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Viewpoint: A view on species additions and 
deletions and the balance of nature 

HYRUM B. JOHNSON AND HERMAN S. MAYEUX 

Authors are ecolonist and range scientist, USDA, Agricultural Research Service, 808 Eart Blackland Rd., Temple, 
Tex. 74502. - 

Abstract 

Popular assumptions about ecosystem stability and the delicate 
balance of nature are found lacking when examined in terms of 
paleoecological, historical and current biochronological, and bio- 
geographical sequences in a wide variety of environments. Species 
composition of vegetation varies continuously in time as well as 
space in the absence of acute perturbations. Species have been 
added to or removed from ecosystems without greatly affecting 
ecosystem function. Natural ecosystems exhibit greater stability 
(inertia) in physiognomic structure and functional processes than 
in species composition. For instance, creosotebush became domi- 
nant over many millions of hectares of the Chihuahuan, Sonoran, 
and Mojave Deserts over a short period of 11,000 years, but a 
limited number of generations precludes establishment of highly 
integrated and biologically regulated communities by co-evolution. 
Dramatic shifts in species composition of eastern deciduous forests 
of North America occurred in prehistory and continue into the 
present. Similar changes are noted in the constant assembling and 
reassembling of species in the purportedly ancient and stable 
forests of the tropics. Numerous introductions with few extinctions 
in the flora of California have increased species richness and prob- 
ably diversity, and many recent additions are primary contributors 
to ecosystem productivity. Recognition that rangeland ecosystems 
persist in unstable rather than stable species compositions provides 
both a challenge and an opportunity for natural resource manage- 
ment. The challenge is to develop new management principles that 
incorporate nonequilibrium theory. The opportunity is the promo- 
tion of policies and regulations that more closely reflect reality. 

Key Words: ecology, paleoecology, biogeography, climax, vege- 
tation change, biological control, extinction, co-evolution, creosote- 
bush 

In this time of increased sensitivity over the health of the planet, 
an accurate understanding of how the earth’s ecosystems work 
becomes of paramount importance. Rangelands count signifi- 
cantly in the global perspective since they occupy approximately 
40% of the earth’s land surface. Westman (1977) considers the 
structural components of ecosystems to be nature’s free “goods,” 
e.g., forage, timber, fish, etc., that are marketable products, and 
the functional processes which drive them as providing nature’s 
free “services,” i.e., fixation of atmospheric nitrogen, energy cap- 
ture through photosynthesis, breakdown of pollutants, mainte- 
nance of oxygen levels in the air, and other processts that insure 
“clean air, pure water, and a green earth.” Westman asks the 
question, “How much are nature’s services worth?“and Pimentel et 
al. (1980) respond by calculating some of the values for the United 
States in economic terms and conclude that they are enormous. 
Any prospects of changes in the goods and services of ecosystems 
are therefore proper causes for concern. 

Drs. Lloyd Andres, C. Jack DeLoach, D. Lynn Draw, Peter Harris, William A. 
Laycock, William Palmer, Philip Sims, Fred Smeios, A.J. Svejcar, and Philip V. 
Wells contributed reviews of earlier versions of this paper. 
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Vegetation forms the matrix of terrestrial ecosystems. Changes 
in the physiognomic structure and/ or species composition of vege- 
tation provide immediate evidence of ecosystem change. Such 
changes can be framed in the general ecosystem concepts of stabil- 
ity, diversity, and productivity. Our attention will be directed 
toward stability, which has several conceptual components and in 
theory is often linked closely with diversity and productivity. Eco- 
system stability has at least 2 principal aspects: that related to the 
toughness of the system, i.e., how much force is required to change 
its structure and/ or function, and that related to the dynamics of 
change after an alteration has occurred. Westman (1978) discusses 
the first in terms of inertia and the second under the heading 
resilience, which he separates into elasticity, amplitude, hysteresis, 
and malleability. 

The usual perception of inertial stability is in terms of stable 
species composition, which constitutes, a self-sustaining system 
according to the “balance of nature” paradigm. We propose a 
second, or alternative, view of a self-sustaining system in terms of 
physiognomic structure and functional processes in which various 
species with similar physiognomy and function are interchange- 
able. Such a system may have high inertial stability even with the 
coming and going of species. As for the resilience of altered ecosys- 
tems, elasticity (the capacity for recovery) and malleability (the 
capacity for establishing a new structural or functional balance) 
are perhaps the most significant aspects of the concept in relation 
to rangelands. 

Vegetation changes are occurring on rangelands throughout the 
western United States and throughout the world (Mayeux et al., in 
press). Foreign plant species have invaded the grasslands of Cali- 
fornia and the steppes of the Great Basin to the point of becoming 
major components of the vegetation (Burcham 1957, Mack 1986). 
Native woody plants have increased at the expense of native 
grasses over vast areas of southwest North America (Branson 
1987). These changes are widely perceived as unfortunate. This 
sentiment seems to depend in large part on the assumptions that 
species composition at the time of settlement must be perpetuated, 
that native species are essential components of delicately balanced 
co-evolved ecosystems that are stable through time and replicated 
in space (Andres 198la, 1981b; Pemberton 1984), and that native 
species and introduced species are fundamentally different in the 
roles they play in ecosystems (Howarth 1983). Indeed Andres 
(1981b) maintains that “Ecological conflicting interests arise in the 
belief that all elements of an ecosystem are interrelated and that 
removal of a plant species from an area, especially a native species, 
will trigger some unknown and unwanted reactions.” Howarth 
(1983) speaks of “biological pollution” defined as “the establish- 
ment in the wild of foreign or non-native organisms.“Both Andres 
and Howarth ascribe much higher “environmental value” to native 
organisms than to those that are alien. Temple (1990) recommends 
the eradication of exotic organisms and argues that we are remiss 
in not initiating such programs. Ehrlich (1990) maintains that 
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“overgrazing of public lands in the West in both riprian and 
non-riprian habitat has become a major factor in reducing the 
diversity of plants”and predicts that “accumulated losses of popu- 
lations and ecosystem fragments could soon add up to the perman- 
ent disappearance of many species and communities.” 

Recent research concerning both the indirect effects of increas- 
ing atmospheric COs levels on plants through climate change and 
the direct effects represented by CO2 fertilization have prompted 
several authors to predict future dramatic changes in the structure 
of native vegetation (Bazzaz and Garbut 1988, Overdieck and 
Reining 1986) and the relocation of physiognomic structure types 
(Emanuel et al. 1985, Idso and Quinn 1983). It has been suggested 
that global climate change may accelerate rates of plant extinction, 
with concommitant and possibly catastrophic shifts in ecosystem 
structure and function (i.e., several authors in World Wildlife 
Fund 1988, Peters 1990). The possibility of serious consequences 
associated with global change is an example of an issue that can be 
assessed by consideration of recent changes in vegetation character- 
istics. 

Vegetation Theory 
These views are most easily understood in terms of Clementsian 

climax vegetation theory (Clements 1916, 1920; Weaver and Cle- 
ments 1938; Dyksterhuis 1946), in which vegetation units are per- 
ceived as highly integrated and regulated entities serving as the 
matrix for biotic assemblages representing discrete steps of biolog- 
ical organization. The theory, in its extreme form, assumes that 
vegetation units arise, grow, mature and die through the processes 
of ecological succession (Clements 1916). Once attained, climaxes 
maintained themselves by perpetuating the more or less final, 
stable condition. Stability in structure is viewed in terms of species 
composition because the occurrence of each species in its proper 
proportion is important in defining the climax. Climax vegetation 
is considered ancient in age. Climatic change results in death of the 
climax organism or its shift intact to a new location, trailing the 
climate. 

The climax concept has had enormous appeal to those working 
in applied fields of biology where there is a need to relate vegetation 
dynamics to other considerations such as in animal population 
ecology and range management (Allee et al. 1949, Price 1975, 
Meeker and Merkell984). Sampson (1919) wrote a germinal paper 
that introduced the then-current principles of vegetation dynamics 
to the developing discipline of range management. His paper, 
entitled “Plant Succession in Relation to Range Management,“is 
Clementsian to the core. Sampson is properly regarded as the 
father of range management and wrote the first textbook on the 
subject (1923). From this early beginning, Clement’s view on 
climax and succession became an integral part of range manage- 
ment philosophy. This philosophy was further formalized by Dyk- 
sterhuis (1949), who ingeniously extended the climax concept to 
systematically evaluate the condition and trend of rangeland vege- 
tation with regard to management practices. This resulted in the 
institutionalization of the concept as national policy for dealing 
with rangeland resources (Soil Conservation Service 1976). 

Clementsian climax theory has not been nearly so readily 
accepted in its home discipline of plant ecology although it is one of 
the most discussed subjects in plant ecological literature. Differen- 
ces between field observations and the theoretical climax relation- 
ships proposed in Sampson’s germinal paper were exposed by 
Ellison’s classical work on the vegetation of the Wasatch Plateau 
(Ellison 1954). Ellison reconsidered the early sites used by Samp- 
son in his pioneering work and argued that Sampson had erred in 
misreading successional sequences and the true climax. He pro- 
posed a more complex climax-patterned landscape. Subsequent 
observations of vegetation changes on some of these same plots 

show that a flux in species composition is continuing through time 
and is not stabilizing as Ellison concluded it should be (Johnson 
1964). 

The antithesis of the Clementsian climax theory is Gleason’s 
individualistic hypothesis on the origin of plant communities 
(Gleason 1926). Current theoretical research on the nature of 
vegetation leans much more strongly in the direction taken by 
Gleason than by Clements (Miles 1979, McIntosh 1980, Vale 1982) 
and continues to evolve as the continuum concept (Austin and 
Smith 1989). Graham and Grimm (1990) conclude that the indi- 
vidualistic hypothesis is most appropriate in predicting vegetation 
responses to rapid climate change associated with possible global 
warming. Davis (1989) considered the implications of recent 
paleoecological insights for predicting ecological responses to glo- 
bal change and emphasized the individualistic responses of species 
to changes in climate. She noted that geographical distributions of 
entire assemblages will not be shifted intact, raising questions 
concerning the fate of individual species and effects of additions or 
deletions of species on ecosystems. 

Importance of Theory 
Theoretical questions on this matter should not be dismissed has 

having significance only in academia. Answers given to questions 
regarding ecosystem response to grazing and global change are 
influenced by the underlying theoretical view. Appropriate answers 
depend in large part upon a correct understanding of fundamental 
principles that determine vegetation structure. The accepted the- 
ory of vegetation dynamics and ecosystem function strongly influ- 
ences public policy and law in essentially all matters concerning 
our environment, and the efficacy of such policy and law depends 
on whether or not the theory is a fundamentally sound. 

Furthermore, theories change as new understanding is gained. 
The critical assertions concerning balanced, co-evolved systems, 
extinctions, and biological pollution cited above seem to presup- 
pose certain things about species, communities, and ecosystems 
that need to be examined more closely in terms of current knowl- 
edge and theory, particularly in regard to community structure, 
vegetation development, and ecosystem equilibria. Is the loss a 
species on rangeland likely? If so, will it have dire ecological 
consequences? To that end, we consider in detail several examples 
of historical shifts in species composition and qualitatively assess 
the nature of their impacts. 

The Case of Creosotebush 

Creosotebush [Lorreu tridentata (Ses. & Mot. Ex. DC.) Cov.] is 
the principal component of the vegetation of the Chihuahuan, 
Sonoran and Mojave Deserts (Fig. 1). On each desert, it is repres- 
ented by a different chromosome race, diploid on the Chihuahuan, 
tetraploid on the Sonoran, and hexaploid on the Mojave (Yang 
1970). Lurrea tridentata has close taxonomic affinities with Larrea 
divaricata Cav. of the Argentine desert in South America and has 
been considered conspecific with it (Hunziker et al. 1972). L. 
divaricata in South America is diploid like the race of L. tridentata 
of the Chihuahuan Desert. The generally accepted interpretation 
of events connecting them and leading to the present distribution 
pattern is that L. divaricuta from South America (more than 1 
species of Larrea occurs there) was introduced by long distance 
dispersal to the Chihuahuan Desert in North America. From there 
it spread northwestward to the Sonoran and Mojave Deserts, 
undergoing cytogeographic differentiation in the process (Wells 
and Hunziker 1976). The most significant aspect of this spread for 
our consideration is the time frame in which it occurred. 

A method of dating the expansion phase was fortuitously pro- 
vided by the collecting and stockpiling activities of pack rats (Neo- 
toma sp.) (Wells and Jorgensen 1964). Carbon-14 dates of mater- 
ials in Neotoma nests span the period from present to over 40,000 
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Fig. 1. The Deserts of the southwestern United States and Mexico; horiz- 
ontal dashed Iines identiry the Mojave Desert, vertical dashed lines the 
Sonoran Desert, and + symbol the Chihuahuan Desert. Locations with 
appropriate series of 14C dated packrat middens are identified with the 
approximate year before present (BP) that creosotebush arrived at that 
point. AZ (Arizona), BC (Baja Calif.), CA (CaIifornia), CHI (Chihua- 
hua), COAH (Coahuila), DUR (Durango), NM (New Mexico), NV 
(Nevada), TX (Texas), SON (Sonora), UT (Utah). 

years ago (Wells and Berger 1967). 
Modern midden deposits in creosotebush dominated areas con- 

tain an abundance of creosotebush fragments (Wells 1974, 1976; 
Cole and Webb 1985). In the fossil middens older than 11,000 
years, there is essentially a dearth of creosotebush even though 
some other modem desert species’ macro-fossils (e.g., Aguve, 
Yucca, and Opuntia) do occur (Wells 1983a, Van Devender 1986). 
This pronounced pattern was central to the suggestion of Wells and 
Hunziker (1976) of the possibility of a relatively late introduction 
of creosotebush from South America. The actual date of introduc- 
tion is difficult to establish but the rate and direction of spread after 
its confirmed presence in North America can be determined. 

The oldest macrofossils of creosotebush reported so far are from 
low rainfall, low elevational portions of the Sonoran Desert near 
the head of the Gulf of California (Picacho Peak, 12,000 B.P.; Fig. 
1). Creosotebush begins to appear consistently and in quantity in 
middens of this region about 11,000 years ago (Table 1). Younger 
ages are associated with deposits toward the northwest: Marble 
Mountains, 9,000 years before present (BP); Lucerne Valley, 7,400 
years BP; Eureka Valley, 4,000 years BP. An invasion time series 
from the mouth of the Colorado River in the Sonoran Desert to the 
northern limit of the present creosotebush distribution in the 
Mojave Desert is thus evident. In the Chihuahuan Desert, creo- 
sotebush arrived at its northern limit at about the same time as in 
the Mojave, approximately 4,000 years ago (Table 1). We find no 
reports of macrofossils of creosotebush from the central or south- 
ern Chihuahuan Desert areas, even though cytogeographic pat- 
terns strongly suggest that this is the area where the oldest ancestral 
fossils should be sought. 

The present north-south range of creosotebush from approxi- 
mately 23” to 37” latitude spans a diagonal distance of about 2,000 
km. We estimate the area of the 3 deserts invaded at around 100 
million ha. Using a time frame of 7,000 years, from 11,000 BP to 
4,000 BP, the rate of movement required to attain the distribution 

Table 1. Locations and carbon-14 age-s in years before present (yr BP) of 
plant macrofossiI assemblages preserved in packrat middens from the 
Mojave, Sonoran and Chihuahuan Deserts. The data are selected to 
show the northerly migration ofLarrea trid&ata by bracketing the time 
of arrIvai of Larrea in each locality. 

Location 
Lurrea 

Absent Present Comments (Reference!) 

Mojave 
Eureka Valley CA 6,795 

Mojave northern 5,595 
limit 5,435(?) 

Ord Mm. CA 9,140 
Lucerne Valley CA 7,800 
south-central Mojave 

Marble Mnts. CA 10,465 
transition from 10,210 
Mojave to Sonoran 9,515(?) 

8,905 

Sonoran 
Whipple Mnts. CA 9,980 

northern Sonoran 
New Water Mnts. AZ 7,870 

northern Sonoran 
Welton Hills AZ - 
southwestern AZ 

Picacho Peak CA __ 
southeastern CA 

Chihuahuan 
San Andres Mnts. NM 6,330 

Sacramento Mnts. NM 4,200 
southcentral NM 

Hueco Mnts. TX 6,360 
northwest TX 

Rio Grande Village 5,500 
southwest TX 

3,930 Low initial abundance 
2,635 but increases 
1,580 markedly in time (1) 

7,400 Sites located in 
5,880 close proximity (2,3) 

8,925(?) Low initial abundance 
7,930 but increases to 
5,520 dominance (1) 
4,475 

- 

10,800 

10,580 

12,730 

4,340 

3,300 

3,650 

4,300 

Not reported (4) 

Persisted longer 
at some sites (4,5) 
than at others (2) 

Most arid part of 
Sonoran Desert; has 
oldest fossils (6) 

Indicates a near 
northern limit 
of recent occupation 
in the Chihuahuan (7,8) 

North to South age 
difference not 
evident (9) 

1Refercnce.s: (1) Spaulding 1980, (2) Wells and Bcrger 1967, (3) King 1976, (4) Van 
Devender 1977, (5) Van Dcvender and Spaulding 1979, (6) Cole 1986, (7) Van 
Devender, Betancourt and Wimberly 1984, (8) Van Devendcr and Toolin 1983, (9) 
Van Devendcr 1986. 

evident in the macrofossil record, assuming a south to north 
expansion, would be on the order of 280 m/ yr or 2.8 km/ decade. 
The occupancy of new land area would need to proceed at an 
impressive rate of about 16,000 ha/year. Such dynamic change 
casts serious doubt on popular suppositions about long term bal- 
ance and equilibrium in the natural landscape. 

Another important consideration in judging vegetation equili- 
bria is the life span characteristics of individual plants. Creosote- 
bush plants in the Mojave Desert develop clonally and live to great 
age (Vasek et al. 1975, Sternberg 1976). Clones, composed of 
closely spaced stems, are readily distinguished on aerial photo- 
graphs as irregular clumps, often donut-shaped (Fig. 2). Growing 
clones expand outwardly around the periphery, ultimately leaving 
a hollow cluster. Clone age can be calculated from clone diameter 
and rate of expansion. Expansion rates have been estimated using 
a variety of techniques, including time lapse photography, radio 
carbon dates of dead clonal segments and radial stem growth-ring 
increments (Johnson and Vasek 1975, Vasek 1980). Clone diame- 
ter growth rates vary with substrates but are generally on the order 
of 2 mm/yr. Clones up to 21 m diameter are known. Extrapolated 
ages for the older individuals in the vicinity of Lucerne Valley, 
California, range from 6,000 to 11,000 years depending on the 
growth rate used (Sternberg 1976, Vasek 1980). Radiocarbon dates 

324 JOURNAL OF RANGE MANAGEMENT 45(4), July 1992 



of pack rat middens from the same vicinity show creosotebush 
present at 5,800 years BP (King 1976) and 7,4M) years BP (Wells 
and Berger 1967) but absent earlier than 7,800 years BP (Table 1). 
This suggests that the older clones may represent the initial estab- 
lishment of creosotebush in this part of the Mojave Desert (John- 
son 1976) and the strong possibility that the genotype of the first 
generation is still present. Their presence has an obvious bearing 
on the extent to which the process of co-evolution might be opera- 
tive as a mechanism for establishing an integrated, functional 
community equilibrium. 

The concept of co-evolution relies on the idea that compensat- 
ing, inheritance-based adjustments occur in successive genera- 
tions between, or among, interacting species so as to allow them to 
coexist. Opportunity for such integration is clearly limited in this 
case due to a small number ofcreosotebush generations. Indeed, an 
argument for the recency of creosotebush in North America is 
suggested by the presence of fewer co-evolved insects and reduced 
herbivory by insects in North America than in Argentina where 
creosotebush is purported to have originated (Cordo and DeLoach, 
in press). The success of creosotebush is apparently due more to 
preadaptation than to co-evolution and its preadaptive character- 
istics are more attuned to the physical environment than to biotic 
integration. 

Creosotebush has not been alone in exhibiting marked spatial 
and temuoral chaws as demonstrated bv Spaulding (1990) in his 
present&n of theldynamic history of s&&l other de& species. 
Cole and Webb (1985) sampled 8 fossil and 5 modern pack rat 
middens in the central Mojave at elevations that included the upper 
limit ofcreosotebushand the lower limit ofblackbrush(Coleogyne 
ramosissima J. Torr.). Creosotebush was present in all samples, the 
oldest dating back 2,235 years. Blackbrush was not present in 
middens older than 270 years, even in areas where today it is the 
dominant species. This provides evidence that shifts in species 

composition were occurring up through the period just prior to 
European settlement. In the Chihuahua Desert, the invasion of 
creosotebush has continued into historical times. Buffington and 
Herbel(l965) documented extensive increases in the area occupied 
by woody species, primarily creosotebush and mesquite (Prosopis 
glandulosa Torr.) on the Jornada Experimental Range in New 
Mexico over the past century. York and Dick-Peddie (1969) 
showed the same spread for localities scattered all across southern 
New Mexico. The increase in area occupied by creosotebush prim- 
arily represents encroachment on desert grassland and, to a lesser 
extent, encroachment on areas dominated by other shrubs such as 
mesquite (York and Dick-Peddie 1969). 

A common explanation for the increasing abundance of shrubs 
is that grazing of the desert grassland by introduced livestock upset 
a “balance.” An alternative view is that a balance never existed in 
the first place and that the introduction of domestic animals only 
added another environmental factor that tended to modify the rate 
rather than the direction of changes that were already in progress. 
Smeins (1983) emphasizes the importance ofa long-term historical 
perspective for understanding the current “brush problem.” The 
region of documented brush invasion in New Mexico is near the 
northern limit of creosotebush’s distributional range and may be 
interpreted as the leading front of creosotebush invasion in the 
Chihuahua* Desert that has been proceeding for about 5,000 
years, since the mid-holocene (Fig. I, Table I). 

The documented dynamics of creosotehush populations in 3 
desert ecosystems indicate low inertial stability in the “pristine” 
state, both in terms of dominant species composition and func- 
tional processes. The former is implied by the rapid invasions of 
creosotebush and the latter is implied by shifts in physiognomic 
structure, from woodland to scrub in the Mojave and Sonoran 
Deserts and from grassland to scrub in the Chihuahua Desert. In 
terms of resilience, these systems would rank low in elasticity hut 



high in malleability. 
The question might be asked as to how representative the history 

of creosotebush may be of plant species in other ecosystems. Creo- 
sotebush is relatively new in North America, maybe not even 
“native” according to some standards. Furthermore, it occupies 
desert habitats notorious for extremes of both water availability 
and temperature and the irregularity with which they are imposed. 
The shifts in structure associated with invasion of creosotebush, 
especially in the Chihuahuan Desert, may contrast with examples 
in more mesic environments. Do species of more equitable ecosys- 
tems exhibit similar dynamics? 

Forest Stability 

Forests are generally thought to represent the highest form of 
integrated vegetation development on earth. The principal paleo- 
ecological tool for forests is palynology, the study of pollen in 
chronologically stratified sediments such as those from lake bot- 
toms, that permit the reconstruction of the regional vegetation for 
periods when the sedimentation occurred. In contrast to the record 
preserved in packrat middens, which contain intensive samplings 
of all local flora, the pollen record is more regional in scope and 
weighted heavily toward species producing large amounts of wind- 
born pollen. 

Deciduous Forests of Eastern North America 
A remarkable picture of the dynamics of tree species of the 

eastern deciduous forest since the last glaciation is now emerging. 
Davis (1981a, 1983a, 1983b) presents maps with isopleths circum- 
scribing study sites with similar dates for the first appearance of 
pollen of major tree genera or species. The invasion of trees, 
generally from south to north, after the glaciers melted is thus 
depicted (Fig. 3). 

When maps for several trees are considered, 3 points stand out as 
strikingly evident: (1) the direction of migration was different for 

each species/genus, (2) the time of arrival at a given point was 
markedly different among species and/ or genera, and (3) the rates 
of movement were surprisingly fast (Fig. 3, Table 2). Documented 
changes in distribution and abundance spanned the entire time 
period between the melting of the last continental glacier and the 
present. Rates of movement based on time increments between 

Table 2. Time span of first occurrences in years before present (yr BP) of 
pollen of principle tree species/genera of the forests of eastern North 
America at the extreme ends of a south to north gradient (c.f. Fig. 3) and 
the calculated rate of migration (compiled from Davis 1981a, 1983a). 

Species South North Migration rate 
_____,,rJ.JP_____ m/yr 

Boreal Elements 
Piceo spp. 25,ooo to 7,000 250 
Lorix loricino 23,000 to 7,000 250 
Pinus bonksionolresiroso 23,000 to 7,000 400 
Abies bolsomeo 21,000 to 7,000 200 

Deciduous Forest Elements 
Pinus strobus 14,000 to 2,000 300-350 
Quercus spp. 12,ooo to 7,000 350 
Ulmus spp. 17,000 to 6,000 250 
Tsugu conodensb 13,000 to 2,000 200-250 
coryo spp. 15,000 to 4,000 200-250 
Acer spp. 14,000 to 6,000 200 
Fogus grondifolio 15,000 to 4,000 200 
Costoneo dentoto 15,000 to 2,000 100 

isopleths range from 400 m/ yr for jack and red pine (pinus spp.) to 
100 m/yr for chestnut [Custnnea dentutu H. (Marsh) Borkh.] 
(Table 2). These rates are quite similar to those estimated for 
creosotebush in the desert. 

The conclusions drawn by Davis (1983a) are pertinent to our 
questions about balance and stability: “...various species of trees 

‘I ’ dentata 
(Chestnut) c-3 0 400km B 

Fig. 3. Pollen isopleths of chestnut and hemlock showing migration of these species through time and the approximate range attained in the eastern United 
States by the time of the discovery of the New World. Small numerals represent time in thousands of years before present (BP) of the first appearance of 
the species in the pollen profile at that location. Numerals in large type apply to the lines that circumscribe areas of equal arrive times, in thousands of 
years BP. The orientation of the dashed lines indicates the direction of migration. The distance between the lines and the time of interval designation 
indicate the rate of migration. IN (Indiana), MA (Massachusetts), MI (Michigan), NC (North Carolina), NH (New Hampshire), NY (New York), OH 
(Ohio), TN (Tennessee), VA (Virginia), and WV (West Virginia). Modified from Davis (1983b). 
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moved northward individualistically. Forest communities have 
represented fortuitous combinations of species during the holo- 
cene. Many modern communities are very young; they include 
dominant species that have grown locally for only a few thousand 
years.... Evolutionary processes that may have adapted co-occurring 
species to one another have had very little time in which to take 
effect. n 

Short-term change in forests at the local scale is well illustrated 
by Henry and Swan (1974). They considered the vegetational 
history of an undisturbed old growth stand in central New Eng- 
land. The forest’s history since the mid 1600’s was reconstructed 
from the meticulous analysis of age and relative positions of stand- 
ing trees, dead trees down but unburied, and buried tree fragments. 
They found that 3 different forests had occupied the site over the 
last 300 years. A fire destroyed a forest of white pine (Pinusstrobus 
L.), white oak (Quercus alba L.), and hemlock [ Tsuga cunadensis 
L.) Carr] in approximately 1665 A.D. The forest that followed was 
dominated by white pine and hemlock until it was destroyed by 4 
wind storms beginning in 1897 and culminating in a hurricane in 
1938. The young forest that developed following the hurricane is 
dominated by hemlock, beech (Fugus grundifoliu J.F. Ehrh.), red 
maple (Acer rubrum L.), and black birch (Bet&z lentu L.). 
Although the 3 forests have some elements in common, the differ- 
ences among them suggest that the out-of-balance dynamics 
recorded in the palynological record persisted in the forests of 
eastern North America into the historical period on a local (com- 
munity) scale. 

The validity of extrapolating the imbalance of forests of eastern 
United States to other vegetation types may be questioned on the 
basis of their initial proximity to the Wisconsin ice sheet and the 
opportunity for invasion afforded by the exposure of bare surfaces 
as the ice retreated. An estimate of the dynamics of tropical forests 
would provide a test for such an objection since no such available 
void is hypothesized for the lower latitudes. 

Tropical Forests 
These magnificent forests enjoy a reputation for complex physi- 

ognomy and floristic diversity, which to many are synonymous 
with antiquity and balance. Tropical forests have been regarded as 
an end point in an ultimate plant succession, a world climax. 
However, the pollen record from tropical Central America shows 
much the same lack of species stability as was shown for the 
temperate forests to the north. The work of Alan Graham in the 
lowlands of Mexico is cited by Lewin (1984) as concluding that 
tropical forests should be regarded as “dynamic and ephemeral 
rather than stable and ancient.“Lewin reviews research by Leyden 
(1984) in the lowlands of Guatemala and suggests that the “lush”, 
moisture-loving, semievergreen, seasonal forest that now carpets 
the lowland” was not evident 11,000 yr ago. Instead, the area was 
occupied by a juniper scrub. Lewin notes that the rate of change 
needed to transform the juniper scrub into the modem forest is 
impressive by itself but even more so in light of the probability that 
large portions of the presently forested areas must have regrown 
after having been cleared by the Mayan peoples between 3,000 and 
400 years ago. 

The search for ice age refugia where present day tropical forests 
spent the Pleistocene glaciations has been in vain (Leyden 1984, Liu 
and Colinvaux 1985). The absence of contemporary plant assemb- 
lages in the fossil record at particular sites requires a dynamic 
movement of species from different places to those sites today. 
Lewin sees this as casting doubt on popular concepts of community 
identity. “This repeated reassembly as opposed to repeated regrowth 
of pristine communities, forces one to view the tropical forest as 
less of a cohesive natural unit than previous theory implied.” 
Paleoecological data from the tropical highlands of Mexico show a 

similar history of changes in vegetation structure and species com- 
position at higher altitudes (Straka and Ohngemach 1989). 

The intuitively appealing notion that diversity confers stability 
has little if any support in current literature (Connel 1978, McIn- 
tosh 1980). In fact, Lewin (1984) maintains that “high diversity 
through instability not stability is how the equation reads.” In 
regard to ecosystem balance and biotic integration, the tropical 
forests appear similar to temperate forests in lacking abstract 
identities that are faithfully replicated in either time or space. 

Plant Introductions and Extinctions in California 

Another perspective on the stability of species composition may 
be gained from analyses of regional floras and the changes in them 
that occur over time. The state of California is a prime candidate 
for such consideration because it is relatively well known floristi- 
tally and has a cadre of botanists conscientiously making field 
observations. The earliest indication of establishment of foreign 
species in the state comes from the identification of plant fragments 
in the binding material used in making adobe brick for the con- 
struction of the first Spanish mission in San Diego in 1769. Red- 
stem filaree [ &odium cicururium (L.) L’Her.], curleydock (Rumex 
crispus L.), and sow thistle [Sonchus asper (L.) J. Hill] are 3 
introduced species so identified (Hendry 1931). These early 
records, which date from the first European settlement, fore- 
shadow a series of continuing waves of introductions and naturali- 
zations of exotic plant species. AS early as 1864, Bolander listed 109 
species of grasses from the Central Valley of which 29 were foreign 
(cited by Burcham 1957). Subsequent state floras show that 7% of 
the species were considered introduced in 1925, 14% in 1959 and 
16% in 1968 (Table 3). Although differences among the tallies may 

Table 3. Temporal increases in the number end percentage of introduced 
plant species in the va9culu florr of California. 

Year 

1925 

1940 
1959 

1968 

1981 

Introduced species 
Number Percent of 
reported all species References 

298 7 Herriott & Noldeke 1956 from 
Jepson 1925 

526 ? Robbins 1940 
800 I4 Smith & Noldeke 1960 

Munz & Keck 1959 
915 I6 Howell 1972 

from Munz 1968 
1,022 17 Smith et al. 1981 

Howell 1972 

reflect changing taxonomic interpretations and increasing know- 
ledge of floristic components, it is significant that the proportional 
increase in introduced species continues in an upward trend with 
time. 

The very rapid encroachment of new species at the beginning of 
the historical period indicates the absence of initial stability in the 
system and perhaps what in Clementsian terms would be called a 
“postclimax” situation where changes in vegetation lagged behind 
changes in climate. Existing vegetation at the time of settlement 
was not well equilibrated with the physical environment and this 
marked disequilibrium resulted in increased opportunity for inva- 
sion and naturalization by new species preadapted to the prevailing 
conditions. Many such species in the California central valley 
grassland should, perhaps, be considered “new natives” because 
they exhibit a measure of ecological stability that ensures their 
continuance in face of the natural processes of vegetational change 
(Heady 1977). Today it is estimated that over 50% of the vegeta- 
tional cover of unimproved rangeland in the central valley is made 
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up of exotic species (Burcham 1957, Heady 1977). Introduced 
species such as wild oats (Avenafatua L.), soft brome (Bromus 
mollis L.), and filaree (Erodium spp.) are major contributors to 
rangeland productivity. Others such as Klamath weed (Hypericam 
perforatum L.), medusahead (Elymus caput-medusae L.), and 
goatgrass (Aegilops triuncialis L.) are weeds that reduce forage 
yield. 

The mix of introduced and native taxa displays proportional 
differences according to rank in the classification hierarchy (Table 
4). The percentage of introduced families is low (6.8%) in compari- 
son to introduced species (16.2%) while the percentage of intro- 
duced genera is high (24.8%). The high incidence of introduced 
genera, around one fourth of the total, suggests that these taxa 
have phylogenies divergent enough from the native taxa to cause a 
substantial increase in the breadth of the biological diversity of the 
flora as a whole. 

Table 4. Numbers of native and Introduced taxa in the vascular flora of 
California according to taxonomic classification. Figures in parentheses 
indicate number of endemics in the category (Smith and Noldeke 1960, 
Noldeke and Howell 1960 and Howell 1972 as based on Munz and Keck 
1959 and Munz 1968). 

Taxonomic Native Introduced Total Percent 
unit taxa taxa taxa introduced 

Families 155 12 167 6.8 

Genera 857 (29) 282 1,139 24.8 
Species 5,027 (1,510) 975 6,002 16.2 
Specific and 6,658 (2,633) 1,017 7,675 13.2 

Subsp. 

The California Native Plant Society (CNPS) catalogues and 
evaluates the newly escaped exotics with regard to the threat they 
might pose to native species through the process of competitive 
exclusion (Smith 1979). The first list of “escapees” contained 326 
species. Although most of these were among the 1,000 introduced 
species already considered in the references mentioned above, 44 
were not, and these evidently represent recent naturalizations 
supplying the ongoing invasion. CNPS identified 6 species that 
appear aggressive enough to assume dominance in certain areas of 
native vegetation: Andean pampas grass [ Cortederiujubata (Lem.) 
Stapf.], French broom (Cytisus monspessulanus L.), Scotch 
broom [C. scoparius (L.) Link], gorse (Ulex europueus L.), ice 
plant [ Curpobrotus edulis (L.) Bolus.], and salt cedar (Tumarix 
ramosissma Ledeb.). A threat to native species is presumed if roles 
of dominance are assumed, especially if their potential habitat 
includes that of native species that are considered rare or endangered. 

CNPS also identifies, maps, and evaluates the status of the less 
common or threatened native plants in the state (Smith et al. 1980). 
Presently, 1,394 species and subspecies, more than 20% of the 
natives, have been listed under this designation. The group was 
further characterized as those presumed extinct (44 species), those 
rare and endangered (680 species), those rare but not endangered 
(430 species), and those rare in California but more widely distrib- 
uted outside the state (240 species). 

There is no evidence to suggest that introduced species were in 
any way involved in the presumed extinctions. Those classifed as 
“presumed extinct” are of particular interest since they represent 
probable examples of species removed from ecosystems. Since the 
list was published in 1980 (2nd edition revised), 10 of the 44 species 
have been located alive in California, 6 have been determined to 
still exist in adjoining states or regions, 5 are described as subspe- 
cies of more generally occurring species, and several others initially 
collected from remote locations are thought by specialists to have a 
high probability of still occurring there. The case against any 

chance of recovery appears strong for about 6 species of the initial 
44 presumed extinct (personal communication, A. Howard). None 
of the initial group were ever abundant, and most were known only 
from a single location and in some cases as a collection from 1 or 2 
individual plants. It is unlikely that any of the probably extinct 
species ever played significant roles in the structure and function of 
the ecosystems of which they were a part. On the balance sheet of 
current species richness, one aspect of diversity, the impact of the 6 
probable extinctions is far overshadowed by the introduction of 
1,000 new species. 

Many of the species listed as rare are on the fringe of successful 
establishment. In this regard, what taxonomists elect to call a 
species is of great significance. The plant species listed as endan- 
gered and/ or rare are also, as might be surmised from the designa- 
tions, only minor structural components of the ecosystems where 
they occur. Most are endemic, probably of recent origin (neoen- 
demics) and belong to genera and families that exhibit a high 
degree of evolutionary activity. Examples are the members of the 
genus Eriogonum (Polygonaceae) with 5 1 rare species and varieties 
out of approximately 104 species and 50 varieties in the flora, and 
the genus Arctostaphylos (Ericaceae) with 37 rare or endangered 
species and subspecies out of approximately 43 species and 18 
subspecies or varieties in the flora. The genus Astragulus (Legumi- 
nosae) contains 37 rare species and varieties out of a total of 
approximately 94 species and 32 varieties in the flora. The pattern 
suggests that many of these are recently derived from established 
species and that most failed to increase beyond one or a few 
individuals. 

The general ecological profile of the rare native species contrasts 
sharply with that of the naturalized exotics. The latter have passed 
through the filter of repeated successful establishment. As a group, 
the naturalized exotics are more ecologically and economically 
important than the threatened and endangered natives. At this 
juncture, it is clear that species have been more readily added to 
than removed from the “fragile ecosystems” of highly industralized 
California. This has resulted in a marked increase in one measure 
of ecosystem diversity, floristic richness. 

Sudden Losses of Dominant Species 

Inadvertant Biological Control 
Three naturally occurring events mimic experiments we might 

like to conduct to evaluate the effects of suddenly deleting impor- 
tant species. The effects of chestnut blight on American chestnut, 
Dutch elm disease on American elm ( Ulmus americana L.), and an 
unknown suspect on eastern hemlock may be considered as “worst 
case” scenarios. 

The American chestnut was until recently a dominant tree of the 
eastern deciduous forest of North America extending over a range 
of approximately 80 million ha. In 1904, a fungal pathogen [Endo- 
thiu parasitica (Murr.) P.J. & H.W. And.] was discovered on 
chestnut trees in Bronx Park, New York City (Gravatt and Parker 
1949). It spread rapidly and killed 80% of the chestnut tree boles in 
the eastern deciduous forest in less than 50 yr. This has been termed 
“perhaps the greatest single natural catastrophe in the annals of 
forest history”(MacDonald et al. 1978). The spread of the disease 
was so rapid that the decrease was essentially synchronous over the 
eastern forest region. The species has by no means been eliminated, 
but it persists only as sprouts and is now an understory shrub where 
it once was a major component of the tree canopy (McCormick 
and Platt 1980). 

The effect of the chestnut blight on the forest ecosystem has not 
been described as a dramatic disruption of functional processes. 
The immediate consequence of the death of American chestnuts 
was the development of gaps in the energy-accumulating forest 
canopy. Ecosystem “goods” in terms of chestnut fruits (nuts) and 
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available chestnut timber declined markedly. The demise of the 
chestnut was followed by a surge of growth by associated species 
which closed the gaps in the canopy in 10 to 20 years. Oaks 
(Quercus spp.) responded most quickly in Tennessee and Virginia 
(Woods and Shanks 1959, McCormick and Platt 1980) and cherry 
birch (Betula lenta L.) in the north, e.g., New Jersey and Connecti- 
cut (Good 1968, Davis 1981b). Through the years, hickory (Carya 
spp.) has increased in the south to the point of codominance with 
the oaks (McCormick and Platt 1980) while in the north the oaks 
have continued to increase at the expense of the birch (Davis 
1983a). Other forest tree species such as maples (Acer spp.), ashes 
(Fraxinus spp.) and birches (Betula spp.) have also undergone 
population changes in the blight areas, as elsewhere. 

Although projection of “recovery” to some presumed new 
climax is a common practice (Wood and Shanks 1959, McCormick 
and Platt 1980), the results must be viewed as illusionary if the 
expectation extends beyond the generation time of the longest- 
lived dominants. After all, chestnut had occupied the forest in New 
York for a brief 2,000 years before the blight struck (Fig. 3). Based 
on life history considerations, 2,000 years is equivalent to only 3 or 
4 generations, hardly enough cycles to establish much integration. 

The functional stability of the eastern deciduous forest ecosys- 
tem is not dependent on a definite species composition but that the 
species comprising the system have the capacity for the perfor- 
mance of essential processes. In arguing a point similar to this, 
Slobodkin et al. (1967) noted that the demise of the American 
chestnut “has not left holes in our forests” and that “Not one 
mature chestnut can be put back without displacing plants of other 
species.” The processes once performed by chestnut are now being 
carried out by other tree species. In terms of ecosystem “goods and 
services,” the “goods” of oak, birch, beech, maple, and ash have 
been subsituted for the “goods” of chestnut and the “services” have 
remained about the same. 

The Dutch elm disease “created more worldwide environmental 
concern than any other tree disease” and “has proven to be one of 
the most devastating tree diseases known to mankind”(Karnosky 
1979). The effects on the American elm of the fungus Ceratocystis 
ulmi(Buismam) C. Moreau were similar to those presented for the 
American chestnut. American elm was a major component of the 
eastern deciduous forest at the time of European settlement. It was 
particularly abundant along streams and rivers throughout almost 
all of the deciduous forest region. In addition to being a major 
forest species, “nature’s noblest vegetable” (Karnosky 1979) was a 
favored choice for shade tree plantings in cities and towns all across 
the country, especially in the northeast. 

Dutch elm disease (DED) was unwittingly introduced to North 
America around 1930. It was first reported from Ohio, where it is 
believed to have arrived in diseased elm logs from Europe. It was 
soon found in New Jersey and New York (Kamosky 1979). By 1949 
it was reported from natural forests and shade tree plantings from 
Massachusetts in the northwest to Virgina to the south and Indiana 
to the west (Swingle et al. 1949). Unlike the chestnut blight, it is 
spread by 4 species of elm bark beetles, 3 introduced (Scolytus 
multistriatus Marsh, S. scolytus Fabr. and S.pygmaeus Fabr.) and 
1 native (Hylurgopinus nrfipes Eichhoff) (Karnosky 1979). In 
areas where DED struck, elm death estimates ranged from 75% to 
95% of the population. 

Like American chestnut, American elm sprouts prolifically. 
Karnosky (1979) concludes that “millions of root-sprouts are now 
developing in the original outbreak area, indicating that elms will 
continue to inhabit much of their original range-but not as domi- 
nant components which they once were” and further “resprouting 
of diseased elm will ensure that elms will continue to be important 
components of forest stands in north-temperate regions around the 
world.” 

Five to 10 years following the demise of canopy-size American 
elm in deciduous swamp communities in Michigan, black ash 
(Fraxinus nigra H. Marsh.), red maple and yellow birch (&Ma 
alleghaniensis N.L. Britt.) became dominant in the tree layer and 
were filling the gaps left by the dead elms (Barnes 1976). Twenty- 
six years after DED struck a mesic upland site in the same state, 
American elm still ranked first in importance value among forest 
trees but was declining relative to the oaks (Quercus spp.) and red 
maple (Richardson and Cares 1976). The “goods” have changed 
but the “services” have remained about the same. The recent 
decrease in importance of American elm appears to have a prece- 
dent in Europe, where elm pollen deposition rates decreased dram- 
atically about 5,000 years BP. Several causes have been proposed, 
but the evidence increasingly points to an epidemic disease (Perry 
and Moore 1987). 

Eastern hemlock is an evergreen conifer that has exhibited a 
consistent association withdeciduous trees through time (Table 2). 
It also forms almost pure stands in parts of its range. Today there is 
no apparent threat to hemlock, but patterns in the pollen record 
(Davis 198 lb, 1983a) suggest that its abundance in North America 
was severely decreased in prehistory, just as the abundance of elms 
decreased abruptly in Europe. Like other trees, it migrated north 
after the last glaciation but followed a distinctive northwesterly 
path (Fig. 3). About 5,000 years ago, it was widely represented as a 
major species in the regional vegetation. Approximately 4,800 
years ago, there was a sudden and large decrease in the rate of 
hemlock pollen deposition. The change appears to be synchronous 
throughout the entire deciduous forest. Pollen rain from other tree 
species remained high or increased. Birch pollen increased imme- 
diately in the north, followed by an increase in oak pollen. Else- 
where, pollen deposition rates of various combinations of beech, 
hickory, maple, oak, and pine increased (Davis 1983a). 

The decrease in deposition in hemlock pollen at 4,800 years ago 
and the subsequent compensating shifts in the pollen of associated 
species match closely the changes in production of chestnut pollen 
and the pollen of its associates in modern time caused by chestnut 
blight. This suggests strongly the involvement of some biological 
agent, a pathogen or an insect, in the prehistoric decrease of 
hemlock. Hemlock did not disappear completely during this epi- 
sode but remained at low levels for about 1,000 years and then 
started to increase so that by around 3,000 years BP it had returned 
to a position of importance in the regional vegetation (Davis 
1983a). Here again the “goods” of other species were substituted 
for the “goods” of hemlock while maintaining ecosystem processes 
or “services” at a nearly constant level. 

Biological Control of Weeds 
Intentional biological control programs designed to remove 

undesirable plants on rangelands may have results similar to the 
accidental case histories just discussed. Four selected examples, 2 
representing native weeds and 2 representing introduced weeds, 
will be considered. 

Manuka (Leptospermum scoparium Forstr.), a native shrub of 
New Zealand, is an aggressive invader of established grassland on 
both the North and South Islands. Its abundance greatly increased 
in historical times, particularly in areas cleared of trees for pas- 
tures. Pasture infestations were estimated at 2.8 million ha on the 
North Island and 0.6 million on the South Island, approximately 
25% and 4% of the respective island areas (Hoy 1961). Biological 
control of manuka was considered only after the chance introduc- 
tion of the mealybug Eriococcus orariensis Hoy from Australia 
was discovered on the South Island (Hoy 1949,196l). E. orariensis 
was effective in killing infected plants over a period of years and 
acquired the designation “manuka blight” (Sewell 1949). Starting 
in 1946, the use of manuka blight was popularized in newspapers 
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and was advertised for sale to farmers in 1948 (Hoy 1961). Its 
spread was fostered by man on both the North and the South 
Island at least through 1953. Thereafter, opposition to its use 
developed from those who feared irradication of the target native 
plant and possible damage to affected watersheds (Hoy 1961). 

Manuka die-off was striking throughout its range at first but 
diminished markedly in places, particularly on the North Island, 
where the mealybug was parasitized by a fungus. Hoy (1961) 
concluded in this connection that “the recovery of L. scoparium in 
the North Island has been as spectacular as the initial control 
achieved by E. orariensis. n The fungus had little effect in reducing 
the efficacy of the mealybug on the drier South Island or in the 
drier parts of the North Island. Effective control of manuka con- 
tinued in these drier areas through 1960 (Hoy 1961). The concern 
over the possible irradication of L. scoparium in New Zealand 
proved premature since its continuance in the moister portions of 
its range now seems assured. 

A series of significant vegetation structural changes during the 
manuka episode are related to shifts in both the goods and services 
(processes) provided by the ecosystem. “Goods”changed as forest 
trees were removed initially to increase forage production which in 
turn was suppressed by the invasion of manuka shrubs and then 
restored when the shrubs were killed by the introduced manuka 
blight. Physiological processes of trees, shrubs, and herbs are 
sufficiently different as to represent substantial shifts in ecosystem 
services as the dominant life form changed from one to another. 

Two species of native pricklypear [Opuntia littoralis (Engelman) 
Cockerell and 0. oricola Philbrick] on Santa Cruz Island, just off 
the coast of southern California, increased to pest proportions 
during the early part of this century. Biological control efforts were 
undertaken in the late 1930’s using native mainland insects not 
found on the island (Goeden et al. 1967). Although the introduc- 
tion of several insect genera was attempted, the primary success 
was attained with Dactylopius opuntiae Cockerell, a cochineal 
insect from Mexico via Australia and Hawaii. After the successful 
establishment of D. opuntiae in 1951, pricklypear decreased 
markedly in abundance and livestock grazing conditions improved 
greatly (Goeden et al. 1967, Goeden and Ricker 1981). However, 
scattered clumps of pricklypear are still found throughout the 
island and in some places in quantity (Goeden personal communi- 
cation). In recent years, pricklypear mortality has decreased as 
predators of Dactyopis have gained entrance to the island. Goeden 
ascribes the initial effectiveness of D. opuntiae in killing prickly- 
pear on Santa Cruz Island, as opposed to the adjacent mainland, to 
the initial absence of the insect’s predators on the island. Over the 
years there has been a shift in the relative amounts of the 2 Opuntia 
species present in favor of 0. oricola. which is less susceptible to 
damage by Dactylopius. Still, neither species has been eliminated 
from the island, and pricklypear will likely continue as a conspicu- 
ous component of the vegetation. 

The increase and subsequent decrease in density of native prick- 
lypears represent shifts both in the “goods”and “services” provided 
by the ecosystem. Structure changed from succulent to non- 
succulent and the metabolism from CAM (crassulacean acid 
metabolism) to the common C3 type. This represents a shift in 
transpiration and carbon dioxide uptake from nighttime to day- 
time conditions and relates directly to how water, carbon, and 
other growth resources are processed. 

The control of pricklypear cactus in Australia provides a favored 
example for textbooks and technical publications of how biologi- 
cal control can be applied in the field (Heady 1975). The campaign 
against pricklypear was undertaken in response to an enormous 
and alarming increase in abundance that occurred about the turn 
of the century. The principal organisms involved are 2 closely 
related species or varieties of pricklypear, Opuntia inermis DC. 

and 0. stricta (Haworth) Haworth, from the Gulf Coast in North 
America, and the moth Cactoblastis cactorum Berg. from Argen- 
tina (Dodd 1940, Man 1970). The cacti were brought into Australia 
to be grown as hedges and were distributed widely for that purpose 
from about 1840 to 1870. Their ability to spread caused apprehen- 
sion in the 1880’s. By 1900, an estimated 4 million ha were affected. 
The invasion rate accelerated after a drought in 1902 in which 
pricklypear was “freely fed” to livestock. At its peak in 1925, it was 
estimated that an area of 24 million ha had been invaded and that 
the rate of spread was on the order of 0.5 million ha/yr (Dodd 
1940). In 1925, Cactoblastis cactorum was successfully introduced 
and distributed through the infected area. The results were dra- 
matic. It was evident to Dodd that pricklypear would be controlled 
by 1928. Most of the large pure stands of pricklypear were reduced 
to scattered plants, and C. cactorum continues to be effective in 
controlling 0. inermis and 0. stricta in much of the area. It is 
significant, however, that these pricklypears still persist through- 
out most of the area they once dominated (Man 1970, White 198 1) 
and that they are still spreading, albeit at a slower rate (Haseler 
1981). Haseler also points out the satisfactory control was never 
realized in central and southern New South Wales or coastal 
Queensland. The evidence suggests that pricklypear is well enough 
suited to the physical and biotic environments of Australia to 
persist indefinitely as a part of the natural vegetation. Perhaps it is 
a “new native.” The changes in “goods” and “services” parallel 
those noted for Santa Cruz Island. A difference is that non-native 
pricklypear and its associated fauna persist as something new in the 
Australian landscape, as does Klamath weed in northwestern 
North America. 

Klamath weed, or St. Johnsworth (Hypericumperforatum L.), a 
perennial herb native of Europe and Asia, appeared in northwest- 
em North America in the early 1900’s. It spread rapidly and by 
1940 had become a prominent component of rangeland vegetation 
over 2 million ha (Goeden 1978). It was an undesirable addition 
because it is toxic to livestock (Huffaker and Holloway 1949). 
Biological control efforts were undertaken in the early 1940’s, and 
by 1945 a leaf-feeding beetle (Chrysolina guadrigemina Suffrian) 
from France was released in northern California. The results were 
phenomenal. Within a decade, Klamath weed was reduced an 
estimated 99% (Huffaker and Kennett 1959). The greatest influ- 
ence of the leaf beetle appears to have been in the central area of the 
Klamath weed infestation. Weed populations toward the margins 
of its range northward in Canada and southward in California 
were less affected. 

The ecological position occupied by Klamath weed in the natu- 
ral landscape changed under the influence of its insect predator 
from fully sunlit, open habitat to partially shaded understory 
(Huffaker and Kennett 1959). But the target species still persists 
throughout the range it attained during the period of its rapid 
invasion. Thus, Klamath weed is still more abundant than many 
native species in the flora, and it now appears to be a permanent 
member of northwestern rangeland vegetation even in the presence 
of its imported enemies and the competition of presumably well- 
adapted native plants. 

The initial invasion of Klamath weed brought about a change in 
the specific “goods” and “services” provided by the ecosystem. 
Structural changes, though not as great as for manuka and prick- 
lypear, were associated with a shift in the quality of herbaceous 
plants for grazing. Klamath weed replaced desirable grasses until 
exotic insects reduced its abundance and shifted the “goods” and 
“services” back to grasses and grass processes. 

None of the 610 biological control projects conducted on Earth 
to date, involving 94 weed species in 53 countries (Julien 1987) has 
eliminated any plant species completely. Insects have been employed 
successfully to suppress pricklypear cacti at least 19 times (Goeden 
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1978). In none of these does it appear that weedy pricklypears, 
native or introduced, were eliminated from a landscape. The recur- 
ring suggestions that the plant Tribulus cristoides L. has been 
eliminated in Hawaii is in error (G. Funasaki, personal communi- 
cation), although such an extinction has been reported for an 
endemic snail on the island of Moorea in French Polynesia (Clarke 
et al. 1984). That is not to say that extinction has never occurred for 
plants, but the historical evidence suggests that neither insects nor 
diseases are likely to eliminate ecologically successful species, 
whether native or introduced. 

Conclusions 
The view of vegetation dynamics that emerges from the informa- 

tion presented on creosotebush in deserts, the eastern deciduous 
forests, tropical forests, California floristics and episodes of bio- 
logical control, is strikingly different from the view of many practi- 
tioners of vegetation management. The contrasts to a paradigm of 
ancient, stable, delicately balanced, Clementsian climax commun- 
ities with all parts essential and evolved in place are: (1) the natural 
vegetation systems reviewed here exhibit ongoing change in species 
composition in time and space; both the paleoecological and his- 
torical data show that plant communities are continually being 
assembled and reassembled in terms of species makeup; (2) vegeta- 
tion (ecosystem) stability is more associated with physiognomy 
and functional processes than species composition; (3) the flux rate 
in major plant species has been too fast to allow for the number of 
generations usually postulated as necessary for the refined devel- 
opment of co-evolutionary integrated, biologically regulated and 
delicately balanced ecosystems of landscape scale; (4) ecosystems 
appear highly susceptible to invasion by exotic species which then 
persist as major components of the vegetation, but with fluctua- 
tions in importance over relatively short time frames; (5) the rela- 
tive importance of native and exotic species in ecosystems has and 
can be changed markedly and quickly by biological agents, but 
ecosystems appear to adjust rapidly in restoring productive capac- 
ity and functional processes without disastrous consequences. 
Shifts in structure may or may not be involved. Inadvertant biolog- 
ical control episodes in eastern deciduous forests had no effect on 
structure. Furthermore, neither natural nor intentional biological 
control episodes have completely eliminated a plant species from 
an ecosystem, whether native or introduced. Whether in the con- 
text of biological or other control methods, Lugo (1990) was 
correct in writing that “eradicating organisms from nature is not as 
simple as one might be led to believe by the dogma that if a species 
is an exotic it is inherently evil and therefore a candidate for 
eradication.” 

An unbiased appraisal of ecological plant performance suggests 
that no special significance should be attributed to the label 
“native.“Clearly, the status of nativity for plant species making up 
today’s natural vegetation is relative. Furthermore, the evidence 
presented indicates that other environmental and biological fac- 
tors weigh heavily in determining vegetation composition. This is 
contrary to a common assumption that the dominance of undesir- 
able plants on rangelands always serves as evidence of overgrazing 
by livestock and that an elimination or reduction in grazing pres- 
sure will result in the reduction of the undesirable species and a 
return to “climax” species composition. Indeed, Harris (1988) 
contends that pure or nearly pure plant stands whether native or 
introduced are indicative of low herbivore pressure and that the 
introduction of appropriate insect herbivores will result in the 
decrease of dominance and an increase in plant diversity. 

Biological invasions by exotic plants change species composi- 
tion and may alter structure, but they rarely have dramatic 
ecosystem-level effects (Vitousek 1990) even in the case of Califor- 
nia, where over 1,000 such invasions occurred over a relatively 

brief period of time. Vitousek cites examples to the contrary, but 
believes “that the majority of successful invasions do not alter 
large-scale ecosystem properties and processes in a meaningful 
way.“Only those invasions which have had an impact evencome to 
our attention, and those are a very small proportion of the total. 

We conclude that the sanctity attributed to climax vegetation 
because it is natural, repeatable, and stable in species composition 
is without merit. We find no evidence that successful, productive 
communities consist mostly of species that evolved together and 
developed complex mechanisms for co-existing in a delicate bal- 
ance within a narrow range of biotic variation. Dominant species 
appear to be interchangeable, within and among functional 
groups. 

Clearly, the role man has played in contributing to dynamic 
change in vegetation has been on a grand scale and is of unques- 
tionable significance (i.e., Bahre 1991). Some question man’s right 
and capacity to manipulate the “natural environment” and advo- 
cate a “hands-off approach. But the paleoecological and biogeo- 
graphical sequences reviewed above suggest that there are few, if 
any, truly stable and “natural”plant assemblages. We must now be 
bold enough to accept the challenge of shaping and synthesizing 
new ecosystems, even in the “natural” environment. The structur- 
ing and restructuring of ecosystems will involve the visualization of 
appropriate arrangements of functional processes in time and 
space. Suites of plant species exhibiting the needed physiognomi- 
cal, phenological, physiological, and phytosociological character- 
istics would need to be mixed with the appropriate microbes, 
invertebrates, and higher animals. This task is currently made 
difficult by traditions and practices as much as by deficiencies in 
our understanding of ecosystem processes. But an important step 
in this direction can be taken through more careful utilization of 
current theory of the dynamics of natural vegetation. Whether a 
correct, simple theory of vegetation dynamics will be developed or 
not is open to question. What is clear is that many of the expecta- 
tions associated with the species-constant climax concept are 
incorrect and, thus, point us in the wrong direction. The popular 
perception of balance in nature persists in most fields of applied 
ecology and resource management to the detriment of establish- 
ment realistic goals and guides. 
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Abstract 

Honey mesquite (Prosopisglandulosa Torr.) occurs on a variety 
of sites varying in soil depth and moisture availability. The objec- 
tive of this study was to compare water use by honey mesquite on 
upland, lowland, and riparian sites which were assumed to repres- 
ent increasing levels of available soil moisture within a single 
watershed. Effects of the upland and lowland sites were evaluated 
in 1985. The rlparian site was evaluated with the other 2 sites in 
1986. Soil moisture and average daily transpiration were greater 
(P<O.O5) on the upland than on the lowland site from mid-May to 
July in both years, and from mid-August through September 1986. 
These differences were attributed mainly to soil surface character- 
istics which created greater infiltration on the upland site. The 
riparian site was near an ephemeral stream and had a water table as 
shallow as 1.5 m. Soil water content was much greater for this site 
compared to the other 2 sites throughout 1986. Mesquite transpira- 
tion was greater on the riparian site than on the other sites during 
July 1986, when seasonal vapor pressure deficit was at maximum. 
However, transpiration was less on the riparian site than on the 
upland site during May and June 1986. Soil temperature was 
significantly lower on the riparian than on the upland site and 
potentially inhibited transpiration on the riparian site in May and 
June. The study demonstrated a positive relationship between 
water availability and transpiration by mesquite but did not sup- 
port the hypothesis that water availability or transpiration was 
lowest on upland sites. 

Key Words: Prosopisghutulosa, plant water relations, leaf water 
potential, stomata1 conductance, soil moisture, phreatophyte 

Honey mesquite occurs on a variety of sites throughout the 
southwestern USA and Mexico. In the Sonoran Desert of southern 
California, where surface water is often limiting, mesquite have 
deep taproots reaching permanent or semipermanent ground 
water and respond as phreatophytes (Phillips 1963, Mooney et al. 
1977, Nilsen et al. 198 I). In regions where ground water is limiting, 
mesquite may rely on extensive shallow lateral roots to supply 
water (Cable 1977, Ludwig 1977, Heitschmidt et al. 1988, Ansley et 
al. 1990). Mesquite has been described as a facultative phreato- 
phyte which preferentially utilizes shallow soil moisture before 
deeper moisture (Thomas and Sosebee 1978). 

Within the Rolling Plains of northcentral Texas, woody vegeta- 
tion generally proliferates along riparian drainages. Mesquite, 
once reported to have been restricted largely to these riparian 
habitats, has spread in the last century onto adjacent upland sites 
(Scifres 1980). Little is known concerning relative water use by 
mesquite along the vertical gradient of a watershed, although some 
data suggest that water availability and water use may increase 
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with deeper soils at lower positions (Easter and Sosebee 1975). Our 
hypothesis was that transpiration by mesquite would vary along 
vertical gradients within a watershed. Because soils are generally 
deeper and there is greater potential for water accumulation at 
lower positions, transpiration was hypothesized to be greater on 
these sites than at upper locations. Conversely, lower, more alluv- 
ial regions of a watershed tend to have finer textured soils which 
could potentially reduce soil water availability and thus limit 
transpiration. Our objective was to compare the influence of site 
characteristics related to vertical position within a watershed on 
seasonal patterns of transpiration by honey mesquite. 

Materials and Methods 

Study Area 
The study was conducted within a single watershed located on 

the W.T. Waggoner Estate, 23 km south of Vernon, Texas, in 
Wilbarger County (33” 57’N, 99’ 15’W, elev. 355-375 m). Mesquite 
responses were measured on 2 sites, an upland and a lowland, in 
1985 and 1986. Response on a third site, termed riparian, was 
measured in 1986. All 3 sites were within 400 m of each other, were 
less than 20 m different in elevation, and received similar preci- 
pitation. 

The upland site was located on a ridge near the top of the 
watershed with southwest exposure and 1 to 3% slopes. Soils on 
this site were of the Cosh series of loamy, mixed, thermic, shallow 
Udic Rhodustalfs (Koos et al. 1962). These were shallow, well 
drained, moderately permeable soils, formed on weakly cemented 
sandstone. The A and B horizons extended to 25-cm depth, with 
sandstone and shale to 170 cm, and shaley clay to 250 cm. Soil 
texture from O-30 cm was sandy loam (68% sand, 14% silt, 18% 
clay), as determined by the hydrometer method (Bouyoucos 1936). 

Soils on the lowland site were fine silty, thermic Fluventic 
Ustochrepts of the Weswood series. These soils were deep and well 
drained, with low permeability, formed of calcareous alluvial 
materials, and had slopes of O-l%. The A and B horizons extended 
to 118 cm. We determined soil texture from O-30 cm to be sandy 
clay loam (51% sand, 24% silt, 25% clay). The upland site had a 
more porous soil surface than the lowland site, which had a crusted 
soil surface (visual observation). A preliminary study determined 
that infiltration rate was greater on the upland site than on the 
lowland site, being 13.1 cm/ hr and 8.4 cm/ hr, respectively. 

The riparian site was located near an ephemeral stream at the 
base of the watershed containing the study (slopes O-l%). Soils 
were of the Mangum series of fine, mixed, thermic, Vertic Ustoch- 
repts. These soils were deep, moderately well drained, very slowly 
permeable, formed from calcareous alluvial materials. Soil texture 
from O-30 cm was clayey (20% sand, 28% silt, 52% clay). 

Herbaceous vegetation on the upland site was dominated by 
purple threeawn (Aristida purpurea Nutt.), hairy grama (Boute- 
loua hirsuta Lag.), and sideoats grama [B. curtipendula (Michx.) 
Torr.]. The lowland site was dominated by sand dropseed [Sporo- 
bolus cryptandrus (Torr.) Gray]. Dominant herbaceous species on 
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the riparian site was little bluestem [Schizachyrium scoparium 
(Michx.) Nash]. Herbaceous vegetation was more dense on the 
riparian site than on the other 2 sites. 

Woody vegetation on the upland and lowland sites was domi- 
nated by honey mesquite with occasional occurrences of lotebrush 
[Ziziphus obtusifolia (T. t G.) Gray]. Mesquite canopy cover 
(estimated by point center quarter method) was between 15 and 
20% on all 3 sites. Mesquite on the riparian site occurred adjacent 
to a dense stand of riparian trees, dominated by American elm 
( Ulmus americana L.), and eastern cottonwood (Populus deltoides 
Bart. Marsh). 

Data Collection and Analysis 
Eight trees each on the upland and lowland sites, and 6 trees on 

the riparian site were sampled for transpiration and stomata1 con- 
ductance using a Li-Cor LI-1600 steady state porometer (Li-Cor, 
Inc., Lincoln, Neb.1). Because the objective was to ascertain rela- 
tive differences among sites, we chose a common reference point 
for measuring leaf responses on each tree. Leaves on the perimeter 
of the northeast aspect of each canopy were sampled between 1 and 
2 m from the ground. Measurements were made on the bottom 
surface of single leaflets of a leaf. Two leaflets, each from a differ- 
ent leaf, were measured (as subsamples) per tree during each sam- 
ple period for about 1 hr duration, and were pooled prior to mean 
determination. Measurements were made at 2-hr intervals begin- 
ning at 2 and ending at 10 hr after sunrise (about 700 to 1500 hours 
CST). Diurnal measurements were conducted at 2- to 3-week 
intervals during the growing season in both years, beginning in 
mid-May. Three additional trees at each site were sampled for 
predawn petiole xylem water potential (predawn leaf Y) using a 
Scholander pressure chamber (Scholander et al. 1965). 

Seven aluminum soil water access tubes were installed to a depth 
of 150 cm on each site. Volumetric soil water content (6) was 
measured at 30-and 6Ocm depths using a neutron scattering device 
on each date transpiration was measured. Soil water retention 
curves were determined at each site and soil depth using a ceramic 
pressure plate apparatus set at 0.1, 0.3, 0.5, 1.0, and 1.5 MPa 
(Richards 1965). Soil matric potential was calculated from 6 using 
retention curve equations which were extrapolated to -3.0 MPa. 
Values of 6 and matric potential were pooled over both depths 
prior to analysis. 

Soil temperature was measured between 0530 and 0730 at 30- 
and 60-cm depths using a single stainless bi-metal thermometer at 
each site. Air temperature and relative humidity were monitored 
throughout each sampling date using a sling psychrometer, and 
vapor pressure deficit (VPD) was calculated from these values. 
Due to proximity of the upland and lowland sites and similarity of 
ambient environments, VPD was measured at the upland site only. 
In 1986, VPD was measured at the upland and riparian sites. 
Photosynthetic quantum flux density (PFD) was measured with a 
LI-185 Lambda Quantum Flux Meter (Li-Cor Inc., Lincoln, 
Neb.1) at the point where transpiration was measured. 

Diurnal values of transpiration, stomata1 conductance, VPD, 
and PFD were pooled to represent mean daily values prior to 
analysis for the purpose of more readily comparing differences 
among sites. Data were subjected to general linear model proce- 
dure for each year to evaluate date, site, and a date X site interac- 
tion as sources of variation. Significantly different means were 
separated with L.S.D. (P<O.O5). Vapor pressure deficit and soil 
temperature were not replicated and no analyses were performed 
on these variables. 

Mention of trademark or proprietary product does not constitute a guarantee or 
warranty of the product by Texas Agricultural Experiment Station or Texas Tech 
University and does not imply approval to the exclusion of other products that may 
also be suitable. 
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Results and Discussion 

Climate 
Precipitation was generally above normal from October 1984 

through April 1985, prior to the 1985 mesquite growing season 
(Fig. 1). May and July 1985 had below normal precipitation, but 
this was an offset somewhat by above normal precipitation in June. 
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Fig. 1. Monthly precipitation at the study site. Solid circles represent 
30-year average precipitation for each month. 

Precipitation was below normal from November 1985 until March 
1986. After March 1986, rains occurred frequently and monthly 
totals were near normal. Total precipitation from 1 November to 
the first sampling date in mid-May of each year was 52.8 cm and 
19.2 cm in 1985 and 1986, respectively. 

Average daily PFD was greater on the upland than on the 
lowland site during all sample dates, although on some dates this 
difference was not significant (Fig. 2). In 1986, average daily PFD 
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Fig. 2. Average daily photosynthetic flux density (PFD) and average daily 
vapor pressure deficit (VPD) at each site during 1985 and 1986 (VPD was 
not recorded on the lowland site). Vertical bars around PFD means are f 
1 standard error (S.E.). 

was lowest on the riparian site, probably because of taller neigh- 
boring vegetation on this site which reduced duration of direct 
sunlight available to mesquite. Diurnally, differences in PFD 
between sites occurred early and late in the day when shading from 
neighboring trees was greatest (data not shown). Average daily 
VPD was lowest in May and June and greatest during July and 
August of both years. No clear differences in VPD between sites 
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were detected in 1986. 

Soil Moisture and Temperature 
Volumetric soil water content (6) and matric potential were 

significantly greater at the upland than the lowland site from May 
through July 1985 (Fig. 3), following rains in March and April 
which were nearly 3 times the normal amount (Fig. 1). As the 1985 
growing season progressed, differences in 0 between the 2 sites 
diminished (Fig. 3). However, differences in soil matric potential 
between sites remained significant throughout 1985. Similar dif- 
ferences in 0 and matric potential between the upland and lowland 
sites were apparent from May to early August 1986. Following 
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Fig. 3. Individual precipitation events, volumetric soil water content at 30 
+ 60 cm depths, soil mntric potential at 30 + 60 cm depths, and soil 
temperature at 30 cm depth on each site during the 1985 and 1986 
growing seasons. Vertical bars around each mean indicate k 1 S.E. 
Where not visible, S.E. bars are smaller than mean symbol. 

nearly 300 mm of rain in late August and early September 1986,6 
and soil matric potential increased on both sites, but the increase 
was greater on the upland than the lowland site, supporting earlier 
findings that infiltration rates were greater on the upland site. 

The riparian site displayed significantly greater 0 and soil matric 
potential than the other 2 sites in 1986, although differences in 
matric potential were proportionally less than differences in 0, due 
to the heavier textured soils on the riparian site. The water table on 

the riparian site was often within 1.5 m of the soil surface, as 
indicated by free standing water in the access tubes. 

Son temperature was greater at the lowland site than the upland 
site from May through July 1985 and July through September 
1986. Soil temperature was consistently lower on the riparian site 
than on the other sites in 1986. Differences in soil temperature 
between sites were inversely related to soil water content. 

Transpiration and Conductance 
Trees on the upland site exhibited significantly higher average 

daily transpiration and stomata1 conductance than trees on the 
lowland site during most sample days in 1985 and 1986 (Fig. 4). 
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Fig. 4. Average daily transpiration, average daily stomata1 conductance, 
predawn leaf water potential, and midday leaf water potential on each 
site during the 1985 and 1986 growing seasons. Vertical bars around 
means indicate + S.E. 

These results differ from those by Easter and Sosebee (1975) who 
found in a study near Lubbock, Texas, that transpiration by mes- 
quite was lower on an upland than a lowland site. However, the 
upland site in their study had less soil moisture than the lowland 
site, which was opposite our findings. Both studies were in agree- 
ment that transpiration by mesquite was greater on sites that had 
more soil moisture. 

As each growing season progressed, transpiration and stomata1 
conductance declined to similar levels on both the upland and 
lowland sites by mid- to late-July. Following rains in August and 
September 1986 (Fig. 3) transpiration and conductance were 
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greater on the upland than the lowland site (Fig. 4). Of particular 
interest was water use by mesquite on 11 August 1986, following a 
precipitation event of 53 mm on 5 August (Figs. 3 and 4). Transpi- 
ration and conductance increased significantly on the upland site 
but did not on the lowland site in response to this storm. These 
results may be an indication that mesquite on the upland site had 
more shallow, lateral roots to exploit individual precipitation 
events than trees on the lowland site (Thomas and Sosebee 1978, 
Heitschmidt et al. 1988, Ansley et al. 1990). Differential responses 
in transpiration and conductance following the 5 August storm 
may also be attributed to greater infiltration on the upland site, 
although soil moisture and matric potential results did not indicate 
this clearly (Fig. 3). 

Mesquite on the riparian site exhibited seasonal patterns of 
transpiration quite different from the other sites in 1986. During 
May and early June, transpiration of trees on the riparian site was 
less than in trees on the upland site and not significantly different 
from trees on the lowland site. In early and mid-July 1986, when 
transpiration and conductance were declining on the upland and 
lowland sites, these variables increased on the riparian site. By 
mid-July, when VPD was maximum (Fig. 2), average daily trans- 
piration of trees on the riparian site attained a seasonal peak and 
was 44% greater than transpiration on the other sites (Fig. 4). 
Seasonal trends in stomata1 conductance among sites were similar 
to transpiration, although somewhat more variable. 

Site related differences in soil temperature may explain why 
transpiration was lower in the riparian than the upland site at the 
beginning of the 1986 growing season. Soil temperature was below 
24” C (75“ F) through June 1986 at the riparian site, but only 
during May at the upland site (Fig. 3). These differences in soil 
temperature correspond to the interval when transpiration was 
lower on the riparian site than on the upland site (Fig. 4). When soil 
temperature increased to above 24O C on all sites (which occurred 
during all of the 1985 growing season and after June 1986), transpi- 
ration was greater on sites that had more soil water, even though 
differences in soil temperature still existed between sites. Other 
studies have determined that soil temperatures below 24’ C inhibit 
herbicidal control of mesquite (Dahl et al. 1971, Sosebee et al. 
1973, Dahl et al. 1978). It has been suggested that soil temperatures 
below this level inhibit physiological processes in mesquite, which 
reduce uptake and translocation of herbicides (Meyer 1977, Sose- 
bee 1983). Data from the current study suggest that transpiration 
may have been reduced when soil temperature was below 24” C, 
regardless of soil water content. 

A lower average daily PFD on the riparian site in relation to the 
other sites may also have reduced transpiration on the riparian site. 
For most species, photosynthetic radiation and transpiration are 
positively correlated (Schulze and Hall 1982). 

Leaf Water Potential 
Predawn leaf water potential (predawn leaf Y) declined from 

May through September 1985 and May through July 1986 in trees 
on the upland and lowland sites (Fig. 4). Predawn leaf Y was 
significantly greater in trees on the upland site than on the lowland 
site throughout 1985 and on certain dates in 1986. Similar to 
transpiration and conductance, predawn leaf (I’ increased to a 
greater degree in upland than lowland trees following rains in 
August and September 1986. Seasonal differences in predawn leaf 
Y between the upland and lowland sites paralleled responses of 
transpiration and soil water content and suggest a direct positive 
relationship between the 3 variables. Ansley et al. (1992) found 
similar relationships between predawn leaf Y, transpiration, and 
soil water content when mesquite trees were subjected to irrigation 
and rain-sheltering. 

Mesquite on the riparian site expressed a seasonally stable pre- 
dawn leaf Y in 1986, which was greater on most dates than in trees 
on the other 2 sites (Fig. 4). Differences in predawn leaf Y between 
the riparian site and the other 2 sites increased as the 1986 growing 
season progressed until August. 

Midday leaf Y was greater in trees on the lowland site than in 
trees on the upland site.on most dates in 1985 (Fig. 4). An inverse 
relationship was expressed between midday leaf t and transpira- 
tion or predawn leaf Y in which midday leaf Y was lower in the 
trees that had greater transpiration and predawn leaf P. These 
results concur with Ansley et al. (1990) who found that a lower 
midday leaf Y was an indication of more, not less, water movement 
through the soil-plant atmosphere continuum in non-phreatophytic 
mesquite. Midday leaf Y was significantly greater in trees on the 
riparian site than on other sites in 1986. Thus, when soil water was 
unlimiting, as on the riparian site, midday leaf Y appeared to be 
positively correlated with transpiration and predawn leaf Y. 

Summary and Management Implications 
In summary, soil water content was the primary environmental 

factor which influenced mesquite transpiration on all 3 sites. Vapor 
pressure deficit has been reported to have a strong influence on 
honey mesquite transpiration (Wendt et al. 1968). However, we did 
not find consistent differences in VPD between sites and VPD 
could not explain the variation in transpiration between sites. 

We expected transpiration to be greater on the lowland than the 
upland site because of the relative positions of the 2 sites within the 
watershed, and because the lowland site had deeper soils. How- 
ever, soil water content and transpiration were consistently greater 
on the upland than the lowland site. These results were attributed 
to textural differences at the soil surface between the sites which 
provided greater infiltration on the upland site. 

Transpiration on the upland site was influenced strongly by 
precipitation, suggesting mesquite relied on shallow roots to 
obtain moisture near the surface. With lower infiltration, trees on 
the lowland site may have depended on deeper roots to express a 
more consistent, although generally lower, seasonal water use 
pattern than trees on the upland site. The riparian site had a much 
greater volumetric water content than the other sites but consider- 
ably heavier soil texture on this site may have limited water availa- 
bility. As a result, while transpiration was greatest on this site 
during mid-summer 1986, it never exceeded maximum values 
attained by trees on the other 2 sites in the previous year. Transpi- 
ration was suppressed on the riparian site in relation to the other 
sites during May and June 1986, which may have been caused by 
lower soil temperature on the riparian site. 

Adjustment of internal water status during the overnight 
recharge period was facilitated by more soil water. This was 
reflected by greater predawn leaf Y in trees on the upland site, 
which had more soil water, than on the lowland site. Midday leaf 
Y, however, was inversely related to predawn leaf Y and transpira- 
tion on these 2 sites. When water was not limiting, as on the 
riparian site, predawn leaf Y, midday leaf Y, and transpiration 
were positively correlated. 

Results from this study suggest that water use by honey mesquite 
is not directly related to the topographical position of these plants 
within a watershed. Therefore, efforts to increase water yield 
through reduction of mesquite should consider site characteristics, 
especially those capable of high infiltration, before selecting areas 
to be treated. Similarly, managers attempting to control mesquite 
on the basis of hypothesized physiological activity of the plant, as 
when sprayingfoliar applied herbicides, should be cognizant of the 
fact that trees on lower sites with deeper soils may not necessarily 
be more active than those on shallow sites. 
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Abstract 

Black-and-white photographs were used to estimate seasonal 
trends in whole plant leaf area of honey mesquite (Prosopis glan- 
dulosu var. glandulosa Torr.) trees occurring on a site with limited 
subsurface water. Height and canopy width of the trees ranged 
from 1 to 5 m and 1 to 7 m, respectively. Images consisted of 
profile-view angles of trees occurring on flat terrain. Four image 
variables, height, width, canopy profile perimeter length, and can- 
opy profile area were obtained from the photographs and used to 
predict leaf area of unharvested trees. Predictive equations were 
based on adjacent trees which were photographed and harvested 
for actual leaf area determination. Canopy profile area was evalu- 
ated as the most accurate image variable for predicting leaf area. 
Whole plant leaf area of unharvested trees varied within and 
between growing seasons and was dependent on precipitation pat- 
terns. During the 1987 growing season. leaf area declined signifi- 
cantly by 14.6% from 17.1 m* (1 leaf surface) in May to 14.6 rn2 in 
August, in conjunction with a mid-summer dry period. Leaf area 
increased in September 1987 in response to late-summer precipita- 
tion. Leaf area was less in the spring of 1988 than the spring of 1987 
because of lower precipitation during the winter prior to the 1988 
than the 1987 growing season. Leaf area did not decline signifi- 
cantly from spring to mid-summer in 1988 as it did the previous 
year because of atypically high precipitation in July 1988. Leaf area 
did not increase in September of 1988 as it did in 1987 because of 
lack of late-season rains in 1988. These results suggest mesquite on 
this study site used partial leaf shedding to augment drought 
resistance. 
Key Words: biomass, foliage, growth and development, canopy, 
abscission, phreatophyte 

Most studies examining water relations of woody plants grow- 
ing naturally have concentrated on measurement of physiological 
responses at the leaf level of resolution (Schulze and Hall 1982, 
Farquhar and Sharkey 1982). More recent studies have emphas- 
ized the need for documenting whole plant responses, including 
whole plant leaf area (Pook 1985, Caldwell et al. 1986, Nilsen et al. 
1987). 

Honey mesquite (Prosopis glandulosa var. glandulosa Torr.)is a 
winter-deciduous tree which occurs throughout arid and semiarid 
regions of the southwestern United States. Mesquites have been 
described as drought-avoiding phreatophytes which sustain trans- 
piration during drought and are not drought-deciduous (Thomas 
and Sosebee 1978, Nilsen et al. 1981, Nilsen et al. 1983, Nilsen et al. 
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1986a). However, on certain sites, mesquites do not have access to 
adequate ground water, and are dependent on shallow lateral roots 
to supply water (Heitschmidt et al. 1988, Ansley et al. 1990). Little 
is known regarding seasonal dynamics of whole plant leaf area of 
these mesquite. We hypothesized that leaf area would be influ- 
enced by frequency and abundance of precipitation on these sites. 

To avoid labor-intensive sampling, leaf area of large woody 
plants has been estimated indirectly from measurements of canopy 
dimensions (height, width, volume, etc.), branch girth, sapwood 
area, or canopy light interception (Ludwig et al. 1975, Brown 1976, 
Waring et al. 1977, MacDonald and Forslund 1986, Ganskopp and 
Miller 1986). While accurate for comparisons within a single point 
in time, these methods are relatively insensitive for measuring 
seasonal dynamics (Murray and Jacobson 1982). 

Photography at close range offers potential for determining 
seasonal changes in leaf area. Recent reports have employed pho- 
tographic techniques to quantify plant structures (Koike 1985, 
Roebertsen et al. 1988). Liebhold et al. (1988) used digital photo- 
graphy for estimating insect defoliation of black oak (&ercus 
velutina Lam.). 

The objective of this study was to determine seasonal trends in 
whole plant leaf area (WPLA) of honey mesquite growing on a site 
which has little available ground water. We also evaluated the 
utility and accuracy of several image variables for the nondestruc- 
tive determination of WPLA. 

Methods and Materials 

The study was conducted on the Wagon Creek Spade Ranch 
located 16 km north of Throckmorton in north central Texas 
(99’ 14’W, 33’2O’N). Soils are predominantly deep calcareous clay 
loams of the Nuvalde series (fine-silty, mixed, thermic Typic Cal- 
cuistolls) (Soil Conservation Service 1984). Average annual precip- 
itation is 624 mm bimodally distributed with peak rainfall in May 
and September. Number of days with 50% probability above 0” C 
is 222 with occurrence of last 0’ C minimum on 1 April and first 0” 
minimum on 9 November. Vegetation is a mixture of mid-and 
shortgrasses with an overstory of few-stemmed mesquite (300-400 
trees per ha). Terrain is relatively uniform with slopes O-2%. 

A total of 54 trees of varying sizes were selected for sampling 
during the 2-year duration of the study. Height, canopy width, and 
basal stem number of these trees ranged from 1 to 5 m, 1 to 7, and 1 
to 5, respectively. Forty-two trees were harvested during the study 
to develop regression equations for predicting WPLA. Twelve 
trees were left undisturbed and used to estimate seasonal changes 
in WPLA. 

Four 5-cm diameter aluminum access tubes were installed to 3-m 
depth near each of 3 undisturbed trees. Each tube was located 2 m 
from the basal center of each tree and along cardinal directions. 
Volumetric soil moisture was measured at 20- and 40-cm depths 
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11 May 87 07 Aug 87 

w CPA:4*56m2 Penmeter: 16.03 m 

0.25 m* 

Reference 

CPA: 3.57 m2 

Perimeter: 16.59 m 

Fig. 1. Profile view of a study tree on 11 May 1987 and 7 August 1987, and canopy profile area (CPA) delineated for each image. CPA and canopy 
perimder vabwa are displayed for each bnage. Reference square (.U m*) WM used to calibrate bnage variables. 

using a neutron attenuation device at I-wk intervals. Depths were 
pooled prior to mean determination for each date. Precipitation 
was recorded on the site. 

A profile-view (i.e., side-view) black-and-white photograph of 
each tree was obtained on each of 8 sample dates during the 
growing seasons of 1987 and 1988 using a 300-mm zoom lens from 
permanently established points located 20 m from each tree. A 
O.%m2 reference square was positioned near each tree during 
photography for calibration of the images. A truck-mounted, 
white screen (5-m height X 6-m width) was utilized to separate 
target trees from background vegetation (Ansley et al. 1988). Pho- 
tographs were enlarged to 20 X 25 cm (8 X 10 in.) for image 
evaluation. 

Four image variables, tree height, canopy width, canopy profile 
perimeter length, and canopy profile area (CPA), were identified 
on each photograph. CPA was delineated by a hand-drawn line 
around the outside edge of profiles of tree foliage that occurred on 
each photograph (Fig. 1). Areas on photographs greater than 0.5 
cm2 actual size that did not contain foliage were delineated by hand 
and subtracted from CPA estimates. Values for CPA were 
obtained through use of a tablet planimeter (SummaSketch Pro- 
fessional, Summagraphics, Corp., Fairfield, Corm.‘) interfaced 
with an IBM-compatible 80386 computer and tablet software 
(Sigma-scan; Jandel Scientific, Inc., Corte Madera, Calif.‘). CPA 
values were recorded as m* following calibration of the tablet to the 
known area of 0.25 mr on each photograph. 

‘Mention of product names does not imply endorsement. 
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Within 2 days following each photography sample date, all 
leaves from 3 or 6 trees were harvested by hand, dried at 60” for 48 
hours, and weighed. Prior to drying and weighing, 4 subsamples of 
leaves (ranging from 10 to 60 g fresh weight each) were obtained 
from the total leaf mass of each harvested tree, and leaf area per 
subsample was determined with an area meter. Specific leaf area 
(m2 leaf area/kg oven dry leaf weight; Coombs et al. 1987) was 
determined from these subsamples. Total leaf area (1 leaf surface of 

ONDlJFMAMJJASONDlJFMAMJJAS 

1986 1987 1988 

Fig. 2. Monthly precipitation at Spade Wagon Creek Ranch from October 
1986 through September 1988. Solid circler indicate the 30-year average 
for each month. 
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each harvested tree (Area-H) was determined by multiplying total 
oven dry weight by specific leaf area. 

Linear regressions were used to predict Area-H from each image 
variable (height, width, perimeter length, and CPA). Data were 
pooled across dates to determine which image variable most accu- 
rately (i.e., greatest rr) predicted Area-H throughout the study. 

The effect of year on the capacity of the selected image variable 
to predict WPLA of unharvested trees was then examined by 
contrasting within year regression models. If significantly differ- 
ent, within years models were used to predict WPLA of unharv- 
ested trees. 

Prior to analysis, the 12 unharvested trees were stratified into 3 
sire classes of unequal numbers of trees within each class. A general 
linear model analysis was performed to assess influence of size class 
(as blocks) and sample date as main effects on CPA, WPLA, and 
canopy perimeter length. Means were separated with LSD (KO.05). 
All leaf area values reported in this paper refer to the area of 1 
surface of each leaf. 

Results and Discussion 

Precipitation 
Total annual precipitation was greater in 1987 (755 mm) than 

I988 (470 mm), primarily due to large amounts of rain that fell in 
June and December of 1987 (Fig. 2). Precipitation during the 
mesquite growing season (mid-April to mid-October) was slightly 
above normal in 1987 (432 mm) and below normal in 1988 (336 
mm). Normal precipitation (30-year average) during the mesquite 
growing season is 426 mm. Distribution of rain during the mes- 
quite growing season was different between years. 1987 was char- 

0 
Y=5.O4x-2.46 

0 

-0 1 2 3 4 5 

Canopy Height (m) 

0 
,, Y=4.64x-4.04 

0 1 2 3 4 5 6 

Canopy Width (m) 

Table 1. Specific leaf area during individual eample periode, end when 
datea were pooled In 1987 and 1988. 

Model tvue 

Area (y): Weight (x) Regressions 

Dates 
used SLA’ I.2 F n 

1987 by date 1 lMay87 9.916 .99 84252 9 
11 Jun87 6.970 .99 2497 18 
lOJul87 6.565 .99 5031 18 

07Aug87 5.754 .99 4347 153 
19Sep87 6.116 .99 2861 9 

1988 by date 03Jun88 6.877 99 6834 18 
04Aug88 5.699 .99 1906 21 
030ct88 4.966 .99 3371 18 

1987 pooled 5 dates 7.057 .97 1950 69 

1987 pooled 3 dates4 6.579 .99 3314 42 

1988 pooled 3 dates 5.944 .98 2801 57 

~SLA=Spccificleafarea = (m’leafarea/oven dryleafweight (kg). SLArepresents”a” 
in each regression, where y = ax. 
‘All areaweight regressions were significant at p<.OOOl. 
3Three samples were destroyed on this date. 
‘Three dates in 1987 (I 1 June, 7 Aug., 19 Sept.) were pooled for comparison to 3 
pooled dates in 1988 (3 June, 4 Aug., 3 Oct.). 

acterized by considerable rain in May and June, while 1988 had 
most rain in June and July. Rainfall was greater during the 3 
months (January-March) prior to the 1987 (147 mm) than the 1988 
(55 mm) growing season. 

Y.. 

0 
Y=1.36x-6.61 ., 

tii 20-a 

0, t 
0 5 10 15 20 25 

Canopy Perimeter (m) 

-_ 

I Y==~.I 8x-2.47 
0 

I 

/ 
10 

Canopy Profile Area (m2) 

Fig. 3. Relation between 4 image variablee (canopy height, width, perimeter length, and profile area) and actual leaf uee of each harvated tree (Area-H) 
for the 42 treea harveeted on 8 eample dates. 
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Specific Leaf Area 
Mesquite budbreak occurred during the first 2-wks of April of 

each year and leaves were fully expanded by the first week in May. 
Specific leaf area declined from 11 May to 7 August 1987, but 
stabilized from August to 19 September 1987 following significant 
late August and early September precipitation (Table 1). Specific 
leaf area declined from 3 June to 3 October 1988. When similar 
dates were pooled to compare years, specific leaf area was lower in 
1988 than 1987. 

Declining specific leaf area during each growing season may 
have been caused by an increase in leaf dry weight due to cell wall 
thickening in response to drying conditions (Kramer and Koz- 
lowski 1979). This may also explain why specific leaf area was 
lower in 1988 than 1987, since the 1988 growing season was drier 
than 1987. Based on these results, specific leaf areas were not 
pooled across dates to determine total leaf area of harvested trees 
(Area-H). 

Comparison of Image Variables 
When pooled over all sample dates (n = 42), canopy profile area 

(CPA) was more accurate (rz = 0.86) than the other image variables 
at predicting Area-H (Fig. 3). Canopy height was poorest of the 
variables at predicting Area-H (r* = 0.31), with canopy profile 
perimeter length and canopy width intermediate. 

Because of its relative ease of measurement, plant height is 
desirable for predicting WPLA (Murray and Jacobson 1982, Fitz- 
gerald 1983). Height has been used successfully for predicting 
WPLA of creosotebush (Ikrea tridentata), which has a well- 
defined growth form (Ludwig et al. 1975). Mesquite exhibited a 
variable growth form, and height was not consistent at predicting 
Area-H. 

Accuracy of CPA may have been confounded to some degree by 
leaf overlap on the photographs. WPLA may have been underes- 
timated in larger trees, which had greater canopy depth and poten- 
tially more leaf overlap than smaller trees (Palmer 1987). Inaccura- 
cies caused by leaf overlap should be minimized in a species such as 
mesquite, which has a sparsely foliated canopy, in contrast to 
broadleaf species such as oak (Quercus spp.) 

Predicting WPLA of Unharvested Trees 
The relation between CPA and Area-H was best described by an 

allometric equation: y = axb, where y = Area-H and x q CPA. When 
trees from all dates were pooled, this relationship had an r2 = 0.87 
(Y = 1.92~l.l~). 

The relation between CPA and Area-H was significantly differ- 
ent between years (Fig. 4). Foliage was more dense in 1987 than 

30 
0 

0 2 4 6 8 10 

Canopy Profile Area (CPA; t-n*) 
Fig. 4. Relation between CPA and Area-H when pooled among dates 

within 1987 (tilled circles; n q 24) and 1988 (open circles; n q 18). 

1988, probably due in part to greater precipitation prior to the 1987 
than 1988 growing season. As a result, the curve of the allometric 
regression between CPA and Area-H was steeper in 1987 than 1988 
(i.e., a greater value of “a” in the equation y q axb). Because of 
differences between years, within year allometric equations between 
CPA and Area-H were used to determine WPLA of unharvested 
trees during the 1987 and 1988 growing seasons. 

Seasonal Trends in WPLA 
Sample date had a significant effect on CPA, WPLA, and can- 

opy perimeter length (Table 2). There was no significant interac- 

Table 2. General Linear Models to determine influence of tree size and 
sample date on CPA, WPLA, and canopy perimeter. 

Variable S.V. df ss MS F Pr>F 

CPA Size 2 251 126 249 .OOOl *** 
Date 7 13 2 4 .0024 ** 
SXD 14 1 <I <I .9997 NS 
Error 12 36 <I 
Total 95 

WPLA Size 2 2740 1370 280 .0001 *** 
Date 7 137 20 4 .OOlO *** 
SXD 14 10 <I <I .9999 NS 
Error 72 353 
Total 95 

Perimeter Size 2 901 450 77 .0001 *** 
Date 7 97 14 2 .0313* 
SXD 14 76 5 1 5349NS 
Error 72 421 6 
Total 95 

tion between tree size class and sample date for any variable. 
WPLA of unharvested trees declined significantly by 14.6% 

during the 1987 growing season from peak levels on 11 May (17.1 
m2) to lowest levels (14.6 m2) on 7 August (Fig. 5). Each of the 12 
trees in the study displayed a mid-summer decline in WPLA. 
Maximum decline for any individual tree was 28.2%. Mean WPLA 
increased from August to September 1987, although this change 
was not statistically significant. WPLA of 10 of the 12 trees 
increased from August to September. 

Seasonal trends in WPLA were variable between years. WPLA 
was less in June 1988 than in June 1987 and did not decline 
significantly from June to August in 1988 as it did in 1987. Later in 
the growing season, WPLA decreased from August to early 
October 1988, while it increased during the same interval in 1987. 

Differences in seasonal trends of WPLA between years were 
related to differential precipitation patterns between years. Greater 
WPLA in June 1987 than in June 1988 may be attributed to greater 
precipitation prior to the 1987 growing season than that of 1988 
(Fig. 2), or may have been caused by over 100 mm of rain that 
occurred over 10 consecutive days in May 1987 in contrast to the 
relatively dry May in 1988 (Fig. 5). A soaking rain occurred during 
a 2-wk interval in late June and early July 1988 in which 85 mm fell. 
This type of storm was atypical for July in this region and did not 
occur in 1987. It may explain why the decline in WPLA from June 
to August was less in 1988 than in 1987. 

Mesquite will grow a new cohort of leaves in late summer if 
conditions are favorable (Nilsen et al. 1987). A major rain in late 
August 1987 (55 mm) may have stimulated new leaf production 
and an increase in WPLA from 7 August to 19 September. No rain 
greater than 18 mm occurred during August or early September 
1988, and, consequently, WPLA declined from 4 August to 3 
October. Precipitation in late September 1988 apparently occurred 
too late to affect WPLA by the 3 October sample date. 
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Fig. 5. Mean canopy profile area (CPA), whole piant leaf area (WPLA; 1 
leaf surface) and canopy perimeter length of the 12 unbarveated trees, 
individuai precipitation events, and volumetric soil moisture at Spade 
Wagon Creek Ranch during the 1987 (left column) and 1988 (right 
column) mesquite growing seasons. LSD bars are for 2-way comparisons 
among all 8 sample dates. For precipitation data: vertical bars are 
amount and horizontal bars are duration of each event. 

Differences in WPLA between years were consistent with yearly 
trends in surface soil moisture. During 1987, the decline in soil 
moisture from mid-June to mid-August, and subsequent increase 
in late August paralleled the seasonal decline and increase in 
WPLA (Fig. 5). A seasonal peak in soil moisture during mid-July 
1988 may explain why WPLA decreased only slightly from 3 June 
to 4 August. 

Canopy perimeter length followed a seasonal pattern which was 
the inverse of CPA and WPLA and tended to increase as each 
growing season progressed (Fig. 5). As leaf area declined, the 
perimeter of the canopy profile became more irregular and this 
increased perimeter length. Greater perimeter length in 1988 than 
1987 was probably the result of new stem and shoot elongation 
which occurred in May 1988 as well as drier growing conditions in 
1988. 

Summary 
While the decline in leaf area during mid-summer 1987 was 

statistically significant, the question remains as to whether this 
represents a significant biological process. Nilsen et al. (1983) and 
Nilsen et al. (1986a) indicated that relative leaf area (percent of 
maximum) of phreatophytic mesquite (P. glandulosa var. tor- 
reyanu) in the Sonoran desert of southern California remained 

nearly unchanged from May to November. Maintenance of maxi- 
mum leaf area during the hottest and driest part of the year was 
attributed to taproot access to deep water. To contirm this, Nilsen 
et al. (1986b) demonstrated that when water availability was 
reduced to normally phreatophytic taproots of mesquite, total leaf 
area declined. Our results indicated a sensitivity of mesquite to 
summer dry periods, suggesting the trees on our site were less 
phreatophytic than those described in the Sonoran desert. 

Reduction in mesquite leaf area did not approach levels nor- 
mally associated with drought-deciduous species (Kozlowski 1973). 
Pook (1985), for example, found that leaf area of Eucalyptus 
maculuta Hook declined by an average of 80% during drought in 
Australia. In the present study, mesquite leaf shedding appeared to 
be a site-specific adaptation of semi- or nonphreatophytic individ- 
uals to augment other drought resistance strategies. These strate- 
gies have been previously identified and include increased use of 
shallow lateral roots (Heitschmidt et al. 1988, Ansley et al. 1990), 
and increased stomata1 sensitivity to soil and atmospheric drought 
(Ansley et al. 1992). 

Insect predation can not be ruled out as a causative factor in 
diminution of mesquite leaf area. Mesquite is generally susceptible 
to grasshoppers (Orthoptera: Acrididae) and possibly walking 
sticks (Diupheromera velii Walsh) (Hewitt et al. 1974). However, 
we did not notice excessive populations of either of these types 
during either year of the study. The mesquite twig girdler (Onci- 
deres rhodosticta Bates and 0. cingulata Say) can reduce leaf area 
by destruction of phloem in small branches (Rogers 1977). This 
damage does not occur until late September and October and was 
not observed to any extent in either year. 
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Abstract 

The value of mountain rye (Secole montanlrm Cuss.) for com- 
petitive suppression of 2 annual bromegrasses (downy brome, 
Bromus tectorum L. and Japanese brome, B. japonicus Thunb) 
was investigated in a 3-year study on reclaimed coal mined lands in 
southeastern Montana. Rye established rapidly and vigorously, 
but did not persist appreciably (either through initially established 
plants or new seedlings) after the second year. However, mountain 
rye signircantly reduced growth and reproduction of annual 
bromes during the first 2 growing seasons. Mountain rye also 
inhibited growth of other concurrently seeded perennial grasses 
during the first 2 seasons. Annual brome soil seedbanks were not 
sufficiently reduced in rye-seeded plots to prevent an eventual, 
third year recovery of brome productivity after a massive dieback 
of rye between the second and third growing seasons. Mountain 
rye therefore proved effective for short but not for longer-term 
control of annual bromes. This study did not allow distinction 
between the known short-lived nature of mountain rye and/or 
local environment as causal factors for the massive dieback after 
the second year. 

Key Words: mineland revegetation, weed control, plant competi- 
tion, Secale montanum G., Bromus tectorum L., Bromus japoni- 
cus Thunb. 

Downy brome (Bromus tectorum L.) and Japanese brome (B. 
juponicus Thunb.) have become dominant invading species over 
vast areas of rangelands in the western United States (Mack 198 1, 
Hulbert 1955, Stewart and Hull 1949). Both downy and Japanese 
bromes exhibit winter-annual phenology: vigorous early season 
growth and high reproductive ability. These features result in 
competition for establishment and growth of desirable perennial 
species on rangelands (Evans 1961, Evans et al. 1970, Harris 1967, 
Harris and Wilson 1970). During disturbed land reclamation, 
severe brome infestations can restrict perennial species establish- 
ment, slow the rate of and, possibly, alter the trajectory of secon- 
dary succession (Allen 1989, Allen and Knight 1984). 

Past work has demonstrated marginal revegetation success on 
range sites with high annual brome densities unless steps are taken 
to reduce brome infestation (Evans et al. 1970). An addition to the 
direct brome control measures of mechanical, burning, or herbici- 
da1 treatments involves introducing vigorous companion species to 
biologically retard bromes through competitive interference (Monsen 
and Turnipseed 1990, Evans et al. 1970). 
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Mountain rye (Se&e montanum Guss.) is a short-lived, cool- 
season perennial bunchgrass native to the middle east and northern 
Africa (Stutz 1972). It has been used effectively in southern Idaho 
for suppression of downy brome (Monsen and Shaw 1984). Buman 
and Abernethy (1988) found little post-harvest seed dormancy for 
the species with high germination at cool and widely fluctuating 
temperatures, indicating a potential for fall germination concur- 
rent with annual bromes. Mountain rye also demonstrated greater 
root and shoot growth than downy brome when both species were 
established together at equal densities in growth chambers (Buman 
et al. 1988), suggesting that rye may have superior competitive 
ability. 

This study was conducted to determine the effectiveness of 
mountain rye for suppression of annual bromes when planted as a 
companion crop with other perennial species on a reclaimed coal 
surface-minesite in southeastern Montana. The hypotheses tested 
were that mountain rye would: (1) establish rapidly and exhibit 
vigorous growth concurrent with downy and Japanese bromes, (2) 
competitively reduce growth and reproduction of these bromes for 
a sufficient time to allow depletion of the soil seedbank, and (3) 
eventually decline, due to its short-lived nature, allowing other 
seeded perennials to fully occupy the site after reduction of brome 
competition. 

Methods and Procedures 

Study Area 
The study was conducted at the Decker Coal Mine, a large 

surface mining operation in southeastern Montana 32 km north of 
Sheridan, Wyo., at an-elevation of 1,036 to 1,219 m. Annual 
precipitation averages 300 mm, nearly half of which occurs from 
April through June. Native soils are predominantly loams and silty 
clay loams with alkaline reaction, and originate from sedimentary 
parent material. Native rangeland vegetation is a mosaic of north- 
ern mixed prairie, sagebrush steppe, and ponderosa pine Savannah 
communities, as generally described by Payne (1973). Dense stands 
of both downy and Japanese bromes occur on degraded range sites 
throughout the area. The reclamation goal at the Decker Mine is 
re-establishment of rangeland vegetation dominated by native per- 
ennial grasses, forbs, and shrubs for livestock grazing and wildlife 
habitat. 

The study site was selected in September 1986 on mine spoils 
graded to an approximate 4% south-facing slope. Spoils were 
covered with 46 cm of C horizon subsoil, followed by application 
of 15 cm of A-B horizon topsoil hauled immediately to the site 
following salvage on native range. Texture of both topsoil and 
subsoil was loamy, with pH ranging from 7.7 (topsoil) to 8.1 
(subsoil). Annual precipitation was 273,223, and 301 mm during 
the growing seasons of 1987, 1988, and 1989, respectively. Below- 
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average precipitation in 1988 was accompanied by greatly above- 
average temperatures from June through August, resulting in 
severe drought conditions. Additional detail on both weather and 
study site soil characteristics can be found in Andersen (1989). 

Experimental Design and Treatments 

Seeds of annual bromes and other species were identified and 
tested for viability using TZ. 

Statistical Analyses 

Three main treatment variables were applied to the study site: 
1) perennial species mixture 

seeding rate: 0 and 25.2 kg PLS/ha 
2) mountain rye seeding rate: 0, 11.2 and 22.4 kg PLS/ha 
3) annual (downy + Japanese) 

brome seeding rate: 0, 2.8 and 5.6 kg PLS/ha 

All 18 treatment combinations (2 perennial mixture rates X 3 rye 
rates X 3 brome rates) were established in each of the 3 replications 
using a partially randomized, split-split block experimental design 
(Andersen 1989). Each individual treatment combination sub- 
subplot measured 11 .O by 6.1 m. The 3 seeding rates of rye (provid- 
ing 0,89, and 178 live seeds/m*) and annual bromes (providing 0, 
129, and 258 live seeds/m*) were implemented to provide varying 
levels of competition from each species. The 2 rates of perennial 
species mixture were applied to allow evaluation of interactions 
between the species typically seeded at the mine and varying levels 
of rye and brome competition. 

All data were subjected to analysis of variance for a split-split 
block experimental design with perennial species treatments as the 
main plot, mountain rye rates as sub plots, and annual brome rates 
as sub-sub plots. Main and interactive effects of the 3 treatments 
were determined, as well as between year differences for certain 
data sets. If significant effects were apparent from the ANOVA, 
Tukey’s method of pairwise comparison was used to determine 
differences among treatments or over time (Montgomery 1984), 
using P<O. 10 as indicative of ecologically meaningful differences. 

Results 

Mountain Rye Responses 
Initial Establishment and Growth 

Following seeding in October 1986, mountain rye had germi- 
nated and was growing concurrently with annual bromegrasses by 
early November. Density of rye increased with rye seeding rate 
with each annual brome treatment in May of both the first (1987) 
and second (1988) growing seasons (Fig. 1). The response of rye 

Mountain rye seed was from the Elk Creek accession grown at 
the Aberdeen Plant Materials Center, Aberdeen, Ida. The annual 
brome seed mixture was composed of 91% downy brome and 9% 
Japanese brome seed collected at the Decker Mine in 1986. The 
perennial species mixture consisted of 6 native cool-season peren- 
nial grasses: western wheatgrass (Agropyron smithii Rydb.), 
thickspike wheatgrass (A. dus~.~~chyurn (Hook.) Scribn.), beard- 
less wheatgrass (A. inerme [Scribn. 8 Smith] Rydb.), slender 
wheatgrass (A. trachycuulum (Link) Malte), green needlegrass 
(Stipa viridula Trin.), and Indian ricegrass (Oryropsis hymenoides 
[Roemer 8c Schultes] Ricker); 2 native warm-season perennial 
grasses, alkali sacaton (Sporobulus airoides (Torr.) Torr.) and 
sideoats grama (Bouteloua curtipendulu [Michx.] Tot-r.); and 1 
leguminous forb sainfoin (Onobrychis viciaefolia Stop.)‘. Seeding 
was accomplished on 8 October 1986 on a seedbed prepared by 
disk plowing. The annual bromes were broadcast seeded on 
appropriate plots, followed by sowing of mountain rye and the 
perennial species mixture with several passes of a tractordrawn 
seeder-cultipacker. 
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Biological Measurements 
Plant density and aboveground biomass were sampled in all 

subplots during 3 growing seasons (1987,1988, and 1989). Density 
was estimated for all species in mid to late May each year by 
counting all live, rooted plants in 4 permanent 0.25 m* (3 1 X 80 cm) 
quadrates randomly located in each subplot. Aboveground bio- 
mass was sampled at estimated peak standing crop in late June to 
early July each year by hand-harvesting all vegetation within four 
0.50-m* (71 X 71 cm) quadrates per subplot. Harvested materials 
were dried at 60°C to constant weight before weighing. 

j 40 

e 
.$ 20 

0” o I-- e c c 

2o 1989 [I 
Annual Brome Rate 0 2.8 5.6 0 2.8 5.6 0 2.8 5.6 

(kg ha-l) 

Mountain rye seed production was estimated in 1987 by harvest- 
ing inflorescences within four OS-m* quadrates per subplot in late 
July. Samples were threshed and cleaned, seeds counted, weighed 
and viability determined using the tetrazolium (TZ) test (AOSA 
1970). 

Soil seedbank reserves of annual bromes (and other species) 
were sampled in September of 1986,1987, and 1988. Four random 
samples (8 in 1988) of topsoil (15.9 cm* surface by 5.1 cm depth) 
were core-extracted from each subplot, cornposited and frozen 
immediately following collection. Samples were later assayed for 
seed density using the soil extraction method of Malone (1967). 

~Nomenclature follows Kartesz and Kartesz (1980). 

Fig. 1. Density of mountain rye (Secuk montanwn) at various seeding 
rates of mountain rye and annual bromeyss in May of the first (1987), 
second (1988), and third (1989) growing seasons. Within years bars 
superscripted with same letter are not significantly different atP<O.lO. 

aboveground biomass to rye seeding rate was similar to that of 
density in 1987, but in 1988 all differences between the 11.2 and 
22.4 kg/ ha rye rates disappeared (Fig. 2). 

In 1987, both density (Fig. 1) and biomass (Fig. 2) of rye were 
lowest at the highest annual brome seeding rate within the 11.2 and 
22.4 kg/ ha rye seeding rate treatments, suggesting that rye was 
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Fig. 2. Aboveground peek-standing biomass of mountain rye (Secale 
montanum) plants at various seeding rates of mountain rye end annual 
bromegrass during the fast (1987), second (1988) and third (1989) grow- 
ing seasons. Within years bars superscripted with same letter are not 
significantly diierent at P<O.lO. 

detrimentally affected by the highest level of bromegrass competi- 
tion in the first growing season. This apparent competitive inhibi- 
tion greatly diminished by 1988, however, with no significant effect 
of brome seeding rates on rye biomass and a significant reduction 
of rye density only at the high brome rate within the moderate (11.2 
kg/ ha) rye rate treatment. 

Analyses of year-to-year changes (Andersen 1989) indicated that 
both density and biomass of mountain rye significantly declined 
from 1987 to 1988 in nearly all treatment combinations. Figures 1 
and 2 indicate approximately 90% across all treatments in rye 
density and biomass from 1988 to 1989. Densities of remainingrye 
plants in 1989 increased with rye seeding rates only when annual 
brome was planted at 0 and 2.8 kg/ ha (Fig. 1). There were no rye 
seeding rate effects on rye density where brome was planted at 5.6 
kg/ ha. Even rye density at the 22.4 kg/ ha rye rate was reduced with 
the heakst brome rate. Maximum rye biomass was produced 
when rye was seeded at 11.2 and 22.4 kg/ ha and brome was not 
seeded. These relationships suggest that mountain rye was detri- 
mentally affected by increasing levels of annual brome competition 
as the stand declined in 1989. 

Recruitment 
Mountain rye produced substantial amounts of seed during its 

initial growing season (1987). Seed production increased with rye 
seeding rate from 588 seeds/m2 (51.5 kg of seed/ ha) at the 11.2 
kg/ ha rye rate, to 820 seeds/m* (72 kg of seed/ ha) at the 22.4 kg/ ha 
rye rate. Annual brome seeding rates had little influence on rye 
seed production. Rye seed produced averaged 81% laboratory 
viability. 

Self-recruitment of rye from seed produced in 1987 was evalu- 
ated by analysis of density of new rye seedlings in October, 1987 
and May, 1988 (Andersen 1989). Across all treatments, approxi- 

mately 14% of rye seeds had produced seedlings by October of 
1987, resulting in an average of 98 seedlings/m*. Neither the 
greater seed production of the highest (22.4 kg/ ha) rye seeding 
rate, nor the variations in annual brome seeding rates affected the 
October seedling densities. Rye seedling densities declined from 98 
seedlings/m* in October, 1987 to 42 seedlings/m* in May, 1988, 
indicating significant (57%) seedling mortality irrespective of rye 
and brome seeding rate treatments (Andersen et al. 1990). Moun- 
tain rye produced little seed during the drought conditions of 
mid-1988, and no rye seedlings (new or surviving from the previous 
year’s cohort) were evident by the end of 1988 or early in 1989. 

Annual Bromegrass Responses 
Initial Establishment and Growth 

Downy and Japanese brome germination and seedling growth 
were conspicuous by early November, 1986. Japanese brome was 
the dominant annual grass in non-brome-seeded treatments due to 
its overwhelming preponderance in the soil seedbank (i.e., 325 
seeds/m* as compared to only 4,26, and 32 seeds/m* for downy 
brome, perennial grasses, and annual forbs, respectively). Conver- 
sely, brome-seeded treatments exhibited a much higher composi- 
tion of downy brome due to the dominance of this species in the 1 
bromegrass seed mix (9 1% vs 9% for Japanese brome). Individual 

Mountain I , I I , I I , I 
Rye Rate 
(kg ha-l) 0 11.2 22.4 

Fig. 3. Density of annual bromegrass (Bromus tectorwn + B. japonicus) 
plants at various seeding rates of mountain rye and annual bromegrew in 
May of the first (1987), second (1988) and third (1989) growing seasons. 
(Note that scale varies among yeers). Within years bars superscripted 
with same letter are not significantly different at P<O.lO. 
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Fig. 4. Aboveground peak standing biomass of annual bromegass (Bra- 
mus tectorwn + B. japonicus) plants at various seeding rates of mountain 
rye and annual bromegrass during the first (1987), second (1988) and 
third (1989) growing seasons. Within years bars superscripted with same 
letter are not significantly different at P<O.lO. 

species data for downy and Japanese bromes are available in 
Andersen (1989). For purposes of brevity and ease of interpreta- 
tion, this report will present combined data for these 2 fairly similar 
species (i.e., total annual bromegrass responses). 

First year (1987) density and biomass of annual bromes usually 
increased from the 0 to 2.8 kg/ ha brome seeding rates (Figs. 3 and 
4). Differences between the 2.8 and 5.6 kg/ha brome rates were 
usually insignificant. 

Increasing the seeding rate of mountain rye tended to reduce 
brome density only in the non-brome seeded treatment in 1987 
(Fig. 3). In contrast, annual brome biomass significantly declined 
from the 0 to 11.2 kg/ha rye seeding rates within all brome rate 
treatments (Fig. 4); however, increasing the rye seeding rate from 
11.2 to 22.4 kg/ ha usually did not further reduce brome biomass. 

Annual brome densities increased significantly from 1987 to 
1988 in all treatments where rye was not seeded, but between-year 
differences in rye-seeded plots were usually not significant. In 
contrast, annual brome biomass significantly declined in most 
treatments from 1987 to 1988, and the reduction was proportion- 
ately greatest in rye-seeded treatments (Andersen et al. 1990). 

During 1988, significant effects of annual brome seeding rates 
were limited to a progressive increase in brome density from the 0 
to 5.6 kg/ha rates within the non-rye seeded treatment (Fig. 3); 

brome seeding rates had not significant effect on brome biomass. 
Seeded mountain rye significantly reduced the biomass and 
decreased the density of annual bromes in 1988, although no 
differences in the degree of reduction were evident between the 11.2 
and 22.4 kg/ ha rye seeding rates (Figs. 3 and 4). The magnitude of 
brome biomass reduction by competing rye was generally greater 
than that for brome density reduction in 1988. 

Annual brome densities increased dramatically from 1988 to 
1989 in all treatments, with an - 400% increase occurring in the 
22.4 kg/ ha rye seeding rate. Brome biomass remained fairly con- 
stant in non-rye seeded treatments from 1988 to 1989, but 
increased from less than 10 g/ m2 (1988) to over 160 g/m2 (1989) in 
rye-seeded treatments. Treatment comparisons during the third 
year (1989) indicated a residual reduction of brome density by both 
rates of rye seeding despite the 1988 to 1989 increase in plant 
numbers. However, all suppression of brome biomass production 
by competing rye had disappeared in 1989. 

Soil Seedbank 
The upper 5.1 cm of the soil prior to seeding in September, 1986 

contained a total of 329 annual brome seeds/mr, 99% of which 
were Japanese brome. Soil densities of brome seeds increased 
significantly from late 1986 to late 1987 in non-rye seeded treat- 
ments (Andersen 1989). In rye-seeded treatments, however, 1986 to 
1987 differences in brome seedbank density diminished with 
increasing rye seeding rate and became insignificant at the heaviest 
(22.4 kg/ha) rye rate. Treatment comparisons during late 1987 
indicated brome seed densities were similarly reduced by both rye 
seeding rates (Fig. 5). 
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Fig. 5. Soil seedbank reserves of annual bromegrasses (Bromus tectorum + 
B. japonicus) at various seeding rates of mountain rye and annual 
bromegass during September of the first (1987) and second (1988) 
growing season. Within each year, bars superscripted with the same letter 
are not significantly different at P<O.lO. 

A significant rye-annual brome seeding rate interaction occurred 
for the brome soil seedbank densities during the late 1988 sampling 
period (Fig. 5). However, the brome seedbank was again similarly 
reduced in both mountain rye seeding rates (11.2 and 22.4 kg/ ha) 
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Fig. 6. Aboveground peak standing biomass of perennial grass (excluding mountain rye) at the indicated seeding rates for mountain rye, annual 
bromeass or the uerennial suecies mixture durinn the first 11987). second (1988) and third (1989) growing seasons. Within years, bars superscripted 
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for each brome rate. Brome seed densities also were similarly 
elevated at both brome seeding rates (2.8 and 5.6 kg/ ha) where rye 
was not planted, but in rye-seeded treatments no differences in 
brome seedbank were apparent among brome seeding rates. 

Perennial Grass Responses 
Combined perennial grass species responses to treatments are 

presented, since the only non-grass species seeded (sainfoin) failed 
to establish on the site. Among seeded grasses, western, thickspike 
and slender wheatgrasses, and Indian ricegrass were the most 
prevalent species, although substantial volunteer establishment of 
crested wheatgrass (A. desertorum [Fisch.] Schultes) and, secon- 
darily, needle-and-thread (Stipa comatu Trin. & Rupr.) occurred 
from seed introduced with the topsoil. 

Andersen (1989) noted that initial perennial grass densities in 
grass-seeded plots were not detrimentally affected by increasing 
seeding rates of either annual bromes or mountain rye in 1987. 
Grass density declined significantly from the first (1987) to the 
second (1988) growing seasons only where bromes and rye were 
seeded at the heaviest rates (5.6 and 22.4 kg/ ha, respectively), 
resulting in significantly lower grass density within those treat- 
ments during 1988. 

Perennial grass biomass production was very limited in 1987. 
The only significant relationship was higher aboveground grass 
biomass in grass-seeded than non-grass-seeded plots (Fig. 6). In the 
second (1988) growing season, grass biomass became substantial 
only in plots not seeded to either mountain rye or annual bromes. 
In absence of mountain rye competition, grass biomass was sim- 
ilarly reduced by both annual brome seeding rates. Where moun- 
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tain rye was seeded, grass biomass was massively and similarly 
reduced irrespective of rye or brome seeding rates. 

Perennial grass density and biomass generally did not differ 
significantly among mountain rye seeding rates in the third (1989) 
growing season, suggesting an elimination of rye’s inhibitory effect 
following its 1988 to 1989 diminution on the site. However, both 
annual brome seeding rates produced a residual similarly depres- 
sive effect on perennial grass biomass in grass-seeded plots (Fig. 6), 
while only the heaviest brome rate (5.6 kg/ha) yielded depressed 
grass densities (data not shown). 

Discussion 

Mountain rye established quickly after fall seeding and exhi- 
bited remarkable productivity during the following year because of 
its seed germination ecology (Buman and Abemethy 1988), cool- 
season phenology and high growth rates (Buman et al. 1988). 
Although first season growth was suppressed somewhat by the 
highest level of annual brome competition, rye productivity was 
sizable at ca. 600 kg/ ha (roughly equal that of the bromes). Rye 
growth was relatively unaffected by any level of brome competition 
in the second growing season. Intraspecific rye competition may 
have been responsible for the lack of biomass production response 
by higher density stands from the high rye rate. Irregardless, these 
findings favor acceptance of our first working hypothesis that 
mountain rye would establish on the study site and exhibit vigor- 
ous growth concurrent with downy and Japanese bromes. 

Our second hypothesis was that mountain rye would reduce 
growth and reproduction of annual bromes, and that this suppres- 
sion would occur over a period of time sufficient to deplete brome 



seed reserves in the soil. Our results indicated that rye reduced 
annual brome establishment, productivity, and reproduction dur- 
ing the first 2 years when rye exhibited significant growth. How- 
ever, the degree and duration of this brome suppression proved 
inadequate to meet the goal of longer-term brome control, as 
evidenced by recovery of brome productivity during the third 
growing season following the 90% die-off of rye in that year. 

Annual brome densities during the second (1988) growing sea- 
son averaged 1,482 plants/m2 in the absence of mountain rye and 
between 297 and 452 plants/ m2 even when suppressed by mountain 
rye. While such densities may (Harris 1967) or may not (Romo and 
Eddleman 1987) be sufficient to reduce growth of perennial 
grasses, they certainly may produce sufficient seed to maintain soil 
seedbanks adequately for future brome recruitment. Brome soil 
seedbanks did not decline over time even in rye-seeded plots, but 
instead exhibited a (i-fold increase from 329 seeds/ m2 in late 1986 
to an average of over 2,000 seeds/ m2 in late 1988. Mountain rye did 
reduce the increase in annual brome soil seedbank during both the 
first 2 years (Fig. 5). Such a seedbank in 1988 readily explains the 3 
to Cfold increase in brome density that occurred in 1989 when 
direct competitive interference from rye was greatly reduced. 

There was no depression of brome productivity in rye plots 
during 1989 despite a residual depression of brome density. From 
this we may infer that individual brome plants were more vigorous 
in the less dense stands of rye plots in 1989. This and the inverse 
relation between annual brome density and seed production 
(Young et al. 1969) suggest the likelihood of greatly increased 
brome seed production in rye plots in 1989 that could further 
increase brome densities in future years. 

The above findings force rejection of our second working 
hypothesis. It is apparent that more than 2 years of annual brome 
suppression by rye will be necessary for longer-term brome con- 
trol. The longevity of mountain rye therefore becomes an espe- 
cially important concern. 

Our third working hypothesis related to rye’s longevity, and 
stated that this species would eventually decline due to its short- 
lived nature, allowing other seeded perennials to fully occupy the 
reclaimed site after adequate reduction of brome competition. Rye 
density declined greater than 10 fold during the third year (1989). 
Despite this, our third hypothesis must be rejected due to the 
previously noted lack of permanent brome control, and because 
the growth of perennial grasses did not prove greater in rye than in 
non-rye seeded treatments following rye dieback in 1989. 

The rapid decline of mountain rye in this study contrasted with 
the previously noted persistence of this species on seeded range- 
lands in the intermountain region (Monsen and Shaw 1984). The 
decline in biomass production can be partially attributed to effects 
of summer drought and major grasshopper herbivory in 1988. 
However, the decline in density was visually evident during sam- 
pling in May of 1988, before the onset of drought and grasshopper 
problems, and thus may represent a population reduction due to 
several factors. The relative importance of rye’s short-lived nature 
(Stutz 1972), interspecific competition, and/or inclement condi- 
tions (drought and grasshopper herbivory) during the second year 
(1988) as causal factors for the 1987 to 1989 decline of rye must 
remain conjectural. The decline in density early in 1988 lends 
strength to rye’s short-lived nature as at least 1 important factor. 
The subsequent inclement conditions may have further weakened 
surviving rye plants to the point of producing the 90% mortality 
that occurred from 1988 to 1989. 

Another important finding related to rye’s brief persistence on 
the site was its lack of self-recruitment, despite excellent seed 
production and quality the first season and adequate weather for 
germination and seedling growth late in the first and early in the 
second seasons. Mountain rye is a relatively large-seeded species. 

Seed produced in 1987 averaged 113,355 seeds/ kg. Young et al. 
(1987) noted that large-seeded species frequently are not physiolog- 
ically adapted for optimum germination at or near the soil surface, 
which could partially explain the low proportion (14%) of rye seeds 
that produced seedlings in late 1987. Reasons for the poor survival 
of fall-germinated seedlings over winter and through the subse- 
quent spring of 1988 are not readily apparent. 

Sours (1983) suggested that mountain rye had great potential as 
a nurse (i.e., companion) crop for mixtures of other perennial 
species on disturbed sites. Mountain rye was sown as a companion 
crop with other perennials in the present study. Since effective 
companion crop species, in theory, should competitively retard 
weeds but not concurrently seeded perennials (Decker et al. 1973), 
responses of other seeded perennial grasses to mountain rye and 
rye-mediated annual brome competition are critical in evaluating 
the overall utility of mountain rye as a companion crop. Initial 
establishment densities of perennial grasses were not adversely 
influenced by any level of concurrent establishment of bromes or 
rye, but high levels of competition reduced perennial grass densi- 
ties in the second growing season (Andersen 1989). Although rye 
reduced annual brome growth during the first 2 growing seasons, 
productivity of perennial grasses failed to respond positively to 
lowered brome competition. One reason for this lack of perennial 
grass response may relate to the only partial elimination of brome 
competition in rye-seeded plots. Monsen and Turnipseed (1990) 
suggested that reduction of annual brome density may not propor- 
tionately reduce brome competition due to the compensatory 
growth plasticity of individual plants that is inherent in these 
species. However, the major cause of poor perennial grass growth 
in rye-seeded plots was undoubtedly direct competition from rye 
itself. Indeed, perennial grass productivity appeared to be more 
detrimentally affected by rye than by annual brome competition 
during the second growing season, presumably because rye’s 
period of active growth overlapped the later-season growth pat- 
terns of other perennial grasses. Although rye competition was 
virtually gone by the third growing season, the depression of 
perennial grass vigor by rye competition during the preceding 2 
years was apparently sufficient to preclude any third season 
enhancement of grass productivity and competitiveness with 
annual bromes. Consequently, annual bromes increased dramati- 
cally during the third year and began, for the first time, to signifi- 
cantly suppress perennial grass productivity in rye-seeded plots. 

The above findings confirm the often-recognized risks of com- 
panion cropping under arid/semiarid climatic regimes (Decker et 
al. 1973, DePuit 1988). Our research suggests that mountain rye 
might have greater potential as a preparatory (or, “pioneer”) crop 
than as a companion crop under conditions at the study site. 
Various annual grain species have been used effectively on mined 
lands in the region for preparatory crop purposes of soil stabiliza- 
tion and, sometimes, weed control (Schuman et al. 1980, 1985). 
This alternative use has been suggested previously for mountain 
rye (Sours 1983). Under a preparatory crop strategy, rye could be 
seeded for a number of successive 2-year rotations hopefully suffi- 
cient for more sustained reduction of brome growth, seed produc- 
tion and, consequently, seedbank depletion. It is possible that the 
length of rotations could be increased if weather regimes favor 
longer persistence of rye and/ or if a longer-lived accession of rye is 
identified for use. The rotations eventually would be followed by 
interseeding of desired perennial species in an environment with 
reduced competition stress from both rye and annual bromes. The 
effectiveness and practicality of this approach remain to be 
evaluated. 

Conclusions 
Results of this research favor the utility of mountain rye as a 
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species capable of rapid, vigorous establishment and significant 
reduction of downy and Japanese bromes through the duration of 
its dominance on a brome-infested minesite. However, we must 
conclude that use of mountain rye as a companion crop was not 
effective for sustained control of annual bromes and enhancement 
of permanent revegetation because of its short persistence on the 
site and negative to neutral effects on other seeded perennial 
grasses. The effectiveness of rye for short-term brome reduction, 
however, should encourage further research on different rye seed- 
ing strategies for longer-term brome control. The establishment 
ease, vigorous growth, and short longevity of mountain rye suggest 
that it may have potential for uses other than weed control alone, 
such as soil stabilization, organic matter enrichment, and related 
pioneer plant functions often assumed by other, less desirable 
species during secondary succession on disturbed lands. 
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Abstract 

Graminoid standing crop in June 1985 on areas infested with 
white grubs (Pl?ylloplrcrga or&a LeConte) (average density = 47 
grubs m-‘) was 92% less than on uninfested rangeiand (average 
density <2 grubs mw2). Study area was the Central Grasslands 
Research Center in south-central North Dakota. Infestations were 
noticeably associated with communities dominated by western 
snowberry (Symphoricarpos occidentalis Hook.) with an under- 
story subdominance of Kentucky bluegrass (Poupratensis L.). The 
objective of our study was to assess the initial impact and subse- 
quent recovery of infestation on community standing crops and 
plant densities. Mid and late summer standing crops of Kentucky 
bluegrass and other grasses were significantly less (P<O.OS) on 
infested than uninfested sites between 1985 and 1987. Graminoid 
density was less (P<O.OS) on infested than uninfested sites during 
1985 and 1986. Post-infested standing crop and density of forbs 
increased (KO.05) on infested sites. Infestation of sites suhse- 
quentiy provided habitat for establishment of noxious weeds such 
as wormwood sage (Artemisin absinthium L.). Management tech- 
niques to enhance the recovery of grasses and eliminate estabiish- 
ment of noxious weeds may be necessary. 

Key Words: Phyllophaga a&a, Scarabaeidae, retrogression, 
succession 

During the spring of 1985, extensive areas resulting from an 
infestation of white grubs (Phyllophugu unxia LeConte) (Coieop- 
tera: Scarabaeidae) were noted on the North Dakota State Univer- 
sity Central Grasslands Research Center. Infestations occurred on 
about 12% of the native range on the study area, and were asso- 
ciated with western snowberry (Symphoricarpos occidentalis 
Hook.) communities which occupy approximately 33% of the 
native plant communities on the area (Lura 1985). Kentucky blue- 
grass (Poaprutensis L.) is the major graminoid associate of these 
communities and may account for up to 70% of the total graminoid 
production (Kirby et al. 1988). 

White grubs are larvae of June beetles, which are among the 
most destructive soil insects on grasslands (Hewitt et al. 1974). 
Most species of white grubs have a 3-year life cycle in which the 
larvae spend most of 3 growing seasons feeding on the roots of 
grasses (Anon. 1959). A complete review of the life cycle of the 
Scarabaeidae is given in Richter (1958). 

Although white grubs are known to affect large areas of range- 
land (Hewitt et al. 1974), quantitative information on infestations 
is scarce. Ueckert (1979) reported on a white grub infestation in 
Texas in which most plant species had recovered (foliar cover) by 
the end of the second growing season. Efforts to control white 
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grubs and speed vegetative recovery through various combinations 
of insecticide, fertilizer, and reseeding treatments were not consi- 
dered successful. The objectives of our study were to assess the 
impact of infestations on above-ground biomass and species com- 
position of affected communities and to monitor recovery. 

. . 
Study Area 

The study area lies within the northern mixed-grass prairie 
(Kuchler 1964). Characteristic soils of the study area are fine- 
loamy, mixed Typic Argiborolls and fine-loamy, mixed Typic 
Hapioborolls. Mean annual precipitation is 441 mm. Annual pre- 
cipitation for 1985 through 1988 was 454,674,417, and 213 mm, 
respectively. 

Before 1979 the area was grazed seasonally or season-long by 
livestock at moderate to heavy stocking rates: exact grazing his- 
tory, however, is unknown. The portion of the area in which 
sampling occurred was largely idle from 1980 through 1985 with 
occasional light grazing by cattle during fall. 

Methods 

During June 1985,20 pairs of permanent sites were subjectively 
located within white grub infested areas and adjacent uninfested 
areas of similar soils and plant species composition approximating 
vegetation on infested areas prior to infestation. Within each site, 
vegetation in 1 randomly located 50 X 50-cm quadrat was clipped 
at ground level during mid June and mid September of 1985. 
Vegetation was sampled only during mid September in 1986 and 
1987. 

. 

Samples were sorted, oven-dried at 55’ C, and weighed to the 
nearest 0.1 g. Six pairs of permanent transects were chosen for 
detailed analysis of species composition during 1985-1988. For 
each transect, twenty 3 1.6 X 3 1.6-cm quadrats were used to deter- 
mine forb and shrub densities. Graminoid densities were deter- 
mined within nested 10.0 X lO.O-cm quadrats. White grub densities 
were determined in mid June 1985-1988 by excavating the upper 
7.6 cm of the soil profile in 1 randomly located 50 X 50-cm quadrat 
on each site. Study sites were protected from grazing by domestic 
livestock for the duration of the study. A standard t-test was used 
to determine differences between infested and uninfested areas 
(P<O.O5). 

Results and Discussion 

White Grub Infestation 
White grub density averaged 47 me2 in the 0 to 7.6-cm soil layer 

on infested sites in 1985 (Table 1). Ueckert (1979) reported 43.6 
white grubs me2 to a depth of 20 cm. White grubs were not encoun- 
tered in 1986, but adults were observed. During 1987, white grubs 
were encountered in both infested and uninfested sites. The white 
grubs in 1987 were assumed to be from eggs laid during 1986. If so, 
only 1 brood was inhabiting the area. Greater numbers of white 
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Table 1. Mean white grub densities (mW2 to 7.~cm depth) end yamlnoid 
densities (mm’) f standard error of meens on white grub infected end 
uninfested sites on the Central Gresslands Reseuch Center. 19854988. 

Year Location White grubs Graminoids 

Infested 47.0 f 4.8 283 f 103 
1985 

Uninfested 1.6 f 1.6** 3346 f 189* 
Infested 0.0 1348 f 355 

1986 
Uninfested 0.0 3819 f 359. 
Infested 38.6 f 10.4 1907 f 234 

1987 
Uninfested 14.8 f 5.0. 2523 f 171 
Infested 4.8 f 2.0 1345 f 197 

1988 
Uninfested 3.4 f 1.8 1397 f 132 

****Infested differs from uninfested p<O.OS and p<O.OOl respectively. 

grubs (PCO.05) were encountered in infested sites than uninfested 
sites in 1987. June beetles are known to he weak fliers, thus we 
hypothesize that females oviposited in close proximity to where 
they emerged as adults. Few white grubs were found in 1988, and 
there was no noticeable damage to vegetation. 

Injury to Kentucky bluegrass pastures has been shown to 
increase when plants are under stress, such as low soil fertility, low 
soil moisture, or lowered carbohydrate reserves as might result 
from over-grazing (Graber et al. 1931). We do not believe vegeta- 
tion was unduly stressed at the onset of this infestation. Infestation 
effects appeared similar on idle as well as grazed areas. Addition- 
ally, the precipitation received was near average, and soil nutrients, 
nitrogen, phosphorus, and organic matter on the study area did not 
indicate any deficiencies (Lura 1985). 

Aboveground Biomass 
Aboveground biomass on infested sites in June 1985 was 25% of 

that on uninfested sites (Fig. 1). Graminoid standing crop was 
reduced on infested sites by 92%. Standing crops of Kentucky 
bluegrass, other grasses, sedges (Curex spp.), and total standing 
crop were less (P<O.OS) on infested sites. Standing crop of grami- 
noids remained less (P<O.OS) on infested sites in September; but 
that of forbs increased (PCO.05) on infested sites. This resulted in 
no difference in total standing crop between infested and unin- 

Q/Ha 
Uninfested 

fested sites. Forbs contributed 82% (1,836 kg/ ha) of the total 
standing crop on infested sites and 6% (142 kg/ ha) on uninfested 
sites. No differences (X0.05) were found for western snowberry 
biomass. 

Standing crop of Kentucky bluegrass and other grasses remained 
less (P<O.O5) on infested sites during 1986. Graminoid standing 
crop on infested sites was 13% of that on uninfested sites. Forbs 
remained more productive (KO.05) on infested sites and accounted 
for 82% of the total standing crop. Total standing crop was less 
(PCO.05) on infested sites. The larger standing crop in 1986 is 
largely due to increased precipitation, as April through July precip- 
itation was 168% of average. 

Total standing crop was not different (PCO.05) between infested 
and uninfested sites by the end of the second growing season 
following infestations (1987). All standing crops of graminoids 
were, however, less (PCO.05) on infested sites. Graminoid standing 
crop increased by 422 kg/ ha on infested sites compared to 1986, 
though precipitation was less. Graminoid standing crop on 
infested sites was 33% of that on uninfested sites. Sedge standing 
crop was different (P<O.OS) between infested and uninfested sites 
in 1987 whereas in 1986 it was not. This may be due to variations in 
amount and distribution of precipitation. Biomass on infested sites 
remained dominated by forbs. Forb standing crop remained 
greater (P<O.O5) on infested sites and accounted for 71% of the 
total. 

Plant Den&y 
Total graminoid density between infested and uninfested sites 

was different (P<O.OS) during 1985 and 1986 (Table I). The 
reduced density in 1988 was attributed to drought. Significant 
reductions in graminoid density on infested sites during 1985 
occurred for western wheatgrass (Agropyron smithii Rydb.), blue 
grama (Boutelouu grucilis (H.B.K.) Lag. ex Griffiths), needleleaf 
sedge (Carex eleocharis Bailey), sun sedge (Carex heliophila 
Mack.), prairie junegrass (Koeleriu pyrumiduta (Lam.) Beauv.), 
Kentucky bluegrass and needleandthread (Stipa comata Trin. & 
Rupr.). By 1987, only densities of western wheatgrass and needle- 
leaf sedge were reduced (P<O.O5) on infested sites. Although gra- 
minoid densities were similar on infested and uninfested sites after 
1986, graminoid standing crop remained less (P<O.O5) on infested 
sites (Fig. 1). 

Forbs increased markedly on infested sites. Densities increased 

Infested 
Kg/Ha 

western snowberfy 

Fig. 1. Stending crops on white grub inleskd end uninfested sites on the Central Gresslends Research Center 19851987. 
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on infested sites in 1985 for goosefoot (Chenopodium leptophyl- 
lum Nutt. ex Moq.), horseweed (Conyzu cunadensis (L.) Cronq.), 
and stiff sunflower (Heliunthus rigidus (Cass.) Desf.). Goosefoot 
and horseweed densities were greater on infested sites (P<O.OS) 
only during 1985 and 1986. Density of stiff sunflower, however, 
was consistently greater (PCO.05) on infested sites during the 
study, and became the predominant forb on these sites. Other 
species which increased (KO.05) in density for at least 1 year on 
infested sites were yellow wood sorrel (0x4s strictu L.), prairie 
wild rose (Rosa urkunsus Porter), and western snowberry. The lack 
of reduction of densities for forbs or shrubs on infested sites during 
the study suggest this species of white grub does not feed on forbs 
or shrubs. Ueckert (1979) made similar conclusions about PhylZo- 
phugu crinitu (But-m.) infestations in Texas. 

White grub infested areas may pose managerial problems by 
providing suitable sites for the establishment of noxious weeds. 
Wormwood sage (Artemisiu ubsinthium L.), virtually absent from 
uninfested sites (<l.O% frequency and <O.l m”), increased in 
frequency from 9% in 1985 to 17% in 1987. Although frequency 
decreased in 1988, in response to drought, density continued to 
increase to 5.6 plants m*. 

Conclusions 
More than 3 years may be necessary for vegetation to completely 

recover from severe white grub infestations in northern mixed- 
grass prairie. Three years after infestations were noticed, grami- 

noids on infested sites were not as productive as on uninfested sites. 
Infested sites are presently dominated by forbs, with noxious 
weeds becoming increasingly abundant. Management techniques 
such as the use of herbicides may be necessary to enhance the 
recovery of grasses and retard or eliminate the establishment of 
noxious weeds. 
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Abstract 

From September 1987 through September 1988, the Northern 
Great Plains near Miles City, Mont., received 31% ofthe long-term 
average precipitation. We monitored the impact of the hot, dry 
conditions during the growing season on mortality of tillers and 
plants of ‘Vinall’ Russian wildrye (Psat/rrostcrclrys~uncea [Fisch.] 
Nevski) and ‘Nordan’ crested wheatgrass (Agropyron desertorum 
[Fisch.] Schult). Plants were collected in the field, watered, and 
placed in controlled environments. Ninety-two percent of the wild- 
rye plants collected in July produced green shoots. Fifty-seven 
percent of the wheatgrass plants collected in July produced shoots. 
The maximum percentage of wildrye and wheatgrass plants pro- 
ducing green shoots in August was significantly (psO.10) less than 
in July. Transects were used to sample density of dormant and live 
plants after September rains, and plants were incubated as before. 
When transect and incubation data were combined, only 41% of 
the wildrye and 16% of the wheatgrass plants were deemed viable in 
September. 

Key Words: plant death, temperature, precipitation, drought, 
Agropyron desertorum, Psathrostachys juncea 

Crested wheatgrass (Agropyron desertorum [Fisch.] Schult) 
and Russian wildrye (Psathrostachysjuncea [Fisch.] Nevski) are 
an integral part of many livestock operations in the Northern Great 
Plains, by providing an important forage base for spring and fall 
grazing. Utilization of the species during spring allows producers 
to delay grazing cattle on native ranges, and utilization during fall 
can extend the grazing period. 

Currie and White (1982) found crested wheatgrass and Russian 
wildrye were more drought resistant than many other species 
recommended for seeding in the Northern Great Plains. Water 
stress combined with defoliation can, however, reduce production 
and affect persistence. Mortality of crested wheatgrass and Rus- 
sian wildrye plants due to drought has been reported in Colorado 
(Currie 1970), Montana (Currie and White 1982), and Canada 
(McLean and van Ryswyk 1973). In all these studies, mortality was 
assessed in seeded stands following the season, year, or sequence of 
years of severe water stress, but rate of mortality was not docu- 
mented during these stress periods. The objective of this study was 
to determine if loss of regrowth potential or plant death was 
detectable in stands of crested wheatgrass and Russian wildrye 
during the severely hot, dry conditions of 1988. 
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Materials and Methods 

Study Area 
Death loss was monitored for plants collected on the Fort Keogh 

Livestock and Range Research Laboratory (46” 22’30”N; 
36°50’OO”W). Soils were a mix of fine-loamy, mixed, (calcareous) 
frigid Ustic Torriorthents, coarse-loamy, mixed, Borollic Cambor- 
thids, and fine-loamy, mixed (calcareous), frigid Ustic Torriflu- 
vents. The crested wheatgrass pasture (40 ha) was seeded in 1978 at 
a rate of 7.3 kg/ha in rows 35-cm apart. The Russian wildrye 
pasture (55 ha) was seeded at a rate of 7.3 kg/ha in rows 52-cm 
apart. Each pasture was located next to a calving facility, and was 
usually stocked with 150 animal units (AU) for approximately 45 
days during spring. Pastures were stocked at a similar rate in 1988, 
but because of a lack of precipitation during winter and spring, 
plant growth was severely depressed, and alfalfa hay was fed as the 
total ration. 

During the period 1978 through 1988, the local region received 
an average of 303 mm annual precipitation and 186 mm from 
September through May. The annual precipitation was 90% of the 
long-term (since 1900) average and September through May pre- 
cipitation was 92% of average. Annual precipitation was average 
or above in 1978, 1982,1986, and 1987. September through May 
precipitation was above average in 1978, 1979, 1982, 1986, and 
1987. 

The local region received 46 mm of precipitation in August 1987, 
43 mm from September 1987 through March 1988, and 71 mm 
precipitation during April through September 1988 (Fig. 1). The 
April through September period was the driest ever recorded dur- 
ing the last 90 years. Maximum daytime temperatures during the 
evaluation period were >38” C on 23 days. 

Measurements 
Collections of dormant (or dead) plants was begun in 1988, after 

spring grazing was terminated. One hundred plants were selected 
at 20-step intervals from selected areas within the experimental 
pastures on each of 2 dates, 11 July and 23 August 1988. The plant 
located nearest the toe of the pacer’s right foot was chosen at each 
stop without regard to plant size. Plants were carefully excavated, 
to limit exposure of roots. Each plant was then placed in a plastic 
pot (14.6-cm top diameter, 11.4-cm bottom diameter, and 14 cm 
tall), transported to the laboratory, and soaked with distilled 
water. Soil collected from the pastures was then added to each pot 
to eliminate air pockets. 

Twenty five plants of each species were randomly selected and 
placed in 1 of 4 environments for either 35 days beginning 12 July 
or 29 days beginning 24 August. Environments were an in situ 
outside control and controlled environments of 5/ 10, 10/20, or 
15125’ C, with a 12-hour photoperiod. 

Following fall rains in September, density of dormant and green 
plants was estimated in 100 and 163 30 X 30-cm quadrats distrib- 
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uted across the wheatgrass and wildrye pastures, respectively. 
Assuming fall rains were inadequate for growth initiation, we also 
collected an additional 100 dormant plants of each species for a 
35-day incubation period in the 4 test environments. 

Number of plants producing green shoots was recorded daily. 
Water was added as required to maintain soil water content near 
field capacity. At the end of the incubation period, plant basal 
areas were estimated by counting squares in a grid overlaying the 
crown. Green shoots were also counted, harvested at the soil 
surface, oven-dried for 24 hours at 105’ C, and weighed. 

Plant responses to increasing heat and water stress were esti- 
mated by comparing maximum percent of plants producing green 
shoots, plant basal area, shoot number per plant, and shoot weight 
between July and August collections. Maximum percent of plants 
was used instead of the percent remaining green at the end of the 
incubation period, because some tillers died during later stages of 
incubation. Means were compared using the t-test for samples with 
unequal or equal variances (Schlotzhauer and Littell 1987). Differ- 
ences were considered significant atpSO.10. No attempt was made 
to compare species, since they were growing in different row spac- 
ings on separate although adjacent sites. Means are presented with 
standard errors. 

rye and wheatgrass plants. Maximum daytime temperatures 
exceeded 38O C on 14 days, and ambient air temperature exceeded 
32” C, 35O C, and 38’ C during 16%, 8%, and 1% of the 1032 hour 
time period, respectively. Only 8.4 mm of precipitation was 
received during this period (Fig. 1). 
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Results 
July Collection 

Plants collected in July began growth soon after watering. Wild- 
rye shoots initiated growth rapidly, and 50% of the plants pro- 
duced green shoots within 5 days. Ultimately, 92% of the wildrye 
plants produced green shoots whereas 57% of the wheatgrass 
plants produced green shoots (Table 1). 

Fig. 1. Actual (_) and long-term average (---) precipitation for Miles 
City, Mont., for 1987,1988, and 1989 presented as a J-month running 
average (NOAA 1987-1989). 

Table 1. Averages and standard errors for maximum percent plants prep 
ducing green shoots, basal area, number of green shoots per plant, and 
shoot weight per plant, for Russian wildrye and created wheatgrasa 
plants collected in 1988 near Miles City, Montana. Values are based on 
the average of 4 blocks with each containing 25 potted plants. Measure- 
ments were made after 35 days in a controlled environment beginnfng 12 
July and 29 days beghmhrg 24 August. 

The maximum number of plants producing green shoots in 
August was significantly less for both wildrye and wheatgrass than 
in July (Table 1). Average plant basal areas were similar for wildrye 
plants collected in July and August. Shoot density, shoot weight 
per plant, and weight per shoot were significantly greater, however, 
for wildrye plants collected in July than in August. These trends 
were not readily apparent for wheatgrass plants. Basal areas were 
significantly greater in August than July. However, shoot density, 
shoot weight per plant, and weight per shoot were similar for the 2 
collections. 

Date Russian wildrye Crested wheatgrass 

- -Maximum o/o plants producing green shoots- - 

September Collection 

July 
August 

92 (0)al 57 (7)a 
33 (4)b 22 (5)b 

____________ &saf~eacmZ_______ _____ 

Step transect results showed density of dormant wildrye and 
wheatgrass plants was greater than 10 plants/ mr (Fig. 2). Density of 
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July 
August 

39 (6)a 34 (2)a 
50 (I)a 47 (3)b 

--------Shootnumberperplant-------- 
July 
August 

26 (3)a 11 (I)a 
17 (3)b I6 (5)a 

-------Shootweight(mg)perplant------- 
July 715 (1OO)a 244 (46)a 
August 248 (73)b 220 (97)a 

‘Means within a variable for each species followed by same letters are not significantly 
different at P<O. IO. 

During the 24 days preceding the July collection, air tempera- 
tures exceeded 32” C during 28% of the 576 hours. Temperatures 
exceeded 35” C and 38O C for 16% and 7% of the same period, 
respectively. Soil temperatures at the 76-mm and 152-mm depths 
consistently exceeded 32O C during this time period. 

L 
WIldrye 

- L 

Wheatgass 

August Collection 

Fig. 2. Density (#/m*) of dormant and green Russian wildrye and crested 
wheatgrass plants estimated by step transect on the experimental pas- 
tures in September 1988. 

During the 25-day watering period, 33% of the wildrye plants plants with green shoots, however, averaged only 2.4 plant/m*. 
and 22% of the wheatgrass plants produced green shoots (Table 1). When the dormant plants were collected and incubated in the 
The additional 43 days of dry, hot conditions occurring in July and laboratory, 21% f 3 of the wildrye and 7s02 of the wheatgrass 
August before the August collection were detrimental to both wild- plants initiated growth. Combined transect and incubation data 
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showed 41% of the wildrye plants and 16% of the wheatgrass plants 
were viable in September. 

The study pastures received 25 mm of precipitation prior to the 
September collection (Fig. 1). Also during the 31-day interval 
before this collection, ambient air temperatures were less than 
during the summer, never exceeding 35’ C and exceeding 32’ C 
only 1% of the 744-hour time interval. 

Discussion 

Dry, hot environmental conditions occurring during the 1988 
growing season caused a significant die-off of both Russian wildrye 
and crested wheatgrass plants. Large areas of dead plants were still 
visible in spring 1989, but losses were not quantified because ranges 
were reseeded in the fall of 1988 and spring of 1989. These results 
agree with those reported from Colorado, Canada, and Montana. 
Ground cover of crested wheatgrass was reduced by one third on 
spring grazed ranges and one half on fall and spring-fall grazed 
pastures in Colorado following a winter and spring of below- 
average precipitation in 1982 and 1983 (Currie 1970). Severe mor- 
tality, approaching 50%, occurred on grazed and ungrazed Rus- 
sian wildrye and crested wheatgrass stands following a severe dry 
period between spring 1970 and spring 1971 in Saskatchewan 
(Mclean and van Ryswyk 1973). Currie and White (1982) reported 
a significant reduction of 25 to 39% in basal area of crested wheat- 
grass plants in eastern Montana. Stands seeded in spring and fall 
1978 were measured in 1981 following 3 years of below average 
precipitation. 

Although loss of plant viability occurred continually for both 
species during the 1988 growing season, reductions in shoot 
number and weight were only noticeable for wildrye plants. 
McLean and van Ryswyk (1973) reported that mortality of crested 
wheatgrass in Saskatchewan probably began in early May when 
lack of soil moisture arrested phenological development and 
ceased in July when lowest soil water levels were attained. They 
suggested mortality was related to extreme drought during inflo- 
rescence development. Thus, significant, loss of shoot viability in 
our wheatgrass plants may have occurred before the first collection 
date. Reduction in shoot numbers was probably due to inactiva- 
tion of axillary buds required for regrowth (Busso et al. 1989). 

They reported this reduction in bluebunch wheatgrass (Pseudo- 
roegneria spicata (Pursh) A. Love subsp. spicata) and crested 
wheatgrass was caused by extended periods of drought and defoli- 
ation. Defoliation in our study may have also been a factor affect- 
ing ultimate death of plants. Death of plants, however, continued 
to occur after all plants had been grazed during early spring. 

The literature contains adequate evidence showing plants of 
crested wheatgrass and Russian wildrye die following periods of 
severe water stress, whether stress periods result from dry growing 
seasons or several years of drought. Results of this study clearly 
show these losses can occur continuously during a severely dry 
growing season. We assume these losses can be promoted by any 
factor that affects availability of soil water, such as, soil texture, 
soil structure, and presence of salts. 

Reductions in potential for regrowth of seeded stands at Fort 
Keogh in 1988 severely impacted the forage base needed for spring 
and fall grazing. Land managers should be aware of the potential 
for losses in seeded stands as a result of a severely dry growing 
season when plants are growing on similar soils. This knowledge 
will provide additional flexibility and grazing management secur- 
ity to livestock operators encountering conditions similar to the 
severe dry, hot condition occurring in 1988 on the Northern Great 
Plains. 
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Abstract 

Bur buttercup (Ranunculus testicdatus Crantz) is an alien 
annual species that has spread rapidly through range and crop- 
lands in the western United States. This species is potentially 
poisonous and is currently a weed in cereal grain fields. We investi- 
gated the germination of the achenes (seeds). About 30% of the 
seeds of bur buttercup germinated without pretreatment, but only 
at cool to cold temperatures (maximum germination 28% at 5’ C). 
Germination was not enhanced by light, washing, or prechilling of 
seeds. Acid scarification for 25 minutes increased germination. 
Enrichment of the germination substrate with 0.289 mmol L1 
gibberellic acid (GA3 and 0.01 mol L1 potassium nitrate (KNO,) 
synergistically enhanced the germination of acid scarified seeds. 
Incubation of seeds pretreated in this manner at 55 constant or 
alternating temperatures resulted in maximum germination of 
70%. All temperature regimes with optimum germination (defined 
as not lower than the maximum observed and one-half its confi- 
dence interval at 0.01 level of probability) occurred at relatively 
cool temperatures. Temperatures above 30’ C greatly suppressed 
or inhibited germination. Embryonic plants dissected from the 
achene coats had 60% germination without additional pretreat- 
ment, but only at cool to cold incubation temperatures. The 
germination-dormancy requirements of bur buttercup seeds are 
obviously complex, but about 30% of the seeds appear adapted for 
germination at cold seedbed temperatures, which fits with the 
extreme ephemeral growth habit of the species. 

Key Words: poisonous plant, range weed, scarification, seed 
dormancy 

Bur buttercup (Ranunculus testiculutus Crantz) was first col- 
lected in the United States near Salt Lake City, Utah, in 1932 
(Buchanan et al. 1978). It is a diminutive annual about 5 cm in 
height, that completes its life cycle in the early spring. Despite the 
small size of this species, it can carpet thousands of hectares of farm 
and rangeland in the eastern Great Basin during the period from 
March to May. This species can be a problem in winter wheat 
(Triticum aestivum L.) fields (Evans and Gunnel1 1986). Bur but- 
tercup contains the toxic substance, ranunculin (Nachman and 
Olsen 1983). As little as 0.5 kg of bur buttercup herbage can kills a 
sheep (Ovis aries) weighing as much as 45 kg (Olsen et al. 1983). 
Apparently the species is native to southeastern Europe and 
southwestern Asia (Benson 1948), but it may exist in these areas as 
an adventive weed and have an origin in central Asia. Currently, 
bur buttercup is distributed widely in the temperate desert envi- 
ronment of the Intermountain Area, extending from Utah across 
northern Nevada to northeastern California (Munz 1973). Small 
isolated populations are known from northeastern Wyoming, 
northern Arizona, interior British Columbia, Nebraska, South 
Dakota, and Kansas (Tuma and Weedon 1989). The first reported 
herbarium specimen of bur buttercup in Oregon was 1938; Washing- 
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ton, 1940; Nebraska, 1970; and Kansas, 1975. 
Many annual species native to southwestern and central Asia 

have successfully invaded the native plant communities of the 
temperatedeserts of westernNorth America (Mack 1981, Younget 
al. 1972). The interesting aspect of the establishment of bur butter- 
cup is that the spread of this species took place after many other 
highly competitive, alien annual species were already in place. The 
annual communities are often considered closed to seedling estab- 
lishment by other species (Mack 1981). 

As an annual species, bur buttercup must produce seeds that 
germinate rapidly at a time that places the resulting seedlings in a 
favorable competitive environment and/ or dormant seeds must 
remain in the seedbank to renew the population at opportune 
times. Obviously, the comparative germination ecology of this 
species is a key to understanding this colonizing species. Our 
purpose was to investigate the nature of the dormancy of bur 
buttercup seeds to determine its influence on germination ecology. 

Materials and Methods 

Seeds (achenes) of bur buttercup were collected near Logan, 
Utah, in 1986and Alturas, Calif., in 1987 and 1988. Seeds collected 
the first year were exhausted by the time preliminary tests were 
completed. Seeds from the second year collection were used to 
repeat preliminary tests and to develop second level treatments. 
Seeds from the third year collection were used to check second level 
treatments and to develop germination profiles. Seeds were 
threshed from the bur, cleaned with an air screen and stored at 
room temperature in the laboratory until tested. Unless otherwise 
stated, the experimental design consisted of 4 replications of 25 
seeds and each was arranged in a randomized block design. 

The experimental approach to determining the germination 
requirement of bur buttercup seeds with unknown types of dor- 
mancy involved modifications of the basic algorithm for seed 
germination developed by the Wildland Seed Laboratory (Young 
et al. 1984) and Kew Gardens (Ellis et al. 1985). 

Preliminary Test 
The steps in this algorithm for bur buttercup seeds were: 

Control (comparison for all treatments). Incubation of 
seeds on moist blotter paper in closed petri dishes at 2,5,10, 
15, 20, 25, and 30” C in a dark incubator for 28 days. 
Germination counts were made at the end of 7, 14, and 28 
days. Seeds were considered germinated when the radicle 
emerged 5 mm. These same procedures were used in subse- 
quent treatments unless otherwise stated. 
Afterripening. Repeated incubations at 2, 4, 6, and 12 
months after harvest. 
Prechilling. Seeds placed on moist blotter paper in petri 
dishes for 2,4, and 6 weeks at 2’ C and then incubated for 28 
days. 
Light. Seeds were incubated as in the control, but with 
illuminance of 175 PE l rne2se1 provided by a cool white 
fluorescent source for 8 hours in each 24 hours. 
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Table 1. Germination parameters calculated from qoadratic response surfaces (Young et al. 1984). 

Calculated parameter Derivation Purpose 

Mean germination Xgermination Comparison of profiles 

Percentage regimes with some germination 

Optimum germination 

55 temperatures regimes 
Number of regimes with germination 
55 temperature regime 
Germination not lower than maximum 
observed minus one half confidence interval at 
0.01 level of probability. 
Temperature regimes with 
optimum germination 

Indicates breadth of germination response 

Defined optimum 

Percentage regimes with optimum germination 

Mean of optima 

Maximum germination 
Frequency of optima 

55 
P of germination of regimes with optimum . . 

Indicates breadth of optimum germination 
response 

Indicates potential germination 
germination 

55 

Highest observed germination 
Number of times temperature 
regimes supports optima. 
Total number of tests. 

Potential viability 
Provides an estimate of optimum temperatures 
for germination 

Scarification. Seeds were placed in concentrated (17.28 mol 
L-l) sulfuric acid (H2S04) for 5, 10, 25, or 30 minutes and 
then neutralized with a saturated solution of sodium bicar- 
bonate. Small amounts of seeds were placed in the acid in 
vials suspended in an ice water bath to reduce damage from 
heating and were rinsed with a large volume of water before 
neutralization. The scarified seeds were incubated for 28 
days. 
Hot water. Seeds were dropped into boiling water and 
immediately removed from the heat and allowed to steep in 
the cooling liquid overnight. Seeds were incubated for 28 
days. 
Temperature shift. Seeds were incubated at temperature 
regimes of 5/30 (So C for 16 hours and 30’ C for 8 hours in 
each 24 hours), 5/40, 10/30, and 10/40° C. 
Dry heat. Seeds were incubated at 80° C for 56 hours in a 
forced draft oven. The seeds were then incubated as above. 

9. Potassium nitrate enrichment. Seeds were incubated at 15’ 
C in petri dishes with the blotter moistened with a 0.01 mol 
L-’ aqueous solution of potassium nitrate (KNOs). 

10. Gibberellin enrichment. Same as step 9 except 0.289 mmol 
L-’ of gibberellic acid (GAS) was substituted for the KNOs. 

11. Leaching. Seeds were washed in continuously running tap 
water for 24 and 48 hours and then incubated. 

Second Level Test 
Based on the results from the first 10 steps in the algorithm, 

second level treatments involved combinations of treatments and 
expansion of ranges of concentrations or intensities of treatments. 
Following secondary treatments, seeds were incubated at 15” C. 
Secondary, treatments included acid scarification for 25 minutes 
followed by: 

1. 

2. 

3. 

4. 
5. 

Incubation with enrichment of the germination substrate 
with 0.289,0.578, 1.165, 1.734, or 2.312 mmol L-’ GAs. 
Incubation with enrichment of the germination substrate 
with 0.01 mol L-’ KNOs. 
Incubation with enrichment of the germination substrate 
with 0.01 mol L-l KNOs plus 0.289 mmol L-’ of GAs. 
Prechilling at 2’ C for 2, 4, or 6 weeks. 
Incubation with 8 hours light in each 24-hour period using 
the same light conditions as specified in the primary 
algorithm. 

6. Seeds that had been acid scarified were washed in continu- 
ously running tap water for 24 and 48 hours. 

Temperature Profile 
The secondary treatments that were most successful in enhanc- 

ing germination were acid scarification for 25 minutes plus incuba- 
tion with 0.01 mol L-’ KNOs and 0.289 mmol L-’ GAs enrichment 
of the substrate. These were used as a pretreatment for seeds for the 
germination profiles. Incubation temperatures consisted of a con- 
stant 0, 2,5” C and 5” C increments through 40” C. In addition, 
alternating regimes of 16 hours at each constant temperature plus 8 
hours at each possible higher temperature were included. For 
example, 35O C alternated with 40’ C only, while 0” C alternated 
with 2,5,10, 15,20,25,30,35, and 40’ C (Younget al. 1973). This 
made a total of 55 constant and alternating temperature regimes. 
To compare the germination response obtained from the tempera- 
ture profile to seedbed temperatures, the temperature regimes of 
the profile were divided into 6 categories (Young and Evans 1982): 

1. 
2. 
3. 

4. 

5. 

6. 

Very cold: O/O, O/2,0/5, and 212” C. 
Cold: O/ 10, O/ 15,2/5,2/ 10,2/ 15,515, and 51 loo C. 
Cold fluctuating: O/20 through O/40° C and 2/ 20 through 
2140” c. 
Fluctuating: 5130 through S/40’ C, 10/35, 10140, and 
15/40° c. 
Moderate: 5115 through S/25’ C, lo/ 10 through lo/ 30” C, 
15/ 15 through 15135’ C, 20120 through 20135’ C, 25125 
and 25130’ C. 
Warm: 20/40,25/35, and 25140’ C, 30130 though 30/40° 
C, 35/35,35/40, and 40/40° C. _ _ 

These categories of seedbed temperatures, based on several years 
of microenvironmental monitoring (Evans et al. 1970; Evans and 
Young 1970, 1972), reflect spring germination field conditions in 
the big sagebrush zone of the Great Basin. 

Data from each base temperature and its alternating tempera- 
ture regimes were used to develop regression equations that in turn 
were used to generate a quadratic response surface with estimated 
germination means and confidence intervals at the 1% level of 
probability (Evans et al. 1982). A number of germination parame- 
ters were synthesized from the quadratic response surfaces (Table 
1) (Young and Evans 1982). These were used to assist in interpret- 
ing the germination-temperature profiles. For comparison with the 
germination characteristics of bur buttercup, we used the mean 
values from 6 profiles of downy brome (Bromus tectorum L.) 
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previously published by Young and Evans (1982). 

Nature of Dormancy 
A series of experiments were conducted to help define the nature 

of the dormancy of bur buttercup seeds. The indurate achene coats 
were clipped or cut in separate treatments at the pointed apex, the 
scar of attachment end, or the side of the achene. The treated 
achenes were incubated at 5” C. Embryos were also dissected from 
the achene coat and incubated at $15, and 25” C. In an additional 
experiment, dissected embryos were incubated in the same petri 
dish with equal numbers of intact achenes, with 5 times the number 
of intact achenes, or with the remnants of the achene coats from 
which they were dissected. These plates were incubated at 5O C. 

Statistical Analysis 
Results were subjected to analysis of variance after appropriate 

transformations were made based on a test of homogeneity of 
variances. Means were separated using Duncan’s Multiple Range 
Test at the 0.01 level of probability. 

Results and Discussion 
Primary Test 

Seeds of bur buttercup germinated only at very cold incubation 
temperatures with maximum germination of 28% occurring at 5O C 
(Table 2), suggesting a prechilling requirement that was being 

Table 2. Preliminary treatments to enhance the germination of seeds of bur 
buttercup. Seeds incubated at P C for 28 days.’ 

Treatment Germination 

cantly different in enhancing germination (data not shown). The 
acid scarification for 25 minutes was most effective in producing 
germination at higher incubation temperatures where untreated 
seeds did not germinate. 

Enrichment of the germination substrate with KNOs produced 
germination overlapping with untreated or acid scarified seeds 
(Table 2). Enrichment with GAa did not enhance germination of 
bur buttercup seeds. 

After the preliminary experiments, it was apparent that the 
dormancy of bur buttercup seeds had some relation to the diffusion 
of germination enhancing or inhibiting material through the 
achene coat because of the positive response to scarification. The 
seeds appeared very sensitive to high incubation temperatures, 

Second Level Treatments 
Germination of bur buttercup seeds was 49% after 25 minutes 

acid scarification (Table 3). This was more than 10% higher than 
Table 3. Secondary treatments of bur buttercup seeds that were pretreated 

by acid scarification for 25 minuted 

Treatment 

Scarification alone 
Leaching 24 hours 

48 hours 
KNO, 
GA3 
KNO, + GAa 
Prechill 2 weeks 

4 weeks 
6 weeks 

Germination 

49 b 
49 b 
50 b 
62 a 
60 ab 
68 a 
28C 

47 b 
31 c 

Control 28 bc 
Aftenipening No change 
Prechilling for 6 weeks 13 d 
Light 28 bc 
Scarlficationz 36 a 
Hot water (pretreatment) Oe 
Temperature shift (multiple treatments) Oe 
Dry heat (pretreatment) Oe 
KN03 34 ab 
GA.3 22 c 
Wash (pretreatment) 28 bc 

‘Means followed by the same letter are not significantly different at the 0.01 level of 
probability as determined by Duncan’s Multiple Range test. 
2Acid scarification for 25 minutes. 

partially satisfied during the 28-day incubation period. Prolonged 
prechilling for 6 weeks did not enhance germination and even 
reduced subsequent germination (Table 2). The restriction of ger- 
mination to low temperatures did not spontaneously disappear 
over time in the nature of an afterripening requirement. One-year- 
old seeds had the same germination response to incubation as 
freshly harvested seeds (data not shown). Providing light during 
incubation had no influence on germination of bur buttercup seeds 
(Table 2). 

The 3 preliminary treatments that involved high incubation or 
pretreatment temperatures were hot water, temperature shift, and 
dry heat, which inhibited the subsequent germination of bur but- 
tercup seeds (Table 2). Wide diurnal fluctuations in incubation 
temperature from cool to hot can be an effective germination 
environment for seeds of some species (Semenza et al. 1978), but 
not bur buttercup. Hot water treatment is often viewed as a form of 
scarification (Young and Young 1985) because the thermal shock 
may crack hard seed coats. Acid scarification is effective is enhanc- 
ing germination of bur buttercup seeds, but hot water treatment 
inhibits germination. 

Acid scarification for 25 minutes produced significantly (m.01) 
higher germination than untreated seeds incubated at 5” C (Table 
2). Acid scarification for 10 through 30 minutes was not signifi- 

‘Means followed by the same Letter are not significantly different at the 0.01 level of 
probability as determined by Duncan’s Multiple Range test. 

the mean germination obtained with seed produced on the same 
site the previous year (Table 2). Repeated tests showed there was a 
significant year of seed production interaction in the amount of 
germination obtained following acid scarification, but not in the 
duration of scarification treatment required to enhance germina- 
tion (data not shown). 

Buchanan et al. (1978) presented experimental evidence that 
seeds of bur buttercup produced allelopathic influences on the 
germination of seeds of grass species. We were not any more 
successful with leaching germination inhibitors from acid scarified 
seeds of bur buttercup than we were with intact seeds (Table 3). 

Prechilling was sometimes detrimental to subsequent germina- 
tion of acid scarified seeds (Table 3). Prechilling is often detrimen- 
tal to the germination of scarified seeds, apparently, because of 
damage from the scarification to the achene or seed coat and 
pericarp which are natural defenses against micro-organisms. In 
the case of bur buttercup where the seeds germinate at very low 
incubation temperatures, it is puzzling that prechilling is detrimen- 
tal to subsequent germination. 

Enriching the germination substrate with KNOB, GAs, or mix- 
tures of both materials was the most effective secondary treatment 
for enhancing germination of seeds of bur buttercup (Table 3). 
Varying the concentration of GA3 did not markedly change the 
germination response (data not shown). 

Germination Profile 
The mean germination for the 55 temperature profile for bur 

buttercup seeds was only 20% (Table 4). Only 60% of the tempera- 
ture regimes supported some germination and the mean germina- 
tion for regimes where some germination occurred was 30%. 
Optimum germination occurred at 25% of the regimes tested and 
the mean germination of the regimes with optimum germination 
was 60%. The maximum observed germination was 70%. 

Downy brome is the most successful alien annual weed in the 
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Table 4. Germhutton parameters calculated from a germination profile 
for acid scarified seeds of bur buttercup with the germination substrate 
enriched with 0.289 mmol LW1 GA3 and 0.01 mol LW1 KNO . Bur butter- 
cup germination parameters are compared with those of d owny brome 
(Young et al. 1984). 

Germination parameter Bur buttercup Downy brome 

Mean germination 
Mean germination of regimes with 

some germination 
Regimes with some gerimination 
Regimes with optimum germination 
Mean of optima 
Maximum germination 

(2 (%I 
80 

30 80 
60 100 
25 20 
60 95 
70 100 

temperate deserts of the Intermountain Area. It is the seral domi- 
nant of the areas where bur buttercup has been invading. Compar- 
ing germination characteristics (Table 4), it is obvious that downy 
brome is overwhelmingly a more germinable species. 

In comparison to seedbed temperatures (Table S), maximum 
germination of bur buttercup occurred at cold seedbed tempera- 
tures and no germination occurred at warmer than moderate 
temperatures. Downy brome had greater germination than bur 
buttercup at all seedbed temperature categories. 

Table 5. Germination of seeds of bur buttercup that have been scarified 
and the germination substrate enriched with 0.289 mmol L.t GA and 
0.01 mol L-l KNOf in relation to categories of seedbed tempera 5, res. 
Bur buttercup compared to the germination response of downy brome 
(Young et al. 1984).’ 

Seedbed temperatures 

Very cold 
Cold 
Cold fluctuating 
Fluctuating 
Moderate 
Warmer 

Bur buttercup Downy brome 

(%) (%I 
18 b 37 c 
54 a 68 b 
15 b 89 a 
3c 89 a 

I8 b 93 a 
oc 70 b 

1 Means within species followed by the same letter are not significantly different at the 
0.01 level of probability as determined by Duncan’s Multiple Range test. 

Germination of bur buttercup was suppressed greatly or inhi- 
bited by warm incubation temperatures. In the germination pro- 
file, optimum temperatures for germination occurred at 2/ 2,5/ 5, 
and S/ 10’ C and temperatures alternating with these cold period 
temperatures up through 20° C (data not shown). In contrast, 
optimum temperatures for germination of downy brome seeds 
ranged from 5 to 20° C with minimum warm period temperatures 
of 20’ C and maximum warm period temperatures of 35” C 
(Young and Evans 1982). 

Nature of Dormancy 
Complete dissection of the embryo from the achene coat indi- 

cated that 1 portion of the dormancy of bur buttercup seeds was 
located in the achene coat. Dissected embryos had 65% germina- 
tion at 5’ C (Table 6). Clipping portions of the achene coat was not 
effective in enhancing germination. This indicated that moisture 
imbibition is not the limiting factor as would be the case with a 
typical hard seed coat. Acid scarification has been shown to have 
metabolic influences on germinating seeds outside of mere physical 
removal of restrictive layers in seed coats (McDonald and Khan 
1983). 

It is very difficult to dissect embryos of bur buttercup from the 
achene coat without damaging the embryo. Actual germination of 
dissected embryos may be higher than the 65% reported for that 

Table 6. Germination of bur buttercup seeds where the achene coat was 
physically eut or the embryo discussed free of the achene coat.1 

Treatment Incubation temperature Germination 

(” C) (%I 
Control 5 28 bc 
Pointed apex clipped 5 2Ocd 
Scar end clipped 5 IOd 
Side cut 5 40b 
Embryo dissected free 5 65 a 

15 4Ob 
25 Od 

lMeans followed by the same letter are not significantly different at the 0.01 level of 
probability as determined by Duncan’s Multiple Range test. 

reason. It is important to note that a form of dormancy still exists 
in the dissected embryos in that germination was highest at 5O C, 
dropped to 40% at 15’ C, and 0% at 25” C (Table 6). 

It was not demonstrated in this study that a germination inhibi- 
tor could be leached from intact or acid scarified seeds. However 
when intact achenes were placed in close contact with dissected 
embryos there was a reduction in germination of the embryos 
(Table 7). Leaving dissected achene coats in the petri dish with 
dissected embryos also reduced germination. 

Table 7. Germination of bur buttercup embryos dissected from achenes in 
relation to intact achenes or the dissected achenes in the same petri dish.’ 

Treatment Germination 

Control-dissected embryos 
Five dissected embryos plus 5 intact achenes 
Five dissected embryos plus 25 intact achenes 
Five dissected embryos plus the achene coats 

(%I 
65 a 
28 b 
31 b 
35 b 

‘Means followed by the same letter are not significantly different at the 0.01 level of 
probability as determined by Duncan’s Multiple Range test. 

Synthesis of Germination Ecology 
A random sample drawn from collections of bur buttercup seeds 

reveals slight variation in the size of the achenes, but no gross 
morphological differences among the achenes. There are obvious 
differences in these collections in the physiological sense. Roughly 
30% of the seeds will germinate, provided low incubation tempera- 
tures are provided. Acid scarification will increase the germinable 
portion an additional 10% and enrichment with a source of nitrate 
ions and exogenous application of gibberellin increases germina- 
tion to a maximum of 70%. There have been several studies of 
populations of seeds of weed species where dormant and non- 
dormant lines have been identified within the same species and the 
differences have been shown to be genetically controlled (Probert 
et al. 1989). 

The dormancy of bur buttercup seeds is obviously many faceted 
with achene coat interference, incubation temperature, nitrate ion 
source, and gibberellin all influencing ultimate germination. It is 
much more common for small seeded weed species to have germi- 
nation requirements that involve light, fluctuating temperatures, 
and prechilling requirements (Baskin and Baskin 1983). 

Everything known about the ecology of bur buttercup points to 
its being an extreme ephemeral (Buchanan et al. 1978). The capac- 
ity for at least a third of the annual seed rain to readily germinate at 
very cold temperatures is compatible with winter or very early 
spring germination. Field studies of the periodicity of emergence of 
bur buttercup seedlings are needed to completely understand the 
germination ecology of this weed species. 
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Abstract 

Spotted knapweed (CeNaurea maculosa Lam.) is a noxious 
plant that has invaded many native ranges in the Northern Inter- 
mountain Region. Although the use of livestock to control knap- 
weed is intuitively appealing, feasibility of the strategy has received 
little attention. This greenhouse study was conducted to evaluate 
response of spotted knapweed to defoliation, tight, and competi- 
tion. Although total knapweed biomass (g/plant) was not altered 
by defoliation treatments, several of the more severe treatments 
adversely affected root, crown, and final harvest foliage. Root and 
crown growth were also adversely affected by increasing competi- 
tion from bluebunch wheatgrass (Pseudbroegneriaspicata). Foliage, 
root, and crown growth of spotted knapweed increased signifi- 
cantly when plants received full, rather than half light. Spotted 
knapweed was less sensitive to defoliation than was bluebunch 
wheatgrass. Although the feasibility of using livestock to control 
spotted knapweed cannot be completely disregarded, data suggest 
that the knapweed would have to be selectively and repeatedly 
grazed during the growing season. 

Key Words: Centaurea maculosa, controlled environment, Pseu- 
doroegneria spicata, grazing management strategy 

Spotted knapweed (Centuureu maculosa Lam.) was introduced 
to the Pacific Northwest from Eurasia around 1900 (Strang et al. 
1979). It grows on an estimated 1.9 million ha of range and pasture 
in Montana (Lacey 1987) and is recognized as an aggressive 
invader throughout the Northern Intermountain Region (Harris 
and Cranston 1979, Schirman 1981, Morris and Bedunah 1984, 
Lacey et al. 1986, Kelsey and Bedunah 1989). 

Spotted knapweed control requires an integrated approach 
using biological, chemical, and cultural tools (Rochi: et al. 1986, 
Story 1989). As the wide-spread use of chemical and mechanical 
treatments become more of an environmental concern, biological 
control increases in importance. Biological control is the deliberate 
use of insects, plant pathogens, livestock, and other organisms to 
control the target plant. Defoliation alters a plant’s competitive 
ability and influences its role in community succession (Maschinski 
and Whitman 1989). 

Observations that spotted knapweed is not utilized as forage 
(Watson and Renney 1974) have been refuted (Kelsey and Mihalo- 
vich 1987, Robbins 1990, Cox 1990). Use by livestock is highest 
during spring and early summer when plants are in the rosette and 
bolt stages. Use declines as knapweed matures, and protein and 
digestibility decreases (Kelsey and Mihalovich 1987). 

Research was funded in part by Montana Noxious Weed Trust Grant. Authors wish 
to thank the Deer Lodge Valley Conservation District for their support and 
cooperation. 

Manuscript accepted 26 September 1991. 
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The feasibility of using livestock to control dyers woad (Zsotis 
tinctoriu L.) (West and Farah 1989) and leafy spurge (Euphorbiu 
esulu L.) (Johnston and Peake 1960, Landgraf et al. 1984) have 
been reported. Feasibility of using livestock to control spotted 
knapweed has not been evaluated. This research quantified the 
response of spotted knapweed to defoliation (via clipping), light, 
and competition. Results will be useful in developing integrated 
weed control strategies. 

Methods and Materials 

Spotted knapweed response to a combination of competition 
(inter- and intra-specific), defoliation, and light intensity treat- 
ments was quantified in a greenhouse at Montana State University. 
A total of 2,520 spotted knapweed and bluebunch wheatgrass 
[ Pseudoroegneriu spicata (Pursh) Love] plants were excavated 
with 10 cm of main roots from loam soils (fine-loamy, mixed frigid, 
Typic Ustochrepts, and loamy-skeletal, mixed, Aridic Haplobo- 
rolls) near Garrison, Mont., in May 1988. Knapweed and wheat- 
grass plants were in the rosette stage and vegetative growth stages, 
respectively. However, each of the plants produced flowering 
stalks the previous year. Combinations of 6 plants per pot were 
transplanted into 420,18.9-liter pots (28-cm deep and 29-cm wide) 
containing a pasteurized potting mixture. All bluebunch wheat- 
grass plants were clipped at a 15-cm stubble height to remove 
previous year growth. 

Competition Treatments 
Species combinations were varied to simulate 2 kinds of intra- 

specific competition: 6 spotted knapweed and 0 bluebunch wheat- 
grass plants (6:0), and 0 spotted knapweed and 6 bluebunch wheat- 
grass plants (0:6); and 2 levels of interspecific competition: 4 
spotted knapweed and 2 bluebunch wheatgrass plants (4:2), and 2 
spotted knapweed and 4 bluebunch wheatgrass plants (2:4). Thus, 
each species could be evaluated at 3 levels of competition. For 
reading ease, the planting mixes are referred to as 6:0,0:6,4:2, and 
2:4 levels of competition. Each planting combination was sub- 
jected to 7 defoliation and 3 light treatments. Each treatment was 
replicated 5 times. 

Light Treatments 
Three levels of light (full, 2/3, and l/ 2) were used in the study. 

Because it was impractical to shade each pot individually, the 
greenhouse was subdivided into 3 parts, with each part receiving a 
distinct level of light. The full light treatment was represented by 
normal greenhouse conditions. The 2/ 3 and 1 / 2 light treatments 
were created by suspending a single and a double shade cloth 
(black mesh screen) 70 cm above the pots, respectively. A Licor 
light meter was used to verify that the photosynthetic radiation was 
reduced, in comparison to full light, by 33% and 50% in the 2/ 3 and 
l/ 2 light treatments, respectively. 
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Table 1. Frequency, timing, level of defoliation, and a descriptive code to identify 7 clipping treatments applied to 2 plant species during the defoliation 
study conducted at Montana State University. 

Treatment 

Number 
of Defo- 
liationr 

Spotted knapweed Bluebunch wheatgrass Code 
Stage Intensity Number Stage 

of of Defo- of Defo- of 
growth2 liatiod liationr growth2 cm4 CEMA; PSSPS 

1 0 __ 0 0 
2 1 B 25% I V 
3 1 R 75% 1 V 
4 I B 75% I V 

1 B 75% 0 
2 B,F 7550% 2 V,F 

7 4 R,B,B,F 50% 4 V 

‘0, I, 2, and 4 refers to total number of times that the plants were clipped during the season. 
*R, 8, F, and V refers to growth stage (rosette, bolt, flower, vegetative) when plants were clipped. 
‘0.25, 50, and 75 refers to percentage of knapweed foliage (by weight) removed during each clipping. 
*O, 5, and 10 refers to stubble height of wheatgrass following defoliation. 
‘Symbols on left and right side of semicolon refer to spotted knapweed and bluebunch wheatgrass, respectively. 

0 0;o-o 
10 1 B-25; 1 V-50 
5 IR-75;1V-75 

10 I B-75; 1 V-50 
0 1 B-75;O-O 
10 2B,F-75,50;2V,F-75,25 
5 4R,B,B,F-50;4V-50,50,25,25 

Length of daylight was not altered. Each pot was rotated 90 
degrees and relocated weekly (systematically) to minimize the 
effect of environmental variation within the greenhouse. 

An equal amount of water was added to each pot when the plants 
under full light began to wilt. Therefore, plants under partial shade 
had a more moist environment. Greenhouse temperatures were 
adjusted to simulate a day and night condition near Garrison. 

Defoliation Treatments 
Seven defoliation treatments, varying in frequency and severity, 

were applied at specific stages of growth (Table 1). The treatments 
were designed to simulate different types of grazing management. 
An index was derived to rate treatments for potential severity to 
spotted knapweed (Table 2). Use of the index enabled us to quan- 
titatively evaluate the defoliation treatments relative to light and 
competition, thus facilitating projections regarding the feasibility 
of controlling knapweed with livestock. 

Stems, leaves, buds, flowers, and seeds harvested during the 
defoliations were combined, weighed, and analyzed as foliage. 
Material harvested during the study was combined with final har- 
vest on 29-31 October 1988 to yield total above-ground foliage. 
Spotted knapweed crown (12 mm above and 12 mm below the soil 
surface) and roots were also collected, dried, and weighed at the 
end of the study. Roots and crowns of bluebunch wheatgrass were 
not collected. Material from individual plants within a pot was 
combined and divided by the number of plants to provide compos- 
ite weights by species. All material was oven-dried for 15 minutes at 
100° C then overnight at 65” C. 

Statistical Design and Analyses 
The study was designed as a randomized block. Seven levels of 

defoliation and 4 levels of competition were randomly arranged 
within 3 levels of light. Each treatment combination (defoliation by 
competition) was replicated in 5 pots at each level of light. 
Response of spotted knapweed and bluebunch wheatgrass to defo- 
liation and competition were evaluated using 2-way analysis of 
variance (SAS 1985). Since the light treatments were not repli- 
cated, the effect of light was not evaluated using analyses of var- 
iance. Block means were calculated from 5 pots in each competi- 
tion by defoliation treatment. Thus n equaled 63. Separate ana- 
lyses were run for root, crown, final foliage, total foliage, and total 
biomass of spotted knapweed, and final foliage and total foliage of 
bluebunch wheatgrass. Analyses were conducted on a “per pot” 
and on an “average plant” per pot basis. Least square (LS) means 
were used in the analyses. Means were separated using LSD tests 
when ANOVA showed a significant treatment effect, and orthogo- 
nal contrasts were used when significant defoliation by competi- 
tion interaction occurred. Tests were considered significant if 
pso. 10. 

Similar analyses were used to analyze the “community”, or 
combined, response of the 2 species for final harvest and total 
foliage, on a “per pot” basis. Four levels of competition, 2 mono- 
cultures, and 2 mixtures, were included. Thus n equaled 84. 

Step-wise multiple regression analyses were used to evaluate the 
effects of light in relation to bluebunch wheatgrass competition, 
and severity of defoliation on yields of roots, crown, final harvest 
and total foliage, and total biomass of spotted knapweed. Similar 

Table 2. Rating 7 deseriptive clipping treatments in terms of frequency, intensity, and timing of defoliation to derive a defoliation index (D-index). Study 
was conducted in a greenhouse at Montana State University. 

Treatment F’ 
Spotted knapweed 

12 T3 
Bluebunch wheatgrass 

FX I4 Difference D-Index5 

CEMA,PSSP 
0;O-O 

1 B-25; l V-50 
lR-75;1V-75 
1 B-75; IV-50 

1 B-75:04 
2B,F-75,50;2V,F-?5,25 

4R,B,B,F-50;4V-50,50,25,25 

0 X 0 X 0 - (0 X 0) q  0 0.00 
1 X 1 X 2 - (1 x .50) = 1.50 0.09 
1 X 3 X 1 - (1 x .75) = 2.25 0.14 
1 X 3 X 2 - (I x .50) = 5.5 0.33 
I X 3 X 2 - (0 X 0) = 6 0.36 
2 X 2.5 X 3 - [(1X.75)+(1X.25)] q  0.85 
4 X 2.25 X 2 - [2(1X.50)+2(1X.25)] = I:.: 1.00 

‘Frequency (F): Number of defoliations during season: 
*Intensity (I): O=O%, 1=25%, 2=50%, 3=75% (2.5 and 2.25 are averages of 2 and 4 defoliations, respectively). 
‘Timing (T): O=no defoliation, I=rosette, Z=bolt, 3=flower. 
4Frequency X Intensity: Number of defoliations X percent biomass removed (O-no use, .25=25%, .50=50%, .75=75%). 
5Index calculated by dividing the difference between the product of frequency, intensity, and timing of spotted knapweed defoliation and the product of the frequency and 
intensity of bluebunch wheatgrass defoliations by 16.5. 
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Table 3. Effect of 7 defoliation treatments and 3 levels of competition on biomass of spotted knapweed in a 1988 greenhouse study. Competition levels 
were created by growing combinations (6:0,4:2,2:4) of 6 spotted knapweed and bluebunch wheatgrass plants, respectively, in pots at Montana State 
University.’ 

Defoliation index2 Root Crown Final Foliage Total Foliage3 Total Biomass4 
CEMA,PSSP 81 plant 81 pot 81 plant 81 pot 81 Plant 81 PotJ g/plant g/pot 8lplant 81 pot 

0.00 - 0;o-o 1.2*b 4.6* 0.23’ 0.92” lJb 5.6 l.?f 5.6bd* 2.8ab” 1l.l.b 
0.09 - IB-25;lV-50 0.7h 3.1” 0.25” 0.96” l.4b 5.0 bedsrp 6.3”bcd 2.7”’ 10.4”b” 
0.14 - IR-75;IV-75 3 9” 
0.33 - IB-75;lV-75 ;$I 3’2” 0.25’ 0.92” 1.8* 5.9 ;$& 6.4”k 3.2”b Il.& 

l:l’” 413” 
0.23” 0.86’ 1.0’ 3.7 1 ‘pa 6.9”” 2.9”& 

0.36 - lR75;O-O 0.22” 0.86’ 0.7d 2.8 l:43bf 5.6Me 
I I .O”b 

2.7”& 10.8”b 
0.85 - 2B,F-75;50;2V,F-75,25 0.7” 3.3” O.lgb 0.68b 0.5” 1.8 l.6bcd” 5.5” 2.5= 9.5”k 
1.00 - 4R,B,B,F-50;4V-50,50,25,25 0.3d l.4b 0.17b 0.6gb 0.6” 2.0 1.9”*’ 6.9”be 2.4” 8.9” 

Competition 
6 CEMA, 0 PSSP I.Oab 5.6” 0.24” 1.38’ l.Ob 5.8 1.7”’ 9.6” 2.9 16.7n 
4 CEMA, 2 PSSP 0.8’bC 3.2b 0.21b 0.77b l.ob 3.5 1.5” 5.7b 2.6 9.6b 
2 CEMA, 4 PSSP o.7ti 1.4’ 0.2ob 0.37c 1.2” 2.2 l.8’be 3.2’ 2.8 5.0’ 

‘Means within a column followed by the same letter are not significantly different (JW.10) as determined by LSD test. 
2Treatments rated for potential severity to spotted knapweed. 
‘Includes material defoliated during study and final foliage harvest. 
41ncludes root, crown, and final foliage harvest. 
‘Significant competition by defoliation interaction. 

regressions were used to evaluate the effects of light, in relation to 
knapweed competition and defoliation on final harvest and total 
foliage of bluebunch wheatgrass. Because the 3 levels of light 
(loo’?& 66%, 50%) are discreet and nonlinear, light was treated as a 
qualitative, rather than a quantitative, treatment (Kmenta 1971). 
Dummy variables were established for each level of light, taking 1 
for that light treatment and 0 for all others. For example, the model 
to evaluate the influence of light on mean spotted knapweed 
crown/plant is shown (Eq. 1): 

Mean CEMA Crown/Plant = f(a + B (D-index) + B(PSSP) + 
S4L.T + &LF) (1) 

where a, 8~~ and & are the estimates of the intercept of plants 
receiving l/ 2 light, and the differences between the intercept for tlie 
l/2 light and the intercepts for 2/3 and full light, respectively. 
D-index and PSSP are the defoliation index and above-ground 
biomass of bluebunch wheatgrass, respectively. Dependent vari- 
able represented a mean of 5 pots in each competition by defolia- 
tion treatment. Thus, n equaled 63. 

Results 
Defoliation, light, and competition influenced growth of spotted 

knapweed and bluebunch wheatgrass. Roots, crowns, and foliage 
did not respond similarly to the treatments. 

Roots 
Root growth was not significantly affected by a defoliation by 

competition interaction. Final root size of spotted knapweed 
plants defoliated 4 times during the growing season was smaller 
than the roots of control plants or those defoliated once or twice 
(Table 3). Frequent defoliations reduced roots more than 3-fold. 
Root growth was not significantly affected by defoliating once or 
twice. 

Spotted knapweed root weight per pot followed the same pat- 
tern (Table 3). Root growth was detrimentally affected by 4 defoli- 
ations, but not by the less-frequent clippings. Knapweed root 
weight was similar when grown with bluebunch wheatgrass plants 
that were either defoliated once or undefoliated (Table 3). This 
indicates that knapweed root growth did not increase in response 
to the potential reduction in wheatgrass competition. 

Increasing levels of competition from bluebunch wheatgrass 
adversely affected root growth of spotted knapweed on a g/pot 
basis (Table 3). These differences were expected since the number 
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of knapweed plants per pot increased from 2 to 6 in the 2:4 to 6:0 
levels of competition. Knapweed plants grown with wheatgrass 
plants were not aggressive enough to grow any larger than the 
knapweed plants grown in a monoculture. Average root size of 
plants growing in the spotted knapweed monoculture (60) were 
37% larger than those grown in a bluebunch wheatgrassdominated 
pot (2:4) (Table 3). 

Severity of defoliation as estimated by the defoliation index 
(D-index), total above-ground biomass (AGB) of bluebunch 
wheatgrass, and light explained 54% of the variation in spotted 
knapweed root growth (Eq. 2). 

Mean CEMA Root/ Plant q  4. I. - 2.1 (D-index) - 0.55 (AGB of PSSP) + 
1.68(G) + 4.69 L;) (2) 

(P=0.ooo1) (P=o.o09) (P=.oool) (P=O.Ol) (P=.oool) 

Thus, root growth decreased with severity of defoliation and 
interspecific competition. Root mass increased with each incre- 
ment of light. 

Crown 
Crown growth was not significantly affected by a defoliation by 

competition interaction. Mean crown size of spotted knapweed 
(g/plant and g/pot) was significantly reduced by the multi- 
defoliation treatments (Table 3). Single defoliation treatments did 
not affect crown size. 

Weight of knapweed crowns (g/pot) decreased as the number of 
wheatgrass plants in the pot combinations increased (Table 3). 
Although this was influenced by plant numbers, crown weight on a 
per plant basis was largest in pots containing spotted knapweed 
monocultures. 

Severity of defoliation, total above-ground wheatgrass produc- 
tion, and light explained 79% of the variation in crown size of 
spotted knapweed plants (Eq. 3). 

MeanCEMACrown/plant q  1.26-0.30(D-index)-O.l4(AGBofPSSP)+ 
0.15 (L$) + 0.39 (L;) (3) 

(P=O.OOOl) (P=O.c@04) (P=O.O3) (P=O.oool) 

Thus, crown size was adversely affected by defoliation and blue- 
bunch wheatgrass competition. Crown size increased with in- 
creasing light. 

Final Harvest Foliage 
Foliage collected at final harvest of spotted knapweed (g/plant) 

increased with a single defoliation in the rosette stage (D-index 
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- (2 CEMA:4 PSSP) kt88 (4 CEMA:P PSSP) = (0 CEMA:O PSSP) 

0.09 0.14 0.33 0.36 0.85 1.00 

Defoliation Index (D-index) 
Fig. 1. Spotted knapweed (CEMA) final harvest foliage as a function of interaction between 7 defoliation treatments and 3 levels of competition. 

Competition levels were created by growing combinations (2:4,4:2, or 6:0) of 6 spotted knapweed and bluebunch wheatgrass plants, respectively, in pots 
at Montana State University. Means within a defoliation treatment followed by the same letter are not significantly different (p>O.lO) as determined by 
a t-test. 

0.14), decreased with the more severe defoliations (D-indices 0.36- 
1 .O), and was not affected at D-index 0.09 (Table 3). A significant 
competition by defoliation interaction indicates that final harvest 
foliage per pot responded differently to defoliation at some levels 
of competition. Final foliage (per pot) of knapweed increased 
significantly, with increasing intra-specific competition, for the 
control 0.09,O. 14, and 0.33 D-indices (Fig. 1). However, responses 
were similar for the 2:4 and 4:2 levels of competition for the 0.36, 
0.85, and 1 .O D-indices. 

Table 4. Effect of 7 defoliation treatments and 3 levels of competition on 
foliage of bluebunch wheatgrass in a 1988 greenhouse study. Competi- 
tion levels were created by growing combinations (4:2, 2:4, 0:6) of 6 
spotted knapweed and bluebunch wheatgrass plants, respectively, in pots 
at Montana State University.’ 

Severity of defoliation, wheatgrass competition, and light 
explained 7 1% of the variability in final harvest foliage of spotted 
knapweed (Eq. 4). 

Mean CEMA Final Foliage/plant = 6.8 5.16 (D-index) - 0.59 
(AGB of PSSP) + 0.65 (L;) (4) 

(P=O.OOOl) (P=O.OOOl) (P=0.0001) (P=O.O78) 

Thus, final foliage was adversely affected by defoliation and 
wheatgrass competition. Although foliage did not increase as level 
of light increased to two-thirds, it increased under full light. 

Defoliation index2 Final foliage Total foliage3 
CEMA;PSSP g/plant 81 Pot 81 plant 81 Pot 

0.0 o;o-0 2.0” 7.6’ 2.0”’ 7.6”” 
0.09 - 1 B-25; 1 V-50 0.6b 2.3b I .4b’d 5.1bCd 
0.14 IR-75;lV-75 O.gb 2.gb I .gbcd 5.6bcde 
0.33 - I B-75; I V-50 0.7b 2.7b 1.5b’d 5.6bcd” 
0.36 - I B-75;0-0 1.8’ 6.8” 1.8 abed 6.8*bde 
0.85 - 2B,F-75,50;2V,F-75,25 0.6b 2. lb I ,gabcd 6.3 bcde 

1 .OO 4R,B,B,F-50; 0.2’ 0.8’ I .gbcd 5.7 bcde 

4V-50,50,25,25 

In contrast, each of the defoliation treatments reduced final 
foliage of bluebunch wheatgrass (g/plant and g/pot) (Table 4). 
Sensitivity to defoliation was most marked in plants defoliated 4 
times during the study. By end of season, plants defoliated 4 times 
produced less than 10% of control plant foliage. Defoliation treat- 
ment and light explained 29% of the variation in the final foliage of 
bluebunch wheatgrass (Eq. 5). 

Competition 
4 CEMA; 2PSSP 1.2” 2.4’ 2.2” 4.4c 
2 CEMA; 4 PSSP O.gb 3.4b 1.5b 6.1b 
0 CEMA; 6 PSSP O.gb 5.0” l.3b 7.8* 

‘Means within a column followed by the same letter are not significantly different 
(DO. IO) as determined by LSD test. 
‘Treatments rated for potential severity to spotted knapweed. 
3Includes material defoliated during study and final foliage harvest. 

Mean PSSP Final Foliage/ Plant q 1.18 - 0.98 (D-index) + 0.48 (Lk) (5) 
(P=0.0001) (P=0.0001) (P=O.O09) 

more foliage (g/plant) than the control plants. Total foliage pro- 
duced at other D-indices (g/plant) and all (g/pot) was similar to 
the control (Table 3). 

Thus, final foliage decreased with severity of defoliation and 
increased in full light. Aboveground production of spotted knap- 
weed and the two-third light treatments did not meet the signifi- 
cance level for entry into the model. 

Total Harvest Foliage 
Total foliage harvested was not significantly affected by a defoli- 

ation by competition interaction. Spotted knapweed plants which 
were clipped once in the rosette stage (D-index 0.14) produced 

Effect of competition on total foliage of spotted knapweed 
(g/pot) indicates decreasing foliage with increasing wheatgrass 
competition (Table 3). However, on a per plant basis, there were no 
differences among levels of competition. 

Aboveground production of bluebunch wheatgrass explained 
81% of the variation in total foliage of spotted knapweed (Eq. 6). 

Mean CEMA Total Foliage/ Plant = 8.9 - 0.89 (AGB of PSSP) + 1.24 (LF~) 
(P=O.OOOl) (P=O.OOOl) (P=O.OOOS) (6) 

Total foliage decreased with increasing wheatgrass competition, 
but increased with full light. The defoliation and the two-third light 
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- (0 CEMA:6 PSSP) 

a (4 CEMA:P PSSP) 

m (2 CEMA:4 PSSP) 

@% (6 CEMA:O PSSP) 

'*l a 

0.09 0.14 0.33 0.36 0.85 1.00 

Defoliation Index (D-Index) 

Fig. 2. Spotted knapweed (CEMA) plus bluebunch wbeatgrass (PSSP) final harvest foliage as a function of interaction between 7 defoliation treatments 
and 4 levels of competition. Competition levels were created by growing combinations (0:6, 2:4,4:2, and 6:0) of 6 spotted knapweed and bluebunch 
wheatgrass plants, respectively, in pots at Montana State University. Means within a defoliation treatment followed by the same letter are not 
significantly different (BO.10) as determined by a t-test. 

treatments did not meet the significance level for entry into the Final and Total Aboveground Biomass of Spotted Knapweed and 
model. Bluebunch Wheatgrass 

Defoliation treatments did not significantly affect total foliage 
of bluebunch wheatgrass (g/plant) (Table 4). However, the data 
suggest an adverse impact. The anomalies in forage production at 
D-index 0.85, relative to D-indices 0.09 through 0.36, could not be 
explained by reviewing field notes. 

Final foliage of the 2 species varied from 5.0 to 5.9 g/pot at the 
0:6 and 4:2 levels of competition, respectively (Table 5). A signifi- 
cant competition by defoliation interaction indicates that level of 

Total foliage production of bluebunch wheatgrass (g/pot) was 
significantly reduced by single and multiple defoliations (Table 4). 
Bluebunch wheatgrass growth at D-index 0.36, when it was not 
clipped but knapweed was clipped, did not differ from the control. 
This indicates that undefoliated wheatgrass plants were unable to 
increase growth in response to the single defoliation of the 
knapweed. 

Table 5. Effect of 7 defoliation treatments and 4 levels of competition on 
final and total cumulative foliage of spotted knapweed and bluebunch 
wheatgrass in the 1988 greenhouse study. Competition levels were 
created by growing combinations (0:6, 2:4, 4:2, 6:0) of 6 spotted knap- 
weed and bluebunch wheatgrass plants, respectively, in pots at Montana 
State University. 

Individual wheatgrass plants produced more foliage when 
grown at the 4:2, rather than the 2:4 or 0:6 levels of competition 
(Table 4). Because of plant number, the least amount of bluebunch 
wheatgrass foliage (g/pot) was produced at the 4:2 level of compe- 
tition (Table 4). 

Defoliation index’ 

CEMA;PSSP 

Final2 

g/pot 

Total’ 

gi Pot 

Total aboveground foliage of spotted knapweed and light 
explained 35% of the variation in total foliage per bluebunch 
wheatgrass (Eq. 7). 

0.0 o;o-0 
0.09 1 B-25; I V-50 
0.14- lR-75;lV-75 
0.33 - IB-75;1V-50 
0.36 I B-75;0-0 
0.85 - 2B,F-75,50;2V,F-75,25 
1.00 4R,B,B,F-50;4V-50,50,25,25 

Comuetition 

10.0 10.0 
5.5 8.6 
6.5 9.0 
4.8 9.4 
7.2 9.3 
2.9 8.8 
2.0 9.5 

Mean PSSP Total Foliage/ Plant q I. I5 + O.O9(AGB of CEMA) + 0.74 (Lk) 
(P=O.OOOl) (P=O.O021) (P=O.OOOl) (7) 

Thus, bluebunch wheatgrass produced more foliage when grown 
with spotted knapweed than when grown in a monoculture. Under 
the greenhouse conditions prescribed in this study spotted knap- 
weed was not a strong competitor. Additional wheatgrass foliage 
was produced under full light, but not at two-thirds light. 

0 CEMA; 6 PSSP 5.0 7.8b 
2 CEMA; 4 PSSP 5.5 9.3” 
4 CEMA; 2 PSSP 5.9 10.1” 
6 CEMA; 0 PSSP 5.8 9.6” 

‘Treatments rated for potential severity to spotted knapweed. 
‘Significant competition by defoliation interaction. 
‘Means within same column followed by the same letter are not significantly different 
(p>O.IO) as determined by LSD test. 

Total Biomass 
Total biomass harvested at a given level of light was not signifi- 

cantly affected by a competition by defoliation interaction. Defoli- 
ation did not significantly affect total biomass (g/plant or g/ pot) of 
spotted knapweed (Table 3). Although biomass production per 
plant was not affected by bluebunch wheatgrass competition, total 
biomass per pot was related to number of plants (Table 3). 

competition influenced the response of final harvest foliage 
(CEMA + PSSP) to defoliation treatments (Fig. 2). Final foliage 
did not vary by competition within the control, 0.33,0.85, and 1.0 
defoliation treatments. However, total biomass was greatest at the 
6:0,6:0, and 0:6 levels of competition within the 0.09,O. 14, and 0.36 
defoliation treatments, respectively. The favorable response of 
bluebunch wheatgrass at D-index 0.36 was expected at the 0:6 and 
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Defoliation Index (D-Index) 
Fig. 3. Final harvest foliage of bluebunch wheatgrnss and spotted knapweed as a function of defoliation treatments. The monocultures were created by 

growing either 6 spotted knapweed and 0 bluebunch wheatgrass plants, or 0 spotted knapweed and 6 bluebunch wheatgrass plants respectively, in pots at 
Montana State Universitv. Means within a defoliation treatment (D-index) followed by the same letter are not significantly different (mO.10) as 

_ determined by a t-test. 

2:4 planting mixes because the wheatgrass was not defoliated in 
these treatments. 

and Trlica 198 1). 

Final foliage was expected to be lower in defoliation treatments 
0.85 and 1.00 in comparison to treatments where plants were 
defoliated earlier in the season and had more opportunity to 
regrow. Relative sensitivity of wheatgrass and tolerance of knap- 
weed to defoliation is also apparent (Fig. 3). Although production 
between the monocultures of the 2 species did not differ when 
plants were not defoliated, wheatgrass produced less foliage under 
defoliation (Fig. 3). Additional studies are needed to determine if 
subsequent plant mortality is affected by amount of foliage remain- 
ing at the end of the season. 

Total foliage of wheatgrass and spotted knapweed was not 
affected by defoliation treatment (Table 5). However, production 
was affected by level of competition (Table 5). Less foliage was 
produced in the wheatgrass monoculture. 

Greenhouse studies indicated that spotted knapweed may not be 
impacted by clipping unless plants are defoliated at monthly inter- 
vals. In contrast, bluebunch wheatgrass was less tolerant of defoli- 
ation. Although intensive rotation systems allowing animals to 
graze and regraze knapweed have been recommended (Thomsen et 
al. 1989, Kelsey and Mihalovich 1987) and appear logical, desira- 
ble forage plants are likely to be adversely impacted. Impact of 
livestock grazing on spotted knapweed communities needs to be 
evaluated in terms of shading, competition from associated vegeta- 
tion, influence of repeated defoliation, and selectivity by animals. 
Based on current knowledge, the feasibility of controlling spotted 
knapweed with livestock is doubtful. 
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Abstract 

Crested wheatgrasses (Agropyron spp.) are grown on 6 million 
ha in the U.S. and Canada, where they provide excellent early- 
season forage, but lose nutritional quality by midsummer. Some 
producers believe that A. fragife maintains its quality longer than 
other crested wheatgrasses. This study compared herbage yield and 
quality of 3 A. fragile entries with A. desertorum, A. cristatum, 
I-28 (Induced tetraploid ofA. cristatum), and the hybrid ‘Hycrest’. 
Entries were established near Logan, Ut., on l-m spacings. Her- 
bage yield and quality were determined in year 2 and 3 at vegeta- 
tive, boot, flower, seed ripe, and post-seed-ripe maturity stages 
(harvests 1 through 5) and on regrowth following the vegetative 
and boot-stage harvests. Ail entries flowered within 1 to 2 days of 
each other. Dry-matter yield increased for ail grasses, but digesti- 
bility (IVDMD), crude protein, and elemental concentrations 
declined with maturity. Mean IVDMD values for all grasses were 
741,642,534,485, and 444 mg g-l for harvests 1 through 5 and 490 
and 560 mg g-l for the regrowth following harvest 1 and 2. The A. 
fragile entries had higher N, Ca, P, and Ca/P, but lower yield, 
IVDMD, and grass tetany potential values than other Agropyrons. 
Contrary to expectations, IVDMD of A. fragile decreased to 500 
mg g-l, 6 to 11 days earlier than for the other Agropyrons. The I-28 
and Hycrest entries had higher yield, IVDMD, K, and grass tetany 
risk and lower N, Ca, P, and Ca/P than the other Agropyrons. 
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Key Words: grass tetany, plant analysis, elements, crude protein, 
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Crested wheatgrass (Agropyron spp.) was first successfully intro- 
duced into North America from Eurasia in 1906 (Dillman 1946). 
Additional accessions have been introduced since then and new 
hybrids have been developed (Asay et al. 1986). This genus has 
been widely used for range improvement in the central and north- 
ern Great Plains, Intermountain, Great Basin, Snake River, and 
Columbia Plateau regions of the United States and the prairie 
provinces of Canada (Mayland 1986). It grows in areas receiving 
200 to 450 mm precipitation and produces 900 to 1,000 kg ha-‘, and 
sometimes 3,500 kg ha-‘. Digestible nutrients are high during the 
green-feed period, but decline rapidly as herbage matures (May- 
land 1986, Murray et al. 1978, Newell and Moline 1978). 

Increasing the dry-matter yield and extending the green-feed 
period would enhance the value of crested wheatgrass. Such a 
breeding and selection program would first require characteriza- 
tion of the available genetic base. A comparative evaluation of A. 
fragile was deemed necessary to evaluate the perception by some 
producers and researchers that it maintained its green-feed period 
longer than other Agropyrons. Our objectives were to characterize 
herbage yield and quality of 7 selected Agropyron entries and to 
determine if A. fragile or other entries conserved herbage quality 
later into the summer. 

Materials and Methods 

The selected entries included ‘P-27’, an experimental strain 
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designated ‘Syn-F’, and a strain collected from Park Valley, Utah 
designated ‘PV’ [all Agropyron fragile (Roth) Candargy]; ‘Fair- 
way’ [A. cristatum (L.) Gaertner]; an induced tetraploid strain of 
A. cristatum designated as ‘I-28’; ‘Nordan’[A. desertorum (Fisch. 
ex Link) Schultes]; and ‘Hycrest’, a hybrid between induced tetra- 
ploid A. cristatum and A. desertorum. 

The study site was located 2 km south of Logan, Ut. (41” 45’ N, 
11 lo 48’ W) at an altitude of 1,350 m. The soil was a Nibley silty 
clay loam classified as a fine, mixed mesic aquic argiustoll. The 
experimental area received an annual autumn application of 45 kg 
N ha-‘, and only natural precipitation. October through September 
precipitation was 404,300, and 392 mm in 1986-87,1987-88, and 
1988-89, respectively. 

Seedlings were transplanted from the glasshouse to the field on a 
l-m grid. Individual plots, each consisting of a single 9-plant row of 
a given entry, were arranged in a split-plot design with 4 replica- 
tions. Whole plots were randomly assigned to 5 harvest dates 
within each block and sub-plot effects were randomly assigned to 
the 7 grass entries. Plots were subjected to the same harvest treat- 
ments in both years. 

Following a year of establishment in 1987, the plants were 
harvested by hand clipping at an approximate 5-cm stubble height 
on 10 and 12 May, 31 May and 2 June, 21 and 23 June, 12 and 14 
July, and 2 and 4 August 1988 and 1989, respectively. These dates 
corresponded to vegetative, boot, bloom, seed ripe, and post-seed 
ripe stages of plant development (identified as ‘primary’ harvests 1 
through 5), respectively. Regrowth from harvest treatments 1, 2, 
and 3 was also harvested on the fifth harvest date, after 84-, 63-and 
42-day regrowth periods, respectively. Harvested herbage from all 
the plants in an individual plot was consolidated into 1 sample. 
Herbage was dried at 60’ C in a forced-draft oven and then ground 
by a Wiley mill to pass through a l-mm stainless steel screen. Since 
some lots had only 8 survivors, dry weights were expressed as g 
plant -P , which when multiplied by 10 is equivalent to kg ha-‘. 

Herbage subsamples were digested in 3:1 nitric:perchloric acid, 
diluted with water and analyzed for Na, Mn, Fe, Cu, and Zn by 
atomic absorption and calorimetrically for P using the vanadomo- 
lybdate procedure. A second aliquot was diluted with 1 g La liter-’ 
as LaClz and analyzed for Mg and Ca by atomic absorption and K 
by flame emission. Total N was determined by the Kjeldahl proce- 
dure, modified by excluding the selenium catalyst in the digestion 
salt. This omission lengthened digestion time by 15 minutes. Ana- 
lytical accuracy (percent recovery) and precision (percent coeffi- 
cient of variation) were determined using the National Institute of 
Standards and Technology, NIST-1572, citrus leaf sample which 
was analyzed with the grass samples. These values were: 82 f 1.7 

Ca, lOOf2.2Mg,93f 1.6K, 118*3.8Na,97f3.7Cu,83f5.2 
Mn, 96 f 5.3 Fe, 97 f 3.0 Zn, 98 f 0.8 P, and 101 f 0.7% N. 

Dry matter digestibility (IVDMD) of l-mm Wiley-ground mate- 
rial was determined for all samples by near-infrared-reflectance 
spectroscopy (NIRS). Sixty samples were automatically selected to 
represent the whole population by a computer program called 
“SUBSET” (Windham et al. 1989). The selected samples were 
analyzed for in vitro dry matter digestibility (IVDMD) by the 
Tilley and Terry (1963) procedure. Calibration equations were 
computed between IVDMD and spectral reflectance at 2,398, 
2,238, and 2,358 nm for the selected samples using the program 
called “BEST” (Shenk 1989). Samples were split, using 40 for 
calibration and 20 for validation. The selected prediction equation 
produced the lowest error of calibration and validation, and corre- 
lation coefficients with an F value greater than 10 (Table 1). This 

Table 1. Calibration and validation statistics for IVDMD determinations. 

Samples Mean Range 
Standard 

error Bias R* 
______________(gkg-‘) _________---- - 

Calibration 625 423-819 36 0.92’ 
Validation 611 436-807 32 2.32 0.933 

lMultiple correlation coefficient for equation development. 
2Difference between NIRS and laboratory determined values. 
Torrelation coefficient between predicted and measured IVDMD. 

equation was then used to generate IVDMD for the samples not 
selected for chemical analysis. 

Two indexes were computed from the above data. The KRAT 
was computed on a chemical valency basis as [K(Ca + Mg).‘], 
which is an index of the grass tetany hazard of these forages 
(Mayland and Grunes 1979). A selection index (SI), which com- 
bined yield and IVDMD into a single value, was also computed for 
each entry (Vogel et al. 1984). 

Forage yield and quality differences among entries across years, 
and between entries within years, were evaluated by analysis of 
variance using a linear model (GLM, SAS Institute, Cary, N.C., 
PC version 6.1). Differences between entries or groups of entries 
were evaluated by single degree of freedom contrasts (Table 2). The 
comparison of IVDMD of A. fragile versus the other entries was of 
direct interest. The primary and regrowth data were analyzed as a 
split-split-plot with harvests as whole plot, entries as split-plots, 
and years as split-split plots. Replications and harvests were tested 
with replication X harvest as the error term, while entries were 
tested with the entry X haNeSt error term. A 5% probability level 

Table 2. Single degree of freedom contrasts of selected wheatgrass entries for measures of yield and quality of primary and regrowth herbage. 

Contrast 

Primary growth 
Syn-F + PV + P-27 vs. others 
Syn-F vs. PV + P-27 
PV vs. P-27 
Fainvav vs. Nordan 
1-28 vs. Hycrest 
I-28 + Hycrest vs. others 

Regrowth 
Syn-F + PV + P-27 vs. others 
Syn-F vs. PV + P-27 
PV vs. P-27 
Fairway vs. Nordan 
I-28 vs. Hycrest 
I-28 + Hycrest vs. others 

Yield IVDMD N Ca Mg K P KRAT WP 

** ** ** ** - ** ** ** 
* * ** ** ** - - - ** 

- - - - - - - - - 
- * - - - - - - 
- - - - - - - 
** ** ** ** ** ** ** ** 

** ** - ** - - - - - 
- - - - - - - - - 
- - - - - - - - - 
** ** - - - - - - 
*. - - - - - - - - 
** ** ** ** ** - * - - 

***Significant differences between selected grasses or groups of grasses at F50.05 and p10.01; (-) is not significant. 
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(P<O.OS) was chosen as the critical threshold for these compari- 
sons. We have shown the least significant difference (LSDo.06) 
where appropriate. The linear and quadratic responses to primary- 
harvest number were also computed by the GLM procedure of 
SAS. 

Primary forage yield and dry matter digestibility (within years) 
were also regressed upon harvest number for each entry. Differen- 
ces in seasonal tends (intercepts and slopes) were evaluated using 
the T-test (Neter and Wasserman 1974, Steele and Torrie 1960). 
Data for entries were merged when slopes and intercepts for a given 
characteristic were not different at P<O.Ol. 

Results 

Primary Growth 
Plant yield, IVDMD, and mineral concentrations of primary 

growth were determined for 7 crested wheatgrasses’harvested at 5 
different growth stages in each of 2 years (Table 3). Significant 
(P<O.O5) differences occurred among entries and among harvests 
for all parameters. Year effects were significant only for plant yield. 
Entry X year interactions were not significant (data not shown). 

Yield, IVDMD, and elemental concentrations were linearly 
related to harvest number (Table 3). The quadratic regression also 
accounted for a statistically significant (P<O.O5) portion of the 
variation, but this was biologically important only for KRAT. The 
7 entries were statistically segregated (P<O.O5) into 3 groups on the 
basis of seasonal trends in herbage yield (Fig. 1). These groups 
consisted of Hycrest and I-28, Fairway and Nordan, and the 3 A. 
fragile entries. The entries segregated into A. fragiZe versus all 
others when considering their IVDMD (Fig. 2). Yield and IVDMD 
interactions of year X harvest were significant (P<O.Ol) and 
resulted from a change in the magnitude of yield and IVDMD 
differences between the 2 years and not from a difference in order 
of response (Figs. 1, 2). The 3 A. fragile entries had significantly 

600 

500 - --’ 
0 Hycrest & l-28 

- o Fairway & Nordan 

E 
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>- 

: 600 
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Fig. 1. Seasonal dry matter yield in each of 2 years for Hycrest and I-28, 
Fairway and Nordan, and the 3 A. fragile entries. 

Table 3. Summary of yield and quality traits of primary growth combined over harvests and years, harvests and cultivars, and cultivars and years, and 
linear and quadratic responsea of those traits to harvest number. 

Source 

Entry 

Hycrest 
I-28 
Nordan 
Fairway 
PV 
P-27 
Syn-F 

LSDoas 

Year 

1988 
1989 

Harvest 

1 
2 
3 
4 
5 

LSDo.os 

Regression’ 

Linear, r2 
Quadratic, r2 

Primary 
yield IVDMD N Ca Mg K P KRAT WP 

(g plant-‘) ________________________(mgg~‘)___________-_____------- 

290 583 18.4 2.4 0.90 17 1.5 2.3 1.9 
280 586 18.3 2.4 0.89 17 1.5 2.3 1.9 
250 563 19.5 2.7 0.95 16 1.5 1.9 2.1 
230 580 19.3 2.7 0.93 16 1.5 2.0 2.2 
220 563 20.3 3.2 0.92 17 1.6 1.9 2.4 
230 561 21.1 3.4 0.91 16 1.6 1.9 2.4 
250 549 19.4 3.0 0.95 16 1.6 1.8 2.1 

30 15 1.2 0.3 0.06 1 0.1 0.2 0.3 

180. 564 19 2.7 0.91 17 1.6 2.0 2.0 
320 574 20 2.9 0.93 17 1.5 1.9 2.3 

80 741 37.6 4.5 1.42 27 2.7 2.1 1.7 
180 642 24.2 3.2 0.99 21 2.0 2.3 1.6 
300 534 15.7 2.4 0.79 15 1.4 2.2 1.7 
350 485 11.0 2.0 0.70 11 0.9 1.9 2.3 
340 444 9.0 2.0 0.70 10 0.6 1.6 3.5 

30 17 1.8 0.3 0.11 1 0.1 0.3 0.3 

0.46 0.88 0.87 0.61 0.64 0.89 0.93 0.18 0.50 
0.52 0.91 0.96 0.73 0.69 0.93 0.95 0.31 0.68 

*Year effects are different at J?%.OS. 
‘r2 is the proportion of trait variability, across entries, accounted for by the linear or quadratic relationship with harvest number. 
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600 

(X0.01) SI values. Other contrasts for SI were not significant. 
Trace element concentrations were relatively high in immature 

vegetative herbage, but declined significantly (P<O.OS) as herbage 
matured. Seasonal declines in trace element concentrations were 
90-63 Na, 10-S Cu, 42-19 Mn, 140-78 Fe, and 21-10 pg Zn g-’ (data 
not shown). Trace element concentrations were not different 
between entries (tested with single degree of freedom contrasts as in 
Table 2), however, significant (P<O.Ol) quadratic decreases oc- 
curred in the elemental concentrations as the herbage matured. 

Regrowth 
Regrowth following primary harvests 1,2, and 3 accounted for 

60, 17, and less than 1% of the total growth (Table 4). The 
regrowth following the third harvest was omitted from further 
analyses, because it was insignificant. IVDMD, N, Ca, K, and P 
were lower for the more mature herbage. Significant (P<O.Ol) 
differences occurred between entries for yield, IVDMD, Ca, Mg, 
K, P, KRAT, and Ca/ P. 

The total (primary + regrowth) and regrowth-forage yields for 
the 7 entries are shown in Table 4. Hycrest had the greatest and 
Fairway and A. fragile had the least total yield. There was signifi- 
cantly (P<O.Ol) greater yield in the second year and there was 
more regrowth following the first (120 g plant-‘) than the second 
harvest (37 g plant-‘). Regrowth from the A. fragile entries had the 
lowest IVDMD, Mg, and K concentration of the Agropyrons 
tested. The I-28 and Hycrest entries had the highest yield, IVDMD, 
K, and KRAT, but the lowest Ca and Ca/ P values of the Agropyr- 
ens in this study (Table 2, 4). 

Trace elements and their concentration ranges (decreasing with 
maturity) were 65-64 Na; 8-7 Cu; 33-22 Mn; 183-106 Fe; and 
35-26 pg Zn g-’ (data not shown). Trace element concentrations 
were not different between the wheatgrass comparisons shown in 
Table 2. 

Discussion 

Each Agropyron evaluated in this study declined in quality as 
the season progressed and plants matured. This seasonal decline in 
quality parameters like digestibility, N, and P occurred in a quad- 
ratic fashion for most, if not all, grasses as they progressed from the 
vegetative through the reproductive stages of growth. Coulman 
and Knowles (1973), Murray et al. (1978), and White and Wight 

i 
0) I 

300’ ’ ’ ’ ’ ’ ’ . ’ ’ J 
1 May 1 June I July I Aug 

Fig. 2. Seasonal in vitro dry matter digestibility in each of 2 years for the 3 
A. fragile and 4 other wheatgrasses. 

(P<O.Ol) lower dry matter yield (Fig. 1) and IVDMD than did the 
other Agropyrons (Fig. 2). The A. fragile entries contained greater 
N, Ca, P, and Ca/P and had smaller KRAT values than other 
Agropyrons (Tables 2, 3). The I-28 and Hycrest selections, how- 
ever, had the highest yield, IVDMD, K, KRAT and lowest N, Ca, 
P, and Cal P values of all Agropyrons tested. The A. fragile entries 
had much lower selection index (SI) values (P<O.Ol) than other 
grasses (not shown), while the I-28 + Hycrest had much higher 

Table 4. Summary of regrowth and total (regrowth + primary) yield and quality traits of regrowth combined over harvests and years, harvests and entries, 
and entries and years. 

Source 
Regrowth Total 

vield vield IVDMD N Ca Ma K P KRAT CalP 

(g plant-‘) (g plant-‘) --_____- 
Entry 
Hycrest 
I-28 
Nordan 
Fairway 
PV 
P-27 
Syn-F 
LSD 0~15 

Year 
1988 
1989 

Harvest 
1 
2 

97 
73 
79 
60 
76 
84 
80 
23 

240 550 
550 
530 

:z 
510 
490 

30 

16.9 3.2 1.3 14 1.3 1.5 
16.9 3.4 1.3 15 1.3 1.4 
19.5 3.4 1.3 13 1.4 1.2 
18.4 4.1 1.5 13 I.3 1.1 
17.4 3.7 1.1 13 1.2 1.3 
17.7 3.6 1.1 14 1.2 1.3 
16.9 3.4 1.2 12 1.3 1.2 

2.3 0.5 0.2 2 0.1 0.2 

2.5 
2.7 
2.5 
3.3 
3.0 
3.0 
2.7 
0.6 

210 
220 
190 
190 
200 
210 

50 

71** 160** 520 17.0 3.3 1.3 13 1.2** 1.3 2.8 
86 260 530 18.4 3.8 1.2 I4 1.3 1.3 2.9 

120** 200 490 13.6** 2.8** 1.00 11.6** 1.0 I.4 2.8 
37 220 560 21.8 4.3 1.49 15.3 1.5 1.2 2.8 

l f*signiticant difference at i50.05 and p10.01. 
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(1981) have also shown that the second order decline in the value of 
these traits is characteristic of grasses including the Agropyrons. 
This decline occurs because the uptake of soil-derived mineral 
elements slows or even stops while photosynthate accumulation 
continues through the flowering stage. Meanwhile, assimilated 
carbon is partitioned into structural components that are less easily 
digested. The net result is a dilution of mineral element concentra- 
tion and reduction in digestibility of herbage. 

Historic data on dry matter yields of Agropyron were summar- 
ized by Mayland (1986) and could be generalized as follows. Nor- 
dan and other A. desertorum types tended to yield more than P-27, 
‘Summit,’ and other A. fragile types, which in turn yielded more 
than Fairway, ‘Ruff,’ and other A. cristatum types. Recent studies 
have shown a wide range in both yield and quality over the array of 
available Agropyrons (Lamb et al. 1984; Vogel et al. 1984, 1989). 

Hycrest, Ephraim, I-28, Ruff, and Syn-F have been developed 
since the 1970’s (Asay et al. 1986). Three of those grasses were 
included in this study. Yield and IVDMD of Hycrest and I-28 were 
greater than for the other entries tested. These yield responses were 
similar to those reported by Asay et al. (1986) for several sites 
where yields of Hycrest were greater than Nordan and least for 
Fairway. Hycrest and I-28 are similar in many respects, but differ 
from the 3 A. fragile selections as well as from Nordan and Fair- 
way. Genetic traits contributing to higher yields in Hycrest and 
I-28 were also accompanied by lower N concentrations and higher 
grass tetany risk. Additional fertilizer N would likely prolong the 
green-feed period, but that would only occur in the presence of 
adequate soil water to support the extra growth. Annual variations 
in herbage N concentrations were noted at similar phenological 
stages (Angel1 et al. 1990). These fluctuations, which did not occur 
in our study, were attributed to yearly differences in forage yield, 
available soil water and N, and production of root exudates 
(Angel1 et al. 1990). 

The Syn-F entry yielded more than the other A. fragile selec- 
tions, but the digestibility was lower than for any of the grasses 
tested in this study. If Syn-F is to be a useful forage grass, the 
IVDMD must be increased. Information on quality characteristics 
is based largely on laboratory data and the forage value must be 
verified by animal-grazing studies. 

Bedell’s studies at Archer, Wyo.(Mayland 1986), showed that as 
long as soil moisture was available and the growing point was 
removed, crested wheatgrass remained vegetative and highly nutri- 
tious. Miller et al. (1990) reported that early removal of the apical 
meristem prevented extension of the reproductive tiller and 
encouraged vegetative growth. They reported that the amount of 
regrowth was correlated (P<O.O5) with phenological growth stage 
and amount of standing crop present at time of primary harvest, 
and amount of soil water available to sustain regrowth. Primary 
harvests 1 and 2 in our study occurred at the vegetative and boot 
stage, respectively. Clipping at the vegetative and boot stage 
removed the apical meristem, allowing for continued vegetative 
growth. 

Regrowth occurred after the first and second primary harvest, 
but regrowth following the third harvest was interrupted because 
available soil water had been depleted. Miller et al. (1990) noted 
that regrowth following clipping at the early, mid, and late vegeta- 
tive stages contributed 68, 50, and 34% of the total forage pro- 
duced. Regrowth following early and late boot stage clipping 
accounted for 21 and 11% of total harvested forage. Similar results 
were found in this study, where regrowth following the first (veget- 
ative) or second (boot stage) primary harvest produced 60 and 17% 
of the total growth, respectively. 

Measuring the net production of digestible matter is another 
way to evaluate the advantage of early harvesting followed by 
harvesting of the regrowth. The mass of digestible dry matter for 

primary growth plus regrowth across entries was 118, 136, 160, 
170, and 151 g for the 1,2, 3,4, and 5 harvest sequence, respec- 
tively. The SI values, which reflect both yield and IVDMD, were 
greatest for Hycrest and I-28 and least for the A. fragile group. 
Digestible dry matter yield does not reflect the effect of herbage 
maturity on grazing behavior and dry matter intake. The presence 
of reproductive tillers deterred sheep (Murray 1984) and cattle 
(Ganskopp, D.C., personal communication) from grazing these 
bunch grasses. 

Hycrest and I-28, while producing more dry matter and having 
higher IVDMD than other entries, also had higher grass tetany 
risk. Differences in Ca, Mg, and K led to increasing KRATvalues, 
thereby posing a greater risk of grass tetany to grazing cattle and 
sheep. An evaluation of the genetic variability of Mg, Ca, K, and 
KRAT provides evidence that in crested wheatgrass there is oppor- 
tunity to reduce the grass tetany risk through selection and breed- 
ing (Mayland and Asay 1989, Vogel et al. 1989). The IVDMD in 
the 3 A. fragile grasses declined to 500 mg g-’ 6 to 11 days earlier 
than it did for the other Agropyrons in this study. This earlier loss 
in quality of A. fragile occurred even though all entries flowered 
within 1 or 2 days of each other. 

Animals grazing these grasses in summer and fall might benefit 
from supplemental Na, Cu (only if diet is also high in S or MO), and 
Zn (Mayland et al. 1980, Miller et al. 1988, Minson 1990). Maxi- 
mum grass tetany index (KRAT) occurred during late May and 
early June (not shown). Animals grazing crested wheatgrass pas- 
tures in May and June often succumb to grass tetany in this area. In 
dairy cows, the tetany incidence is about 3% when herbage KRAT 
is 2.2 and increases rapidly with higher KRAT (Mayland and 
Grunes 1979). In general, the 3 A. fragile entries posed a smaller 
risk than I-28 and Hycrest of causing grass tetany (Table 3). 
Nordan and Fairway posed an intermediate risk. Ruminant anim- 
als, especially those in early lactation, are susceptible to grass 
tetany and may be supplemented with additional Mg to minimize 
loses (Mayland and Grunes 1979, Minson 1990). 

The perception that A. fragile maintains its green-feed period 
longer than do other Agropyrons is not supported by results of this 
study. Nevertheless, entries from this species may provide a breed- 
ing program some valuable genetic characteristics, like high Mg 
and Ca uptake. 
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Abstract 

Selenium (Se) occurs in various forms in soils, including inor- 
ganic selenite and selenate and organic selenomethlonine. Plant 
uptake of the inorganic, but not the organic forms, has been 
studied extensively. Organic-Se uptake was therefore examined in 
two-grooved milkvetch (Astragufus biw&arue (Hook.) Gray), a 
Se-accumulating forb, and western wheatgrass (Pascopyrum smi- 
thii (Rydb.) L&e), a non-Se accumulating grass. Plants were 
grown for 56 days in nutrient culture enriched with 1 or 2 mg Se 
liter-’ as sodium selenite or 0.3 or 0.6 mg Se liter-’ as Se-DL- 
methionine or Se-DL-cystine. Growth was not affected by the Se 
treatments. Selenium concentrations in shoots were proportional 
to nutrient-solution concentrations for both species grown in 
sodium selenite and selenocystfne, and for wheatgrass when grown 
in selenomethionine. Selenium concentrations in milkvetch were 
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not increased by the higher concentration of selenomethionine. 
Shoots of milkvetch, growing in the low-Se treatment contained 
243, 283, and 47 pg Se g-l, for the sodium selenite, selenomethio- 
nine, and selenocystine treatments, respectively, whereas values for 
the wheatgrass were 20,32, and 17. Shoot:root Se concentrations 
were 1.2,0.7, and 0.4 in milkvetch and 0.1, 0.5, and 0.1 in wheat- 
grass for the sodium selenite, selenomethionine, and selenocystine, 
respectively. Selenium is more readily transported to shoots in the 
accumulator plant, or conversely; there is a barrier to Se movement 
to shoots in the nonaccumulator plant. Wheatgrass contained 
sufficient Se to be of concern in animal toxicosis and because of 
greater dry matter yield accumulated as much or more Se than did 
the milkvetch. 

Key Words: Astragabrs bisulcatus, Pascopyrum smithii, hydro- 
ponics, nutrient culture, selenosis, uptake 

Plant species differ in the amounts and concentrations of Se 
which they potentially absorb. Thus, they are classified as exclud- 
ers, passive absorbers, or accumulators, if they usually absorb less 
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than 50, 50 to 100, or more than 100 c(g Se g-l, respectively 
(Mayland et al. 1989,199O). Often, the plants are simply referred to 
as nonaccumulators or accumulators. The actual Se uptake is 
controlled not only by the plant species, but also by the activity of 
the various Se forms in the soil and the amount of soil water 
present. 

Most soils contain no more than 0.1 /Ig Se g-‘, but those derived 
from the Cretaceous shales may contain 1 to 2 pgg-’ and some may 
have values as high as 500 pg g-l (Mayland et al. 1989). Soil Se 
exists in several chemical forms that differ widely in their solubility 
and availability to plants (Mayland et al. 1989,199l). These forms 
include selenide (Se-‘), elemental Se (Se’), selenite (Set4), selenate 
(Se’“), and organic forms. Most of the plant-available soil Se 
occurs as selenate and selenite. Plant uptake from these 2 sources 
has been investigated extensively and results have been summar- 
ized by Mayland et al. (1989, 1991) and Mikkelsen et al. (1987, 
1989). 

Accumulator plants retain the absorbed Se as water-soluble 
selenite and nonprotein organic forms (Brown and Shrift 1981). 
Nonaccumulator plants metabolize much of the Se into protein- 
bound selenomethionine or selenocystine (Olson et al. 1970, 
Yasumoto et al. 1988). Organic Se may be volatilized from shoots, 
actively excreted from roots of growing plants, or mineralized 
from decaying vegetation (Abrams et al. 1990a). Thus it is not 
surprising that organic Se forms have been found in soils (Abrams 
et al. 1990a). 

Plant uptake of organic Se has rarely been reported. Hamilton 
and Beath (1963a, 1963b) noted that many plant species absorbed 
‘organic’ Se from Astragalus plants which had been dried, finely 
ground, and mixed with the potting soil. The organic forms were 
not verified and may have been largely inorganic (Mayland et al. 
1991). Abrams et al. (1990b) reported that selenomethionine was 
absorbed by wheat (Triticum aestivum) via an active metabolic 
process. The present study was conducted to learn more about 
organic-Se availability to plants. The specific objective was to 

determine Se uptake by both an accumulator and nonaccumulator 
plant when the Se was provided as selenomethionine or selenocys- 
tine. 

Materials and Methods 

The uptake of several Se compounds was determined in both a 
passive absorber, western wheatgrass, and an active accumulator, 
two-grooved milkvetch. The wheatgrass seed was obtained from 
the USDA-ARS Forage and Range Laboratory, Logan, Ut., and 
milkvetch seed was obtained from the USDA-ARS Western 
Regional Plant Introduction Station, Pullman, Wash. Seeds from 
each source were germinated in vermiculite in the greenhouse. 

Seedlings were transferred to 4-liter pots containing continu- 
ously aerated Hoagland’s (Hoagland and Arnon 1950) solution, 
modified by the addition of iron chelate HEDTA. Plants were held 
upright by Styrofoam plugs placed in each of 2,2-cm I.D. holes cut 
into each polyethylene pot cover. The pots and lids were covered 
with aluminum foil to exclude light. After a two-week establish- 
ment period, the nutrient solution was changed and Se treatments 
added. The study was conducted in a greenhouse without supple- 
mentary lighting. 

The first experiment, conducted in February and March, 
included the following treatments: (1) Hoagland’s as control, (2) 
Hoagland’s plus 1 or 2 mg Se liter-’ (12.7 or 25.3 PM) as sodium 
selenite, and (3) Hoagland’s plus 0.3 or 0.6 mg Se liter-’ (3.8 or 7.6 
PM) as seleno-DL-methionine. Seedlings of both species were in 
the 2- to 4-leaf stage. 

The second experiment was conducted like the first, but during 
April and May. The wheatgrass seedlings were again at the 2-leaf 
stage, while the milkvetch seedlings were at 4- to 6-leaf stage. This 
experiment included the following treatments: (1) Hoagland’s as 
control and (2) Hoagland’s plus 0.3 or 0.6 mg Se liter-’ (3.8 or 7.6 
PM) as seleno-Dlcystine. 

Pots containing wheatgrass were spatially separated from those 
containing milkvetch, but all were on the same bench in the green- 

Table 1. Least-squares arithmetic means of dry matter yield, selenium concentration and selenium uptake and selected treatment contrasts for 
two-grooved milkvetcb and western wheatgrass grown in nutrient solutions containing sodium selenite (Na.#e03) or selenomethionine. 

Dry matter yield Se cont. 
Source Tops Roots Tops Roots 

_ _ _ _ _ _ _ g 4_*Lants-’ _ _ _ _ _ _ __ _ _ _ _ fig g-1 - - - - - - 
Two-grooved milkvetch 

Control I.51 1.44 0.4 0.3 
NarSeQ, I mg SeL-’ 0.88 0.89 243 202 
NarSeOs, 2 mg SeL-’ 1.25 1.18 510 407 
SeMeth., 0.3 mg SeL-r 1.49 1.39 283 350 
SeMeth., 0.6 mg SeL’ 1.53 1.28 274 428 

Contrasts 
Control vs others ns ns *** *** 
Se03 1 vs seo3,2 ns ns ** *** 
SeMeth., 0.3 vs SeMeth., 0.6 ns ns ns ns 
SeOs vs SeMeth. ns ns ns * 

Western wheatgrass 

Control 34. I 4.86 0.2 0.5 
NaaSeOs, I mg SeL-’ 36.8 5.60 20.2 I87 
NazSeOs, 2 mg SeL-’ 26.3 3.90 55.1 647 
SeMeth., 0.3 mg SeL-r 32.9 7.38 31.5 81 
SeMeth., 0.6 mg SeL-’ 35.9 4.56 92.8 161 

Contrasts 
Control vs others ns ns *** *** 
SeO3, 1 vs SeOs, 2 ns ns *** *** 
SeMeth., 0.3 vs SeMeth., ns ns *** *** 
Se03 vs SeMeth. ns ns * *** 

‘p1.05, **E.Ol, ***P1.001, ns = not significant (fP.05) 

Se uptake 
Tops Roots Total 

______----_~g4_plants~1___________ 

0.6 0.5 1 
222 189 411 
622 481 1100 
392 423 815 
416 529 945 

*** *** *** 
** ** ** 
ns ns ns 
ns * ns 

8.0 2.5 IO 
727 1010 1740 

1450 2520 3970 
807 512 1320 

3200 724 3920 

*** *** *** 
* *** *** 
*** * *** 
ns *** ns 
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house. The experiment51 design for each species was therefore a 
randomized complete block with 5 replications and 5 (Expt. I) or 3 
(Expt. II) treatments. There were 2 pots (4 plants) per treatment. 
Nutrient solution volumes were regularly restored by adding the 
modified Hoagland’s solution. 

After g-weeks growth in the selenium cultures, plants were har- 
vested by cutting the foliage just above the crown. The shoots and 
roots plus crowns were washed thoroughly in 1 g liter-’ Prell 
detergent and rinsed with distilled water. The plant samples were 
dried at 100” C for 1 hour followed by 50’ C for 24 hours in 
forced-air. Samples were ground by a Wiley mill to pass a 20-mesh 
sieve and stored in capped vials. 

Plants grown in the selenium cultures had higher Se concentra- 
tions in both shoot and root tissues (P<O.OOl) and took up more 
(P<O.OOl) Se than plants grown in control solutions (Tables 1,2). 
Both species had greater (P<O.Ol) Se concentrations and greater 
(P<O.O5) Se uptake when grown in the 2 than 1 mg Se liter-’ 
sodium selenite solution. Wheatgrass absorbed more (P<O.O5) Se 
from the high than from the low selenomethionine culture and 
more Se was concentrated in shoots and the total plant (P<O.Ol) 
from the high than from the low selenocystine culture. Milkvetch 
did not differentiate between the low and high levels of either 
selenomethionine or selenocystine. 

Plant samples were digested in 3: 1 nitric:perchloric acid and Se 
was determined fluorometrically (Olson et al. 1972). Laboratory 
recovery and precision were characterized as 1.02 f 0.08 mg Se kg-’ 
for NIST wheat flour #1567 (certified at 1.1 f 0.02) and 0.72 f 0.02 
mg Se kg-’ for NIST Bovine Liver #1577 (certified at 0.71 f 0.07), 
respectively. These values are provided to verify our laboratory 
analysis of Se. 

The shoot:root Se concentrations in milkvetch were about 1.2, 
0.7, and 0.4 for selenite, selenomethionine, and selenocystine sour- 
ces, whereas for wheatgrass they were 0.1,0.5, and 0.1, respectively 
(computed from data in Table 1,2). The Se in shoots of milkvetch 
was 55, 46, and 44% of total uptake from the selenite, 
selenomethionine, and selenocystine sources, whereas for wheat- 
grass the portions were 40,72, and 41%. 

Data for each experiment were tested by analysis of variance 
using GLM and orthogonal contrasts (SAS PC version 6.03). 
Values were widely divergent and variances were proportional to 
means. Therefore raw data were transformed as log (Xi X 100) to 
normalize the data and equalize variances (Box et al. 1978). The 
transformation met the Cochran test for variance homogeneity at 
P<O.O6. Tests of significance were carried out on the transformed 
data and inferences were made on the arithmetic means. 

When grown in the selenite and selenomethionine solutions, 
wheatgrass produced 15 times more mass and absorbed 3 times 
more Se than did milkvetch (Table 1). In the second experiment, 
wheatgrass plants produced only 1.6 times the mass and absorbed 
about one-half the amount of Se as did milkvetch at the 0.3 mg Se 
liter-’ concentration, but about the same at the 0.6 mg Se liter-’ 
concentration. 

The selenocystine salt was represented as 9oo/o selenocystine and 
possibly 10% as other forms, unknown to the manufacturer. These 
were possible breakdown products appearing during manufacture 
or purification. Under conditions of this experiment a small, but 
undetermined amount of selenocystine oxidized to form elemental 
Se0 and alanine (more about this in the discussion section). 

Results 

Milkvetch absorbed less than 10% of the inorganic Se, and 23 to 
48% of the organic Se added to the nutrient solution (Table 3). 
Wheatgrass absorbed a larger portion of the selenite and selenome- 
thionine from the nutrient culture than did milkvetch. 

Discussion and Conclusions 

Milkvetch and wheatgrass grew well in the Hoagland’s nutrient 
solution even when it included 2 mg Se liter-’ as sodium selenite or 
0.6 mg Se liter-’ as selenomethionine or selenocystine (Tables 1,2). 
Visual symptoms of toxicosis were not observed (Mikkelsen et al. 
1989) and dry matter yields of the 2 species were not significantly 
(P<O.O5) affected by the 3 Se sources. 

We have demonstrated that both two-grooved milkvetch and 
western wheatgrass absorb Se from organic sources of selenome- 
thionine and selenocystine. This finding corroborates that of 
Abrams et al. (1990b) who reported that cereal wheat absorbed 
Se-L-methionine. They showed that this was a metabolically active 
process which was linear to solution concentrations as high as 0.08 
mg Se liter-’ (1.0 PM). Our data on selenomethionine uptake by 
wheatgrass extends that linearity to solution concentrations of 0.6 
mg Se liter-‘. However, the selenomethionine-uptake mechanism 

Table 2. Least-squares arithmetic means of dry matter yield, selenium _ .__ _ _ concentration and selenium uptake and selected treatment contrasts for 
two-grooved milkvetch and western wheatgrass grown in nutrient solutions containing selenocystine. 

Source 
Dry matter yield Se cont. Se uptake 

Tops Roots Tops Roots Tops Roots Total 
____gCplantsm’____ 

Two-grooved milkvetch 
Control 7.91 3.32 
SeCyst., 0.3 mg Se/L 9.88 4.40 
SeCyst., 0.6 mg Se/L 5.86 3.32 

Contrasts 
Control vs SeCyst. ns ns 
SeCyst., 0.3 vs SeCyst., 0.6 ns ns 

Western wheatgrass 
Control 16.4 3.08 
SeCyst., 0.3 mg Se/L 12.7 1.88 
SeCyst., 0.6 mg Se/L 17.4 3.06 

Contrasts 
Control vs SeCyst. ns ns 
SeCyst., 0.3 vs SeCyst., 0.6 ns ns 

*E.O5, **E.Ol, ***p1.001, ns = not significant (fP.05) 

______rgg-‘______ 

1.5 1.9 
46.8 124 
95.2 222 

*** *** 
ns ns 

.8 1.4 
17.4 158 
28.6 220 

*** *** 
ns ns 

_ __________ ~g4_plants~‘---_--_____ 

15 6 20 
454 550 1010 
547 689 1240 

*** *** *** 
ns ns ns 

13 5 18 
181 277 458 
484 657 1140 

*** *** *** 
*** ns ** 
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Table 3. Relative selenium uptake by plants from nutrient solution. 

Source 
Se 

Relative recovery 
Two-grooved Western 

Amount added millcvetch wheatgrass 

Control 
ccg ___________%___________ 
ndt - - 

NazSeOa 7,060 6 25 
NazSeOs 14,ooo 8 28 
Se Methionine 2,100 39 63 
Se Methionine 4.200 23 93 
Se Cystine 2;100 48 22 
Se Cystine 4,200 29 27 
tnot detectable 

for milkvetch was saturated at 0.3 mg Se liter-‘. Unlike the non- 
accumulators, milkvetch and other accumulator plants do not 
synthesize Se-methylselenomethionine and do not incorporate Se 
into protein (summary by Mayland et al. 1989, 1991). Perhaps the 
accumulator plants do not have an active process for selenomethi- 
onine absorption or the process may be saturated at lower concen- 
trations than for nonaccumulator plants. 

Milkvetch and wheatgrass had about twice the Se concentration 
when grown in the 0.6 mg Se liter-‘-selenocystine, as when grown in 
the 0.3 mg Se liter“ culture solutions. Selenocystine is subject to 
decomposition, forming red Se0 and alanine. Traces of the red Se0 
were observed in milkvetch roots, but not on wheatgrass roots nor 
on any of the solution-culture containers. The wash and rinse 
process removed little of the red Se0 and it subsequently became a 
component of total-root Se. However, root-Se concentrations in 
both milkvetch and wheatgrass were similar. 

Selenite is the second most common form of Se absorbed by 
plants under most field situations. Selenium concentrations in 
plants grown on selenite treated soils are generally an order of 
magnitude less than plants grown on selenate treatments (Banuelos 
and Meek 1990, Broyer et al. 1972). When growing in the selenite 
solution, the roots and shoots of both plant species contained Se 
concentrations that were roughly proportional to those in the 2 
nutrient solutions. 

Selenium concentrations in shoots are often substantially lower 
than in roots when Se is supplied in the culture medium of plants 
(Johnson et al. 1967). The shoot:root 7rSe values for a large 
number of nonaccumulator plants ranged from 0.04 to 0.33 (John- 
son et al. 1967). Peterson and Butler (1962) examined ‘?Se-selenite 
uptake by 4 nonaccumulators and 1 accumulator and found that 
the Se concentrations in shoots:roots ranged from 0.02 to 0.47. 
Both studies utilized 75Se and were of limited duration (minutes or 
hours). If the growth period is extended to days or weeks, Se 
concentrations in shoots might exceed those found in roots. That 
apparently was the case reported by Rosenfeld and Beath (1964) 
for 11 accumulator plants grown in the field where shoot/ root Se 
values ranged from 0.33 to 44 with a value of 9 for the two-grooved 
milkvetch. 

In our study, plants were grown in the selenium cultures for 56 
days. By then Se concentrations in shoots vs that in roots were 
approximately 1.2,0.7, and 0.4 in milkvetch and 0.1,0.5, and 0.1 in 
wheatgrass for sodium selenite, selenomethionine, and selenocys- 
tine, respectively. This illustrates that Se is more readily trans- 
ported to shoots in accumulator plants, or conversely, that there is 
some restriction to Se transport from roots to shoots in non- 
accumulators. This study was conducted with a deplenishing 
supply of Se in the culture solution. The net accumulation of Se 
might have been higher if a constant supply of Se had been main- 
tained in the culture solution. 

The experimental design did not allow an F-test for an overall or 
robust comparison of Se sources and plant species. The several 

experiments are not statistically comparable. However, we believe 
that the bio-availability of Se was best determined as selenomethi- 
onine > selenocystine q  sodium selenite for wheatgrass and two- 
grooved milkvetch. The greater availability of selenomethionine is 
supported by Besser et al. (1989), who showed a preferential bioac- 
cumulation of selenomethionine to selenite and selenate in aquatic 
systems. 

The 2 species were spatially separated, because it was initially 
assumed that milkvetch plants would volatilize considerable 
amounts of Se which would be absorbed by the wheatgrass foliage 
(Zieve and Peterson 1984a, 1984b). The volatiledimethylselenide 
aroma was smelled in the experimental area, especially near the 
milkvetch plants. Some volatile Se was likely absorbed through the 
foliage and likely contributed to background-Se levels measured in 
the control plants of both species. The potential contamination led 
us to spatially separate the two-grooved milkvetch from the wheat- 
grass. In retrospect, randomizing the 2 species would have likely 
resulted in much less biological confounding than anticipated, and 
would have allowed for a valid statistical comparison among 
species. 

Another, and perhaps more serious concern, is that manufac- 
tured forms of seleno-DL-methionine and seleno-DL-cystine were 
used in this study. The 2 amino acids contained equimolar amounts 
of the 2 stereoisomers, as measured by zero optical rotation (Per- 
sonal communication, Sigma Chemical Technical Services). Unlike 
chemical syntheses which lead to mixtures of D and L forms, 
biosynthetic processes produce predominately the L isomer (Adel- 
berg and Magee 1987). However, more recent evidence has demon- 
strated the existence of enzymes that employ both stereoisomers of 
some amino acids as substrate (Robinson 1976, Kavanaugh et al. 
1990). Thus both stereoisomers of selenocystine and selenomethi- 
onine might be absorbed, or the D isomer could undergo racemiza- 
tion to the L isomer and then be fully metabolized by processes 
previously thought restricted to the L isomer. Wheatgrass absorbed 
and transported a large amount of Se from the selenomethionine 
source to the plant shoots. A minimal 30% of this was provided as 
Se-D-methionine in the nutrient solution. Selenocystine uptake by 
both plants and selenomethionine uptake by milkvetch accounted 
for less than half of the Se provided. In this latter case, it is not 
known whether any of the absorbed Se was associated with the 
D-amino acid. Considerable research must be done before these 
processes can be fully understood. 

In summary, both the non-Se accumulator and the Se accumula- 
tor absorbed Se from the inorganic selenite and the organic sele- 
nomethionine. The Se was transported to shoots of two-grooved 
and selenocystine milkvetch at greater rates than found for wheat- 
grass. We interpreted this as some interference at the root:shoot 
interface of non-Se accumulators which restricted Se transport to 
shoots. 
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Abstract 

Two simulated pasture studies were carried out at Swift Current, 
Sask., to determine the effects of date and height of first harvest in 
the year following establishment on the yield of 4 species in subse- 
quent years. Altai wild ryegrass [Leymus angustus (Trin.) Pilger], 
Russian wild ryegrass [Psathyrostachys junceus (Fisch.) Nevskl] 
and crested wheatgrass [Agropyron desertorum (Fisch.) Schult.] 
were used in both studies; alfalfa [Medicago saliva L. ssp. X varia 
(Martyn) Arcangeli] was included in the second study only. In both 
studies plots were first cut at 1 of 6 dates, approximately 2 weeks 
apart, during the period from mid-May to late July in the year 
following establishment. Cuts were made either at a 5 cm or at a 10 
cm height to simulate medium grazing and light grazing, respec- 
tively. After the first cut, forage was harvested in that year when- 
ever 10 cm of regrowth was present. In the next 5 years in the first 
study and 3 years in the second, all forage was harvested at 5 cm 
height on 15 May and thereafter whenever 10 cm of regrowth was 
present. Treatment effects were greatest in the year treatments were 
imposed and in the first post-treatment year. In the treatment year, 
highest forage yields were obtained from plots cut at 5 cm, but in 
subsequent years, forage yields were higher from plots cut at 10 cm 
in the treatment year. Moisture conditions in the seeding and 
establishment years affected the response to treatments. Date of 
first cut in the treatment year affected yields in subsequent years in 
both experiments although differences declined with time. Crested 
wheatgrass was more affected by date of first cut than were the 
other species. The cutting dates for highest yields in each case 
correlated with flowering date and indicate that seedings of these 
grasses should not be harvested until they have flowered. The 
results of this study also indicate that to ensure continued high 
forage yields, the first harvest of these grasses should be less intense 
than subsequent harvests. 

Key Words: Altai wild ryegrass, Russian wild ryegrass, crested 
wheatgrass, Leymus wtgustus, Psathyrostachys junceus, Agro- 
pyron desertorum, simulated grazing 

Under the semiarid conditions of southwestern Saskatchewan, 
pasture production is low. It is primarily limited by amount and 
variability of precipitation (Kilcher 1965) and by the production 
potential of the native grasses. An extensive program of testing and 
selection has identified and produced cultivars of several drought- 
tolerant, winter-hardy forages that are more productive than 
native species and have acceptable nutritional quality (Henrichs 
and Carson 1956, Lawrence and Troelsen 1964, Lawrence 1977). 

A standard agronomic practice in this semiarid region is to delay 
the first use of seeded forages until the year following seeding, to 
enable the seedlings to develop sufficient crown and root reserves 
to allow them to tolerate subsequent grazing. The grasses, particu- 

The authors wish to acknowledge the valuable technical assistance provided by Mr. 
M.P. Reiter throughout this study. 
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larly Russian wild ryegrasses [Psathyrostachys junceu (Fisch.) 
Nevski] and Altai wild ryegrass [ &ymus angustus (Trin.) Pilger]- 
(Lawrence 1979a, 1979b), have low seedling vigour, produce little 
forage during their seedling year (Lawrence and Kilcher 1972), and 
are susceptible to grazing pressures during that year. Crested 
wheatgrass [Agropyron desertorum (Fisch.) Schult.] is a more 
vigorous grass but it too can be susceptible to grazing pressure 
during the seedling year. Alfalfa [ Medicugo sutivu L. ssp. Xvuriu 
(Martyn) Arcangeli] is frequently included in seeded pastures 
because of its yield potential, its nutritional quality, and the fixed 
nitrogen it provides to grasses (Heinrichs 1969). 

The time of first use in the next year is often dictated by eco- 
nomic considerations and overall pasture availability. However, 
because seeded dryland pastures in this part of Canada are usually 
considered to be permanent and thus unbroken for periods in 
excess of 20 years, it is important that these pastures, when newly 
seeded, are not grazed for the first time in a way that would result in 
long-lasting deleterious effects on production. For southwestern 
Saskatchewan, there is a lack of published information on how 
soon, and the extent to which newly seeded pastures can be grazed. 
Holt et al. (1986) have suggested that grazing Russian wild ryegrass 
in the first crop year should be delayed until the plants are fully 
headed. 

The objective of this study was to determine the effects of date of 
first cut and cutting height in the year after seeding upon the 
subsequent productivity of 4 pasture species grown under dryland 
conditions in southwestern Saskatchewan. 

Materials and Methods 

The study consisted of 2 simulated grazing experiments, one 
initiated in 1976, the other in 1978, and located approximately 200 
m apart on the dryland area of the Agriculture Canada Research 
Station, Swift Current, Sask. At this location the 104-year mean 
annual precipitation is 361 mm and the 30-year mean annual Class 
“A”pan evaporation for 1 April to 30 September is 1,150 mm. The 
treatments in both experiments consisted of 4 forage species, 6 
dates of first use in the year following the seedling year, and 2 
cutting heights in the first year of use. Three pasture grasses, 
‘Summit’ crested wheatgrass, ‘Mayak’ Russian wild ryegrass, and 
‘Prairieland’ Altai wild ryegrass, and a pasture alfalfa cultivar 
(‘Drylander’) were seeded on a Swinton loam soil (Ayres et al. 
1985), an Orthic Brown Chernozem (Canada Soil Survey Commit- 
tee, Subcommittee on Soil Classification 1978). This soil type is 
equivalent to an Aridic Haploboroll (USDA-SCS Soil Survey 
Staff 1975). 

Each plot consisted of 4 rows 7 m long and spaced 0.6 m apart. 
The plots were seeded using a Swift Current cone delivery forage- 
plot-seeder with double disc row openers equipped with depth 
control bands. Seeding rate was 67 seeds per meter of row, which is 
the recommended seeding rate for pastures in southwestern Sas- 
katchewan (Leyson et al. 1981). Plots were arranged in a split plot 
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Table 1. Grotig season and annual precipitation at Swift Current. 

Year 

Expt 1 Expt 2 

SY’ 
TY 

1st PTY 
2nd PTY 
3rd PTY 
4th PTY 
5th PTY 
104-year mean 

- 
- 

SY 
TY 

1st PTY 
2nd PTY 
3rd PTY 

Month Total2 Annual 
April May June July August (Apr-Ang) Total 

_~__~_____~__________~~~~~~~~~~~-- 9 23 122 ____45_(mm)___;8_______‘_;37_____‘__;39___ 

8 102 24 72 26 232 
44 4s 63 11 16 179 % 
28 52 51 34 29 194 294 

4 13 70 76 32 19s 329 
15 39 98 59 16 227 31s 
11 82 43 119 41 296 418 
22 43 73 52 43 232 361 

ISY = Seedling Year; TY = Treatment Year, PTY = Post Treatment Year 
Total growing season precipitation 

design with 4 forage species as main plots, 6 dates of first cut 

sub-plots, and 2 cutting heights arranged as sub-sub-plots. The 

treatments were replicated 4 times. In the first experiment, the 
alfalfa did not establish and the effects of the cutting treatments 

In the year following the seedling year, and in that year only, 
were measured on the 3 grasses only. 

plots were cut in accordance with the prescribed cutting treatments 
of date and height. Plots were first cut at 1 of 6 dates spaced about 2 
weeks apart: 16 May; 2,14, and 29 June; 13 and 29 July in the first 
experiment and 16 May; 1,15, and 29 June; 16 July; and 2 August 
in the second experiment. These dates of first cut span the usual 
period of maximum dry matter production for established grasses 
in this area (K&her and Lawrence 1979). The dates also covered 
the period of flowering and seed set for all 3 grasses. 

In the first or treatment year only, grasses were initially cut at 5 
cm to simulate moderate grazing, or 10 cm to simulate light grazing 
pressure. Second and subsequent cuttings of regrowth in the first 
harvest year were taken at the treatment cutting heights whenever 
there was 10 cm of regrowth beyond the height of the previous cut. 

In subsequent years, all plots were cut at 5 cm at about 15 May 
and thereafter whenever there was 10 cm of regrowth beyond the 
height of the previous cut. 

At each harvest, the 2 centre rows of plants were harvested with 
the Swift Current forage plot harvester IV (Thompson 1972) for 
yield measurement before trimming off the 2 outside or ‘guard’ 
rows. End effects were minimized by trimming 60 cm from each 
end of the plot and by using grassed pathways. Each plot was 

harvested 5 to 7 times per year depending on regrowth which varied 
with precipitation (Table 1). However, because of the variable 
number of harvests among years and despite the importance of 

Statistical analysis was conducted in 3 ways. First, all treatments 
and years were analyzed for total annual dry matter production 

growth distribution, only total annual dry matter yields are 

using analysis of variance (ANOVA) according to the model for a 
split plot in space and time described by Steel and Torrie (1980). 

presented. 

Replicates and years were considered random effects and species, 
date of first use, and height were fixed effects. Secondly, because 
treatment year results were clearly different from those of the 
subsequent years, an analysis was carried out on the post- 
treatment years only. The statistical model for both analyses is 
complex. Both species and years are whole plots. Dates of first use 
in the first harvest year are subplots and cutting heights are sub- 
subplots. Combined analysis indicated significant interactions of 
species X years, date X years, and height X years. Consequently, a 
third analysis was carried out in which the results were analyzed 
separately for each year and each species using a split plot arrange- 
ment with dates of first cut in the first harvest year as main plots 
and cutting heights as subplots (Steel and Torrie 1980). Standard 
errors of the means were calculated for significant factors and 
interactions and differences were tested using LSD (Carmer and 
Walker 1982). 

Table 2. Effect of forage species (S) and harvest year(Y) on the ammal yield of forage species in simulated pastures averaged over date of first cut and 
height of first cut in the treatment year. 

Forage species (S) 

Experiment 1. 

CWG 
RWR 
AWR 
Mean 
SE 

Exneriment 2. 

Year(Y) PTY’ AU years2 
TY PTY-1 PTY-2 PTY-3 PTY-4 PTY-s mean mean 

_______________________________________(kgDM~-1)___------------------------------------ 

1189 130s 702 706 645 841 899 
582 115s 807 909 857 1087 

z 
900 

891 111s 831 95s 597 979 895 892 
887 1192 780 857 700 969 900 897 

87* 47* 4s so* 36’ ISO* 28’ 20 

CWG 872 853 1039 1370 - - 1088 1034 
RWR 326 767 1056 1758 - - 1194 977 
AWR 304 726 721. 1356 - - 934 777 
Alfalfa 538 609 885 1198 - - 898 808 
Mean 510 739 925 1420 - - 1028 899 
SE 86* 63+ 66+ 102* 36. 12+ 

IPTY mean includes post-treatment year yields only 
*AlLycan mean includes treatment year yields and post-treatment year yields 
*Difference between means within a year is significant (fiO.05) 
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Table 3. Effect of height of cut (H) in the first harvest year(Y) on the annual yields of grass in simulated pastures averaged over forage species and date of 
first cut in the treatment year. 

Height of cut (H) 
(cm) 
Experiment I. 

5 
10 
Mean (Y) 
SE 

Experiment 2. 
5 

IO 
Mean (Y) 
SE 

Year (Y) PTY’ 
TY PTY-I PTY-2 PTY-3 P-l-Y-4 P-l-Y-S 

All years* 
mean mean 

_______________________________________(kgDM~-’)_______________________________________ 

1079 978 747 825 681 936 834 875 
696 1410 813 892 752 1002 967 922 
887 1192 780 857 700 969 900 897 
6l* ss* 30. 28* l8* 30* 25. 28* 

626 679 905 1410 - - 998 905 
394 798 945 1431 - - 1058 892 
510 739 925 1420 - - 1028 899 
29* 25* NS NS 27+ NS 

IPTY years mean includes post-treatment year yields only 
*All years mean includes treatment year yields and post-treatment year yields 
*Difference between means within year is significant (P=O.OS) 

Results and Discussion 
Precipitation during the growing season is the principal envi- 

ronmental factor affecting dryland forage production in south- 
western Saskatchewan. Growing season precipitation (Apr-Aug) 
in the seeding and treatment years of the first experiment was near 
the long-term mean (Table 1). Growing season precipitation was 
below average during the first 3 post-treatment years, becoming 
near or above average in the 4th and 5th post-treatment years, 
respectively. Kilcher (1980) found that despite the erratic variation 
in precipitation at Swift Current, 5 years of forage yield data were 
sufficient to rank species and treatments. 

The second experiment was seeded in a year when growing 
season precipitation was lower than the long-term mean. Estab- 
lishment was good but growth during the seeding year was poor. 
Growing season precipitation was below normal in the following 2 
years, the treatment year and the first post-treatment year, but near 
or above normal thereafter. 

either Russian wild ryegrass or crested wheatgrass and did not 
respond to the increase in precipitation in the final year of the 
experiment as much as Russian wild ryegrass. It should be noted, 
however, that Altai wild ryegrass has a somewhat different grow- 
ing pattern than Russian wild ryegrass, being about 2 weeks later in 
maturity. Growth under Swift Current conditions is affected both 
by total growing season precipitation and its distribution over the 
growing season. As a result of the maturity difference, the distribu- 
tion of precipitation may have favoured crested wheatgrass and 
Russian wild ryegrass more than Altai wild ryegrass. Alfalfa did 
not yield as well as crested wheatgrass but showed a similar pattern 
of response over years. 

Effect of Initial Height of Cut 

Effect of Species on AMUSE Forage Yields 
Species alone had no effect upon forage yield in the first experi- 

ment across all years (Table 2) but yields of the 3 species differed 
significantly in the post-treatment years. A cross-over in the rank- 
ings of the 3 species by year resulted in a significant species X year 
interaction. Crested wheatgrass established quickly and produced 
the highest yield during the treatment year. Crested wheatgrass is a 
vigorous and quickly establishing grass (Lodge et al. 1972). In 
contrast, Russian wild ryegrass takes more than 1 year to develop 
its yield potential (Lawrence and Heinrichs 1977) and yielded 
about 50% of crested wheatgrass in the treatment year. Altai wild 
ryegrass was intermediate to these 2. White and Wight (1981) 
reported similar low first year forage yields of Russian wild rye- 
grass. The slower establishing ryegrasses produced higher yields in 
subsequent years. Thus the inverse relationship between treatment 
and post-treatment yields resulted in no significant yield difference 
when all the years were considered together. The conclusion of 
Kilcher (1980) that the first 2 years of perennial crop yield data 
were too erratic to be included in long-term means might result 
from similar significant cross-over interactions during the estab- 
lishment phase. 

In the first experiment, dry matter yields in the treatment year 
were significantly greater when the forage was cut at the shorter 
height (Table 3). However, the greater yield from the 5 cm cutting 
height in the treatment year, or first harvest year, was followed by 
reduced forage production over the next 5 years. The greatest yield 
reduction occurred in the first post-treatment year despite good 
growing season precipitation. The mean post-treatment yield was 
16% greater for the plants cut at 10 cm in the treatment year 
compared to those cut at 5 cm in the treatment year and the 6-year 
mean yield which, including treatment year yields, was 5% greater. 
The results show that any initial advantage obtained by a shorter 
cut in the first year did not compensate for depressed yields in 
subsequent years. 

Results of the second experiment were generally similar to those 
of the first experiment except that the deleterious effect of the 
lower cutting height did not persist beyond the first post-treatment 
year, although there was a tendency towards lower yields in subse- 
quent years. Because this was a shorter study, one cannot be certain 
whether the plants cut at 10 cm would eventually have outyielded 
those cut at 5 cm. 

In the second experiment, there was also a significant species X 
year interaction. Crested wheatgrass again out-performed the rye- 
grasses and alfalfa in the treatment year but in subsequent years the 
ryegrasses and the alfalfa had either reversed or were reversing this 
trend. Thus when all years were considered, the yield advantage of 
crested wheatgrass was much less than observed in the treatment 
year. Altai wildrye was more affected by the dry initial years than 

The less persistent effect of cutting height upon the subsequent 
yields in the second experiment, compared to the first experiment, 
may be due to the conditions under which the stands were estab- 
lished and treated. The lower precipitation during the first 2 years 
of the second experiment resulted in smaller plants that were 
probably still struggling to become completely established. Rus- 
sian wild ryegrass, in particular, takes more than 1 year to develop 
its yield potential (Lawrence and Heinrichs 1977). Drought is also 
known to promote hardening of crops against further stress. Thus, 
in comparison to the stresses placed upon the plants at that time by 
water shortages, the effects of cutting height upon plant develop- 
ment and establishment were probably minor. 

The significant interaction between forage species and height of 
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when first cutting dates in the treatment year were between mid- 
June and mid-July (Table 4), the period after crested wheatgrass 
flowers and during which it sets seed. Early harvesting and subse- 
quent defoliations in the treatment year may have reduced estab- 
lishment and affected reserves needed for regeneration before the 
onset of winter. Similarly, late cutting, by allowing flowering and 
seed set followed by several defoliations, may also have reduced 
reserves. 

Trends similar to those for crested wheatgrass were observed for 
Russian wild ryegrass but differences between dates of first cut 
were small and not significant. Holt et al. (1986), in a grazing study 
at Swift Current, found that date of fist use of Russian wild 
ryegrass pastures affected production the following year but not 
that of subsequent years. Since Russian wild ryegrass takes more 
than 1 year to develop its full yield potential (Lawrence and Hein- 
richs 1977), 1 year of deleterious treatment prior to complete 
establishment may be compensated for by continued establishment 
in subsequent years. These characteristics probably contribute to 
the superior grazing qualities of Russian wild ryegrass. 

Altai wildrye exhibited a different pattern of yield response 
compared to the other 2 grasses. Averaged over the 6 years of the 
study, and over the 5 years post-treatment, yields of Altai wild 
ryegrass were not reduced in the plots cut late in the treatment year. 
Altai wild ryegrass, like Russian wild ryegrass, may compensate 
for deleterious treatment with continued establishment. Its later 
flowering may also explain a shift to achieving maximum yields 
from later dates of cut in the treatment year than was found for the 
other 2 grasses. 

In the second experiment, highest yields for the 3 grasses and for 

cut (SXH) in the second experiment was a consequence of differ- 
ences in the rates of development and growth habits of the 4 forage 
species. In the treatment year, Russian wild ryegrass, a decumbent 
grass, had very little growth, particularly above 10 cm. Conse- 
quently, cutting at 5 cm resulted in yields nearly 3 times greater 
than the plots cut at 10 cm. In contrast, crested wheatgrass, a grass 
with a more erect habit of growth and a more rapid growth rate in 
its first year, yielded only 19% more from a 5-cm cut than from a 
IO-cm cut. Based on the 4-year means, crested wheatgrass cut at 10 
cm produced the higher yield (1,008 and 1,059 kg l ha-’ for 5 and 
10 cm, respectively) whereas for Russian wild ryegrass the 5 cm cut 
was higher yielding (1,020 and 935 kg l ha-‘). Altai wildrye, being 
intermediate in response to crested wheatgrass and Russian wild 
ryegrass, showed no yield advantage to either cutting height for the 
Cyear mean yield (773 and 777 kg l ha-‘). Alfalfa yields behaved 
like those of Altai wild ryegrass (816 and 799 kg l ha-‘). When only 
the data from the post-treatment years were considered, only the 
effect of height of cut in the treatment year was significant. 

Effect of Date of First Cut 
In both experiments, when the treatment year yields were 

included in the analysis, there was a significant interaction between 
forage species, date of first cut in the treatment year, and year of 
harvest (SXDXY). This interaction reflected the contrast between 
treatment year and the first year after treatment. The differences 
between forage species in their response to date of first cut persisted 
in the first experiment but not in the second, shorter experiment. 

In the first experiment, highest mean yield of crested wheatgrass 
over all years and over only the post-treatment years occurred 

Table 4. Effect of grass species (S), date of first cut in treatment year (D), and harvest year (Y) on aMUll yield of 3 gasses in simulated pastures in 
Experiment 1. (Yields avenged over height of cut). 

Year(Y) 16 May 
Date of tint cut in treatment year (D) 

2 Jun I4 Jun 29 Jun I3 Jul 29 Jul Mean SE 

Crested wheatgrass 
TY 
PTY-1 
PTY-2 
PTY-3 
PTY-4 
PTY-5 

652 953 1180 
I120 1227 1417 
654 679 761 
697 661 808 
682 684 633 
856 887 797 
802 828 883 
777 849 933 

1246 1609 
1385 1435 
740 775 
887 683 
678 625 
918 830 
922 870 
976 993 

1495 1189 146* 
1245 1305 72* 
605 702 47* 
504 706 51’ 
571 645 32 

5-yr Mean’ 
6-yr Mean2 

Russian wildrve 

762 841 31* 
737 840 51* 
864 899 67* 

TY 550 582 543 530 608 678 582 47 
PTY-I 1111 1062 II77 1196 1249 II40 1155 57 
PTY-2 755 777 849 919 773 770 807 49 
PTY-3 842 876 1007 1029 876 824 909 54 
PTY-4 839 816 896 892 839 861 857 31 
PTY-5 999 1030 1195 1174 1027 1099 1087 
5-yr Mean 909 912 1025 1042 953 939 963 
6-yr Mean 850 857 944 957 895 895 900 

57 
63 
56 

Altai wildrye 
TY 
PTY-1 
PTY-2 
PTY3 
PTY-4 
PTY-5 
5-vr Mean 

1240 
1235 
871 

1026 
622 
979 
947 

891 55* 
1115 75 
831 37 
955 38 
597 34 
979 48 
895 40* 

706 
969 
846 
868 
537 
895 
823 

695 
IO15 
758 
929 
599 
918 

685 916 II07 
1164 II14 1196 
812 872 824 
955 911 1040 
632 539 657 

1017 1014 1052 
916 890 954 850 

&r Mean 804 

IS-yr mean includes only post-treatment year yields 

824 878 894 979 996 895 37, 

%-yr mean includes treatment year yields and post-treatment year yields 
Qiierence between dates of cut within year is significant (P=O.O5). 
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Table 5. Effect of date of first cut in treatment year upon the subsequent ~~nnual yield over height of cut of 4 forage species in simulated pasturea in 
Experiment 2. 

Year 

Date of first cut 

16 May 1 Jun 15 Jun 29 Jun 16 Jul 1 Aug Mean SE 

Crested wheatgrass 
TY 
PTY-I 
PTY-2 
PTY3 
3-yr mean’ 
4-yr mean* 

Russian wild ryegrass 
n 
PTY-1 
PTY-2 
PTY-3 
3-yr mean 
4-yr mean 

Altai wild ryegrass 
TY 
PTY-1 
PTY-2 
PTY3 
3-yr mean 
4-yr mean 

Alfalfa 
TY 
PTY-1 
PTY-2 
PTY-3 

3-yr mean 
4-yr mean 

477 504 
811 915 
930 1080 

1270 1425 
1004 1140 
872 981 

802 
1014 
1468 
1095 
1022 

744 
966 

1302 
1004 
978 

973 1576 872 141* 
845 1002 853 96 

1056 1182 1039 80 
1357 1400 1370 80 
1086 1195 1088 61 
1058 1290 1034 65* 

276 298 349 334 490 508 
622 700 716 860 858 845 

1032 1092 1050 1080 1050 1032 
1686 1859 1856 1756 1710 1678 
1113 1217 1207 1232 1206 1185 
904 987 993 1008 1002 1016 

326 25* 
767 31* 

1056 43 
1758 74 
1194 37 
977 27+ 

179 299 290 291 294 469 304 
484 567 622 704 1018 958 726 
630 666 726 702 810 786 721 

1221 1318 1354 1333 1453 1454 1356 
778 850 901 913 1094 1067 934 
629 713 748 758 894 917 777 

219 411 
506 586 
912 792 

1096 1306 

409 
549 
918 

1197 
886 
768 

633 668 885 538 99s 
567 712 735 609 36* 
936 858 876 885 60 

1187 1126 1276 1198 48 

838 895 
683 780 

894 899 962 898 34 
830 841 943 808 40* 

40* 
57’ 
34* 
45. 
10* 
27* 

‘3-yr mean includes post-treatment year yields only. 
*4-yr mean includes treatment year yields and post-treatment year yields. 
*Difference between dates of cut within year is significant (P=O.OS). 

alfalfa occurred when the first cut in the treatment year was 
delayed until mid- to late-July (Table 5). This was especially true 
for the yields in the treatment year and the first year after treat- 
ment. Thereafter, date of first cut in the treatment year had little 
effect upon yield. The initial 3 dry years during this experiment 
may have been more deleterious to subsequent production than the 
effect of the cutting date. Drought stress may have affected the rate 
of development of the plant by shortening the flowering period so 
much that the date when cutting would have had the greatest effect 
fell between 2 cutting dates and so was missed. In addition, under 
drought conditions seed germination may be extended over a 
period of years, reducing the effect of a single year’s treatment. 
Based on both experiments, delaying first use until late June-early 
July generally produces the highest long-term dry matter yields. 

The long-term effect of date of first cut on the yield of a forage 
species is thus greatly affected by establishment conditions. 
Because crested wheatgrass is a vigorous grass that establishes 
quickly, the date of first use will have greater effects than is the case 
for the other species. Conditions that slow its establishment may 
therefore reduce the effect of such first year treatments. 

Date of first cut has less effect upon Russian wild ryegrass due to 
its slower establishment. Under good establishment conditions, 
Russian wild ryegrass can be utilized early with little long-term 
deleterious effect. Under poorer establishment conditions, short- 
term damage may occur but the grass rapidly recovers. Nonethe- 
less, caution in the time of first use is still advised because the trends 

were similar to those of crested wheatgrass with highest long-term 
yields occurring when first cutting was delayed until after flowering. 

Establishment during a year of normal precipitation, as in the 
first experiment, allows early utilization of Altai wild ryegrass in 
the subsequent year without causing long-term effects. Under 
drought conditions, however, as in the second experiment, the 
plants remain susceptible to damage into the second year and are 
more susceptible than Russian wild ryegrass. Where that happens, 
the effect of the date of first cut in the treatment year on the yields 
in subsequent years indicates that the plots first cut in July con- 
tinued to produce the highest seasonal yields. 

Thus it must be concluded that when forage crops are estab- 
lished under good weather conditions, the deleterious effects of 
cutting too early in the treatment year will be short-term. However, 
the effect may be of greater significance in conditions where grass 
establishment is limited or retarded, especially in crops that do not 
establish easily. 

Conclusions and Management Implications 

The way in which a seeded pasture is managed in its first year of 
use may have effects on its subsequent productivity. Cutting height 
appeared to have the greatest effect, suggesting that cutting or 
grazing should be minimized in the year of first use to enhance 
subsequent productivity. The effect on subsequent production of 
date of first cut varied with the species and may be more significant 
in the long term for rapidly establishing, more erect species like 
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crested wheatgrass than for more closely establishing decumbent 
species like the ryegrasses. Date of first use had a smaller and 
shorter-term effect on the subsequent productivity of Russian wild 
ryegrass and Altai wild ryegrasses. Nevertheless, the results of this 
study suggest that in Saskatchewan, both crested wheatgrass and 
Russian wild ryegrass should not be cut or grazed in the first year of 
use until late June or early July and that Altai wild ryegrass should 
not be used prior to July. Results also suggest that the initial cut of 
alfalfa should be delayed until after it flowers. A convenient 
method for judging when a new grass stand is ready to be grazed 
would be to tie this to phenotypic development. Newly seeded 
pastures should not be grazed the first time until the dominant 
grasses have flowered. 
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Abstract 

Because of widespread concern about cattle grazing effects on 
riparian zones of public lands, seasonal habitat selection by cattle 
was studied along a cold desert area ephemeral waterway of north- 
central Wyoming. Little is known of grazing effects on ephemeral 
streams compared to perennial streams. Cattle activity was moni- 
tored in small pastures and a surrounding large allotment in spring, 
summer, and fall. Observations included activity and habitat 
where it occurred. Concomitantly, utilization levels, protein con- 
tent, and dry matter content of forages were determined in the 
small pastures. 

A higher percent of cattle selected channel and floodplain habi- 
tats than percent area of habitats while a lower percent of cattle 
selected upland habitat than percent of this habitat in the area. 
Utilization levels of forages except greasewood (Sarcobatus ver- 
micultzfus (Hook.) Torrey) in the floodplain were not greatly dif- 
ferent among habitats. Protein and dry matter content of forages 
did not vary greatly among habitats, except greasewood had higher 
protein and lower dry matter than other species and received much 
higher use. Forage quality declined in summer and fall. Animal 
preference for channel habitat was attributed to more available 
forage in the channels. In contrast, selection of floodplains was due 
to succulence and high protein content of greasewood. Compari- 
son of cattle selectivity between small pastures and the large allot- 
ment indicates that greater avoidance of upland areas by cattle is 
likely due to greater distances to drinking water in the large 
allotment. 

Key Words: seasonal, biomass, utilization, protein, succulence 

Distribution patterns of grazing cattle, reasons for selection of 
habitats, and differential utilization of forages within habitats 
provide a basis for grazing management and range improvement 
planning. Recent emphases on grazing influences on vegetation 
and channels in riparian zones (Kauffman and Krueger 1984), 
water quality, and nonpoint pollution have intensified the need to 
understand these processes. Overgrazing has long been considered 
to be a cause of ephemeral channel alteration (Bryan 1925). Cattle 
prefer perennial stream riparian zones over upland range sites 
(Roath and Krueger 1982). Forage quality and abundance (Pin- 
chak et al. 1991) and water availability (Ames 1978) are important 
factors leading to selection of riparian habitats. 

Information is particularly lacking on grazing in relation to 
ephemeral channels, the most widespread channel type in cold 
desert regions. Ephemeral channels cover more area and have less 
vegetative cover potential than perennial channels. Proper grazing 
management of ephemeral channels could have greater impact 
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than management along perennial channels on nonpoint source 
pollution, specifically sediment yield. 

We initiated a study of seasonal habitat selection by cattle in 
relation to ephemeral channels and forage qualify in a cold desert 
ephemeral watershed in northwestern Wyoming, with concomit- 
ant data on forage utilization levels. Habitat selection, forage 
quality, and forage utilization were determined in small seasonal 
pastures where distance to water was small and assumed to have a 
minor influence on grazing distribution. Habitats selected by cattle 
were also determined in 2 areas of a large allotment where water 
sources could be up to 6 km distance away from potential grazing 
sites and cattle movements were uncontrolled from spring through 
early fall. Results reported here are part of a study that additionally 
characterized the dynamics of vegetation and channels in grazed 
and ungrazed reaches of an ephemeral channel. 

We hypothesized that ephemeral riparian zones would be pre- 
ferred over uplands because of more or higher quality forages. 
Hypotheses explicitly tested were that proportions of cattle using 
each of the various habitats present in the areas studied were not 
the same as the proportions of these habitats in the areas, and that 
crude protein content, dry matter content, and utilization of for- 
ages were not equal across habitats. We also nonstatistically com- 
pared selection of habitats between small pastures and the large 
allotment to determine the extent to which knowledge of small 
pasture grazing behavior could be generalized to larger areas and 
to determine the degree that water availability influenced use of 
upland areas. 

Materials and Methods 

Study Area 
The study area is located in the Bighorn Basin of northcentral 

Wyoming along 15-Mile Creek, a large ephemeral drainage (Fig. 
1). Annual precipitation ranges between 12 and 23 cm (5-9 inches), 
with a peak in May. Isolated high intensity summer thundershow- 
ers provide the majority of streamflow events. Reservoirs and wells 
provide most of the water for wildlife and livestock. The study sites 
are within a large undivided grazing allotment (North Gooseberry, 
49,900 ha) administered by Bureau of Land Management. Sea- 
sonal grazing pastures were constructed on the lower Middle Fork 
tributary. Additionally, cattle (2 groups belonging to 2 permittees) 
grazing in the large allotment were studied in the vicinity of the 
lower Middle Fork tributary (group 1) and 8 km downstream 
along the Main Channel of 15-Mile Creek (group 2). 

Plant communities and associated physiographic habitat occur- 
ring along 15-Mile Creek were designated for our purposes as 
upland, floodplain, and channel. Based on planimetered area on 
aerial photographs, about 2, 15, and 83% of small pastures and 5, 
25, and 70% of the large allotment study sites were channel, flood- 
plain, and upland habitat, respectively. The following plant species 
(nomenclature follows Dorn 1988) appear generally in physiog- 
nomic appearance order. The major upland species were plains 
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Fig. 1. Fifteen Mile Creek study area showing small seasonally grazed pastures (A-D) and large allotment observation sites (l-20) on Middle Fork 
(replicate 1) and on Main Channel (replicate 2). Grid lines, surveyed section lines from USGS 1:24,000 scale maps, are nominally 1.6 km (1 mile) apart. 

pricklypear (Opuntiu polyucantha Haw.), blue grama (Boureloua 
grucilis (H.B.K.) Lag. ex Griffiths), needleandthread (Stipa comutu 
Trin. 8z Rupr.), Indian ricegrass (Oryzopsis hymenoides (R. & S.) 
Ricker ex Piper), and sand dropseed (Sporobolus cryptundrus 
(Torrey) Gray). On the floodplain, the major species were grease- 
wood (Surcobutus vermiculutus (Hook.) Torrey), basin big sage- 
brush (Artemisiu tridentutu Nutt. var. tridentutu), cottonwood 
(Populus deltoides Bartr. ex Marsh.), rhizomatous wheatgrasses 
(Elymus spp.), Sandberg bluegrass (Pou secunda Presl.), cheat- 
grass brome (Bromus tectorum L.), and sixweeks grass ( Vulpiu 
octoji’ora (Walt.) Rydb.). In the channel the major species were 
inland saltgrass (Distichlis strictu (Torrey) Rydb.), Canada wild- 
rye (Elymus cunudensis L.), slim flower scurfpea (Psoruleu tenui- 
flora Pursh), and willow (Sulix exiduu Nutt.) (on Main Channel 
only). 

Cattle Observations 
Observations in both a large allotment and small pasture areas 

enabled comparison of areas where distances to water could be 
great (allotment) or was small (pastures). Senft et al. (1985) and 
Pinchak et al. (1991) indicated characteristics of available forages 
should be more significant factors in habitat selection in the small 
pastures because water location should not bean influence. Obser- 
vations of habitat selection by cattle in the large unfenced allot- 
ment provided the realism of a typically managed cattle allotment. 
The small pastures (30 ha each) allow greater animal control and 
more intensive observations. 

Large Allotment 
Observations of cow/calf pairs in the large allotment were made 

in 3 seasons (mid-May to late June = spring, late June to late 
August q  summer, and late August through September = fall) 
during 3 years in 2 areas (Fig. 1) separated by about 8 km: (1) along 
the Middle Fork and (2) north of Main Channel of 15Mile Creek. 
Twenty 16-ha sites were selected to be representative of the area on 
each tributary and to be along routes to facilitate travel. Six of the 
sites, immediately adjacent to or including the stream channel had 
channel, floodplain, and upland habitats while 14 sites were in the 
uplands. Four upland sites on both Main Channel and Middle 
Fork were centered around a stock water reservoir approximately 
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1 km from the channel. Other upland sites were away from reser- 
voirs and the stream. Sites were square and marked with corner 
posts. Each site had an accessible observation point allowing the 
observer to view the site with binoculars without disturbing the 
cattle. Distance to water and shade varied from O-2 km when water 
was present in all potential sources. 

The Middle Fork large allotment area had 3 reservoirs. In 2 of 
the 3 study years, all but 1 of the reservoirs were dry by late June or 
early July. Of the reservoirs in the Main Channel area, 1 was a 
dependable source except in year 3. Water was generally present in 
pools along the Main Channel but not on Middle Fork. 

Each 16-ha site was systematically observed in a 2 day period 
biweekly to characterize animal presence and activity in 4 time 
frames (0600-0900 hours, 0900-1200 hours, 1200-1500 hours, 
1500-1800 hours local time). The route encompassing the sites at 
each study area was driven twice daily in opposite directions and all 
observations during the 4 time frames were summarized for the 
respective time period. Observations recorded were instantaneous 
activity (grazing, including prehension/mastication and moving 
between feeding stations or resting, whether lying or standing), and 
location (in or within IO m of stream channel, floodplain between 
channel and upland, or in upland). Additional information 
recorded included distance to nearest water and to nearest shade. 

Small Pastures 
Five exclosures of about 30 ha each were constructed across the 

Middle Fork and 3 were grazed seasonally (1 each in May-spring, 
July-summer, and September-fall; Fig. 1) by cattle. Each pasture 
was grazed only once yearly. Grazing trials were conducted in the 
enclosures for 3 years. Distribution in small pastures was observed 
only in year 2 and 3. In each pasture, 30 cow/calf pairs were kept 
for a IO-day period with water provided in troughs near the center 
as the stream did not usually have water. The IO-day period was 
established in year 1 based on the time necessary to reach a maxi- 
mum utilization of 60% for the more common perennial grass 
species. Observations were made on the first 2 days of grazing. The 
observations started at dawn and continued to dusk, with observa- 
tion of all 30 pairs at 15-minute intervals. We do not feel the 
absence of night-time observations substantively biases our results 
particularly regarding comparisons between areas. Generally the 
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entire pasture could be observed from a single point with the aid of 
binoculars. As in the large allotment, cattle activity, habitat, and 
distances to shade and water were recorded for each observation. 
An instantaneous count of cattle by activity in each habitat was 
made and any change in activity or habitat after the count was 
ignored until the following H-minute observation. Observations 
were summarized by calculating percent of animals in each activity 
by habitats the same as with observations in the large allotment. 
The data summary was such that the experimental unit for analysis 
was a yearly pasture (season) mean (n = 8; 4 time periods X 2 years) 
for each habitat and activity. 

Vegetation Utilization, Quality, and Abundance 

Standard errors estimate variation among years and daily time 
periods. In the absence of replication of seasonal pastures, analyses 
conducted for this case study situation were t-test comparison of 
percent of cattle using a habitat with percent of habitat occurring in 
pastures. 

Experimental unit for utilization percent, percent dry matter, 
and percent crude protein for each species was pasture each year 
categorized by forage class and habitat. Analysis of variance with 
repeated measures (years) was used to test for any differences 
between forage classes, habitats, and seasons. Scheffe’s Multiple 
Comparisons Test (Montgomery 1984) was used to separate signif- 
icantly different (-0.05) means. 

Utilization, protein content, dry matter content, and abundance 
were determined during the grazing trials for plant species we 
expected the cattle to consume. Cattle selections of plant species 
and species utilization were determined by repeatedly estimating 
dry weight standing crop of approximately 50 individuals each of 
12 plant species (grasses and greasewood listed in community 
descriptions) marked with nails along transects that were estab- 
lished in spring of year 1 (in year 2 additional utilization transects 
were established for greasewood). In each seasonal pasture, tran- 
sects (2 each in the uplands and floodplains and 1 in the riparian 
community on the sloping channel bank) were typically 100 m long 
and were located roughly parallel to the stream channel. The 
above-ground biomass of marked plants was estimated prior to 
cattle entry and again after the cattle were removed. The difference 
between weight estimates was then used to calculate percentages of 
herbage removed (utilization). Plants in ungrazed pastures were 
similarly evaluated to determine if any adjustment for growth 
during grazing trials was necessary. Due to the short grazing period 
and maturity of plants, no detectable growth occurred. Weight 
estimates were adjusted to a dry matter basis. 

Results and Discussion 

Small Pastures 
Cattle Use 

The percent of grazing, resting, and total cattle observed in 
channel and floodplain habitats was greater than percent occupied 
by these habitats in the small pastures with the exception of flood- 
plain in fall (Table 1). In fall, total cattle and grazing cattle use on 
floodplain was proportional to floodplain area. Uplands were 

Table 1. Percentage ($ f SEY of all cattle observed in and percent of area 
occupied by 3 habitats, in the seasonally grazed pastures on Middle Fork 
of H-Mile Creek in year 2 and 3,1984-1985. 

Season 

Habitats 

Channel Floodplain Upland 

_______________%~SE---------------- 

Randomly selected whole plant (2.5 cm-stubble height) or cur- 
rent growth of greasewood samples from each species (about 50 
samples totaling 100 g of plant material) taken at beginning and 
end of seasonal grazing periods were oven-dried (50’ C) to deter- 
mine percent moisture in the samples (succulence). The dried, 
ground samples were then used to determine % nitrogen by the 
Kjeldahl method (AOAC 1975). Crude protein values reported are 
o/ON X 6.25. 

Spring 
Pasture 
Cattle: total 

grazing 
resting 

2.0 
7.2+ f 0.8 

10.6. f 0.9 
11.1* f 2.0 

12.6 
40.38 f 3.0 
27.3’ f 1.8 
39.0. f 6.0 

85.4 
52.5* f 3.5 
62.2* f 2.7 
49.9* f 5.1 

Summer 
Pasture 
Cattle: total 

grazing 
resting 

1.3 
14.18 f 5.1 
6.2’ f 1.7 

13.8* f 4.7 

12.6 
35.58 f 5.0 
36.0* f 3.5 
50.1* f 5.2 

86.1 
46.4* f 9.8 
57.9. f 5.1 
35.1* f 8.8 

Standing crop biomass was determined within treatment pas- 
tures by a double sampling (harvest and estimation) technique 
(following Wilm et al. 1944) in July each year for major classes of 
herbaceous plants and cactus. The sampling was conducted on 
permanent transects with 0.5-m* quadrats within habitats desig- 
nated for other observations. Sample size within habitats was large 
enough to determine the standing crop of important forage classes 
within 10% of the mean value (PCO.1). Density of shrubs in 30 
quadrats (0.5 m*) per pasture was determined in floodplains before 
grazing began. 

Statistical Analysis 

Fall 
Pasture 
Cattle: total 

grazing 
resting 

2.3 
17.9* f 4.0 
16.5* f 2.7 
7.6* f I.4 

19.3 
26.2 f 2.7 
24.8 f 3.2 
51.5* f 5.1 

78.4 
55.9* f 6.2 
58.8* f 5.7 
41.0. f 6.2 

All Seasons 
Pasture 
Cattle: total 

grazing 
resting 

1.9 
13.1* f 2.3 
11.1* f 1.4 
10.8. f 1.8 

14.9 
34.0* f 2.3 
29.4* f 1.9 
46.9’ f 3.2 

83.3 
51.6* f 4.0 
59.6* f 2.6 
42.0* f 4.0 

Due to relatively low numbers of cattle observed in the large 
allotment, all observations per season were pooled and the experi- 
mental unit for analysis (n = 12; 4 periods X 3 years) was each of the 
4 periods within days averaged over days in each of 3 years and 
identified as to the 3 seasonal periods and replicate, Main Channel 
and Middle Fork. A t-test (p10.05) was used to compare percent 
of area in each habitat (planimetered from aerial photographs) 
with percent of cattle using habitats. Repeated measures (year, 
season) analysis of variance was used to test for differences 
between habitats and between replicate study areas. 

ISIT = standard error of mean; means are % of cattle observed in a habitat in an activity 
or of total thus grazing and resting will not sum to total. 
*The percentage of cattle observed was different from the expected random distribu- 
tion in a given habitat within season at ~6.05 with 7 d.f. season, 21 d.f. all seasons. 

always used in lesser proportion for grazing, resting, and total 
cattle than indicated by area of habitats (Table 1). Floodplain 
habitats had the greatest percent of resting cattle while uplands had 
the greatest percent of grazing cattle, although percent cattle was 
not as great as the percent area of the habitat in the area. Changes 
in selection of habitats were probably related to seasonal pasture 
differences such as biomass availability. 

For small pastures, the experimental unit was percent cattle in 
each activity in each habitat pooled over the entire seasonal grazing 
period for 2 years for the four 3-hour daily time periods (n = 8). 

Water, shade, and topography influence the distribution of graz- 
ing animals (Gonzalez 1964, Mueggler 1965, Cook 1966, Arnold 
and Dudzinski 1978). In the seasonal pastures maximum distance 
to water and shade was only 700 m and 400 m, respectively. Shade 
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and water occurred only in the preferred channel and floodplain 
habitats and seemed related to the higher incidence of resting 
behavior (Table 1) in those habitats. 

Forage Quantity 
We hypothesized that since water and shade should not be 

limiting and topographic variation was minor, forage abundance 
and quality would be closely related to cattle selection of habitats 
for grazing (Dudzinski et al. 1978, Pinchak et al. 1991, Senft et al. 
1985). Channels produced more herbaceous vegetation (Table 2) 
than other habitats while floodplain and upland had similar, lower 

Table 2. Herbnceous vegetation standing crop (g/ml f SE)* in the 3 brb- 
itats of seasonal pastures on Middle Fork, IS-Mile Creek in years 1-4, 
1983-1986. 

Habitat 
Channel Floodplain Upland 

Pasture 
Spring 
Summer 
Fall 
Mean 

___________8m-‘fSF______________ 

25f 6 8fl 21 f4 
41 f 11 18 f 3 26 f 6 
47f 16 20 f 5 15*3 
38 15 21 

‘SE = standard error of mean 

herbage abundance. However, the unmeasured amount of current 
annual growth of greasewood likely provided increased forage for 
cattle in the floodplain above amounts in uplands. Density of 
greasewood in terraces of seasonal pastures was 0.8,0.8, and 4.2 
plants m* in fall, summer, and spring pastures, respectively. 
Greasewood did not occur in other habitats. 

Forage Protein 
Annual grasses, most abundant in the floodplain and minor 

elsewhere, had the least protein; and greasewood, particularly new 
growth, had the highest amounts (Table 3). Perennial grasses had 

Table 3. Forage crude protein (% f SE)’ in 3 habitats of seasonally grazed 
pastures on the Middle Fork of 15 Mile Creek in years 2-3,1984-1985. 

Habitat and 
forage class Spring 

Seasons 
Summer Fall All seasons 

Channel 
Perennial 
Grass 

________________%fSE_______________-- 

12.9 f 2 6.8 f .3 5.4 f .29 8.5 f .3b 

Floodplain 
Perennial 14 f .6 5.3 f .4 4.11 f .2 8.4 f .5b 
Annual 9.5 f .4 4.5 f .3 3.3 f .2 6.1 f .3a 
Grass 
Greasewood 21.3 f .8 12.6 f .8 13.9 f .4 16.1 * .6d 

Upland 
Perennial 16.9 f .3 6.8 f .2 5.5 f .2 9.7 f .4c 
Grass 

All Habitats2 14.8 f .3a 6.8 f .2b 6.0 f .2c 

‘SE = standard error of mean 
2Means in bottom row and last column followed by the same letter were not signifi- 
cantly different, p50.05. 

intermediate protein levels, Crude protein of perennial grasses was 
the same in channel and terrace while slightly greater in uplands. 

Forage Succulence 
Dry matter content of forages differed (Table 4). Perennial 

grasses in channel and upland were lower in dry matter than in 
terrace. Annual grasses in terraces had highest dry matter while 

Table 4. Forage dry matter (% f SE)’ in seasonally grazed pastures on the 
Middle Fork of 15 Mile Creek in years 2 and 3,1984-1985. 

Habitat and 
forage class Spring 

Seasons 
Summer Fall A112 

________________%fSE________--------- 

Channel 
Perennial 29.8 f 2.0 50.9 f 2.7 72.6 f .9 51.1 f 3.8b 
Grass 

Floodplain 
Perennial 34.2 f 4.6 73.9 f 4.2 87.1 f 3.5 65.1 f 5.2~ 
Grass 
Annual 
Grass 40.1 f 2.0 78.0 f 7.0 97.0 f .5 71.7 f 5.4c 
Greasewood 21.7 rt 1.2 33.4 f 2.5 49.6 f 2.0 34.9 f 2.6a 

Upland 
Perennial 44.5 f 2.8 58.6 f 2.0 78.2 f 2.3 60.43 f 2.4b 
Grass 

All Habitats’ 35.8 f 1.7a 58.9 f 2.6b 77.1 * 2.3~ 

‘SE = standard error of mean 
2Means for seasons (All Habitat row) or for forage class (All Seasons column) 
followed by the same letter were not significantly different,p<.OS. 

greasewood with least dry matter was the most succulent forage 
(Table 4). 

Forage Characteristic Effects on Habitat Selection 
Forages in the channel had greatest biomass, were intermediate 

in crude protein, and high in succulence compared to grasses in 
other habitats. Biomass available, crude protein, and succulence 
are generally known to be positively associated with habitat selec- 
tion by cattle (Pinchak et al. 1991, Langlands and Bennett 1973, 
Senft et al. 1985, Roath and Krueger 1982, Arnold and Dudzinski 
1978). Channels were preferentially selected, suggesting the influ- 
ence of forage characteristics on selection. Greasewood quality 
appears to provide the only reason for grazing cattle to show 
preference for the floodplain areas because quantity and quality of 
other forages were either similar or inferior to those of uplands. 
Greasewood had the highest quality values of any forage and was 
relatively abundant. Livestock normally select forages high in 
nitrogen (Hardison et al. 1954, Cook et al. 1956, Wier and Torrell 
1959, Cowlishaw and Alder 1960) and succulence (Arnold 1960, 
Reppert 1960). 

Upland areas had relatively low forage quantity, mainly blue 
grama, a species of low growth habitat. Additionally, all species 
were of relatively low succulence even though crude protein levels 
were comparable to or higher than forages in other habitats. 

Protein content of all forage classes dropped (Table 3) and dry 
matter (Table 4) increased dramatically from spring to summer 
and, to a lesser extent, into fall. Galt et al. (1969), Bedell (1971), 
Wallace et al. (1972) Philip (1966) report similar findings. These 
changes were similar in all habitats and did not change the general 
prefererices by cattle. Minor changes were evident, particularly the 
reduced selection for floodplains in fall (Table 1), possibly due to 
increased maturity and woodiness of greasewood. 

Effects of Habitat Selection on Utilization of Forages 
Even though grazing cattle were found in channel and floodplain 

habitats more commonly than area of habitats would suggest, 
forage utilization averages for habitats (Table 5) did not corres- 
pondingly increase. Utilization of channel and upland forages 
(perennial grasses, Table 5) was similar. In contrast, the apparently 
preferred floodplain habitat contained the forage class with lowest 
use of all classes (annual grass) as well as the class with highest use 
(greasewood). The higher use of greasewood appears to be the only 
case where preference for the habitat resulted in increased use of a 

388 JOURNAL OF RANGE MANAGEMENT 45(4), July 1992 



Table 5. Utilization ($ f SE)’ of annual forage growth in the 3 hnbitats in Table 6. Habitat use by free-ran&g cattle (% f SE)* in all activities and 
seasonally grazed pastures on the Middle Fork of 15 Mile Creek in years percent of area occupied by 3 habitats of the Main Channel and Middle 
2 and 3,1984-1985. Fork sites of 15 Mile Creek in years l-3,1983-1985. 

Habitat and Seasons 
forage class Spring Summer Fall All seasons 

________________%fSE_________________ 
Channel 

Perennial 38.0 f I.9 40.6 f 1.7 48 1.7 42.7 f I.Ob 
Grass 

Floodplain 
Perennial 32.0 f 2.3 36.6 f 1.9 51.0 f 2.0 40.5 f l.2b 

Study Locations Habitats 
and Seasons Channel Floodplain Upland 

Main Channel _______________%*SE_______________ 
Area Use 3.9 26. I 70.0 

Spring 21.6* f 3.1 40.4* f 4.7 37.S f 6.7 
Summer 32.5’ f 6.5 29.5* f 5.8 38.1* f 8.7 
Fall l5.8* f 5.0 52.9* f 6.0 31.2* f 8.3 

All Seasons 24.0. f 3.3a2 40.2* f 4.lb 35.7’ f 5.0ab 
Grass Annual Grass 30.2 f 2.4 20.7 f 1.9 18.9 f 2.0 23.2 f l.2a Middle Fork 
Greasewood 43.3 f 3.1 57.4 f 3.5 55.6 f 3.0 52.2 f 1.9~ Area Use 5.0 25.0 70.0 

Spring 21.4* f 3.2 40.98 f 4.7 37.6* f 6.6 
Upland Simmer 32.9* f 7.4 29.7 f 6.4 37.5+ f 8.6 

Perennial 31.5 f I.5 31.3 f 30.0 55.8 f 1.3 40.0 f 0.8b Fall 17.3 f 5.3 50.9* f 9.2 31.8* f II.3 
Grass All Seasons 23.3* f 3.la 40.9* f 3.5b 35.6* f 4.5b 

A112 33.6 f 0.9a 33.6 f 0.8a 47.5 f 0.9b Combined Areas 

‘SE = standard error of mean Area Use 4.5 25.5 70.0 
*Means for seasons (All Habitat row) or for forage class (All Seasons forage class Spring 21.5* f 2.2 40.7* f 3.2 37.5* f 4.6 
column) followed by the same letter were not significantly different, pI.05. Summer 32.7* f 4.8 29.6 f 4.2 37.8* f 6.0 

Fall l6.5* f 3.6 52.0* f 5.3 31.58 f 6.8 
forage class. All Seasons 23.7+ f 2.2a 40.6* f 2.7b 35.7” f 3.3b 

Utilization varied among species in this study (data in Smith et ‘SE = standard error of mean 
al. 1989), with the high quality new growth of greasewood receiving *Means for habitats (All Seasons rows) followed by the same letter were not signifi- 

highest use, up to 77% in summer. Bunchgrasses or grasses with cantly different, pgOS.*The percentage of cattle observed was different from the 

upright growth habits, including Canada wildrye, wheatgrasses, 
expected random distribution in a given habitat and season,p<.OS, 11 d.f., for Main 
and MF and 22 d.f. combined, for seasons within habitats. 

Indian ricegrass, and needleandthread, received moderate use 
(about 50%). Lowest use, 29-34%, occurred on low growing and 
annual species, including inland saltgrass, Sandberg bluegrass, 
cheatgrass brome, sixweeks grass, blue grama, and sand dropseed. 

In general, utilization was similar in spring and summer and 
increased in fall (Table 5). Higher greasewood utilization levels, 
with respect to other species within seasons and across seasons, 
illustrated the effect high forage quality can have on increasing 
selection by grazers. Less variation occurred in utilization in 
spring, when forage quality was similar, than in other seasons when 
more variation in quality of species occurred as shown by Arnold et 
al. (1966). 

Free Ranging Cattle in the Large Allotment 
In general, habitat preferences (Table 6) were similar to those in 

the seasonal pastures (Table l), with greater proportional use of 
channel and floodplain in the large allotment than area present and 
less use than area present in uplands. We regard these findings as a 
verification of the applicability of the small pasture studies to 
larger areas of similar vegetation and landforms and additionally 
as a means of reemphasizing the importance of water develop- 
ments to grazing management. Water location appeared to be 
influential in cattle selection of habitats in the large allotment. In 
the large allotment, a slightly greater proportion of cattle selected 
channel and floodplain habitats near water, and fewer cattle used 
uplands than in the small seasonal pastures (Tables 1 and 6). 

Variation among seasons in habitat selection in the large allot- 
ment was evident (significant habitat by season interaction) (Table 
6). The use of the channel where water was present increased in 
summer while use declined in the floodplain. Similar changes did 
not occur in seasonal pastures (Table I), probably because the 
ephemeral channels of seasonal pastures did not contain water. No 
water was available at upland reservoirs in Year 3; thus, cattle 
reduced selection of uplands in year 3 to 14% compared to 44 and 
49% cattle in uplands in year 1 and 2 respectively. 

We concluded that when adequate livestock water was present, 
grazing cattle would be more likely to select areas of higher quality 

and quantity of forages. However in our case, increased selection 
did not result in increased utilization compared to other areas. 
Limited water, as in the large allotment, would likely increase 
utilization closer to water. Due to the importance of the channel 
area in maintaining habitat diversity and trapping sediment 
(Schumm and Meyer 1979), grazing management should emphas- 
ize maintenance of channel vegetation. No particular season of 
grazing seemed to result in more detrimental grazing utilization of 
channels when water was not limited. Based on our studies, vegeta- 
tion in or near channels can be best protected by developing water 
points in adjacent uplands. 
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Abstract 

Land managers of salt desert shrub and sagebrush steppe vegeta- 
tion have concerns regarding appropriate stoclring rates in summer 
for ephemeral stream riparian zones because of elevated levels of 
use on woody vegetation. We determined utilization levels of for- 
age species over time as a fixed animal density decreased available 
forage as a means of approximating the stocking rate suitable for 
an area and identifying plant species for monitoring. Trend in 
abundance of important plant species will ultimately determine 
appropriate stocking rate in a particular management situation. 

Forage utilization by cattle during mid-summer for 2 successive 
years was measured weekly for 3 weeks in streamside (channel and 
floodplain) and adjacent upland (terrace and saline upland) vege- 
tation communities along the ephemeral stream. Measures were 
also made of crude protein and dry matter content of plant species. 
Plant communities used by cattle were also recorded. 

Utilization of streamside and terrace vegetation declined markedly 
over the 3 weeks, while utilization of forage in saline uplands was 
lower than in other areas and did not decline over weeks of study. 
More cattle selected streamside and terrace areas with the most 
succulent forages than saline uplands with less succulent forages. 
Woody plants in channel areas, cottonwood (Pop&s deltoides 
Bartr. ex Marsh.) particularly, were higher in protein, more succu- 
lent, and more severely grazed than other species. Management of 
cottonwood probably limits the stocking rate used in these com- 
munities. Declines in weekly utilization of forages after the first 
week indicated intake may have been declining. If so, lower levels 
of utilization may be needed to maintain animal performance. 
Maintenance of cottonwoods and animal performance considera- 
tions may dictate a lower stocking rate than achieved in this 
midsummer study. 

Key Words: stocking rate, cottonwood, Populus deltoides, forage 
quality, riparian zones 

Land managers and livestock producers of northcentral Wyom- 
ing have been concerned about appropriate cattle stocking rates 
for maintaining woody vegetation along ephemeral drainages. 
Woody vegetation constitutes the major element of structural 
diversity and wildlife habitat. The current emphasis on grazing 
impacts and management of riparian zones (Platts 1979, Roath 
and Krueger 1982, Kauffman and Krueger 1984) suggests manag- 
ers ensure that these areas will eventually be improved to an 
acceptable condition even though ephemeral channel geomorphic 
processes such as downcutting may not be responsive to vegetation 
grazing management (Bryan 1925). Research is needed to deter- 
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mine proper stocking rates and grazing systems to reach and 
maintain improved conditions. 

The objective of this study was to determine utilization levels for 
herbaceous and woody forage species and percent of cattle using 
each plant community as forage was depleted in an improved 
ephemeral drainage consisting of 3 plant communities. Forage 
depletion was achieved in each pasture by maintaining a constant 
density of cattle over time. Woody vegetation, the species of great- 
est concern to local managers, was of higher quality relative to 
other species during this season. Allotment managers often make 
decisions to move grazing animals by adjusting length of grazing 
period rather than changing animal numbers. Our null hypotheses 
were that forage disappearance (utilization) percent would be the 
same for all species, that frequency of cattle using plant communi- 
ties would be equal to proportions of communities in the pastures, 
and utilization of species and proportions of cattle selecting each 
plant community would not change as time progressed and forage 
was depleted. 

Materials and Methods 

Study pastures were located on the North Fork of 15Mile 
Creek, a large ephemeral drainage in the Bighorn Basin of north- 
central Wyoming. The Bighorn Basin has an average annual pre- 
cipitation between 125 and 225 mm with the majority of precipita- 
tion in late May and early June. Summer thunderstorms are major 
contributors to flow events in the drainage. Precipitation was 
about average each year of the study. 

The entire area, a BLM allotment, is used for cattle (75% of 
authorized use) and sheep grazing. Most sheep use occurs in winter 
and spring. Both cow/ calf and yearling cattle are grazed, primarily 
in spring or summer-fall. 

The research facility on the North Fork tributary is located near 
the confluence with the main channel. This low gradient area was 
selected about 30 years earlier for installation of erosion control 
structures including 3 detention reservoirs and an extensive terrace 
system to spread floodwaters and trap sediments. The area of 
structural improvements was fenced and introduced grasses planted 
within the terrace system. Crested wheatgrass (Agropyron crista- 
turn (L.) Gaertn.) is the principal seeded species remaining within 
the terrace system. Many native herbaceous and woody species are 
more abundant along the stream channel inside than outside the 
pastures possibly due to increases in the last 30 years. Cottonwood 
(Populus deltoides Bartr. ex Marsh.) and occasional willows 
(S&x spp.) dominate areas in and near where standing water is 
retained following flooding, primarily in reservoirs and terraces. 
Deterioration of terraces has reduced the extent of many species 
dependent on periodic flooding. Understory of unflooded wooded 
and of overflow areas is characterized by several wheatgrasses 
(Elymus spp.), wildryes (Elymus spp.), foxtail barley (Hordeum 
jubatum L.) and slimleaf and scurfpea (Psorulea tenuiJloru Pursh). 
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Channels between detention reservoirs are shallow and well- 
vegetated compared to other tributaries on the 15-Mile Creek 
drainage that have not been protected from grazing and have no 
structural improvements. The fenced area has a more desirable 
vegetation composition than ephemeral water courses outside the 
pastures. 

The research facility consists of an exlosure of approximately 
148 ha that was sub-divided into two 74-ha pastures with S-wire 
electric fencing. A common water source serviced livestock in both 
pastures. Plant communities were designated as saline upland, 
seeded terrace, floodplain, and channel habitats, For all vegetation 
sampling, the channel and floodplain were combined as a single 
plant community because of their vegetative similarity. For cattle 
distribution measurements, channel and floodplain communities 
were evaluated separately due to the physiographic differences 
between them. Major saline upland species were prickly pear 
( Opuntiu polyacuntha Haw.), Indian ricegrass (Oryzopsis hyme- 
noides (R. and S.) Ricker ex Piper), bottlebrush squirreltail (Ely- 
mus elymoides (Raf.) Swezey), sand dropseed (Sporobolus cryp- 
tandrus (Torrey) Gray), bud sagewort (Artemisiu spinescens 
Eaton), and Gardner saltbush (Atriplex gurdneri (Moq.) Dietr.). 
Major species on seeded terraces were introduced wheatgrasses, 
mostly crested wheatgrass, (Agropyron spp.), foxtail barley, and 
willow. Major floodplain species were cottonwood, big sagebrush 
(Artemisia tridentata Nutt. var. tridentata), rubber rabbitbrush 
(Chrysothamnus nauseosus (Pallas ex Pursh) Britt.), wheatgrasses, 
and foxtail barley. In the channel, major species were inland salt- 
grass (Distichlis stricta (Torrey Rydb.), wildryes (Elymus spp.), 
slimleaf scurfpea, cottonwood, and willow. 

Experimental Design and Sampling 
Cattle (0.1 AUM/ ha/ year) were grazed in 2 replicate pastures 

during 2 grazing seasons. In each year, 10 cow/calf pairs were kept 
in each pasture for 3 weeks (last week in July to mid-August). 

Utilization 
Forage disappearance was determined by repeatedly (weekly) 

estimating dry weight standing crop of individually marked plants 
or of twigs of shrubs and trees of each species having potential 

forage value. Two transects of 30 to 100-m length were established 
prior to grazing in each plant community in each pasture: channel/ - 
floodplain, seeded terraces, and saline upland. Willow was very 
limited and found only where standing or shallow subsurface water 
was present. Each transect where cottonwood or willow occurred 
contained 20-50 marked plants with 50-125 total marked twigs 
while each transect in herbaceous and/or low shrub vegetation 
contained 20-50 marked individuals of each species. Marked twigs 
of tall willow and cottonwood were within 2 m of the ground. 
Percent forage disappearance was calculated by dividing the 
weekly amount of forage disappearance (difference between per 
plant or twig dry weight biomass estimated at weekly intervals) by 
initial pregrazing biomass. The sum of weekly utilization was the 
total for the species for the 3 weeks. No plant growth occurred 
during the period based on measured absence of change in 
ungrazed plant biomass. Training consisted of repeatedly estimat- 
ing off-transect or plant weights, harvesting, and weighing until 
estimates were within 10% of harvested weight. 

Forage Quality 
Randomly selected samples of current annual growth from each 

species were taken at the beginning and end of weekly trials, field 
weighed, and oven-dried (50’ C) to determine the proportion of 
dry matter (succulence). Crude protein of these samples was 
obtained by the Kjeldahl method (AOAC 1970). 

Standing Crop Biomass 
Annual standing crop biomass of herbaceous plants in all com- 

munities plus low shrubs in saline upland was determined within 
treatment pastures in July each year by a double sampling (harvest 
I/ 3 of quadrats and estimation of weight on all; adjust estimated 
weights with regression relationship between estimate and harv- 
ested weights) technique using 0.5-m* quadrats in summer. The 
sampling was conducted on permanent transects within each plant 
community. Sampling was intensive enough to determine the 
standing crop of the dominant species within the combined chan- 
nel and floodplain and major forage classes within the terrace and 
upland within 10% of mean values (p_v). 1). Reported data are 
sums of sampled forage classes. 

Table 1. Utilization (9% of current annual standing crop)’ of forage species in successive weeks in pastures on North Fork, H-Mile Creek in summer by 
cattle. 

Community 
Species 

Channel/ Floodplain 
Inland saltgrass 
Wildryes 
Cottonwood 
Scurfpea 
Community mean 

Seeded terraces 
Wheatgrasses 
Foxtail barley 
Willow 
Community mean 

Saline upland 
Indian ricegrass 
Bottlebrush squirreltail 
Sand dropseed 
Bud sagewort 
Gardner saltbush 
Community mean 

All Community Mean 

Weeks Mean 
1 2 3 Seasonal Use 

____________________-__---- _____________(%)____________________________________ 
23.5 f 5.6 17.8 f 2.4 13.3 f 3.8 18.2 f 2.5b2 55 
22.3 f 3.3 29.8 f 4.3 15.3 f 5.4 19.5 f 2.5b 59 
42.3 f 5.1 14.9 f 1.9 6.9 f 0.9 21.4 f 4.9~ 64 
21.6 f 3.7 6.3 rt 3.3 17.8 f 7.6 15.2 f 3.4ab 46 
27.4 f 3.0 14.9 f 2.0 13.3 f 2.5 18.6 f 1.7x 56 

9.2 f 8.0 23.9 f 7.3 13.9 f 2.8 15.7 f 3.9ab 47 
33.5 f 3.1 23.2 f 2.5 5.6 f 2.7 20.7 f 3.8 b 62 
35.7 f 2.1 16.4 f 0.7 5.01 f 1.5 19.0 f 3.9 b 57 
26.1 f 4.5 21.1 f 2.6 8.1 f 1.8 18.5 f 2.2x 56 

19.7 f 6.1 13.4 f 3.7 10.2 f 6.8 14.4 f 3.2ab 43 
25.7 f 22.9 .4 f .4 8.7 f 5.0 11.6 f 7.8ab 35 
26.1 f 1.1 18.6 f 8.5 22.4 f 17.9 22.3 f 5.3~ 67 

4.1 f 1.7 3.4 f 2.9 13.0 f 5.8 6.8 f 2.4ab 20 
5.3 f 2.2 9.4 f 4.0 17.0 f 3.8 10.5 f 2.3a 32 

15.1 f 5.3 8.0 f 2.0 13.3 f 2.8 12.1 f 2.1y 36 

22.2 f 2.7a 13.8 f 1.5b 12.0 f 1.5b 

‘Mean f standard error of mean 
communities %Ieans for each species across weeks (mean column) and for weeks (bottom row) followed by the same letter (a,b, or c) wen not different @>0.05). Means for 

across weeks (mean column) followed by the same letter (x or y) were different @>O.OS). 
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Selection of Plant Communities by Cattle 
Observations were made of selection for 2 days weekly in each 

pasture during the grazing trial. All animals within each pasture 
were observed at 0.5- 1 .O hour intervals during daylight hours and 
summarized as percent observed in each plant community over 4 
daily time segments (0600-0900,090 1 - 1200,120 1 - 1500,150 1 - 1800) 
by weeks. 

Statistical Analysis 
Project design was a randomized block. Pastures were blocks 

and weeks within pastures within years served as experimental 
units. Analysis of variance (AOV) with repeated measures (years) 
was used to test effects and interactions of independent variables, 
block, years, weeks, plant species, and plant communities (not 
included in the same analysis when plant species was a variable). 
Dependent variables were plant species disappearance, dry matter 
content, and crude protein content. Analyzed data for plant species 
characteristics were arithmetic averages without weighting for spe- 
cies biomass because sampling was not adequate for reliable esti- 
mates of weighting for individual species. Trees and large shrubs 
were not sampled for biomass. Percent of cattle using plant com- 
munities was tested for differences between blocks, years, and 
among weeks by AOV. Scheffe’s Multiple Comparison Test 
(Montgomery 1984) was used to separate significantly different 
means. T-tests were used to determine if there was a difference 
between percent of cattle found in a plant community and percent 
of the community in both pastures. Significance was assumed at 
SO.05 in all tests. 

Results and Discussion 

Year and block effects were not significant for any dependent 
variable. Significant differences within other main effects and the 
few significant interactions are discussed below. 

Forage Disappearance (Utilization) 
Mean utilization of forages within communities was lowest for 

saline upland (Table 1). Total utilization was 56% for both chan- 
nel/floodplain and seeded terrace communities over the 3 weeks of 

grazing at 0.1 AUM/ ha stocking rate. Cumulative utilization levels 
(Table 1) for individual species when summed over the 3 weeks 
ranged between 20% and 67% with the 2 extremes occdrring in 
saline uplands. Cottonwoods and willows, important for maintain- 
ing habitat structural diversity, received 64% and 57% use, respec- 
tively, over the 3-week period. Utilization of grasses, the major 
forage resource, varied from 35% to 67%. Shrubs in saline uplands 
were least utilized, 20% to 32%. 

Utilization levels of individual forage species (Table 1) generally 
declined over weeks as did overall and community means as for- 
ages were depleted in initially preferred communities. However, 
some species did not follow this trend (significant species X week 
interaction). The exceptions among species were wheatgrasses in 
seeded terraces, with highest use in week 2; and bottlebrush squir- 
reltail, sand dropseed, bud sagewort, and Gardner saltbush in 
saline uplands with highest use in week 3 (Table 1). The exception 
among communities to the general decline in utilization over weeks 
(significant community X week interaction) was an increase in 
mean use of forages in saline upland in week 3 from a lower level in 
week 2. These interactions are illustrated in Table 1 where overall 
weekly means decline while means for the species and communities 
indicated do not. 

Utilization levels on specific forage species may indicate poten- 
tial changes in community species composition (Davis 1982), influ- 
ence watershed and streambank protection values (Branson et al. 
1981, Shumm and Meyer 1979), and affect the ability of grazing 
animals to consume sufficient forage for adequate performance. 
Cumulative utilization of forages within each community over the 
3 weeks (36 to 56%) was generally less than levels causing concern 
for long-term system health in most grazed ecosystems. However, 
higher levels reached on some species, notably cottonwood, 
require additional attention. Cottonwood provides the major ele- 
ment of vegetation structural diversity in the area. The 64% use 
occurred on twigs and sprouts of large trees within reach of cattle. 
This use occurred in addition to wildlife grazing (that we were 
unable to measure) before and probably after the study period. Use 
prunes the bottom of larger trees and terminal buds of seedlings 
and sprouts. Seedlings and sprouts must be able to grow beyond 

Table 2. Dry matter and crude protein content (%)I of forage species in pastures on North, Fork, H-Mile Creek in summer. 

Community 
Species Begin I End 1 

Dry Matter Content 
Weeks 

End 2 End 3 

Mean 
Protein 

Channel Floodplain __________________________-______%--__________________________________ (%) 
Inland saltgrass 47.1 f 1.7 47.8 f 0.2 48.8 f 0.2 53.1 f 3.8 49.2 f 1.1~2 5.4 f 0. la 
Wildryes 54.7 f 2.3 58.0 f 0.6 55.3 f 1.7 58.0 f 1.4 56.4 f 0.8de 5.1 f 0.3a 
Cottonwood 38.5 f 3.6 40.9 f 2.0 42.2 f 1.8 40.7 f 1.7 40.6 f l.lab 12.3 f 0.5e 
Scurfpea 32.7 f 2.7 32.6 f 0.3 36.2 f 0.3 45.5 f 5.6 36.7 f 1.9a 10.9 f 0.4d 
Community mean 43.2 f 2.4 44.7 f 2.5 45.6 f 1.9 49.3 f 2.4 45.7 f 1.2x 8.4 f 0.6x 

Seeded Terrace 
Wheatgrasses 
Foxtail barley 
Willow 
Community mean 

52.8 f 2.3 72.6 f 4.2 70.8 f 4.6 66.3 f 3.3 65.6 f 3.lf 6.8 f 0.6c 
59.7 f 6.2 59.9 f 1.4 58.9 f 2.9 61.6 f 0.6 60.1 f 1.6e 5.7 f 0.2ab 
39.1 f 2.5 44.1 f 2.2 44.6 f 5.8 48.4 f 3.8 44.0 f 2.lb 7.7 f 0.2bc 
50.5 f 3.3 58.5 f 4.5 58.1 f 4.0 58.8 f 2.7 56.6 f 1.9y 6.7 f 0.3x 

Saline Upland 
Indian ricegrass 
Bottlebrush squirreltail 
Sand dropseed 
Bud sagewort 
Gardner saltbush 
Community mean 

All Communities Mean 

70.9 f 3.8 73.7 f 1.4 83.9 f 3.4 76.6 f 0.1 76.3 f 1.7g 5.7 f 0. lab 
86.0 f 3.7 88.2 f 2.1 91.0 f 2.7 90.7 f 0.6 88.9 f 1.3h 7.0 f 0.2bc 
44.5 f 12.6 58.0 f 6.2 54.6 f 1.0 49.8 f 7.6 51.7 f 3.6cd 8.1 f 1.1~ 
70.7 f 2.3 75.1 f 0.1 79.2 f 2.5 76.8 f 1.0 75.4 f l.lg 7.0 f 0.3c 
56.5 f 0.9 50.2 f 1.5 49.6 f 3.7 54.7 f 2.7 52.7 f 1.3cd 11.8 f 0.5de 
68.0 f 3.5 70.2 f 3.4 73.5 f 4.1 71.9 f 3.6 70.9 f 1.82 7.9 f 0.4x 

54.6 f 2.2a 58.7 f 2.6ab 60.6 f 2.8b 60.6 f 2.3b 

‘Mean f standard error 
2Means for each species across weeks (2 right columns) and weeks (dry matter, bottom row) followed by the same letter (a-h) were not different (DO.05). Means for 
communities across weeks (in 2 right columns) followed by the same letter (x, y, or z) were not different (FPO.05). 
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Table 3. Pecent ($)a of cattle observed in plant communitia and percent of communities in pastures on North Fork, H-Mile Creek in summer. Average 
forage standing crop, dry matter content, and end of grazing period utilization are appended for comparison. 

Habitat 

Week 1 
% cattle 

Week 2 
% cattle 

Week 3 
% cattle 

All Weeks 
% cattle 

Channel 

6.7. f 0.7a2 

22.5. f 2.5b 

11.8* f 2.9a 

13.7* f 2.3 

Flood plain 

69.9* f 2.7~ 

48.9* f 0.7b 

25.2* f 2.Oa 

47.9. f 5.6 

Seeded Terrace 

2.6+ f 0.4a 

14.1* f 3.4b 

36.8* f 5.01~ 

17.8* f 4.5 

Saline Upland 

20.9* f 3.0ab 

14.5* f l.la 

23.2* f 2.8b 

19.5* f 1.6 

% Habitat in pastures 2.2 15.2 0.6 82.0 
Mean 
Standing Crop kg/ha 382’ 730 150 
Mean forage 
Dry matter % 45.73 56.6 70.9 
End of period 
Utilization % 55.83 55.5 36.3 

*The proportions of cattle observed in habitats were different (PSO.OS, n q  16,2 pastures X 2 years X 4 daily time segments) from proportions expected with random distribution 
of cattle over habitats. 
‘Mean xt standard error. 
*Weekly means for % cattle observed (columns) followed by the same letter were not significantly different (DO.05). 
‘Channel and floodplain sites combined 

grazing animal’s reach in order to replace older trees. Close moni- 
toring of utilization levels and subsequent growth and survival is 
warranted. Cottonwood was quickly consumed by cattle as evi- 
denced by 42% utilization in the first week of grazing alone. Like- 
wise, in seeded terraces, willows received the majority of their use 
in Week 1 (36%) and 57% use over the 3 weeks. 

Utilization declines in channel/floodplain and seeded terrace 
after Week 1 were not compensated for by an increased use in 
saline uplands, probably due to low productivity of these upland 
sites. The declines in utilization of forages after Week 1 indicate 
that removal of even 26-27% of available forage in an ecosystem of 
relatively low productive potential may limit further acceptability 
of these forages for cattle. Changes in structure and availability of 
forages due to use have been shown to prevent grazing animals 
from maintaining intake levels (Chacon and Stobbs 1976). Until 
forage becomes limiting, animals compensate for declining forage 
with increases in bite rate or bite size. The weekly changes in 
utilization strongly suggest that cattle intake may have become 
limited as early as week 2. Therefore, grazing capacity of this 
system may be limited more by animal performance considerations 
(directly related to intake) than plant maintenance unless the use of 
cottonwood and willow limited regeneration. In short, the level of 
use on cottonwood in 1 week and general sharp drop in utilization 
thereafter suggests that if cattle performance is a main concern, 
moving cattle to other areas after 1 week may be appropriate if they 
did not move on their own to areas with better forages. 

Forage Quality 

tion events accumulated in the seeded terraces and channel areas of 
the study pastures in both years of the study. Water accumulation 
areas, channel/floodplain and seeded terraces, had more succulent 
forages than saline uplands and received higher utilization. Cot- 
tonwood and willow, both dependent on ample subsurface soil 
moisture, and scurfpea were the most succulent forage species 
(Table 2). Significant interaction of species and weeks suggest that 
wheatgrasses and a few other species in seeded terraces became 
more succulent in week 3 following precipitation although they 
were still less succulent than other species in the community. 

Standing Crop 
Current annual standing crop (Table 3) of herbaceous and low 

shrub vegetation was roughly 382 kg/ ha for channel/floodplain, 
730 kg/ ha for seeded terraces, and 150 kg/ ha for saline upland, 
with saline uplands having relatively high variation between years, 
coinciding with precipitation variation. Runoff water provided a 
relatively constant moisture regime for communities other than 
uplands, thus causing relatively constant forage supplies in the 2 
years. The more productive communities received the highest utili- 
zation of forages. 

Habitat Selection 

Crude protein and succulence appeared to have had minimal 
influence on utilization levels of forage species other than cotton- 
wood. Channel/floodplains and terraces had both higher utiliza- 
tion and more succulent forages than uplands. Crude protein 
content for forages (Table 2) did not change over the weeks of 
study. Mean crude protein of forages among communities indi- 
cated similar levels in each. Grasses generally had the lowest crude 
protein of all forage classes, ranging from 5.1% to 8.1% (Table 2). 
Cottonwood had the highest crude protein content (12.3%) of all 
species, suggesting a positive relationship with utilization. 

Cattle distribution among communities was not random (Table 
3) and changed among weeks. Cattle preferentially selected chan- 
nel, flood plain and seeded terrace communities in all weeks. Saline 
upland, the largest community in the pastures was already used less 
frequently than it occurred. The majority of cattle use (79%) 
occurred in communities comprising only 18% of the study 
pastures. 

Cattle selection of communities changed weekly although the 
general relationship or ranking of communities was unchanged 
until week 3 (Table 3) when use of seeded terrace increased greatly. 
Highest use of channels occurred in week 2. Use in the floodplain 
steadily declined over the 3 weeks. Cattle numbers in seeded terra- 
ces increased each week. Cattle use of saline uplands was lowest in 
week 2, highest in week 3 and intermediate in week 1. 

A significant increase in dry matter occurred over the weeks of 
the study (Table 2) even though convective thunderstorms were 
common during the grazing period. Runoff water from precipita- 

The high level of selection by cattle for the channel/floodplain 
communities in weeks 1 and 2 may reflect the higher forage availa- 
bility of this area and greater succulence of forages compared to 
terraces or saline upland. Over 34% of available forages were found 
in about 17% of the area, the channel/floodplains. Senft et al. 
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(1985) and Pinchak et al. (1991) also found greater selection by 
cattle of communities with higher quantities of forage. Seeded 
terraces, the most productive per unit area, were only 0.6% of the 
area and had forages of lower crude protein and lower succulence 
than channel/floodplains. Even though only a small fraction of 
total use occurred in this community, it was the most preferred, 
especially in weeks 2 and 3. Utilization of forages in channel/- 
floodplain and seeded terraces in Weeks 1 and 2 reduced available 
forage in these communities. This could have facilitated more 
selection by cattle (Table 3) and higher utilization (Table 1) in 
saline uplands in Week 3 and compared to Week 2. 

In conclusion, selection of communities by cattle appeared large- 
ly related to forage abundance. The most frequently used commun- 
ities generally had higher utilization levels on plants. An apparent 
decline in forage intake by cattle in week 2 suggested grazing 
management based on meeting animal needs may be more perti- 
nent to this environment than management based on utilization 
levels. Heavier use on cottonwood and willow suggested these 
species could be a limiting factor during the summer season. 
Research is needed to determine the effects of utilization on estab- 
lishment and abundance of these species. 
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Abstract 

Effects of prescribed fire and roller chopping applied in 2 sea- 
sons on woody vegetation and the associated avian community of a 
southwestern Florida former dry prairie were studied. There were 5 
vegetation treatments with 2 replications of each; treatments were 
control, winter burn, winter chop, summer burn, and summer 
chop. Percent shrub cover was sampled with line intercept tran- 
sects. Birds were censused 25 times using the variable circular plot 
method. Burning in either season reduced shrub cover temporarily; 
chopping in either season reduced shrub cover significantly and it 
remained reduced throughout the 15 months of this study. Bird 
species richness and abundance were similar in control and burn 
plots. Birds were not seen in summer chop plots up to 5 months 
posttreatment. Bird species richness and abundance remained low 
in both winter and summer chop plots. Bird species that were 
observed in chop plots were mostly open country, grassland inhab- 
itants, indicating a trend toward prairie restoration. 

Key Words: south Florida prairie restoration, seasonal roller 
chopping, seasonal prescribed burning, bird responses 

Dry prairie grasslands in Florida have been described as “vast, 
treeless plains, often intermediate between wet grassy areas and the 
forested uplands”(Kale 1978, p. xii), or as South Florida flatwoods 
with “few, if any, trees” (Soil Conservation Service 1989, p. 34). 
The plant community is dominated by grasses, and saw-palmetto 
(Serenoa repens (Bartr.) Small) is the most common shrub. This 
type of prairie is endemic to southern Florida, and its ecological 
integrity formerly was maintained by frequent and extensive 
lightning-caused fires ignited mostly from late May through July. 
Traditional ranching practices in this region have typically included 
prescribed fire during January or February just prior to spring 
initiation of plant growth. 

Approximately 35 years of fire suppression in one of Florida’s 
largest state parks, Myakka River State Park, has resulted in shrub 
dominance of the former dry prairie grasslands located within the 
park. Land surveyors in the 1700 and 1800’s described this area as a 
grass-dominated prairie with low, sparse saw-palmetto and scat- 
tered cabbage palms (Subalpalmetto (Walt.) Lodd. ex Schultes). 
Florida Department of Natural Resources’goal in natural resource 
management is to maintain or restore state parks as representative 
samples of original Florida. Therefore, the goal of prairie restora- 
tion within Myakka River State Park involves reduction of shrub 
cover to allow grasses and other herbaceous plants to dominate 
(Myakka River State Park Unit Plan 1986). Fire alone may not be 
sufficient to restore these shrub-dominated former grasslands. 
Mechanical methods, such as rolling chopping, may provide a fast, 
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effective first step in rehabilitation. 
Changes in the vegetative community composition and physiog- 

nomic structure most probably will result in an altered avian 
community (Anderson 1980, Johnston and Odum 1956). It is not 
known what changes the current shrub dominance of former dry 
prairie grasslands has caused in the bird community. Birds are 
recognized as indicators of habitat conditions (Bock and Webb 
1984, Szaro and Balda 1982). This study examined the immediate 
and short-term responses of bird and shrub communities to the 
attempted rehabilitation of a former dry prairie in southwestern 
Florida. Documentation of the effects on these communities of fire 
and roller chopping applied in 2 seasons will provide information 
applicable to the development of future land management strategies. 

Study Area and Methods 

The study area is a former dry prairie grassland located in the 
Myakka River State Park. The park is in Sarasota and Manatee 
Counties in. southwestern Florida, and is 11,686 ha in size with 
approximately 6,500 ha of what once was dry prairie. Elevation of 
the prairie areas is from 10.7 to 12.2 m above msl. Soils are mostly a 
Myakka-Immokalee-Basinger Association (sandy, siliceous, hyper- 
thermic, Aeric and Arenic Haplaquods and Spodic Psammaquent, 
respectively) overlying an organic hardpan or clayey subsoil. The 
climate of this area is characterized by mild, dry winters and hot, 
wet summers. Average annual precipitation is 1,440 mm, and 
approximately 6oo/o occurs between June and September. Ambient 
temperatures during this study ranged from -5.5 to 37.2’ C. 

Eight treatment plots were established in an area previously 
unburned for 12 to 15 years until burned by wildfire on 13 May 
1986. Two nearby areas that had not been burned during the past 
15 years served as controls. Each plot was approximately 6.1 ha 
and separated by plowed fire lanes. Treatments were a winter burn, 
a winter chop, a summer burn, and a summer chop. Two replicates 
were obtained for each treatment and a control. Winter burn and 
winter chop treatments were installed in January 1988, summer 
burns in late June 1988 and summer chops in July 1988. All 
prescribed burns were headfires. Chopping was accomplished with 
a single pass of Marden M-7@ drum choppers pulled in tandem by 
a rubber-tire tractor. 

Woody plant canopy cover was measured using the line intercept 
method (Canfield 1941). Eight, 30-m transects were located ran- 
domly within each plot. The length of the transect line that inter- 
cepted the plant canopy of each shrub species was measured. Due 
to layering of different species, shrub cover could be greater than 
100%. Each line transect was subdivided into 3, 10-m segments; 
height of the first plant encountered of each shrub species on each 
segment was measured. Shrub cover was sampled during May, 
July, and October, 1988, and January and April, 1989. 

Birds were censused 25 times in each plot, using the variable 
circular plot method (Reynolds et al. 1980, Szaro and Balda 1982), 
from July, 1988 to April, 1989. Each treatment plot and the con- 
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Table 1. Mean (SD) species richness of shrubs per Mm transect line measured during 5 sampling periods at Myakka River State Perk. Means did not 
differ among treatments (ANOVA, lQO.05). 

Treatment’ May 1988 Jul 1988 

Sample Date 

Ott 1988 Jan 1989 Apr 1989 

Control 6.6 (1.4) 5.8 (1.6) 5.0 (1.9) 5.2 (1.9) 5.8 (2.4) 
Winter bum 6.0 (1.5) 1.2 (1.6) 7.1 (1.6) 6.8 (1.3) 7.1 (1.4) 
Winter chop 6.1 (1.2) 7.9 (1.4) 7.4 (1.3) 7.3 (1.3) 1.4 (1.7) 
Summer burn2 5.9 (1.4) 6.5 (1.7) 6.7 (1.7) 
Summer chop2 5.8 (1.1) 6.9 (1.4) 6.4 (0.9) 

‘Linear regression of species richness over time: richness [Cl=6.3~.2(time), W.1370, R*=0.03; richnes$WB]=6.3+0.Z(time), &O. 1534, R2=0.03; richness [WC]=6.7+0.2(time), 
P=O. 1110, RN.03; richness[SB]=5.5+0.4ime), P=O. 1576, Rz=0.04; richness[SCl=S.7+0.3(time), P=O. 1092, R*=O.OS. 
%ummer bum (SB) and Summer chop (SC) not sampled May 1988 and July 1988. 

trols contained 1 permanently marked bird census plot center. All 
birds seen or heard were recorded for 10 minutes, with sampling 
beginning as soon as the observer reached the center of the census 
plot. Birds were counted from approximately 10 minutes before 
sunrise up to 3 hours after sunrise. The sequence of plot visitation 
was rotated randomly to reduce temporal bias. 

To determine differences among treatments within a sampling 
period, data were analyzed using a general linear model for analy- 
sis of variance (ANOVA) (Statistical Analysis Institute 1986). A 
nested design with treatment as the main units and plots as the 
subunits was used to analyze the vegetation data. Bird censuses 
were analyzed 2 ways: using repeated measures ANOVA and also a 
randomized block design. When a significant treatment effect 
(P<O.OS) was detected with ANOVA, the Waller-Duncan mean 
separation procedure was used to determine which treatments were 
different. Regression analysis was applied to the vegetation data to 
determine if there were changes within treatment groups over time. 
The independent variable “time” in the regression equations is the 
number of months since treatment application. Shrub cover, shrub 
height, shrub species richness (mean number of species per 30-m 
transect line) were square-root transformed to normalize the data. 
Bird data were not transformed. All tabular data are actual mean 
values. 

Results 

Habitat Modification 
A total of 26 shrub species, or species groups, was encountered 

during this study. Saw-palmetto was the dominant shrub species in 
all treatments and all sampling periods, averaging over 50% of the 
total shrub cover. Gallberry (Zlexglabra (L.) A. Gray), wax myrtle 
(Myrica cerijka L.), ground blueberry ( Vaccinium myrsinites 
Lam.), runner oaks (Quercuspumilu Walt. and Q. minima (Sarg.) 
Small), and lyonia (Lyoniu lucidu (Lam.) D. Don and L. fruticosa 
(Michx.) Torr.) comprised the next 5 most dominant species or 
species groups in each respective treatment, but varied in order of 
dominance in the different treatments and different sampling peri- 
ods. However, none of these species ever exceeded 20% of the total 
shrub cover. 

Shrub species richness varied little among the 4 treatments and 
the control. Means ranged from 5.0 (control, October 1988) to 7.9 
species per transect (winter chop, July 1988) (Table 1). Burned or 
chopped plots tended to have slightly higher species richness than 
control plots, but there were no significant differences among 
treatment means. Species richness within treatments did not 
change significantly over time. 

Total shrub cover was significantly different among the treat- 
ments during each sampling date (Table 2). Control plots consist- 
ently had the highest percent cover, the grand average greater than 
100%. By January 1989, however, total shrub cover for control 
plots was not significantly higher than that for winter bum plots, 
due to regrowth of shrubs after burn treatment. Total shrub cover 
was significantly lower, by approximately one-half, for chopped 
plots than for burned plots following the winter and summer 
treatments. Shrub cover increased steadily following both types of 
treatments. Regression analyses indicated that for all treatments 
the slope was positive and significantly different from zero. By 
April 1989, differences in shrub cover between winter burn plots 
and summer burn plots and between winter chop plots and summer 
chop plots were not significant, although there was 6 months 
difference in regrowth time between winter and summer treatments. 

Shrub heights in control plots were significantly taller than in all 
other treatment plots in all sampling periods (Table 3). Although 
differences in shrub height between winter burn plots and winter 
chop plots and between summer burn plots and summer chop plots 
were not significant, mean shrub heights in burned plots tended to 
be greater, but with a larger degree of variation, than in chopped 
plots. The increases in shrub height over time were significant for 
winter burn and winter chop plots. 

Birds 
Maximum detection distances varied among bird species. For 

small species such as common yellowthroat (Geothlypis trichus 
(L.)) and Bachman’s sparrow (Aimophiliu aestivalis (Lichten- 
stein)), detection distances were determined to be 35-40 m; for 
larger species, detection distances were 50-55 m. We chose 40 m as 
the limit. This 40-m radius limit may have resulted in underestima- 

Table 2. Mean (SD) percent shrub cover measured during during 5 sampling peziods at Myakka River Stnte Park. For each sample date, values followed 
by the same letter are not significantly different (IQO.05, Wnller-Duncan test). 

Treatment’ May 1988 Jul 1988 Ott 1988 Jan 1989 Apr 1989 

Control 
Winter burn 
Winter chop 
Summer bum2 
Summer chop2 

. 94.0 (13.9)a 103.1 103.6 103.3 
34.2 (1 1.3)b 

(11.7)’ 
(13.4)b 

105.5’(11.5)’ 
74.1 (13.1)b 

(10.2)” 
57.7 ( 14.6)*b 

(10.6)’ 
80.9 82.5 (15.6)‘b 

14.5 ( 2.4)’ 25.4 ( 5.8)’ 34.3 ( 7.6)’ 37.7 ( 7.O)C 34.3 ( 6.5)’ 
50.0 ( 8.0)’ 65.1 71.0 
18.9 ( 8.2)d 

( 8.2)b ( 9.5)b 
27.5 (11.6)” 28.7 (10.3)’ 

‘Linear regression of shrub cover over time: coveflCl=9.8+O.l(time), P=O.O228, R2=0.06; coveeWB]=5.6+0.8(time), P=O.OOOl, R2=0.57; cove$WC]=3.7+0.5(time), P=O.OOOl, 
R2*.56; coverISB]=6.4+0.7(time), P=O.OOOl, R2=0.51: cover@C]=3.9+0.5(time), P10.0052, R2=0.14. 
%ummer burn (SB) and Summer chop (SC) not sampled May 1988 and July 1988. 
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Table 3. Mean (SD) shrub height in cm measured during 5 sampling periods at Myakka River State Park. For each sample date, values followed by the 
same letter are not significantly diierent (E-0.05, Wailer-Duncan test). 

Treatment’ Mav 1988 Jull988 

Sample Date 
Ott 1988 Jan 1989 Apr 1989 

Control 99.2 (25.2)” 
33.0 ( 6.2)b 

108.6 (30.7). 123.5 (34.3)’ 1 I I.0 (37.8)’ 100.9 (27.7)” 
Winter bum 33.0 ( 8.2)b 37.0 (I 1 .o)b 37.8 (lo.4)b 38.8 (10.2)b 
Winter chop 24.5 ( 3.6)b 28.6 ( 3.1)b 30.1 ( 4.7)b 29.7 ( 3.7)k 30.6 ( 3.6)+= 
Summer bum2 28.2 ( 3.5)” 27.8 ( 5. Qh 29.2 ( 3.5)be 
Summer chop 22.4 ( 3.8)’ 20.6 ( 3.9)’ 22.6 ( 3.5)’ 

‘Linear regression of shrub height over time: height [C]=10.3+0.02(time), eO.8623, R220.0; height[WB]=%S+O.l(time), H.0220, R’z0.07; heigh$WC]=S.O+O.l(time), 
W.0001, R210.19; heigh#SB]=5.2+0.05(time), P=O.4751, Rz=O.Ol; height[SC]=4.6+O.Ol(time), m.8697, R2=0.0 
2Summer bum (SB) and Summer chop (SC) not sampled May 1988 and July 1988. 

tion of bird use. However, this underestimation was consistent on 
all plots so comparison among plots was valid, but absolute density 
estimates were likely not valid. 

On the entire study site, 47 species of birds were identified (Table 
4), including species observed during censuses, those outside the 
chosen detection distance, and those seen at other times on the 
study site. In 25 censuses, 27 species of birds were counted (Table 

Table 4. List of bird species observed on entire study area at Myakka River 
State Park, July 1988 to April 1989. 

I. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

IO. 
Il. 
12. 
13. 
14. 
15. 
16. 

Mottled duck 
Black vulture 
Northern harrier 
Red-shouldered hawk 
American kestrel 
Northern bobwhite 
Killdeer 
Common snipe 
Mourning dove 
Common ground-dove 
Common nighthawk 
Chuck-will’s_widow 
Red-bellied woodpecker 
Downy woodpecker 
Hairy woodpecker 
Northern flicker 

17. Eastern phoebe 
IS. Great crested flycatcher 
19. Tree swallow 
20. Barn swallow 
21. Blue jay 
22. American crow 
23. Carolina wren 
24. House wren 
25. Blue-gray gnatcatcher 
26. American robin 
27. Gray catbird 
28. Northern mockingbird 
29. Brown thrasher 
30. Loggerhead shrike 
3 I. White-eyed vireo 
32. Yellow-throated vireo 
33. Yellow-rumped warbler 
34. Palm warbler 
35. Black-and-white warbler 
36. Common yellowthroat 
37. Northern cardinal 
38. Rufous-sided towhee 
39. Bachman’s sparrow 
40. Chipping sparrow 
41. Savannah sparrow 
42. Grasshopper sparrow 
43. Swamp sparrow 
44. Red-winged blackbird 
45. Eastern meadowlark 
46. 
47. 

Boat-tailed grackle 
Common grackle 

Anas jiilvigula Ridgway 
Coragyps atmtus (Bechstein) 
Circus cyaneus (L.) 
Buteo lineatus (Gmelin) 
Falco sparverius L. 
Colinus virginianus (L.) 
Charadrius vocijerus L. 
Gallinago gallinago (L.) 
Zenaido macroura (L.) 
Columbina passerina (L.) 
Chordeiles minor (Forster) 
Caprimulgus carolinensis Gmelin 
Melanerpes carolinus (L.) 
Picoides pubescens (L.) 
Picoides villosus (L.) 
Coluptes auratus (L.) 
Soyomisphoebe (Latham) 
Myiarchus crinitus (L.) 
Tachycinetu bicolor (Vieillot) 
Hirundo rustica L. 
Cyanocitta cristata (L.) 
Corvus brachyrhynchos Brehm 
Thryothorus ludovicianus (Latham) 
Doglodytes aedon Vieillot 
Polioptilo caerulea (L.) 
Turdus migratorius L. 
Dumetella carolinensis (L.) 
Mimus polyglottos (L.) 
Toxostoma rufum (L.) 
Lank ludovicianus L. 
Vireo griseus (Boddaert) 
Vireo jlavijiions Vieillot 
Dendroica coronata (L.) 
Dendroica palmarum (Gmelin) 
Mniotilta varia (L.) 
Geothlypis trichas (L.) 
Cardinalis cardinalis (L.) 
Pipilo erythrophthalmus (L.) 
Aimophila aeitivalis (Lichtenstein) 
Spizella passerina (Bechstein) - 
Posserculus sandwichensis (Gmelin) 
Ammoakmus savannarum (Gmelin) 
Melospiza georgiana (Latham) 
Agelaius phoeniceus (L.) 
Sturnella magna (L.) 

iscalus mujor 
iscolus f 

Gmelin) 
qurscu a (L.) 
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5). Ten species occurred just once. There also were categories for 
unknown birds, unknown sparrows, and unknown warblers. 
Repeated measures ANOVA on the number of individuals and the 
number of bird species indicated that treatment had a significant 
effect. When analyzing these same data in a randomized block 
design, with months as the blocking factor, main effects of treat- 
ment and month were significant, but the only 2 months that were 
different were August 1988 and March 1989. This probably was 
due to the presence of migrants, mostly warblers, in March. 

The mean number of individuals and mean number of bird 
species in the winter and summer burns were not different. (Table 
6) Bird abundance in the winter bum treatment was not different 
from control plots, but the summer bum treatment had lower bird 
abundance than controls during this sampling period. Bird abun- 
dance in both winter and summer chops were significantly lower 
than in controls and bum treatments. 

Discussion 

Other studies on shrub cover reduction using roller chopping in 
different seasons had various results: 2 studies suggested double 
chopping worked best in the dry season when soil moisture was low 
(Hilmon et al. 1963, Moore 1974); 1 study indicated season did not 
appear to have a significant effect, probably because soil moisture 
was low in both seasons (Kalmbacher and Martin 1984); and 
another indicated single chopping worked best in the wet season 
when soils were saturated (Tanner et al. 1988). Soil moisture has 
been postulated to influence chopping efficiency. Rainfall at 
Myakka River State Park in December 1987 and January 1988 was 
approximately normal (I 18.9 mm fell, 119.9 mm is normal for this 
2-month period). However, in May and June 1988, rainfall was 
approximately I61 .O mm below normal (148.1 mm fell, 309. I mm 
is normal for this 2-month period) (NOAA 1987, NOAA 1988). 
During the 5 days before winter and summer chopping, 5 I. I mm 
and 29.2 mm of rain, respectively, were recorded approximately 
2.5 km from the study site. It appears soil moisture was low in both 
seasons, which may have led to no detectable seasonal differences 
in treatment efficacy for shrub cover reduction. When comparing 
chopped plots to control plots, season of treatment appeared to 
have no effect but chopping in either season reduced overall shrub 
cover, and it remained reduced throughout the duration of the 
study. Other studies have shown chopping to be effective for shrub 
cover reduction with effects persisting for 2 to 5 years after treat- 
ment (Lewis 1970, Moore 1974, Tanner et al. 1988). 

Summer fires have been suggested to be more effective than 
winter fires for reducing shrub cover (Grelen 1975, Hughes and 
Knox 1964, Langdon 1981, Waldrop et al. 1987), but these conclu- 
sions were usually based on repeated fires over many years. Spo- 
radic or infrequent tires do not appear to have much effect when 
applied in summer or winter. In this study, total shrub cover in 
winter burn plots was not different from that measured in control 
plots just I2 months after burning. Shrub cover following 2 fires (1 



Table 5. Bird species frequency of occurrence and total abundaoce in a 40-m radium in 25 censuses conducted from July 1988 to April 1989 at Myakka 
River State Park. 

Control Winter burn Winter chop Summer bum 

Frea. Abund. Free. Arund. Frea. Abund. Frea. Amnd. 
Summer chop 

Common Yellowthroat 
Rufous-sided towshee 
White-eyed vireo 
Carolina Wren 
Gray catbird 
Warbler spp. 
Northern cardinal 
Yellow-rumped warbler 
Palm Warbler 
Unknown spp. 
Northern Mockingbird 
Eastern phoebe 
American robin 
Brown thrasher 
Yellow-throated vireo 
Blue-gray gnatcatcher 
Swamp sparrow 
Bachman’s sparrow 
Eastern meadowlark 
Common ground-dove 
Northern bobwhite 
Loggerhead shrike 
Chipping sparrow 
Red-winged blackbird 
Red-bellied woodpecker 
Sparrow spp. 
Morning dove 
Northern flicker 
Savannah sparrow 
Grasshopper sparrow 
Yellow-throated vireo 
Blue-gray gnatcatcher 
Swamp sparrow 
Bachman’s sparrow 
Eastern meadowlark 
Common ground-dove 
Northern bobwhite 
Loggerhead shrike 
Chipping sparrow 
Red-winged blackbird 
Red-bellied woodpecker 
Sparrow spp. 
Morning dove 
Northern flicker 
Savannah sparrow 
Grasshopper sparrow 

12 
11 
11 
10 
10 

: 
4 
4 
4 
3 
1 
1 
1 
1 
1 
1 

16 
21 
15 
13 
11 
14 
6 
9 

11 
5 
3 
1 
1 
1 
1 
1 
1 

16 35 4 5 11 
11 20 16 

3 I 
1 

18 
25 

2 
1 

6 14 
1 1 

3 

1 
4 
1 

1 
10 

1 
: 

1 
3 

1 1 

21 27 
8 11 
2 2 
1 1 
1 1 
1 1 
1 1 

9 9 
19 27 
2 2 
1 1 
1 I 

5 2 2 

: 
5 7 

5 
4 

1 2 
2 2 

4 1 
2 
1 
2 
1 

1 

1 
1 
1 

21 
8 
2 
1 
1 
1 
1 

27 9 9 5 2 2 
7 5 7 
3 
5 
4 

11 19 27 
2 2 2 
1 I 1 
1 1 1 
1 
1 1 2 

2 2 
4 
1 
1 

4 1 1 
2 
1 
2 
1 

‘See Table 4 for scientific names 

wild and 1 prescribed) approximately 2 years apart was not signifi- 
cantly reduced for more than 1 growing season. These results 
support the need for mechanical treatment to expedite prairie 
restoration. 

Shrub control treatments applied in this study had an acute 
effect on bird abundance and species composition. Birds were 
present in the summer burn plots the next day following treatment 
but were not observed in summer chop plots until approximately 5 
months posttreatment. Bird species richness and abundance in 
winter chop plots stayed lower than in burned and control plots for 
the duration of this study. One reason for fewer birds in the 
chopped plots may have been lack of vertical diversity and perches 
in the habitat. In the burn plots defoliated shrub stems and 
branches were still standing, providing perches; in the chop plots 
all the vegetation was flattened, and regrowth was slower. Also, as 
has been suggested by others (Bendell 1974, Dickson 1981), tire is a 
natural occurrence with which these bird species have evolved and 
are accustomed to its effects on vegetation. 

Table 6. Meao (SD) number of individuals and mean (SD) number of bird 
species counted in 40-m radius ctrculu plots in 25 censm from July 
1988 to April 1989 at Myakka River State Park. Treatment means within 
a column followed by the same letter are not significantly different 
(E-0.05, Walter-Duncao test). 

Treatment Individuals Species 

Control 2.7 (2.0)’ 
Winter burn 2.4 (l.7)*b 

2.0 (1.2)” 

Winter chop 
1.7 (l.l)‘b 

1.2 (l.O)C 
Summer burn 1.9 (1.9)b 

1 .o (0.8y 

Summer chop 0.2 (0.6)d 
1.5 (l.2)b 
0.2 (o.5)d 
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The first birds observed in summer chop plots, and the majority 
of birds seen in all chopped plots, were eastern meadowlarks 
(Srurnellu magna (L.)), Bachman’s sparrows, and other unknown 
sparrows. Birds such as eastern meadowlarks, Bachman’s spar- 
rows, and loggerhead shrikes (Lurks ludovicianus L.), which use 
open habitats (Terres 1980), were not observed in control plots. 
Control plots attracted more migrants and also had species such as 
white-eyed vireos ( Vireo griseus (Boddaert)), northern cardinals 
(Cardinalis cardinalis (L.)), and grey catbirds (Dumetella caroli- 
nensis (L.)). These shrub-level inhabitants (Dickson and Segelquist 
1979, Terres 1980) were not observed in any treatment plot. 
Rufous-sided towhees (Pipilo erythrophthalmus (L.)), common 
yellowthroats, palm warblers (Dendroica palmarum (Gmelin)), 
and northern mockingbirds (Mimus polyglottos L.) were seen in 
control plots and all treatments except summer chop plots. 

Control plots had the highest mean number of bird species and 
the highest mean number of individuals. These parameters in the 
burn plots were similar to control plots. Perch availability, vertical 
diversity and shrub cover, and height within control and burn plots 
were similar soon after treatment installation. These habitat fea- 
tures, however, were reduced by chopping. The goal at Myakka 
River State Park is prairie restoration and to attract Florida prairie 
inhabitants back into these areas. The appearance of eastern mea- 
dowlarks, loggerhead shrikes, and grasshopper sparrows indicated 
a trend towards the reestablishment of a grassland. A reduction in 
complexity of vertical habitat structure due to prairie restoration 
activities should cause a shift in species composition in the avian 
community and an overall lowering of species diversity on these 
treated areas. However, within the dryland prairie of Florida for- 
ested habitats associated with the scattered wetlands common to 
this region should provide a diversity of vegetative structure to 
support a mixture of grassland and forest bird species. 
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Abstract 

Accumulation of wolf plants in rangeland pastures frequently 
results in waste or incomplete utilization of high quality forage by 
cattle. The objective of this research was to establish the degree of 
sensitivity of cattle to cured stems in crested wheatgrass (Agro- 
pyron desertorum (Fischer ex Link) Schultes) at 3 stages of phe- 
nology (late-boot, anthesis, and quiescence). This was accomp- 
lished by providing individual plants having densities of 0,3,6,9, 
or 12 cured stems per dm* basal area and measuring frequency and 
degree of utilization after exposure to cattle grazing. Project design 
was a split-plot in a randomized complete block with 3 replica- 
tions, 3 stages of phenology as whole plots, and 5 densities of stems 
as treatments. A significant (P<O.Ol) phenology X treatment 
interaction occurred with cattle being equally sensitive to all treat- 
ments containing stems at late-boot and anthesis and oblivious to 
their presence at quiescence. At late-boot and anthesis stages of 
phenology 75% of plants with no stems were grazed while only 45% 
of plants with stems were grazed. Respective levels of utilization 
from the same treatments were 25 and 8%. A negative response was 
exhibited by cattle during anthesis when as little as 4% of biomass 
was contributed by cured stems. These results suggest that old 
growth stems should be removed or their presence noted as a 
covariate when conducting palatability studies or when observing 
plant-specific responses to defoliation by cattle. Cattle were not 
sensitive to treatments at quiescence when roughly 75% of plants in 
all treatments were defoliated with 25% herbage removal. This 
suggests that heavy grazing of a pasture with an objective of 
obtaining utilization of wolf plants would be most successful after 
all forage has cured, and cattle are less selective. 

Key Words: Agropyron desertorum (Fischer ex Link) Schultes, 
grazing behavior, old growth, wolf-plants, forage preference, pal- 
atability, optimum foraging 

A generally accepted axiom is that morphologic characteristics 
of grasses contribute to their relative palatability or acceptance by 
livestock, and that typically leaves are preferred over stems (Cook 
and Stoddart 1953, Cook 1959, Heady and Tore11 1959, Reppert 
1960, Heady 1964, Arnold 1694, Gangstad 1964, Gillet and Jadas- 
Hecart 1965, Galt et al. 1969, Murray 1984, Truscott and Currie 
1989, O’Reagain and Mentis 1989). When bunchgrasses remain 
ungrazed in a given year, standing dead stems often persist, and 
livestock are less likely to graze those plants in subsequent seasons 
(Norton and Johnson 1986). These ungrazed “wolf plants”(Stod- 
dart et al. 1975) may result in substantial loss of forage if they are 
present in high densities. 

This aspect of grazing behavior has been observed in both wild 
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and domestic herbivores but has not been researched in a con- 
trolled manner. Recent detailed evaluations of cattle grazing 
behavior in crested wheatgrass (Agropyron cristarum(L.)Gaertner) 
detected an aversion to larger plants which was partially attributed 
to old growth material in larger bunches (Norton et al. 1983, 
Norton and Johnson 1986). Ruyle and Rice (1991) noted cattle 
preferred tufts of Lehmann lovegrass (Erugrosris lehmanniuna 
Nees.) lacking residual stems, and they became less discriminating 
as plants matured. Murray (1984) in a palatability evaluation of 14 
grass accessions, was able to account for 94% of the variation in 
forage utilization by sheep with models related to indices of seed- 
stalk density. Other scientists, focusing on patterns of forage use by 
wild herbivores, have noted greater utilization of forages where old 
growth material was removed by domestic animals or fire (Peek et 
al. 1979, Gordon 1988, Willms et al. 1980). 

The primary objective of this research was to establish the degree 
of sensitivity of cattle to cured reproductive stems in crested 
wheatgrass (Agropyron desertorum (Fischer ex Link) Shultes)) at 
3 different stages of phenology (late-boot, anthesis, and quies- 
cence). This was accomplished by augmenting individual plants 
with various densities of cured stems and measuring frequency and 
degree of utilization after cattle grazing. 

Materials and Methods 

The study was conducted on the Squaw Butte Experimental 
Range (119°43’W,43029’N) 72-km west-southwest of Burns, Ore. 
Mean annual precipitation is 28.4 cm with peak monthly accumu- 
lations in November, December, January, and May (ranging from 
2.9 to 3.6 cm); and a mean minimum accumulation (0.8 cm) in July 
(NOAA 1988). Mean annual temperature is 7.6’ C with extremes 
of -29” and 42’ C (NOAA 1952-1986). Nine 0.6-ha pastures were 
established by subdividing an l&year-old crested wheatgrass seed- 
ing with electric fence. The seeding was heavily grazed the previous 
fall to remove standing old-growth material. Soil in the pastures is 
a Milican tine sandy loam, (coarse-loamy, mixed, frigid Orthidic 
Durixerolls) (Lentz and Simonson 1986). Within each pasture 
400-m of line transect was established in randomly placed 100-m 
increments. One-hundred points along each 400-m transect were 
selected randomly by computer drawing and the plant closest to 
each point randomly assigned to 1 of 5 treatments, for a total of 20 
plants per treatment per pasture. Treatments consisted of plants 
artificially supplied with densities of either 0, 3, 6, 9, or 12 old- 
growth seed stalks/dm* of basal area. Treatment densities brack- 
eted naturally occurring conditions as a sampling of ungrazed 
crested wheatgrass the previous fall detected a mean density of 4.3 
(f2.1 95% CI) reproductive culms/dm* basal area. Seed stalks 
used in the study were collected at quiescence the previous growing 
season and were stored indoors until needed the subsequent year. 

Basal areas of plants were determined by measuring each 
crown’s greatest diameter, second greatest diameter perpendicular 
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to the first, and solving for the area of an ellipse. Holes were 
punched in the soil within each crown with a chaining pin, and the 
number of seed stalks necessary to obtain the designated treatment 
density inserted. Where calculations demanded a fraction of a seed 
stalk, the count was rounded up to the next whole number. Actual 
densities, therefore, were slightly higher than planned with respec- 
tive mean values for the 3,6,9, and 12 stem treatments of 3.5,6.6, 
9.5, and 12.4. 

The study was repeated at 3 stages of phenology. These were: 
late-boot, anthesis, and quiescence, with 3 pastures sampled at 
each stage. We attempted to duplicate the appearance of naturally 
occurring wolf plants at each stage of phenology. At late-boot 
stage, the inserted stems projected 5 to 25 cm above the leafy tillers. 
At anthesis, current year’s growth was still green, and inserted old 
growth stems were roughly the same height as the current year’s 
flowering stems. During the quiescent stage, all leaves and stems 
were brown, and current year’s reproductive stems were either 
removed or supplemented to obtain desired treatment densities. 
Again, added stems approximated the height of the general 
canopy. 

In 1 of the pastures at each sampling period, 5 additional plants 
per treatment were furnished with stems and harvested to a 2.5-cm 
stubble to provide measures of treatment effects on forage quality. 
Quality was indexed by crude protein content (AOAC 1980; kjel- 
dahl nitrogen % X 6.25 on a dry matter basis). Measures of forage 
availability and utilization in each pasture were obtained by clip- 
ping ten l-m2 plots to ground level immediately before and after 
cattle grazing. Plots were systematically placed along pace tran- 
sects diagonally traversing the pasture. At each stage of phenology, 
2 yearling steers were placed in each of the 3 pastures (total of 6 
animals), where they were allowed to forage until approximately 
75% of all plants in the pasture had received some degree of 
defoliation. A daily step-point sampling of 25 points in each pas- 
ture was used to monitor proportions of grazed and ungrazed 
plants. The same 3 pairs of steers were used throughout the project. 

After cattle were removed, treatment plants were evaluated for 
presence or absence of defoliation, and if defoliated, the percent of 
utilization by weight was estimated using height-weight relation- 
ships (Heady 1950) developed at each stage of phenology. Total 
values for each treatment within a pasture were viewed as single 
observations in final analyses, with the data converted to mean 
values for presentation. Null hypotheses (Ho) of interest were: 
cattle grazed treatments with equal frequency and degree of utiliza- 
tion, and that treatment effects were independent of stage of phe- 
nology. Analyses included: Bartlett’s test of homogeneity of var- 
iance among treatments (Snedecor and Cochran 1967), a separate 
evaluation of each stage of phenology with a randomized complete 
block design (5 treatments and 3 replications), and a final split-plot 
analysis of compiled data in a randomized complete block design 
with 3 replications, 3 stages of phenology as whole plots, and 5 
treatments. Mean separations (p10.05) were accomplished with 
orthogonal contrasts. 

Results 
September (1988) through June (1989) precipitation, which is 

most strongly correlated with annual forage yield in the region, was 
27.7 cm. This is also the long-term mean for that same period at the 
experiment station. Respective mean levels (&SE) of available 
forage during the study were 500 (106), 802 (90X and 45 1(62) kg/ ha 
at late-boot, anthesis, and quiescent stages of phenology. The 
reduction in available herbage between anthesis and quiescence 
was most likely a product of leaf senescence and seed shatter. 
Cattle grazed pastures for 4,5, and 5 days, respectively, during the 
3 stages of phenology, and accompanying levels of utilization 
(&SE) derived from clipped samples after cattle exited were 20 
(11.5), 20 (9.6) and 27% (3.1). 
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Table 1. Split-plot ANOVA of frequency of use (9%) and utilization by 
weight (%) of crested wheatgrass plants augmented with 0,3,6,9, or 12 
cured seed stalks per dm* basal area at 3 stages of pbenology. **indicates 
significance (p10.01). 

Source DF 
Frequency 

MS 
Utilization 

MS 

Blocks 
Phenology 
Block X Phen. 
Treatments 
Phen. X Treat. 
Residual 

2 1837 178 
2 3434++ 705** 
4 85 24 
4 826** 250** 
8 313** 59** 

24 73 18 

Split-plot analyses of variance revealed a significant (p10.01) 
treatment X phenology interaction with identical interpretations 
derived from both the frequency of defoliation and utilization data 
(Table 1 and Figures 1 and 2). The greatest contribution to total 
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Fig. 1. Frequency (expressed as percent of plants defoliated) of use by 
cattle of crested wheatgrass tufts augmented with densities of 0,3,6,9, or 
12 cured reproductive stems per dmx basal area at 3 stages of phenology. 
LSD (P<O.OS) allows comparison among treatment means at a given 
stage of phenology. 
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Fig. 2. Utilization (expressed as percent of herbage weight removed) by 
cattle grazing crested wheatgrass tufts augmentedwith densities of 0,3,6, 
9, or 12 cured reproductive stems per dm* basal area at 3 stages of 
phenology. LSD (P<O.OS) allows comparison among treatment means 
at a given stage of phenology. 

variation was derived from the phenology component. Our conjec- 
ture that the significant treatment X phenology interaction effect 
was predominantly due to responses from the quiescent stage of 
phenology was verified by conducting a second split-plot analysis 
including only data of the late-boot and anthesis periods. This 
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yielded significance (p10.01) for treatment effects but not for 
phenology or the treatment X phenology interaction. Conse- 
quently, discussions will focus on the late-boot and anthesis peri- 
ods followed by results from the quiescent stage of phenology. 

Contrasts revealed the significant treatment difference (PSO.01) 
at the late-boot and anthesis stages of phenology were attributable 
only to the presence or absence of cured reproductive stems with no 
difference among the different densities of stems. These findings 
were common to both the frequency of use (Fig. 1) and percent 
utilization (Fig. 2) response variables. No significant treatment 
effect occurred (JPO.05) during quiescence in analyses of either 
response variable. Across all treatments, mean frequency of use 
was 7770, and estimated utilization was 22.8% (Figs. 1 and 2). 

Mean crude protein content of stems used to augment plants was 
3.5% (*SE 0.09), and treatments had a significant (P<O.Ol) effect 
on crude protein content of tufts. Generally, plants exhibited a 
progressive decline in quality at late-boot and anthesis stages of 
phenology as stem densities increased (Fig. 3). Augmented plants 
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Fig. 3. Crude protein content (%) of entire crested wheatgrass tufts aug- 
menting with densities of 0,3,6,9, or 12 cured reproductive stems per 
dm* basal area at 3 stages of phenology. LSD (P<O.OS) allows compari- 
son among treatment means at a given stage of phenology. 

showed little variation in quality at quiescence. Dilution of forage 
quality among treatments was greatest in the late-boot stage of 
phenology with the range among treatments spanning 2.4% and 
least during quiescence with a range spanning only 0.8%. Across 
the 4 treatments containing stems, the mean percent of biomass 
contributed by cured stems ranged between 10-19, 4-10, and 
lo-20% at late-boot, anthesis, and quiescence, respectively. 

Discussion and Conclusions 
In general steers did not discriminate among treatments contain- 

ing cured stems at late-boot and anthesis phenologies. The proba- 
bility these plants would be grazed was 30-35 percentage points 
less than plants without cured stems. The probability a plant with 
zero stems would be grazed was about 75%, and the probability for 
the augmented treatments was approximately 45%. The chances, 
therefore, that a plant with stems would be grazed about about 
60% of that expected for plants without stems. Treatments in this 
effort lacked sufficient resolution to definitively determine whether 
steers exhibit a zero tolerance for cured stems in green herbage. In 
retrospect, 1 and 2 stem treatments should have been included to 
address this question. 

We speculate cattle used visual cues as they selected or bypassed 
individual plants in the late-boot and anthesis portions of the 
study. Lack of treatment response during quiescence, when all 
forage components were of similar color, lends some credence to 
this, but we have no firm evidence to support this observation. 
Dwyer et al. (1964) observed cattle made less use of chlorotic than 

green forages. They noted, however, that chlorotic plants were 
specific to nutrient poor sites and aspects other than color may 
have contributed to forage selection. Krueger et al. (1974) found in 
domestic sheep that taste was the dominant sense contributing to 
selective grazing with sight and touch serving supplemental roles. 

Ruyle et al. (1987) detected greater handling time per bite when 
cattle grazed stemmy versus non-stemmy tufts. O’Reagain and 
Mentis (1989) detected a negative relationship between stemminess 
and acceptability of different forages to cattle; and in citing the 
above work and Stobbs (1974), they speculated stemminess may 
increase the energy expenditure associated with harvesting a given 
amount of leaf from plants. Work by Black and Kenny (1984) has 
also suggested animals prefer to graze in areas where forage can be 
harvested most rapidly. Disparities in forage quality exhibited 
among our treatments also imply optimum foraging benefits were 
derived when cattle bypassed stemmy plants. 

Due to our lack of treatment response during quiescence, we 
propose cleanup of pastures with high concentrations of wolf 
plants would be best accomplished if cattle were introduced after 
all forage had cured. In pastures of mixed compositions, disparities 
in acceptability of various species to cattle would most likley still 
exist, but within each species there is probably still a greater 
likelihood cattle would defoliate stemmy plants. Forages would be 
of low quality at this time, and with an extended grazing period, 
protein supplementation would be required to maintain adequate 
livestock performance. 

Crested wheatgrass is noted for its propensity to accumulate 
high densities of reproductive stems, and grazing strategies have 
been proposed to overcome this problem (Hyder and Sneva 1963). 
This is not unique to crested wheatgrass, however, and we suggest 
to plant breeders and range reclamation specialists that leafy selec- 
tions receive greater scrutiny. While a high density of reproductive 
stems offers germplasm proliferation benefits, it may confer less 
resistance to defoliation (Branson 1956) and a greater likelihood of 
developing a “wolfy” stature. Species or selections having less 
persistent reproductive culms might provide another alternative. 

In conclusion, we found cattle were more sensitive than expected 
to small numbers of cured reproductive stems in standing green 
herbage. This occurred when as few as 3 cured stems (contributing 
as little as 4% of plant biomass) were placed in dm* sized tufts. In 
light of these findings, old growth stems should be removed or their 
presence noted as a covariate when conducting palatability studies 
or plant specific responses to defoliation by cattle. Additionally, 
we emphasize the need to obtain uniform utilization of forages in 
pastures to avoid development of wolf plants. Cattle were insensi- 
tive to cured culms after quiescence, and we suggest that utilization 
of wolf plants or pasture cleanup would be best accomplished if 
grazing occurs after standing forage has cured. 
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Abstract 

A 3-year field study was conducted near Grassrange, Montana. 
(Latitude 46OSO’N and Longitude 1OtYSO’W) to determine the 
effect of leafy spurge (Eup/rorbiu es& L.) shoot density, control, 
and canopy cover on the utilization of forage by cattle. Picloram 
(4-amino-3,5,6-trichloro-2-pyridinecarboxylic acid) was applied at 
0.28 to 2.24 kg se/ha on leafy spurge-infested native pasture to 
establish different levels of leafy spurge shoot density and canopy 
cover. Utilization of forage was influenced by leafy spurge shoot 
density (r q  -0.65) and canopy cover (r q  0.87) and was not related 
to the amount of forage (r = -0.1) produced. A leafy spurge canopy 
cover of 10% or more and a leafy spurge shoot control value of 90% 
or less resulted in a significant decrease in utilization of forage by 
cattle. 

Key Words: Euphorbia esufu L., picloram, grazing management, 
range improvement 

Leafy spurge (Euphorbiu esula L.) is a long-lived perennial weed 
estimated to infest over 1 million hectares of pasture and rangeland 
in the Northern Great Plains and Rocky Mountain regions of the 
United States (Dunn 1979). Leafy spurge is classified as a 
poisonous plant which produces an irritant causing dermatitis to 
man and animals (Kingsbury 1964). 

Most research indicates that sheep can consume significant 
amounts of leafy spurge with no adverse effects (Christensen et al. 
1938, Landgraf et al. 1984, and Bartz et al. 1985). Only a single case 
of poisoning of sheep attributed to consumption of leafy spurge 
plants appears in the literature (Johnston and Peake 1960). 
However, leafy spurge adversely influences forage utilization by 
cattle. Given free-choice grazing, cattle avoid forage in areas 
heavily infested with leafy spurge (Lym and Kirby 1987). Cattle 
and forage production losses due to leafy spurge infestations have 
been estimated at over $12 million annually in North Dakota 
(Messersmith and Lym 1983). 

The purpose of this research was to determine (a) the influence of 
leafy spurge shoot density, control, and canopy cover on forage 
utilization by cattle; (b) the effect of forage production on 
utilization; and (c)the level of leafy spurge control or canopy cover 
that is required to maintain optimum forage utilization. 

Methods and Materials 

The response of leafy spurge to single picloram treatments was 
evaluated at the SE Ranch near Grassrange, Montana (Latitude 
46O5OW and Longitude 10S050W) during the 1986 and 1987 
growing seasons. The sandy clay loam soil on the test site was a 
fine, mixed Udic Haploboroll of the Loken series with 3.5% 
organic matter, 7.0 pH and an average depth of 56 cm. 
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Plots were located within a l60-ha cool-season native grass, 
fenced pasture. Leafy spurge had been established on this site since 
the mid 1920’s. During the past 25 years the site has been grazed by 
cattle for 6 to 8 weeks in late spring or early summer at low to 
moderate stocking rates (2 to 4 AUM/ ha). Grasses at the site 
included bluebunch wheatgrass (Agropyron spicatum (Pursh) 
Scribn. and Smith), slender wheatgrass (Agropyron trachycaulum 
(Link) Malte var. trachycaulum), desert wheatgrass (Agropyron 
desertorum (Fisch.) Schult), prairie Junegrass (Koeleriu crzktata 
(L.) Pers.), needle-and-thread (St@ coma& Trin. and Rupr.) and 
Kentucky bluegrass (Pea pratensis L.). 

Herbicide treatments were applied with a tractor-mounted 
boom sprayer delivering 280 L/ha at 275 kPa. Herbicide treatments 
were applied on I6 May 1985 when the leafy spurge plants were IO 
to 40 cm in height and in the early bud to mid-flowering stage of 
inflorescence development. 

The 5X29-m research plots, were arranged in a randomized 
complete block design with 4 replications. Exclosure fences were 
constructed to divide each plot into 2 equal subplots. This provided 
an area for grazing and nongrazing on each plot. Exclosure fences 
were removed in the fall after the collection of production data. 
The placement of exclosures was alternated each year so that a 
subplot subjected to grazing one year was not grazed the next year. 

Data were analyzed using a randomized complete block design 
and/or a randomized complete block design with a split block 
arrangement. Fisher’s protected LSD at the 0.05 level of signifi- 
cance was used to determine mean separation. Pearson product- 
moment correlation coefficient values were based on individual 
observations within experimental units. Significance level for 
correlations was 0.001 unless otherwise stated. There was no signif- 
icant interaction between grazing and treatment on leafy spurge 
shoot density, control, or canopy cover so the data were combined 
over the 2 subplots. 

Leafy spurge shoot density was determined in four 0.25-m2 
permanent density sampling sites located in each plot. The number 
of sampling sites was based on Pieper’s (1978) sample size estima- 
tion technique. All uninjured leafy spurge shoots were counted in 
May and percentage control based on pre- and post-treatment 
shoot counts. Live leafy spurge canopy cover was determined with 
a IO-pin vertical point frame. A metered tape was stretched diagon- 
ally through each plot and 10 permanent observations made at 
points along the tape. Each year a total of 100 data points per plot 
were taken at the same sites along the diagonal transect. Percent 
canopy of leafy spurge, grasses, and forbs was determined from the 
data collected. 

Vegetation samples were harvested in August of each year using 
a commercial, electric hedge trimmer with a portable generator. 
Four randomly located 0.5-m2 samples were harvested in each of 
the 64 field plots. Vegetation was dried, separated into leafy 
spurge, grasses, and forbs, and weighed. The term forageproduc- 
tion used in this study refers to the dry matter weight of grasses 
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only. Forbs accounted for less than 1% of the total production and 
were excluded from production data. 

Utilization percentages were calculated by comparing grazed 
and ungrazed production within the same treatment plot. Utiliza- 
tion includes all usage of forage, i.e., natural disappearance, 
rodent, wildlife, insect, and cattle consumption. The research site 
was fenced to provide a 5-ha pasture with 3 gates for access of cattle 
into the area. Cow-calf grazing was permitted in the study area 
until utilization on leafy spurge-free plots reached 50%. The season 
of use began on 1 June and extended for 6 to 8 weeks and was 
terminated when maximum potential (50%) utilization was reached. 
The stocking rate averaged 2 AUM/ha throughout the grazing 
season. 

Normal annual precipitation at the site is 40 cm with 20 cm 
falling during the 3 months of data collection (15 May to 15 Aug.). 
Rainfall during the months of data collection was 15,12, and 23 cm 
in 1985, 1986, and 1987, respectively. 

Results and Discussion 
Data were collected at the field site in both 1986 and 1987 

following picloram application in May 1985. Only data from 1987 
are presented because a grasshopper (Melanoplus differtialis 
Thomas) outbreak in 1986 significantly impacted utilization. Gras- 
shopper populations throughout the area were extremely high (28 
to 30 hoppers/m*) and resulted in substantial consumption of both 
forage grass and leafy spurge. 

Leafy spurge shoot density influenced forage utilization by cattle 
(Table 1). For example, the untreated control averaged 405 leafy 

Table 1. Leafy spurge shoot density, control and canopy cover or forage 
production and utilization in 1987 following single picloram treatments 
in 1985. 

Leafy spurge Forage 
Shoot Canopy Prod- Utiliz- 

Picloram” density Control cover duction ation 

(kg/ ha) (no/m*) 
0.00 405 

----;--(%)--;;--- (kg&a) ---(%)--- 
0 

0.28 275 15 50 1000 5 
0.56 265 I7 38 1090 0 
0.84 I85 46 30 1570 28 
I.12 120 76 9 1760 44 
1.68 25 92 6 1660 48 
2.24 10 97 I 1780 52 

L.S.D. 235 13 I6 730 18 
(0.05) 

C.V. (%) 86 18 44 37 47 

‘Treatments applied 16 May 1985. 

spurge shoots/m* and yielded 0% utilization while the plots treated 
with 2.24 kg/ ha picloram averaged 10 leafy spurge shoots/m* and 
52% utilization. The correlation between leafy spurge shoot den- 
sity and forage utilization was negative (r = 0.65) while percent 
control of leafy spurge shoots and forage utilization were positively 
correlated (r q  0.90) among single picloram treatments. 

Leafy spurge shoot control 1 year following treatment averaged 
43,74,83,97,98, and 99% when picloram was applied at 0.28,0.56, 
0.84, 1.12, 1.68, and 2.24 kg/ ha, respectively (data not shown in 
table). Leafy spurge shoot control declined an average of 36% the 
second year following applications of picloram at 1.12 kg/ ha or 
less (Table I), which is similar to previously published results 
(Alley et al. 1982, Lym and Messersmith 1985). 

As leafy spurge canopy cover increased, forage utilization 
decreased (Table 1). Application of 2.24 kg/ ha picloram in 1985 
reduced leafy spurge canopy cover to 1% in 1987 and resulted in 
52% utilization of forage by cattle. This can be contrasted with the 
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0.28 and 0.56 kg/ ha picloram treatments also applied in May 1985 
which resulted in leafy spurge canopy cover values of 50 and 38% 
and forage utilization values of 5 and O%, respectively. The high 
negative correlation (r = -0.87) suggests a strong relationship 
between leafy spurge canopy cover and forage utilization. 

Picloram applied at rates exceeding 0.56 kg/ha reduced leafy 
spurge canopy cover and increased forage production (Table 1). 
Although forage production was not statistically different among 
treatments receiving more than 0.56 kg/ ha picloram, utilization 
values were significantly different. Forage production and forage 
utilization were not correlated (r = -0.1) when comparing experi- 
mental units with similar leafy spurge densities and canopy cover 
but with different production. This suggests that utilization was 
not influenced by forage production. These data support field 
observations that the grazing behavior of cattle is influenced by 
leafy spurge shoot density and canopy cover rather than by the 
amount of forage grass present. Thus a leafy spurge-infested pas- 
ture may yield 1,000 kg/ ha of forage grass, but have little or no 
utilization by cattle because of the deterrent effect of leafy spurge. 

Leafy spurge shoot density and canopy cover exerted the great- 
est influence on utilization of forage grasses by cattle. Canopy 
cover of leafy spurge is relatively simple to estimate and provides 
the landowner with an excellent tool to assist in a grazing manage- 
ment program. At a level of 10% leafy spurge canopy cover, forage 
utilization was approximately 45% (Fig. 1). As leafy spurge canopy 
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Fig. 1. The intluence of leafy spurge canopy cover and control on forage 
utilization by cattle. 

cover increased above lo%, forage utilization declined rapidly. 
Therefore, to achieve 50% forage utilization by cattle, the level of 
leafy spurge canopy cover must be less than 10%. When leafy 
spurge shoot control was 90% or more, forage utilization ap- 
proached 50%. A rapid decrease in utilization occurred when 
control dropped below 90% Thus, assuming a desired forage 
utilization of 50%, the level of leafy spurge shoot control must be 
90% or more. 

A control program is necessary to reduce leafy spurge popula- 
tions sufficiently to allow proper utilization of forage grasses. 
Otherwise, valuable forage grasses in pastures with moderate to 
high leafy spurge infestations will not be utilized. Cattle appear to 
be deterred from grazing in leafy spurge infested areas because of 
the latex content of leafy spurge (Lym and Kirby 1987). This model 
can be used to predict forage utilization by cattle in leafy spurge- 
infested pasture. 
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Abstract 

We censused breeding nongame birds on replicated 5- and 6-year 
post herbicide-treated (tebuthiuron and triclopyr) and untreated 
cross timbers rangeland in central Oklahoma. Twenty species of 
breeding birds were observed. No treatment effects were detected 
for total bird density, species diversity, or richness; however, spe- 
cies composition varied considerably among treatments. Control 
sites supported species associated with closed canopy woodlands, 
and treated sites supported species associated with brushy and 
prairie habitat. Generally, control sites had greater foliar cover, 
fewer snags, and less slash and herbaceous cover than treated sites. 
Densities of 6 of the 7 most abundant bird species were correlated 
variously with habitat variables. We concluded that changes in 
habitat structure resulted in differences in bird species composition 
among treatments. 

Key Words: breeding nongame birds, herbicides, habitat altera- 
tion, Oklahoma, tebuthiuron, triclopyr 

Herbicides are used widely in range management to suppress 
growth of unwanted vegetation and thereby improve grazing for 
cattle. Studies have examined effects of phenoxy herbicides 
(Warren et al. 1984, Gruver and Guthery 1986), glyphosate (Morri- 
son and Meslow 1984a, Santillo et al. 1989), and picloram 
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(McComb and Rumsey 1983) on nongame birds, but effects of 
tebuthiuron and triclopyr have not been evaluated. Because herbi- 
cides such as 2,4,5-T are no longer available, use of triclopyr and 
tebuthiuron has increased, particularly on central and western 
rangelands. We examined effects of S- and 6-year post tebuthiuron- 
and triclopyr-induced habitat alterations on breeding nongame 
birds in grazed hardwood forests in the cross timbers region of 
central Oklahoma. Effects of herbicides on wildlife in this region 
are only beginning to receive research attention (Boggs et al. 1990a, 
1990b, 1991; Lochmiller et al. 1991). 

Methods 

Study Area 
The cross timbers region consists of 3-4 million ha of post oak 

(Quercus stellata Wang.) and blackjack oak (Q. marilandica 
Muenchh.) woodlands in the south-central United States and is the 
ecotone between eastern deciduous forests and western prairies. 
Dominant herbaceous vegetation includes little bluestem (Schiz- 
achyrium scoparium [Michx.] Nash), indiangrass (Sorghastrum 
nutans [L.] Nash), and western ragweed (Ambrosiapsilostachya 
[T. & G.] Farw.) (Ewinget al. 1984). The midstory is dominated by 
coralberry (Symphoricarpus orbiculatus Moench.), poison ivy 
(Rhus radicans L.), and redbud (Cercis canadensis). Vegetation in 
this region has been altered, in part, by thinning the overstory with 
herbicides to enhance production of forage for livestock (Engle et 
al. 1987, McCollum et al. 1987). Average annual precipitation is 
831 mm; the majority occurs from April through October. Soils of 
the region are variable and were described by Gray and Stahnke 
(1970). 

Our study was conducted on the Cross Timbers Experimental 
Range (Payne Co., Okla.), which lies at the western edge of the 
cross timbers region (Lochmiller et al. 199 1). We used nine 32.4-ha 

407 



pastures representing 3 replications of 3 experimental treatments: 
(1) tebuthiuron (N_C5-(l,l-dimethylethyl)-l,3,4-thiadiazol-2-yl]-N, 
N’dimethylurea) (Elanco Product Co., Division of Eli Lilly and 
Co., Indianapolis, Ind. 46285); (2) triclopyr ([(3,5,6-tricloro-2- 
pyridinyl)oxy] acetic acid) (Dow Chemical Co., Midland, Mich. 
48674); and (3) a control (no herbicide). Herbicides were applied 
aerially at 2.2 kg/ ha in March 1983 (tebuthiuron) and June 1983 
(triclopyr). Both herbicides were effective, but tebuthiuron was less 
variable in tree kill (52-9970) than triclopyr (8-100%) (Stritzke et 
al. 1987). All pastures were grazed by yearling cattle from mid- 
April through September 1988 and mid-March through Sep- 
tember 1989. Stocking rate was set each year relative to expected 
levels of forage production to result in 50% utilization as measured 
by end-of-season residue of herbaceous standing crop. 

Vegetation 
One 10.8-ha grid was placed in each of 3 control, 3 tebuthiuron, 

and 3 triclopyr pastures. Each grid was 1100 m from the edge of 
the pasture. Grids were separated by 0.4-2.9 km and contained 30 
stations (6 X 5 pattern) 60 m apart with intermediary flags every 30 
m. All vegetation measurements were made once in either 1988 or 
1989 in 0.04ha circular plots using each grid station as the center of 
the plot (Noon 1980). We assumed that annual changes in the 
vegetation characteristics that we measured were negligible from 
1988 to 1989 (i.e., 5 to 6 years post-treatment). 

In 1988, foliage height diversity was measured twice (Balda 
1975) at 10 randomly chosen stations on each of the 9 grids: (1) in 
March and early April when birds began to establish territories and 
(2) in May and June when nesting had begun and eggs of some 
species were beginning to hatch. Foliage height diversity was mea- 
sured using a density board divided into 4 height intervals that 
corresponded to low ground (O-O.3 m), high ground (>0.3-1 .O m), 
low shrub 01.0-2.0 m), and high shrub (>2.0-3.0 m) (Noon 
1980). We recorded meaurements 11.3 m from each grid station in 
the 4 cardinal directions (Noon 1980) by counting the number of 
squares in each height interval >50% obscured by foliage. 

We estimated density of snags and slash (i.e., naturally downed 
debris) in summer 1988 at all stations with the point-quarter 
method (Smith 1980) by measuring the distance to the closest snag 
(18 cm in diameter) and the closest slash (11.5 m long, L8 cm in 
diameter) in each quarter of each 0.04-ha plot (Noon 1980). We 
estimated snag basal area using the formula given by Smith 
(1980:670). We estimated slash volume using a formula for the 
volume of a tapering cylinder (Renken 1988). We made ocular 
estimates of percentages of herbaceous ground and shrub cover at 
all stations in summer 1988. We measured foliar cover of the 
overstory (above elbow height) in summer 1989 at all stations using 
a forest densiometer (Lemmon 1957). 

Breeding Birds 
Breeding nongame birds were censused on all grids using the 

spot-mapping method (Int. Breeding Bird Census Comm. 1970). 
During each visit, auditory and visual observations of birds were 
recorded on detailed maps of each grid. Data from these maps were 
transferred to individual species’ maps for each grid. Resulting 
maps were used to estimate densities (number of territorial 
males/ 10.8 ha) for each species for each grid (Int. Breeding Bird 
Census Comm. 1970). Partial territories were included if >50% of 
the observations were within the grid boundaries. Grids were 
visited in the mornings and evenings, alternating starting points to 
reduce temporal variation. Time/visit/grid was approximately 3 
hours. All visits were made under favorable weather conditions 
(i.e., no precipitation or fog, wind 532 kph). 

Grids were visited 8 times (24 visits/ treatment) from 16 March 
through 15 August 1988 and 6 times (18 visits/treatment) from 23 
March to 26 August 1989. Inclement weather reduced the number 

of acceptable visits/plot, particularly in 1989, and may have 
resulted in underestimation of absolute densities of breeding birds 
and omission of cryptic and rare species (Dawson 1981). We 
assumed that such constraints were constant on all grids and 
thereby did not bias our comparison of densities of individual 
breeding birds (particularly common species) among the treatments. 

Statistical Analyses 
The Shannon diversity index was used to determine diversities of 

bird species and foliage height for each grid (Brower and Zar 1984). 
Chi-square approximations from the Kruskal-Wallis H-test were 
used to determine differences in territorial male density and vegeta- 
tion measurements among the 3 treatments (SAS Inst., Inc. 1988). 
If the overall treatment effect was significant for a bird species, 
Wilcoxon 2-sample tests (using z-values [SAS Inst., Inc. 19881) 
were used to compare its densities between treated and control sites 
and between the 2 herbicide treatments. Because of small yearly 
sample sizes (n q  3/treatment), the 2 years of breeding bird data 
were combined (n = 6/treatment) before analyses. Spearman rank 
correlations were calculated to examine relations between habitat 
variables and the 7 most abundant (across all treatments) bird 
species and total bird density. Annual estimates of bird densities on 
each of the 9 grids in 1988 and 1989 (n q  18) were paired with the 
single estimates of vegetation characteristics made on each grid. 
Minimum significance level was P<O.O5. 

Results 

Vegetation 
Early and late foliage obscurity and total foliage density did not 

differ significantly among treatments (Table I), although the low- 
est values were recorded on herbicide sites in 7 of 8 cases (4 height 
strata X 2 sampling periods). Foliage obscurity and total foliage 
density increased from early to late measurements on control and 
tebuthiuron plots but not on triclopyr plots (Table 1). 

No differences (aO.05) among treatments occurred in snag 
density, snag basal area, slash density, slash volume, foliar cover, 
or shrub cover; however, snag density, snag basal area, slash 

Table 1. Average habitat characteristics of herbicide-treated and untreated 
cross timbers 5 to 6 years post-treatment. 

Treatment 

Habitat variable Control 
Tebuthi- 

uron Triclopyr Pt 

Foliar obscurity by ht stratum (m) 
Mar-Apr 
O-O.3 19.2 
>0.3-1.0 69,s 
>l.O-2.0 
>2.0-3.0 2: 
Total foliage density 27317 
Foliage ht diversity 1.99 
May-Jun 

~L.0 94.5 86.0 
>l.O-2.0 78.3 
>2.0-3.0 76.3 

Total foliage density 335.1 
Foliage ht diversity 2.00 

Folk cover (%) 81.39 
Herbaceous cover (%) 27.99 
Shrub cover (%) 31.66 
Snag density (snags/ ha) 59.3 
Snag basal area (ms/ ha) 1.24 
Slash density (slash/ ha) 207.3 
Slash volume fmjlha) 21.34 

88.2 
66.5 
48.7 
41.7 

245.1 
1.93 

89.6 
74.1 
67.1 
62.8 

293.6 
1.99 

96.2 88.7 
80.2 73.8 
59.6 69.7 
51.7 66.3 

287.7 298.5 
1.96 1.99 

30.29 36.99 
87.5 74.28 
21.68 37.95 

218.7 250.0 
6.11 6.82 

794.7 579.3 
39.83 28.08 

0.393 
0.670 
0.118 
0.113 
0.148 

0.099 
0.202 
0.670 
0.113 
0.561 

0.051 
0.050 
0.202 
0.061 
0.067 
0.061 
0.587 

‘From chi-square approximations of the Kruskal-Wallii H-test; n = 3/treatment. 
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Table 2. Cumulatlvc densities of songbirds and woodpeakers and com- 
munity indfces on herbicide-treated and untreated cross timben in 
Oklahoma, 1988-89. 

Treatment 

Tebuthi- 
Species Control uron Triclopyr p2 

Yellow-billed cuckoo 6.0’ 0 3.0 0.054 
Red-bellied woodpecker 8.5 4.0 1.0 0.052 
Red-headed woodpecker 0 2.0 0 0.119 
Downy/hairy woodpecker 1.0 2.0 4.0 0.431 
Great crested flycatcher 4.5 1.0 1.0 0.250 
Eastern phoebe 1.0 0 0 0.368 
Blue Jay 1E 2.0 5.0 0.45 1 
Carolina chickadee 

28:5A) %I 
10.0 0.815 

Tufted titmouse 0.003 
Bewick’s wren OA 17:OB 

9.5B 
ll.OB 0.004 

Eastern bluebird 
2:‘: 

7.5B OA 0.034 
Blue-gray gnatcatcher 

8:OA 
35.5 32.0 0.198 

Black-and-white warbler OB l.OAB 0.028 
Louisiana waterthrush 6.OA OB OB 0.002 
Summer tanager 1.0 1.0 0 0.588 
Northern cardinal 40.0 44.5 48.0 0.553 
Indigo bunting OA 6.OB 4.OAB 0.026 
Painted bunting 1.0 1.0 2.0 0.738 
Field sparrow 7.0 23.0 18.0 0.058 
Total density 154.0 159.5 149.5 0.827 
Number of species 16 16 15 
Shannon diversity 3.19 3.01 2.95 

‘Tootal number of territorial males observed on 3 realications (IO.8 ha each) of each 
treatment for 2 consecutive years (n = 6). 
2From chi-square approximations of the Kruskal-Wallis H-test. 
‘Different letters \nthin rows indicate significant differences among treatments with 
Wilcoxon 2-sample tests. 

density, and foliar cover were significantly different at P<O.lO 
(Table I). Herbaceous ground cover was greater on treated sites 
than on untreated sites (P<O.OS). 

Breeding Birds 
We observed 20 territorial species during the breeding bird 

survey. Sixteen species were observed on control sites and tebuthi- 
uron sites, and 15 species were observed on triclopyr sites (Table 2). 
Species diversity was highest on control sites (3.19) and lowest on 
triclopyr sites (2.95), but overall differences were small. The north- 
ern cardinal (Cardinalis cardinalis [L.] Bonaparte) and the blue- 
gray gnatcatcher (Polioptila caerulea [L.] Sclater) were the most 
abundant species on all treatments. The Bewick’s wren (Thryo- 
manes bewickii[Audubon] &later) and indigo bunting (Passerina 
cyanea [L.] Vieillot) were observed only on herbicide-treated sites 
(Table 2). The Louisiana waterthrush (Seiurus motacilla [Vieillot] 
Swainson) was observed only on control sites (Table 2). 

Total density of territorial males did not differ (ZPO.05) among 
treatments (Table 2). Densities of the tufted titmouse (Parus bico- 
for L.), Bewick’s wren, eastern bluebird (Sialia sialis [L.] Vieillot), 
black-and-white warbler (Mniotilta varia [L.] Vieillot), Louisiana 
waterthrush, and indigo bunting were significantly different among 
the 3 treatments. Treatment effects were nearly significant (P = 
0.052-0.058) for the yellow-billed cuckoo (Coccyrus americanus 
[L.] Vieillot), red-bellied woodpecker (Melanerpes carolinus [L.] 
Swainson), and field sparrow (Spizella pusilla [Wilson] Bona- 
parte). Individual species’ responses to specific herbicides were 
variable (Table 2), but they generally were consistent with known 
biological preferences of the breeding species observed. For exam- 
ple, tufted titmouse, black-and-white warbler, and Louisiana 
waterthrush are known to prefer forested habitats, and they had 
significantly greater densities on control sites than tebuthiuron 
sites (Table 2). 

Although we frequently observed pileated woodpeckers (Dry- 
ocopuspileatus [L.] Boie), we could not establish accurate density 

/’ 
estimates because average territory size (53-160 ha) (Renken and 
Wiggers 1989) was larger than our grid size. The American crow 
(Corvus brachyrhynchos Brehm) and the brown-headed cowbird 
(Molothrus ater [Boddaert] Swainson) also were observed on our 
study sites. We could not accurately census the American crow 
because of its large territory size. The brown-headed cowbird was 
observed mainly in association with cattle using the grids and 
therefore could not be accurately mapped. 

Correlations of the densities of 6 of the 7 most abundant species 
and habitat characteristics were variable (Table 3). Species-specific 
preferences were evident; e.g., densities of blue-gray gnatcatchers, 
field sparrows, and Bewick’s wren were correlated negatively with 
most habitat characteristics associated with foliage structure and 
density. Densities of the northern cardinal and total breeding birds 
were not correlated with any habitat variable. 

Discussion 

Our control sites were characterized by greater foliar cover, 
fewer snags, and less slash and herbaceous cover than herbicide- 
treated sites. Five to 6 years post-treatment, habitat characteristics 
of triclopyr and tebuthiuron sites did not differ significantly, but 
tebuthiuron sites tended to have less woody vegetation than tric- 
lopyr sites. 

At 5-6 years post-treatment, total density, diversity, and rich- 
ness of breeding birds did not differ among treatments. Osaki 
(1979) found no treatment effects on total abundance of birds in 
brush fields treated 6 to 7 years previously with 2,4,5-T. However, 
Savidge (1978) found a 2-fold increase in total number of birds on 
untreated brush fields as compared to brush fields treated 6 years 
previously with 2,4,5-T. She believed that the collapse of dead 
brush structure on treated sites was responsible for the decline in 
nesting density. In our study, dead brush (i.e., snags) remained 
standing. 

Although total bird density, diversity, and richness did not show 
any treatment effects on our study, species composition differed 
for the 3 treatments. Nongame birds that required closed canopies 
declined in density or disappeared and other species, such as some 
cavity-nesting species, increased in abundance. Some species such 
as the Bewick’s wren and eastern bluebird were found only on 
herbicide-treated sites. We believe that was due to the increased 
density of snags on these sites which may serve as temporary 
nesting habitat. The red-headed woodpeaker (Melanerpes ery- 
throcephalus[L.] Swainson) and the eastern bluebird were observed 
only on tebuthiuron sites. These species are typically found in open 
woodlands or park-like settings that characterize the type of habi- 
tat created by the use of tebuthiuron. Control sites supported 
species associated with closed canopy woodlands, such as the 
black-and-white warbler and the Louisiana waterthrush. Morrison 
and Meslow (1984b) also found that densities of species dependent 
on deciduous trees decreased post-treatment. 

Balda (1975) suggested that birds established territories based on 
vegetative characteristics before foliage has completely leafed out. 
However, we did not find that breeding birds showed differing 
correlations with early and late foliage measurements. Bird species 
presence/absence was generally as expected for the region (Gryz- 
bowski 1986) and for the most part, species were correlated logi- 
cally with habitat variables, based on our field observations and 
extant literature (e.g., Kahl et al. 1985). However, the tufted tit- 
mouse was anomalous. We had expected ubiquitous distribution, 
but tufted titmouse density was negatively correlated with charac- 
teristics of herbicide-treated sites (e.g., snag density) and was 
greater on control sites than herbicide sites. Kahl et al. (1985) 
reviewed studies of habitat characteristics and found that the 
tufted titmouse did not respond consistently to any particular 
variable. We suspect that tufted titmouse density was influenced by 
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Table 3. Spcarman rank correlations of habitat variables with the most abundant bird species on herbicide-treated and untreated cross timbers in 
Oklahoma (n = 18). 

Individual Saecies 

Habitat 
variable 

Blue-gray 
gnatcatcher 

Field 
sparrow 

Tufted 
titmouse 

Carolina 
chickadee 

Bewick’s 
wren 

Red-bellied 
woodpecker 

Early’ foliage 
ht diversity 

Late* foliage 
ht diversity 

Early’ total 
foliage density 

Late2 total 
foliage density 

Foliar cover 
Herbaceous cover 
Shrub cover 
Snag density 
Snag basal area 
Slash density 
Slash volume 

-0.29 -O.56**3 

-0.65*** -0.66*** 

-0.61*** 

-0.56** 

-0.55** 
0.59** 

-0.49** 
0.36 
0.45* 
0.33 
0.29 

-0.45* 

-0.79*** 

-0.79*** 
0.79*** 

-0.55** 
0.33 
0.21 
0.36 

-0.18 

0.70*** 

0.68*** 

0.36 

0.49** 

0.32 1.00*** 
-0.75*** -0.14 
0.31 0.15 

-0.60*** -0.06 
-0.55** 0.01 
-O&I*** -0.13 
-0.04 0.05 

0.16 

0.15 

0.12 

0.09 

-0.64*** 

-0.54** 

-0.25 

-0.30 0.17 

-0&l* 0.405 
0.72*** -0.39 

-0.21 -0.16 
0.67*** -0.438 
0.63*** -0.38 
0.67*** -0.31 
0.17 -0.39 

0.18 

0.05 

-0.11 

‘Early = March-April. 
*Late = May-June. 
‘9 (X0.10), l * (P<O.O5), *** (KO.01). 

factors that we did not measure. 
Woody vegetation on North American rangelands has been 

manipulated with various herbicides, as well as fire and mechanical 
methods (e.g., chaining and discing). Effects of these management 
practices on nongame birds have varied (Peterson and Best 1987, 
O’Meara et al. 1981, Webb and Guthery 1983). For example, 
chaining of pinyon-juniper woodlands in Colorado decreased 
nongame bird density and richness 15 years post-treatment 
(O’Meara et al. 198 1). Size of the area and the percentage of woody 
vegetation removed also determined the extent of impact to non- 
game birds (Rollins 1983, Webb and Guthery 1983). In general, 
mechanical methods such as chaining that disturb the entire plant 
community can be more pernicious to habitats of nongame birds 
than management options such as herbicides that target specific 
plant types. 

Management Recommendations 

Lochmiller et al. (199 1) concluded that applications of tebuthiu- 
ron and triclopyr increased the diversity of habitats on the Cross 
Timbers Experimental Range and increased preferred habitat 
types of cottontail rabbits (Sylvilugus j7oridunus [J.A. Allen]). 
Similarly, herbicide applications, 5-6 years post-treatment, in- 
creased overall richness of breeding nongame birds on the Experi- 
mental Range by providing a mosaic of habitat types, which 
included the closed-canopy oak forest. Our results showed that 
several nongame bird species that do not regularly breed in closed 
oak forests were prevalent on herbicide-treated sites. For example, 
the Bewick’s wren and indigo bunting bred only on herbicide 
treatments, and the eastern bluebird and red-headed woodpecker 
bred only on tebuthiuron-treated sites. However, it is important 
for managers to note that elimination of the oak forest by herbi- 
cides would reduce the overall richness of breeding nongame birds 
because some species (e.g., Louisiana waterthrush and eastern 
phoebe) bred only in such forested habitats. If fragmentation and 
isolation of small acreages of the closed-canopy oak forest of the 
cross timbers occur as a result of increased herbicide use, addi- 
tional research should be conducted to assess effects on forest- 
dependent nongame birds. 
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Time domain reflectometry for 
water content in range surveys 
TIM L. REEVES AND MICHAEL A. SMITH 

measuring soil 

Abstract 

Time Domain Reflectometry (TDR) is introduced as a viable 
alternative for measuring soil water content for rangelnnd surveys. 
The method is based on a strong relationship between the complex 
dielectric constant of soil and volumetric soil water. Volumetric 
water content (a,), measured by TDR and gravimetricnlly, was 
compared for 2 rangeland sites. TDR underestimated 8, when 
compared to gravimetric samples for all data. Potential causes of 
this error and possible solutions sre discussed. Some advantages 
and disadvantages of the method are discussed. 

Key Words: TDR, time domain retlectometiy, soil moisture, 
volumetric water content, survey 

Standard methods commonly used for measuring soil water 
content, such as neutron moderation, tensiometers, gypsum blocks, 
or gravimetric samples have several disadvantages in the precise, 
accurate, or timely collection of data in the field. Time Domain 
Reflectometry (TDR) is a relatively new soil water measuring 
technqiue (Hoekstra and Delaney 1974, Davis and Annan 1977, 
Topp et al. 1980, Topp and Davis 1985a). TDR is accurate, 
requires no calibration between soil types or bulk densities, is not 
affected by salt content, and the sampling equipment is mobile and 
easy to use. The purpose of this paper is to briefly introduce and 
describe TDR, compare TDR measured water contents to gravi- 
metric samples, and evaluate its use under field conditions. 

Time Domain Reflectometry is a technology in which an elec- 
tromagnetic pulse is propagated down a transmission line and the 
reflection of the pulse is analyzed with an oscilloscope to estimate 
the complex dielectric constant (c*) of a medium. The complex 
dielectric constant is an electrical property that represents the ratio 
of the dielectric permittivity of the media being measured to the 
dielectric permittivity of free space (Hoekstra and Delaney 1974). 
Using TDR, the complex dielectric constant (c*) of soil media can 
be estimated (Topp et al. 1980). When measured in the MHz to 
GHz frequency range, thee* of a soil is strongly dependent on the 
volumetric water content (0,). Topp et al. (1980) evaluated this 
technique in several soils and other porous media and determined 
L* to be independent of bulk density, soil type, particle size distri- 
bution, and salt content. They presented the following calibration 
curve for use in mineral soils: 

Inapplying95%confidence bandstoEquation I,Toppetal.(l980) 
reported this relationship to be very accurate across all soils and 
water contents studied when compared to gravimetric determina- 
tions (i 0.013 in 0,). 

In practice, instruments or TDR probes are constructed that 
allow the measurements off* in soils using a Time Domain Reflec- 
tometer, an electronic device primarily designed to detect and 

locate faults in transmission lines. Topp et al. (1984), Reeves et al. 
(1989), Zegelin et al. (1989) and others have described different 
styles ofTDR instrumentation developed for measuring 0, in soils. 
Figure 1 shows a TDR probe which was built at the University of 

Fig. 1. TDRprobe with*@em (4.*mmdiam.)stainlesssteelrodsspaeedat 
4 em (on center, for WBV.2 guides. 

Wyoming. The parallel rods or wave guides of the probe act as a 
balanced transmission line. When they are inserted into the soil, 
the soil around and between the wave guides also becomes part of 
the transmission line. This response area has been discussed by 
Baker and Lascano (1989). They indicated that the area of influ- 
ence perpendicular to the wave guides was extremely narrow (30 
mm). Because of this property, wave guides can be inserted horir- 
ontally into a soil and 8, measurements taken with high degrees of 
vertical resolution or very close to the soil surface. The complex 
dielectric constant of the soil is determined by interpreting the 
reflected signal on the oscilloscope of the Time Domain Reflec- 
tometer (Topp et al. 1982, Stein and Kane 1983). The reflected 
signal on the oscilloscope can be interpreted by the user in the field 
or digitized for later, more precise, interpretation. 

Methods 

Two sites were used to compare 8, measured by TDR and by 
gravimetric methods. Site 1 was to be burned for control of moun- 
tain big sagebrush (Arremisia tridentota Nun. spp. vaseyana 
(Rybd.) Boivin). The soils were deep to shallow loams with coarse 
limestone aggregates and were classified as fine-loamy, mixed 
Typic Cryoborolls. The dominant vegetation was mountain big 
sagebrush, Idaho fescue (Festuca idahoensis Elmer), and western 
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wheatgrass (Pascopyrum smithii (Rybd.) A. Love). Normal pre- 
cipitation was 500 mm per annum. Site 2 was in the northern mixed 
prairie in western Nebraska. The soils were deep sandy loams and 
were classified as coarse silty, mixed (calcareous) mesic, Ustic 
Torriotbents. The dominant vegetation was needleandthread 
(Sfipa CDM(I~(I Trin. & Rupr.) and threadleaf sedge (Corexjilifolia 
Nutt.). Normal precipitation was 350 mm per annum. 

observed water contents than site 2, and this provided 2 ranges of& 
which were evaluated. 

At site I,24 surface soil moisture measurements were taken at 
approximate 20-m increments along a 500-m transect. Thirty-six 
(36) soil moisture measurements were collected from permanent 
sampling points at site 2. Gravimetric samples of a known volume 
were taken at both sites by inserting a ZO-mm diameter coring tube 
to a I5-cm depth. Because the tube was inserted to an exact depth, 
potential changes to the core volume caused by compaction in the 
sampling tube could be ignored. Gravimetric samples were tram- _ 

Sampling by TDR was extremely time efficient; a measurement 
could be taken and 0, calculated in less than 1 minute. In all cases, 
TDR underestimated the water content measured gravimetrically 
(Fig. 3). The mean error in &at site 1 was -. 105 (-10.5%) and the 
mean error in 8, at site 2 was -0.032 (-3.2%). The error associated 
with the TDR measurement appears to be systematic for both sites. 

ferred to the laboratory, weighed, and dried at 104O C until an g 
0.3 

equilibrium weight was achieved. The core volume was used to + 
0.2 

I 

convert water contents from a dry weight basis to a volumetric 
basis for comparison with the TDR values. 

A TDR probe (Fig. 1) and a Tektronix model 1502 TDR Cable 
Tester (Tektronix, Inc., Beaverton, OR)1 were used to perform soil 
moisture measurements. The probe with 20-cm wave guides was 
connected to the TDR cable tester using 50 ohm coaxial cable. 
Figure 2 shows the application of TDR in the field. The 20-cm 

Fig. 2. TDR applied during B field survey. The signal from the TDR probe 
is reflected bacli to the Time Domain Renectometer and interpreted to 
determine e*. 0, is calculated using Equation 1. 

TDR probe was inserted into the soil at an approximate 48” angle 
so that 0, was measured between 0 and I5 cm of soil depth. 
Reflected TDR signals were interpreted in the field and Equation 1 
was used to calculate volumetric water content. Measurement 
differences or errors were calculated by substracting 0, measured 
by TDR from 6, measured gravimetrically. The standard deviation 
associated with the mean error was also calculated. 

Results and Discussion 

The difference in 0, between replicate samples was small at both 
survey sites. This was especially true for site 2, where the difference 
between the high and low value in 0, for gravimetric samples was 
only ,028 (2.8%). Site 1, however, did have relatively higher 

Gravimetric 

-I 

0.5 

The line denotes a perfeet 12 relationship. 

Concurrently, the sampling error was extremely small (s = 0.031 
and s = 0.008 for site I and site 2, respectively). We believe that a 
systematic measurement error was introduced when the probe was 
inserted into the soil. The coarse limestone aggregates associated 
with the soils at site I caused considerable difficulty in inserting the 
TDR probe by hand. Less difficulty was noted in site 2 and better 
accuracy was achieved at this site than at site I (Fig. 3). Baker and 
Lascano (1989) stated that any “wobble”caused by inserting the 
rods would introduce air gaps and cause “systematic underesti- 
mates” in water content. Topp and Davis (1985a) suggested that 
this error could be minimized by inserting the probes at an angle. 
Although our measurements were taken by inserting the probe at 
an angle, these data suggest that measurement accuracy is very 
sensitive to the air gap effect. It is also possible at site I that the 
TDR wave guides encountered limestone fragments when inserted 
into the soil that were not in the gravimetric core. This effect would 
also lower the 8, measured by TDR and increase the error with 
respect to the gravimetric measurement. 

These data showed systematic underestimates in 0, measured by 
TDR compared to 0, measured gravimettically. The underestima- 
tion was more prominent in the soil which contained large coarse 
limestone aggregates and caution should be used when applying 
the TDR technique in coarse soils. These data suggest that air gaps, 
created when the TDR probe was inserted into the soil, was the 
primary cause of the error. The air gap effect could be minimized 
by the use of smaller diameter rods, tapered rods, or a designed 
insertion guide or template. Smaller, tapered rods would be easier 
to insert into a soil and an insertion guide would decrease any 
wobble. On sites where repeated measurements for 0, are desired, 
permanent probe installations could be made or probes could be 
buried (Reeves et al. 1989, Topp and Davis 1985b). Air gaps 
around permanent probe installations would diminish over time. 
Depending on the objectives of the user, the specific characteristics 
of the probe used, and the desired degree of accuracy, double 
sampling could be applied to correct systematic errors. 



TDR can be applied in the field as a viable alternative for 
measuring soil water content. Measurements of 0” can be made 
from dry to nearly saturated conditions. The method is easily applied 
and very little training is involved. The major advantage of this 
technique is that volumetric soil water can be quickly measured 
without calibrating for specific soils. Volumetric soil water is a 
more appropriate term for most hydrological and plant physiolog- 
ical concerns, but its calculation previously required a knowledge 
of both the bulk density and the water content by depth. Because of 
a very narrow response area perpendicular to the wave guides 8, 
measurements can be taken with high degrees of vertical resolution 
or very close to the soil surface. The initial cost of the time domain 
reflectometer is relatively high, being slightly more expensive than 
a neutron probe. It does not, however, present a radiation hazard 
or require licensing. The method can be automated and the read- 
ings between different probes can be multiplexed (Baker and 
Allmaras 1990, Heimovaara and Bouten 1990). 
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Book Reviews 
Advances in Range Management in Arid Lands. Proceed- ment or summaries of research findings from the authors’ own 

ings of the First International Conference on Range Man- work. Collectively, the North American group, which includes 

agement in the Arabian Gulf. 1990. Edited by Riad Hal- individuals like Harold Heady and Thadis Box, has great expe- 

wagy, Faisal K. Taha and Samira A. Omar. Kegan Paul rience and outstanding credentials in the teaching, research and 

International, Ltd., London, England. Available in U.S. 
institutional development of range management. The perspectives 

from Routeledge, Chapman and Hall, Inc., New York. 
of these aspects of range management are the most interesting parts 
of the North American papers. Most of the papers or parts which 

234 p. US$79.95 hardbound. ISBN O-7103-0360-2. present research findings are narrowly focused and more of local 
than general interest. This collection of papers consists of the proceedings of the First 

International Conference on Range Management in the Arabian 
Gulf held in Kuwait on 22-24 April 1985. The papers are loosely 
organized into five sections entitled Rangeland Ecology, Range- 
land Improvement, Present Status of Rangelands, Forage Produc- 
tion and Range Ecosystems, and Range Animals. A total of sixteen 
papers with abstracts are included plus a keynote address by Tha- 
dis W. Box on range management needs in the Arabian Gulf 
region. Also present is a list of collective recommendations of the 
conference, which relate to rangelands, including general recom- 
mendations, and specific recommendations in research, develop- 
ment, education and extension, and regional and international 
cooperation. (These recommendations, the preface, and table of 
contents are translated into Arabic and comprise the last dozen 
pages of the book.) Five of the papers are authored by scientists 
from United States, one by a scientist from Mexico, and the other 
ten by scientists and professionals from the extended region 
around the Arabian Gulf. The papers by the North Americans are 
about North American rangelands. Papers by authors from the 
Middle East relate to that region, 

North America readers will likely find little new in the papers by 
the North American authors. These papers are mostly general 
summaries of the different aspects of range research and manage- 

The papers by the Middle Eastern authors may be of greater 
interest to North American readers. They are evidence of the 
progress in scientific range management in that region, and of the 
growing population of well-trained range scientists there. The 
papers on ecology and forage production emphasize the important 
native and introduced shrub species which are adapted to that 
region. Cattle production systems are discussed in one paper, but 
the regionally more important small ruminants, sheep and goats, 
are emphasized. There are discussions of current legislation, and of 
developments in research and teaching institutions in some of the 
countries, discussions which are becoming more historical than 
current, being now six years old. 

In organization, philosophy or content the book lacks any real 
cohesion except for the recommendations section. But focused or 
not, the book may be considered a significant Middle East meets 
West milepost in range management. In both regions, the range is 
economically important for a minority of people. But while its 
economic value is less than that of other resources, it is part of the 
cultural heritage of most in both regions, and many of the research 
and management needs are common to both. The book is an early 
step in bringing range mangement and range scientists of the two 
regions onto common ground.-David L. Scarnecchia, Washing- 
ton State University, Pullman, Washington. 
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