1.8abc 3202ab 19. gab 5204 34.1 
19 1849cdfghi 7.8c 330cd 1.8abc 2820abc 14. Sabcd 4333 24.1 

20 1251 i 10.7abc 320d 2.0abc 1915def 16.4abc 3486 29.1 

tMeans within columns followed by the same letter are not statistically significant at the .05 level. 

and low applications of N with high and low appli-
cations of P (Treatments 17 and 19, respectively). 
The high N rates (Treatments 16 and 18) produced 
greater grass, forb, and shrub biomass compared to 
Treatments 17 and 19 and control plots. 

low rates of N with low rates of P (Treatment 
19) also produced greater grass and shrub biomass 
(Table 25). However, low N rates and high Prates 
{Treatment 17} generally lowered all biomass and 
cover measurements. Pretreatment soil tests indi-
cated that P was deficient. However, these data 
indicate that the addition of P does not contribute 
to plant establishment and growth. Therefore other 
factors must be limiting revegetation success. 

Soil Data for Topsoil Plots 

The soil in the topsoil over retorted shale 
fertility study was sampled at both the 0-30 cm 

depth (surface depth) and at the 30-60 cm depth 
(second depth), down to the retorted shale-soil 
interface. The 1980 fertility parameters from the 
two soil depths are reported in Table 26. 

The electrical conductivity in the first depth 
was significantly different in Treatment 4 (448 kg 
N/ha applied annually) compared to the control and 
all other treatments (Table 26). This treatment 
resulted in an electrical conductivity of 
1.0 mmhos/cm which was not high enough to be detri-
mental to most plants. Significantly higher 
electrical conductivity levels were measured in 
most of the second depth samples when compared with 
the electrical conductivity levels in the surface 
depth with the exception of Treatments 4 and 15. 
Second depth electrical conductivity levels may be 
the result of the downward movement of soil water 
containing soluble salts out of the surface depth 
or a result of the upward movement of soil water 
from underlying retorted shale. The source of the 
soluble salts needs to be investigated further. 
Also, there was a slight decrease «1.0 mmhos/cm) 
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Table 26. The 1980 topsoil over retorted shale soil fertility parameters as i nfl uenced by treatments and 
depth. t 

Fertil i zer EC (mmhos cm- I) pH NO;-N (ppm) NHt-N (ppm) P (ppm) N (%) 
Treatment 

Number Depth 1 Depth 2 Mean Depth 1 Depth 2 Mean Depth 1 Depth 2 Mean Depth 1 Depth 2 r~ean Depth 1 Depth 2 Mean Depth 1 

1 0.60 1.03 0.82 8.03 
2 0.53 0.80 0.67 8.00 
3 0.67 0.70 0.68 7.97 
4 1. 03 0.97 1.00 7.77 

5 0.57 0.63 0.60 7.93 
6 0.50 0.70 0.60 8.07 
7 0.50 0.73 0.62 8.03 
8 0.57 0.67 0.62 8.00 

9 0.53 0.83 0.68 7.97 
10 0.53 0.73 0.63 8.00 
11 0.67 0.77 0.72 7.90 
12 0.50 0.67 0.58 7.87 

13 0.43 0.67 0.55 7.97 
14 0.63 0.80 0.72 7.70 
15 0.70 0.70 0.70 7.73 

16 0.63 0.80 0.72 8.17 
17 0.47 0.63 0.55 7.90 
18 0.67 0.77 0.72 8.13 
19 0.60 0.63 0.62 7.97 

20 0.57 0.87 0.72 8.00 

Mean 0.60 0.76 0.68 7.96 

Tukey's Q (p=.05) 
Fertilizer not significant 
Depth 0.044 
Fert x Depth 1 not Significant 
Fert x Depth 2 not s i gni fi cant 

tSee Table 23 for key to treatments. 

8.03 
8.03 
8.17 
7.93 

7.97 
8.07 
8.20 
8.07 

8.03 
8.07 
8.03 
7.97 

8.00 
7.87 
7.90 

8.10 
8.07 
8.03 
8.00 

8.00 

8.03 

0.29 
0.03 
0.04 
0.04 

8.03 
8.02 
8.07 
7.85 

7.95 
8.07 
8.12 
8.03 

8.00 
8.03 
7.97 
7.92 

7.98 
7.78 
7.82 

8.13 
7.98 
8.08 
7.98 

8.00 

7.99 

in electrical conductivity in the surface depth 
from 1978 to 1979. From 1979 to 1980 electrical 
conductivity at this depth increased slightly 

0.45 
6.94 
6.16 

38.79 

2.22 
0.46 
0.91 
0.27 

2.73 
3.08 
3.08 
1.38 

4.55 
0.00 
2.28 

5.46 
2.03 
0.92 
1.10 

1.03 

4.19 

«0.5 mmhos/cm). Overall, this resulted in a 
decrease in electrical conductivity over time. 
Salts appear to be moving to lower depths over time 
since the electrical conductivity of the lower 
depth was generally higher in 1980 than in preceed-
ing years. 

The pH measured in the surface depth also 
showed several trends in 1980. The two highest 
rates of sewage sludge (Treatments 14 and 15) 
caused significantly lower pH values than all other 
treatments except the low phosphorus and low nitro-
gen treatment (Treatment 16) which had a higher pH 
than all the other treatments. 

In the second depth (30-60 cm below soil sur-
face) of soil, pH was significantly higher in most 
treatments than pH values in the surface depth. 
These higher pH values may be related to the higher 
electrical conductivities measured in the second 
depth of soil. 

Ammonium-nitrogen was not affected by fertility 
treatment or depth in 1980. Nitrate-nitrogen was 
significantly higher in the highest annual nitrogen 
treatment (Treatment 4) than in all other treat-
ments. It decreased slightly in most treatments 
with depth, with the exception of the high nitrogen 
plus wood wastes treatments (Treatments 9-12). 
These treatments showed a slight increase in N03-N 
in the second soil depth. 

Total nitrogen in the surface depth was higher 
in the two high sewage sludge with wood waste 

0.91 
2.39 
4.55 

14.00 

0.86 
0.24 
1.67 
0.60 

6.06 
3.80 
8.31 
1.22 

2.49 
1.47 
3.26 

2,78 
3.05 
1.26 
l.60 

1.85 

3.12 

5.70 
0.89 
1.43 
1.43 

0.68 
4.67 
5.36 

26.40 

1.54 
0.35 
1.29 
0.43 

4.40 
3.44 
5.69 
l.30 

3.52 
0.73 
2.77 

4.12 
2.54 
1. 09 
1.35 

1.44 

3.66 

1.63 1.60 1.62 
3.03 2.73 2.88 
5.70 4.33 5.02 
4.57 5.03 4.80 

2.73 2.27 2.50 
1.37 3.43 2.40 
3.40 2.97 3.18 
3.00 2.07 2.53 

0.47 1.17 0.82 
1.67 4.10 2.88 
2.03 4.57 3.30 
3.67 2.50 3.08 

1.40 2.73 2.07 
5.03 3.60 4.32 
6.30 3.40 4.85 

2.97 0.70 1.83 
4.33 0.47 2.40 
l.17 1.63 1.40 
3.67 3.80 3.73 

2.13 2.50 2.32 

3.01 2.78 2.90 

not significant 
not si gnificant 
not significant 
not Significant 

24.73 
17 .27 
25.10 
26.13 

24.23 
24.43 
24.83 
20.47 

24.33 
22.73 
21.33 
17.07 

28.70 
40.43 
46.77 

19.10 
13.57 
21.37 
28.87 

27.20 

24.93 

11.10 
12.03 
13.07 
16.07 

10.40 
10.87 
15.90 

9.97 

9.33 
7.97 

13.70 
9.77 

14.50 
31.97 
38.17 

9.20 
10.80 

9.57 
15.10 

18.30 

14.39 

9.85 
1.34 

17.92 
14 .. 65 
19.08 
21.10 

17.32 
17 .65 
20.37 
15.22 

16.83 
15.35 
17.52 
13.42 

21.60 
36.20 
42,.47 

14.15 
12.18 
15.47 
21.98 

22.75 

19.66 

not significant 
not significant 

0.062 
0.063 
0.063 
0.058 

0.066 
0.060 
0.059 
0.064 

0.060 
0.064 
0.064 
0.066 

0.079 
0.100 
0.120 

0.059 
0.062 
0.059 
0.066 

0.065 

0.068 

treatments (Treatments 14 and 15) than in any other 
treatments (Table 26). This was a result of the 
large amount of stable organic nitrogen that was 
added in the sewage sludge. Little of the nitrogen 
had mineralized to inorganic nitrogen making it 
available for plant uptake by 1980. 

The total nitrogen in the surface depth 
increased slightly from 0.07% in 1978 to 0.09% in 
1979 and then decreased to 0.03% in 1980. This 
significant decrease over time may be the result of 
the mineralization of organic nitrogen to plant-
available mineral nitrogen which has been taken up 
by plants. 

The extractable phosphorus in the highest 
sludge application plots was significantly higher 
than in any Qf the other plots. Phosphorus in the 
plots receiving the next lowest rate of sewage 
sludge was also elevated, but not significantly. 
In the topsoil study no increase in extractable 
phosphorus resulted from phosphorus applied at 
192 kg P/ha above the control level (130 kg P/ha). 
This indicated that in this soil the level of phos-
phorus solubility from triple superphosphate was 
1 imited. 

Extractable phosphorus in the topsoil plots did 
not change significantly in any of the fertilizer 
treatments with time. Extractable phosphorus was 
significantly lower in the second depth of soil 
compared to the surface depth over all fertilizer 
treatments. This difference reflects the depth at 
which the phosphorus fertilizer (0-44-0, triple 
superphosphate) was incorporated into the soil when 
it was applied. Phosphorus is quite immobile in 
the soil and therefore was not expected to move 



downward. This decreased level of phosphorus 
measured in the second soil depth should not ad-
versely affect phosphorus availability to plants. 
A larger amount of the active plant roots are in 
the surface depth of soil where they are in contact 
with adequate levels of plant-available phosphorus. 

The sets of fertilizer treatments applied to 
the topsoil plots, as well as time and soil depth, 
have influenced soil fertility parameters. In the 
annually applied N treatments only Treatment 4 
significantly increased electrical conductivity 
over three years. The three-year average electri-
cal conductivity measured in this treatment was 
0.78 mmhos/cm, which is not high enough to damage 
range pl ants. 

In the annually applied nitrogen treatments 
NOg-N accumulated in the surface depth over time 
where 448 kg N/ha was applied (Figure 58). Levels 
of NHt-N remained at relatively low levels in all 
of these treatments over three years. However, a 
significantly higher average level of NHt-N was 
measured in Treatments 3 and 4 than was measured in 
the control over three years. In 1980 the levels 
from all treatments and the control were less than 
10 ppm. 
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YEAR 

Effect over time of annually applied N 
in the topsoil over retorted shale 
study on NOg-N in the surface depth 
(0-30 cm) of soil. 

The residual nitrogen treatments with and with-
out wood wastes (Treatments 5-8 and 9-12) showed a 
significant decrease in NOg-N over time (Figure 59). 
There did not appear to be any effect from added 
wood wastes. The highest rate of nitrogen 
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(Treatments 8 and 12) increased N03-N levels most 
during the year following application in 1978. By 
1980 there were no differences between any of the 
treatments and the control in N03-N, indicating 
that there was no more N03-N available for plant 
uptake than in the control. Much of the nitrogen 
added in these treatments apparently was lost from 
the system. 
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Figure 59. Effect of residual N over time on N03-N 
in the 0-30 cm depth in the topsoil 
over retorted shale study. 

Ammonium-nitrogen showed trends similar to 
N03-N in these treatments. Wood wastes also had no 
effect upon the level of NHt-N measured in the soil. 
This form of nitrogen decreased over time, and in 
1980 no difference was seen between any of the + 
treatments and the control. However, in 1978 NH4-N 
was significantly higher compared to the control 
where the highest rates of nitrogen were added. 

The highest rate of initially applied nitrogen 
both with and without wood wastes (Treatments 8 and 
12) showed a significant decrease in available 
phosphorus which was more pronounced where wood 
wastes were added (Table 26). This may indicate 
that some immobilization of phosphorus was occur-
ring in these treatments due to the presence of the 
wood wastes. 

A significantly higher electrical conductivity 
was measured where the highest rate of nitrogen 
with wood wastes (Treatment 12) was added. This 
significance from a three-year average resulted 
mainly from the high electrical conductivity level 
in this treatment in 1978. By 1980 there was no 
difference in electrical conductivity in any of the 
high nitrogen treatment plots. 



The additions of sewage sludge significantly 
affected the levels of electrical conductivity, 
N03-N, total nitrogen, and extractable phosphorus 
in the surface depth of soil over time. 

The two highest sewage sludge rates (Treatments 
14 and l5) resulted in significantly higher elec-
trical conductivity levels over three years than 
were measured in the control, but the levels were 
not detrimental to plant growth. However, in 1980 
none of these electrical conductivity levels was 
different from the control (Table 26). 

Nitrate-nitrogen decreased over time in all the 
plots treated with sewage sludge. However, average 
N03-N measured in the plots treated with sludge 
{Treatment 13} was higher than the control treat-
ment. The two highest rates of sludge applied with 
wood wastes maintained significantly higher total 
nitrogen levels for all three years than were mea-
sured in the control plot. 

The sewage sludge treatments significantly 
increased the level of extractable phosphorus in 
the soil over the control. Figure 60 shows the 
level of phosphorus measured in plots receiving 
sludge {Treatments l3-15}, 192 kg P/ha {Treat-
ments 17 and 18}, 130 kg P.ha (Treatment 20), and 
56 kg P/ha (Treatments 16 and 19). The two highest 
levels of phosphorus measured in the soil resulted 
from the two highest rates of sludge (Treatments 
14 and 15). Sewage sludge was a good source of 
phosphorus because it resulted in higher levels of 
phosphorus in the soil than were measured in plots 
receiving 192 kg P/ha as triple superphosphate. 

The fertility parameters influenced signifi-
cantly by applying two rates of nitro~en and phos-
phorus (Treatments 16-19) were pH, NH4-N, and 
extractable phosphorus. Soil pH was higher over 
three years in the low nitrogen and low phosphorus 
treatments than in the control in 1978. However, 
by 1980 the pH levels measured in this set of treat-
ment plots showed no significant differences 
(Table 26). 

Extractable-phosphorus in Treatments 16 and 17 
was significantly lower than the control over three 
years. High levels of phosphorus (192 kg P/ha) did 
not result in higher levels of extractable phos-
phorus in the topsoil than were found when 130 kg 
P/ha is applied (Figure 60). 

Vegetation Data for Topsoil Plots 

Topsoil -parameters explain only 14% to 30% of 
the variation of biomass and cover of vegetation 
for 1980. Available Nand P are at similar levels 
when comparing all treatments after three years 
(Table 26). However, biomass and cover of vegeta-
tion were significantly different between treat-
ments (Table 27). 

Biomass and percent cover of total vegetation 
and grasses in Treatments 1 and 2 (56 and 112 kg 
N/ha applied annually) increased over the control 
(Table 27). However, higher N levels, 224 and 
448 kg N/ha (Treatments 3 and 4), produced less 
grass and total vegetative biomass and cover than 
the control (Treatment 20). 
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Figure 60. Effect of selected fertilizer treatments 
on extractable P in the upper 30 cm of 
the topsoil over retorted shale study. 

Total vegetation and grass biomass and cover in 
1980 after an initial application of 224, 448, and 
896 kg N/ha in 1977 {Treatments 5-7} all showed an 
increase compared to the control (Table 27). The 
highest application, 1792 kg N/ha in a single 
application (Treatment 8), produced less total 
vegetative biomass and cover than the control and 
the lower fertilizer applications (Treatments 1-7). 
The highest level of fertilizer (Treatment 8) 
burned the foliage of the new seedlings and 
resulted in poorer plant establishment compared to 
the lower rates of nitrogen application. Shrub 
biomass and cover in Treatments 5-8 were lower com-
pared to the control. Increased competition from 
grasses in these treatments may have reduced the 
vigor or density of shrubs. 

Application of N plus wood wastes (Treatments 
9-12) reduced total biomass except in Treatment 9 
which had similar biomass to the control (Table 27). 
Treatments 9 and 10 had lower grass biomass com-
pared to the control, and Treatments 11 and 12 had 
similar grass biomass production compared to the 
control. Forb biomass and cover in Treatments 9 
and 10 were greater compared to Treatments 11 and 
12. This may have been due to lessened grass com-
petition in Treatments 9 and 10. 

Biomass of total vegetation and grasses was· 
lower in the N plus wood wastes treatments {Treat-
ments 9-l2} compared to the single applications of 
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Table 27. Average biomass and cover for seeded grasses, forbs, and shrubs for the topsoil fertility p10ts. t 
Data was for 1980, three years after study was initiated. 

Fertilizer Grasses Forbs Shrubs Total 
Treatment Biomass Cover Biomass Cover Biomass Cover Biomass Cover Number (kg/ha) (%) (kg/ha) (%) (kg/ha) (%) (kg/ha) (%) 

2395cd 18de 560cdefg 2.7bcd 275cdefg 2.2cde 3230 22.9 
2 4028b 26b 69l cd 4.0b 267defgh 2.6cd 4986 32.6 
3 1 750efg l2fghij 566cdefg 3.4bc 25 ij 0.39h 2341 13.7 
4 190gef l4efgh 3069h 1.4de 329cdef 2.9c 2544 18.5 

5 2436cd 20cd 584cdef 2.6bcd 369cdef 2.9c 3389 25.5 
6 2599c l/ghi l555a 6.2a ll1 9hij 0.9fgh 4265 20.1 
7 2651 c l5efg 42l efgh 2.7bcd 253efgh 2.0cdef 3325 19.7 
8 1921 ef l19hij 210h 0.9c 84hij O.gfgh 2215 12.8 

9 1572fg 9ij 684cd 3.4bc 915a 6.6a 3171 19.0 
10 1422g 10hij 594cde 4.0b 313cdef 2.1 cde 2329 16.1 
11 2065de 14efgh 487cdefg 3.1 bc 182fij 1.3efg 2734 18.4 
12 1867efg l/ghi 325fgh 1.9cde 462c 2.4cde 2654 17.3 

13 6416a 13fghij 494cdefg 3.1 bc 307cdefg 2.1 cdef 7217 18.2 
14 4385b 34a 433defgh 1.7cde 1199hi j 1.2defgh 4937 36.9 
15 2508cd 24bc 41gefgh 2.1 cde 15j <O.l h 2942 26.1 

16 1871 efg l3fghij 711 c 4.1 b 427cde 2.4cde 3009 19.5 
17 192gef l6def 461cedfgh 3.1 bc 347cdef 2.l cdef 2737 21.2 
18 1925ef 11 ghi j 945b 4.1 b 225fij 1.4defg 3095 16.5 
19 2062de 17def 422efgh 1.8cde 314cdef 2.4cde 2798 21.2 

20 1876ef 10hij 599cde 3.4bc 664b 4.l b 3139 17.5 

tMeans within columns followed by the same letter are not statistically significant at the .05 level. 

N (Treatments 5-8) in 1980 (Table 27) except for 
Treatment 12 compared to Treatment 8. 

Sewage sludge applications (Treatments 13-15) 
produced more grass biomass and cover, similar forb 
biomass and cover, and significantly less shrub 
biomass and cover compared to the control (Treat-
ment 20)(Tab1e 27). However, only the lower sewage 
sludge applications (Treatments 13 and 14) produced 
greater total biomass compared to the control. 

Treatment 13 had approximately the same quan-
tity of N/ha as Treatment 5 which were both applied 
in a Single application at the time of planting 
(Table 27). Three years later in 1980, the sewage 
sludge alone (Treatment 13) produced more than 
twice the biomass and herbage cover as an equiva-
lent amount of nitrogen as NH4 N0 3 fertilizer (Treat-
ment 5). Thus, the sewage sludge does indeed con-
tribute more as a soil amendment than commercial 
nitrogen. 

It is possible to compare Treatments 14 and 15 
where wood waste was added along with sewage sludge 

with Treatments 10 and 11 where wood waste was 
added to an equivalent amount of commercial nitro-
gen at the time of seeding. Again, it is noted 
that the sewage sludge along with the wood waste 
produced significantly more biomass and cover than 
the commercial NH 4 N0 3 along with wood waste. The 
differences were substantially more for the lighter 
applications of nitrogen (448 kg N/ha) than the 
heavier applications (896 kg N/ha). 

Treatments 16-19 had varying quantities of 
nitrogen and phosphorus applied to the soil at the 
time of seeding. Treatments 16 and 18 had 896 kg 
N/ha applied along with 56 kg P/ha and 192 kg P/ha, 
respectively. Both of these treatments produced 
about the same biomass and herbage cover and were 
not Significantly different from the control 
(Treatment 20). Treatments 17 and 19 had lower 
nitrogen than Treatments 16 and 18, but both had 
the same quantity of nitrogen (112 kg N/ha). Each 
treatment (17 and 19) had different quantities of 
phosphorus, 192 kg and 56 kg P/ha, respectively. 
Again, there were no significantly differences in 
biomass and cover between the two treatments. The 



biomass yield for Treatments 17 and 19 was signifi-
cantly below the control, but percent ground cover 
was slightly higher than the control (Table 27). 

It is of interest to compare Treatment 7 
(where 896 kg N/ha alone was applied at the time of 
seeding) to Treatment 16 (896 kg N/ha plus 56 kg 
P/ha) and Treatment 18 (896 kg N/ha plus 192 kg 
P/ha). Treatment 7 produced more total vegetation 
and grass biomass and cover than either Treatment 
16 or 18 where phosphorus was added and only 
slightly more than the control (Treatment 20). 
However, Treatments 16 and 18 produced slightly 
less total biomass and cover than the control 
(Table 27). This indicates that the addition of 
phosphorus may not contribute to plant establish-
ment even though the soil tests indicated that 
phosphorus was deficient. 

CONCLUSIONS 

After three years the soil parameters analyzed 
in both the fertility studies indicated that when 
low levels of nitrogen and phosphorus were added, 
there were no fertility problems associated with 
either the subsoil or topsoil material used to 
reestablish native range species. The other rates 
of nitrogen used in this study were too high to 
recommend because much of the nitrogen was lost 
from the soil and could not be used by plants or 
the small seedlings were actually burned by the 
excessive amounts. Plant growth did not account 
for the loss, nor were increased levels of nitrogen 
measured in the soil that would account for the 
amounts applied. The high nitrogen treatments also 
increased electrical conductivity levels in the 
topsoil plots during the first growing season which 
may have had detrimental effects upon germination 
and seedling survival. 

The addition of sewage sludge at 224 MT/ha with 
wood wastes increased the level of available phos-
phorus in the soil above levels measured in the 
plots where 130 kg P/ha was applied. Sewage sludge 
may have had positive effects upon plant growth by 
lowering pH over time and by supplying trace ele-
ments and organic matter. It is probably not 
economical to recommend the application of sewage 
sludge because of the high transportation costs in-
volved if sludge was not available near the recla-
mation site. 

In general, electrical conductivity had 
decreased in the top 30 cm of soil in both studies 
over three years. The elevated electrical conduc-
tivity levels measured in 1978 have decreased to 
levels not different from levels measured in the 
control. 

Electrical conductivity levels in the second 
depth of topsoil over retorted shale increased 
significantly over time in all fertilizer treat-
ments. The present electrical conductivity levels, 
however, are well below levels that would have 
detrimental effects on plant growth. These ele-
vated subsurface electrical conductivity levels in 
the topsoil over retorted shale study should be 
monitored closely in the future. Subsequent years' 
data from this study should indicate whether the 
level of soluble salts are coming from the retorted 
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shale below and, if so, will they increase to a 
level that would be harmful to plants. Also, 
saturated extracts from the subsurface soil should 
be analyzed to determine specifically which soluble 
salts are present to determine whether the subsur-
face salts could have moved down from the surface. 

The following conclusions concerning vegetation 
are based on 1978 through 1980 data for the subsoil 
study and 1980 vegetation data for the topsoil 
study. Changes in these conclusions may occur as 
the vegetation develops in future years. 

Generally in the subsoil plots, higher rates of 
N-(Treatments 3,4,7,8,11, and 12) tended to in-
hibit total vegetation increases compared to con-
trol plots. Lower N levels (Treatments 1, 2,5,6, 
9, 10, 13, and 14) consistently provided greater 
total vegetation production compared to production 
in the control plots (Table 25). Therefore, low 
rates of N may be beneficial to plant establishment. 

On the topsoil plots, low amounts of N may be 
more beneficial than high amounts due to salt 
effects. Nitrogen, especially at higher rates, may 
not promote enough vegetation increase to justify 
its application. This is due in part to the adapta-
bility of native species to the low levels of N 
present in native soils. It is concluded that 
higher levels of P are of no consequence for in-
creased vegetation growth. Continued sampling may 
more clearly illustrate the long-term fertility 
requirements. 
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ECOTYPIC STUDIES 

Objectives 

1. Evaluate the natural variation within species 
(especially shrubs) native to the Piceance 
Basi n. 

2. Relate this variation to the environments which, 
through natural selection, produced it. 

3. Make recommendations regarding source materials 
which can be expected to give long-term, natu-
ral success on particular sites. 

Methods 

Populations of nine native species (six shrub, 
two grass, and one forb) have been examined for 
ecotypic variation in a common garden at the Inten-
sive Study Site. Methods of collection, propaga-
tion, measurement, and analysis are detailed in 
previous progress reports. In general, if popula-
tions which are phenotypically different in their 
natural environments retain their differences in a 
uniform environment (common garden), then the dif-
ferences are genetically based. The variants are 
called ecotypes. Major results regarding ecotypic 
differentiation are given below. 

Results 

The four shrub species for which we have the 
most data are Cercocarpus montanus, Purshia tri-
dentata, Symphoricarpos oreophi lus, Amelanchier 
utahensis, and Ceratoides lanata. Conclusions 
concerning them are presented first. 

Cercocarpus montanus 

Seedl i ngs of CerCOCaI'p"lS montanus were i ntro-
duced to the common garden a year later than the 
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other species, and only data for the 1980 growing 
season are available. Five populations, three from 
the Piceance Basin and two from the eastern slope 
of Colorado, show no significant differences in 
height measured throughout the season. Leaf size 
is also not significantly different; however, leaf 
shape expressed as the ratio of length to width is 
significantly different. These ~re the results of 
univariate analysis of variance. 

A more sensitive test of the progression of 
height through the season is to fit the growth 
curves with polynomial equations and test for dif-
ferences between the population's total growth 
curve. No significant differences were found. 
However, height averaged over the growing season 
is different (F=3.7, p=.018). The populations also 
differ on a measure of dormancy, the percent of 
leaves lost by October 29, 1980. Contingency table 
analysis of five populations versus percent of leaf 
loss in four equally spaced percentage classes 
(0-25,26-50, etc.) gives a chi square of 27.79, 
which is significant below the 1% level. In gen-
eral these populations display some, but not strong, 
differences. 

Purshia tridentata 

Purshia tridentata is represented in the common 
garden by four populations from the Piceance Basin. 
Evidence for ecotypic differentiation is present 
but not strong. One-way analysis of variance re-
veals interpopulation differences in stem length 
exists (F=5.0, p=.Ol). Phenological development 
through four stages (vegetative growth, flower bud 
development, flowering, and fruiting) was measured 
on a corresponding scale of 1-4 several times dur-
ing the 1979 and 1980 growing seasons for each 
organism. Analysis of variance for each measure-
ment date indicates significant interpopulation 
differences in phenological development only for 
the earliest two measurement dates each year 
(May 28 and June 6, 1979; June 4 and June 12, 1980) 
with F=3.0, p<.10 for each date. In general, these 
populations display some but not strong ecotypic 
differentiation. The species of Symphoricarpos, 
Amelanchier, and Ceratoides (in contrast to Cerco-
carpus and Purshia) have elaborated genetically 
different populations in different environments. 



Symphoricarpos oreophiZus 

symphoricarpos oreophiZus is represented by 15 
populations in the common garden. Individual 
plants were measured for phenology, leaf size, leaf 
shape, life form, length of new stems, and dormancy. 
There are no significant interpopulation differ-
ences for leaf size, leaf shape, or dormancy 
(Table 28). 

Table 28. Symphoricarpos oreophiZus garden meas-
urements. Results of one-way analysis 
of variance (Measurements by population 
source) . 

Garden Measurement F Valuet 

Average leaf: length 0.6 
width 1.0 
1 ength/w; dth 1.7 

Phenology: May 21 1.6 
Jun 12 2.0* 
Jun 18 3.4*** 
Jun 26 2.6** 
Jul 5 1.3 
Jul 12 1.2 
Jul 19 1.2 
Jul 28 1.2 

Stem length: May 21 1.4 
Jun 12 2.0* 
Jun 18 2.9** 
Jun 26 3.5*** 
Jul 5 3.4*** 
Jul 12 3.3*** 
Jul 19 3.7*** 
Jul 28 3.2*** 
Aug 30 3.2*** 

Bolting stem length: Jun 12 1.7 
Jun 18 1.4 
Jun 26 1.2 
Jul 5 1.6 
Ju1 12 1.7 
Ju1 19 2.3** 
Ju1 28 2.9*** 
Aug 7 2.7** 
Aug 30 4.0 

Stem growth: May 21-Jun 26 3.0*** 

tSignificant F ratios are indicated: .05*, 
. 01 ** , . 001 *** • 

Phenological advance from vegetative growth to 
formation of flower buds, flowering, and fruiting 
was measured by determining the phenological condi-
tion of each plant on a scale of 1-4 {vegetative 
to fruiting} eight times throughout the growing 
season. One-way analysis of variance for each 
measurement date indicates phenological differences 
among populations on June 12, 18, and 26 but not in 
May, July, or August (Table 28). 

Vegetative size and growth rate of Symphoricar-
pos are complicated because it produces two kinds 
of vegetative stems. Besides ordinary stems, some 

70 

of which produce flowers, most plants also produce 
long stoloniferous stems laterally away from the 
center of the plant. These bolting stems can reach 
lengths greater than 1 m in a growing season, and 
they can take root at their tips thereby affecting 
vegetative reproduction. Three individual stems of 
each type on each plant were tagged and measured at 
intervals over the 1980 growing season. One-way 
variance analysis for each measurement date indi-
cates significant differences in length from June12 
to the end of the season for ordinary vegetative 
stems and from July 19 on bolting stems (Table 2A). 
Trend analysis was used to fit fifth-degree poly-
nomials to each population's nonbolting stem growth. 
The linear, quadratic, and fourth-degree terms as 
well as the average length over the season were 
significantly different, which indicates that both 
the amounts and rates of vegetative growth are 
different (Table 29). 

Table 29. Trend analysis of Symphoricarpos oreo-
phiZus stem growth. t 

Term F Va lue Significance 

Linear 136 .00001 
Quadratic 196 .00001 
Cubic 97 .00001 
4th power 6 .02 
5th power 0.4 .54 

tFitting of polynomial equations and signifi-
cance testing performed by multivariate analysis of 
variance MANOVA program of the Statistical Package 
for the Social Sciences. 

Differences in the current year's stem lengths 
by the end of the season imply season-long differ-
ences in growth rate. To refine study of growth 
rate we inspected each population's growth curve 
and found that the steepest slopes occurred between 
May 21 and June 26. To analyze early season growth 
rate, the change in length over this time period 
was expressed in mm/day and tested by one-way 
analysis of variance (Table 28); significant dif-
ferences were found. 

Life form, analyzed in three categories 
(spreading, upright,and spreading and upright), 
for each population shows significant differences. 
Measurements early and late in the growing season 
gave consistent results; chi square values of 62.6 
and 106.3 are significant at .0001. 

AmeZanchier utahensis 

Represented in the common garden are 28 popula-
tions of AmeZanchier utahensis. Poor survival of 
three necessitated their removal from the analyses. 
Two types of source material were used in the com-
mon garden. For 12 sites individuals were trans-
planted from their native habitats; for the other 
13 sites plants were grown from seed and trans-
planted into the common garden. Each set (referred 
to as the transplant and seedling populations, 
respectively) is analyzed separately due to 



the differences in ages and the kinds of measure-
ments appropriate for the different material. 
Although identified as two gardens the seedlings 
and transplants occupy alternate rows in a single 
large garden. 

Generally, the same plant responses reported 
for Synrphoricarpos were measured for AmeZanchier 
with the exception of phenology. To date only one 
individual plant has flowered and produced fruit in 
the garden. Significant interpopulation response 
differences were found for plant height, canopy 
width, leaf size, leaf shape, stem length, growth 
rate, and dormancy (Table 30). 

Table 30. Amelanchier utahensis garden measure-
ments for seedlings and transplants. 
Results of one-way analyses of variance 
(measurements by population source). 

F Va1ue t 
Garden Measurement 

Seedling Transplant 

Plant height: May 21 2.7** 1.1 
Jun 11 1.6 2.2* 
Jun 18 1.4 nm 
Ju1 2 1.0 nm 
Jul 10 0.8 nm 
Jul 17 1.0 nm 
Jul 25 0.8 nm 
Aug 5 1.2 nm 
Aug 30 1.4 nm 

Canopy: width nm 2.7** 

Average 1 eaf: 1 ength 14.7*** 2.9** 
width 9.4*** 4.9*** 
length/width 4.4*** 3.6*** 

Stem length: May 21 5.7*** 5.8*** 
Jun 11 3.8*** 3.2** 
Jun 18 2.8** 3.4** 
Jun 25 2.8** 3.9*** 
Ju1 2 2.2* 3.2** 
Ju1 10 1.8 2.8** 
Jul 17 1.1 2.1 * 
Jul 25 1.0 1.5 
Aug 5 1.1 1.1 
Aug 30 1.3 0.7 

Total change in height 1.2 3.0** 
Early season stem growth rate 1.4 2.6** 
Late season stem growth rate 5.7*** 2.1 * 
Dormancy, October 29 9.5*** 3.6*** 

tSignificant F ratios are indicated: .05*, 
.01**, .001***. "nm" means "not measured". 

Plant heights were different on June 11 but not 
on May 21 for Amelanchier transplants. Seedling 
heights were measured 10 times during the season 
and were only significantly different on May 21. 
Canopy width was not measured for seedlings but was 
significantly different for the transplants. Leaf 
size and shape varied significantly within both 
gardens. Stem lengths, the same stems measured 
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each time, were different early in the season but 
not past May for the transplants or July 2 for the 
seedlings (Table 30). 

Growth rates expressed as total season change 
in hei ght and change in stem 1 ength May 21 to July 2 
and July 17 to August 30 were calculated. Late sea-
son growth rate for the seedlings was significantly 
different among sources, but early season growth 
and total change in height were not. Change in 
height between May 21 and June 11 was different 
among sources in the transplant populations. Also 
different was change in stem length June 18 to 
June 25 and July 17 to August 30 (Table 30). The 
overall growth curves of the seedling populations 
as analyzed by trend analysis were significnat1y 
different. 

Ceratoides lanata and Other Species 

Ecotypic differentiation in Ceratoides Zanata 
with respect to phenology, dormancy, vegetative 
growth rate, and size exist. Details were provided 
in the progress report for 1980. 

Systematic analyses of the other species stud-
ied have only begun. Preliminary analysis shows 
that populations of these species also vary eco-
typically for some traits. Further discussion 
waits more complete analysis. 

Multivariate Analyses 

The univariate analyses presented for all these 
species typically result in dividing the species 
into overlapping subsets of populations. Each sub-
set contains populations not significantly differ-
ent from each other, but with significnat differ-
ences between other subsets. This is the pattern 
revealed by SNK and Tukey multiple range tests per-
formed on our data. An important question, however, 
is, When plant response variables are taken 
together~ are the populations any more (or less) 
distinct from one another? A related question is, 
Are there combinations of the single variables 
which more often than not occur together? That is, 
it is a priori possible that some populations with 
slow phenology are large vegetatively while others 
are small, or it might be that all populations with 
slow phenology are large. Answers to both ques-
tions can be approached by discriminant function 
analysis. This is a multivariate technique which 
searches for combinations of variables which maxi-
mally separate populations. It serves especially 
to answer the first question above, but other 
aspects of the technique also help answer the sec-
ond question. 

In general, the results are that individuals of 
each population can be identified with their popu-
lation on the basis of a collection of the measure-
ments made in the garden. This means that the mea-
surements made are adequate discriminators of eco-
typic variation and that most of the populations 
studied have a unique ensemble of genetically 
determined adaptations. 

Results of discriminant function analysis for 
Symphoricarpos and Amelanchier are given in 
Table 31. A high percentage of variance in popula-
tion membership is accounted for by the significant 



functions and a high percentage of the individual 
plants can be correctly assigned to their popula-
tion on the basis of the measurements made in the 
garden. Thus, the populations are fairly distinct 
in common garden response. 

Table 31. Summary of multiple discriminant func-
tion analysis for populations of two 
shrub species by measurements made in the 
common garden. Level of significance is 
1%. Percent of plants correctly classi-
fied into their population by their 
original measurements also is given. 

AmeZanchier 
Symphorica:rpos 

Seedling Transplant 

Number of 16 13 12 populations 

Number of 7 9 8 variables 

Number of 
significant 3 4 2 
functions 

Percent of 72 89 65 variance 

Percent of 
plants 83 99 97 correctly 
classified 

It was noted that most of the univariate 
analyses for Cercocarpus populations were not 
significant; when discriminant analysis is applied 
to them, no significant discriminant functions were 
found. However, when applied to the original data 
85% of the plants are correctly classified. 

Since many of the variables given in the uni-
variate analyses are correlated (e.g., stem length 
measured on the same stems from week to week), 
there is redundancy in the set of measures. Put 
another way, the number of significant differences 
is not necessarily significant. For the multi-
variate techniques used here, a subset of the vari-
ables is selected and chosen generally to include 
one measure from each redundant set. For example, 
stem length early in the season, phenology, and 
leaf shape each measure different properties of the 
organism. If they are correlated, it is a posteri-
ori. For sequential measurements the amount of 
correlation between successive dates is high but 
drops as the time interval increases; therefore, 
early and late season stem lengths and phenologies 
are also included. 

Specific results for Symphoricarpo8 are given 
in Table 32. Discriminant function analysis is 
closely related to but more general than multiple 
regression. The standardized discriminant function 
coefficients are similar to standardized regression 
coefficients and interpreted in the same way. In 
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the table the coefficients with the largest abso-
lute values have been underlined to aid in inter-
pretation. Values for each function are mainly 
determined by these variables. 

Table 32. Standardized discriminant function 
coefficients for Symphorica:rpo8 oreo-
phiZus on three discriminant functions. t 

tUnderlining numbers identifies the coefficients 
with the largest absolute values. 

The first function for Symphoricarpos measures 
leaf size and final bolting stem length. The sec-
ond is contributed to by several variables: final 
length of ordinary stems, early growth rate, and 
early phenology. The third function is contributed 
to in opposite ways by early and average phenology. 
Also contributing are stem length and to a limited 
extent leaf shape. 

Similar results are given for AmeZanchier in 
Tab1 e 33 and 34. Plant height contri butes to 
three of the functions for AmeZanchier seedlings. 
Growth in height and final stem length contribute 
to the second but in opposite ways from height and 
dormancy. Leaf shape and early stem length con-
tribute to the third function and are opposite in 
effect. Height growth and leaf shape are inversely 
related to Function 4 while late season stem length 
and leaf length are positively related. Interpre-
tation of these results is not straightforward; 
populations tend to have different mixtures of 
these characteristics. 

Leaf measurements dominate both AmeZanchier 
transplant functions. Growth in height contributes 
to the first; stem length on May 21, to the second. 
Other variables have less significance on both. 
When the leaf measurements are dropped and the 
analysis repeated, some classificatory power is 
lost, with only 71% of the organisms correctly 
identified by the remaining measures. 



tUnderl ining numbers identifies the coefficients 
with the largest absolute values. 

Table 34. Standardized discriminant function 
coefficients for Amelanohier utahensis 
transplant populations on two discrimi-
nant functions. t 

tUnderlining numbers identifies the coefficients 
with the largest absolute values. 

Discussion 

Correlation with the Environment 

Symphorioarpos, Amelanchier, and Ceratoides 
have elaborated ecotypes, but not in the same way. 
There are obvious as well as subtle similarities 
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and differences. Our purpose here is to discuss in 
a general way three patterns of adaptation, espe-
cially as they relate to reclamation problems in 
the arid West. It is convenient to divide the many 
different plant responses evidencing genetic dif-
ferences into three categories: plant stature, 
growth rate, and phenology. Regarding reclamation 
and the project of matching appropriate ecotypes to 
reclamation situations, it is important to under-
stand the particular environments which select cer-
tain plant traits. We have collected information 
on and measured the environments of each popula-
tion's collection site including elevation, annual 
precipitation, warm-season precipitation, average 
annual temperature, growing season length, insola-
tion pattern, slope steepness, and slope direction. 
Correlation of these factors with the three major 
response categories is the first kind of analysis 
we have attempted for answering the question, To 
what diffel>ences ,in environment do differences in 
plant responses relate? 

Since each collection site has only a single 
value for each environmental measure, the means of 
each population's garden response measures are used. 
Compared to analysis of the garden response data, 
the degrees of freedom for this analysis are 
greatly reduced. Only significant correlations are 
discussed in interpreting each of the three major 
response categories. 

Plant stature, or size, varies genetically 
across populations of Ceratoides (discussed in the 
progress report for 1980), Symphoricarpos, and 
AmeZanchier. It directly reflects the organism's 
ability to occupy space and utilize resources from 
the environment. The lateral spread of Symphori-
carpos, measured by bolting stem length, has an 
obvious influence on this organism's size. It is 
positively correlated with length of growing season 
(r=.55) and warm-season precipitation (r=.56). 
Large plants come from longer season and more mesic 
environments. Amelanchier stem length is likewise 
correlated with growing season length (r=.59). 
Important garden response differences for Amelan-
chier are leaf size and shape. Leaf length is cor-
related with warm-season preCipitation (r=.56) and 
negatively related to growing season length (r=-.57) 
and average annual temperature (r=-.59). Leaf 
widths are similarly correlated. 

Large leaf length to width ratios indicate 
elongated leaves, and low ratios indicate more iso-
diametric leaves. More mesic exposure (e.g., 
northeast-facing rather than southwest) is strongly 
correlated with leaf shape (r=.86). Rounder leaves 
are more efficiently cooled and occur in sites with 
greater insolation. In general larger, 10nger-
leaved organisms come from more mesic environments. 

Potential plant productivity is measured by 
growth rate. The growth rate of Symphoricarpos is 
negatively related to an index which measures the 
insolation environment in terms of equivalent 
degrees of latitude (r=-.50). Maximum growth 
rates occur in enviornments with a more southerly 
insolation pattern. Change in height of Amelan-
chier in the garden is inversely related to average 
annual temperature (r= -.57). Maximum growth rates 
occur in plants derived from a cooler environment. 

Whereas stature and growth rate relate directly 
to the survival of the individual organism, 



phenology is important for survival of the population 
and relates to the long-term occupancy of a site. 
Phenological data are only available for shrubs 
which have reached maturity in our garden, i.e., 
Ceratoides and Symphoricarpos. 

The pattern for Ceratoides has already been 
discussed (progre.ss report for 1980) and is strongly 
related to growing season length. Symphoricarpos 
phenology, on the otner hand, is negatively corre-
lated with total' potential yearly insolation (r= 
-.52) and radiation index (r= -.54). More advanced 
phenology is attained by populations drawn from 
areas with lower insolation and therefore a more 
mesic environment. 

These relationships of the three major response 
patterns to the environment, although significant, 
are taken with caution. The reduced nature of the 
data, giving fewer significant and mostly low cor-
relations, indicates that more study is needed. A 
tentative conclusion is that moisture, length of 
growing season, and temperature of potential recla-
mation sites need to be considered when identifying 
appropriate ecotypic sites for reclamation. We are 
currently working on further analyses of ecotype-
environment relations, including getting more site/ 
ecotypic combinations and investigating nonlinear 
and multiple relationships among the variables. 

Interpretation for Reclamation 

Although tentative, our results are in accord 
with a well developed body of biology articulated 
by Grime (1977, 1979) in his studies of plant 
adaptations. Our discussion can best be given using 
his categories, especially as they relate to the 
major factors for individual plant survival (i .e., 
size and growth rate rather than phenology). 

Grime, in his studies of plant adaptation, has 
gathered an impressive amount of information on 
hundreds of plant species. He identified three 
primary sets of characteristics (or "strategies"), 
different mixtures of which are possessed by dif-
ferent plant species or ecotypes. They are: 
(1) competitive, (2) stress tolerant, and (3) 
ruderal. The first two, and perhaps all, are rele-
vant to our ecotype studies. Competitors are 
adapted for living in productive environments and 
have the ability to capture ample resources from 
the environment. The presence of other organisms 
is their chief challenge; control of space from 
whi ch to gather resources is thei r stragegy. Stress 
tolerators are adapted for living in undisturbed, 
unproductive environments with various kinds of 
stress. They have the ability to capture and con-
serve scarce resources. The difficulty of accumu-
lating biomass in severe environments is their 
challenge; survival, opportunistic exploitation, 
and husbanding resources is their strategy. 
Ruderals, the weeds and colonizers, are adapted to 
productive yet disturbed habitats. Destruction of 
biomass is their problem; rapid, prolific reproduc-
tion and efficient recolonization is their strategy. 
The competitive-stress tolerance differences have 
important application to our data. 

One point in the above sketch of adaptive dif-
ferences needs further expression. Disturbance 
can readily be classified as a kind of stress, but 
Grime is careful to distinguish disturbance from 
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stress. Stress relates to any feature of the envi-
ronment which limits biomass production. Included 
are aridity, extreme temperature (hot or cold), low 
fertility, low light, and presence of toxins. Dis-
turbance relates to any factor which destroys or 
removes part or all of the biomass already produced. 
Included are destruction due to grazing, trampling, 
frost, desiccation, and erosion. We will maintain 
this distinction in our discussion. 

Grime identifies a constellation of plant 
characteristics for each of the primary adaptive 
types. Competitors can rapidly proliferate absorp-
tive surfaces for resource exploitation. This in-
cludes both root and shoot systems for the capture 
of nutrients, water, light, and carbon dioxide. 
Competitors are large plants able to occupy space. 
Stress tolerators on the other hand are typically 
smaller plants with slower growth rates and various 
other morphological but mostly physiological adapta-
tions relating to the sort of stress offered by 
their environment. Ruderals are fast growing organ-
isms but organisms that quickly deploy resources to 
reproduction when necessary. There are a number of 
other associated characteristics for these types, 
but these are the most relevant to our data. 

The primary adaptive modes are seen by Grime as 
representing the poles of a continuum of adaptive 
types corresponding to varying environments. That 
is, there are several intermediate strategies. It 
is true that an organism cannot optimize both large 
size and small size, but intermediates are possible. 

The main reason for referring to Grime's work is 
that it gives a biologically useful way to conceive 
the different measures made on the ecotype materials 
in the common garden. It can simplify the large 
number of individual measurements we have by allow-
ing us to put them into two or three categories. 
Also, known biological meanings can be assigned to 
the measurements. Plant adaptation with respect to 
competition, stress and reproduction is also directly 
related to disturbed reclamation environments. 

With respect to our data, we take the charac-
teristics of more competitive versus more stress 
tolerant plants to be our various measures of plant 
size and growth rate, including stem length, plant 
height, canopy width, leaf size, and vegetative 
growth rate. These are in fact close to the mea-
sures Grime has used. Accordingly, on the competi-
tive to stress tolerant continuum are plants with 
large size and fast growth rates versus small 
plants with slow rates. Further, the competitive 
to stress tolerant continuum corresponds with pro-
ductive to stressed environments. Notice that 
there will be several such environmental gradients 
depending on the kind of stress involved (i.e., 
moisture, nutrients, light, and toxins). 

In our analysis so far, the competitive to 
stress tolerant range of ecotypes apparently corres-
ponds to a moisture stress gradient and to a grow-
ing season length gradient. This is in accord with 
Grime since it is more difficult to accumulate bio-
mass with water limiting or in shorter seasons. We 
believe that the environments of prospective recla-
mation sites which vary in these two respects should 
be taken into account and appropriate ecotypes 
used, namely populations from sites similar in 
moisture conditions and season length. 



We have yet to investigate other stress 
gradients but are preparing to extend our analysis 
by studying nutrient and toxin stress gradients of 
potential reclamation sites and by studying eco-
typic response on these gradients. We are also 
analyzing the data necessary to place populations 
in a competitive versus ruderal context and their 
corresponding relation to degrees of disturbances 
likely to be present in reclamation habitats (e.g., 
grazing and erosion). 

With an understanding of these relationships of 
plant material to stress and disturbance, problems 
in reclamation can be dealt with on the assumption 
that any reclamation site will lie somewhere along 
a stress or disturbance gradient. If it is true 
that populations with different characteristics are 
adapted to different segments of these gradients, 
then different reclamation source materials need to 
be utilized. Our information shows that this is 
apparently true for Ceratoides, Symphoricarpos, and 
AmeZanchier, especially with respect to moisture 
and season length. 

PHYTOSOCIOLOGICAL STUDIES 

Objectives 

The major objectives of this portion of our 
study are: 

1. To describe the naturally occurring vegeta-
tion in the Piceance Basin and understand 
its relationship to the environment 

2. To present the vegetation-environmental 
complex in a manner suitable for planning 
arid land reclamation 

The major portion of our vegetation studies are 
completed and have been reported earlier (see pro-
gress reports for 1978 and 1979 for sampling and 
analytic methods and 1980 for general conclusions). 
It is appropriate to summarize here our major 
findings. 

Results and Discussion 

The most useful way to present our conclusions 
concerning the initial objective is to first des-
cribe the ways in which environments of the commu-
nities of the Piceance Basin differ from those of 
the mid elevation sagebrush community at the Inten-
sive Study Site. If reclamation is to proceed 
scientifically on different landscapes within the 
oil shale region, the different environments under 
which reclaimed communities are to exist must be 
known. 

Since actual observations of the environmental 
causes of community variation are impossible to 
make, our strategy is to interpret existing vegeta-
tion variation as it is correlated with environment. 
Principal component analysis of community composi-
tion (over 130 communities were sampled) reveals 
the most important dimensions of variation 

75 

within vegetation across the landscape. Relation-
ships among these dimensions and independently 
sampled environments of the communities are revealed 
by using discriminant function analysis. 

The most important environmental factors to 
which vegetation is responding are found to be 
precipitation, growing season water stress, dormant 
season water stress, percent slope, and radiation 
index. (See progress report for 1980 for elabora-
tion.) These are important because they reflect 
the general moisture environment of organisms. 
Actual precipitation is strongly correlated with 
elevation and is the single most important environ-
mental factor accounting for community differences 
in the Piceance Basin. Seasonal water stress re-
flects other aspects of the environment relevant to 
the loss of water from a site. Slope, insofar as it 
is related to moisture, reflects differences in 
runoff, runon, and chance for deep percolation. 
Substrate stability and depth are also functions of 
slope. Radiation index (equivalent solar latitude 
was used here) is a measure of the yearly insolation 
pattern of specific sites. Biologically it is im-
portant in water and heat balance. Any reclamation 
of sites different from the Intensive Study Site 
(or any other research site) must take account of 
the differences in precipitation, water stress, 
slope, and insolation pattern. 

Ecologically the most sound way to deal with 
these differences is to reestablish reclamation 
communities already proven to be adapted to a 
specific environmental regime. For this objective 
we have developed a model which predicts community 
type from the environmental features of specific 
sites to be reclaimed. The model is presented in 
the form of a user's guide and is available from 
the authors. Complete instructions are given for a 
user to determine the potential terminal vegetation 
of sites within the Piceance Basin. Steps in using 
the model are: (1) measuring or determining environ-
mental features of the site to be reclaimed, that 
is, percent slope, direction of slope~ soil texture, 
soil stoniness, and elevation, (2) calculating or 
reading from tables the values of seven environ-
mental scalars based on the measurements taken, and 
(3) evaluating one of two sets of equations in terms 
of the site environment. This results in an esti-
mate of the most likely community type matched to 
the user's site. Tables of species composition for 
each of the 10 communities are given to aid in 
reclamation design. A brief description of statis-
tical and other properties of the model is now 
given. 

Community type as a function of environment is 
given in stepwise multiple discriminant function 
analysis. Linear combinations of the environmental 
variables are found which maximize the multivariate 
F ratio between all pairs of community types. The 
linear combinations are called discriminant func-
tions. Four significant, orthogonal (uncorrelated) 
functions are given in Table 35. All but three of 
the 45 multivariate F ratios are significant well 
below .001. The remaining ratios are significant 
at 4%, 8%, and 17% for comparisons of the grass-
forb hillside community with dry grass hillside, 
dry herb-shrub hillside and pinyon-juniper wood-
lands, respectively. In fact, these communities 
intergrade; their recognition as types is a prag-
matic division of a gradient into units accessible 
to reclamation users. 



Table 35. Standardized discriminant function 
coefficients for predicting community 
type in the Piceance Basin. 

Environmental Variables Standardized Discriminant Functions 
and Statistics 

Slope .032 .629 .705 .322 
Exposure - .390 - .21 0 -.317 .563 
Soil depth .401 -.022 .769 - .590 
Precipitation -1.390 - .366 .130 .745 
Growing season water stress .400 .532 .012 -1.164 
Oonnant season water stress .112 .037 -.286 -.557 
Equivalent latitude -.405 - .286 .485 1.117 
Stoniness -.360 .407 -.330 - .193 
Soil moi sture .008 - .508 .355 .401 

Percent of variance 73.0 11.0 6.5 5.0 
Chi square 234.6 153.2 97.2 55.1 
Degrees of freedom 64 49 36 25 
Significance .0000 .0000 . 0000 .0005 

Of the 20 or so environmental measures entered 
in the analysis, only nine were retained for pro-
ducing maximum group separation. Note that a satu-
rated model including all interaction and power 
terms was not attempted. Even though better pre-
diction within the original data is possible, 
there is increasing danger of producing spurious 
results arising from the specific data used. To 
avoid this, only interactions of the basic terms 
which are thought to have biological significance 
were used (e.g., the way elevation, slope, and 
exposure are thought to combine to reflect water 
stress). The environmental features retained in 
the model are percent slope, soil depth, exposure 
index, relative soil moisture holding capacity, 
soil stoniness, equivalent latitude, effective 
precipitation, growing season water stress, and 
dormant season water stress. The last four are 
combinations (interactions) of various other mea-
sured features of the environment. 

Listed in Table 35 for each environmental 
variable is a standardized coefficient for each 
function. These can be interpreted as standardized 
regression weights. The absolute value indicates 
the contribution of each variable to each function, 
and the sign indicates the direction of the rela-
tion. For example, Function 1 is inversely related 
to effective precipitation while Function 3 is 
related to slope (+) and depth (-) with effective 
precipitation contributing little. 

When the results of the analysis were reapplied 
to the original data, 95% of the stands were cor-
rectly assigned to their appropriate community. 
Inspection of misclassified stands reveals that 
they are intermediate between their actual and pre-
dicted communities. No stand was misclassified 
into an unrelated, more distant community. Reclas-
sification like this is routinely done in discrimi-
nant function analysis. When original data are 
misclassified, it is a strong reason to mistrust 
the model. But, the converse (as was found here) 
does not give equally strong credit to the model 
since the classification is carried out over the 
data from which the model was constructed. The 
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especially high values for correct classification 
along with the computed significance of the func-
tions (Table 35) are in the model's favor. 

Conclusions and Recommendations 

1. Ecotypic differentiation is not strongly 
evidenced for the native shrubs mountain mahogany 
(Cercocarpus montanus) and bitterbrush (Purshia 
tridentata). Barring further evidence to the con-
trary, a range of source materials comparable to 
ours from Colorado can be used interchangeably for 
a variety of reclamation situations suitable to 
these species. 

2. Ecotypic differentiation with respect to 
competitive ability, moisture, and short growing 
season stress has taken place for snowberry (Sym-
phoricarpos oreophiZus), serviceberry (AmeLanahier 
utahensis) , and winterfat (Ceratoides Lanata) . 
Source materials should be selected with moisture 
and seasonal environments similar to the reclama-
tion site to best ensure individual plant survival. 

3. Ecotypic differentiation with respect to 
the timing and amount of phenological development 
also exists in snowberry and winterfat as related 
to the radiation environments and growing season 
length, respectively. Reclamation source material 
from sites comparable in these respects is recom-
mended to best ensure long-term survival of the 
populations. 

4. Plant communities are distributed on the 
landscape largely in response to moisture factors. 
Both the amount of precipitation and the stress of 
evaporative removal are important. Reclamation 
should consider seriously the moisture environments 
of sites to be reclaimed and use appropriate 
species combinations. 

5. Prediction of potential plant communities 
from easily measured environmental features is pos-
possible. Reclamationists can be provided a user's 
guide for making these predictions. Reclamation 
design should include reference to particular 
species combinations best suited to particular 
sites. 
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OBJECTIVES 

This research involves the development of 
improved plant material for the oil shale region by 
testing and selective breeding of a small number of 
important species. The hypothesis is that a few 
improved strains of each species could be developed 
from genotypes of local or regional origin which 
could be adapted in the rehabilitation of diverse, 
stable (self-sustaining), and functional ecosystems. 
The improvements sought are in those traits impor-
tant to early growth and land stabilization, such 
as seed size and lowered dormancy which contribute 
to rapid establishment and better seedling vigor, 
as well as the capacity to produce useful quanti-
ties of seed. This must be achieved without losing 
the ecological adaptation or altering the role 
played by these grasses and legumes in advanced 
successional stages. 

Research results dealing with selection and 
breeding of plant materials are discussed in light 
of the following four objectives which are sequen-
tial stages of the work. 

1. Collect and assemble germp1asm sources. 

2. Evaluate spaced plants in two nurseries and 
clonal progagu1es or progenies under con-
trolled stress for various seed and plant 
characteristics; produce test seed. 

3. Evaluate seed progenies at the Intensive 
Study Site and satellite field plantings 
for survival, vigor, and adaptation. 

4. Use suitable breeding procedures for recom-
bination of parents selected by progeny 
testing to develop improved strains. 

PROGRESS 1976-1980 

The two grasses which have been studied have 
reached Stage 4, including the planting of one syn-
thetic variety of western wheatgrass (Agropyron 
smithii Rydb.) and one of Indian ricegrass 
(Oryzopsis hymenoides [R.+S.] Ricker) in comparison 
trials with breeding stocks and cu1tivars from 
elsewhere. These synthetics were based on the 
evaluation tests in Objectives 2 and 3 and repre-
sent our best judgment as to combinations of traits 
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for successful rehabilitation use in the Piceance 
Basin. 

The accession, testing, and multiplication of 
genotypes of the two native legumes in this program, 
sweetvetch (Hedysarum boreale Nutt.) and lupine 
(Lupinus argenteus Pursh, L. caudatus Hell., and 
related taxa), have reached the test row stage for 
performance and direct multiplication. 

Other work which is essentially completed is a 
study of methods to reduce dormancy in Indian rice-
grass, including the use of two cycles of selection 
for genetically lowered dormancy (the second cycle 
of which will set seed in 1981). An ongoing study 
comparing the growth and N-fixation ability of sev-
eral strains of introduced and native legumes com-
pleted its second growing season in 1980 and is due 
for more detailed acetylene reduction assay in 
different parts of the 1981 growing season. 

Collection of Germplasm 

In the beginning of any plant improvement pro-
gram the germplasm sources have to be assembled 
from previous cultivars (if any) and geographically 
logical areas. In the present project there was 
considerable attention paid to collections in the 
Piceance Basin and adjacent regions. There may be 
ecotypic differences based on the contrasting pre-
cipitation patterns of the eastern and western 
slope for the two grasses which grow in both areas 
(Asay et al. 1978). In practice this distinction 
has not been correlated with their test success. 
Some accessions were obtained by correspondence 
with Plant Materials Centers of the Soil Conserva-
tion Service (SCS-USDA); others were collected as 
seed or plants by our project. In the 1977 season 
many locations from which we desired seed failed to 
mature any seeds, and the alternative of digging 
plants (which was used for western wheatgrass in 
1978) had proved impractical in the lupines because 
of their deep, yet essential, tap roots. For this 
reason some native collections have not been evalu-
ated exactly in parallel with earlier accessions 
through the test sequence. With the legumes we 
sought to short cut this delay by planting test 
rows at the Intensive Study Site at the same time 
as multiplication rows; i.e., attacking Objectives 2 
and 3 simultaneously. With all the species, flower-
ing and adequate seed setting is delayed until at 
least the year following that of germination and 



establishment so that when an original collection 
is too small for replicated testing, there is a 
delay until it is in adequate supply. In 1979 some 
native ricegrass was put into row tests, and in 
1980 native western wheatgrass types were harvested 
for seed--as also were some of the ricegrass types 
from Dr. Ward's ecotype garden and more adequate 
seed lots from our ricegrass nurseries. 

Evaluation of the Sources in Nurseries 

Grasses 

Western Wheatgrass 

Spaced plant nurseries were established in 
1974 and 1976 for cultivars and accessions of 
western wheatgrass at Fort Collins (FC); in 1977 at 
the Environmental Plant Center in Meeker (M); and 
for native accessions of this species at both Fort 
Collins and Meeker in 1978. For Indian ricegrass 
the equivalent nurseries were established in 1977 
and 1978. These nurseries have served to provide 
data on spread, flowering time, height, seed yield, 
and seed size (lOO-seed weight) for individual 
plants which were then ranked for these several 
traits. Those plants with desirable (usually maxi-
mal) expressions of these traits were considered as 
"selected" parents; and the seed harvested from 
them used in progeny tests, row-planted in two or 
three replications in the Intensive Study Site 
(Objective 3) for evaluation of performance and 
maintained for possible advancement. The best of 
the selected plants, now called "elite" mother 
plants, were divided for recombination or other 
controlled seed production as indicated in 
Objective 4. 

In the case of western wheatgrass, seed data 
from 1977 and 1978 (FC) and 1978 and 1979 (M) led 
to the choice of 96 elite clones out of approxi-
mately 1,735 plants in the nurseries. These clones 
had good spread and plant vigor, high culm rating 
without lacking in leafiness, seed yield over 10 g 
per plant (usually over 30 g), and 100-seed weight 
over 500 mg. These selection cut-off levels com-
pare with average seed yields of 10 g and 11 g at 
FC and M and average seed weights of 447 mg and 
442 mg at FC and M (Table 36). The objective of 
seeking high seed yield is important to successful 
economic multiplication as well as having enough 
seed to plant several test rows (Schaff 1976). The 
advantage of high seed weight is believed related 
to vigorous germination, emergence, and early 
growth in the suboptimal environment of a disturbed 
soil being reclaimed (Roger 1954). 

Variation for many traits, including the above, 
was found to be significant among the 40 different 
sources. An example of seed data from Meeker in 
1979 is shown in Table 37. Traits were correlated 
from year to year and nursery to nursery. This 
indicates a genetic component to the variation and 
also suggests that the variability from plant to 
plant within a source is also partly genetic in 
nature (Padilla 1978). It may be noted that almost 
every source has some high-seed-weight plants in it 
and the ecological values of many sources can be 
retained. The heritability of traits suggests 
breeding progress that can be made by recombining 
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plants selected for these characters into a syn-
thetic variety based on Piceance Basin performance 
in the progeny tests. 

Table 36. Extremes and averages for 1,735 western 
wheatgrass nursery plants and their 96 
selected mother plants for strain-
buil di ng. 

Seed Yield (g) 100-Seed Wt (mg) 
Character 

Low Mean High Low Mean High 

FC nursery 0 10 82 208 447 685 
selections 30 41 82 501 554 685 

M nursery 0 11 80 251 442 752 
selections 10 24 80 501 567 752 

Native collections (by seed or plants) made in 
1976 were transferred to a native western wheatgrass 
nursery in Fort Collins and subsequently propagated 
into a new six-replication plot in fall 1977. Slow 
growth of these plants in 1978 and 1979 coupled with 
limited resources deferred a harvest of these 42 
types until August 1980, and the seed awaits pro-
cessing. Small plant size and rather low reporduc-
tive ability would seem to limit their potential, 
compared wtth other materials tested in the program. 

In spring 1978 another group of plants, col-
lected in areas close to the Piceance Basin, was 
placed in a seed production nursery at Meeker. 
Seed produced in 1979 were, in most cases, less 
than 8 g per four plants; a second crop was har-
vested in August 1980. Seed of these 10 collections 
also awaits processing. Six of them were true 
western wheatgrass types, three were the related 
but higher-elevation thickspike wheatgrass (Agpo-
pypon dasystachyum) , and one came from a clump which 
had slender (Agpopypon tpaahyoauZum) and western 
wheatgrasses mixed. 

Indian Ricegrass 

Spaced plant nurseries established at Meeker 
and Fort Collins in 1977 yielded plant and seed 
data in 1978 and 1979. The seed yields and 100-
seed weights are given for Fort Collins in 1979 
(not previously reported) in Table 38. Other data 
sets have shown significant differences among 
sources in traits such as plant shape, panicle num-
ber, flowering data, 100-seed weight, and seed 
yield per plant. As in the case of western wheat-
grass, there were also differences from plant to 
plant within the sources; and we have capitalized 
on these by selecting individual parents, 34 of 
whose progenies were seeded in replicated row tests 
in the Intensive Study Site in November 1978 and 
April 1979. The outcome of these tests is discussed 
below as accomplishments under Objectives 3 and 4. 

Further inspection of Table 38 shows that 
besides the significant differences among sources, 
in almost every source there are some high values 
for the two seed traits, indicating that selections 
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Table 37. Seed traits of 1 979-harvested western 
wheatgrass at the nursery in Meeker 
showing range among individual plants. 

Source 

Cultivars 
Arri ba 
Barton 
Flintlock 
Mandan 456 
Rosana 

Accessions 
A-13081 
A-16592 
A-16634 
A-16931 
BN19823 
BN19824 
C-27 
NM-429 
P-727 
E6-37 

Co 11 ecti ons 
Colo City 
Tincup 
TS-11-11 /15 
TS-11-16/20 
360 
361 
370 
372 
378 
385 
387 
390 
399 
440 
525 

Mean 
LSD (05) 
Significance 

100-Seed Wt 
(mg) 

Ave. Range 

589 501-668 
492 398-660 
451 311-571 
465 367-551 
544 482-631 

505 
602 
422 
407 
484 
501 
546 
451 
522 
526 

501 
503 
497 
487 
475 
505 
593 
458 
547 
375 
456 
481 
420 
376 
485 

489 
91 

*** t 

435-612 
426-788 
300-547 
360-494 
339-595 
386-596 
387-741 
358-612 
402-628 
356-666 

293-670 
419-619 
316-617 
320-722 
362-557 
404-565 
380-736 
301-608 
443-632 
263-653 
384-595 
352-665 
304-535 
261-492 
325-584 

tSignificant at p<.OOl. 
§Significant at p<.Ol. 

Seed Yield/Plant 
(g) 

Ave. Range 

10.0 
21.7 
7.1 

14.5 
16.3 

13.2 
10.4 
8.9 

17.0 
2.3 

16.7 
7.5 

26.8 
10.3 
7.2 

13.3 
17 .0 
29.1 
6.3 
7.8 

13.5 
8.2 
8.3 

14.6 
2.6 
7.0 
7.1 
7.6 
4.3 
5.9 

10.8 
10.2 
** § 

0.3-20.4 
2.4-52.1 
0.3-40.3 
1.0-44.2 
1 .6-33.7 

0.8-28.5 
0.5-32.4 
0.8-41.1 
0.9-26.8 
0.1- 4.4 
1.2-53.0 
0.2-19.8 
0.9-63.3 
1.3-24.2 
0.3-25.7 

2.0-49.8 
1.7-43.0 
0.1-45.7 
0.4-19.8 
0.3-18.2 
0.2-37.2 
1.8-17 .4 
0.5-20.0 
7.1-31.4 
0.1- 5.8 
0.6-48.3 
1.6-13.9 
0.3-21.8 
0.3-19.6 
0.2-20.6 

could be made while preserving diversity of germ-
plasm. Even the collections from the Piceance 
Basin have a few high seed weights, though their 
average seed yields are lower than the cultivars or 
SCS accessions. Other native collections that have 
been put out as nursery-spaced plants yielded some 
seed in 1979 that was used in an eight-entry test 
at the Intensive Study Site. More of these plants 
in Dr. Lang's (University of Wyoming) collection 
and other Colorado and Piceance Basin types, that 
have not previously been includable in critical 
site tests, have set seed in 1980 in the Fort 
Collins nursery, although limited resources have 
delayed our presentation of seed weight and yield 
data. A list of these collections is presented in 
Table 39. The table includes those collections 

harvested from Dr. Ward's (Department of Botany and 
Plant Pathology, CSU) ecotype garden during the 
1980 season, following their phenology observations. 

Table 38. Seed traits of 1979-harvested Indian 
ricegrass at the nursery in Fort Collins 
showing range among individual plants. 

Source 

Cultivars 
Nezbar 
Paloma 
Sharps 
Warners 

Accessions 
Breeders 
M-700 
NM-15 
NM-168 
P-15597 
P-15598 
P-15650 
P-15657 

Collections 
E-l 
PB-2 
PB-4 
SC-1 

Mean 
LSD (05) 
Signi fi cance 

100-Seed Wt 
(mg) 

Ave. Range 

365 296-411 
462 381-539 
423 297-495 
351 279-408 

357 344-375 
293 276-316 
385 275-464 
456 327-509 
316 162-388 
366 318-396 
293 266-332 
317 258-389 

316 
327 
268 
365 

352 
68 

*** t 

285-418 
272-416 
229-286 
194-419 

tSignificant at p<.OOl. 

Seed Yield/Plant 
(g) 

Ave. Range 

15.6 
10.5 
6.5 

18.7 

12.2 
12.2 
7.0 
9.8 

23.4 
15.2 
15.0 
4.8 

6.3 
4.4 
1.6 
5.3 

11.2 
9.1 
*** t 

3.4-22.4 
0.2-18.1 
3.1-13.2 
1.2-31.6 

0.8-23.2 
11.8-43.5 
3.0-21.8 
4.5-20.1 
1.8-38.5 
9.2-43.1 
0.5-30.8 
1.1-8.7 

0.1-21.1 
2.9- 9.0 
0.8- 1.6 
0.9-19.2 

Solutions to the Dormancy Problem in 
Indian Ricegrass 

One of the problems with using Indian ricegrass 
for reclamation is seed dormancy, especially with 
freshly harvested seed such as ecotype collections 
and single-plant progenies for immediate (July-
October) planting turnaround. Average germination 
the first year has been about 5% or less, with many 
seedlings not coming up until the second or third 
spring after fall planting. This causes the recla-
mation specialist to use larger amounts of expen-
sive seed. The relationship of dormancy to seed 
covering thickness and seed weight was analyzed as 
to consequences of selection for high seed weight. 
Two remedies were followed for the treatment of 
seed to plant tests: chemical and mechanical scari-
fication. Lastly, we are trying recurrent selection 
to shift the genetic background over to lessened 
dormancy, a technique used successfully by Schaaf 
and Rogler (1979) in green needlegrass. 

A significant difference in seed covering 
thickness (indurated lemma and palea) was found 
among 15 strains of Indian ricegrass. varying from 



42 ~ to 78~. Germination (i.e., lack of dormancy) 
was also significantly different among strains, 
ranging from 0% to 8%. Seed weight ranges signifi-
cantly from 217 mg to 461 mg per 100 seeds. None 
of these traits changed for any strain from the 
Fort Collins nursery to the Meeker nursery, sug-
gesting genotype is more important than environment 
in influencing them. Seed covering thickness was 
negatively correlated (r= -.47) to germination and 
positively correlated (r= .48) with seed weight 
(Zemetra and Cuany 1981). The results suggest that 
one can increase germination by selecting thinner 
seed coverings. They also imply that selecting for 
higher seed weight may bring a penalty in decreased 
germination unless simultaneous selection for seed 
weight and higher germination is practiced. 

Table 39. Native collections of Indian ricegrass 
and their advance to increase nursery 
strain test 1978 and as individual 
selections to strain test 1979. 

Source 
Number 

J-1 
J-2 
J-3 
J-4 
J-5 

J-6 
J-7 
J-8 

Co 11 ection 
Site 

Byers Ca nyon, CO 
Kremmling, CO 
Wolcott, CO 
Radium, CO 
Redwing, near 

Gardner, CO 
Granby-Hot Sulphur 

Springs (N) 
Hot Sulphur Springs 
Granby-Hot Sulphur 

Springs (S) 

La n g Co 11 ec t ion * 
8 

14 
15 
23 
24 
26 
37 
38 
49 
51 
87 

118 

PB-11 

(vari ous sites) 
in WYand CO 

Lower Cascade Gas 
Road 

Disposition 

1978t 1979§ 1 981 ~ 

* 

* 

* 

* 

* 

* 
* 

* 

* 

J-3-8-3 

J-5-4-3 

f
L- 8- 4- 1 
L-8-7-2 
L-8-7-3 

L-37-1-5 

PB-11-8-3 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

tSe1ected for increase based on seed weight and 
germination determined during winter 1977-1978. 
Planted at ISS April 1978 but damaged by rodents. 

§P1anted at ISS December 1979. Rated Jun 1980 
and Sep 1980 (Table 44). 

~Seed progeny available from 1980 harvest from 
nursery. 

*Many packets had low or zero viability. 

A series of experiments was carried out in an 
attempt to reduce the dormancy by scarifying the 
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seed coat and weakening the lemma and pa1ea 
(Zemetra et a1. 1981). Four treatments (three 
mechanical and one concentrated sulfuric acid) were 
examined alone and in combination with gibberellic 
acid (McDonald and Khan 1978). Three ages of seed 
(6, 18, and 30 months) were tested in the green-
house in germination boxes and at the Intensive 
Study Site in the field. Concentrated sulfuric 
acid and a modified commercial scarifier most 
effectively increased germination in the greenhouse. 
Gibberellic acid enhanced germination in the younger 
(fresher) seeds in this environment. The rubbing 
machine improved germination in the field from 8% 
to 12% more than the other treatments. It was, 
however, only a modest improvement. For 30-month-
old seed, germination went up from 15% to 24% by 
means of mechanical scarification. Concentrated 
sulfuric acid decreases germination about 3%-6% for 
all three ages of seed in the fie1d~ The germina-
tion chamber indicated that none of the treatments 
affected immediate mortality, but acid-treated seed 
in the field may have succumbed to soil pathogens 
over the winter. Practical needs of a reclamation 
specialist may be met by mechanical scarification 
or the use of 30-month aged seed which will germi-
nate 15%-25% in its first year without scarifica-
tion. 

The third approach to the dormancy problem is 
to select genetic variation displaying low dormancy. 
By doing this over two or three cycles (recurrent 
selection), genes for low dormancy can be concen-
trated in one strain. This was started by saving 
the few seedlings germinated in control (unscari-
fied) greenhouse rows, about 8% for Paloma and 2% 
for Warners in 1978. They were transplanted to the 
field and produced a few seed in October which when 
tested were found to be completely dormant. In 
July 1979 these same plants yielded seed which upon 
testing gave an average germination percentage of 
5.1 as shown in Table 40 with individual progenies 
ranging up to 16.7% of early-germinating seedlings. 
These germinated seedlings, in turn, were put into 
a new block for recombination among themselves, the 
30 seedlings from the first five parents being sur-
rounded by other seedlings of early germination 
type. The latter were derived from a bulk planting 
of seed from all 29 parents, in which one might 
expect the first 13 to have produced most of the 
114 seedlings used in the border. It is hoped from 
this process to achieve 25%-40% fresh germination. 

Legumes 

Sweetvetch 

The species Hedysarum boreale is native in the 
Piceance Basin as well as in Utah, Wyoming, Montana, 
and states and provinces further west and north to 
the Arctic (Northstrom and Welsh 1970). We obtained 
seed from Stewart and Sons in Ephraim, Utah, and 
planted a nursery at Fort Collins in 1977 which did 
not flower that year. However, it flowered but did 
not set any mature pods in 1978; it did both in 
1979 and 1980. Out of 102 plants only 11 set a 
good crop of seed pods (loments), ranging from 2 g 
to 21 g of clean seed in 1979. In the 1980 harvest 
more of the plants were harvested. At least 10 
plants had yields over 8 g, ranging up to 34 g; 
100-seed weights were 750 mg to 1,050 mg. Assuming 
differences in seed-set are partly genetic, we 
expect progress from a second-stage nursery 



including the progeny of these productive plants. 
The nursery was planted in the spring of 1980 and 
included 15 plants from the Intensive Study Site 
(ISS), 20 from E/ISS (inside the fence at ISS), 8 
from Pip1eine (near ISS), and 14 from the original 
Stewart and Sons seed lot. 

Table 40. 

Parentt 

Pa10ma-77 

Pa 1 oma-77 

Pa10ma-77 

Pa10ma-77 

Warner-77 

Mean of 29 
progenies 

Germination (average of three replica-
tions) of fresh 1979 seed from the non-
dormancy recombination block in April 
1980. 

Plant 
Number 

71 
88 
44 
17 
10 

48 
23 
16 
52 
43 
90 
2 

35 

11 
14 
67 
12 
28 

56 
68 
86 
31 
6 

32 
66 

72 
87 
59 
27 

Average 
Germination§ 

(%) 

16.7 
12.3 
11 .7 
11 .3 
9.3 

9.3 
9.0 
7.3 
7.3 
6.7 
5.6 
5.6 
5.0 

4.3 
4.0 
3.7 
2.0 
2.0 

1.3 
1.3 
1.3 
1.0 
0.7 
0.7 
0.7 

3.3 
3.0 
1.7 
0.0 

5.1 

Used in Planting 
the Cyc1e-2 B10ck~ 

(
seedlings as) 
seed parents 

6 
6 
7 
4 
7 

tTota1 of 29 plants which were themselves rapid 
germinators in January 1978. 

§Seed harvested July 1979, put to germinate 
26 March 1980 without any scarification. Seedlings 
counted at 28 days. 

~Seed1ings from the remaining parents were used 
only in border area and will only contribute a 
little pollen to the above block. 

The other area where we are attempting to 
produce sweetvetch seed is a set of replicated 
3-m rows at EPC, Meeker. Seeding five accessions 
in Ocotber 1978 gave a stand of small seedlings in 
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1979 which were weeded several times in 1979-1980. 
To date these rows have not flowered, but older 
plants established by SCS personnel set seed there 
in 1980. 

Lupines 

Lupine seed has been collected from many eleva-
tions in Colorado by the efforts of Stephen Kenny 
whose support was not primarily from the DOE 
contract. In 1977 a nursery of spaced seedlings 
was started in Fort Collins but never grew well and 
did not yield useful data or seed. Seed from 
native stands was re-collected in 1978. Nursery 
rows were established at the Environmental Plant 
Center (EPC) in Meeker instead of Fort Collins. 
The climate in Meeker was more similar to Piceance 
Basin climate than the climate in Fort Collins. 
Also, moisture and cultural controls are more pre-
cise at the EPC than at the Piceance Basin Inten-
sive Study Site. 

Lupine taxonomy is complex and has been made 
more difficult by the hybridization caused through 
man's disturbance of roadsides, hillsides, etc. 
Kenny (1981) grouped his collections mainly under 
Lupinus argenteus and Lupinus caudatus and notices 
that some subspecies of L. argenteus were found in 
mesic subalpine habitats, while others were in 
drier areas of the montane zone. L. caudatus is 
associated with the pinyon pine/juniper and oak/ 
mountain mahogany zones where it may come into con-
tact with the drier end of the L. argenteus area in 
regions below 2,100 m (such as the Piceance Basin). 
Kenny's collections that were planted at Meeker for 
evaluation and seed production are listed in 
Table 41 under their ecological zone and taxon. 

Several traits studied at Meeker include stand, 
flowering by June 23, 1980, and seed production. 
Since some early pods sampled were found to contain 
larvae (which feed on and destroy the seed), a 
spray treatment was launched by the manager of the 
EPC at our request. Only 17 out of 32 accessions 
produced any seed, and yields averaged only 147 
seed per row (total of about 10 plants). Compared 
to domesticated (native or exotic) legumes, these 
lupines are uncooperative in regards to producing 
new test seed. Even the L. caudatus accessions 
from altitudes similar to the center of the Piceance 
Basin did not produce more than 410 >eed per row. 

Testing Source Material and Progenies 
in Critical Environments 

The testing of promising and elite material in 
critical environments (i.e., climates and soils of 
the oil shale region) is the most essential step in 
proving which commercial cu1tivars, strains, acces-
sions, ecotypes, or single-plant progenies can 
succeed in the rehabilitation process. Moreover, 
by identifying the best mother plants in this cri-
terion, the breeder can develop the synthetic 
strains which are needed for that specific task 
(Cuany and Wilson 1979). Since 1976 we have tested 
available sources in row-seeded trials at the Inten-
sive Study Site, and based on those findings and 
the results of nursery data from Objective 2 
(e.g., Padilla 1978) we have seeded progeny tests 



in 1978 and 1979. Preliminary results of the 1978 
tests were tabulated in last year's report (COO-
4018-4), and the tests continued to show good sur-
vival and vigor of many progenies in 1980. Results 
will be discussed separately for the grasses and 
legumes involved. 

Table 41. Origins and adaptations of lupines and 
seed harvested from the increase rows at 
EPC, Meeker, in 1980. 

Ecological Zone and 
Species 

Suba 1 pi ne Zone 
Spruce/fir 

[;upinus argenteus 

lodgepo 1 e pi ne/aspen 

E1evationt Accession 
(m) Numbers 

3000-3400 422, 424. 
431, 432, 
502. 632, 
725. 726. 
728 

. Lupinus argenteus 2400-3000 101. 131. 
135, 142, 
145. 425, 
521. 522, 
623 

Lupinus pazoviflol'US 2600 532 
!upinUB wyethii 2500 531 
Lupinus x atpestris 2600-2700 323,924, 

927 
Montane Zone 

Ponderose pine 
[;upinus argenteus 2300-2600 031. 945 
!upinuB pazoviv1.ol'US 2400 526 
Lupinus x a1.pestris 2300 302 

Foothill s Zone 
Pinyon pine/juniper 

Lupinus ammophi1.us 2100 232 
[;upinus argenteus 2000 231 

Oak/mountain mahogany 
[;upinus argenteus 2300 221 
Lupinus caudatus 

Lupinus x a1.pestri8 

2100-2300 225, 629. 
724. 826. 
828 

2300 931 

Seed Harvest§ 

Number 

10 

67 

o 
40 

200 
o 

25 

o 

410 

40 

lOO-Seed Wt 
(g) 

1.1 

1.5 

1.4 

1.3 

1.2 

2.1 

1.2 

tElevation of Intensive Study Site is 2000 m, Meeker 2100 m, 
rim of Piceance Basin 2700 m. 

§Per accession row 3 m long. averaged over the accessions. 
o = no seed; --- .. this accession not planted in this nursery. 

Grasses 

Western Wheatgrass 

The 1976 tests used available seed of 5 culti-
vars, 7 accessions, and 10 collections, of which 
only the cultivars Arriba, Mandan 456, and Rosana 
showed superior performance. The only collection 
showing average promise was Tincup from above the 
Gunnison Valley. The first progeny test, planted 
in the unfavorable spring of 1978, gave only emer-
gence data which showed the best percentage of 
superior progenies to have come from cu1tivars 
(pp. 208-210, COO-4018-3). 

The November 1978 progeny test of 49 entries in 
three replications and the Oecmeber 1979 progeny 
test of 62 entries in two replications (planted in 
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the center panel of the legume plot on a mixed 
topsoil-subsoil base at the ISS) have performed 
well and yielded useful comparative data. Scores 
of emergence, survival, and vigor were made in 
October 1979 and May 1980 for the former test and 
in June 1980 and September 1980 for the latter. 
Correlations between the two scores in each test 
were highly significant at .42 and .62, respec-
tively. Choice of superior parents, without list-
ing all the parents (Table 37, p. 56, COO-40l8-4, 
for an example), resulted in 26 parents being 
chosen out of 49 and 35 out of 62 for an overall 
percentage for superior of 55%. Table 42 shows 
that a somewhat higher percentage for superior pro-
genies was found among those which came from culti-
vars (representing an improvement over the straight 
cultivars). On the other hand, the proportion of 
superior parents among those from collections in-
creased in the second growing season from the 
November 1978 test. Unfortunately, it has not yet 
been possible to adequately test (in the Piceance 
Basin) seed progenies from the 1978 native collec-
tion of western wheatgrass. 

Table 42. Western wheatgrass progeny tests at the 
Intensive Study Site: proportion show-
ing superior performance. t 

1st Group 2nd Group 
Nov 1978 Dec 1979 

'" '" '" 41 41 41 
c c c Overall 41 GI 41 

Type of Parent '" '" '" Superior 0 0 0 
..t s.. s.. (%) Q. Q. 

,+-", '+- '+- .... '" .... 
041 os..en os..o O!! 01-0 

s •. := 0 .... oeo s..~m I-~o- "' .... 0- s..c GIGI GIs..,... .... s..,... GIGI .... s.. .... 
.Q '" .041 .041 .0 ." .ocu eo EO.., § Q..C EO EO. C 
::::II- ::::I::::IU ::::1;:1 ::::II- ::::I::::I::S 

Z Q. :z: <1)0 Z <I) '":I Z Q. Z<I)'":I 

Cultivars 
Arriba 3 3 5 2 
Barton 7 3 1 1 
Flintlock 4 1 3 2 
Mandan 456 5 4 5 3 
Rosana ..1.. ..l 11 ...J 

(subtotal) 22 16 14 28 17 62 

Accessions (SCS) 10 4 29 

Collections 17 11 27 14 57 

Tota 1 Progeni es 49 28 26 62 35 55 

Correlation§ +0.62**11 1979-1980 

tThose above 3.0 or 3.5 on a 0-4 vigor score at dates shown. 
1978 group in three replications, 1979 group in two replications. 

§Corre1ation between Oct 1979 mean of each progeny and its 
Jun 1980 mean. 

lISignificant at p<.OOl. 

Since seed of the synthetic WWG-96 (made up of 
96 plants found to be superior for seed traits in 
the nurseries) was harvested in 1980, it was in-
cluded in a new test with several checks. The test 
included two cultivars, Arriba and Rosana, and five 
products from recent breeding by F. Quinones of New 
Mexico State University (Quinones 1979). This per-
formance test of eight entries was planted in the 
alley spaces of the ISS legume/grass plot in 
October 1980. The three randomized blocks each in-
cluded eight 3-row plots {4.88x.9l m} with 375 seed 
planted per row at 2.5 cm depth by a one-row cone-
type drill seeder. 



Indian Ricegrass 

The strain test planted in fall 1976 used 
available seed of cultivars, accessions, and a few 
native collections. The best for vigor. growth, 
and survival were Sharps, Warners, M-700, and 
NM-168. One progeny test was planted in November 
1978 and another in April 1979, both of which have 
yielded valuable data on the 34 progenies (only 22 
of them were repeated in April) contained in the 
three replications at the ISS. In both lists. 
highly significant differences among the progenies 
were scored (0-5 basis) in October 1979 and May 
1980. The scores on those dates were significantly 
correlated at .61 and .58 for the two plantings. 

Choice of parents was made tentatively in 1979 
as shown by those 16 scoring over 3.7 in October 
1979 (Table 38, p. 57, COO-4018-4). These choices 
were revised to reflect new data in 1980 resulting 
from some eliminations and the addition of one 
parent from the SC-l Piceance Basin. Table 43 
shows the origins of the 11 parents included in 
Group 1 and Group 2 bulks this year. Performance 
is not less in the collections than in the culti-
vars, and good parents have been found among NM 
accessions. 

A preliminary adaptation test of five collec-
tions from western Colorado and four from Dr. Lang 
in Wyoming (June 1978) revealed good emergence for 
two entries, J-5 and Lang-8, and fair emergence for 
PB-1l (this test was destroyed by rodents). Prog-
enies from nursery spaced plants of some of the 
same series of collections previously listed in 
Table 39 were seeded December 1979 in the Intensive 
Study Site and gave results shown in Table 44. At 
this time it is hard to decide which progeny among 

Table 43. Indian ricegrass progeny tests at the 
Intensive Study Site: proportion show-
ing superior performance over the 1979-
1980 period. 

Type of Parent 
~'" OQl 
'- .~ 
C1>C1> 
.c 0> EO 
:> ~ z Q. 

Cultivars 
Breeders 2 
Paloma 6 
Sharps 6 
Warners -1. 

(subtotal) 16 

Accessions 
M-700 4 
MN-15 1 
NM-168 8 
P-15597 1 
16503-65 ~ 

(subtotal) 15 

Collections 
E-l 1 
PB-2 1 
SC-l ~ 

(subtotal) 3 

Total Progenies 34 

'" C1> 
c: 
C1> 
0> 
0 
.t 

~ 
o~ 

0 
~.-C1> ~ 

.cC1> eo. 
:>:> 
Z VI 

2 
3 
2 

-1. 

0 
1 
5 
1 

...Q 
7 

0 
0 

...Q 
0 

16 

Number of 
Superior Progenies 

May 1980 

Group 
1 

Group 
2 

Overall 
Superior 

(%) 

31 

33 

33 

6 32 
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the three marked is best because of the low corre-
lation between June 1980 and September 1980 
readings. 

Table 44. Progeny test of selected plants from 
native Indian ricegrass collections sown 
December 1979 at ISS. 

1 ~O-Seed Emergence Vigor 
Parent Wt Score t Scoret Superior§ 

Jun 1980 Sep 1980 

J-3-8-5 327 1.3 2.7 
J-5-4-3 329 3.0 2.3 
Lang-8-4-1 407 2.0 1.7 
Lang-8-7-2 413 3.3 2.0 
Lang-8-7-3 395 4.0 2.0 + 
Lang-37-1-5 365 2.0 4.0 + 
PB-1l-8-3 355 3.0 3.0 + 
PB-17-3-5 465 1.7 1.0 

Significant Difference ** 
Correlation Jun 1980 +0.1 (not significant) wi th Sep 1 980 

tScored on a 0-4 basis, mean of three replications. *, ** = 
Significant at .05 and .01, respectively. 

§Superior progenies. 

In order to compare composites of Groups 1 and 
2 with other products of this and other programs, 
especially that of Quinones in New Mexico which 
produced the L.C.-5 composite (Quinones 1979), a 
performance test was planted October 1980 at the 
Intensive Study Site in disturbed topsoil-subsoil. 
The two cu1tivars Paloma 74 and Nezpar (Booth et al. 
1980) serve as checks for 12 other entries includ-
ing IRG-5 (Group 1), IRG-6 (Group 2), IRG-1 (our 
five-variety combination), and L.C.-5 composite and 
its eight component lines. The four randomzied 
blocks each contain two-row plots (2x.6 m) of the 
entries with 250 machine-scarified seed planted per 
row at a depth of 2.5 cm by a one-row cone-type 
drill seeder. 

Legumes 

Strain Test of Native and Introduced Legumes 

The test of one to seven strains of each of 
eight species of native sweetvetch, lupine, and 
purple prairiec10ver (Petalostemon purEureum) (the 
latter from the Kansas-Nebraska plains) and intro-
duced cicer milkvetch (Astragalus aiaer)(Townsend 
1979), crownvetch (Coronilla varia), sainfoin 
(Onobryahis viaiaefolia), alfalfa (Mediaago 
sativa), and Swainson's pea (sphaerophysa salsula) 
was seeded in October 1978 in paired rows on each 
soil type (topsoil and subsoil) in the legume plot 
at the Intensive Study Site. Seeds were scarified 
and inoculated with either commercial inoculum or 
soil from under plants of that species. Rows were 
1 m apart and 2 m long, and one row of the pair was 
intended for destructive sampling needed to do 
acetylene reduction assay on roots and nodules 
(Seetin and Barnes 1977, Ouhigg et a1. 1978). 



Vigor was scored twice in 1979 (only the fall 
score reported) and twice in May and September 1980. 
Flowering was scored in June 1980 and notes made on 
seed setting in the conditions of the Intensive 
Study Site. Although these are all perennial 
species some of which have rhizomatous growth po-
tential, regeneration by seed could be important in 
succession. Moreover, use of this plot as a selec-
tion nursery to produce seed of the best strains 
depends upon the seed-maturation event. 

Growth in the first season (1979) was recorded 
on September 9, 1979, in the form of vigor scores 
on a scale of 0-6. Sainfoin and alfalfa showed 
luxuriant growth of about 50 cm height, which 
was beginning to go dormant. The cicer mi1k-
vetch did not show the onset of dormancy at that 
date. Overwintering of legumes requires some chan-
neling of reserves to the crown. In fact, no prob-
lem occurred with any species; they were all alive 
and flourishing in May 1980 when the vigor was 
scored again (Table 45). Note that the 1980 scores 
were made by comparison within that date. Growth 
of sainfoin, again the most vigorous, reached 90 cm 
to 100 cm; the growth of sweetvetch reached 40 cm 
to 50 cm. As in 1979 there was no overall differ-
ence between plants seeded in topsoil and in 
subsoil. Lupines showed somewhat better growth in 
the silty topsoil. In all comparisons strains 
showed highly significant (p=.OOl) differences for 
vigor and flowering. The vigor scores for Septem-
ber 1980 showed effects of summer drought; almost 
every species showed more green growth in plants in 
the subsoil, presumably because it held more mois-
ture than topsoil. 

There was significant (p=.10) interaction 
between soil type and strain for flowering. Thus, 
sweetvetch flowered earlier on subsoil, while 
lupines and crownvetch flowered earlier on topsoil. 
The scores in Table 45 have these meanings: 0 for 
no bloom, 1 for 10% bloom, 2 for 30% to 40% bloom, 
3 for 70% bloom, and 4 for full bloom on all plants 
in the row. Alfalfa is clearly a later bloomer 
than sainfoin in this experiment. Both those 
species and cicer mi1kvetch set seed during the 
summer, but the many inflorescences on sweetvetch 
and lupine shed most of their flowers at an early 
pod stage leaving bare branch axes. This phenome-
non has been seen before in the Piceance Basin as 
well as at Fort Collins and is believed to be a 
combination of pollinator ineffectiveness and 
moisture stress during pod fill. This is a problem 
in making original collections as well as multiply-
ing seed supplied of native legumes. Another prob-
lem is the delay into the second (or even third) 
growing season before profuse flowering takes 
place. Sweetvetch flowered in the second season at 
the Intensive Study Site, setting a few seed only 
on the subsoil, whereas our replicated nursery rows 
at Meeker (from the same late 1978 seeding) were 
still vegetative in 1980. Only two rows at ISS 
produced as much as 4.8 g from 4 m (about 800 
smallish seeds), and this was the ISS collection 
which was a very local type. The next best was a 
plot of Stewart and Sons' seed source with 2.4 g 
(about 500 ± immature seed). These are compared to 
10 g or 20 g (1,000 to 2,000 plump seed) from a 
single spaced plant at the Fort Collins nursery 
which could be extrapolated to seed production of 
200 kg/ha. 
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Table 45. Performance of native and introduced 
legumes in the strain test at ISS 
(seeded October 1978) through 1979 and 
1980. 

Vigort Vigort Flowering§ 
Oct 9, 1979 May 31,1980 Jun 22.1980 

Species and Strain 
Top- Sub- Top- Sub- Top- Sub-
soil soil soil soil soil soil 

Sweetvetch 
ISS Piceance Basin ~ 3.2 3.5 
E/ISS Piceance Basin' 2.8 3.2 
Pipeline Piceance Basin 2.0 3.2 
Stewart (Utah) 3.8 4.2 
Native Plants (Utah) !:..? U 

_Lupi ne 
031 
142 
225 
232 

Cicer milkvetch 
Lutana 
Monarch 
C-4 
Dotzenko 
Sugarbeet 2 
Well i ngton 
20-15 

Crownvetch 
Penngi ft 
Emera 1d 
Chemung 

Sa i nfoi n 
Esk i 
Mel rose 
Remont 

Mean 3.3 3.7 

4.5 2.0 
4.0 3.0 
3.5 2.5 
U .L.Q 

Mean 3.4 2.1 

3.0 4.3 
4.0 4.3 
4.0 4.3 
4.0 5.0 
4.3 5.0 
4.5 4.3 
!:..Q ~ 

Mean 4.0 4.7 

3.2 3.5 
2.5 2.8 
g ~ 

Mean 3.0 2.9 

5.0 5.0 
5.9 4.8 
iJ!. U 

Mean 4.9 5.0 

Purple prairieclover 
Kaneb 2.8 2.0 

Alfalfa 
Ladak 

Swa i nson' s pea 
San Luis Valley 

5.0 4.0 

4.0 3.5 

tScored 0-6 with 6 the hi ghest. 

3.5 3.5 
2.8 3.2 
3.0 3.0 
4.0 3.8 
!:..Q l.:.Q. 
3.4 3.3 

2.5 0.8 
3.0 1.5 
1.0 1.5 
?.J! .L.Q 
2.1 1.2 

2.5 3.5 
3.5 3.5 
3.5 3.8 
4.0 4.0 
4.0 3.5 
4.0 3.8 
g !:..Q 
3.5 3.7 

2.5 2.2 
2.2 2.8 
~ U. 
2.4 2.3 

5.5 5.0 
5.5 4.8 
U ~ 
5.4 5.1 

0.4 0.1 

5.3 5.3 

2.5 1.5 

§Scored 0-4 with 4 representing the full bloom. 

2.2 3.2 
1.8 3.0 
2.2 3.5 
2.2 3.2 
1:2 !:..Q 
2.1 3.3 

1.0 0.0 
3.0 0.0 
2.0 3.5 
.L.Q .9..:.Q 
1.8 0.9 

0.2 1.8 
0.5 0.5 
1.2 0.5 
1.0 1.0 
1.0 1.0 
0.5 0.2 
.L.Q U. 
0.8 1.0 

0.8 0.8 
1.3 0.2 
~ Q."Q 
0.8 0.3 

4.0 4.0 
4.0 3.0 
!:.Q !:..Q 
4.0 3.7 

0.0 0.5 

2.0 1.2 

0.0 0.0 

Seed 
Produced 

800 
200 
500 
400 

22 

seed 

seed 

seed 

~Collected inside the fence at the Intensive Study Site, Piceance Basin. 
'Collected east of the Intensive Study Site, Piceance Basin. 

Nitrogen Fixation Study 

The object of this study is to evaluate (over 
the course of one year) the nitrogen fixing poten-
tial of cicer milkvetch, sweetvetch, sainfoin, and 
alfalfa on land disturbed by oil shale extraction. 

The plots were established in October 1978 at 
the Piceance Basin in northwestern Colorado on the 
Intensive Study Site. Half of the plot area was 
covered with subsoil from the sagebrush community, 
and the other half was covered with topsoil simi-
larly obtained. The legumes were inoculated and 
seeded into 2-m rows spaced 1 m apart. Two repli-
cates were planted on each soil type, but only the 
sainfoin was assayed in duplicate. 

In September 1980 the first set of data was 
collected. The standard acetylene reduction method 
was employed in the field to measure the amount of 
ethylene evolved from the legume root systems with 
their nodules. Because the silty clay textured 
soil was fairly moist, the roots were not rinsed in 
water prior to incubation; instead, the soil was 



removed by shaking and sifted to collect loose 
nodules and small root pieces which were placed 
with the large roots and attached nodules in mason 
jars for incubation in 10% scrubbed acetylene and 
90% air atmosphere for three hours at ambient 
temperature (13°-18°C). Nodules were taken from 
the roots, dried, and weighed to determine the 
basis of acetylene reduction per mg of nodule dry 
weight and to investigate nodulation rate of dif-
ferent legume strains (Gibson 1962). We are grate-
ful to Darwin Sorensen for sharing methodology and 
analytical detail. 

Table 46 shows that sainfoin had the highest 
weight of large rosette-shaped nodules and sweet-
vetch the lowest per plant unit (the material dug 
within 15 cm radius from the stem, 45 cm deep). On 
the other hand, reduction rates per mg nodule dry 
weight are smaller in sainfoin than any other 
species, and one accession of sweetvetch has a rate 
almost as high as alfalfa. Except in sainfoin, 
rates on topsoil plots are higher than rates on 
subsoil plots; but any further interpretation is 
not warranted by this first set of data. We expect 
to get better replicate data sets in May, July, and 
August of 1981 to test the response to seasonal 
moisture and temperature. The late summer of 1980 
was rather dry at this 2,000-m site. 

Recombination of Selected Material 

The outcome of a selection program which 
includes source testing and progeny testing is not 
merely the information on which materials are best, 
but primarily their recombination in to an improved 
synthetic strain which includes a higher genetic 
base. Such a strain can be multiplied for direct 
use, through the channels of the seed industry. by 
the reclamation contractor. The new synthetic can 
also serve as the basis for new selective advance, 
a process known as recurrent selection (used in the 
low-dormancy project on Indian ricegrass). 

Before formal release of a new variety (but 
during its initial multiplication) performance 
testing against existing varieties (Hanson 1972) is 
customany, in fact mandatory, in several locations 
and over more than one year. This testing period 
is the responsibility of the breeder or selector 
and agronomists; it was not considered to be a part 
of the original five-year DOE contract which in-
cluded only the selection and recombination phases 
or what might reasonably be expected, notwithstand-
ing weather vagaries, to be accomplished in five 
years. In the following, it will be seen how close 
we have come to accomplishing this fourth objective. 

Western Wheatgrass 

Decision on which mother plants to recombine 
depended on the data collected in Objectives 2 and 
3 (the nurseries and the ISS tests) since both are 
vital to reclamation usefulness. The choice of 66 
potential elite clones of one group and 96 of 
another group overlapped the testing of 108 proge-
nies in April 1978. 49 in November 1978, and 62 in 
December 1979. Enough data were gathered from the 
ill-advised spring 1978 planting to show that some 
of the 66 clones were unsuited because of Canadian 
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Table 46. Acetylene reduction by legumes in the 
Piceance Basin, Colorado, September 
1980. 

C2H2 Reduced 

SpeCies and Strain 

Ci cer mil kvetch 

Dotzenko 
Lutana 
Monarch 

Dotzenko 
lutana 
Monarch 

Sweetvetch 

ISS 
Pipeline 
Stewarts 

ISS 
Pipeline 
Stewarts 

Soil Type 

subsoil 
subsoil 
subsoil 

topsoil 
topsoil 
topsoil 

subsoil 
subsoil 
subsoil 

topsoil 
topsoil 
topsoil 

Sainfoin (mean of two replications) 

Eski 
Mel rose 
Remont 

Eski 
Melrose 
Remont 

Ladak 

Ladak 

subsoi 1 
subsoil 
subsoil 

topsoil 
topsoi 1 
topsoil 

subsoil 

topsoil 

mg 
nodules 
plant- 1 
(dry wt) 

20 
25 

20 
24 
22 

12 

13 
40 

737 
810 

1147 

1012 
2066 
1024 

60 

247 

nmol 
plant- 1 

hr- 1 

94 
139 
111 

599 
273 
<10 

<10 
76 

257 

921 
196 
603 

6533 
2767 
330 

217 
131 

2022 

687 

62380 

tThis unit of measurement is the same as l1mol g-l nodule 
dry wt hr- l . 

nmol t 
mg- 1 

nodule 
dry wt 

hr- 1 

4.7 
5.6 

30.0 
11.4 

6.3 

184.2 
15.1 

6.3 

8.9 
3.7 
0.3 

0.2 
0.1 
2.0 

11.4 

252.6 

orlgln (p. 210, COO-4018-3). Others of the 66 were, 
in fact, represented among the 96 clones; therefore, 
a recombination block with three replications of 
pieces of the 96 clones was planted in spring 1979 
and harvested for seed in early August 1980. This 
synthetic will be known as WWG-96 and has been 
planted in a performance test at the Intensive 
Study Site in October 1980. 

The newly confirmed data from the 1980 growing 
season of the 49 progenies and the 62 progenies 
allow the redefinition of the 96-clone synthetic to 
include only 26 of 49 and 35 of 62, respectively. 
This means that the redefined synthetic WWG-64 is 
better defined for Picenace Basin response. 

Indian Ricegrass 

Consideration of the best method to combine 
germplasm in Indian ricegrass has been a little 



different than in western wheatgrass. From the 
early (1976) strain tests it appared that five 
varieties were very promising; therefore, a five-
variety recombination block was made up in 1978 
which yielded seed in 1979 and 1980. Seed from 
this recombination is included in the performance 
test (planted October 1980) along with the next two 
items. 

Progeny testing at the ISS identified two 
groups of progenies among the 34 tested during 1979 
and 1980. The groups of "five good" and "six best" 
were constituted by harvesting seed from these 
good-seed-setting rows in the two bulks from the 
test plot at the ISS. These two bulks were planted 
in October 1980 in a new test. All 11 of the elite 
mother clones of these progenies were set in two 
recombination blocks in August 1980, one in the 
greenhouse and the other in the field, and are 
scheduled to produce seed of a new synthetic Indian 
ricegrass with proven adaptation to the Picenace 
Basin conditions. 

The low-dormancy recombination (second cycle of 
recurrent selection for lowered dormancy) was 
planted in June 1980 and should produce the first 
crop of seed in June 1981. 

Legumes 

Since progeny evaluations are less advanced~ 
the making of synthetics is also further in the 
future except for the recombination of the first 
cycle for seed yield in sweetvetch which was 
planted in June 1980. When seed yield data are 
obtained in the 1981 crop, decisions can be made to 
let only the best of those plants flower and set 
seed in 1982; this would be the basis of a syn-
thetic for reliable seed production in sweetvetch. 
This would need to be performance-tested in 
Piceance Basin conditions along with other relevant 
material from Utah programs. 
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