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Highlight 
The objective was fo siudy the use 

of various grass species, two liming 
materials, and phosphorus as means 
of improving very acid, unproduc- 
tive, grassland soils. Phosphorus ap- 
plications increased yields of all 10 
species at all levels of liming. Lim- 
ing with a mixture of calcic and 
magnesium limes increased yield 
more than either alone. The ouf- 
standing performance of veldfgrass 
was associated with ifs calcium-for- 
aging ability, which resulted in fhe 
highest tissue concenfrafions of cal- 
cium. These guidelines point toward 
the use of phosphorus and small 
amounts of limestone, containing 
both Ca and Mg, with calcium-for- 
aging species for successful forage 
establishment in acid grassland soils. 

A group of darkrcolored, 
strongly-acid, grassland soils 
that are high in organic matter 
but are very poor forage pro- 
ducers, occur in California. The 
soils are situated both in moist 
mountain meadows and in the 
well-watered foothills of the 
north coast. They are often 
prairie-like, but support a vege- 
tation dominated by wor thless 
forbs or bracken fern. Desirable 
grasses and legumes are almost 
completely absent and are diffi- 
cult to introduce by current 
techniques. 

These unproductive soils oc- 
cupy positions where abundant 
forage would be of great value. 
The mountain meadows are 
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needed for summering livestock 
and for the rapidly growing 
number of pack stock used for 
recreational purposes. The oc- 
currence of these soils along the 
coast is ironic because the cli- 
mate is ideally suited to forage 
production on adjacent better 
soils. 

Two acid soils were selected 
for greenhouse experiments. The 
objective was to study the use of 
various grass species, two liming 
materials, and phosphorus as 
means of improving their forage 
production. 

Experimental Soils and Methods 
Wilder Variant Series. - The 

Wilder Variant Series occurs on 
flat, smooth, high alluvial ter- 
races, and developed from sand- 
stone and graywacke sedimen- 
tary rock alluvium. Gravels of 
sandstone exist throughout the 
profile. The soil is very strongly 
acid (pH 4.9)) very friable, and 
high i.n organic matter. The soil 
site sampled for the experiments 
is in the Petrolia area where the 
annual rainfall is about 60 in. 
The climate is classified as Medi- 
terranean cool summer with fog 
-Csbn (Durrenberger, 1960). In 
its virgin state the soil supports 
a vegetation dominated by west- 
ern bracken (Pteridium aquili- 
num var. lanuginosum) , silver 
hairgrass (Aira caryophyllea) , 
and sheep sorrel (Rumex aceto- 
sella). On adjacent soil series 
such as Kneeland, plants of high 
forage value, including Califor- 
nia oatgrass (Danthonia califor- 
nica) , soft chess (Bromus mol- 
Zis) , and slender oat (Avena 
barbata) are common. Hence, 
the poor quality of the vegeta- 
tion on the Wilder contrasts 
sharply with the vegetation on 
the adjacent soil series. 

Sixmile Series. -The sam- 
pling site is a meadow in the 
Sierra Nevada Mountains near 
Emigrant Gap, at an elevation of 
5,500 ft. Average annual precipi- 
tation is about 60 in., most of 
which falls during November 
through March as snow. The 

Table 1. A comparison of characfer- 
istics of Wilder and Sixmile soils.1 

Six- 
Wilder mile 

Cation exchange cap. 
me/100 g 

Organic-matter-free 
cation exch. cap. 
me/100 g 

Exch. Na me/100 g 
Exch. K me/100 g 
Exch. Ca me/100 g 
Exch. Mg me/100 g 
P (HsO) ppm soil 
P (HCOs) ppm soil 
Exch. Fe me/100 g 
Mn (Ex. + sol.) 

me/100 g 
Extract. Al me/100 g 
N% 
C% 
Fe203 % 
Organic matter % 
pH sat. paste, dist. Hz0 

30.0 23.1 

11.1 9.4 
0.4 0.3 
0.4 0.2 
0.8 0.5 
0.4 0.3 
0.12 0.25 
6.0 14.0 
0.2 0.7 

nil nil 
4.8 4.0 
0.43 0.33 
6.40 4.10 
2.86 3.06 

10.9 7.0 
4.8 4.7 

1 Supplied by Soils Extension Labo- 
ratory and the Department of Soils 
and Plant Nutrition, University of 
California, Davis. 

climate is Mediterranean high- 
land and is warm and dry dur- 
ing the summer, but cold and 
wet in the winter (Dsb). The 
parent material of the Sixmile 
soil is alluvium derived from 
andesitic breccia, and it is quite 
similar in chemical characteris- 
tics to the Wilder (Table 1). The 
higher, better-drained portion of 
the meadow has a very sparse 
vegetation consisting principally 
of low forbs, such as pussy paws 
(Calyptridium umbellatum), 
sheep sorrel, and a few other de- 
pauperate annuals. The more 
poorly drained areas contain 
meadow genera such as Carex 
and other Cyperaceae. Lodgepole 
pine (Pinus murrayana) is the 
main woody species surrounding 
the meadow; it appears to be en- 
croaching on the better-drained 
areas. 

Samples of soil from the sur- 
face 6 inches of each soil type 
were sifted through a 0.25-inch 
screen to remove rock and 
gravel. Three pH levels were ob- 
tained, 4.8, 5.8, and 6.8, by using 
the untreated soils and two lime 
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levels, 1,750 and 5,500 ppm CaO 
(reagent grade). The amounts 
required were the same for both 
soils. The lime and soil were 
mixed thoroughly and then 
placed in 5-inch pots lined with 
polyethylene sleeves which per- 
mitted drainage. The pots were 
arranged in a stratified random- 
ized block design with three rep- 
lications. Soil moisture was de- 
termined gravimetrically, and 
the pH values were determined 
on a saturated paste of each soil. 

Experiment 1. - The rates of 
lime were used in combination 
with phosphorus (NaH2POd.H20) 
added at the rate of 0 or 105 ppm 
P for the Wilder and 0 or 125 
ppm P for the Sixmile series. 
Ten species of grasses were 
planted on December 10, 1962 
and later thinned to lo/pot. All 
pots received 100 ppm nitrogen 
as NH4N03, half at 10 days and 
half at 41 days after planting. 
The species of grass were: 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Cereal rye 
Secale cereale 

Hardinggrass 
Phalaris tuberosa 

Intermediate wheatgrass 
Agropyron intermedium 

Kentucky bluegrass 
Poa pratensis . 

Orchardgrass 
Dactylis glomerata 

Perennial ryegrass 
Lolium perenne 

Redtop 
Agrostis alba 

Smooth brome 
Bromus inermis 

Tall fescue 
Festuca arundinacea 

Veldtgrass 
Ehrharta calycina 

The above-ground portion of the 
plants was harvested on Febru- 
ary 17, 1963 by clipping at the 
soil surface and dried at 100 C 
for 3 days. 

Experiment 2. -The Wilder 
soil was limed with CaO, MgO, 
or a mixture of equal parts CaO 
and MgO at the same rates as 
in experiment 1, with the MgO 
applied on an equivalent neu- 
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Table 2. Effect of calcic lime and phosphorus on mean yield and mineral 
concenirafions of 10 grass species grown on acid soils. 

Wilder soil Sixmile soil 
Nutrient Lime applied Lime applied LSD 
Treatment Nil Low High Nil Low High 5% 

Yield g/pot 
None 0.24 0.48 0.48 0.39 0.78 0.80 0.18 
Phosphorus 1.36 2.04 2.14 1.12 1.95 2.07 0.29 

Phosphorus % 
None 0.13 0.10 0.13 0.16 0.13 0.14 N.S. 
Phosphorus 0.20 .20 .20 .25 .26 .24 0.03 

Aluminum ppm 
None 400 210 180 430 200 310 N.S. 
Phosphorus 220 220 160 220 300 260 N.S. 

Manganese ppm 
None 490 350 330 290 250 260 58 
Phosphorus 470 240 250 250 180 190 40 

Calcium % 
None 0.33 1.09 0.90 0.34 0.69 0.88 0.28 
Phosphorus .24 .71 .75 .35 .63 .77 0.16 

Magnesium % 
None 0.22 0.32 0.33 0.34 0.36 0.36 N.S. 
Phosphorus .27 .26 .28 .29 .35 .34 N.S. - 

tralizing basis. Two levels of 
phosphorus, 0 and 100 ppm P, 
were used, with NazHPOd as the 
source. All pots received 100 
ppm nitrogen as NH4N03, half 
at 35 days and half at 50 days 
after planting. Colonial bent- 
grass (Agrostis tenuis) , harding- 
grass, orchardgrass, and veldt- 
grass were seeded July 2 and 
harvested September 17. 

Plants from both experiments 
were analyzed for phosphorus, 
aluminum, manganese, calcium, 
and magnesium. 

Results 
Lime and Phosphorus (Experi- 

ment 1 ).-The average yield for 
the ten species was markedly 
increased by the application of 
phosphorus on both soils at all 
levels of liming (Table 2) . Lime 
applied at the low rate (pH 5.8) 
resulted in a substantial increase 
in yield on both soils, with or 
without applied phosphorus. 
However, the increases were 
less than those resulting from 
the phosphorus treatment. The 
yield from the pots treated with 
the high rate of lime (pH 6.8) 
was essentially the same as from 
the pots treated with the low 
rate of lime on both soils. 

Yields of the individual spe- 

ties from untreated pots ranged 
from 0.7-1.6 g/pot with cereal 
rye and veldtgrass to essentially 
nil with Kentucky bluegrass and 
hardinggrass (Fig. 1). Cereal 
rye and veldtgrass responded 
strongly to applied phosphorus, 
but they were unresponsive to 
liming on either soil. Harding- 
grass responded strongly to lim- 
ing in the presence of applied 
phosphorus. Responses of the, 
other species were intermediate. 

The variability of the data on 
the mineral composition of the 
individual species makes diff i- 
cult the interpretation of differ- 
ences i.n composition. However, 
some results of significance are 
evident from the data averaged 
for all species. Application of 
phosphorus increased the aver- 
age concentration of phosphorus 
in grasses by 66 $0 on the Wilder 
soil and by 56% on the Sixmile 
soil (Table 2). Concentration of 
aluminum in plant tissue was 
not affected measurably by the 
treatments. However, scatter di- 
agrams of yield of individual 
species-treatment combinations 
plotted against aluminum con- 
centration in tissue - indicate 
that high yields on either soil 
were obtained only at values less 
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HARDINGGRASS INTERMEDIATE KENTUCKY jb&yE&c 

O---- 
NIL LOW HI 

ORCHARDGRAS: 

REDTOP TALL FESCUE VELDTGRASS 

NIL LOW HI NIL LOW HI NIL LOW HI NIL LOW HI 

LIME 
FIG. 1. Yields of 10 grasses as affected by applications of calcic lime and 

phosphorus on acid soils. 

than 400 ppm aluminum (Fig. 2). 
Manganese in plant Jissue was 

decreased substantially by the 
low amount of lime applied at 

WILDER 

s l * 
> 3- 

zi 
. l 

~~;~~.~~; ;..; ,I : ,I 
0 100 200 300 400 500 600 700 800 900 ma 

ALUMINUM ppm 

FIG. 2. Relation of yield of 10 grasses to 
their tissue concentration of aluminum. 

either level of phosphorus. The 
high rate of lime caused no fur- 
ther decrease. Calcium in plant 
tissue was increased by the low 
rate of lime; the high rate of lime 
did not result in a further signifi- 
cant increase. Magnesium in 
plant tissue was not affected 
measurably by either the lime or 
phosphorus treatments. The soil 
pH, averaged for all species and 
phosphorus treatments, declined 
0.9 units on Wilder soil and 0.6 
units on Sixmile soil in the lime 

0 

1 COLONIAL BENT 

FIG. 3. Yields of four grasses as affected 
by applications of calcic and magnesian 
limes and phosphorus on Wilder soil. 

treated pots during the course of 
the experiment (Table 3) . 

Calcic vs Magnesian Lime 
(Experiment 2). - The grasses 
increased in yield from calcic 
lime and phosphorus applications 
in essentially the same manner 
as in experiment 1, i.e., generally 
major responses to phosphorus 
and minor responses to calcic 
lime (Fig. 3). The substitution 
of magnesian lime for half of the 
calcic lime, on an equivalent 
neutralizing basis, resulted in 
major yield responses from all 
four species in the absence of ap- 
plied phosphorus. However, 
magnesian lime alone was dele- 
terious at the low rate, and it 
was toxic at the high rate both 
with and without applied phos- 
phorus. 

Veldtgrass was the most pro- 
ductive of the four species on the 
untreated soil. The concentration 
of calicum was substantially 
higher in the veldtgrass than in 
the other species, where grown 

HARDINGGRASS 

-----CaO + MgO 

VELDTGRASS /. 1 

+p/’ . 
/’ -pk I I 

‘\? 
‘. 

NIL LOW HI NIL LOW HI 
LIME 

Table 3. Effect of raies of calcic lime on soil pH af beginning and end of 
experimeni 1 (averages over all species and phosphorus freafmenfs). 

PH 

Initial 
At harvest 
Decrease during 

experiment 

Lime applied 
Wilder soil Sixmile soil LSD 

Nil Low High Nil Low High 5% 

4.8 5.8 6.8 4.7 5.8 6.8 __ _... 
4.3 4.9 5.9 4.4 5.2 6.2 0.1 

.5 .9 .9 .3 .6 .6 ______ 
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Table 4. Effect of amount and kind of lime on concentrations of calcium and magnesium in four species of grass 
(averaged over two phosphorus freaiments). 

Lime Calcium % 
Amount Bent- Harding- Orchard- Veldt- 

and Kind grass grass grass grass 

Magnesium % Mean 
Bent- Harding- Orchard- Veldt- Ca:Mg 

Mean grass grass grass grass Mean ratio 

Nil 
Low Ca 
High Ca 
Low Mg 
High Mg 
Low Ca + Mg 
High Ca + Mg 
Mean 
LSD 5% 

0.32 0.41 0.28 0.61 
.44 .78 .60 1.24 
.70 .96 .88 1.68 
.21 .49 .41 .45 
- - - .65 
.36 .60 .57 .78 
.36 .78 .60 1.20 
.40 .67 .56 .94 

0.18 

0.40 0.24 
.76 .23 

1.06 .22 
.39 .52 
- - 
.58 .38 
.74 .44 

.34 
0.22 

0.22 0.30 0.18 0.24 1.7 
.18 .34 .12 .22 3.5 
.20 .34 .36 .28 3.8 
.46 .56 .70 .56 0.7 
- - 1.87 - 0.31 
.34 .54 .54 .45 1.3 
.54 .58 .64 .55 1.3 
.32 .44 .63 

0.10 0.13 

1For veldtgrass, the only surviving species. 

on the unlimed soil (Table 4). 
Veldtgrass tolerated the high 
magnesian lime treatment better 
than did the other species, mak- 
ing some growth even though the 
concentration of magnesium in 
the tissue was 1.87%. Concentra- 
tions of aluminum and man- 
ganese did not vary significantly 
among species or treatments, and 
levels were of the same order as 
in Experiment 1. 

Discussion 
The two range species that 

were most productive on the un- 
treated soils, veldtgrass and pe- 
rennial ryegrass, were very re- 
sponsive to applied phosphorus 
in the absence of lime, but re- 
sponded inconsistently to appli- 
cations of calcic lime. Harding- 
grass, tall fescue, and smooth 
brome responded strongly to the 
application ‘of low calcic lime in 
the presence of applied phos- 
phorus, but did very poorly on 
the untreated soils. 

The yield responses obtained 
on the untreated soils indicate 
that substantial variation in 
tolerance to strongly acid soils 
exists among the forage grasses 
commonly used in California. 
Other recent work has shown 
that there is also a within-species 
variation, in tolerance to acid 
soil, in ryegrass (Vose and Ran- 
dall, 1962) and in wheat and bar- 
ley (Foy et al., 1965). These re- 
searchers demonstrated an asso- 
ciation between growth on acid 
soils and aluminum tolerance 

among varieties. We found a 
general association among our 
species-treatment combinations 
between yield and concentration 
of aluminum. As pointed out by 
Magistad (1925)) there is very 
little aluminum in solution 
around pH 5; however, at pH 4 
it is possible to have sufficient 
aluminum in solution to cause 
toxicity in most plants. The post- 
harvest determinations of soil 
pH indicate that the pH was 
sufficiently low in the present 
studies for aluminum to have 
existed in a soluble form. Al- 
though the plant analyses (shoot 
only) did not show any correla- 
tion between concentration of 
aluminum and yield, this does 
not necessarily rule out the pos- 
sibility that aluminum may have 
been present in toxic quantities, 
since excess aluminum may have 
been retained in the roots 
(Wright, 1937). The fact that 

cereal rye and veldtgrass did 
relatively well in the untreated 
soil also supports the likelihood 
of aluminum toxicity, since this 
may have been due to their alu- 
minum tolerance (established 
for cereal rye by McLean and 
Gilbert, 1927). All the other 
grasses did poorly in the un- 
treated soils. 

Unpublished work (W.E.M.) 
has indicated that the Wilder soil 
is deficient in magnesium. Evi- 
dence from experiment 2 verifies 
this observation, since all four 
species selected for this study re- 

sponded in yield to the substitu- 
tion of magnesium lime for half 
of the high rate of calcic lime. 
Where phosphorus was applied, 
magnesium response was largely 
masked. However, the high rate 
of magnesian lime alone was 
toxic, being fatal to bentgrass, 
hardinggrass, and orchardgrass. 
The veldtgrass survived, but its 
yield was strongly depressed. 

Further evidence of the 
uniqueness of veldtgrass among 
the forage grasses tested is indi- 
cated by the mineral composition 
data from experiment 2. As an 
average of all treatments, calci- 
um in veldtgrass was 74% greater 
than the mean concentration of 
the other three species (Table 4). 
Veldtgrass did not differ marked- 
ly from the other species in con- 
centration of the other mineral 
elements considered, however. 

Calcium: magnesium ratios, 
averaged for the four species, 
were calculated from tissue con- 
centration data from experiment 
2. A ratio of 1.3 resulting from 
the treatments with the lime- 
mixtures was associated with 
best growth of the grasses 
(Table 4). Ca/Mg ratios of 3.5 
and above, resulting from the 
calcic lime treatments, were less 
favorable. Ratios of about 0~7 
resulting from the magnesian 
lime applications were associ- 
ated with even poorer plant 
growth as calcium-magnesium 
imbalance in the other direction 
resulted. 
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ern California, but was most 
damaging in the Humboldt Val- 
ley, Nevada (Piper, 1909). Popu- 
lations of mountain voles ir- 
rupted again in Nevada, north- 
ern California, southern Oregon, 
and western Idaho in 1956-58 
(Jellison, et al., 1958). Concen- 
trations as high as 3,00O/acre in 
November 1957 suffered at least 
90% mortality by the following 
April (Spencer, 1958). Normal 
populations of mountain vole on 
Sierra Nevada meadows do not 
usually exceed lo/acre (Jenkins, 
1948). Aumann (1965) thorough- 
ly reviewed the literature on 
population densities of voles and 
other microtine rodents. 

Most reports of vole damage 

the extent and severity of the in- 
festation. 

Methods 

I contacted federal land man- 
agers throughout southern Mon- 
tana to obtain preliminary infor- 
mation on the extent of increased 
rodent activity on shrubs. I then 
visited areas where damage had 
been reported. Although several 
different shrub species showed 
stem barking, damage was most 
pronounced on big sagebrush, 
which grows in relatively dense 
stands and over comparatively 
large areas. Quantitative data on 
the effect of barking was col- 
lected from eight of the more 
heavily damaged stands of big 
sagebrush. These stands are lo- 

cipitation of phosphorus in relation pertain to girdling of fruit trees cated as follows: 
to aluminum toxicity. Plant and destruction of cultivated 
Physiol. 18: 708-712. 

Area 1, Wapiti Creek (Sec. 19, 
crops. However, Murray (1965) T.gS., R4E.) 
noted that voles barked some 

+ 
Area 2, lower Taylor Fork (S. 

sagebrush, and Hubbard and Mc- 8, T.9S., R.4E.) 
Keever (1961) mention girdling Area 3, upper Taylor Fork 

Voles Damage Big Sagebrush of bitterbrush during the 1957-58 (Sec. 10, T.9S., R.4E.) 

in Southwestern Montana outbreak in northern California. Area 4, Call Road (Sec. 15, 
Rodent damage to valuable T.8S., R.2W.) 

W. F. MUEGGLER browse species such as bitter- Area 5, Antelope Flat (Sec. 19, 
Plant Ecologist, Forest Service, brush concerns both ranchers T.l3S., R.2E.) 
U.S.D.A., Intermountain Forest and 
Range Experiment Station, Forestry 

and game managers. On the Area 6, Tepee Creek (Sec. 17, 

Sciences Laboratory, Bozeman, Mon- 
other hand, damage to sagebrush T.l3S., R.lW.) 

tuna, maintained in cooperation with could benefit grass production Area 7, Divide Creek (Sec. 7, 

Montana State University. for livestock in many areas by T.l2S., R.3W.) 
reducing competition, but could Area 8, Antone Station (Sec. 

Highlight also be undesirable where sage- 20, T.l2S., R.5W.) 

Extensive destruction of big sage- 
brush provides important browse The effect of barking was as- 

brush in southwestern Montana in for either livestock or big game. sessed by estimating the percent 
the winter of 1963-64 is attributed fo 
a sudden irruption of the population 

A single year’s severe damage of crown mortality on individual 

of voles. Such extensive sudden de- can affect forage production on big sagebrush plants. If 100% of 
sirucfion of browse species over wide an area for many succeeding the crown was dead, the plant 
areas concerns both ranchers and 
game managers because if can affect 

years. was recorded as killed (big sage- 

production of browse and forage for An outbreak of voles in south- brush does not sprout from the 
several succeeding years. western Montana in 1962-64 dem- base). Plants were classified on 

onstrated the possible effect the basis of size and vigor prior 
Outbreaks of voles, Microtus these infestations could have on to bark stripping as follows: 

spp., are not uncommon histori- stands of native shrubs. I first young-crown 4 to 12 inches in 
tally. Such plagues averaged noted this infestation immedi- 
about three per century-in 

average diameter; mature - 
ately following snowmelt in the 

Europe and caused much de- spring of 1963, evidenced by 
crown larger than 12 inches in 
diameter and vigorous; decadent 

struction of crops (Elton, 1942). moderate bark stripping on big -crowns larger than 12 inches in 
At least two severe outbreaks sagebrush (Artemisia tridentata) diameter and obviously lacking 
have been recorded for the West- in a natural grass-sagebrush vigor prior to barking. The sam- 
em United States since 1900. In community. By the spring of ple excluded plants having less 
1907-08, mountain vole (M. rnon- 1964, damage to big sagebrush than 4 inches crown diameter. 
tanus) generally infested parts was so severe that I surveyed Shrub mortality and canopy 
of Nevada, Utah, and northeast- surrounding areas to document kill were measured on a 2-acre 


