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RESURVEY OF GRASSES, FORBS, AND UNDERGROUND PLANT 
PARTS AT THE END OF THE GREAT DROUGHT1 

INTRODUCTION 

Eight years have now passed since the fateful 
spring of 1934. The almost rainless March and 
April, the unusually high winds, and the great clouds 
of dust following two summers of decreasing pre- 
cipitation, portended disaster. The intensity and du- 
ration of the drought and its appalling destruction 
have been studied from the beginning (Weaver, 
Stoddart, and Noll 1935) and several reports have 
recorded changes wrought in the native grass cover 
(Savage 1937; Weaver and Albertson 1936, 1939, 
1940, 1940a). Drought began in great intensity a 
year earlier in the mixed prairie westward and south- 
westward. But previous to 1933, intensive studies 
had been pursued which gave a clear picture of the 
composition and structure of the several grassland 
types (Albertson 1937). Uninterrupted quantitative 
field studies year after year have traced the further 
deterioration or improvement of the meager vegeta- 
tion until the wet year of 1941 finally concluded the 
dry cycle (Albertson and Weaver 1942). 

The higher rainfall, sometimes monthly periods 
with three times the normal amount, has again mois- 
tened the dry soil to depths of normal, predrought 
root penetration. This, with a return to more normal 
atmospheric moisture, temperature, and wind move- 
ment, has already initiated marked changes in the 
vegetation. Hence, a resurvey of the condition of 
the vegetation of true prairie and mixed prairie, in- 
cluding its short-grass disclimax, both above and 
below ground at the end of the drought seemed ad- 
visable. It will conclude the phase of deterioration 
due to desiccation and at the same time provide a 
clear and definite background from which the proc- 
esses involved in the return of vegetation to a new 
dynamic stabilization may be traced. 

Detailed studies in true prairie have been made on 
3 large grassland tracts in western Iowa and 12, each 
of 20 to 180 acres in extent, in eastern Nebraska and 
north-central Kansas. Nearly all of these have been 
examined regularly during each of the summer 
months of each year of the drought. Another group 
of 1 2 stations in the western half of Kansas has been 
similarly studied, although changes in some of them 
have been recorded for only 4 years. The writers 
have collaborated closely in all field work and espe- 
cially on field trips sufficiently extensive to show 
clearly that the results here recorded apply in gen- 
eral to western Iowa, to much of Nebraska and Kan- 
sas (aside from sandy lands), and to the non-sandy 
soil of the eastern half of Colorado as well (Weaver 
and Albertson 1940a; Weaver and Mueller 1942) 
(Fig. 1). 

Methods of study consisted of list, chart, clip, and 
permanent quadrats. Permanent transects and map- 

ping, exciosures, and extensive trenching for root 
excavations have been employed. Much attention has 
been given to the reproduction, migration, and estab- 
lishment of individual species of grasses and forbs, 
and considerable experimental work has been done 
on habits of growth, water relations, and relative 
drought resistance. Extensive histories of each prairie 
have been built up year by year and much work in 
other grassland areas over a wide range of territory 
has been done. This report will not include the very 
extensive measurements made on soil moisture and 
other habitat factors, since most of them have al- 
ready been published. A comprehensive report on 
the conditions of growth and yield during the last 
dry year (1940) and the following wet one (1941) is 
included. For convenience of presentation and be- 
cause the dominant grasses of true and mixed prairie 
are often different, their present condition in true 
prairie will be described first. 

CONDITION OF GRASSES IN TRUE PRAIRIE 

In true prairie, vegetation is so greatly disturbed 
that the general situation will be briefly outlined 
before the status of individual species is discussed. 
East of the Missouri River there has been little 
change and any damage to the vegetation has been 
almost completely repaired. West of this river the 
cover varies from small to large patches of almost 
predrought composition through all stages of deterio- 
ration to a condition where large areas of soil are 
only scantily clothed with vegetation. The undis- 
turbed prairie remnants are often found on north- 
facing slopes or on low ground but also quite as 
often on level hilltops, on east or west slopes, or 
even on those facing southward. Why one portion 
of an apparently uniform area lost its vegetation by 
death, why the cover remained intact on the remain- 
ing part, and why half of the denuded area was 
again reclaimed and the other portion left nearly 
bare are unknown. Much thought and study have 
failed to reveal the answer in terms of habitat fac- 
tors either above or below ground. The general 
course of destruction from upland down the sides of 
hills and then into ravines has been repeatedly ob- 
scrved, but why patches equally exposed were left 
intact remains unexplained (cf. Robertson 1939). 

It has becn repeatedly observed, however, that 
death of plants was directly correlated with depth of 
the root system, more shallowly rooted species almost 
invariably being the first to succumb. Vegetation in 
burned prairies was harmed most. But wherever the 
stand was more open or the soil poorly protected by 

1 Contribution No. 135 from the Department of Botany, 
University of Nebraska. This investigation -was aided by a 
grant to the senior author from the Penrose fund of the Amer- 
ican Philosophical Society. 
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FIo. 1. Map showing location of stations where quantitative studies were made. Stations where water content 
of soil and plant yields were measured are indicated by a circle and dot, the locations of other stations are shown 
by dots only. 

debris, small centers of bared soil appeared. Thus, 
the early losses were of the nature of openings in 
the prairie cover. Where drought was more intense, 
these open spaces were more abundant and formed a 
very irregular network of unoccupied soil surface. 
This openness of cover was greatly accentuated by 
great destruction to species of the understory. With 
succeeding years of drought the openings of moderate 
size often expanded into larger ones. Finally the 
cover was so decimated that the terrain appeared 
almost bare, with only the remnants of a former 
population (Weaver and Albertson 1936). 

The spread of certain of the more xeric dominants 
and the great increase of species previously almost 
rare have been equally puzzling. Thus, certain blue- 
stem prairies dominated by Andropogon scoparu8 
and A. furcatu are now almost entirely covered with. 
western wheat grass (Agropyron 8mithii). Others 
are a mosaic of a complete cover of mixed relic blue- 
stems, pure big bluestem (Andropogon furcatus), 
blue grama (Bouteloua gracilis), western wheat 
grass, and buffalo grass (Buchloe dactyloide8), each 
type occupying its portion or portions in almost 
pure stands. Ecotones are so sharply defined that the 
boundary lines of vegetation have been mapped with 
plane table and alidade to within a distance of three 
feet (Fig. 2). The open areas in other prairies with 
widely spaced plants and nearly bare soil are very 
irregular in shape and distribution (Figs. 3, 4, and 
5). The total bare soil in some prairies would exceed 

by several times the part covered with vegetation. 
These are being repopulated by diverse species. 
Mixed communities which will include many domi- 
nants will develop for a time at least. Such mixtures 
constitute the present cover of numerous prairies or 

FIG. 2. Three communities of native vegetation with 
sharply defined boundaries. In the foreground is buffalo 
grass and beyond is big bluestein. The background is 
a nearly pure stand of western wheat grass. Carleton, 
Neb., May 10, 1940. 
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FIG. 3. Bared area caused by drought in early stages 
of repopulation by blue grama. Valparaiso, Neb., July 
8, 1938. 

FIG. 4. Bared area in native grassland near Lincoln, 
Neb., in spring of 1941. Many of the smaller dead 
crowns of plants have been thrown l out of the soil by 
frost heaving. This condition prevailed widely through- 
out the midwest after the winter of 1940-1941. 

FIG. 5. Soil entirely bared by drought but partially 
repopulated by 2- and 3-year-old bunches of needle 
grass. Such conditions were common during the drought. 
Photo after mowting, Sept. 29, 1940, near Pleasanlt Dale, 
Neb. 

the major portions of them. The transect and quad- 
rats in Figure 6 are representative of this condition. 

ANDROPOGON SOOPARIUUS 

Little bluestem, which was formerly the most 
abundant of all the prairie grasses, suffered the 

greatest loss. It is now of only intermediate impor- 
tance and is outranked by six other species. Scarcely 
a trace remains in half of the 12 prairies, in others 
it is rare, and in only portions of two is it abundant. 
Conversely, in prairies of western Iowa it has main- 
tained its former abundance and in some actually in- 
creased at the expense of big bluestem (Fig. 7). 
Most of the loss occurred the first year of the 
drought (1934) when great areas with 60 to 90 per- 
cent little bluestem alone were laid almost bare. 
Minor losses of weakened plants continued through- 
out subsequent years, especially in 1936. There was 
little or no noticeable recovery. Where the original 
stands were thinned, they were usually invaded by 
needle grass (Stipa spartea), prairie dropseed 
(Sporobolus heterolepis), blue grama, or western 
wheat grass, or partially repopulated by a spreading 
of big bluestem and side-oats grama (Bouteloua cur- 
tipenadula) which formerly accompanied little blue- 
stem. 

ANDROPOGON FURCATUS 

Although suffering great losses, big bluestem with- 
stood the ravages of drought in a most remarkable 
manner. Even over the uplands, where it normally 
formed one fourth or less of the predrought cover, 
it frequently persisted even if in small amounts 
where all the little bluestem died. This is believed to 
be due to its deeper root system which absorbed 
enough moisture from 2 or 3 feet of moist earth 
below the level to which the soil was dried (about 4 
feet) in 1934. The removal of its competitor (with 
roots averaging about 4 feet in depth) permitted full 
use of subsequent rainfall and the actual increase 
of this rhizomatous grass. At 7 of the 12 stations 
it is a chief dominant, although confined to certain 
areas; in the other prairies it remains only in a few 
very small patches, entirely surrounded by more 
drought-resisting and aggressive xeric grasses 
(Fig. 8). 

Big bluestem formerly grew in nearly pure stands 
in well-aerated soil of moist ravines and at bases of 
slopes everywhere in true prairie. It formed a clearly 
demarked post-climax vegetation. In the drought re- 
gion, these tall-grass areas have shrunk greatly in 
width and at their upper ends, often remaining as 
narrow belts. Big bluestem has frequently been re- 
placed by western wheat grass, not only on higher 
land but also on lowlands moistened in part by run- 
in water. In some places whole hillsides of little 
bluestem and big bluestem prairie have first suffered 
the loss of the mid-grass, then undergone a thicken- 
ing of the tall grass into a pure dense stand and 
finally the complete replacement of b;g bluestem by 
blue grama (Fig. 9). 

As a final result of the 7 years of drought, big 
bluestem has lost greatly in the amount of soil it 
covered, other grasses entirely replacing it over great 
areas. It occurs irregularly on uplands in nearly 
pure stands to widely spaced bunches, and has its 
former percentage mixture with little bluestem in 
only a few relic patches. Its percentage relation to 
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FIG. 7. Pure stand of little bluestem 9 inches tall on 
north midslope. The soil surface is well protected from 
beating rains. The surface 4 inches of soil are held 
intact by many miles of root-fiber per square meter. 
Anita, Ia., July 22, 1938. 

the total remaining but often sparse vegetation, how- 
ever, is about the same as formerly. 

SORGHASTRUM NUTANS 

Indian grass was always a very minor component 
of big bluestem vegetation on lowland. It also spread 
through the upland types dominated by little blue- 
stem or needle grass or prairie dropseed very much 
more sparingly than did big bluestem. It has all but 
disappeared from uplands, and its distribution on 
lowland prairies is more restricted than during years 
of greater moisture supply. 

POA PRATENSIS 

Kentucky bluegrass was widely and uniformly 
scattered throughout the true prairie before the 
drought. It also occurred in native pastures, fre- 
quently having entirely replaced the prairie grasses 
(Weaver and Hansen 1941). It has, with rare ex- 

FIG. 8. View of western wheat grass at Montrose, 
Kan., August 11, 1939. This quarter section was for- 
merly covered with bluestem grasses, only a few rem- 
nants of which still remain, such as the darker area in 
the foreground. On July 5, a prairie lire burned the 
dried grasses from the blackened area on the right. 

ceptions, entirely disappeared from pastures and 
also from portions of prairies where the general 
cover was greatly damaged. But the shade provided 
by grasses and forbs elsewhere enabled it to survive 
in small amounts (Fig. 10). By very early growth 
in spring, dormancy during midsummer, and vigor- 
ous development during autumn, bluegrass had been 
able to profit from the early spring and often late 
autumnal rainfall even of dry years and has thereby 
recovered in part. Although still absent from most 
of the prairies, and always from those portions in- 
vaded bv western wheat grass or blue grama, in 
others it is plentiful in ravines and on less xeric 
slopes. In a few instances, it spread widely at heads 
of ravines onto adjacent drought-swept gentle slopes, 
where it is now the dominant. Generally, it is absent. 
Where present, its place in the cover (formerly 

4e....~ ~~~~~~~ = 

FIG. 9. This north-facing hillside near Hebron, Neb., 
was a bluestem prairie, chiefly Andropogon acoparils, 
before 1934. After the death of little bluestem, big 
bluestem greatly increased in abundance but died from 
drought after 1937. Thriving bunches of blue grama 
were firmly established everywlhere when photographed 
in 1940. 

about 5 percent of the basal area) is that of a 
much thinned post-drought stand. Only in the relic 
bluestem areas is its normal state of an adapted 
interstitial species maintained. 

THE SMALLER PANIC GRAsE.s 

Several species of low-growing panic grasses, 
chiefly Panictum scribnerianum and P. wilcoxianum, 
were found very widely distributed. In about a third 
of 335 meter quadrats they occurred in amounts 
averaging about 0.4 percent of the basal cover. They 
were the most abundant grasses of the understory. 
With the opening of the cover and exposure of the 
lower layer to direct insolation and drying winds 
these grasses, like most members of the ground layer, 
almost entirely disappeared. For a few years they 
were seen rarely and even now they are absent from 
8 of the 12 prairies and occur in the others far less 
often than formerly. 
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STIPA SPARTEA 

Distribution of needle grass before the drought 
was far less uniform than that of bluestems and 
many other grasses. It did not occur at any of the 
6 most southwesterly stations, which is typical of its 
general absence in that area. But at the 6 eastern 
Nebraska stations the needle grass type of consocia- 
tion was prominent and distinctly localized to hill- 
crests and dry slopes. Elsewhere it was represented, 
if at all, only as isolated bunches or patches in the 
other (usually little bluestem) types. 

Needle grass, especially the oldest plants and the 
younger and hence more poorly rooted bunches, at 

FIG. 10. Tufts of Kentucky bluegrass surviving as a 
result of shade produced by a small clump of ironweed 
(Vernonia baldwini) in a native pasture degenerated to 
bluegrass. April 20, 1935. 

flrst suffered greatly from the drought. Perhaps half 
the plants were killed. But once the survivors ex- 
tended their roots into the new territory made avail- 
able to water absorption by the thinning of the 
stand, their resistance to drought was greatly in- 
creased. 

Needle grass renews growth early in spring, at- 
tains full development and ripens seed late in May 
in dry years. Then, by semidormancy, it evades the 
drought of summer but develops vigorously, if water 
is available, even late in fall. Almost every year 
some seed ripened, and during years of least drought 
it was produced in abundance. 

A continuous spreading of this species has taken 
place into bared or semibared areas regardless of 

Fia. 11. Young plants of needle grass 1, 2, and 3 
years old, transplanted from prairie into soft soil for 
photographing in August, 1939. The largest bunches 
are about 1.5 inches in diameter at the base and 14 
inches tall. 

slope and even onto low ground. Seedlings from the 
deeply planted seeds have developed in abundance 
and many have survived. The single or few culms 
of first-year seedlings developed into a small bunch 
the second year and into a still larger one the third 
(Fig. 11). These clearly indicated the forward move- 
ment into territory formerly unoccupied by this spe- 
cies, the degree of aggregation, and the time relations 
as well. Today the new stands of needle grass occupy 
5 to 10 times the area of the old ones, which are still 
extant. The vigorous early absorption of the meager 
available water supply by this species during 
drought has distinctly handicapped most other plants 
in these areas (Fig. 12). 

SPOROBOLUs HETEROLEPIS 

Prairie dropseed, like needle grass, did not occur 
at the most southwesterly group of true prairie sta- 
tions. At the remaining stations, as over the true 
prairie generally, this type was more limited in dis- 

FIG. 12. Little bluestem prairie greatly injured by 
drought and naturally reseeded to needle grass. June 16, 
1941. 
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tribution than needle grass. But both large and small 
areas dominated by this dropseed in remarkably 
pure stands were available for study. 

Early losses from drought were even higher than 
those of Stipa spartea, sometimes exceeding 85 per- 
cent. It seems probable that this late-blooming bunch 
grass had been greatly handicapped throughout the 
years by mowing during September before the seeds 
had ripened. During several of the years of drought, 
yield of grasses was so light that the prairies were 
unmowed or they were sometimes mowed in midsum- 
mer when the foliage began to wither. Under either 
treatment and in protected experimental areas the 

FjI. 13. Bunches of prairie dropseed in early fruiting 
stage on September 5. Flower stalks are about 30 inches 
tall. Bunches are of only moderate size. 

large seeds of this xerophyte were frequently pro- 
duced in great quantity. Much soil, bare or only 
scantily covered with short-lived annual grasses and 
forbs, was available for occupation. Here prairie 
dropseed spread rapidly and has now become fully 
established in nearly pure stands. Increase has 
amounted in some prairies to 10 or more times the 
original area occupied, but elsewhere a heterogeneous 
mixture of widely spaced bunches of this species 
with those of needle grass, big bluestem, or mats of 
blue grama, and clumps of tall dropseed (Sporobolus 
asper) occur (Fig. 13). 

SPOROBOLUs ASPER 

Tall dropseed was frequently a constituent of prai- 
rie vegetation, the plants or small bunches, if pres- 
ent, usually occurring as scattered individuals. It is 
a xer.c grass which readily increases in abundance 
even in dry soil. Hence, its great increase in wide 
areas open to invasion as a result of drought was 
expected. It is now present at least sparingly in all 
of the prairies and abundantly in some. The bunch 
habit, mid-grass stature, erect, persistent flower 
stalks, and long-enduring, bleached, fibrous leaves, 
make it a conspicuous feature of the landscape (Fig. 
14). Although it has increased greatly, especially 
in the most disturbed prairies, it is still among the 
least important of the 10 grasses of highest rank. 

AGROPYRON SMITHII 

Western wheat grass has made a phenomenal in- 
crease from a species of very minor importance to 
one of first rank. It alone has almost complete con- 
trol of 3 of the 12 prairies, occupies about half of 5 
others, and covers a third to a fifth of the remainder. 
The areas can be stated definitely since this sod- 
forming species is usually found in practically pure 
stands. Immediately after 1934, this wheat grass 
became increasingly abundant in prairies and native 
pastures. It has continued its spread over all types 
of terrain wherever bared places or open stands of 
other grasses had resulted from the terrible drought. 
Long, narrow belts of western wheat grass around 
the brows of hills indicated where early drought was 
most severe. Often the whole hillside was rapidly 

A,. 

FIG. 14. Bunches of tall dropseed iii dIrought-damaged 
prairie on May 25, 1939. These grew the previous year 
but have maintained their erect form and blenched 
leaves over winter. 

covered with a pure stand of this grass; Many low- 
lands, once occupied by big bluestem, are a con- 
tinuous sea of undulating wheat grass. Seed was 
spread widely by wind and rodents. From newly 
established centers or along the edges of areas al- 
ready invaded, slender, much-branched rhizomes 2 to 
4 feet long grew rapidly during favorable times 
through the bared, mellow soil. During years with 
good spring and early summer rainfall great gains 
were made. A dry spring resulted in smaller ad- 
'anccs of the invader. It is now found almost every- 

where, regardless of soil, slope, or exposure. The 
only necessary conditions, aside from the presence 
of seed, seem to be those of weakened vegetation and 
unoccupied soil (Fig. 15). Only once has wheat grass 
been observed invading stabilized bluestem prairie. 

At first the new stands are thin but the stems are 
tall and heading is profuse. In a year or two the 
culms thicken to dense stands of 1,000 to 1,300 per 
square meter, each unit area being occupied by many 



72 J. E. WEAVER AND F. W. ALBERTSON Ecological Monographs 
Vol. 13. No. I 

miles of roots and rhizomes. Dwarfing of the foliage 
and scarcity or absence of spikes indicate at once 
the low supply of soil moisture and the clue to the 
wilting, dwarfing, or death of relic bluestems and 
other less xeric grasses and forbs. Thus, the thread- 
ing of the rhizomes between the bunches of relic 
vegetation, indicated by the widely spaced new stems 
of wheat grass, foreshadowed its final destruction 
where drought continued. Blue grama and, in a 
lesser degree, side-oats grama are not ousted by the 
invader. Neither is needle grass successfully invaded. 

The early growth of both western wheat grass and 
needle grass and consequent depletion of soil mois- 
ture by transpiration are important factors in their 
spread during drought. An experiment to compare 
rate of water loss from small areas of little blue- 
stem, wheat grass, and needle grass was performed 
early in the spring of 1941. Circular pieces of un- 
disturbed sod 18 inches in diameter and 10 inches 
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Fio. 15. Alternes of western wheat grass in unmown 
little bluestein prairie at Hebron, Neb., on May 10, 
1940, before o her vegetation had made mnuch growth. 

deep, with natural cover undisturbed, were trans- 
ferred in pairs into 6 galvanized iron containers 2 
feet deep. These had previously been partly filled 
with moist, compacted prairie soil, so that when the 
sods were firmly in place they entirely filled the con- 
tainers to within 2 inches of the top. Containers 
were weighed March 25 and placed out-of-doors in a 
frame of 2-inch planks, with insulation between them 
and the frame. Rainfall was measured and enough 
extra water added at subsequent weighings as needed 
to maintain conditions favorable to growth (Fig. 
16). The results are shown in Figure 17. 

Loss of water by transpiration and evaporation 
from the soil surface was much less from the blue- 
stem which began growth at its normal time, about 
April 15. The late spring delayed growth of western 
wheat grass and needle grass at least two weeks. But 
despite this, total loss from each of these grasses 
(86.65 and 90.15 pounds, respectively) was more 
than twice as great as the 41.55 pounds from little 
bluestem. Similar field experiments by R. J. Weaver 
(1941) the preceding spring gave similar results. 

I~~~~~~~~~ 

FIG. 16. (Lower) Development of grasses on April 
25. New shoots of Andropogon acopariue (left) average 
an inch in height but only half of the sod is green. 
Western wheat grass (center) is 7 inches tall and in 
the fourth-leaf stage; needle grass (right) likewise is 
growing rapidly. 

(Upper) Development on May 20. Little bluestem is 
only 6.5 inches tall; western wheat grass is 20 inches 
high and in the eighth-leaf stage; the spikes are just 
appearing. Needle grass has some flower stalks well 
developed and the awns of the fruits are emerging from 
the sheath. 

Grasses with rapid development in early spring and 
with early maturity evade midsummer drought. 
These same grasses grow vigorously in autumn even 
after most others are mature and the foliage often 
no longer green. Clearly, late-appearing grasses are 
at a great disadvantage and may succumb, when 

AN AY MAY _; 
Lbs Lbs 

4. in 
2. 0z Ap2 / 3.5My2 

6-idctd yX h insr I hw avrgpegto 

g.0 LO t s 3. 

0.0 -~ ~ ~~~~~~~~0 

FIG. 17. Average daily loss in pounds per container 
of Agropyron amithii (heavy line), Stipa 8partea 
(broken line), and Andropogon 8COpGTiIL8 (light line), 
during the spring of 1941. Date of renewal of growth 
is indicated by X. The insert shows average height of 
grasses on the several dates indicated. 
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summer rainfall is very light, from lack of soil mois- 
ture used by competitors with different growth 
habits. 

It has been shown elsewhere, as a result of many 
experiments, that under a cover of wheat grass the 
rate of infiltration of water into the soil is slow. 
It averaged 2.4 times as rapid in bluestem prairie as 
in western wheat grass a fewv feet distant (Weaver 
1942). 

BOt-TELU)A CtlRTIPENDULA 

Side-oats graina is a very drought-resistant grass. 
It often persistedl where all other mid-grasses suc- 
cumbed. It usually has the appearance of a bunch 
former, but its abundant rhizomes which are 2 to 4 
inches long enable it to spread rapidly. 'Moreover, 
it is a prolific seeder, and its range of habitat from 
moist to dry sites is very wvide. Only a grass wvith 
such characteristics could increase so rapidly, even 
if widely and uniformly distributed, from its pre- 
drought abundance of only about 0.5 percent of the 
basal cover to a species of the first rank (Fig. 18). 

FIG. 18. Representative bunches of a stand of side- 
onts grama which covered much bared ground following 
the early years of the great drought. The plants are 
about 3 feet tall. Nelson, Neb., Aug. 12, 1937. 

Approximately one fifth to one third of the vegeta- 
tion at most of the 12 prairies consists of this spe- 
cies, except in the portions dominated by western 
wheat grass, and even in wheat grass prairies it is 
lrominent during years with at least moderately 
good rainfall. 

Side-oats grama is fully as important as needle 
grass, with which it is intermixed, but it rarely 
shows such a high degree of dominance as this spe- 
cies. It is far more widelv distributed throughout the 
prairies than is needle grass and has replaced little 
bluestem to an even greater extent than has big blue- 
stem. In certain prairies it has attained the rank of 
the leading dominant, and over considerable areas 
wvhere bluestems were killed by burial under dust it 
arew during the most favorable drought years in 
pure dense stands. In fact, it seems to have over- 

d(rawn oln the water supply and suffered from 
drought in consequence. In some places it was se- 
verely handicapped by disease (Fowler and Weaver 
1940). 

In malln dirmught-swept prairies, increase of side- 
oats grama occurred synch ronously with the spread- 
ing of western wheat grass into the bared areas or 
into stands of relic big bluestem. The following years 
witnessed the death of big bluestem but only the 
suppression of side-oats grania during dry summers. 
When rainfall in early spri g was adequate for good 
growth but early summner wEas dry, wsheat grass 
thrived. When early spring weas dry and late spring 
and summer moist, side-oats grama flourished even in 
a thick stand of wheat grass. In many local areas it 
has almost rel)laced its competitor; in others, the 
reverse is true, while elsewhere almost equal mix- 
tures of these two dominants prevail. 

In native pastures, mixed pasture types in the 
Dakota-Nebraska-Kanisas area have resulted from 
the great increase in side-oats grama and an east- 
ward spreading of sand dropseed (S'poro>olWu ery)p- 
tandrits) and western wheat grass. These grasses are 
often intermixed, esipecially side-oats grama wsith 
sand (lropsee(l or western wheat grass, or each of the 
three species may dominate different p)ortions of the 
same pasture. 

BOUTELO-A (iRACILIS 

Blue granma is now so abundant and has spread so 
wiidely that its great gains can be appreciated only 
by compar son wvith its former limited occurrence. 
In 1934, Weaver and Fitzpatrick described it as 
"sometimes found on thin soils on brows of the 
steeper hills, especially the xeroclines, occasionally 
on much eroded, steep slopes bordering ravines, 
in the drier parts of the [true-prairie] region. Here 
it may occur only as scattered tufts or it may domi- 
nate local areas. Its increasing abundance in the un- 
derstory in undisturbed grassland is an indication of 
the proximity of the mixed prairie." Little wonder 
that with death or thinning of its mid-grass competi- 
tors and the impact of a Great Plains climate for a 
period of years over the western edge of true prairie, 
this dry-land species flourished (Fig. 19). Blue 
grama is the most drought-resistant of all the native 
grasses of the Nebraska-Kansas-Colorado region 
(Mueller and Weaver 1942). It has been more 
widely and more consistently represented by seed- 
lings and especially seedlings that survived than any 
other species (Weaver and Mueller 1942). It has 
often survived where all other grasses have died and 
repopulated the adjacent bared areas with abundant 
seedlings (Figs. 3 and 20). 

Blue grama spread promptly following the initial 
drought, since it wvas harmed the least of all species. 
Wind and surface water carried the seeds down the 
slopes and by intermixing them with soil aided in 
their planting. In this way new centers of distribu- 
tion were started. By means of peripheral growth 
from old and new clumps, territory was gained even 
during years so dry that most grasses merely sur- 
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FIG. 19. Invasion of blue grania (light color) into 
territory occupied by drought-depleted little bluestem. 
Unmown prairie at Lincoln, Neb., April 29, 1939. 

vived. Hence in the grasslands today, patches of 
blue gramn both large and small are to be found any- 
where except where the original cover of mid grasses 

prevailed. Small patches have often become very 

large and transitions from this short grass to mid 

grasses or even to the tall big bluestem are often 

sharp. 
Conversely, pioneer tufts and isolated young sods 

may occur among widely spaced relic or young 

bunches of tall dropseed, needle grass, big bluestem, 
or side-oats grama-in fact among any species that 
remained or has become established in these broad 
areas ravaged by drought. Such a mixture would not 
have been understandable in the years before this 

catastrophe. 
During a period of 5 years, flourishing stands of 

wheat grass have been gradually replaced where blue 

grama seedlings became well established (Fig. 21). 

This was a process of gradually thinning the stand 

as the many centers of blue grama slowly became 

- , ~ ~ 7 

Fio. 20. Extension of blue grama from a few parent 
clumps to form a more or less continuous cover on hill- 
top and upper slopes at Valparaiso in eastern Nebraska. 
April 15, 1941. 

larger and finally merged and formed an almost com- 
plete cover. The short grass has a much finer root 
system than that of western wheat grass and it more 
thoroughly occupies the soil, especially near the sur- 
face. This grass also has the great advantage of 
growing vigorously at any time during the warm 
season, regardless of previous seasonal activity. Its 
flower stalks can develop, blossoms appear, and seeds 
ripen in only a few weeks. Hence, it successfully in- 
vades pure stands of western wheat grass. 

Conversely, old stands of blue grama have been 
invaded in favorable years by western wheat grass. 
This produced a type of mixed prairie very common 
before the drought, especially northwestward. By 
this invasion a more or less stable community of mid- 
and short grass has now been formed, especially in 
native pastures. This type had no former place in 
true prairie and its spread, often in combination 
with buffalo grass, eastward to within 40 miles of 
the Missouri River is a direct result of the marked 
arid phase of the climatic cycle. 

Fie. 21. This entire area at Hebron, Neb., was occu- 
pied by bluestem grasses in 1934. As a result of drought 
and drifting dust they were replaced by western wheat 
grass by 1936. Much of the wheat grass was, in turn, 
replaced by blue grama by 1940. May 10, 1940; dark 
areas are wheat grass and light-colored patches blue 
graina. 

BUCHLOE DAcrYLOIDES 

Buffalo grass was far less abundant than blue 
grama before the great drought. It occurred spar- 
ingly, sometimes in pure, dense mats of limited ex- 
tent in ravines but was more usually associated with 
blue grama on the thinner upland soils. It survived 
the drought much more poorly than blue grama. It 
occurs in the 6 westerly prairies, but in 3 only spar- 
ingly. In the other 3 it has spread widely, sometimes 
in pure stands but more often intermixed with blue 
grama. Many of the more open stands have been 
invaded by western wheat grass and have become 
mixed prairie locally (Fig. 22). Perhaps the mel- 
lowing of the surface soil by freezing and thawing, 
following the opening of the plant cover by drought, 
has been unfavorable to its spread. In native pas- 
tures half bared by trampling, it has made great 
gains and now often clothes the soil with nearly pure 
stands, thus presenting vegetation of the Great 
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Plains dliSelislctx falr into true l)railie. Of course, 

this occurre(l even before the (drought, hut short- 

lalss )lpstllures along the western margin of true 

p)rairie have greatlv increase(d ill numbers anld ill 

total area. [hey occur as far t eastwar(l as the Big 
Sioux River ill South I)akota aln( are also found ill 

extreme Southwestern 'Minllesotal. In southern Ne- 

hraska they are t common to within 40 miles of the 

Missouri River. 

-'I~~~~~~~~~~~~~' 

Fw(;. 22. 'Mixe(d prairie resultinjg from the mid-grass, 
A- frop ron smitlhii, invading territory occupied by tile 
short glass, Bi/tchlo dact loides. Carleton, Neb., May 
1ii, 19t40. 

OTHER (C1.IMAX (GRASSES 

Abuindaince of .June grass ( Koe ,ri. (lista(t a ) is 

Illole dliffieult to eviluaite thanft thatt of most other 

speeies. This is because of its greatter istabiility aind 

Shorter life spain. It wats gre2atly harmied by the 

droulght. The root system is shallowv (15 to 2S 

inclhes) anIldl its decidedl redlroulight occurrence oni 

(1 -y lul)lall(ls resulted ill great losses. But (uanitities 

t' seedl 011 the soil tidedl ill (qilick reestablishmnenit of 

this Slpeies of boreal1 origin (luring tile following 

SPrI'nig a1111d arl' simimier. III fact, certaiin praliies 

whicl ]oSt heaivily were (quickly rejpopulattedl by 

lielrly plullre stallds of' .Jillue (gllss on1l to be baired( 

Mil(e Mlllre When extreme (Irought struck algalin. Thus, 

while .Jimie grass hias increased generally a2t several 

iit'iaolds, its gaills t' 'Sll te'll)Ol'ilry. Large, l)p'rsistenlt 

hiliuches 211re rairiely found. It is ai drought evaider 

r f4itfillng by en111ly gcrio\th, summer dorimainc, aid 

:e ut0im11111 dlevelopmein'nt, ats w\ ell a1s by decreased comI- 

pet it ion. It is ftound mostly where vegetaltionl is very 

()pell, 1lnl little occuilrs ill stmil(ds of w\-esternI w\-heat 

grllass 01, bluestem prairie. There wats mu(h less June 

.granss a2t the end of the drought thai ait its outset. 

Penisylva2nia se(lge ((Cire.r pean-valrani () halts, of 

collise, the grass life form aind 111 1a be c(onsideirt'tl 

here. It Was at Illillor c(moilneilt ot the ve-etattioln, 

bilt locwallv, as t 11 o dI' ridlogs, it Solmetilmlt's follnled 

.5 to 10 p)elc(lt of la"rge a11r'eals aIlld ill verV hillited 

1e's its IlIl(ell ats one third orI mIore of the plant cover. 

It is lrolIght-resistait alid hais gradually increlea (l. 

So!ult illies it forIs nearly pulre s'tamids ill patches 

mainy square yardls in extent, more often its increase 

hais been general and it is now scattered as before 

throughout the plrairie hut in very much greater 

abundance. 

lPlains muhilly (Mu/ldenbergiu (us))i(ata) was for- 

inerlv so rare that it was not mientioned in the mono- 

graph on prairie among the 50 minor grasses. rhis 

dlrought-resistaint, western species hals gradlually mi- 

grate(l eastwar(l an(l increase(l in prairie and palsture 
until it is no longer uncommon. IIn falet, it forls 
small pure stanlds on many dry hills an(l xeric slopes 

(Fig. 2:3). 

Sand dropsee(l (Sporobolus cry))tondl(lrus), follow- 

ing the early years of (drought and consequent widle- 

splre(ald loss's of l)asture grasses, hais increaseed 
ralpidly in i)astures from the status of ain occasional 

illnvalrt to a species of major inll)ortance. Over thou- 

sand(s of ranges it hias spread so widely a s to become 
a dominant or1 the dominant species. It hats repopu- 
lated vast areas left nearly bare by the denth of 

bluegrass, little bluestem, andl other palstuire l)lants. 
This western species hats given stability and good 

plrloductivity to palstulle lalids too d(lr for more mesic 
grasses. Tiese facts are essentiai to an unlierstanol- 

ing of its invasion of the bared areas in prairie. This 

took place only slowly and only luringr the latter 

years of il urotrlit. Ill trile prair2ie this bunch grass 

plays tihe part of a1 pre elima olinlanit. It has 
enteredl tile p)rairie onily ill the b)aredl pliices anl only 

inl relatively 1Stalh a111mu11n1lts. 

I'm(. 23. Purel standl~ of Aliddenberg,..,ia cu.spidata1 on 
tile crest of ;a fidge alt N5elson, 'Neb. June 16, 1'939. 

Tall pan1Xic gra1ss (P'onticum virgolttim), nozddinlg 

Nvildl rv! (EN1111 ts canadcnlesis), an~d slouighl gr ass 

(.9'1(r1 ina pvectinata ) havxe retatlined their fzormer 

abundan2l~ce s~ 1zt lowlands with it ra2the r conXstan1t suply~~~ 
of wt ,erl11z o\ I- 

1 o ateq frlolil 1-111off. Su~ lace )Cs, 

however\''1, ar1'e rela2tively1! few. Inl genrlltl1, there hits; 

beetll 21 yl'1t'2t s;hrinking of the terr litotry in r avinesi alnz1 
1\lowlands occuplIiedl hy tht;ese spltecie's. Frequen^1tly theyt 
haves been~ relace1ld hv hjtr hluestes, its9 soil aer'ationl 

wa21s impr~love(d, ()1' by' westernt''l wheat wrl'1sS. C Ie1-'1 TV, 

all1 thr eet of theSse inetsoz-hydropzzlhy te have ( great^lyl 
decreased1't'21 .. 
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ANNU ATL GRASSES 

Immediately following the drought, the bared soil, 
exposed to erosion by wind and w ater, was populated 
thinly to thickly by annual grasses and other weedy 
species. Chief among the grasses were six-weeks 
fescue (Festuca octoflora), chess (Br omrns secalintus 
or closely related species), and little barley (Hor- 
deum pusillrtn). These sometimes covered whole hill- 
sides in dense stands (Weaver and Albertson 1936). 
Bromuts tectomon and Panicun capillare were other 

abundant ruclerals of wide distribution. In general, 
the bared or semsbared areas were largely reclaimed 
by long-lived grasses or by certain native forbs. 
Thus, later in the drought years these annual grasses, 
where present, chiefly occupied the smaller inter- 
spaces and, with rare exceptions, were not found in 
large belts or patches as formerly. 

STUDIES ON THE COMPOSITION OF PLANT COVER 

An extensive quantitative survey of the total basal 
cover in the little bluestem type of vegetation was 
made near the end of the drought. This consisted 
of a total of 100 quadrats rather uniformly dis- 
tributed among 10 different prairie areas widelv 
scattered in eastern Nebraska. The basal or ground 
cover is the actual area occupied by the stems, mats, 
or tufts of plants about an inch above the soil sur- 
face. It was determined by estimating the area occu- 
pied in each square decimeter of each quadrat sep- 
arately. The average of the 100 estimates gave the 
percentage of basal cover of the entire square meter. 
The quadrats were taken at random in the same gen- 
eral locations where similar studies had been made in 
1929-1931. Thev included level land, hillerests, andl 
all slopes which were earlier dominated by little blue- 
stem. 

The average basal area before the drought was 
13.6 percent. The second survey, in 1938, showed 
that it was only 5.1 percent or about 38 percent of 
the former amount. There were, of course, consid- 
erable variations from the mean; in fact these varia- 
tions were somewhat greater than those found in the 
predrought survey (Weaver and Fitzpatrick 1934). 

This survey also included the percentage of basal 
cover composed by various grasses or by forbs in 
these same quadrats. Methods were the same as those 
employed before the drought, strips of 20 square 
decimeters being the unit portion of the quadrat used 
for each estimation, that is, 5 separate estimates were 
made in each square meter. This was invariably 
done by two investigators accustomed to the use of 
this method (Table 1). 

Comparison of the results from the general true- 
prairie predrought area (column one) with those of 
the predrought eastern Nebraska prairies (column 
two) shows, with exceptions, remarkably small dif- 
ferences. But a similar comparison of the quadrats 
in eastern Nebraska before and after the drought 
(columns 2 and 3) reveals marked changes. Chief 
among these is the great decrease in Andropogon 

TABLE 1. Percentage of basal cover in the Andro- 
pogon scoparius type composed of various grasses and 
forbs. Arrangement of species is in the order of their 
predrought importance. First coluamn, 130 quadrats in 
dhe general area west of the isohyet of 32 inches, 
where data were obtained in 1929-1931, previous to the 
drought; third columin, 100 quadrats in eastern Ne- 
braska in 1938; second columni, 50 quadrats from the 
same eastern Nebraska prairies as those sampled in 
columni three but taken before the drought. 

SPECIES Percent Per-cent Per-cent 
Cover Cover Cover 

Anidropogon scoparius ..... 56.2 55.0 5.1 
Andropogon ftrecatus ....3.. 2.1 19.4 17.9 
Poa pratensis ....... ...... 5.8 4.9 5.8 
Stipa spartea ....... ...... 3.1 1.6 9.7 
Sporobolvs heterolepis ..... 2.8 7.1 11.6 
Sorgha strutm nutans ....... 1.4 1.8 1.7 
Bouteloua curtipendula .... .7 .6 14.3 
Koeleria cristata ...... .... .6 1.3 4.7 
Panicnim scribnerianum and 

P. wvilcoxianus ......... .3 .3 .3 
Pan icum virgatun ......... .1 .0 .8 
Forbs .................... 4.2 4.6 11.3 
Sporobolns asper 1.0 2.6 
Bouteloua gracilis .......... .5 3.1 
Carex pennsylvanica .4 4.9 
Aglopyron sitithii..... 1.9 

Total ... ........... 98.3 98.5 95.7 

scoparits (91 percent),2 and the great increases in 
Stipa spartea (506 percent), Sporobolus heterolepis 
(63 percent), and Boutelona curtipendula (2,283 
percent). Increases of Boutelotua gracilis, Carex 
peunsylvanica, Sporoboluts asper, and forbs were 520, 
1,1295, 160, and 146 percent, respectively. Andro- 
pogon furcatus decreased slightly but Poa pratensis 
increased somewhat. No quadrats were located where 
the invasion of Agropyron smithii was much in evi- 
dence. The remaining portion of the total cover 
(4.3 percent) consisted of weedy annual grasses. 

Seedling grasses and forbs were recorded as ob- 
served in June and July, 1938, in the 100 meter 
quadrats. A total of 1,008 seedling grasses was 
found. Among these the four species with the most 
seedlings were Panicum wilcoxianum (316), Boute- 
lo na cutrtipendula (191), Panicum scribnerianum 
(169), and Sporobolus heterolepis (92). Twenty- 
three species of native forbs and 9 of weeds were 
represented by a total of 2,930 and 48 seedlings, 
respectively. Forbs. with the most seedlings were 
Erigeron raosus (2,098), Seneco plattensis (313), 
and Aster multiflorus (231). The very low rate of 1 
grass seedling per 10 square decimeters was quite 
usual during the period of drought; frequently there 
was none (Weaver and Mueller 1942). 

The quadrats in Table 1 do not represent the 
whole range of prairie stations, and are indicative of 
conditions in eastern Nebraska only. Repeated ex- 
amination of the relative abundance of the various 
components of the prairie from the eastern border 
of drought-damaged true prairie to its replacement 
westward by mixed prairie gave a broader and dif- 

2 It should be made clear that this percentage is not the 
actual reduction in the amount of grass, which was much 
greater, but that little bluestem constituted 91 percent less of 
the total post-drought vegetation than it did of the total pre- 
drought -,over. 
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ferent picture. This survey was made in 1940, at 
the close of the drought. According to their abun- 
dance and control over the habitat the grasses may 
be readily divided into four groups. Species in 
each group are arranged so far as possible in se- 
quence of decreasing abundance. 

1. Species of 2. Species of 
Major Abundance Considerable Abundance 
Agropyron smithii Bowitelotta gracilis 
Botitelotia cntrtipendula Sporoboluis h eterolepis 
A ndropogon f treatus 
Stipa spartea 

3. Species of 4. Species of 
Intermediate Abundance Minor Abundance 
A ndropogon scopariuts Mla lenlbergia culspidata 
Koeleria cristata Panictino scribineriantito 
Sporobolus asper Sorghastrum nutans 
Bitehloe dactyloides 
Poa pratensis 

CONDITION OF GRASSES IN MIXED PRAIRIE 

Three general types of vegetation, with varying 
degrees of intermixtures, have been described for 
western Kansas as they appeared before the drought 
(Albertson 1937). The little bluestem consociation 
occupied hillsides, where rock outcrops were common, 
as well as shallow ravines. It also extended over the 
brows of the hills and far beyond where the slopes 
continued, but gave way more or less abruptly to 
short grasses on level uplands. 

Little bluestem alone constituted nearly half of the 
vegetation. In drier places it formed distinct bunches, 
but a nearly continuous sod-mat in wetter ones. 
N umerous tall grasses, as Panicitm virgatum and 
Sorghastrum nittans and the mid-grass, Bouteloua 
cartipendidla, were common, the roots usually pene- 
trating deeply into the rock crevices. 

The postclimax big bluestem consocies covered lower 
slopes, the lowland, and deep ravines where water 
from rainfall was supplemented by the melting of 
wind-drifted snow and especially by runoff water 
from the higher land. Big bluestem alone usually 
composed 75 percent of the vegetation. Its chief 
associates were Boutelotta citrtipendutla, Agropyron 
smith ii, and Sporobolbs asper var. hookeri, but tall 
grasses also were common, especially in wetter sites. 
All were rooted 5 to 7 feet deep in the rich alluvial 
soil. 

The short-grass faciation was found widely dis- 
trihuted over the nearly level uplands where the soil, 
watered by precipitation only, had developed a ma- 
ture profile. Westward from Phillipsburg and Hays 
vast areas of range lands *were characterized by the 
dominance of Boitelouia gracilis and Bitchloe d-acty- 
loides. These grasses usually composed 80 to 90 per- 
cent of the vegetation. They occurred in almost equal 
amounts in the closed-mat type near Hays where 
the basal cover varied from 70 to 90 percent, a con- 
dition not uncommon over hundreds of square miles 
of the Great Plains disclimax. In the open-mat type 
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Fio. 24. A typical stand of mixed short grasses of 
the closed-mat type, which formed excellent cover pre- 
vious to the dry years. 

of depressions with decreased water infiltration and 
of thin soil, the basal cover was more commonly only 
10 to 33 percent. Under such conditions blue grama 
frequently predominated (cf. Shantz 1911). Where 
the short-grass sod was best developed there were 
practically no plants which rose above the 3- to 5- 
inch level of the foliage. But certain low-growing 
annuals were normal components of the vegetation, 
as Hordeum pusillum, Festuca octoflora, Plantago 
pi)frshii, and P. spinulosa. 

Although all three types of vegetation recur re- 
peatedly where topography is sufficiently rolling to 
present the proper conditions of habitat, the short- 
grass type is by far the greatest in extent. 

Drought and dust have wrought great changes not 
only in the composition but also in the amount of 
vegetation (Figs. 24 and 25). They have also caused 

Fio. 25. Vegetation, previously similar to that shown 
in Figure 24, near the end of the great drought. Note 
wvide spacing of relic tufts, bared soil without mulch, 
and elevation of the plants somewhat above the general 
surface, the top inch of soil having been blown or 
washed away. 
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great changes of vegetational boundaries between 
grassland types. Movements of grass populations 
have been from the more xeric toward the less xeric 
habitats. In many places the only plants that sur- 
vived were those in moister places such as buffalo 
wallows, ditches, and ravines. Reduction of cover 
to 2 to 10 percent was not uncommon. Frequently 
large areas of nearly level grassland were covered 
with several inches of dust, brought by the wind from 
adjacent cultivated fields. Under extreme conditions 
the wind-blown soil formed long, tortuous drifts under 
which the native vegetation was buried and com- 
pletely destroyed. 

ANDROPOGON SCOPARIUS 
Before the drought, little bluestem ranged far out 

from its hillside habitat into the short grasses on the 
tablelands. Here it occurred widely scattered as iso- 
lated bunches or in small patches. It was here that 
the first effects of the drought became apparent and 
only dead crowns of this species remained after 1934. 
Even in its own type, this species was materially 
reduced, being replaced chiefly by side-oats grama 
and blue grama. At the end of the drought period 
only occasional bunches of little bluestem could be 
found even on north-facing slopes or in depressions 
on the hillsides where runoff water accumulated. Thus, 
this dominant was reduced from about 45 percent of 
the total vegetation to only 1 percent. It also prac- 
tically disappeared from the "hard lands" westward 
and was found only rarely. 

A NDROPOGON FURCATUS 
Big bluestem not only dominated the bottoms of 

ravines and lowlands but was also scattered through- 
out the little bluestem type on the hillsides. The 
effect of the drought upon this species became evi- 
dent somewhat later than upon most other grasses 
associated with it. On the hillsides where little blue- 
stem was dominant, big bluestem, due to a somewhat 
deeper root system, was able to survive with little loss 
several years after little bluestem died. But during 
the later years of drought it was reduced in area 
occupied to only one fourth of its predrought abun- 
dance. On the lower slopes and in ravines where big 
bluestem was dominant, the total cover of grass was 
not significantly decreased but merely changed in 
composition. It was here that large areas of nearly 
pure big bluestem, so common before the drought, 
were almost entirely replaced by other species such 
as western wheat grass, dropseed (Sporobolu asper 
var. hookeri), side-oats grama (Bouteloua curtipen- 
dula), and even by buffalo grass and blue grama 
grass. Thus, at the end of the drought its abundance 
was often only about one fifth of the normal. 

BOUTELOUA CURTIPENDULA 

Side-oats grama had a wide predrought distribu- 
tion in the mixed prairie. It was a chief associate of 
big bluestem in the postclimax type of grassland 
where it was a dominant species. Its bunches were 
also scattered widely throughout the little bluestem 
type on the hillsides, and it was one of the four im- 
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FIG. 26. Dense stand of side-oats grania which has 
largely replaced little bluestem on the hillsides. Hays, 
Kan., Sept. 8, 1939. 

portant mid-grasses that extended into the short-grass 
type more or less throughout western Kansas, eastern 
Colorado, and adjacent areas. But by the end of 
the drought even this xeric species was enormously 
reduced in numbers and over a wide territory it en- 
tirely disappeared from among the short grasses. 
Conversely, it made steady gains in the little blue- 
stem type and was the chief invader of the soil left 
bare by the death of little bluestem (Fig. 26). An 
increase in amount of two- or threefold was usual. 
Likewise, in the ravines and on lower slopes it fre- 
quently replaced big bluestem. 

ARISTIDA PURPUREA AND A. LONGISETA 

The wire grasses were most abundant and most 
permanently entrenched along hillsides in the little 
bluestem type. They also extended widely and often 
abundantly over the short-grass disclimax. The pat- 
tern was variable according to type of soil and degree 
of disturbance. On the heavier silt-loams or very 
fine sandy loams these low bunch grasses were few, 
but they increased with coarser sand content of soil, 
and were often of great abundance in subseres (Fig. 
27). Upon the advent of the drought, these shallowly 
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FIG. 27. Bunches of wire grass (Aristida purpurea) 
in short-grass sod near Colorado Springs, Colo., preced- 
ing the dry cycle of 1933-41. 
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rooted grasses were among the first to show the effects 
of decreased water content. By 1935 only their dead 
crowns could be found in the short-grass type. Even 
on the hillsides they suffered a high rate of mortality 
and persisted only in places that were protected by 
some form of vegetation or as a result of irregular 
topography. 

BOUTELOUA GMaCILIS 

Blue grama with its codominant, buffalo grass, con- 
stituted fully four fifths of the entire vegetation in 
the short-grass type. This predrought turf, with 
small openings scattered throughout, has received so 
much abuse from edaphic and atmospheric drought, 
dust, overgrazing by domesticated animals, jack 
rabbits, and grasshoppers, that it is now composed 
of nearly isolated remnants of sod in a wilderness of 
bared soil. Yet the present vegetation, sorely de- 
pleted as it is, consists almost entirely of these same 
two short grasses. Thus, during the stress of drought 
most of the blue grama was killed, but that which 
remained grew in small tufts or bunches a few inches 
to many feet apart (Fig. 25). In places where run- 
off was great, large tracts of many square rods were 
completely denuded of this grass and all other vege- 
tation. Other vast areas were bared or almost de- 
nuded by a covering of dust. In contrast to these 
losses which ranged from 50 to 100 percent, gains 
were made by blue grama spreading on hillsides and 
into upper ravines where certain mid-grasses had 
succumbed. In fact, most lowlands were also occu- 
pied by this grass. 

BUCHLOE DACTYLOIDES 

Buffalo grass often shared the soil more or less 
equally with blue grama before the great drought. 
In many places this stoloniferous grass entirely dis- 
appeared from the mixture during the early years of 
desiccation, and in practically no location was it 
damaged only lightly. During the short periods with 
moist soil, the stolons developed rapidly where this 
grass remained, often an inch per day, but usually 
the new growth was killed by succeeding dry periods. 
The gains and losses of buffalo grass during this 
period of adversity fluctuated to a much greater 
extent than did those of blue grama. The soil in 
the shortgrass type, bared as a consequence of 
drought, was usually repopulated with weedy species 
such as little barley (Hordeum pusillum), pepper- 
grass (Lepidium densiflorum), sticktight (Lappula 
heterosperma), Russian thistle (Salsola pestifer), 
lamb's quarters (Chenopodium album), and many 
others. These weeds were often detrimental to the 
recovery of buffalo grass because of their shade 
and also because of their rapid absorption of water 
(Fig. 28). By the end of the drought, despite rapid 
and repeated local recovery, buffalo grass had lost 
much more than the more stable blue grama. Of the 
present (1940) cover of short grasses throughout this 
arid western region, buffalo grass constitutes probably 
not more than one half as much as does blue grama. 

Variations in the cover of short grass with the 

drier and less dry years have been fully presented 
by Albertson and Weaver (1942), and also in con- 
nection with an extensive survey of hundreds of 
square miles of western range (Weaver and Albert- 
son 1939). The most reduced cover in the short- 
grass type occurred in 1936 (5 and 2.5 percent in 
moderately grazed and overgrazed ranges, respec- 
tively) and in 1939 in protected ranges, where it was 
reduced to 22 percent. There was some increase, due 
largely to the spread of buffalo grass, until 1940 
when there was again a sharp decrease. This wvas 
followed by rapid gains in 1941 when the good rains 
came. 

FIG. 28. Detail of dense growth of little barley 
(Hordeum pusillum) at Phillipsburg, Kan., on July 18, 
1941. The grass, which has seeded, overtops scattered 
mats of buffalo grass and blue grama. 

PANICUM VIRGATUM 

Tall panic grass was most commonly found grow- 
ing in the big bluestem habitat in clumps from one 
to several feet in diameter. It occurred less fre- 
quently in smaller bunches among other grasses in 
the little bluestem type on the hillsides. This deeply 
rooted grass suffered comparatively small losses. Dur- 
ing the less severe years of drought the flower heads 
were borne close to the ground but during the driest 
ones none developed. 

AGROPYRON SMITHII 

Western wheat grass was widely distributed 
throughout the mixed prairie in 1932. It occurred 
in greatest abundance in the deepest soil on the 
ecotone between the short-grass and little bluestem 
types. It also comprised a considerable portion of 
the vegetation on the lower slopes. By 1940, it had 
frequently taken complete possession of large areas 
on the hillsides where the soil was deep enough for 
it to gain a foothold. Even on the lowlands where 
big bluestem was usually dominant, it formed an im- 
portant part of the vegetation (Fig. 29). It is also 
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FIG. 29. Increase of western weheat grass (light color) 
over lower slopes and in ravines at Hays, Kan., as it 
appeared in the spring of 1939. 

found in buffalo wallows scattered throughout the 
short-grass habitat, but here the living rhizomes re- 
mained dormant during several years with little or no 
growth above ground. 

OTHER PERENNIAL GRASSES 

Sand dropseed (Sporobolus cryptandrus) is per- 
haps the most widely spread and important of the 
minor grasses. Under normal conditions of precipita- 
tion it was usually restricted to sandy soil, but with 
the destruction of climax vegetation by drought and 
the appearance of bare areas, this species spread 
rapidly on hard lands. It is not uncommonly a local 
dominant (Fig. 30). 

FIG. 30. Russian thistles (dark clumps) and sand 
dropseed (light) in a range near Marienthal, Kan., at 
the close of the drought. 

Squirreltail (Sitanion hystrix) was widely distrib- 
uted but found most abundantly where the cover of 
short grasses was more or less interrupted as along 
transitional areas into mid-grass types. Its root 
system is shallow and it perished in the early years 
of drought. By 1940 it was rarely seen. 

June grass (Koeleria cristata) occupied a posi- 
tion very similar to that of squirreltail and suffered 
the same fate. In fact, none could be found at the 
close of the drought period. Carex praegracilis, fre- 

quently found in small openings in the short-grass 
cover, has likewise disappeared. 

The occurence of hairy grama (Bouteloua hirsuta) 
and hairy dropseed (Sporobolus pilosus) is rather 
definitely limited, in western Kansas, to abrupt slopes 
in the little bluestem type where rocks outcropped. 
Both species maintained their abundance or gained 
slightly and are now the most important grasses in 
their restricted habitats. 

Indian grass (Sorghastrum nutans) and wild rye 
grasses (Elymus canadensis and E. virginicus) were 
usually limited to local areas in the big bluestem habi- 
tat. Occasionally, however, small clumps were found 
ranging well up the hillsides. In these more xeric 
locations they succumbed and they have not increased 
even on the lowlands. 

Dropseed (Sporobolus asper var. hooked) was 
limited to small, local patches on the lower hillsides 
and upper ravines previous to the drought. With 
decrease in big bluestem, however, it made rapid 
gains and now has full possession of many rather 
large areas on lowlands. Plains muhly (Muhlenbergia 
ctuspidata) is of little importance. It is usually 
limited to sandy knolls or rocky outcrops. 

Tumblegrass (Schedonnardus paniculat us) and 
windmill grass (Chlorie verticillata) were commonly 
found in disturbed places where they sometimes 
formed the major part of the cover. Both, however, 
were unable to survive the drought and were early 
replaced by sand dropseed. They are now found only 
occasionally in the short-grass type where the cover 
has been materially reduced by drought and accumula- 
tions of dust. 

ANNUAL GRASSES 

Before the dry years the only annual grasses of 
much importance in the mixed prairie and short- 
grass disclimax were little barley (Hordeum pusillum) 
and six-weeks fescue (Festuca octoflora). Even little 
barley was not abundant. As the soil became bared 
of vegetation, however, it increased greatly and often 
produced a crop of forage of one to two tons per acre 
(Fig. 28). Six-weeks fescue, on the other hand, 
suffered a high rate of mortality and at the close of 
the drought was seen infrequently. 

Other weedy annual grasses that invaded open 
places were downy brome (Bromus tectorum), chess 
(B. secalinus), B. japonicus, witch grass (Panicum 
capillare), and ill-scented love grass (Eragrostis 
cilianensis). Under most adverse conditions, where 
the native cover was almost entirely destroyed, these 
grasses produced a new but often patchy cover 
annually (Fig. 31). 

STUDIES ON THE COMPOSITION OF PLANT COVER 

The amount and composition of basal cover were 
ascertained at the end of the drought. Data are from 
more than 100 permanent meter quadrats at Hays, 
Kansas, and territory extending 200 miles southwest- 
ward. They were located not only in the short-grass 
type but also in both big bluestem and little bluestem 
habitats and in the transition between the latter and 
the short grasses (Table 2). 
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FIG. 31. Downy bromegrass (light) alternating with 
patches of western wheat grass (dark) on June 25, 
1941. Scattered, relic native grasses are completely 
hidden by the bromegrass. 

TABLE 2. Percentage composition of the basal cover 
of various species of four chief communities of mixed 
prairie vegetation before and after the great drought. 

Short- Little Big 
grass Ecotone bluestem bluestem 
type type type 

Species_____ _ ___ 

1932 1940 1932 1940 1932 1940 1932 1940 

Bouteoua grcilis .......... 48.5 59.0 43.066.0 8.0 31.0 3.0 12.0 
Buchloc dacyloides ......... 47.535.042.030.0 0.5 6.0 2.0200. 
Arisida purpurea and A. 

longisea...............1.5 0.0 1.0 0.0 2.0 1.0 .... .... 
Sporobolus cryptandrus . ... 0.03.5 .... .... 7.0 7.0 .... .... 
Sitanion hyi .r........ . 0.5 0.0 1.0 0.5. 

Schdonnardus panicuah.u 0.0 1.0. 
Andropogen coparius .... . 1.0 0.0 5.0 0.045.0 1.0 1.0 0.0 
Bouteloua curtipendula .. . ....5.0 1.017.042.0 5.015.0 
Andropogon furcatus . . .. . ... 1.5 0.017.0 4.0 76.0 15.0 
Sporobolus piloas . . G..0. 1.0 1.0 2.0 .... .... 
Bouteloua hiruae. 2.0C5O ... .... 
Panicum irgatum. . . . . . . . . 2.0 2.0 
Agropyron smithii . . 4.0 20.0 
Sorghautrum nutan. .. . . . .... . 2 0. O. 
Elymus wirqinicus .e. . .. . . . . . . 2.0 1.0 
Sporobolus apjr var. 

hookeri.. 2.0 13.0 

Total. 99.0198.598-61988.54 .5199.0 99.0198.0 

In the short-grass type, Bouteloua gracilis consti- 
tuted 48.5 percent of the total vegetation (that is, 
the 90 percent of short-grass cover) in 1932. In 1940, 
it composed 59 percent of the greatly reduced plant 
cover (that is, about 20 per cent of the predrought 
amount). The cause for the increase in relative 
abundance-not total amount-of Bouteloua gracilis 
was a decrease in the abundance of Buchloe dacty- 
loides. Conversely, buffalo grass composed 47.5 per- 
cent of the original cover but only 35 percent of the 
greatly reduced one at the end of the drought. The 
species of Aristida, Sitanion hystrix, and Andropogon 
scoparius had disappeared completely. Sporobolus 
cryptandrus and Schedonnardus paniculatus, al- 
though never important in this type, were found 
only at the close of the drought. 

When the drought ended, about 1940, the highly 
drought-resistant blue grama composed approximately 
two thirds of the vegetation in the short-grass type. 
Buffalo grass alone constituted approximately one 
third; other grasses and forbs were very sparsely 
represented. But this relationship changed quickly 
owing to the rapid vegetative spread of buffalo grass. 
This is well illustrated by another group of 25 short- 
grass quadrats at Hays, Kansas. In 1939, the basal 
cover provided by grama grass and buffalo grass was 
11.6 and 10.5 percent, respectively. The next year 
the percentages were 10.8 and 8.1. But in 1941 
buffalo grass had gained greatly, the percentages of 
cover in the same sequence being 15.7 and 36. 

In the ecotone, the behavior of Bouteloua gracils 
and Bitchloe dactyloides was similar to that in the 
short-grass type. Blue grama increased in percentage 
from 43 to 66; a decrease from 42 to 30 was ascer- 
tained for buffalo grass. Five mid- and tall grasses, 
found in amounts of 5 percent or less, suffered losses 
(Table 2). 

In the Andropogon scoparius type, the dominant 
decreased from 45 to 1 percent. Species of Aristida 
and Andropogon furcatus suffered losses, the blue- 
stem decreasing from 17 to 4 percent. The more 
xeric species increased. Boutelotta gracilis increased 
from 8 percent to 31, B. curtipendula from 17 to 
42 percent, but Buchloe dactyloides from only 0.5 
percent to 6 (Table 2). 

In the Andropogon furcatus type, the dominant 
decreased from 76 percent to 15, and A. scoparius 
from 1 percent to 0. Sorghastrum nutans and 
Elymus virginicus occurred in small amounts but both 
decreased; the 2 percent of Panicum virgatum re- 
mained unchanged. All other species increased, 
Bouteloua curtipendula threefold, Agropyron smithii 
from 4 to 20 percent, and Sporobolus asper var. 
hooked from 2 to 13 percent. Even the short 
grasses now received enough light to spread among 
the greatly thinned and dwarfed taller species. 
Bouteloita gracilis increased from 3 to 12 percent but 
Bctchloe dactyloides from 2 to 20. 

Considering the whole portion of the mixed 
prairie and its short-grass disclimax that were 
studied, the grasses may be divided into three groups. 
Species in each group are arranged as nearly as 
possible in order of decreasing importance. This 
1940 distribution of grasses, including certain weedy 
species of the subsere, is as follows: 

Short-grass Type 

Species of Major Abundance 
Boutelona gracilis Buchloe dactyloides 

Species of Intermediate Abundance 
Bouteloua curtipendula Agropyron smithii 
Sporobolus cryptandrus 

Species of Minor Abundance 
Aristida spp. Chloris verticillata 
Schedonnardus paniculatus Sitanion hystrix 

Muhlenbergia cuspidata 
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Other Types 

Species of Major Abundance 
Bouteloua curtipendula Andropogon furcatus 
Agropyron smithii Sporobolas asper var. 
Bouteloua gracilis hook ei 
Buchloe dactyloides 

Species of Intermediate Abundance 
Panicum virgatum Bouteloua hirsuta 
Sporobolus cryptandrus Sporobolus pilosus 

Species of Minor Abundance 
Andropogon scoparius Sitanion hystrix. 
Aristida spp. Schedonnardus paniculatus 
Sorghastrum nutans Muhienbergia cuspidata 
Elymus canadensis Koeleria cristata 
Elymus virginicus 

RESURVEY OF FORBS 

Forbs constitute an important part of prairie vege- 
tation. They furnish the seasonal aspects and con- 
tribute largely to the layering in grassland both above 
and below ground. Nearly all of the legumes are 
valuable as forage and they contribute considerable 
amounts to the total yield. The lead plant (Amorpha 
canescens) alone supplied 200 pounds per acre of 
air-dry forage from a prairie in western Iowa when 
the vegetation was clipped near the soil surface four 
times during the growing season (Fig. 32). The 
list of native forbs that are regularly eaten by stock 
and hence decrease under close grazing is a long 
one; the list of those that are grazed but little and 
increase in pasture is much shorter (Weaver and 
Hansen 1941). Undoubtedly forbs provide a valu- 
able variety in the diet of livestock. Native forbs, in 
conjunction with various kinds of grasses, have long 
been employed as indicators of the degree of severity 

FIa. 32. A thick stand of prairie shoestring or lead 
plant in ungrazed prairie near Guthrie Center, Ia., on 
June 14, 1937. 

of grazing. When supplemented by a knowledge of 
the presence of invading species and conditions of 
the surface soil, they afford a reliable index of the 
degree of degeneration from prairie and of the pro- 
ductivity of range land. On these bases, midwestern 
native pastures have been classified into four distinct 
stages of deterioration. 

Forbs have long been used as indicators of meso- 
phytism in types of grassland, since most of them 
thrive on the water supply that is available in ex- 
cess of the needs of the grasses. More than half of 
the upland, true-prairie forbs are rooted at greater 
depths than 5 to 6 feet and thus beyond the depths 
of usual root penetration of upland grasses. In mixed 
prairie, although still abundant, they were always 
fewer. Here, too, soil moisture is less plentiful and 
deep soils constantly dry. Small wonder that, with 
the oncoming of several years of greatly reduced 
precipitation and severe atmospheric drought, the 
toll of forbs was great and losses especially pro- 
nounced in the mixed prairie and short-grass plains 
disclimax. 

The losses of forbs have been studied throughout 
the drought. Since many prairies were visited at 
regular intervals each year and hundreds of quadrats 
recharted annually, a comprehensive record of the 
actual weakening and death of forbs was obtained. 
These studies show that the decrease in numbers 
was not gradual but sporadic, corresponding with 
severity of drought. Deeply rooted plants such as 
Rosa arkansana, Amorpha canescens, and Kuhnia 
glutinosa have frequently held out against drought 
and competition with western wheat grass until the 
last two or three years. Some still persist. In many 
prairies they are about the only forbs that remain 
except drought-evading species which grow only in 
spring. Quite in contrast, Antennaria campestris, 
Fragaria virginiana, and many other shallowly rooted 
plants were nearly all killed at the first great im- 
pact of the drought in 1934 and have never reap- 
peared, except a few in the most favorable sites. 
Others like Helianthus rigidus and Echinacea pallida 
lingered a second year; plants of most species per- 
sisted a little longer and were continuously depleted 
in numbers with recurring periods of drought. 

By 1940 most species of forbs had decreased great- 
ly, some almost to the point of extinction, as a con- 
sequence of the continued recurrence of dry years. 
This pertains to those that root deeply as well as to 
those of moderate and shallower rooting habits. Loss 
of legumes was especially noticeable. Little loss oc- 
curred in Iowa; it was very heavy in eastern Ne- 
braska and Kansas, and westward very few species 
were found during the later years of the drought. 
Only a few reports of their decreases have been pub- 
lished and these have been in connection with de- 
terioration of the grasses (Weaver, Stoddart, and 
Noll 1935; Weaver and Albertson 1939; Weaver 
1942). 

NATURE AND CAUSES OF LOSSES 

During the first great impact of drought, large 
numbers of forbs succumbed with the grasses. Others 
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suffered midsummer death above ground only. These 
recovered the next year only to undergo severe dry- 
ing in 1936. There is some evidence that certain 
species, persisting on subsoil moisture at depths be- 
low 4 to 5 feet, extended their roots even more 
deeply. But even at the beginning of drought, avail- 
able soil moisture below the solum, although extend- 
ing deeply, was small in amount. Throughout the 
years of drought, precipitation did not augment this 
supply and even deeply rooted plants were forced to 
depend upon water largely from current precipita- 
tion. Thus, as years of severe drought (1934, 1936, 
1937, 1939) alternated with those of more moderate 
soil moisture deficiencies, loss of forbs was progres- 
sive. In 1939 it was stated that "most species of 
forbs . . . have gradually succumbed to the con- 
tinued drought, until they are only one-half to one- 
third of their former abundance" (Weaver and 
Albertson 1939). Since that time there have been 
further marked decreases in a weakened plant popu- 
lation. 

Drought occurred during various periods of the 
year-early spring, late spring, midsummer, and 
late summer. Wilting, drying, and more or less com- 
plete defoliation of tops by grasshoppers were com- 
mon phenomena later in the drought cycle among 
even the most deeply rooted species. Dwarfness in 
stature was characteristic of the more drought-resist- 
ant species which continued to grow slowly, even if 
intermittently. Lack of debris on the soil with little 
or no cover of grasses and lack of the usual shade 
accentuated the drought. Failure to complete vegeta- 
tive growth or to blossom or ripen seed was usual. 
Seasonal aspects, if any, were poorly marked, com- 
pared with the former wealth of flowers. This re- 
sulted finally in a dearth of viable seed which, in con- 
junction with a general environment unfavorable to 
seedling establishment, resulted in few seedlings. 
Seedlings were not found except rarely in the hun- 
dreds of permanent quadrats that have been carefully 
examined year by year (Weaver and Hansen 1941a; 
Albertson and Weaver 1942). Thus little or no re- 
placement of the forb population occurred over a 
period of 6 or 7 years. 

Development of only a few stems from crowns of 
perennial species that normally supported many re- 
vealed at once the severe environment and the weak- 
ened condition of the vegetation. Often the forbs 
were robbed of the meager water supply in spring 
by the growth of a host of annual grasses, some of 
which were native, as Festuca octoflora, but mostly 
ruderals such as various species of bromegrass and 
little barley. Although weedy forbs are still plenti- 
ful in mixed prairie, eastward the scourge of pepper- 
grass (Lepidiurn densiflorum), horseweed (Leptilon 
canadense), and, more locally, goat's beard (Trago- 
pogon pratensis), so common until 1938, has vanished. 

In many prairies, especially westward, death by 
mechanical injury from blowing dust overtook above- 
ground parts, or both forbs and grasses were 
smothered under a blanket of dust a few to many 
inches thick. Where denudation eastward resulted 

from extreme drought and only deeply rooted forbs 
survived, these sometimes died because of invasion of 
needle grass and more regularly by a similar invasion 
of western wheat grass. 

During the last 3 years many drought-bared areas 
had been reclaimed by needle grass. The rather small, 
uniform bunches so completely utilized all available 
water in their early growth that all relic forbs had 
been killed and rarely was any plant to be found 
other than the grass. An exception was the drought- 
resistant, many-flowered aster (Aster multiftlorus). 
The grass in repopulating the area revealed complete 
dominance on hillsides where a few years before a 
wealth of forbs was growing as lower, middle, and 
upper layers with little bluestem. Side-oats grama 
and blue grama often occurred in similar, relatively 
new stands without accompanying forbs. The very 
detrimental role of the dense sod of wheat grass has 
been illustrated elsewhere. 

A few species of native forbs profited by the death 
of their competitors. Chief among these were Aster 
multiflorus, Solidago glaberrimta, Erigeron ramosuts, 
and the annuals, Specularita perfoliata, and Silene 
antirrhina. Increase of the annuals was marked dur- 
ing the first years of drought only and Erigeron has 
fluctuated greatly from year to year. The two peren- 
nials, both propagating by means of rhizomes, al- 
though not so abundant at the end of the drought as 
in 1937, still occur in true prairie in numbers greatly 
exceeding the predrought normal. 

Another group of species, practically all with root- 
stalks or other storage organs, has increased, some to 
a remarkably great extent. 

COMPARATIVE NUMBER OF LONG-LIVED SPECIES 

Complete lists of the species of native forbs found 
at each of three groups of prairie stations were made 
during the years 1930-1932 and thus before the 
drought (Weaver and Fitzpatrick 1934). Oakland 
and Glenwood, Iowa, were not included, hence data 
from two other typical southwestern Iowa prairies 
were used. Similar lists were made in 1938 and again 
in 1940. These lists, with the annual forbs omitted, 
provide a basis for comparing the destructive effect 
of the drought. They tell nothing, however, of the 
abundance of species, but merely the kinds that oc- 
curred, even if represented by a single relic plant 
(Table 3). 

TABLE 3. Number of species of long-lived native forbs 
found at the several stations in true prairie before, 
during, and at the end of the drought. 

Stations I Stations Stations M M 

Corning ....... 82 80 Lincoln ..... 52l4441 Carleton.. .. 3352219 

Guthrie Center. 88 .. 871 Hebron.. 4941,35 Clay Center . 353224 

Anita. .. 84 80; Belleville. . 48 31 463 Montrose.. .. 44 23 21 

Average .... 85 821 503941 38|26 21 

3 This prairie was severely damaged early in the drought 
but maintained one excellent large area of bluestems and ac- 
companying forbs. 
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Although the prairies varied somewhat in size, 
at least one in each group contained 80 or more 
acres, and the smallest one (Clay Center) possessed 
as many species as the others in its group. Average 
mean annual precipitation decreased from 32.4 inches 
in Iowa to 25.9 inches at the Carleton group of sta- 
tions. Accompanying this reduction in precipitation 
was a decrease of 55 percent in average number of 
long-lived forbs. The percentage decrease at the 
Lincoln group of stations with an average precipita- 
tion of 27.1 inches was 41. These are the predrought 
figures. Losses during drought were progressive, ex- 
cept at Belleville. In 1940, only half as many 
species occurred at the Lincoln group as in Iowa, 
and at the stations where forbs were overrun by 
western wheat grass, only about one fourth of the 
number occurring in Iowa was found. 

RELATIVE SIZE BEFORE AND DURING DROUGHT 

The same species of forb decreased considerably in 
stature even before the drought as its habitat became 
drier westward. The native bluestem grasses also have 
been shown to be dwarfed in a similar manner. For 
example, on August 29, 1929, height of little bluestem 
in a series of prairies in Iowa varied from 16 to 
26 inches. It was 10 to 11 inches less in a similar 
group of grasslands near Lincoln. On July 17 to 19, 
1931, big bluestem at a group of western Iowa sta- 
tions varied from 18 to 40 inches in average height, 
but a week later in prairies southwest of Lincoln 
the height was only 15 to 18 inches. Stature of forbs 
varied somewhat in proportion to the grasses. 

During and near the end of the dry years, differ- 
ences in stature were greatly increased, since drought 
was either absent or not severe in the Iowa prairies. 
Hundreds of measurements have been made but only 
a few will be used to illustrate a general condition. 

Kidinia glhtinosa was 30 to 42 inches tall in Iowa, 
12 to 14 inches at the Lincoln stations, but only 4 
to 10 in the wheat grass group (Fig. 33). Similar 
data for Rosa arkansana are 24 to 36, 14 to 22, and 
5 to 7 inches, respectively. Those for Amorpha 
caneacens are 19, 7, and 5 inches. At the Iowa 
stations a tall layer of forbs was always conspicuous 
above the bluestem grasses (Figs. 34, 35, and 36). 
Helianth u rigidit, for example, was 40 to 60 inches 
tall with 4 to 6 flower heads per stalk. The few 
relics at Lincoln were only 12 to 18 inches high 
and had a single, small, terminal flower. At some 
bluestem stations Amorpha canescens was sometimes 
the sole species visible above the dwarfed and dried 
bluestems. A stand of western wheat grass even 14 
inches tall obscured the presence of all the widely 
spaced, dwarfed forbs. 

DECREASE IN NUMBERS 

The relative abundance and ecological importance 
of each species of forb were studied and closely 
estimated. The various species in a prairie were 
placed in one of each of five classes or ranks, rang- 
ing from the chief society formers to plants of in- 
frequent or rare occurrence. The relative ranking 
was determined only after carefully studying the 
abundance, size, duration, density, gregariousness, 
and basal and foliage cover of each species (cf. 
Weaver and Fitzpatrick, The Prairie). The rankings 
in decreasing importance are from 1 to 5. Since these 
lists were made before the drought, again in 1938, 
and near the end of the drought, changes resulting 
from desiccation are clearly revealed. Changes of 
importance in 34 species are shown for 6 stations in 
Table 4; the Iowa stations are not included since little 
change occurred there. 

Fio. 33. False prairie boneset (Kuhnia glutinosa) from prairie at Oakland, Ia., and a plant of the same 
species from Hays, Kan. The first, with 39 stems, is about 42 inches tall; the drought-stricken plant, with stems 
reduced to 5, is only 13 inches high. 



January, 1948 RESURVEY AT END OF THE GREAT DROUGHT 85 

Examination of table 4 shows that Oxalis violacea 
alone increased at all stations. Eleven species (de- 
signated by a superior 1) remained about the same. 
Nineteen species (superior 2) decreased considerably 
or at least at 5 of the 6 stations. Aster multiflortus 
(including A. batesii) decreased at all but two sta- 
tions. Two others (superior 3) entirely disappeared. 
Losses were greatest in the wheat grass prairies (last 
3 stations with 32 species) where only 5 species 
(Amorpha, Kuhnia, Liatris punctata, Vernonia, and 
Cirsium) changed but little, 13 disappeared entirely, 
and 13 decreased or disappeared at some stations. 
One, Oxalis violacea, increased. 

I V 

-I~~ . 

FIG. 34. Forbs in upland prairie at Oakland, Ia., on 
August 5. The tick-trefoil (Meibomia illinoensis) is 
about 5 feet high and the blazing star (Liatri8 scari- 
osa) 44 inches. 

ABuNDANCE IN 1940 

The species of native, long-lived forbs found at 
the end of the drought at the several prairie stations 
are given with their ratings in Table 5. The first 
section includes 59 species found at the Iowa stations 
only. They did not occur at any of the other 6 
stations in true prairie. All but 6 species ranked as 
rare (5), infrequent (4), or common (3). Coreopsis 
palmata, Corylus americana, Euphorbia coroUata, 
and Liatnis pychnostachya alone ranked as societies 

FIG. 35. Three characteristic forbs of western Iowa 
which on August 5 extended far above the 20-inch grass 
level and attained heights of 45 to 50 inches. From 
right to left are Leapedeza caintata, Vernonia baldwini, 
and Lepachy. pinnata. 

of the first class (1). Corylus americana and Salix 
hnimilis are shrubs, but under annual mowing their 
growth simulates that of coarse forbs. In general, 
this list represents a group of the more mesic prairie 
forbs. 

The second section includes a group of 36 species, 
mostly of more xeric habit, which were found in Iowa 
or Nebraska-Kansas bluestem prairies only. Here the 

FIG. 36. Portion of a society of Helianthue rigidu8 
on level upland in western Iowa on August 5. The 
plants are over 4 feet high. Bluestems at their base 
have been removed. 
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TABLE 4. Most important forbs occurring at least at three of the several Nebraska-Kanisas stations. Species 
are arranged after the lists of Weaver and Fitzpatrick in order of their general ecological importance in prairie. 
The rating for each species in each prairie is given for 1931, 1938, and 1940. 

Belleville Crete Valparaiso Carleton Clay Center Montrcae 
Species 

1931 1938 1940 1931 1938 1940 1931 1938 1940 1931 1938 1940 1931 1938 1940 1931 193811940 

Amorpha canescens 1 .......... 1 2 1 1 1 3 1 1 1 2 1 1 1 1 1 1 2 2 
Helianthus rigidus 2 .......... 5 0 5 1 4 4 1 3 5 
Aster multiflorus ............. 1 4 3 1 1 1 2 1 1 1 3 5 1 3 5 1 2 4 
Antennaria campestris 2 ..... . 1 5 5 1 4 5 1 3 5 4 0 0 2 0 0 3 0 0 
Erigeron ramosus 2 ........... 1 4 4 1 2 3 1 3 1 1 0 4 1 5 3 5 5 4 
Solidago glaberrima 2......... 5 5 0 1 1 2 1 3 4 4 4 4 2 3 5 4 5 5 
Psoralea argophylla2 ......... 3 0 0 3 4 5 1 5 5 3 3 4 1 3 5 1 5 4 
Petalostemon candidus 2 ....... 4 5 4 3 5 5 1 4 5 4 5 5 
Petalostemon purpureus 2 ...... 4 5 3 3 5 5 1 4 5 4 5 5 
Solidago rigida 2.............. 5 5 5 3 5 0 3 5 0 4 5 0 1 0 0 5 0 0 
Astragalus crassicarpus 2 ...... 5 0 5 4 5 4 4 4 5 4 0 0 3 5 5 5 0 0 
Liatris scarwosa2 5 0 5 3 5 5 5 0 0 
Rosa arkansana2 ........... 3 3 4 2 3 4 5 5 4 4 1 2 4 3 3 
Kuhnia glutinosa 1 ........... 3 4 5 5 5 0 4 3 3 5 3 3 3 5 5 4 3 2 
Psoralea floribunda1 1 1 1 5 5 5 5 0 0 
Sisyrinchium angustifoliumK3 . . 0 O 4 0 0 4 0 0 2 0 0 
Liatris punctata 1 ........... 2 2 3 5 3 4 3 5 5 4 5 5 4 4 3 3 
Meibomia illinoensis 2. ...... . 5 5 0 4 4 5 5 0 5 
Artemisia gnaphalodes2 ....... 1 4 4 4 4 4 3 4 4 4 5 0 1 3 4 4 4 0 
Solidago rigidiuscula 3........ 2 0 0 5 0 0 3 0 0 4 0 0 1 0 0 
Achillea occidentalis 2 ......... 4 0 4 5 5 5 4 0 0 4 0 0 5 0 0 
Senecio plattensis 2 ........... 5 0 5 5 2 5 5 4 0 2 0 0 2 0 0 
Lepachys columnifera 2 4 5 0 0 4 0 0 5 5 0 4 0 0 
Callirhoe alcaeoides I ......... 5 4 5 1 4 5 4 4 5 4 4 4 
Physalis lanceolata2 .......... 4 0 0 4 5 5 4 0 0 5 5 0 5 5 0 5 0 0 
Lithospermum linearifolium 1. . 5 5 5 5 5 4 5 5 5 0 5 5 0 
Hieracium longipilum 2 ....... 5 0 0 5 5 5 4 0 0 
Delphinium virescens 1 5 5 4 5 5 5 0 0 5 4 0 
Meriolix serrulata 1 .......... 4 5 3 4 5 5 5 5 5 5 5 5 5 0 0 
Gentiana puberula 1 S S S S 5 5 0 0 
Glycyrrhiza lepidota 2.......... 4 5 5 4 4 5 3 5 5 4 0 0 
Vernonia baldwini 1........... 4 4 5 4 4 5 3 5 4 5 5 5 5 5 4 5 4 
Cirsium undulatum 1 ......... 4 5 5 5 5 0 0 4 4 4 4 0 4 
Oxalis violacea .2 4 2 3 5 4 3 2 1 3 4 5 1 

ranking is variable, but the occurrence is predomi- 
nantly infrequent (4) or rare (5). 

A final list of 36 xeric species was found at the 
western wheat grass prairies or (Psoralea floribunda 
and Tradescantia bracteata) at the Nebraska little 
bluestem stations only. Fourteen species were found 
only at the two westerly station groups. Four species, 
all very xeric-Allionia linearis, Gaura coccinea, 
Lygodesmia juncea, and Malvastrum coccineum- 
were found at the wheat grass stations only. 

Average number of species at the three station 
groups from east to west was 85, 40, and 21, respec- 
tively. The scarcity of most species is shown by the 
fact that 75 percent of the listings were in classes 
4 or 5 and only 12 percent in classes 1 and 2. 

The forbs at the three mixed-prairie stations and 
twelve others westward are listed in Table 6. This 
group of 17 species includes all the long-lived forbs 
found. Kuhnia glutinosa, Aster multiflorus, and 
Liatris putnctata occurred at all of the grassland 
station groups from Iowa westward. The species 
from Allionia linearis to Solidago mollis inclusive, 
except Psoralea tenuiflora, occurred at some wheat 
grass stations as well as in mixed prairie, but like 
the five remaining species, which except Sideranthus 
were found in mixed prairie only, they are distinctly 

more western in distribution and more xeric than 
some of the preceding. Only 1 or 2 species occurred 
at some stations and never more than 10 to 12 were 
found. 

The lowest ebb of vegetation at these stations was 
reached in spring and early summer of 1940, follow- 
ing the great drought which extended through the 
fall and winter of 1939. The ten most drought-re- 
sistant species (excepting the cacti) are each pre- 
ceded by an asterisk. All could be found in 1938- 
1939 in nearly every range, not abundantly and al- 
ways scattered, especially after some searching. But 
after the drought of 1939, only Malvastrum, Kuhnia, 
Psoralea, and Cirsium could be found after pro- 
longed searching in favored spots; the rest were 
seen rarely. This explains the overwhelming number 
of low ratings (4 and 5) and, except for cacti, the 
rare occurrence of any species in abundance at any 
station. 

The cause of drought resistance of these 10 species 
has not been studied specifically on a physiological 
basis. It may be found to be inherent in the proto- 
plasm. The following observations, however, are 
pertinent. Nearly all of these species are deeply 
rooted and thus may utilize all available water 
throughout the soil to the depth of water infiltration. 
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TABLE 5. Species and rating of f orbs occurring at the 
end of the drought in upland bluestern prairies of Iowa, 
upland bluestem prairies of eastern Nebraska and Kan- 
sas, and in wheat grass prairies in eastern Nebraska and 
north-central Kansas. 

1. SPECIES LISTED IN IOWA. ONLY 

Species Species 

Anemone cylindrica... 4 5 Hieracium scabrum ...5 
Antennaria Houstonia 

plantaginifolia ....5 5 angustifolia. 4 
Apocynum cannabinum. 5 4 Hypoxis hirsute.... 5 
Apocynum sibiricum ..3 5 Lepachys pinnata. .. 5 4 
Asclepias pumila. ..---5 .. Leptandra virginica. 4 4 
Asclepias sullivantii. .... 5 Liatris pychnostachya.. 2 1 
Asclepias verticillata.. 4 4 Liatris squarrosa ....4 2 
Aster laevis. ... ..-.-5 5 Lithospermum gmelini. 4 5 
Aster sagittifolius. -----3 3 Meibomia canadensis. 5 5 
Aster sericeus ......4 5 Onosmodium 
Astragalus carolinianus. S his~ilissimum. S5 
Baptisia leucantha. .. 4 5 Pedicularis canadensis. 4 4 
Chamaecrista Phlox pilosa. ... .. 4 4 

fasciculata. 4 5 Physalis heterophyllae S S 
Comandra umbellata .. 2 4 Physalis virginiana... S 
Coreopsis palmata ....1 1 Pot entilla 
Corylus americana 1 . monspeliensis...... S 
Drymocallis Prunella vulgaris .... S 

agrimonioides.....4 3 Pycnanthemum 
Equisetum arvense. S5 S flexuosum...4 4 
Eryngium Salix humilis .....4 4 

Yuccifolium . 3 3 Senecio aureus......4 4 
Eupatorium Sieversia ciliate.. . S . 

perfoliatum . ...... Silphium laciniatum.. 4 3 
Euphorbia corollata .. 1 1 Solidago canadensis. . .4 4 
Euthamia graminifolia 5 4 Solidago rigidiuscula. . 3 
Fragaria virginiana. S S Steironema ciliatum. S S 
Galium tinctorium.S... S Tradescantia 
Gaura parviflora...... S occidentalis'.. S 
Geum album . ...... Vernonia fasciculata..... 4 
Habenaria leucophaea S . Viola papilionacea. 4 4 
Helianthus Viola pedata. .. . 3 

grosseserratus.....4 4 Viola pedatiflda.....4 5 
Heuchera americana. 4 3 Zizia aurea. .. .. ..5 3 

2. SPECIES LISTED IN BLUESTEM PRAIRIES ONLY 

0 

Species 4 4 

a, 0 75 C 

Achillea occidentalis. . 5 2 5 4 
Allium nuttallii. 4 
Antennaria, campestris. 3 j 5 5 5 
Apocynumandrosaemifolium. . . . 
Asclepias amplexicaulis. . . . . .S . . 
Asclepias tuberosa......5 4 S 
Aster oblongifolius. .S 
Baptisia leucophaea. 4 
Blephariglottis leucophaea. . . . 2 
Ceanothus pubescens.1... 1 55 
Cogswellia daucifolia. . . S 
Cogswellia orientalis 4... 
Echinacea pallida ... .... 
Equisetum laevigatum ....4 5 5 5 . . . 
Erythronium mesochoreum . . . 4 
Gentiana puberula .....5 4 5 5 
Glycyrrhiza lepidota. 4 5 5 5 5 
Hieracium longipilum. 2 3 S 
Helianthus maximiliani S. . . S5 
Helianthus rigidus. . 1 2 5 4 5 
Heliopsis scabra. ... 4 4 3 
Lepachys columnifera. ... 4 34 
Lespedeza capitata.S. S 5 
Liatris scariosa. 3 3 5 5 . . . 
Meibomia illinoensis ....4 5 5 5 . . . 
Mesadenia tuberosa ..... S S 
Nabalus asper. . . ..S. . 
Onagra biennis. . .5 
Opuntia humifusa .....3 
Petalostemon purpureus. .. 4 5 5 4 
Physdlis lanceolata ..... . . 5 . . . . 
Rhus rydbergii.. .. .. 4 3 3 4 
Silphium integrifolium....2 3 5 

In . ~~~~3 4 
Solidago altissima..4 o 4 
Solidago rigida. .... 4 4 5 

3. SPECIES FOUND IN WHEAT GRASS PRAIRIES 

I) H) 
a 

Species - 

0I C E a ) Cd 

Acerates angustifolia.... . . .4 5 5 4 
Acerates viridiflora.......4 5 4 5 
Agoseris cuspidata. . . . 4 .. a 
Allionia linearis. . 
A llium mutabile. ......5 5 
Amorpha canescens ...... 1 3 1 1 1 
Anemone caroliniana ....i .. 1 3 2 1 
Artemisia gnaphalodes. . .3 4 4 4 4 
Asclepiodora decumbens... 4 5 
A ster multiflorus. ,..... 4 i 1 1 3 5 5 4 
Astragalus crassicarpus. . 5 5 4 5 . 5 
Callirhoe alcaeoides... . . . .5 5 5 4 
Cirsium undulatum .... . .5 5 .4 4 
Delphi nium virescens. 5 4 5 5 5 
Erigeron ramosus . 4 1 1 3 4 4 3 4 
Gaura coccinea. 5 
Kuhnia glutino~sa . 3 4 3 5 3 5 2 
Liatris punctata.. 3 3 5 4 4 3 
Lithospermum 

linearifolium. . . .4 5 5 5 
Lygodesmia jun cea. . . . 3 
Malvastrum coccineurn.. . . . 3 a 
Meriolix serrulata. . .5 3 5 5 
Oxalis violacea.. 5 5 3 2 2 3 1 
Petalostemon candidus. 4 2 5 5 3 5 
Psoralea argophylla.....4 4 4 5 . 4 5 4 
Psoralea esculenta.... .5 5 .5 5 
Psoralea floribunda......5 1 
Rosa arkansana.3 4 4 4 4 2 .. 3 
Salvia pitcheri. . . 5 5 5 .. 4 
Senecio plattensis . . . 5 5 . 5 
Sideranthus spinulosus. . . . 5 . 

Solidago glaberrima.... 4. 4 2 4 a 0 
Solidago mollis. . . . 5 2 1 
Tradescantia bracteazta. . . 5 5 
Vernonia baldwini. 3 4 5 4 5 54 
Vicia, americana.. . . . 5 5 5 

Total number of species. 87 83 35 41 45 19 24 21 

Most have storage organs consisting of thick roots 
or underground stems which promote early growth 
and rapid recovery during periods with moist soil. 
Most of these species do not have an abundance of 

foliage and with the oncoming of droughbt, the tran- 

spiring surface is greatly reduced by loss of many 

TABLE, 6. Species and ratings of long-lived forbs oc- 
curring in representative ranges of 9 counties in western 
Kansas. Many of these ranges had not been grazed for 
3 or more years, since the cover was so greatly reduced 
by drought or dust. 

Species 0 ~> 

__ ~~~~C 00 rI F HH 

*_Kuhnia glutinosa. . 5 5 5 5 5 .3 3 

Aster multiflorus.. 5.4 4 
*Cirsium undulatum. . 4 5 5 5 . 4 4 5 ...4 4 

Lepachys columnifera.3.5.4 . 5 .. 3 5 4..3 5 5 

*Lygodesmia juncea . ....4. 
Opuntia humifusa .... 3 1. 233 32 2. 3 2. 2. 

*Liatris punctata .. 5 .5 5 .... 
*Allionia linearis.. 5 4 5. 55 5 5 5... 5 5 

*Gaura coccinea......4 4 4. 55 5. 4... .. 4 5 4 

*Malvastrum coccineum. 12 4 53 45 4 3 234 .3 
*Psoralea tenuiflora. 5 5 5 5 35 54 . 4 3 

*Solidago mollis . .. I.------ 
Astragalus mollissimus.5 
Gutierrezia sarothrae ..... .. .. 5 5.. 

Linum compactum. 4 55 5 5 5. 5... 5. 

Opuntia fragilis.5 
*Sideranthus spinulosus ..5 4 5 5 5 4 . . 3 5 . 5 5 
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FIG. 37. Solidago mollia before the great drought 
(left). The several stems of the plant are 18 inches 
high. At the right is the single stemmed drought form 
10 inches tall. Hays, Kan., June 30. 

leaves. Malvastrum coccineum possesses all of these 
characteristics. It begins growth early, loses most 
of its leaves with the advent of drought, and the few 
that remain curl during the dry period. It is the 
most drought-resistant of all. 

The dwarfed condition of these drought-resistant 
survivors was very marked. This can best be appre- 
ciated when the drought form is compared directly 
with plants of normal stature preceding the dry years 
(Figs. 37 to 40). 

AL~~~ 

FIG. 38. Liatria punctata of normal development 
(left) and drought form (right). They are 21 and 11 
inches tall, respectively. Hays, Kan., June 30. 

ABUNDANCE IN SAMPLING An&A8 

The actual abundance of forbs at each of the sev- 
eral stations was ascertained in 1940. This was ac- 
complished by counting the long-lived forbs in circu- 
lar areas 50 feet in diameter. Two circles in each 
prairie were located in typical sites representative of 
the prairie as a whole. Thus, plants on 3,927 square 

feet of soil at each station were carefully examined. 
Since it was impossible to distinguish individual 
plants of many species with branched rhizomes, and 
since drought-stricken plants usually had fewer stems 
than normal ones, the number of stems rather than 
the number of plants was counted. This could be done 
accurately by separating the circle into small sectors 
and examining each individually. 

FIG. 39. Paoralea tenuiflora was perhaps the most 
widely spread legume of mixed prairie before the 
drought (left). Its usual height was about 2 feet. The 
single-stemmed drought form (right), taken on July 
30, 1940, is only 18 inches high. 

Thirty-eight species were listed at the Iowa sta- 
tions only. For convenience, they are placed separ- 
ately in Table 7. Aster sericetus, Coreopsis palmata, 
Epliporbia corollata, Liatris squarrosa, and Senecio 
aureas were especially abundant, the second being 
represented by 11,700 stems at one station. 

The second section adds 18 species found in the 
bluestem prairies only. Species listed in section 3 
are undoubtedly more xeric. In this group, three 
species (Amorpha caneacens, Aster multiflorus, and 
Kulnia glatinosa) occurred in very great numbers, 
but much more sparsely in wheat grass than in blue- 
stem prairies. Number of stems of Amorpha varied 
from an average of 8,497 per station in Iowa to 3,904 
in the bluestem prairies westward, but decreased to 
610 in the wheat grass prairies. Similar numbers for 
Kuhnia are 1,036, 59, and 101. Aster increased in 

FIG. 40. Narrow-leaved four-o 'clock (Allionia line- 
aria) of normal size (left) and drought form (right). 
The one is 26 inches tall, the other 18 inches. 
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the western bluestem group, but practically disap- 
peared in the wheat grass. 

Average total numbers of species and stems at the 
Iowa stations, the Nebraska-Kansas bluestem stations, 
and in the wheat grass prairies were 47 and 27,875; 
1.9 and 7,109; and 11 and 1,083, respectively. Thus 
the number of species at the western bluestem sta- 
tions was reduced 60 percent and the number of stems 
75 percent. Further reduction from the more west- 
erly bluestem prairies to wheat grass prairies 
amounted to 42 percent in species but 85 percent 
in number of stems. 

TABLE 7. Species and number of stems of forbs oc- 
curring in two circles 50 feet in diameter in bluestem 
prairies of Iowa, bluestem prairies of eastern Nebraska 
and Kansas, and in wheat grass prairies in eastern 
Nebraska and north-central Kansas. 

1. SPECIES FOUJND AT IOWA STATIONS ONLY 

Oak- Oak- 
Species Anita land Species Anita land 

Anemone canadensis. 14 .. Liatris squarrosa.... 2,100 17 
Anemone cylindriect. 30 Lithospermum 
Asclepias gmelini. .11 

amplexicaulis..... 9 ..Meibomia 
Aster azureus ....... 121 illinoensis. 15 240 
Aster laevis. ......... 13 655 M esadenia tuberosa. 2 
Aster oblongifolius . . 14 Onosmodium 
Aster sagittifolius ... 12 16 occidentale. 14 41 
Aster sericeus. 177 1,155 Pedicularis 
Ceanothus pubescens. 735 canadensis.. 87. 
Chamaecrista Petalostemon 

fasciculata. 135 purpureus ....... 220 61 
Coreopsis palmata... 11,700 417 Phlox pilosa. 14 17 
Drymocallis Physalis 

agrimonioides. 4 heterophylla.. 14 16 
Equisetum Physalis lanceolata. . 195 9 

laevigatum. 203 14 Physalis longifolia. . 30 
Eryngium Senecio aureus ...... 1,350. 

yuccifolium. 19 . Silphium 
Euphorbia corollata . 3,495 510 laciniatum.. 27 13 
Fragaria virginiana. 57 63 Sisyrinchium 
Gaura parviflora. ... 19 angustifolium and 
Lepachys pinnata. . . 7 S. campestre. 32 15 
Lespedeza capitata .. 29 . 
Liatris 61. 

pychnostachya... . 28 Vtola pedata. 135. 
Liatris scariosa. 316 44 Viola pedatifida .... 641 195 

2. SPECIES FOUND IN BLUESTEM PRAIRIES ONLY 

0~~~~~~~~~~~~~~~~~~~~~~~~~ 

Species c c co 

Acerates floridana.. 15 1 ...... ..... ..... ... ... 
Achillea occidentalis ...... 8 .2 6. ... ... 
Antennaria 

campestris. 540 1,170 . 21 1,076. ... ... 
Artemisia 

gnaphalodes .... 16 25 160. ... ... 
Asclepias latifolia.. 8 ..... ... ... 
Astragalus 

crassicarpus ..... . . .... 7 2 
Baptisia leucophaea. 7 ..... ... ... 
Qirsium undulatun, 14 17 ...... ...... 
Comandra 

umbellata ....... 2,100 88 1 . ..... 1. ... ... 
Echinacea pallida. . 1,575 57 66 13. 
Gentiana puberula . 5 4 7. 
Lepachys 

columnifera. ... 16 . ..... ... ... 
Leptoglottis 

nuttallii. 15. 
Lithospermum 

linearifolium.... 135 90 13 12 3 . 
Meriolix serrulata. . 2 ...... 212. 
Petalostemon 

candidus ........ 260 121 . 3 12. 
Psoralea floribunda ...... ...... 11 31 . .... ... ... 
Senecio plattensis.1. 

3. SPECIES FOUND IN WHEAT GRASS PRAIRIES 

Species 0 ? 

Acerates 
angustifolia. .2 1 24 1 . 1 

Acerates viridtflora. . . 12 .. ... 1 
Allionia linearis .. 3 12 
Amorpha canescens. 5,370 11,625 3,923 6,140 1 ,648 130 446 65 
Aster multiflorus 121 1,815 1,466 4,080 636 2 ... 6 
Callirhoe 

alcaeoides..... .. . 2. 
Erigeron ramosus. 101 la 7 663 V0 206 
Gaura coccineum. . . .... 2 
Helianthus rigidus. 176 00s 4 8 1 ... 
Kuhnia lutinosa . 257 1,813 37 8 13 . . 28 275 
Liatris punctata... 32 13 74 247 380 4... ... 
Lygodesmia juncea. .. . ... 1 
Opuntia humifusa . . . 12 5 1 
Oxalis violacea. . . . . 1 6 
Psoralea argophylla . 1 1 2 
Psoralea escuslenta 30 3 2 49 2 
Rosa arkansana. 219 6.0 1 10 213. 
Solidago 

.,.^.~-. 235 645 . . . 5 
.~~~~~~~~~~~43 453 

P er'eo'n'ta oatIUWifli. 254 2 

Total number of 
stems ...... . 32,721 23,029 3,635 11,233 4,439 1,630 737 862 

Total number of 
species ..... . 48 45 16 17 24 10 10 14 

Forbs at Hays and Dighton, and at 12 other sta- 
tions in western Kansas where originally the vegeta- 
tion was similar, are listed in Table 8. Eighteen 
species include all of the native forbs found (Figs. 
41 and 42). The number of species per station 
ranged from 1 to 14 with an average representation 
of only 5. This occurred despite the fact the circles 
were twice the diameter of those used previously, and 
the area four times as great. The scarcity of forbs 
in both kinds and numbers together with their- ex- 
tremely dwarfed stature is impressive. One marvels, 

TABLE 8. Species and number of stems of forbs oc- 
cu1ring in two circles each 100 feet in diameter at each 
of several stations located in 10 counties in western 
Kansas. Sometimes 2 or 3 different prairies were 
sampled within 15 miles of one town. 

- ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - 

Species O 

Allionia linearis ........ ... 20 8 3 2 2 2 .. . 4 
Ambrosia psilostachya... 134. 
Aster multiflorus... . 60 
Astragalus lotiflorus.. ... .. 54 5 

Astragalus mollissimus .. ... ... . 
Cirsium undulatum .....2... ... .. .. .. .. .. 4 .... .. .. 12 
Gaura coccinea ......... ... 36 36 .144 .. 12 
Gutierrezia sarothrae....... 2 
Kuhnia glutinosa ....... ... ... 24 4 52 
Lepachys columnifera ... 15 22 12 .. 4 . 204 .. .. 2 
Lepachys tagetes. 165 .. 30 
Linum compactum . ..... 2 2 .. 6 20 .. 4 
Malvastrum coccineum .. 190 205 242 14 .. .. 4 48 160 12 10 
Opuntia fragilis . . . ... .. 6 . . .. .. .. ... .. .. 2 
Opuntia humifusa. . . 7 6 4 .. 2.. 14 .. 2 

Polygonum 
ramosissimum. . . . . . . 4 .. .. ... .. .. .. 

Psoralea tenuiflora .... . 62 20 296 1 4 4 12 2 12 .. .. 10 

Sideranthus spinulosus .. ... ... 24 3 .. .. 30 .. 18 .. ... .. .. 6 
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Fio. 41. Prairie near Ellis, Kan., in which non-grassy 
vegetation except cactus is absent. Basal cover of the 
short grasses is only 15 percent but the interspaces are 
largely occupied by little barley, peppergrass, and other 
weeds. 

Fia. 42. General view of range near Dighton, Kan., 
with a characteristic open stand of grasses and almost 
complete absence of native forbs since the great 
drought. 

however, not so much at the paucity of species and 
the thinly stretched web of life, as at the fact that 
any vegetation escaped the terrible drought and 
endured. 

PREDROUGHT AND POST-DROUGHT DISmIBUTION 

The effects of the several years of drought upon the 
normal occurrence and abundance of the most im- 
portant long-lived forbs of uplands is presented 
schematically in Table 9. The group that maintained 
approximately its predrought abundance consists of 
only 5 species, none of which occurred in mixed 
prairie. Plants that decreased in abundance consti- 
tute a list of 41 species, 8 of which range far west- 
ward. It is of interest that all maintained their 
usual abundance in Iowa, and all but 5 decreased in 
eastern Kansas and Nebraska. Among the 11 species 
ranging into mixed prairie also, 4 decreased and 7 
disappeared. Only one species of this group, Astra- 
galus crassicarpus, persisted, but in numbers greatly 
decreased, in the pla'ns disclimax. 

Of species mostly of mixed prairie and short-grass 

plains disclimax, 28 are listed. Three persisted in 
normal numbers-two drought-escap'ng species of 

TABLE 9. Most important species of forbs of uplands, 
other than annuals, and exclusive of deep, moist ravines 
or of species confined to rocky outcrops, sand, or other 
local habitats. General predrought distribution is shown 
by light line. Present distribution in approximately 
normal numbers is shown by heavy line. A broken line 
indicates presence in decreased abundance, and plus 
signs signify a great increase in abundance. Where no 
line occurs other than the light one, the plants have 
disappeared. 

Eaatern Plains 
Species Western Kan. and Mixed Dis- 

Iowa Neb.1 Prairie climasx 

Species that maintained 
approximately their pre- 
drought abundance 

CaUirhoe alcaeoids........... 

Coreopsis palmata............ 

Equisdtum lakeigatm......... 

Ruphorbia coroilala _ 

Gentiana puberula............ 

Species that decreased in 
abundance 

AchiUea occidenaie. . 

Amorpha canewenesc n- 

Anemone clindrica.. 

A ntennaria campestri . 

Artemisia gnaphalodes. 

AKclepiC. pumila............. 

A epia tuberos............ 

Astragalue crasicarp....... 

Baptisia Ieucophaca .......... 

Ceanothu pubescenOs......... 

Comandra umbelata.. 

Drymocalis agrimonioides..... - -| 

Echinacea palida..-------- 

Fragaria virginiana. .......... 

Glycyrhi lepidota.......... 

Helianthus rigidus........ 

Hieracium longipilum......... 

Kuhnia glutinosa ............ . 

Lepachys columnifera ......... I 

Lepedeza capi a ............ I 

Liatris punctata.-1- I ____ 
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TABLE 9 (Continued). 

Eastern Plains 
Species Western Kan. and Mixed Dis- 

Iowa Neb. I Prairie2 climax3 

Liatris scariosa.............. 

Lithospermum linearifolium.... 

Meibomia canadensis and M. 
illinoensis ............. 

Meriolix serrulata............ 

Mesadenia tuberosa........... 

Petalostemon candidus._______ 

Petalostemon purpureus. ______ 

Psoralea argophylla........... 

Psoralea esculenta.. 

Psoralea floribunda........... 

Rosa arkansana4.... -------- 

Salvia pitcheri.__________ 

Sisyrinchium angustifolium 
and S. campestre.......... 

Solidago rigida............... 

Solidago rigidiuscula. ____ -------- 

Vernonia baldwini.... _____ 

Viola paplionacea._______ 

Viola pedatifida.... ____ 

Species mostly of mixed 
prairie and short-grass 
plains disclimax 

Allionia linearis... 

Allium nuttalli. 

Ambrosia psilostachya..... 

Astragalus missouriensis.. 

Astragalus mollissimus.... 

Astragalus shortianus. 

Cheirinia aspera.... 

Cogswellia macrocarpa.. 

Cogswellia orienta tis. 

Galpinsia lavandulaefolia.. 

Gaura coccinea.. 

Grindelia squarrosa. 

Gutierrezia sarothrae ...... 

TABLE 9 (Con~tinued). 

Eastern Plains 
Species Western Kan. and Mixed Dis- 

Iowa Neb. I Prairie2 climax3 

Hymenopappus corymbosus.... 

Leucelene ericoides........ 

Linum compactum............ 

Lygodesmia juncea. 

Oxytropis lambertii. 

Parosela enneandra........... 

Pentstemon albidus. 

Phellopterus montanus..------ 

Psoralea cuspidata . 

Psoralea tenuiflora ............ 

Sideranthus spinulosus ....... 

Solidago mollis............... 

Sophora sericea. 

Stenosiphon linifolius. 

Thelesperma gracile... 

Species that increased in 
abundance 

Acerates spp....... 

Allium mutabile.... .++++ 

Anemone caroliniana. ++++ - 

Aster multiflorus. .++.++ .. 

Cirsium undulatum........... ++++ 

Delphinium virescens ......... ++++ 

Erigeron ramosus ............ ++++ 

Malvastrum coccineum. ++++T + +++ 

Opuntia humifusa5..+++++ ++++ 

Oxalis violacea....++.+ 

Senecio plattensis.........++++ 

Solidago glaberrima... _ _ ++++ - 

Tradescantia bracteata.+.+.+.+ 

'Eastern one third of Nebraska and eastern half of northern Kansas. 
2West of Nelson, Nebraska, and Montrose, Kansas, to meridian 

100.50. 
3Kansas and eastern Colorado west of 100.50 meridian. 
4Shrub which behaves as a forb under annual mowing. 
5Also 0. macrorrhiza. All of the cacti have increased more or less. 



92 J. E. WEAVER AND F. W. ALBERTSON Ecological 1ono1ph 

Fio. 43. Anemone caroliniana has greatly increased 
its numbers as a result of drought and bared soil. 
Montrose, Kan., May, 1940. 

Cogswellia, and Leucelene ericoides. Fourteen species 
disappeared as drought continued, and the remaining 
all lost heavily in numbers. 

The last group includes the most important species 
that have increased somewhere throughout the grass- 
land during drought. The remarkable ability of cer- 
tain plants, formerly of little importance, to invade 
the areas bared by drought is of much interest. 
Anemone caroliniana has spread thickly over wide 
areas (Fig. 43). During certain springs the soil was 
so dry that the plants were only 2 inches high and 
failed to flower, but when the soil was moist as many 
as 65 blossoms, often 2 inches in diameter, occurred 
per square meter. The naked flower stalks were 
sometimes 8 to 10 inches tall. 

Oxalis violacea frequently formed circular patches 
20 feet in diameter in which the foliage, 2 to 3 
inches tall, completely concealed the soil. Like the 
windflower, it grew best in mellow, bared soil and 
also between the mats of blue grama, but practically 
never in dense stands of wheat grass (Fig. 44). 

FIG. 44. Characteristic patch of Oxali8 violacea. Like 
the windflower, it has efficient underground organs of 
food accumulation and escapes drought by early growth 
in spring. Nelson, Neb., May 10, 1940. 

Tradescantia bracteata, a species with fleshy roots, 
was common in patches of variable size, the largest 
observed being about two acres. Plants grew thickly 
and, like the preceding, were at a maximum in 1940. 

The bulbs of Allium mutabile thickly filled the soil 
over wide areas, even where a fairly good sod re- 
mained (Fig. 45). Westward, dense patches of A. 
n.ttallii of great extent made beautiful the land- 
scape in spring and early summer. Acerates, Aster 
multiflortus, Cirsium undulatum, Malvastrum coccin- 
etim, and Solidago glaberrima all have underground 
stems where much food is stored. Erigeron ramosus 

FiO. 45. A dense stand of Allium mutabile in blue- 
stem prairie near Jamaica, Neb. Several species of this 
bulbous forb spread widely during the drought. June 
10, 1939. 

is a winter annual. The thick-rooted larkspur (Del- 
phinium vir escens) has increased greatly in abun- 
dance, and in places these usually solitary plants were 
rather closely grouped. All these species have been 
favored by a marked decrease in competition with 
other prairie plants. Many evade atmospheric drought 
by growing only in spring. Others, as Malvastrum, 
Aster, and Solidago, are very drought-resistant, the 
aster and goldenrod resuming growth in autumn, if 
rains come, after the tops have been completely 
killed by summer drought. 

RESURVEY OF UNDERGROUND 
PLANT PARTS 

A resurvey of underground plants parts should be 
prefaced by a brief statement concerning the soil, 
the previous depth and distribution of the roots of 
prairie plants, and the effects of drought in modi- 
fying the conditions of the soil. 

THE SOIL 

From the Prairie soil of Iowa to the Chernozem of 
the western portion of true prairie, rich, deep, black, 
fertile, silt-loam soils prevail. The mellow, granular, 
dark-colored topsoil, enriched by thousands of gener- 
ations of grasses, extends usually to depths of 12 to 
20 inches. Beneath is a zone with higher clay con- 
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tent and lighter color, which extends to a depth 
usuallv of 3 to 4 feet. When dry, this clay-rich soil 
shrinks considerably and cleaves into vertical columns 
(technically prisms), often 2 to 4 inches in width and 
of variable length-4 to 12 or more inches. Vertical 
cracks and some horizontal ones result. These are 
usuallv onlv a few millimeters in width but in ex- 
treme drought are sometimes 2 centimeters wide. 
Underlyinig the soil (solum) is the parent material. 
It is often yellowish or at least lighter in color than 
the solum, partly because of its lower content of 
organic matter and partly because it is rich in lime. 
In Iowa and eastern Nebraska (Prairie soils) there 
is no lime laver, but in the Chernozem it is found first 
at 5 to 6 feet in depth but becomes shallower west- 
ward where a lime layer often 6 to 18 inches thick 
occurs. Except for rare rock outcrops, the parent 
material or massive layer reaches many feet in depth. 
Although the lime has been eluviated from the A and 
much of the B horizons, the soil is neutral or only 
slightly acid, since a constant supply of lime is 
brought to the surface by the grasses and deposited 
there when they die (Kellogg 1936). With decreas- 
ing precipitation in western Kansas and eastern 
Colorado the vegetation becomes sparser, the soil 
becomes lighter in color, and the solum thinner. In 
these Dark Brown and Brown soils, roots are shal- 
lower but verv abundant. 

PREDROUGHT DISTRIBUTION OF ROOTS IN 
TRUE PRAIRIE 

In true prairie roots extend widely and deeply. 
Those of the grasses commonly penetrate 4 to 7 feet. 
Only a few are shallower. Forbs are also deeply 
rooted and the roots commonly spread 2 or more 
feet laterally on all sides of the base of the plant. 
A very few species of these prairie plants have under- 
ground parts confined to the surface 2 feet; many are 
4 to 5 feet deep; but about 65 percent of the forbs 
have roots that reach depths quite below 5 feet, a 
penetration of 8 to 12 feet being common and a maxi- 
mum depth of over 20 feet sometimes being attained 
(Weaver 1919, 1920). In fact, the semiarid atmos- 
pheric conditions promote high water loss, and ex- 
tensive root development occurs in the deeply moist 
but well-aerated soil. It is in eastern Nebraska and 
Kansas that root penetration is greater than any- 
where farther westward or eastward in North Ameri- 
can grasslands. Westward it is less because of dry 
subsoil (Albertson 1937; Weaver 1915, 1917). With 
increasing soil moisture and less evaporation east- 
ward, as in Illinois, the same species root more shal- 
lowly (Sperry 1935). 

WATER INFILTRATION 

Root pelletration during drought has been directly 
correlated with depth of moist soil. The grasses and 
forbs died in 1934-1936 only after they had ex- 
hausted the available water in the surface few feet 
of soil. The light showers of drought years or even 
scattered heavy rains were inadequate to moisten 
again the third, fourth, and fifth foot or at least all 

parts of this dry layer. Consequently, plants with 
roots not already established in the deep, moist sub- 
soil were barred from entering it (in many areas) 
by 2 or more feet of permanently dry soil. Depen- 
dence upon current precipitation became much 
greater. But with the profound disturbance of the 
plant cover and its disappearance in places, the rate 
of entry of water into the soil was greatly decreased. 
This decrease in rate of infiltration profoundly af- 
fected root distribution. 

Before presenting experimental evidence, the gen- 
eral statements may be made that bared soil greatly 
retarded water infiltration, that any type of cover 
living or dead promoted it, and that soil under the 
native prairie grasses absorbed water much more 
rapidly than soil covered with the great invader, 
western wheat grass. 

Preliminary experiments were made in a prairie 
at Lincoln where the bunches of grass were about 12 
inches apart but where the low-growing, interstitial 
species, including bluegrass, had been killed by 
drought. The soil was a very fine sandy loam, lightly 
covered with debris, and at the time of the experi- 
ments in midsummer it was dry. Water was sprin- 
kled upon the dry vegetation and soil uniformly over 
an area of about 2.5 by 8 feet for a period of 30 
minutes. The amount used was approximately equiv- 
alent to 1.6 inches of rainfall. Some water was inter- 
cepted by the foliage and evaporated without reach- 
ing the soil. A small amount was lost by runoff. 
Immediately after sprinkling a shallow trench was 
dug throughout the length of the area of wet soil 
and depth of water penetration was measured. The 
transition between the wet black soil and the lighter- 
colored dry earth was distinct. The soil between the 
bunches' was well occupied by laterally spreading 
roots of the grasses, at least below a depth of 2 
inches. 

The dense bunches of little bluestem lessened the 
depth of infiltration directly beneath them often to 
only half of the usual 6 inches which occurred be- 
tween the bunches. There was an exception in one 
instance where the center of the bunch was dead and 
decayed. Infiltration under the bunches of prairie 
dropseed was not as great as between them where 
the soil was well mulched with dead leaves. But 
where bare soil occurred between bunches of needle 
grass, infiltration was much less than that beneath 
the clumps; otherwise there was little retardation of 
infiltration by the moderately sized, relatively recently 
established bunches. Maximum depth of water in- 
filtration anywhere did not exceed 9 inches. 

Similar experiments were performed in another 
prairie where large patches of bare soil alternated 
with grass-covered land. The dimensions of the 
watered area were about 6 by 2 feet. Here the 
granular layer of silt-loam soil was 12 inches deep 
and very dry. The drought-bared areas had all lost 
some soil, as is usual, by wind and water erosion, 
and were in consequence depressed about an inch 
below the general soil level. When 1.4 inches of 
water were added in 30 minutes to a dense stand of 
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blue grama and bare soil, depth of penetration aver- 
aged 9 and 2 inches, respectively, and maximum depth 
in the same order 12.5 and 3.25 inches. Here, as be- 
fore, depth of infiltration was determined immedi- 
ately (Fig. 46). 

In a second experiment, 2.8 inches of water were 
sprinkled upon another lot of blue grama and bare 
soil over a period of 1 hour. Average depth of moist 
soil immediately after sprinkling was 20.5 inches 
under the grass but only 11.5 in bare ground. A 
crack occurred at a few inches depth in the bare soil 
which permitted water penetration to 22 inches; nu- 
merous cracks at 12 inches beneath the sod allowed 
water to penetrate to 24 inches. Grass roots extended 
laterally 7 inches into the bare area (Fig. 46). 

A third experiment was similar to the first in 
amount and time of application of water, but the 
grass was big bluestem. The bare soil without debris 
was depressed an inch below the general level. Also, 
as before, a thin sheet of water constantly covered 
this soil during the sprinkling. The results are shown 

1.,~~~~~~7R 
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sprinkled on big bluestem and bare soil in 30 mne- 

Fio. 4. Det fwtrpntaini -r ol 

(upper) whre 1.4 incesowaewrepinldn 

blegaaadbr oli 30 minue. (mdl) hr 

FI.8 46.he Depthsofiwater penbletratio ind dary soil: 

in 60 minutes; and (lower) wihere 1.4 inches wvere 
sprinkled on big bluestem and bare soil in 30 minutes. 

in figure 46. Water infiltration under the 2.5-foot 
length of bare soil occurred to an average depth of 
3 inches only. The minimum depth was 1.5 inches 
and the maximum 3.5. But under the bluestem sod, 
an average depth of 7 inches was found; minimum 
infiltration was 6 inches and maximum 9.5. 

These experiments are representative of many 
others which gave similar results, infiltration into 
bare soil being least and through big bluestem sod 
greatest. Under western wheat grass, rate of in- 
flltration was intermediate, averaging 5.5 inches com- 
pared with 7 inches under blue grama and 9 inches 
under big bluestem. 

The rate of entry of water was measured for bared 
soil, for soil covered with bluestem or other pre- 
drought native grasses, and for the same soil clothed 
with western wheat grass. In these experiments steel 
cylinders one square foot in cross-sectional area and 
4 inches long were used. The cylindrical wall was only 
2 mm. thick, and the steel was sharpened; hence, 
when it was oiled it could easily be forced vertically 
into the soil to a depth of 3.75 inches. Water was 
then added, as rapidly as it could be absorbed, from 
a sprinkling can with small perforations until an 
amount equalling 1.6 inches of rainfall had been 
applied. The time for the infiltration of the water 
was recorded. Data were obtained from eight widely 
separated prairies; six were in southeastern Nebraska 
and two in north-central Kansas. All were on soils 
of silt-loam texture but variable, of course, in pro- 
portions of sand, silt, and clay. The pairs of ex- 
perimental areas were never more than 9 feet apart 
and sometimes only 6 feet. The results are shown 
in table 10. 

TABLE 10. Minutes required for the infiltration of an 
inch of water sprinkled on one square foot of soil which 
was either bare or clothed with western wheat grass or 
with other prairie grasses. 

Station | Station i 

Lincoln ........ 33.0 30.0 6.51 Hebron......... 9.06.01 
" . .. 275. 27.5 6.51 . . 11.0 8.02 

Pleasant Dale... 16.0 13.5 7.51 Nelson. 17.5 18.0 5.03 
10.0 6.5 4.01 Montrose........21.0 12.5 5.0 
17.0 8.52 Belleville . 11.5 11.5 8.5 

to * .20.0 3.01 Clay Center. 13.5 7.5 3.01 
Carleton. . 1 5 18.01 '"" 11.5 10.5 5.54 

. 17.0 11.01 
. 19 19.5.. 9.52 Average, all trials 18.2 15.0 6.6 

MBig bluestem. MBlue grama. 3Side-oats grama. 4Penneylvania sedge. 

If the average time for infiltration under the pre- 
drought grasses is considered as 1, those under wheat 
grass and into bare soil are 2.3 and 2.8, respectively. 

The rate at which the dry prairie soil absorbed 
water when populated with an average cover of blue- 
stem grasses and the heavy rainfall required to wet 
the soil to the depth of little bluestem roots were 
ascertained by experiment. A prairie at Lincoln on 
a gentle lower slope on Lancaster silt-loam soil was 
used. Five-inch boards, flve-eighths inch thick, were 
placed on edge on the sides and ends of a plot 5 
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feet long and 3 feet wide. This was done by digging 
a trench four inches deep around the plot and staking 
the boards tightly against the sides and ends of the 
block of soil. Soil was then tamped firmly in the 
trench back of the boards. Water was added from 
several sprinkling cans simultaneously over the area 
but only as rapidly as it could be absorbed. In this 
manner a volume of water equivalent to 11 inches 
of rain was applied and absorbed in 4 hours. Two 
days were allowed for the water to reach an equilib- 
rium in the soil after which a deep trench was dug 
across the lower third of the area and the depth of 
water penetration mapped as shown in Figure 47. 

2 FT 

3 

4 

FIG. 47. Diagram showing depth of penetration of 
11 inches of rainfall into dry soil covered with bluestem 
grasses. The water was applied by sprinkling and 
without runoff in 4 hours and the soil was examined two 
days later. 

The 11 inches of water moistened the soil to field 
capacity to a depth of about 4 feet. Penetration was 
fairly uniform and there was no wide lateral spread 
of water as occurred in similar experiments in culti- 
vated soils at the depth of the furrow-slice. 

In a similar experiment in the same area with 
bluestems and western wheat grass, respectively, the 
first plot absorbed an equivalent of 7.27 inches of 
rainfall in 1.5 hours and the soil became wet to a 
depth of 29 inches. Soil covered with western wheat 
grass absorbed only 2.98 inches of water which mois- 
tened the soil to an average depth of 10.4 inches 
(Weaver 1942). 

A survey of depth of moist soil from eastern 
Nebraska, through northern Kansas into eastern 
Colorado was made in June after the wet spring of 
1941. It was found repeatedly that moisture pene- 
trated more deeply in the prairies and ranges where 

a good cover of vegetation remained than it did 2 
to a feet distant where the soil was bare (Table 11). 

TABLE 11. Depth in inches of penetration of rainfall 
into bare soil and into soil covered with native grasses, 
mostly short grasses. 

Bare Bare 
Station soil Sod Station soil Sod 

Lincoln, Neb ..... 22-23 32-38 Brewster, Kn... 16-20 40-43 

Holdrege, Neb..... 11-12 18-24 Goodland, Kan. 16-18 18-24 

Alma, Neb . . 18-22 19-24 Kanarado, Kan. 18-21 27-48 

Differences in depth of soil moisture penetration 
at Lincoln, after a rain of 1.1 inches in August when 
the soil was very dry, were ascertained by a series 
of 16 measurements in the prairie. Moisture in bare 
places averages 3.7 inches deep, that under western 
wheat grass 4.0 inches, and that under bluestems 6.8 
inches. These differences are representative of nu- 
merous other measurements made throughout the 
drought years. 

Robertson (1939) worked in these same prairies 
after 3 years of drought and compared rate of water 
penetration. He used steel cylinders 4 inches in 
diameter which were pressed into the soil 14 inches 
deep. Four inches of water were added to each 
cylinder, an inch at a time. Big bluestem soil ab- 
sorbed most readily, soil occupied by wheat grass 
very much less rapidly, and bared soil least rapidly 
of all. 

The reason for these differences seems clear. On 
soil without a cover of vegetation or debris, the im- 
pact of raindrops- or of water sprinkled on the sur- 
face loosens the soil particles which are then sus- 
pended in the water. This water in entering the soil 
pores carries the fine, suspended particles with it. 
The pores are more or less completely clogged on the 
surface and a compacted layer of soil formed 
(Lowdermilk 1930). This layer greatly decreases 
absorption and increases water loss by runoff. West- 
ern wheat grass has invaded many areas upon which 
wind-blown dust has been deposited and through 
which water infiltrated only slowly. But even where 
the soil was not dust-covered, this grass has furnished 
little debris during the drought years and much bare 
ground is exposed. On soil with a complete cover 
of true prairie grasses, runoff water is clear (Weaver 
and Noll 19355). The effects of living and dead 
roots of different grasses upon the movement of water 
through the soil, once it has gained entrance, await 
study. A closely connected problem is their effect 
upon soil granulation and consequent infiltration rate 
(Pavlychenko 1941). 

Recent studies by Duley (1939) and Duley and 
Kelly (1939) with mulches on cultivated soil have 
shown that this clogging of the soil pores and "the 
development of a condensed layer on the surface of 
cultivated bare soil has far greater effect on the 
intake of water than differences in soil type, degree 
of slope, previous moisture content of the soil, or the 
rate of rainfall. In fact, . . . it seemed to have a 



96 J. E. WEAVER AND F. WV. ALBERTSON Ecological. ono1raPhI 

greater effect than all these other factors combined." 
Soils covered with a crop had a much higher rate 
of infiltration of water than bare soils and the more 
dense crops like native sod and alfalfa had the high- 
est infiltration rates, and these rates were maintained 
throughout the longest period. Thus, conditions on 
the soil surface greatly influence water content of 
soil, and this in turn is a controlling factor in dis- 
tribution of roots of the grasses and forbs. 

UNDERGROUND PLANT PARTS IN TRUE PRAIRIE 

A resurvey of underground plant parts involved 
examination of prairies of several different types. It 
included (1) relic grassland where the original plant 
population was little affected, at least above ground; 
(2) a study of badly denuded areas where only widely 
scattered relic or invading grasses occurred; and 
(3) an examination of half-bared places where relic 
grasses or invading species occupied the land. 

Near the end of the drought, grasses and forbs 
were examined on both east and west hillsides at Val- 
paraiso, Nebraska, where large local patches of vege- 
tation, each several square rods in area, had escaped 
with little damage. A large cut, many feet deep, made 
through the hill in road construction revealed no 
differences in soil in the places below or above these 
patches where vegetation had been badly damaged. 
Nor were differences found in soil characteristics, ex- 
cept in water content, in the deep trenches prepared 
for root excavation. Under the intact sod, moist soil, 
except in the surface, was continuous to greater 
depths than the roots penetrated. Alndropogon fur- 
catus8 had normal predrought development through- 
out a root depth of 7 to 8 feet. Sporobolus asper 
had an abundance of well-branched, strong fibrous 
roots to 6 feet in depth and some penetrated the moist 
soil to 7 feet. Stipa spartea was even more deeply 
rooted than previously found (Weaver 1919, 1920). 
Depths of 5 to 6.5 feet were common and roots 
of some plants extended downward nearly 8 feet. 
The prominent taproots of Psoralea floribunda were 
traced to their usual predrought depth of 7 to 9 feet. 
Three plants of Liatris punctata were examined. 
They showed normal predrought conditions in every 
respect and no modification was found in the root 
system that could be attributed to drought. They 
penetrated to a depth of 9 to 10 feet. A plant of 
Kuhnia glutinosa with 31 stems and a height of 16 
inches had a taproot 2 inches thick. It was traced 
to a depth of 11 feet where it and some of its major 
branches, which were still 2 mm. in diameter, fol- 
lowed a downward course in the moist soil. This root 
system was normal as compared with those of similar 
plants examined several years earlier when rainfall 
was near the mean. 

These results are representative of those obtained 
elsewhere and illustrate the fact that in many areas 
of relic vegetation, little or no death resulted under- 
ground. This is further confirmed by the lack of 
an abundance of dead roots, which were commonly 
found elsewhere, and the persistence of Andropogon 

scoparius, a dominant grass which resisted drought 
least. 

From a typical prairie near Pleasant Dale, Nebras- 
ka, representative of numerous others of the more 
open type, samples of soil for study of root con- 
tent were taken in midsummer near the end of the 
drought. They were obtained to a depth of 4 inches 
only and between the scattered bunches or sods of 
grass in such a manner that no soil was obtained 
except at a distance of at least 5 inches from the 
base of any perennial grass. The samples varied 
from 9 by 12 inches to 16 by 36 inches in surface 
area. The interstitial vegetation, if any, consisted 
of seedling grasses, young plants of Aster multi- 
florus, or an occasional plant of Salsola pestifer. 
The chief grasses were big bluestem, needle grass, 
tall dropseed, prairie dropseed, and blue grama. Fif- 
teen samples, representing an area of 21 square feet, 
were thus removed and the living roots separated 
from the soil, dried and weighed. So sparsely was 
the soil occupied that the total weight of roots was 
only 64 grams. This is approximately only 4 per- 
cent of the dry weight of the original root mass 
(Weaver and Harmon 1935). 

Trenches dug in this prairie revealed a granular 
layer of soil only 8 inches deep overlying the pro- 
nounced prismatic B horizon which was dry and 
hard and the prisms much shrunken, exposing great 
vertical cracks and fissures. Some of the larger 
cracks extended to the soil surface and thus per- 
mitted rapid loss of soil moisture to depths of sev- 
eral feet (Fig. 48). In this dry soil, the widely 

FPo. 48. Wall of trench where root systems were 
examined showing dried and cracked soil to a depth of 
about 4 feet. Pleasant Dale, Neb., July, 1940. 

spaced relic bunches of Stipa spartea, Andropogon 
furcatus, Sporoboltu asper, and mats of Bouteloua 
graciis were examined. Roots were distributed some- 
what irregularly on the faces of the prisms, and 
especially in the deeper crevices where water pene- 
tration was not uniform. Roots of needle grass were 
abundant to 2.3 feet; very few extended deeper. 
Those of blue grama were abundant to a similar 
depth, as were those of the other species. Lateral 
spread of roots was more pronounced in every in- 



January3 1943 RESURVEY AT END 03 THE GREAT DROUGHT 97 

stance than where these grasses grew in competition 
with closely adjacent plants. Dead roots were abun- 
dant everywhere and especially noticeable in dry soil 
below the penetration of the living ones. They oc- 
cupied layers of soil which had not been moistened 
since the early years of the drought. Repeated soil 
samplings and root studies elsewhere showed that 
the conditions of underground plant parts here de- 
scribed recurred again and again over widely sep- 
arated areas. 

Studies in vegetation where relic big bluestem 
had spread to reclaim drought-damaged territory 
and occurred in contact with pure stands of western 
wheat grass were conducted in several prairies. These 
were made near the end of the drought. The first was 
on a west slope in the prairie used for experimental 
purposes near Lincoln. Western wheat grass was 
2 feet tall and had headed normally; big bluestem 
at the opposite end of the trench was 14 inches high. 
Soil under western wheat grass contained large quan- 
tities of dead roots of other grasses, especially blue- 
stems, the chief previous occupants. Roots of the 
invader followed the old channels of the former blue- 
stems to a remarkable degree. They were often en- 
cased for a distance of several inches by the reddish 
brown cortex of these dead roots. Penetration was 
only to the dry soil at a depth of 2 feet. Roots were 
exceptionally well branched and laterals were un- 
usually long. The grass had absorbed the water in 
the surface 2 feet, where the soil was now (May 31) 
very dry. Big bluestem had living roots to the depth 
of moist soil, about 33 inches. At greater depths 
only dead roots were found. The strong, deep tap- 
roots of Psoralea floribunda and Kuhnia glutinosa, 
which had survived the drought, extended through 
several feet of dry soil, in which water content was 
so low that grasses could not grow, to the deeper 
soil below 5 feet which had been moist since the 
beginning of drought. 

Another trench was dug on May 30, at right angles 
to the slope on a north hillside. Formerly the whole 
hillside was occupied by prairie grasses common to 
the little bluestem type which included a large per- 
centage of big bluestem. Drought had killed nearly 
all of the little bluestem, whose place had been taken 
by big bluestem, Carex pennsylvanica, and Aster 
multiflorus. There was a good cover of vegetation. 
Wind had drifted in dust to a depth of 2 to 4 inches 
from an adjacent field and smothered the grasses 
on a part of the slope. This territory was then in- 
vaded by western wheat grass in 1936-1938. By 1940 
it formed a good stand. No other perennial grasses 
or forbs occurred where western wheat grass grew. 

One end of the 7.5-foot trench was in pure wheat 
grass; the other end was in prairie undisturbed ex- 
cept by the loss of little bluestem. The transition 
zone near the middle of the trench, where western 
wheat grass and bluestem intermingled, was 18 
inches wide. The average depth of root penetration 
under western wheat grass was only 29 inches. The 
maximum depth was 31 inches, except near the tran- 
sition zone where the soil was moist to 37 inches. At 

greater depths the soil was dry and no living roots 
were found. An abundance of dead roots of the 
bluestems and other prairie plants including Equise- 
turn laevigatumn, Echinacea pallida, and Astragalus 
crassicarpus revealed clearly the former presence of 
a different population. Many of these dead roots ex- 
tended to 56 inches and some were 68 inches deep. 
Despite the shallow depth of soil moisture, western 
wheat grass was in excellent condition. The foliage 
was 20 inches high and the flower stalks 33 inches 
tall. The plants had headed in a normal manner. 
The very dry midsummer of 1940 had greatly re- 
tarded the growth of prairie grasses and as a conse- 
quence wheat grass had invaded big bluestem, form- 
ing the present transition area. 

At the opposite end of the trench, big bluestem was 
10 inches tall and growing vigorously. In this moist 
soil, the prairie grasses and many-flowered aster 
reached depths of 43 to 61 inches, depending upon 
the depth of soil moisture. Here the soil had not 
only been moistened much deeper but also an avail- 
able water content of about 8 percent was still 
present (Fig. 49). 

A deep trench, 16 feet long, was dug on a level 
hilltop 9 miles west of Lincoln, in an area illustrative 
of the usual depth of moist soil and roots during 
the late years of the drought. This was done late 
in July. The granular soil of the A horizon reached 
a depth of 1.5 feet, the prismatic structure in the B 
horizon extended to nearly 4 feet, below which oc- 
curred the massive soil of the C horizon. Drought 
was severe, the granular soil was dry, cracks occurred 
in the B horizon much as shown in Figure 48, and the 
C horizon was without water available to growth to 
a depth of 5.5 feet. At a depth beyond that of great- 
est root penetration of the grasses, the deep subsoil 
(parent material) was moist. 

Wheat grass, which had dried and lost its green 
color without heading, had, a few years earlier, in- 
vaded half of the area trenched. Except for a few 
deeply rooted, long-lived forbs, it occurred in a dense 
pure stand. The few plants of Kuhnia glutinosa and 
Psoralea floribunda that remained alive were much 
dwarfed but unwilted. A nearly pure growth of big 
bluestem formed a sod just beyond. This grass was 
still green but partly wilted. With it occurred 
dwarfed specimens of Amorpha canescens and Liatris 
punctata. 

Roots of western wheat grass occurred in great 
abundance but to a depth of only 2 feet. They were 
branched to very near the tip, as is characteristic of 
this normally deeply rooted grass (5 to 8 feet) when 
growing in shallow dry soil. The roots of big blue- 
stem, owing to greater water penetration, thoroughly 
occupied the soil to a depth of 2.5 feet. Forbs were 
much deeper. Relationships of roots to tops and to 
moist soil are shown in Figure 50. 

Despite the great depth of rooting of most forbs, 
season after season with intensive atmospheric 
drought and severe competition for water (especially 
with wheat grass) in the surface soil had resulted 
in their wilting and dwarfing and finally in the death 
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FIG. 49. Diagram showing root depth of western wheat grass above a layer of dry soil, and deeper penetration 
of roots of big bluestem and many-flowered aster where water penetration was greater and the soil was moist. 

of very large numbers. That roots of little bluestem, 
big bluestem, and other grasses were formerly abun- 
dant to 4 to 7 feet was shown by their dead remains, 
still only partially decayed, in the deeper soil. 

It is an important fact that native pastures which 
were only moderately grazed withstood the drought 
better than ungrazed prairie (Weaver and Albertson 
1936). This resulted from the great decrease in 
amounts of water absorbed and transpired during 
the period of intensive atmospheric as well as edaphic 
drought. Conversely, pastures long overgrazed and 
hence in the bluegrass stage quickly yielded to 
drought. Here as in other depleted grasslands, a 
moist subsoil at 3.5 or 4 feet was common, despite 
dry soil at this depth in adjacent native prairie. 
This deeper water was not absorbed because of the 
relatively shallower roots of bluegrass or weakened 
little bluestem and other species found in low-grade 
pastures. The invasion of western wheat grass into 
the drought-stricken pastures and its early use of 
available water have greatly retarded the growth of 
better forage grasses. Sand dropseed, which invaded 
thousands of denuded pastures over a very wide area 
immediately following the drought (Weaver and 
Hansen 1939), has likewise delayed the normal suc- 
cession by its annual absorption of most of the avail- 
able water (Weaver and Hansen 1941a). 

Rain in the spring of 1941 moistened the soil more 
deeply and enabled western wheat grass to pene- 
trate to 3.5 to 4 feet in the area shown in Figure 50. 
Big bluestem extended downward even farther into 

the newly moistened soil which in July, 1941, was 
separated from the moist soil below by a layer of 
dry soil only 6 to 12 inches thick. This occurred 
despite the comparatively dry midsummer. At this 
writing (May, 1942) soil moisture in the upper layer 
is now in contact with that in the deep subsoil and 
the roots of both seedling grasses and young forbs 
are growing deeply in the cool moist soil. This con- 
dition is quite general. With return of normal rain- 
fall and the consequent increase in seed production, 
seedling establishment, and vigorous vegetative de- 
velopment, an excellent stand of prairie grasses and 
forbs will again cover and protect the soil. 

UNDERGROUND PLANT PARTS IN MIXED PRAIRIE 

Distribution and interrelations of root systems in 
the short-grass disclimax and the big bluestem con- 
socies were studied and described in 1930-1932 
(Albertson 1937). Extensive studies in the short- 
grass faciation in Colorado had been made even 
earlier (Shantz 1911; Weaver 1919, 1920). Numer- 
ous observations during the drought indicated that 
both root depth and distribution as well as amount of 
underground plant parts had been greatly modified. 
These changes were variable, depending upon the 
depth of water penetration, number and length of 
periods without available water in the soil, and often 
upon the extent to which the grassland had been sub- 
jected to grazing. On ranges where deferred graz- 
ing was practiced and where the location was such 
that little dust blew in from adjacent fields, a fairly 
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FIG. 50. Relation of roots of Agropyron smithii (left half of trench wall) and Andiropogon f urcatus (right 
half) and of forbs to moist and dry soil in deep silt-loam soil near the end of the drought. The dry layer between 
2-2.5 and 5.5 feet is the result of complete exhaustion of available w ater by the original plant cover before its 
death in 1934-1936. The grass roots penetrated only to the depth of currently moist soil. The relic forbs-Kuhnia 
glutinosa (left) and Liatris punctata (right) have survived because their roots are in moderately moist soil 
between 5.5 and about 16 feet depth. Psoialea fboribunda (left center) and Amorp/la canescens (right center), have 
also persisted because of deep soil moisture. Echinacea pallida (center) succumbed to desiccation. 

continuous cover was sometimes maintained. But as 
drought progressed and grazing of the weakened 
plants was permitted and movement of dust became 
greater, large areas of range land were rendered com- 
pletely devoid of vegetation. The dead roots decayed, 
there was no new growth, and the soil became in- 
tensely susceptible to erosion by wind and water. 

STUDIES IN THE SHORT-GRASS TYPE 

Preceding the dry years, the two dominant short 
grasses, blue grama and buffalo grass, occupied the 
soil with a dense mass of roots to about 4 feet in 
depth, large numbers of the much-branched thread- 
like roots extending to 5 feet (Fig. 51). The sod 
was extremely dense, tough, and resistant to erosion. 
When cut a few inches deep into strips 12 to 18 
inches wide, it could be rolled in the manner of blue- 
grass sod and, like it, used in renewing or establish- 
ing a cover of grass elsewhere. 

Among the forbs scattered throughout, the roots 
of Psoralea tenuiflora, Malvastrum coccineum, and 
Kuhnia glutinosa penetrated 9 to 12 feet in depth. 
Consequently, they obtained much of their water sup- 
ply from the subsoil beyond the extent of the roots 
of the short grasses. Roots of many other common 
species of forbs did not penetrate beyond a depth 
of 5 feet and thus absorbed from the same soil levels 

as the grasses. The following are representative: 
Ambrosia psilostachya, Lygodesmia juncea, Sideran- 
thus spinulosus, and Allionia linearis. 

CHANGES DURING DROUGHT 

With continued drought, marked changes in root- 
ing habits occurred. The roots of the two dominant 
short grasses were profoundly reduced in numbers 
and in depth of penetration. Below 2 feet, roots of 
these grasses were extremely scarce (Fig. 52). Inves- 
tigations in widely scattered places on the depth of 
the penetration of roots on the hard lands in western 
Kansas and eastern Colorado showed that most of the 
roots of the two dominant grasses were limited to the 
upper foot of soil. Here precipitation was less than 
that at Hays. In many places the cover was so 
reduced that only small isolated tufts 1 to 2 inches 
in diameter remained. Spread of the surface roots 
was usually not more than 6 inches, and although 
occasionally a root penetrated to 18 inches, nearly 
all were in the surface foot. 

Most of the fully grown forbs established before 
the drought had succumbed, and nearly all remaining 
in 1940 were either young plants when the drought 
began or plants that had become established during 
the most favorable periods during the drought. For 
example, the roots of Psoralea tenuiflora were nearly 
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FIG. 51. Root development of native prairie plants in the short-grass type of the mixed prairie at Hays, Kan., 
before the great drought. Al, Allionia linearis; Kg, KEuhnia glutinosa; Bg, Bouteloua gracilis; Me, Malvastrwimn 
coccineum.; Pt, Psoralea tenuiflora; Ss, Sideranthus spinqulosus; Bd, Buchloe dactyloides; Ap, Ambrosia psilo- 
stachya; and Lj, Lygodesmia juncea. 



January, 1943 RESURVEY AT END OF THE GREAT DROUGHT 101 

Bg 'i Mc Bd Kg t B 

/~~~~~~~~~~~~~~~~~~~~~~~~~~ 
* 

Ss 

IFt. _ _ 

FIG. 52. Root development of native prairie plants in the short-grass type of the mixed prairie at Hays, Kan., 
at the end of the great drought. Ap, Ambrosia psilostachya; Pt, Psoralea tenuiflora; Bg, Boutelota gracilis; Me, 
Malvastrum coccineum; Bd, Buchloe dactyloides; Kg, Kuhnia glutinosa; Lj, Lygodesinia juncea; Al, Allionia 
linearis; and Ss, Sideranthus spinulosus. 

always much smaller in diameter than those excavated 
in 1932, and seldom penetrated beyond 4 feet, as 
compared with a previous depth of penetration of 7 
to 9 feet. Malvastrum coccineum was one of the few 
species which increased in numbers, but did so with 
a greatly reduced root system (Figs. 51 and 52). Only 
occasionally was a root found to extend deeper than 
4 feet. Plants of Kuhnia glutinosa in 1932 had roots 
to a depth of 12 feet in the short-grass sod. But 
after the drought they were mostly only about half 
this depth and none extended deeper than 9.5 feet. 
Little change in rooting habit occurred in forbs 
whose root systems were formerly limited to 4 feet 
of soil, although most of them suffered very heavy 
losses. During the years 1934 to 1939, inclusive, 
there was a dry layer of soil between 2 and 5 feet 
in depth underlying the short grasses, at least at the 
numerous stations where regular soil sampling was 
carried on. Below this there were small amounts 
of residual soil moisture available throughout the 
drought years. The species most successful in surviv- 
ing the drought were either those with roots that had 
previously grown into this lower subsoil or those 
that evaded drought by limiting their activities to 
short periods (usually early spring) when conditions 
of growth were most favorable. 

QUANTITY OF UNDERGROUND PLANT PARTS 

The amount of living underground plant parts in 
the first 4 inches of soil under the short grasses was 
ascertained at Hays. Methods used were those de- 
scribed by Weaver and Harmon (1935) and Kramer 
and Weaver (1936). Samples were taken from ad- 
jacent areas where the environmental conditions were 
approximately similar. In one location the grasses 
had been protected from grazing since 1932, and had 
been only moderately grazed previously. The second 
sampling area had been moderately grazed for 40 
years. The third one had been subjected to over- 
grazing until 1935 when it was further damaged by a 
covering of dust, and grazing was discontinued. A 
general view of the conditions of a badly overgrazed 
range is shown in Figure 53. Samples were taken 
from carefully selected places to represent average 
cover in each range-ungrazed, moderately grazed, 
and heavily grazed, respectively. Basal cover of the 
three samples was 46, 37, and 21 percent, respectively. 
These percentages are somewhat higher than the aver- 
age cover of most western ranges in 1940. The per- 
centage of total cover composed of blue grama grass 
and buffalo grass, together with volume and weight 
of the underground parts, is shown in Table 12. 

The appearance of the sod before the tops of the 
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FIG. 53. General view of scattered bunches of buffalo 
grass and blue grama in western Kansas at the close of 
the drought. Light-colored bunches are the grasses; the 
large weeds are Russian thistles. 

TABLE 12. Volume and air-dry weight of underground 
plant parts in the upper 4 inches of one-half square 
meter of short-grass sod subjected to different intensities 
of grazing at Hays, Kansas. 

Composition of Underground 
cover in percent plant parts 

Percent 
Condition basal 

cover Dry 
Blue Buffalo Volume weight 

grama grass in cc. in gm. 

Ungrased ........... 45.8 26.0 74.0 1,232 276 

Moderately grazed.. 36.6 43.0 57.0 1,114 244 

Overgrased......... 21.1 1 55.0 1 45.0 582 121 

grasses were removed, and the underground parts 
alone are shown for the ungrazed and overgrazed 
pastures in Figures 54 and 55. Table 12 shows a 
considerable decrease in both volume and weight 
from the ungrazed to the moderately grazed pasture. 
The decrease in volume (53 percent) and weight 
(56 percent) as a result of overgrazing is very great. 

Number of roots per unit area, that extended to a 

W . i7 . . ; 

FIG. 54. (Above) Sod of short grass a meter long, 
one-half meter wide, and one decimeter deep, from an 
ungrazed range at Hays, Kan. (Below) Underground 
materials remaining when the soil was removed. 

depth of 4 inches, was counted for the three condi- 
tions of grazing. Representative one-half square 
meter samples were excavated to 4 inches depth and 
inverted. Enough soil was then removed by a gentle 
spray of water so that the roots protruded. Circles 
3.5 inches in diameter were marked off on the sod 
and all of the roots within these sample areas were 
counted. They were very uniformly distributed in 
the protected sod and averaged 45 per circle. But 
in the overgrazed sod, portions of soil without roots 
protruding and comparable to the bare patches on 
the upper surface were common (Fig. 56). The 
average number of roots in this sample was only 10 
per unit area. The overgrazed sod was easily broken 
and not well held together by underground parts. 
As shown by Kramer and Weaver (1936), resistance 
to erosion is, in general, proportional to the quantity 
of plant materials both above and below ground. 
Overgrazing and drought often result not only in the 
loss of the cover of grass but also of the top soil as 
well. 

j 

FIG. 55. (Above) Sod of short grass as in Fig. 54, 
but from an overgrazed range. (Below) Underground 
materials remaining after the soil had been washed 
away. 

STUDIE8 IN THE BIG BLUESTEM TYPE 

Roots of grasses and forbs commonly found in the 
postclimax big bluestem before 1933 have been de- 
scribed (Albertson 1937). Bisects were again made 
in 1940 to ascertain root depth and spread at the end 
of the drought (Fig. 57). During increase in desic- 
cation the root systems of most species grew into 
deeper soil and a greater number of rootlets de- 
veloped at the deeper level. The average root depths 
in feet of 8 important species before (1932) and 
near the close of the drought (1939) were as follows: 

Andropogon furcatus .5 6 
Agropyron smithii .6-7 7-8 
Bouteloua curtipendula .5 6 
Psoralea tenuiflora .7-8 10 
Kuhnia glutinosa .10 12 
Aster multiflorus .3 7 
Vernonia baldwvini .4 8 
Salvia pitcheri .4 8 

Thus, the roots of all of these species (and others) 
not only penetrated deeper into the moist subsoil, 
following drought in the solum, but the roots of 
Aster, Vernonia, and Salvia doubled their former 
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FIG. 56. (Above) Number of roots (dots) of un- 
grazed short grasses in representative circular areas 3.5 
inches in diameter at a depth of 4 inches. (Below) 
Roots in similar representative areas of overgrazed 
grasses. 

length. The roots of Panicurm virgatum did not in- 
crease beyond their former 7-foot depth, but they 
became much more numerous than formerly in the 
deeper soil. Thus, changes resulting from drought 
in upland and lowland species were quite diverse. 

PLANT YIELD IN RELATION TO WATER 
CONTENT OF SOIL 

The yield of grasses and forbs of prairie and the 
amount of available soil moisture were ascertained 

during the dry year of 1940 and the moderately wet 
one of 1941. This survey was a continuation of simi- 
lar studies in 1939 (Weaver and Albertson 1940). 
Twelve separate prairies were studied. They ranged 
from western Iowa to western Kansas and repre- 
sented four different types of vegetation. Those 
in western Iowa (Iowa group) were virgin bluestem 
prairies practically undisturbed by drought. The 
Lincoln group, including also Hebron, Nebraska, 
and Belleville, Kansas, were also bluestem prairies 
but they had been more or less damaged by drought. 
They maintained a fairly good cover. The third 
group was characterized by the almost complete loss 
of bluestems and their replacement by a dense stand 
of western wheat grass at Carleton, Clay Center, 
and Montrose (Fig. 1). The most westerly group is 
in the mixed prairie association but is now clothed 
only with the most drought-resisting short grasses. 
Soils are all similar, being of silt-loam texture; al- 
though those at Lincoln and eastward belong to the 
Prairie zonal group, while those under lighter precipi- 
tation westward are Chernozems. All are of high fer- 
tility, and water is the chief limiting factor to plant 
growth. 

Stations for obtaining samples for water content 
were selected with reference to typical and relatively 
uniform composition of vegetation. There were in- 
cluded in each group of stations various gentle 
slopes and nearly level uplands, where water content 
of soil depended entirely upon precipitation. Sam- 
ples were obtained regularly to a depth of 6 feet 
and at approximately the same time at each of the 
stations from the middle of April until early in 
September in 1940, and from May 1 to August 30 in 
1941. 

Five sample plots, each 4 square meters in area, 
were staked out in spring in the general vicinity of 
the soil-sampling areas. They were a few rods apart 
and selected at random. The vegetation was clipped 
at a height of 1.5 inches at each subsequent soil 
sampling, grasses and native forbs (and weeds if 
present) being harvested separately. These were air- 
dried and the weight obtained to the nearest gram. 
From five similar plots in each prairie, total seasonal 
yield was also obtained at the last clipping. iMonthly 
clippings were made only in 1940, but total seasonal 
yields were again obtained in 1941 from areas previ- 
ously undisturbed except by annual mowing. 

Basal cover at the several stations was far less than 
the normal predrought cover, except that of the 
Iowa prairies where drought had not been severe. 
The amount of decrease in cover has been determined 
many times by means of quadrats before, during, 
and at the end of the drought. At the Nebraska- 
Kansas bluestem stations it had been reduced to about 
33 percent normal. At the stations where bluestems 
had died and western wheat grass had invaded, the 
cover was only 20 percent normal. Losses in the 
mixed prairie resulted in a very open cover, approxi- 
mately 10 percent of that occurring before the 
drought. 
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FIG. 57. Root development of native prairie plants in the big bluestem type at Hays, Kan., at the end of the- 
great drought. Am, Aster multiflorus; Af, Andropogon furcatus; Pt, Psoralea tenuiflora; Asm, Agropyron smnithii; 
Be, Bouteloua curtipendula; Sp, Salvia pitc~heri; Ev, Elymus virginics; Yb, JVernonisa bvaidwini; Pv, Panicumn 
virgatum; and Kg, :Kuhuja glutinosa. 
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IOWA STATIONS IN 1940 
At the Iowa stations, where the mean annual pre- 

cipitation ranged from 29.5 to 31.7 inches, rainfall 
during the several months was not sufficient to keep 
both soil and subsoil constantly moist (Fig. 58). A 

GLENWOOD 301 OAKLAND 29.5 ANITA 31.7 
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FIG. 58. Available soil moisture to a depth of 6 f eet 
at three Iowa stations during 1940. Mean annual pre- 
cipitation at each station follows the name, mean 
monthly precipitation is below the letter indicating the 
month, and current monthly rainfall is given at the 
foot of each column. 

constantly moist soil did prevail the previous year 
(Weaver and Albertson 1940), but the growing sea- 
son of 1940 was characterized by midsummer drought. 
This was least severe at the Iowa stations where pre- 
cipitation was not only highest and best distributed 
but also because of the ready infiltration of water 
into the soil which was kept in a porous, water-recep- 
tive condition by the continuous cover of bluestem 
grasses. 

Monthly rainfall was far above the mean at all 
stations in April, but below normal for the remain- 
ing months except for very heavy rainfall in either 
July or August or during both months. Soil drought 
occurred at the first two stations (Fig. 58) in mid- 
summer, and growth was distinctly retarded by tem- 
porary unavailability of water in the first or second 
foot.4 Available soil moisture in the third foot (and 
fourth foot at Glenwood) was reduced to less than 
2 percent. This greatly affected the yield of vegeta- 
tion (Table 13). 

The low yield of the first clipping at Anita was 
the result of a late spring prairie fire. Otherwise, 
yields at this station were consistently high. At the 
other stations they were somewhat lower in July and 
decreased greatly in August. The midsummer drought 

4 Total water content of soil minus the hygroscopic coefficient 
(which was determined for each soil depth at each station) 
is designated as water available for growth. The hygroscopic 
coefficient, with few exceptions, ranged between 9.1 and 11.9 
percent. 

TABLE 13. Monthly and total yield in grams of grasses 
and forbs at each of the Iowa stations in 1940, and total 
production of controls. 

Glenwood Oakland Anita 

Date 
Grasses Forbs Grasses Forbs Grasses Forbs 

June 6 ........ 2,881 502 2,577 444 1,668 230 
July 5. . 1,661 173 1,366 245 1,872 89 
Aug. 6 .. 546 63 429 39 1,253 29 
Sept. 1. 1,200 26 1,088 61 889 10 

Total. 6,288 764 5,460 789 5,682 358 

Controls .... 6,355 874 5,475 1,118 4,980 679 

Total clippings... 7,052 6,249 6,040 

Total controls.... 7,229 6,593 5,659 

was not pronounced at Anita, but at Glenwood the 
tops of the deeply rooted big bluestem were dry by 
July 18 and those of little bluestem appeared as if 
killed by frost. Only the lower one third to one 
half of this grass remained green. Forbs were affected 
but little. The grasses were even more greatly injured 
at Oakland. Here on level upland, both big and 
little bluestem appeared as if scorched. They had 
lost their normal color and were two-thirds dry. 
Forbs alone were green. Renewed growth following 
the abnormally high August rainfall produced a 
heavy yield in September. The ability of grasses 
to revive when rains come is a chief adaptation to 
semiarid climates. It is of much significance that 
vegetation in the clipped plots, where decreased tran- 
spiring surface had prevented great water losses, 
remained green and continued growth, despite ex- 
haustion of soil moisture elsewhere. 

Total yield of grasses was remarkably uniform 
at the three stations. There was greater variability 
in yield of grasses among these stations where a sin- 
gle harvest was made in September. The mature 
crop in September yielded more grass at two stations 
than did the total of the four clippings. But it was 
less at Anita where the late spring burning occurred 
(cf. Aldous 1934). 

Early yields of forbs were high but after a second 
clipping they decreased greatly (Table 13). Yield 
of forbs was always greater, of course, where they 
were unclipped, since clipping is far more injurious 
to them than to the grasses. The chief forbs were 
Amorpha canescens, Euphorbia corollata, and Kuhnia 
glutinosa although many others occurred. Forbs 
supplied 14 percent of the total yield of hay in 
September but only 10 percent when clipped four 
times. Whether clipped four times or only once 
per season, the total average yield was practically the 
same-6,494 grams from the areas sampled or 1.45 
tons per acre. This, however, was much greater than 
in the drier soil westward. Results from clippings 
at the Iowa prairies are given in Table 13. 

LINCOLN STATIONS IN 1940 
At the Lincoln stations the mean annual precipi- 

tation ranged between 26.2 and 27.9 inches. The- 
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current monthly rainfall at all stations, with few 
exceptions, was lower and often very much lower 
than the mean. The only significant increase above 
the mean was about 2 inches in August at Belleville. 
Severe midsummer and late summer drought occurred 
at all stations (Fig. 59). 
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FIG. 59. Available water content of soil, mean annual 
and mean monthly precipitation, and current monthly 
precipitation at the Nebraska-Kansas bluestem stations 
in 1940. 

The early growing season was cool and sufficiently 
moist to promote a good growth of grasses. At Lin- 
coln drought threatened after the middle of May, but 
although precipitation in June was light, the showers 
were so distributed that the vegetation made a good 
growth until late in the month. Then it not only 
wilted but was greatly damaged by severe drought. 
The green color of the grasses practically disappeared 
and the bluestems turned reddish brown as they nor- 
mally do in October. When trod upon, the grasses 
crunched like snow. This condition prevailed at all 
three stations in July. Although the drought at 
Hebron and Belleville began a little later, it pre- 
vailed somewhat longer than at Lincoln, where more 
than 4.2 inches of rain fell between July 26 and 
August 4. Here, and after heavy rains at the other 
stations, growth was renewed (except some plants 
which had died) and much foliage developed. It 
was believed that the prairies would be mowed at He- 
bron and Belleville, hence the controls also were 
harvested on July 30. At Lincoln they were in a 
protected area and were left intact until September, 
when the other controls were harvested for a second 
time. 

Yields of grasses were highest at Lincoln, where 
a considerable amount of the early growing needle 
grass was intermixed with the bluestems (Table 14). 
The July 1 yield exceeded the earlier one at Hebron, 
where the prairie had been burned, but was con- 

TABLE 14. Monthly and total yield in grams of grasses 
and forbs at each of the Nebraska-Kanisas bluestem sta- 
tions in 1940, and total production of controls. 

Linecn Hebron Belleville 

Date 
Grasses Forbs Grasses Forbs Grasses Forbs 

June 1. 1,591 230 671 74 1,143 32 
July 1. 916 40 708 67 635 102 
Aug. 1. . 57 14 0 0 150 7 
Sept. 1..... . 2,055 70 1,644 19 1,232 13 

Total. 4,619 354 3,023 160 3,160 154 

Controls July 30. ... 1,324 160 1,900 44 
Sept. 1. 4,303 284 1,288 60 1,371 11 

Total .. 4,303 284 2,612 220 3,271 55 

Total clippings. 4,973 3,183 3,314 

Total controls ... 4,587 2,832 3,326 

siderably reduced at the other stations. On August 
1, there was no grass to harvest at Hebron and very 
little elsewhere. September 1 clippings were the 
heaviest of the season at all stations, the yield at 
Hebron being larger than that at Belleville. Total 
yields of clippings were relatively high despite the 
midseason drought. They were highest at Lincoln 
and about the same at the other stations (Table 14). 
Forbs, with one exception, yielded most at the first 
clipping. The chief species were Amorpha canescens, 
Aster multiflorus, and Liatris punctata. 

The total of the four clippings averaged less than 
the single harvest at Belleville. The average total 
clipping at the three stations yielded 3,823 grams, 
the control yields weighed 3,582. The yield of con- 
trols was only 0.80 ton per acre and only 55 percent 
of that at the Iowa stations. 

CARLETON STATIONS IN 1940 

At the Carleton stations the mean annual precipi- 
tation (25.0 to 27.3 inches) was nearly as great as 
that at two of the Lincoln stations near which they 
occur (Fig. 60). The great difference lay in the 
fact that the vegetation had been much more dam- 
aged by drought and that relic bluestems had suc- 
cumbed to the invasion of dense stands of western 
wheat grass. Precipitation was below normal and 
nearly always much less than normal, except in April 
at Montrose and in August at Carleton (Fig. 60). 
The wheat grass greatly decreased water infiltration 
and the soil was practically without available water 
after early summer, except as temporarily moistened 
by light showers. The grass dried in June without 
producing spikes. At two of the three stations the 
wheat grass depended entirely upon the moisture 
in the surface 2 feet of soil. Water from the deeper 
soil was apparently removed only by the relic, deep- 
ly rooted, xeric forbs which survived the drought 
because of this deeply rooting habit. 

The rolling of the leaves of wheat grass was evi- 
dence that water was scarce as early as May 10, and 
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Fie. 60. Mean annual and mean monthly precipita- 
tion, current monthly rainfall, and available soil mois- 
ture at Nebraska-Kanisas wheat grass stations in 1940. 

drought became severe by the end of May, when 
this grass, over one fifth of the prairie at Carleton, 
was dried and had no green color. Gradually, after 
a period of wilting and bleaching, the whole prairie 
appeared tan or yellowish in color and the dried 
leaves and stems were brittle. The sparse forbs were 
dwarfed and wilted and many died. The prairie was 
a sea of dried grasses about 10 inches high and re- 
mained thus throughout the summer. There were no 
seasonal aspects except the prevernal. Only rarely 
did one of the widely spaced forbs bloom. Conditions 
were only slightly better at Montrose and somewhat 
worse at Clay Center, where the vegetation was light- 
ly sprinkled with dust. No late summer development 
occurred at Clay Center, so meager was the rainfall. 
But a little growth of wheat grass and side-oats 
grama occurred at the other stations after the 
showers in August. 

The yield in May was heavy at all stations and 
especially at Montrose where rainfall was highest, 
owing to the early awakening of the wheat grass and 
its rapid development (Table 15). Yield decreased 
sharply in June. There was none or practically none 
in July, and only a very light yield, if any, in Sep- 
tember. This yield, of course, was made by the 
utilization of rainfall between the periods of soil 
sampling (Fig. 60). 

Other grasses, mostly side-oats grama and blue 
grama, were of very minor importance, all yielding 
heaviest in May and September except at Clay 
Center. Most of the forbs died, especially following 
the invasion of wheat grass, and the forb increment 
of yield was low. This was true also of the weeds 
which grew at Clay Center. 

Total yields of wheat grass varied widely, from 
1,645 to 3,507 grams. They were least at Carleton 

TABLE 15. Monthly and total yield in grams of grasses 
and forbs at each of the western wheat grass stations, 
and total production of controls in 1940. 

Clay Center Carleton Montrose 

Date I t _ 1 . X_ 

May 31 .... 1,758 19 68 27 1,436 30 16 3,385 60 12 
June 30 ...... 244 26 51 15 185 8 3 25 2 1 

July 31 ...... 0 0 16 4 01 0 5 12 2 0 
Sept. 3 ...... 0 0? 0 0 241 110 7 85 143 2 

Total . 12,002 451 135| 461,645a 148| 31 3,507 207 15 

Controls.. 12740 23 25 11 1,6451 182 179 2,625 16 91 

Total 
clippings .. 2,228 1,824 3,729 

Total yields 
of controls.... 2,799 2,006 2,732 

where the grass absorbed almost entirely from the 
surface foot of soil and greatest at Montrose where 
rainfall and soil moisture were likewise greatest. 
Other grasses also yielded highest at Montrose. 

Total yields of clippings were in the same sequence 
as yields of the dominant grass. Yield of wheat grass 
from the control plots clipped but once was the same 
as the sum of the several clippings at Carleton, 738 
grams greater at Clay Center, but 882 grams less 
at Montrose. Total yields of the controls were more 
uniform for the several stations than were the sums 
of the several clippings. They were higher, however, 
but in the same sequence as before, except at Mont- 
rose. 

Average total clippings at the several stations 
yielded 2,594 grams; weight of the controls was 2,512 
grams. Yield of controls was only 0.56 ton per acre 
and only 39 percent of that at the Iowa stations, 
but 70 percent of the yield from the Lincoln bluestem 
group. 

WESTERN KANSAS STATIONS IN 1940 

At the western Kansas stations, mean annual pre- 
cipitation varied from 18.9 to 23.3 inches, thus being 
about 2 to 8 inches lower than that at the Carleton 
group of prairies. The current monthly precipitation 
was far below normal at all stations, except in July 
and August at Hays, being normal at Phillipsburg 
in August, and much above the mean at Dighton in 
May and August (Fig. 61). The mixed prairie had 
been almost completely reduced, either by drought 
alone (Phillipsburg) or by long continued grazing 
and drought (Hays and Dighton), to a short-grass 
plains disclimax. On each prairie enough silt had 
been deposited as dust to seal the soil so effectively 
that runoff was greatly increased. It was further 
accelerated by the sparse cover of grasses and conse- 
quent lack of much obstruction to running water. 
For example, a 4-inch rain at Hays in July moistened 
the soil to only 10 to 15 inches. More usually in this 
arid climate a high monthly rainfall results from 
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FiG. 61. Chart showing the light current monthly 
rainfall and small amounts of water available for 
growth of vegetation at the stations in western Kansas 
in 1940. 

many small showers followed by bright sunshine and 
high winds; hence the water is soon lost from the soil 
by evaporation and relief from drought is slight and 
temporary. 

It should be emphasized that blue grama and buffa- 
lo grass have the ability to renew growth during the 
warm season at any time showers provide available 
water and to become dormant again within a short 
period of time. Various weeds also start growth 
promptly and develop vigorously during these inter- 
mittent periods with moist surface soil, which month- 
ly soil sampling may not reveal. In fact, weekly 
sampling at Hays in 1940 and 1941 showed this was 
the condition. 

Not only was the vegetation clipped eloser to the 
soil at these stations, about 0.5 inch, but the elippings 
were made at irregular intervals. The object was to 
harvest at such times as to obtain the total yield 
without the loss of any vegetation. For example, 
only the weeds were clipped in the plots at Hays 
and Dighton early in June in order to obtain the crop 
of Lepidium densiflorum, Monolepis nuttalliana, 
Lappula spp., and Hordeum pusillum, which had com- 
pleted growth, produced seed, and were drying. For 
the same reason single autumnal clippings of controls 
were not made. 

Drought began early in May at all of the prairies. 
Although rainfall varied considerably at the different 
stations, conditions on the prairie at Phillipsburg, 
which gave an intermediate yield of both grasses and 
weeds, will illustrate the intensity of the drought. By 
June 20 conditions were almost tragic. The bluish- 
gray color of the scattered blue grama indicated 
severe drought. Little growth had been attained by 

the sparse native grasses and forbs, although weeds 
were so plentiful that the yield even from these 
stunted plants was high. The rolled and twisted 
leaves of the short grasses did not exceed 3 inches 
in length. Of the mid-grasses, side-oats grama had 
not renewed growth, and the wilted shoots of sand 
dropseed were few. The abundant weeds-species of 
Lappula and Lepidium, Hordeam pusillum, Sophia 
multifida, Plantago purshii, and Salsola pestifer- 
were extremely small and wilted. The few native 
forbs were much dwarfed; Opuntia humifusa, was 
wilted and had put forth no new branches. Even by 
July 31, there had been a very meager growth. Only 
a few short, wilted shoots were found in any tuft 
of grass. Weeds had produced less forage than the 
grasses. The profound drought was scarcely re- 
lieved by showers until August. By mid-September, 
growth was complete for the season, since all new 
vegetation was dry and half dead. 

Yield of clippings in Table 16 shows the response 
measured in dry weight production. Except for 
weeds, it was very meager. 

TAB-LE 16. Monthly and total yield in grams of 
grasses, forbs, and weeds at the short-grass prairie 
stations in west-central Kansas and total production in 
1940. 

HAYS PHILLIPSBURG DIGHTON 

Date O Date iC Date A 

__ 
CL 

_ __ I_ 

June 10 ... ... 982 June 20 124 8114 1,707 June 1 1 ... 3,210 
June 21 346 9 ... July 31 193 13... 195 June 25 25 . 
July 29 420 2 3 Sept. 17 55 11 25 63 Aug. 1 33 . 
Oct. 2 452 . ... Sept. 28|184 . 

Total..... 1,218 11 985 372 32|139|1,965 242 3,210 

Total 
clippings . 2,214 2,508 3,452 

The greatest yield of short grasses was at Hays, 
where the October harvest of grasses was highest, a 
result of the late summer rains. Three fourths of the 
yield at Dighton also resulted from rains in August 
and September. But at Phillipsburg both precipita- 
tion and yield in late summer were less. A few 
relic mid-grasses, mostly side-oats grama, occurred 
at Phillipsburg. Native forbs were important only 
at Phillipsburg; none occurred at Dighton. Dighton, 
however, ranked first in production of weeds and 
total yield of clippings as a consequence. Phillips- 
burg was intermediate in both respects, and Hays, al- 
though it had the most grass, gave the lowest total 
yields. 

Average yield, 2,725 grams per sampling area or 
0.61 ton per acre, is higher than that at the Carleton 
stations. But when yields of grasses alone are com- 
pared, the short-grass stations produced only 26 
percent as much as the wheat grass stations and only 
11 percent as much as the Iowa stations. 
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COMPARISON OF YIELDS 

Yields of the several clippings of grasses and forbs, 
including weeds, and yields of the controls at each 
station group are shown in Table 17. Figure 70- 

TABLE 17. Summary table of plant production in 
grams (in round numbers) at the several stations in 
1940. 

Western Wheat Midwestern 
Iowa Bluestem Grass Kansas 

Stations Stations Stations Stations 

Yield * 

0 ~~~~ 0 0 0 

Clippings ......... 5,810 637 3,601 223 2,518 76 621 2,104 
Controls.... 5,603 890 3,395 186 2,410 102 ... ..... 

Total Clippings ... 6,447 3,823 2,594 2,725 

Total Controls.... 6,494 3,582 2,512 ...... 

shows graphically the yield of grasses and native 
forbs and total yields from the control quadrats 
where growth was not interrupted by clipping. Ex- 
amination of these data shows that in 1940 produc- 
tion of grasses decreased directly and greatly from 
east to west, with corresponding increase in severity 
of drought. Decrease in yield of native forbs was 
similar to that of the grasses until the overwhelming. 
crops of weeds were included at the mixed prairie 
stations. In fact, the weed factor was so great as to 
upset the very pronounced differences in yield of 
grass, so that total production in mixed prairie was 
also higher than at the wheat grass stations. 

RELATIVE HEIGHT GROWTH AT TIMES OF CLIPPING 

The recovery of plants from clipping and the 
height attained at the time of the next clipping are 
of considerable significance. They are not closely 
connected with soil moisture as shown in the charts 
for unclipped prairie, since the repeated removal of 
the tops in itself greatly reduced water absorption 
and thus conserved the water supply. The removal of 
the cover even to a height of 1.5 inches, as in grazing, 
promoted loss of water directly from the soil surface, 
especially where there was a dearth of litter (R. J. 
Weaver, 1941). The results are of interest both in 
regard to rate of regeneration and in reproducing a 
stand of forage under conditions simulating grazing 
(Weaver and Hougen 1939). 

Height growth of bluestems was progressively 
slightly less at the Iowa stations with the progress 
of the season (Table 18). At the second group of 
bluestem stations, height growth was more uniform 
but only about two thirds as great early in the sum- 
mer. It was increased by rains late in summer. An 
average difference of 6 inches in height of foliage of 
unclipped big bluestem at the two groups of stations 
correlates with decrease in water content of soil 
westward. 

The low stature of wheat grass, 10 to 12 inches 
as compared with a normal height of 30 to 36 inches, 

TABLE 18. Average heights in inches of grasses and 
a representative forb at the several stations at each 
clipping, and average heights of control vegetation 
when clipped in September. 

Station Con- 
groups Species June July Aug. Sept. trols 

Iowa .... Bluestems. 11 9 7 7 16 
Lincoln .... Bluestems. 6 6 6 8 10 
Carleton ... Wheat grass. 12 4.5 5 10 

Iowa .... Amorpha canescens 9 6 6 3 19 

Lincoln .... Amorpha canescens 4 5 4 3 7 
Carleton ... Amorvha canescens 3 3 3 2 5 

reflects extreme drought. Recovery after clipping 
was slight and the measurements in July and 
September represent only a few plants. Times of 
cutting of short grasses at the western stations were 
too irregular for comparisons of height growth. 

Amorpha canescens was selected to represent the 
forbs because it was the only species found in most 
prairies in each of the station groups, because it often 
occurred in great abundance, and because of its 
ability to recover regularly after clipping. Nearly 
all forbs renewed growth to some degree in the moist 
Iowa prairies, but recovery was less uniform in the 
Lincoln group, and in the dry soils at the wheat 
grass stations many forbs did not grow after the 
first clipping. 

SOIL MOISTURE AND PLANT GROWTH IN 1941 

The growing season of 1941 was characterized by 
a late, wet spring and abundant rainfall in May, 
June, and July or at least during one or two of these 
months. The greatest increase in rainfall occurred 
at the stations in Kansas, where the normal monthly 
precipitation in June of 3 to 4 inches increased 
at some stations to 10 or 11 inches. At the short- 
grass stations, total rainfall for April or May or 
June was at least twice normal. Vegetation flourished 
until late summer when moderate drought occurred. 

Water content of soil was high to a depth 5 or 6 
feet at both Glenwood and Oakland until early in 
August (Fig. 62). Soil moisture and yields at 
Anita are not given because of accidental spring 
burning which depressed growth. The very heavy 
rains in June added moisture to the deep subsoil and 
greatly ameliorated conditions of growth when water 
content was depleted in August, especially at Glen- 
wood. Hence development was not much retarded. 
The foliage of little and big bluestem attained an 
average height of 16 and 24 inches, respectively 
(Fig. 63). 

At the Lincoln group of stations both rainfall and 
soil moisture were less than in Iowa, but the general 
pattern of water distribution was the same (Fig. 
64). Conditions of growth were poorest at Lincoln, 
since the 11 inches of rainfall in June at Hebron 
and Belleville did not occur there. But they were 
more favorable than during 1940, despite the severe 
drought during -July and August, which caused the 
vegetation to wilt and dry. 
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FIG. 62. Available soil moisture and p)recipitatioll at 
two Iowa stations (luring 1941. 
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FIG. 63. Representative dense growth of grasses and 
forbs at the Iowa stations in 1941. The grasses aver- 
aged 2_0 inches in height on September 1. 
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FIG. 64. Available water content of soil, mean annual 
andl n montlly precipitation, and current month Ily 

precipitation at tile Nebraska-Kansas bluestem stationls 

in 1941. 

Production of foliage was not much retarded at 
Hebron or Belleville, although the tops of the 
grasses had dried (Fig. 65). Foliage of little and 
big bluestem attained heights of 12 and 16 inches, 
respectively, which was 4 and 8 inches less than in 
Iowa. 

At the western wheat grass stations, total summer 
precipitation was usually somewhat lower than at 
the preceding group, except Lincoln which had the 
lowest rainfall. Soil moisture was also considerably 

FIG. 65. Representative growvth of bluestemns and side- 
oats grania at Hebron, Neb. Height of bluestemis was 
,about 15 in~elles on August 27, 1941. 
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lower, as may be seen by even a casual comparison 
of Figures 64 and 66. This resulted in part from 
poorer infiltration of water and from the early ab- 
sorption of soil moisture by a large crop of western 
wheat grass. Since this grass matures early, deficiency 
of subsoil moisture and even late summer drought 
had little effect in decreasing yields. Even by the 
first of May the foliage was 10 inches high and in 
the fourth-leaf stage. By the end of June the 
foliage level averaged 18 inches and the spikes, which 
were 3.5 to 5 inches long, were held on slender stalks 
12 to 18 inches above the leaves. A view of the 
wheat grass prairie was as monotonous as that of a 

CLAY CENTER 25.5 CARLETON 27 3 MONTROSE 25 0 
M|J|J|A MI JI A M J J A_ 

36171351_ 33 4163.51 3.2 373931 3 1 
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4 

FIG. 66. Available soil moisture and precipitation at 
the Nebraska-Kansas wheat grass stations in 1941. 

field of wheat. Above the foliage level each stalk 
bore only 1 short leaf. Submerged within this sea 
of grass (30 to 36 inches tall) were the few relie 
grasses and dwarfed forbs. Amorpha canescems, 
which averaged 24 inches in height in Iowa and 17 
inches at the other bluestem stations, was here only 
8 inches tall. Yield of hay was large (Fig. 67). 

At the short-grass stations the previous years of 
drought had so depleted the native grasses and forbs 
that there were few to benefit by the excellent water 
supply in 1941 (Figs. 68 and 69). Moreover, at 
Phillipsburg and Hays, as generally throughout the 
area, a very early dense cover of Hordeum pusilum 
resulted from seed which had germinated the pre- 
ceding fall. This weed grew to heights of 12 to 20 
inches and quickly overtopped all of the remaining 
native vegetation. By shading it, development was 
greatly retarded, as was shown by the long, slender, 
light-green tillers of blue grama and stolons of 

FiG. 67. View in the Carleton prairie on August 26 
showing the large amount of hay produced in 1941. 

buffalo grass. Even the pistillate flowers of buffalo 
grass were borne on long, slender flower stalks. There 
were numerous other weeds, as in 1940, which grew 
vigorously except where they were held in check 
by little barley. Among the most important were 
Panicutm capilare, Salsola pestifer, Amaranthus 
graecizans, Lepidium densiflorum, Lappula occiden- 
talis, Monolepis nuttaUiana, and Plantago purshii. 
Where weeds were less abundant, as at Dighton, the 
short grasses were tillering profusely or spreading 
rapidly by stolons, but very few seedlings were found 
here or elsewhere (cf. Weaver and Mueller 1942). 
The best growth and recovery of the grasses occurred 
where weeds were absent, as at Dighton where patches 
of soil were completely revegetated by autumn. A 
few native forbs renewed growth at the other sta- 
tions, but no forbs were found in the plots at Dighton. 
Mid-grasses, not found at Dighton, if alive had com- 
monly only a few green tillers protruding from the 
periphery of the dry bunches. 

By midsummer the matured little barley had, at a 
distance, the color and appearance of a ripened field 
of grain. Although dead, its shade still retarded 
growth of the short grasses. The most abundant 

FIG. 68. One of the five 4-square-meter areas from 
which yields were obtained at Dighton, Kan. The short 
vegetation, consisting mostly of peppergrass, has just 
been clipped, showing much bare soil. June 25, 1940. 
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FIG. 69. Available soil moisture and precipitation at 
the Kansas short-grass stations in 1941. 

forb was the very drought-resistant Malvastrum 
coccineum; a few other formerly common species, as 
Astragalus mollissimus, were observed for the first 
time in several years. 

There was a short midsummer drought at Hays and 
Phillipsburg (and a little later at Dighton) when 
the short grasses became dormant, and cactus seed- 
lings dried. But this was of relatively short dura- 
tion and vegetation grew late into the autumn. 

YIELDS IN 1941 

Although only total yields are recorded from the 
western Kansas stations in order to conform with 
those from the other stations, they are from clip- 
pings made at various intervals. Only three were 
made at Dighton where weeds were few, but an 
additional earlier one on May 30 at the other sta- 
tions was necessary to obtain the dead little barley 
and certain other weeds which might otherwise have 
been lost. Drought ended the growing season by 
September 13 at Dighton but the final harvest was 
made on October 18 at Hays (Table 19). 

Yields of grasses and forbs at the Iowa stations 
were high and quite uniform. The average yield of 
the forbs was 15.7 percent of that of the grasses. 
The total average yield of hay was 10,912 grams per 
area sampled or 2.43 tons per acre. 

Despite the midsummer drought at Lincoln, yields 
of grasses and forbs were only 16 percent less than 
at the other two bluestem stations in the Lincoln 
group. Average yield of forbs was 11.3 percent 
of that of the grasses. Total average yield of forage 
was 8,283 grams per area sampled or 1.85 tons per 
acre. 

Yield of wheat grass was highest at Montrose and 
about 31 percent less at Clay Center, where it was 

TABLE 19. Annual yield in grams of grasses and forbs 
at the several stations in 1941 and average annual yield 
per station group. 

1941 Oakland Glenwood Lincoln Hebron Belleville 

Grasses. 9,902 8,956 6,609 8,030 7,685 
Forbs... 1,264 1,701 732 698 1,096 

Total ......... 11,166 10,657 7,341 | 8,728 8,781 

Average ....... 10,912 8,283 

1941 Clay Center Carleton Montrose 

Wheat grass. . 8,547 9,752 12,422 
Other grasses. 142 1,091 4X5 
# Forbs ..................... 471 32 
Weeds. 1,528 ...... 

Total. . 10,688 10,875 12,467 

Average 11,343 

1941 Hays Phillipsburg Dighton 

Short grasses .......... ... 2,086 2,113 4,171 
Mid-grasses ..... 329 ..... 
Forbs .. . . .. .. .. .. .. .. ... 159 571 ..... 
Weeds.... 4,677 7,572 243 

Total. 6,922 10,385 4,414 

Average 7,307 

least. This is in direct accord with the amount of 
precipitation from February to June, which was 
about 18 and 11.5 inches at the two stations, respec- 
tively. Soil at both stations was dry to 6 f eet in 
depth the preceding autumn. Yields of other grasses 
(mostly side-oats grama) were small, except at 
Carleton. Weeds were of considerable importance in 
the more open wheat grass stand at Clay Center 
where they composed 14 percent of the forage 
(Table 19). Total yields at the three stations were 
not so variable as those of wheat grass alone, since 
the weeds, forbs, and other grasses at Clay Center in- 
creased the total yield of hay to 98 percent of that 
at Carleton. 

The average total yield of grasses, 10,666 grams, 
was 13 percent greater than that of the bluestems 
in Iowa and 43 percent greater than that of the 
grasses at the other bluestem stations. Quality, how- 
ever, was greatly inferior. Native forbs constituted 
only 1.5 percent of the total yield. Average total 
yield was 11,343 grams per area sampled or 2.53 
tons per acre. 

At the mixed prairie stations yields of short grass 
slightly exceeded 2,000 grams at two stations but 
were nearly twice as great at Dighton. Mid-grasses 
occurred only at Phillipsburg, but in a small amount, 
being outranked by native forbs. Unlike the pre- 
ceding year, relatively few weeds grew at Dighton 
but their yield at the other stations was two to 
nearly four times as great as the grasses. It is of 
interest that the station with the lowest total yield 
had the best cover of grass. 
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Average total yields of grasses in grams at the 
several station groups were 9,429 in Iowa, 7,441 at 
the second bluestem group, 10,666 at the wheat grass 
prairies where stems of wheat grass added greatly 
to weight of forage, but only 2,900 grams at the 
mixed prairie stations. 

Relative yields of grasses, native forbs and weeds, 
and average total yields of 1940 are shown together 
with similar yields in 1941 in Figure 70. The yields 

GRASSES NATIVE FORBS AND WEEDS TOTAL YIELDS 
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FIG. 70. Average yields of grasses, native forbs and 
weeds, and total yields of forage in 1940 and 1941 at 
the Iowa stations (columns 1), Lincoln statiops (2), 
western wheat grass stations (3), and mixed prairie sta- 
tions (4). Left hatch is for 1940; black for 1941; 
crosshatch ifodicates weeds. 

of grasses increased at all stations during 1941. In- 
crease in Iowa over the preceding year (columns 1) 
was 68 percent and at the Nebraska-Kansas bluestem 
stations 119 percent. Yield of western wheat grass 
was more than four times as great in 1941, as was 
also the yield of short grasses. In tons per acre, 
yields in 1941 were 2.10, 1.66, 2.38, and 0.65, re- 
spectively, from Iowa westward. 

Yields of forbs increased but in a smaller degree; 
a large crop of weeds was produced in the short 
grass (columns 4) in 1940 but this was doubled in 
1941. 

Total yields were highest at the Nebraska wheat 
grass stations where weeds are included with the 
coarse-stemmed wheat grass. But when the economic 
criteria of quality of forage and actual utilization are 
applied, the value of the crop was greatest in Iowa 
each year and decreased regularly westward to the 
short-grass disclimax. 

ATMNOSPHERIC DROUGHT 

Evaporation has long been used as an index in 
which the facto1s of insolation, humidity, tempera- 
ture, and wind movement are more or less integrated. 
Data on relative evaporation losses as measured by 
the Weather Bureau at Lincoln and Hays are given 
f or 1940 and 11941 in Table 20. 

The data in Table 20 reveal two important facts: 
(1) that evaporation stress was higher each month 
at Lincoln in 1941 than during 1940; and (2) that, 
except in October, 1941,. evaporation at Hays was 
always much higher than at Lincoln. 

TABLE 20. Evaporation losses in inches from a free 
water surface as measured by the Weather Bureau at 
Lineoln, Nebraska, and Hays, Kansas. 

Year Station |Apr. May June July Aug. Sept. Oct. Total 

1940 ... Lincoln.. 3.57 5.11 7.04 8.87 4.77 4.38 3.09 36.83 
1940 ... Hays .... 8.45 11.25 13.87 16.88 10.32 9.23 7.45 77.45 

1941 ... Lincoln .. 4.44 6.21 8.41 11.42 6.15 5.82 4.58I47.04 
1941 ... Hays .... 6.31 9.01 10.07 13.16 12.24 11.02 4.45 66.26 

Atmospheric drought usually accompanies soil 
drought but it has probably been only a secondary 
cause of retarded growth. Even during the years 
of 1934, 1936, and 1939, when losses were greatest, 
it seems clear that high temperatures in grasslands 
were not the direct cause of death of plants, but 
one of the several factors which intensified drought. 
Evidence from both field and control experiments 
fully support this view (Weaver and Albertson 
1940; Weaver and Mueller 1942). High evaporation 
rates nearly always accompany high temperatures in 
this mideontinental grassland. But only when the 
water supply of the soil has been depleted to low 
levels does high water loss through transpiration have 
much retarding effect upon growth of native plants 
in the field. They are adjusted to wide ranges of 
insolation, temperature, humidity, and wind. In gen- 
eral, these are all of greater magnitude, except for 
an inverse relation in relative humidity, progressively 
from Iowa to western Kansas. 

To attempt to correlate plant production closely 
with any one or any combination of these factors 
would not be advisable under post-drought conditions 
of a plant cover, which is in itself extremely variable. 
The correlation between plant production at any 
group of stations during the dry year (1940) and the 
wetter one (1941) yields definite values. Likewise, 
a comparison of yields from areas of higher rainfall 
with those of lower precipitation, when studied in the 
light of change of types of vegetation and relative 
depletion of cover, is of great value in a quantitative 
interpretation of drought. 

SUMMARY 

A resurvey of vegetation both above and below 
ground was made in midwestern grasslands at the 
end of the great drought. It included the western 
portion of the true prairie in Iowa, eastern Nebraska 
and Kansas, and the mixed prairie, with its short- 
grass disclimax, in western Kansas and Colorado. 
Five prairies in western Iowa, 12 in true prairie west 
of the Missouri River, and 12 in mixed prairie in 
Kansas have been studied year by year since the in- 
ception of drought in 1933-1934. This is the record 
of their condition in 1940 near the end of the 
drought. 

There was little damage to native vegetation east 
of the Missouri River. Elsewhere in true prairie 
Andropogon scoparius, which was formerly the most 
abundant upland grass, suffered the greatest loss. 
It entirely disappeared from many prairies, and was 
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reduced from about 55 percent basal cover to 5 
percent elsewhere. A. furcatus, after heavy initial 
losses, has persisted or spread widely. Its percentage 
relation to the total remaining but often sparse cover 
is about the same as formerly. Sorghastrum nutans 
has all but disappeared from uplands and there is 
now less on lowlands than before the dry years. 

Poa pratensis, formerly widely and uniformly 
scattered throughout, almost all died in pastures and 
drought-stricken prairies. Although absent from 
most prairies, in others it is plentiful in ravines and 
on less xeric slopes. 

Stipa spartea withstood the drought well, and a 
continuous spread of this grass has taken place into 
bared or semibared areas regardless of slope, and 
even onto low ground. Sporobolus heterolepis, like 
needle grass, did not occur in some prairies. Al- 
though early losses from drought were high, such 
great increase has occurred that it is now often ten 
times more abundant than formerly. 

Bouteloua curtipendula is so drought-resistant that 
it often persisted where all other mid-grasses suc- 
cumbed. Formerly constituting only 1 percent of the 
prairie cover, it has increased so greatly almost every- 
where that it now ranks as the second most important 
prairie grass. 

Agropyron smithii has made a phenomenal in- 
crease from a species of very minor importance to one 
of first rank. This early growing, sod-forming grass 
alone has complete control over thousands of acres 
of grassland. During drought, nearly all other 
grasses failed to grow successfully in association with 
western wheat grass. 

Boutelouta gracilis, formerly of very limited and 
local occurrence in true prairie, was harmed by desic- 
cation the least of all species. It has spread so 
widely that patches can be found anywhere except 
where the original cover of mid-grasses persisted. 
Buchloe dactyloides formerly occurred even less fre- 
quently than the preceding short grass, but it has 
made good gains in those prairies where it was found. 
Both grasses have commonly intermixed with western 
wheat grass. 

Grasses of less importance that have lost heavily 
include Koeleria cristata, Panicum scribnerianum, 
and P. wilcoxianum. Sporobolus asper and Muhlen- 
bergia cuspidata have increased in abundance. 

From a study of large numbers of quadrats before, 
during, and near the end of the drought, the per- 
centage of basal cover of each species was calculated 
and these data were used as a quantitative basis for 
comparing gains or losses. 

The seven most important grasses in true prairie in 
1940 in order of their abundance were Agropyron 
smithii, Bouteloua curtipendula, Andr opogon furca- 
tus, Stipa spartea, Boutelotua gracilis, Sporobolus 
heterolepis, and Andropogon scoparius. 

Three types of grassland occur in mixed prairie. 
The short-grass disclimax type is widely distributed 
over level or moderately rolling uplands. The little 
bluestem type is found on hillsides with rock outcrops 

and in shallow ravines. The postelimax, big bluestem 
type covers the lower slopes and deep ravines. 

A4 ndropogon scoparius has entirely disappeared 
from the short grass, and has been reduced in its 
own type from about 45 to 1 per cent. A. furcatus 
was reduced to about one fourth its former amount 
in the little bluestem type. In its own type, about 
four fifths of it was replaced by more xeric grasses. 

Boutteloua curtipendula almost disappeared from 
the short-grass type, it made steady gains in territory 
left bare by the death of little bluestem, and in 
ravines and on lowlands it frequently replaced big 
bluestem. Species of Aristida disappeared from the 
short-grass type and suffered a high rate of mortality 
elsewhere. 

Boutelotua gracilis and Buchloe dactyloides former- 
ly constituted four fifths of the entire vegetation of 
the short-grass type. Extreme drought and burial by 
dust killed most of the short grasses. In contrast 
to these losses, which ranged from 50 to 100 percent 
of the cover, gains were made by blue grama spread- 
ing on hillsides and into ravines where mid-grasses 
had succumbed. Most lowlands also became more or 
less covered with short grasses. 

Buchloe dactyloides formerly shared the area more 
or less equally with blue grama. In many places 
it entirely disappeared and nearly everywhere it was 
heavily damaged. Despite rapid and repeated local 
recovery, this species lost much more heavily than 
the more stable blue grama. The present, much de- 
pleted short-grass cover consists almost entirely of 
these two species, but buffalo grass constitutes prob- 
ably not more than one third of the mixture. 

Studies of numerous permanent quadrats in 1932 
and 1940 revealed the increase or decrease of each 
perennial grass in the three types of mixed prairie. 
Boutelotua gracilis and Buchloe dactyloides are the 
species of major importance in the short-grass type. 
In the other types they are Bouteloua. curtipendula, 
Agropyron smithii, Bouteloua gracilis, Buchloe dacty- 
loides, Andropogon furcatus, and Sporobolus asper 
var. hookeri. 

A comprehensive record of the weakening and 
death of forbs shows that their, decrease was not 
gradual but sporadic, corresponding with the severity 
of drought. Many shallowly rooted plants were 
nearly all killed the first year; more deeply rooted 
ones often persisted for several years; some very 
deeply rooted forbs lost most heavily near the end 
of the drought. 

Average number of long-lived native forbs found 
before the drought in bluestem prairies in Iowa, in 
Nebraska and Kansas, and in wheat grass prairies 
in Nebraska and Kansas was 85, 50, and 38, respec- 
tively. At the end of the drought it was, in the 
same order, 82, 41, and 21. 

Relative size of the same species decreased greatly 
with increasing drought westward. Amorpha canes- 
cens decreased in height from 19 inches to 7 and then 
to 5 inches, and Rosa arkansana from 30 to 18 and 
finally to 6 inches. 
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Decrease or increase in abundance of forbs was 
ascertained from lists made before, during, and at 
the end of the drought. In a list each species was 
placed in one of 5 classes according to its abundance 
and ecological importance. In the Nebraska-Kansas 
true prairie, only 1 species increased in abundance 
at all stations, 11 changed but little, and 19 decreased 
considerably. In western wheat grass, 13 species 
disappeared entirely. 

Species and ratings of long-lived forbs found at 
the end of the drought were ascertained for the undis- 
turbed bluestem prairies in Iowa, the drought-de- 
pleted ones in Nebraska and Kansas, and the Nebras- 
ka-Kansas wheat grass prairies. Fifty-nine species 
of the more mesic forbs were found at the Iowa 
prairies only. Thirty-six species of more xeric forbs 
occurred at the more westerly bluestem prairies as 
well. Another group of 34 xeric species was found in 
the wheat grass prairies. 

Only 17 species of native perennial forbs were 
found at the 15 stations in mixed prairie. Only one 
or two were abundant in any prairie. Ten of the 
most drought-resistant occurred sparingly before 
1939, but thereafter only four. 

Number of stems of forbs in two circles, 50 feet 
in diameter, was ascertained at each station. Average 
number of stems at the Iowa stations was 27,875, 
at the Nebraska-Kansas bluestem stations 7,109, and 
at the wheat grass stations only 1,083. At 14 stations 
in western Kansas, the average number of stems per 
unit area was only 23. 

Occurrence and abundance of the most important 
long-lived forbs of uplands in 1940 are shown sche- 
matically. Only 5 species maintained approximately 
their predrought abundance; 41 species decreased in 
abundance. All maintained their usual abundance in 
Iowa, and all but 5 decreased in eastern Kansas and 
Nebraska. Among species mostly of mixed prairie 
and short-grass disclimax, 28 are listed. Three per- 
sisted in normal numbers, 14 disappeared, and the 
rest lost heavily. Another group of 13 species in- 
creased greatly in abundance during drought some- 
where in true prairie or mixed prairie. 

Grasses and forbs in true prairie died from desicca- 
tion in 1934-1936 only after they had absorbed the 
available water in the surface 3 or 4 feet of soil. 
Rainfall during the dry years was inadequate to 
moisten the deeper portion of this dry layer. Roots 
of new vegetation were confined to that portion of the 
soil moistened by current precipitation, and they 
were separated by a dry layer from the moist subsoil. 

Loss of the plant cover greatly hindered water 
infiltration as did also the covering of dust, and the 
invasion of Agropyron smithii. The period neces- 
sary for an inch of water to infiltrate into bare soil 
was 2.8 times as long as that for infiltration into 
the same kind of soil which supported a good cover 
of predrought prairie grasses. 

Resurvey of root systems in true prairie involved 
an examination of (1) relic grasslands where the 
original plant population was little affected above 
ground, of (2) badly denuded areas where only 

widely scattered relic or invading grasses occurred, 
and of (3) half-bared places where relic grasses or 
invading species had increased. 

Root habits were normal under the first condition. 
Under the second, much space between the plants 
was almost free from living roots. Depth of roots 
corresponded with that of current rainfall penetra- 
tion, about 2 to 2.5 feet. 

Roots of relic Andropogon f urcatus were confined 
to the surface 2.5 feet and those of invading Agropy- 
ron smithii to about 2 feet. Below, a dry layer of 
soil with water unavailable for growth extended to 
about 5 feet. Certain forbs with roots only 5 to 6 
feet deep had succumbed, but others which had pene- 
trated to depths of 10 to 17 feet before the drought 
survived, although greatly dwarfed. They obtained 
water in part from a slightly moist subsoil that had 
not received additional moisture since 1934. 

In mixed prairie, bisects in the upland short-grass 
type revealed that roots of Bouteloua gracilis and 
Buchloe dactyloides were fewer in number and 
shallower in depth of penetration. A former root 
depth of 4 to 5 feet at Hays, Kansas, had been re- 
placed by one of about 18 inches. Under lighter 
precipitation westward, the depth was rarely more 
than 12 inches. Most old roots of forbs had died. 
The few that grew during the drought were much 
shallower. 

In ravines where additional water was supplied 
by runoff so that the deep soil was moist, the roots 
grew deeper as drought increased. The roots of 
Andropogon furcatuts, Agropyron smithii, and cer- 
tain other grasses extended a foot deeper and 
branched more profusely in the deeper soil than in 
1933. Those of Aster multiflorus, Vernonia bald- 
wini, and other coarse forbs doubled their length. 

Amount of available soil moisture and yield of 
grasses and forbs were ascertained at four groups of 
stations during the dry year 1940, and the moderately 
wet one 1941. 

In 1940 at the western Iowa stations, rainfall was 
sufficient to keep the soil continuously moist to a 
depth of 6 feet, except for a moderate midsummer 
drought. Three bluestem prairies, undamaged by 
former drought, gave a high and uniform yield of 
grasses. Yield from one clipping in September was 
about the same as the sum of four clippings on 
sample areas of similar size made at monthly inter- 
vals. Early yields of forbs were high, but after a 
second clipping, they decreased greatly. Total yield 
of forage was 1.45 tons per acre. 

In the drought-damaged bluestem prairies west- 
ward, severe drought began in midsummer and avail- 
able soil moisture was exhausted to a depth of 5 or 
6 feet. Yield was about the same whether obtained 
in one or four harvests. It was only 0.80 ton per 
acre or 55 percent of that in Iowa. 

Where western wheat grass had replaced the blue- 
stems, soil moisture was available only in spring and 
early summer.- Yield in May was heavy but light 
or none thereafter. Yield of four clippings and of a 
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single harvest were nearly equal. Total yield was 
only 0.56 ton per acre or 39 percent of that in Iowa. 

In western Kansas where drought and dust had 
reduced the basal cover of the short grasses to only 
10 percent normal, drought began in May. Usually 
the surface foot alone had available water, but only 
temporarily and at widely separated intervals. Aver- 
age yield, including weeds, was 0.61 ton per acre. 
Yield of grasses and native forbs alone was only 13 
percent as great as that in Iowa. 

In 1941 in Iowa, water content was high to a 
depth of 6 feet at least until August, and vegetation 
flourished. At the second group of stations, both 
rainfall and soil moisture were less, but the general 
pattern of water distribution was the same, with 
moderate drought in late summer. Heavy rainfall 
at the wheat grass stations resulted in an abundance 
of soil moisture, at least until the wheat grass had 
ripened. An excellent supply of soil moisture pre- 
vailed at the Kansas short-grass stations. It pro- 
moted a rank growth of Hordeun pusillum and other 
weeds which greatly retarded the development of the 
much depleted native grasses. 

Average yield in Iowa was 2.43 tons per acre, of 
which the native forbs produced about 16 percent. 
The Nebraska-Kansas bluestem prairies yielded 1.85 
tons per acre, about 11 percent being native forbs. 
Yield at the wheat grass stations was 2.53 tons per 
acre, of which 1.5 percent was supplied by the native 
forbs. This was 4.5 times as great as the vield of 
the preceding year, and slightly greater than that in 
Iowa. Yield of native grasses at the short-grass 
*stations was only 0.65 ton per acre; that of grasses 
and weeds together was 1.63 tons. 
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