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Abstract 

Revegetation on raw bentonite spoil with or without treatments 
is often more practical than replacing topsoil in areas where it is 
scarce or nonexistent. The effect of raw bentonite spoil treated with 
ponderosa pine sawdust on plant survival and growth was com- 
pared to other treatments including perlite, gypsum, straw, ver- 
miculite, and no treatment. Plants tested were the drought- and 
salt-resistant species of fourwing saltbush (A tri@kx cunescens 
(Pursh) Nutt.), rubber rabbitbrush (Chrysothamnus nauseousus 
(Pallo) B&t.), big sagebrush (Artemisia trident&u triabtutu 
Nutt.), common winterfat (Cerutoides hmatu (Pursh) Moq.), 
Rocky Mountain juniper (Juniperus scopulorum Sarg.), Russian 
olive (Ehzegnusangust~olia L.), common yarrow (Achi&amil&fo- 
lium L.), and desert globemallow (Sphaedcea ambigua Gray). 
Desert globemallow, fourwing saltbush, and rubber rabbitbrush 
had substantial growth and survival on sawdust, perlite, and ver- 
miculite treated spoil. The growth promoting effect of sawdust is 
particularly promising; it is readily available and cost is minimal. 

Richland, Washington, following agricultural soil analysis proce- 
dures (USTC n.d.). These analyses included NOs-N, NHs-N, P,K, 
Ca, Mg, S, B, Zn, Mn, Cu, Fe, electrical conductivity (EC), sodium 
absorption ratio (SAR), exchangeable sodium percentage (ESP), 
pH, organic matter (OM), and cation exchange capacity (CEC). 
Clay minerals were identified at the Engineering and Mining 
Experiment Station of the South Dakota School of Mines and 
Technology. 

Spoil Treatments 

Bentonite, a cream to greenish-gray colored clay consisting of 
the mineral montmorillonite (Gries 1974), occurs in much of the 
northern Great Plains as widespread beds interstratified with the 
dark gray marine shales. Bentonite mine spoil is commonly des- 
cribed as shales containing sodium montmorillonite. When wet, 
the bentonite spoil swells, and infiltration, permeability, and aera- 
tion approach zero. Excessive salt concentrations increase the 
osmotic potential of the spoil solution to a level that can he toxic to 
plants. Because of these problems, revegetation of bentonite mine 
spoil in arid and semiarid regions of the northern Great Plains, is 
extremely difficult (Bjugstad 1979). 

Each spoil treatment included gypsum, fertilizer (nitrogen (N), 
phosphate (P), potassium (K)), and a surface mulch of ponderosa 
pine woodchips. Physical amendments of organic (sawdust, wood- 
chips) and inorganic materials were added in all but one of the spoil 
treatments. An 1 l-5-6 (NPK) fertilizer was added at 84 kg/ ha. 
When sawdust and straw were incorporated into the spoil, addi- 
tional nitrogen (dry pellet) was added, equivalent to 12 kg/MT 
(metric ton) of dry ponderosa pine sawdust and 8 kg/ MT of dry 
wheat straw, respectively. For the gypsum treatment, gypsum was 
added equivalent to 20 MT/ ha to a 30-cm depth of spoil (USSLS 
1954). Gypsum was applied at IO MT/ha to adjust for the 50% 
reduction in spoil volume, for sawdust, straw, perlite, and vermicu- 
lite treatments (Table 1). 

Table 1. Six bentonite spoil treatments for greenhouse trials. 

Several factors can be employed to improve revegetation efforts: 
(1) improving the physical and chemical conditions of the spoils, 
(2) covering bentonite spoils with topsoil and more favorable 
overburden, (3) using the most salt adaptable plants (Shannon 
1979), (4) developing new genetic strains of salt adaptable plants 
for the future (Epstein et al. 1980), or (5) utilizing drip irrigation 
systems, but this may be expensive. 

Treatment 

Control 
Gypsum 
Sawdust 

Amendments 

Spoil with no treatment 
Gypsum and NPK fertilization 
Gypsum and NPK fertilization with sawdust 
mixed into spoil at 5050 volume ratio. 

Straw Gypsum and NPK fertilization with wheat straw mixed 
into spoil at 5050 volume ratio. 

Replacing the original topsoil to bentonite spoil has improved 
plant survival somewhat (Bjugstad 1979, Dollhopf et al. 1980, 
Dollhopf and Bauman 198 1). However, much of the bentonite land 
has only shallow surface soil-less than 15 cm. In many places it is 
not practical to restore the original soil to bentonite-mined lands. 
This study was initiated to determine, based on greenhouse trials, 
the plant species most adaptive to spoil conditions and spoil 
amendments conducive to plant growth and establishment without 
topsoil. 

Perlite Gypsum and NPK fertilization with perlite mixed into 
spoil at 50:50 volume ratio. 

Vermiculite Gypsum and NPK fertilization with vermiculite mixed 
into spoil at 50~50 ratio. 

Plant Species Accessions 

Methods 

Spoil Collection and Analysis 
Bentonite spoil substrate for the greenhouse trials was collected 

from 6 sites (20 cm depth) on the property of the American Colloid 
Company in Upton, Wyo. The spoil is shale of the cretaceous Belle 
Fourche and Mowry formation (USGS 1975). Spoil from the sites 
was air dried, composited for greenhouse trials. Chemical and 
physical properties of the composite 6 spoil samples were analyzed 
at the United States Testing Company, Inc., Richland Laboratory, 

The 8 plant species selected on the basis of potential drought and 
saline-alkali tolerance (Wright and Bretz 1949, Gill 1949, McKell 
1978) were: fourwing saltbush (Atriplex cunescens (Pursh) Nutt.), 
rubber rabbitbrush (Chrysorhamnus nauseou.rus (Pallo) Britt.), 
big sagebrush (Artemisiu tridentuta tridentutu Nutt.), common 
winter-fat (Ceratoides lanata (Pursh) Moq.), Rocky Mountain 
juniper (Juniperus scopulorum Sarg.), Russian olive (Elaegnus 
ungustijblia L.), common yarrow (Achilles mill~~olium L.), and 
desert globemallow (Sphuerulceu umbiguu Gray). 

Uresk is research biologist, Yamanoto was geologist? now retired, with the Rocky 
Mountain Forest and Range Experiment Station, Rapld City, South Dakota 57701, 
in cooperation with the South Dakota School of Minesand Technology. The Station’s 
headquarters is in Fort Collins, in cooperation with Colorado State University. 

Manuscript accepted 9 July 1985. 

Rocky Mountain juniper and Russian olive were respectively 
l& 3-year-old bare root seedlings, obtained from U.S. Forest 
Service, Bottineau, N.Dak. The remaining species were l-year-old 
seedlings, obtained as container grown stock from a commercial 
supplier in Salt Lake City, Utah. All plants were planted in 9.5-liter 
pots with 1.3-cm-square drainage vents. Each plant was tho- 
roughly watered, then placed in the middle of the pot and back- 
filled with the spoil mix (Table 1). The spoil surface was then 
covered with 3.8 cm of woodchip mulch, and each pot was watered 
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to saturation. Plants were started in May, and the study ended 17 
months later. 

Greenhouse Culture 
No regular watering scheme was followed since tensiometers in 

each pot did not work well in the bentonite spoil. In addition, the 
plants were used as indicators (leaf color, wilting, soil) of water 
need. All treatments were monitored equally on a daily basis. 
During the first month (May) after planting, the controls required 
watering once a week with 250 to 500 ml of deionized water. The 
treated pots required little water during this period. From mid- 
June through August, all pots required an average of about 250 to 
400 ml of water once per week. Watering needs gradually dimin- 
ished after September to about 200 ml per plant per week. This 
watering regime was repeated for the summer months of the second 
year until the end of the study in September. The air temperature in 
the greenhouse ranged from 8.3OC to 26.7“C. Soil temperature 
within the pots varied from 8.3OC to 22.8OC. The relative humidity 
ranged from 47% to 70% during this study. Air temperature and 
relative humidity were measured by a hygro-thermograph recorder. 
Thermometers in several pots were used to measure soil temperature. 

Table 2. Chemical, mineral, and textoral proper&a of Belle Fourchc end 
Mowrey shale spoil (composite sample from six randomly selected 
points; O-20 cm depth; Voorbees (1984) and Sieg et al. (1984) present 
wrlability for chemistry among spoil sites.) 

Properties Values 

Macronutrients 
NOs - N, kg/ ha - 30 cm1 
NH4 - N, kg/ ha - 30 cm 
P, Ppm 
K, PPm 
Ca, meq/ 1OOg 
Mg, meq/ 1oOg 

19 
55 
39 

170 
17.4 
3.7 

A latin square design (6 plants/ species/ treatment) provided the 
statistical randomization necessary to isolate the variations (light, 
temperature, humidity) in the greenhouse in excess of those differ- 
ences being tested. 

Morphometric characteristics of plants were measured at the 
beginning of the study and end of 17 months. These measurements 
were: plant height, length, (length of widest section of plant), and 
width (measured at right angle to length), leaf length, twig length 
(including terminal twig), number of branches, and number of 
leaves. Twenty-four measurements of each parameter were taken 
of each shrub. All plants were harvested at spoil level and were 
separated into leaves and stems. Plant parts were oven dried at 
60°C for 96 hours and were weighed. Survival counts also were 
taken. 

Micronutrients 
S, PPm 
R, ppm 
Zn, Ppm 
Mn, PPm 
Cu, PPm 
Fe, Ppm 

EC, electrical conductivity, S m-l 
SAR, sodium absorption ratios 
ESP, exchangeable sodium percentage, %* 
PH 
Om, organic matter, % 
CEC, cation exchange capacity, meq/ 1OOg 

326 
2 
3.2 

31 
4.2 

102 

0.92 
33.1 
31.8 
6.8 
1.1 

30 

Mineral analysis (%) 
Sample 1 
Clays: Montmorillonite (Na-Al-Mg-Si-O-OH-HsO) 

lllite (trioctohedra, K-Na-Ca-Mg-Al-Fe-Ti-Si-0) 
Kaolinite 

48 

Quartz 20 
Feldspars 32 

Statistical Methods 
Differences in morphometry and biomass between treated and 

control plants were analyzed using analysis of variance and the 
F-protected LSD (Carmer and Swanson 1973). Differences were 
accepted at LY q  0.10. A log transformation was used to remove 
variance heterogenity among treatment groups when it occurred. 
Treatment effects on plant survival were analyzed by Chi square 
techniques. The Bonferroni t statistic was used to test differences (a 
= 0.10) in spoil pH between treatments and control (Miller 1966). 

Sample 2 
Clays: Montmorillonite (Na-Al-Mg-Si-0-OH-HsO) 

Illite [sodium, [Na,K) AlsSisAl010) (OHz)] 
Kaolinite 

QUaltZ 
Feldspar 

45 

45 
11 

‘Values extrapolated to a 30 cm depth. 
*Average of 5 samples. 

Results 

Physical and Chemical Properties 
Average chemial and physical properties of bentonite spoil from 

Belle Fourche and Mowry shale are presented in Table 2. Of special 
note was the fact that sulfur, a micronutrient in the spoil, was 
present in large quantities (326 ppm), and the spoil material was 
slightly acidic, pH 6.8. Total salt concentration, as indicated by an 
EC of 0.92 (S m-r), was high for most plants. Sodium adsorption 
ratios (15 to 56) and exchangeable sodium percentages (15 to 46) 
were high. Mineral analysis showed that montmorillonite, illite, 
and kaolinite clays were the major components of the spoil, fol- 
lowed by quartz and feldspars. Spoil texture analyses showed clays 
were the major components (48.0-70.0%), followed by silt and 
sand. 

often, but not always, a clue to a plant’s natural adaptability to a 
problem soil. Survival rates on the control (Table 3) indicate that: 
common yarrow, Russian olive, and Rocky Mountain juniper 
were the least adaptable to untreated spoils; big sagebrush, four- 
wing saltbush, and winterfat had intermediate adaptability; rab- 
bitbrush and desert globemallow were the most adaptable. Survi- 
val of common yarrow, big sagebrush, fourwing saltbush, winter- 
fat, and Rocky Mountain juniper was higher with spoil treatment. 
Overall survival with treatment indicated that desert globemallow 
(97%) fourwing saltbush (92%), and rubber rabbitbrush (89%) 
were the most adaptable species on bentonite spoil. 

The pH of control spoil (8.1) was significantly (250.10) greater 
than sawdust treated spoil (7.3) at the end of this study. No other 
amendments at the end of 17 months produced significant differ- 
ences with the untreated spoil. The pH of raw ponderosa sawdust 
ranged from 4.6 to 4.7, and contributed to the buffering of saline- 
alkali spoils to near neutral (pH 7.3). 

Plant Survival 

Collation of overall survival rates by treatments indicated that 
sawdust (83%) perlite, (81%) and vermiculite (79%) resulted in 
greater plant survivals than the other treatments (Table 3). Five 
species of plants had 100% survival with the sawdust bentonite 
spoil treatment. 

Plant Response 
The effect of spoil amendments upon plant growth is expressed 

by changes or compared to the control in morphological character- 
istics and biomass. Those characteristics give an indication of plant 
vigor and response to spoil treatment. 

Fourwing Saltbush 

Survival rates on controls (6 plants/species/ treatment) are 
Height of plants was significantly greater on sawdust, perlite, 

gypsum, and vermiculite amended spoil than on the control. Dif- 
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Table 3, Survival of plants by spoil treatments and species in the greenhouse. 

Treatment 
- 

Species Control Gypsum Perlite Sawdust 
Yarrow 0’ 4 6 6 
Big Sagebrush 2 4 5 4 
Fourwing Saltbush 3 6 6 6 
Rabbitbrush 5 4 6 6 
Russian olive 0 1 1 I 
Winterfat 2 3 4 5 
R.M. Juniper 1 0 5 6 
Desert Globemallow 6 5 6 6 

9% Survival 40” 56’b 81b 83b 

straw Vermiculite 

1 1 
5 6 
6 6 
5 6 
1 3 
4 5 
0 5 
6 6 

60” 79b 

% Survival - 

5Oab0 
67” 
92d 
89* 
19. 
64ti 
44.b 
97d 

‘Numbers surviving 6 plants per treatment. 
*Means followed by the same letter arc not diffennt at o = 0.10. 

ferences in twig length were observed with sawdust and vermiculite 
treatments. However, no differences were found among spoil 
treatments for number of branches and leaf length. Biomass of 
leaves and stems was greater with spoil treatment (Table 4). Great- 
est biomass was obtained with sawdust and vermiculite treatments 
for both leaves and stems. 

Rubber Rabbitbsush 
Morphological measurements of height, number of branches, 

twig length, and leaf length did not indicate a response to spoil 
treatments. However, leaf biomass was significantly higher on the 
sawdust treatment than on the control (Table 4). Stem biomass was 
greater with the vermiculite treatment. 

Common Winterfat 
Height, number of branches, twig length, and leaf length mea- 

surements of common winterfat did not differ between treatments 
and the control. Stem biomass was greater on all spoil treatments 
when compared to the control (Table 4). Sawdust, perlite, and 
vermiculite spoil treatments showed the highest stem biomass 
estimates. No differences were observed among treatments for leaf 
biomass. 

Big Sagebrush 
Big sagebrush showed a significant positive response in height 

and width measurements with sawdust, perlite, and vermiculite 
treatments. Biomass of leaves and stems increased with the same 
treatments (Table 4). 

Desert ClobemaUow 
The hardiness of desert globemallow was demonstrated by 100% 

survival on the control. It responded to spoil treatments with 
increased morphological measurements except for height. Biomass 
of leaves and stems showed the same significant positive response 
to treatments (Table 4). 

Rocky Mountain Juniper 
Rocky Mountain juniper was poorly adapted to bentonite spoil. 

After 6 months, many of the plants showed stress symptoms of 
bluish-green leaves which were coated with a waxy deposit. Survi- 
val was low except on perlite, sawdust, and vermiculite spoil treat- 
ments (Table 4). 

Russian Olive 
Russian olive performed most poorly of all the plant accessions. 

Survival was so low that reasonable morphometric and biomass 
evaluations were not possible (Table 3). The species commonly 
suffered from leaf chlorosis and lacked vigor throughout the test 
period. 

Common Yurow 
Common yarrow plants flowered soon after planting, and stems 

died back and new stems emerged throughout the study period. Of 
the surviving plants, growth increases were more consistent with 
the sawdust treatment (Table 4). 

Discussion 
Revegetation of bentonite spoil is more difficult than generally 

recognized. The spoil material in itself is not conducive to growth 
of most plants. The physical and chemical properties of bentonite 
spoil are heterogeneous and generally difficult to characterize (Sieg 

Table 4. Average biomass (g/plant) of shrubs end Iorbs grown in six treatments of bentonite spoils in the @Penhouse. 

Plant Species 

Treatment Fourwing saltbush Rubber rabbitbrush Common winterfat Big sagebrush Desert globemallow Common yarrow 
-Leaf Biomass- -- 

Sawdust 5.4 f 1.0; 0.8 f 0.3* 2.8 f 1.0 1.7 f 0.5’ 3.5 f 0.4* 4.2 f 0.2 
Perlite 3.8 f 0.4’ 0.6 f 0.2 2.6 f 0.7 1.3 f 0.3* 3.8 f 0.3. 2.8 f 0.7 
Gypsum 3.4 f 0.6* 0.4 f 0.2 1.6 f 0.4 0.3 f 0.1 3.7 f 1.2’ 0.5 f 0.2 
straw 4.8 f 0.4* 0.3 f 0.1 1.7 f 0.6 0.4 f 0.1 3.2 f 0.4’ 1.8 
Vermiculite 5.9 f 1.1* 0.6 f 0.2 2.4 f 0.3 1.4 f 0.4* 3.4 f 0.8* 2.8 
Control 1.9 f 0.2 0.4 f 0.1 1.8 f 0.2 0.2 f 0.1 1.5 f 0.2 

--Stem Biomass 
Sawdust 10.2 f 1.8* 1.4 f 0.5 3.9 f 1.0; 0.8 f O.l* 2.9 f 0.4* 2.0 f 0.4 
Perlite 8.2 f 1.4* 1.8 f 0.4 4.0 f 1.0* 0.6 f 0.2* 2.4 f 0.3’ 1.0 f 0.4 
Gypsum 7.3 f 1.5* 1.2 f 0.5 2.7 f 0.2. 0.1 f 0.0 3.1 f 0.8* 0.6 f 0.2 
Straw 6.6 f 0.6* 1.0 f 0.4 2.5 f 0.9* 0.3 f 0.2 1.7 f 0.2* 0.2 
Vermiculite 10.2 f 1.5* 2.1 f 0.4* 4.0 f 0.7; 0.5 f 0.2* 3.6 f 0.6* 1.7 
Control 2.7 f 0.3 1.1 f 0.5 1.6 f 0.1 0.1 f 0.0 0.6 f 0.2 

‘Mean f standard error, n q  6 plants/treatment 
?3ignificantly different from control at o = 0.10. 
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et al. 1983, Voorhees 1984). Spoil analysis shows high EC, SAR, 
and ESP values, indicating that revegetation problems are asso- 
ciated with high salt and sodium concentrations. Total salt concen- 
trations, indicated by EC of 0.92 (S m-l), were far above the 
threshold value of 0.4 for growth of most agronomic plants 
(USSLS 1954), suggesting that plant growth was restricted to salt 
tolerant species only. The ranges of SAR (15-56) and ESP (15-46) 
values indicate the great variability in problems associated with 
salt toxicity, osmotic potential, and exchangeable sodium. 

Exchangeable sodium in shale spoils because of its course tex- 
ture is related more to properties of swelling and less to structural 
dispersion and slaking as reported for alkali soils. Elevated pH 
values of 8.5 or higher are related to high SAR values in sodic soils 
(USSLS 1954). The pH value of 6.8 in bentonite spoil may result 
from the formation of sulfuric acid from inherent sulfate ions 
(USSLS 1954, Allen 1977, Sieg et al. 1983) which neutralizes the 
alkaline effects of the spoil. A high level of sulfur seems to support 
this supposition. The clay content amounts to nearly 50% of the 
total mineral composition. However, the cation exchange capacity 
of 30 meq/ 1OOg is nominal (Tisdale and Nelson 1975) in compari- 
son to reported capacities of more than 100 meq/ 1OOg for benton- 
ite clays (Grim 1953). The lower cation exchange capacity may 
result in the removal of exchangeable sodium (Grube et al. 1971). 
However, the fine texture and swelling inhibit rapid leaching of 
salts and sodium ions. 

Spoil pH apparently changed with sawdust treatment because of 
the enhanced drainage which lowers the concentration of soluble 
salts in the spoil solution. The consensus from the literature is that 
saline-alkali soil may become more strongly alkaline upon dilution 
or leaching (Baver 1927, Snyder 1935, Carolus and Lucas 1943, 
USSLS 1954, Peech 1965). Soluble salts are leached downward 
and soil may become strongly alkaline because some of the 
exchangeable sodium hydrolyzes and forms sodium hydroxide. 
This is also true for the change in pH on the controls from 6.8 to 
8.1. Nevertheless, the specific contribution of lowered pH to 
growth and survival is uncertain because (1) the plants responded 
equally well to the other treatments and ,(2) some species (e.g., 
fourwing saltbush) exhibit wide tolerance to chemical and ecologi- 
cal stresses. 

Mulch, fertilizer (NPK), chemical binder (gypsum), and physical 
amendments (sawdust, straw, perlite, vermiculite) contributed in 
some degree to promoting establishment of plants in a saline-alkali 
spoil, which becomes essentially impermeable with swelling. The 
physical amendments were observed to provided rapid improve- 
ment in physical conditions that often are unattainable with chem- 
ical binder only. However, straw does not mix well with dry 
bentonite spoil, which is hard and crusty, unless the spoil is com- 
muted to soil (<2 mm) or small gravel-size textures. Excessive 
communion was avoided because the increase in surface area 
increased swelling and thereby decreased permeability of the 
substrate. 

Desert globemallow, fourwing saltbush, and rubber rabbitbrush 
were the most promising species for field testing on bentonite spoil 
based on this greenhouse trial. These species had the highest survi- 
val rates and substantial morphometric and biomass weight 
increases in response to spoil treatment. They apparently are adap- 
table to osmotic stress, ion toxicity (halophytic tolerance), and 
oxygen deficiency. Desert globemallow excreted salt crystals from 
leaf surfaces as an avoidance mechanism for excessive salt concen- 
tration (Levitt 1980). Schuman and Sedbrook (1984) reported 
fourwing saltbush seeding establishment in the field on bentonite 
spoils treated with sawdust, but no success with rubber rabbitbrush. 

Overall survival rates of big sagebrush, winterfat, yarrow, 
Rocky Mountain juniper, and fourwing saltbush were markedly 
low on the controls. However, treatment effects on plant survival, 
morphometric growth, and biomass indicated that these species 
increased growth in response to treatment. Big sagebrush has a 
reported maximum salt tolerance of 17,984 ppm (EC 28.1 Sm-‘) 

(Billings 1949), and winterfat a reported maximum salt tolerance 
of 173,606 ppm (EC 27.1 S m-‘) (Shantz and Piemeisal 1940). 
Therefore, factors other than salinity appear to have influenced 
their poor control performance. It may be that the effect of sodium 
indirectly created an oxygen deficit (by swelling clays) in the root 
medium. Lunt et al. (1973) reported that big sagebrush has unusu- 
ally high oxygen requirements for root growth, which accounts for 
its general absence from fine textured and poorly drained soils. 

Russian olive and Rocky Mountain juniper performed most 
poorly of the tested species. Despite its reported tolerance of alkali 
and its ability to invade saline flats (Thornburg 1982, Gill 1949, 
Wright and Bretz 1949), Russian olive seemed to go into salt shock 
(Levitt 1980) from the onset of the study and never fully recovered 
its vigor throughout the study. Rocky Mountain juniper, unlike 
Russian olive, had high survival rates on spoil treated with perlite, 
sawdust, and vermiculite. Nevertheless, after 6 months, this species 
appeared to be in continuous stress, as evidenced by its greenish- 
blue, waxy foliation. Its survival in the future was doubtful. 

Leaf morphometry, as measured by leaf length, was not a good 
index to growth for field and greenhouse plantings because of 
inherent physiological mechanisms that resist size increases, there- 
by limiting transpiration under drought conditions (Kozlowski 
1972). Height, length, width, and twig length measurements are 
useful indices for measuring plant response, but are dependent 
upon the plant species. Leaf biomass and stem biomass are the best 
indicators of growth; however, these measurements involve des- 
tructive sampling. 

This study documents that growth and survival of drought and 
salt resistant plants in bentonite spoil generally increased with 
treatment of spoil. Spoil treatment effects varied with plant spe- 
cies, and no one morphological measurement was best to assess 
plant growth responses in the greenhouse. However, sawdust, 
perlite, and vermiculite amendments in general resulted in most 
consistent increases in morphometric growth, aboveground bio- 
mass, and survival rates of the tested species. Sawdust as a benton- 
ite spoil amendment is particularly promising; it is readily available 
and inexpensive (Voorhees et al. 1984, Schuman and Sedbrook 
1984). 

These trials demonstrate that under climatic conditions condu- 
cive to maximum growth (i.e., the avoidance of extreme tempera- 
tures, intense solar radiation, and moisture stress) plants can grow 
and survive on raw bentonite spoils. Some plants survived on 
nontreated spoils, and some species showed better growth than on 
treated spoils; but generally, survival on untreated spoils was not 
related to morphometric growth. Predictions as to field perfor- 
mance of tested plant species under similar spoil treatments remain 
speculative. 
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RANGELAND 
HYDROLOGY 
by Farrel A. Branson, Gerald F. Gifford, Kenneth G. Renard, and 
Richard F. Hadley 

Unique in its emphasis on the hydrology of rangelands, primarily arid and semiarid 
lands, RANGELAND HYDROLOGY provides a text for one aspect of range manage- 
ment where none has existed before. This expanded Second Edition presents in-depth 
information for those who must manage rangeland or respond to questions about the 
impacts of land use practices on hydrology. 

Included in the new Second Edition are a chapter on modeling with approaches to 
predicting the effects of land use, and a chapter on the rapidly developing field of snow 
pack management. 

The 352-pages include 197 illustrations, providing rapid access to an assembly of 
data found nowhere else and useful in the preparation of environmental impact state- 
ments. Extensive bibliographic material with each chapter and a subject matter index 
add to the useableness of the book. 

Range scientists and managers, soil conservationists, hydrologists, agricultural 
engineers, land reclamation specialists, wildlife managers, graduate and undergradu- 
ate students and their professors, as well as all interested in the hydrology of arid lands 
will find RANGELAND HYDROLOGY a valuable addition to their libraries. (352 pages 
paper laminated cover $15.00 US) 
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