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Preface


Rangeland Ecology and Management focuses on the ecology of rangeland grazing, practical management of animals, and vegetational manipulation. Part Four brings these together in the context of decision making for damaged land, riparian and water conservation, multiple-use, and modeling.

The reader will find scattered paragraphs taken from Rangeland Management, published in 1975, but this writing is more than a revision of that book. In 18 years, rangeland resource ecology has seen new principles in defoliation effects, added fire to its understanding, and again engaged in theoretical examination of succession, stability, and range condition. Animal numbers and their distribution continue to be cardinal principles of management. Grazing management of wild and domestic species, separately or together, gains in attention. Seasonal livestock management has bypassed rest-rotation toward short-duration systems and may finally come to rest on flexible schedules that meet the requirements of each location and manager.

Rangeland management has responded to the environmental movement with less application of machines, herbicides, fertilizers, and seeding of exotics. More prescribed burning, biocontrol measures, plant breeding, seeding of native species, and knowledgeable worldwide rangeland management have occurred. The present rangeland programs on the reclamation of damaged land, riparian healing, reducing water and air pollution, gaining user acceptance of multiple-use, and modeling were only in distant sight in 1975. The result is an increase in chapters, from 21 in 1975, to 31. Rangeland resource management may not be a third greater since 1975, but in our opinion everything in the field has changed in that time. We have attempted to review those changes, including a moderate view of controversy, for the benefit of all those interested in the rangeland resources.

Many new names of plants and animals have appeared since 1975. These are cited as the various authors used them; therefore, the reader is referred to Appendix One and Two where common names indicate changes in scientific names.

A book of this magnitude could not have been written without many contributors. Numerous persons have helped by their willingness to discuss what they believe and show what they are doing. We gratefully acknowledge that influence and want especially to mention W. A. Laycock, J. L. Dodd, E. J. DePuit, J. A. Bartolome, Barbara Allen-Diaz, and Lynn Huntsinger. Bill Laycock offered suggestions on the whole manuscript. Ruth Heady spent many days editing, proofreading, and checking literature citations. (She disclaims responsibility for any errors.) USDA-ARS has supported the effort through approval of the use of word processing equipment and the grant of time to the second author. Our wives, Ruth and Carla, have been supportive, even through missed celebrations of birthdays and anniversaries. We thank them all.
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PART ONE

Grazing Ecology
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Rangelands Conservation

Rangeland occupies approximately 51 percent (6.7 billion ha) of the earth’s land surface (World Resources Institute 1986). One billion acres (404 million ha) of rangelands, pastures, and woodlands in the United States provide forage and habitat for some 70 million cattle, 20 million deer, 8 million sheep, half a million pronghom, 400,000 elk, 55,000 wild horses and burros, and many other animals (Evans 1990). All areas produce water and recreational facilities. Rangeland supplies forage for herbivores; additional products such as minerals, construction materials, wildlife, medicines, chemicals, fuel; and intangible values including areas for the preservation of endangered species, anthropological sites, recreational activities, and wilderness. These land-uses as a group are often mentioned as the multiple-uses. Competition and controversy exist over their relative values and coordinated management. The choice among them for the use of public land is as often determined by social preference and judicial-political pressures, as by their economic and physical-biological attributes.




RANGELAND DEFINED 


Rangeland is a type of land that supports different vegetation types including shrublands such as deserts and chaparral, grasslands, steppes, woodlands, temporarily treeless areas in forests, and wherever dry, sandy, rocky, saline, or wet soils, and steep topography preclude the growing of commercial farm and timber crops. Rangeland vegetation may be naturally stable or temporarily derived from other types of vegetation, especially following fire, timber harvest, brush clearing, or abandonment from cultivation. Weed and brush control, seeding, and fertilization of rangeland are infrequently applied practices.

The relative importance of different rangeland uses change, giving rise to a second definition that is based on kind of use, usually equated with  livestock grazing. Historically, this was the accepted definition. For example, some rangeland is livestock summer range, or another area is deer winter range. Boundaries among the various uses change and many uses are made of the same rangeland. This book does not refer to range or rangeland as a kind of use.

The second definition is the one employed by those with an overriding interest in livestock grazing and by those who are derogatory of livestock grazing, especially on the public lands. Range research and professional practice have fostered this view through concentration on effects of livestock on vegetation and soil and on land treatments aimed at improving livestock production.

The dual definitions have important implications in budgeting, personnel selection and promotions, relationships among user organizations, and cost-effectiveness of land management. The second definition pits the livestock producer against other users; the first considers all the users in coordinated land-use decisions.




RANGE MANAGEMENT DEFINED 


Range management is a discipline and an art that skillfully applies an organized body of knowledge accumulated by range science and practical experience for two purposes: (1) protection, improvement, and continued welfare of the basic resources, which in many situations include soils, vegetation, endangered plants and animals, wilderness, water, and historical sites; and (2) optimum production of goods and services in combinations needed by society (Fig.1-1). The range management profession places emphasis on ecological understanding such as that shown in Figure 1-1 and the following: (adapted from Joyce, 1989)
• Determining suitability of vegetation for multiple-uses

• Designing and implementing vegetation improvements

• Understanding social and economic effects of alternatives

• Controlling range pests and undesirable vegetation

• Determining multiple-use carrying capacities

• Eliminating soil erosion and protecting soil stability

• Reclaiming soil and vegetation on disturbed areas

• Designing and controlling livestock grazing systems

• Coordinating activities with other land resource managers

• Protecting and maintaining environmental quality

• Mediating land-use conflicts

• Furnishing information to policy makers
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Figure 1-1 Rangeland ecosystems and management.


Management of rangeland requires selection of alternative techniques for optimum production of goods and services with no resource damage. No single set of management practices has ever been found to achieve management goals on rangeland. Ecological principles underlie most of the decisions made by the range manager because of the diversity of natural and humanly disturbed ecosystems.

The use of different management strategies is dependent upon management goals and objectives as well as the ecological potential of the rangeland in question. The planning and application of the many alternatives has come to be known as holistic resource management (Savory 1988). Ideal holistic management requires renewal and sustaining of natural resources, and elimination of destructive use by shortterm mining of vegetation and soil. While emphasis is often placed on effects and management of domestic animals, the overriding goal is rangeland resource rehabilitation, protection, and management for multiple objectives including biological diversity, preservation, and sustainable development for people.





THE RANGELAND ECOSYSTEM 

Rangeland systems consist of many interacting environmental forces, local combinations of organisms, and the impacts of use by an increasing number of people. These systems remain primarily under the control of the overall environment, although use and management of rangeland ecosystems alter populations of organisms and change the rate of physical and biological inputs (Fig. 1-1).


Rangeland Development 

The topmost box in Figure 1-1 depicts the interacting state factors of Jenny (1941). He suggested that soil is a function of parent material, relief, climate, and organisms. Over time, well-developed or mature soils result. Major (1951) applied Jenny’s concept to vegetation and developed the thesis that vegetation depends upon the same state factors as does soil. Primary succession is the development from pioneer to relatively stable communities of plants and animals beginning on raw parent material. Mature soil and climax communities continue to be located at specific topographic places on particular physiographic bases and to receive an energy combination the universe provides for each spot. Jenny (1958) called the wide variation in natural ecosystems landscapes. Other terms that apply to the homogeneous units within landscapes on rangeland are habitat types (Daubenmire 1970), range sites (Dyksterhuis  1949), and ecological sites (Jacoby 1989). Landscape systems are on a complicated spatial scale because each range site or location, even a square decimeter or smaller, has its separate set of organisms, inputs, and responses. These vary continuously through space as well as time. Two examples are shown in Figure 1-2 of rangeland deterioration and improvement.


Rangelands Deterioration 

The human rangeland resource user entered this system after it was well developed. Most areas had mature soils and climax vegetation, only temporarily set back because of occasional natural disturbances. The new land-users in the late 1800s and early 1900s destroyed the natural grasslands to make room for food crops, harvested timber for fuel and shelter, and replaced the large wild herbivores with domestic animals. Too many poorly managed animals overgrazed rangelands, causing deterioration of vegetation through several commonly accepted stages (Fig. 1-2). The most palatable plant species were selected first, continually grazed, and closely defoliated; this practice reduced plant vigor, lessened seed production, and eventually, caused plant death. Usually the space vacated by desirable species became the expanded home of less palatable and nutritious species. If overgrazing continued, these species gave way to annual invaders, many of which were weeds introduced from other continents. The palatable species in the pioneer successional stages became rare, and continued overgrazing reduced the invaders. Deteriorated rangelands resulted in ever-widening patches of totally bare soil, beginning where animals naturally congregated. This process of ecosystem destruction occurs worldwide and is one cause of desertification.


Disappearance of soil-holding mulch and plant roots permitted erosion, which further destroyed the land. Accelerated erosion is characteristic of overgrazing. Except on steep slopes and fragile soils, erosion came after considerable vegetational deterioration. In Figure 1-2, deterioration and improvement are shown for a sequence that moves regularly away from and toward stability and another that shows irregular change with various stable combinations of species.

An extensive summary of range problems in the western United States by the United States Forest Service (1936) established the fact that overgrazing had already destroyed more than half of the range forage resources and at that time deterioration was continuing on three-fourths of all rangeland. Little more than 75 years of high livestock numbers, uncontrolled grazing on public lands, and lack of knowledge or care for the land mainly caused the destruction. Overuse of the land was fostered by society and approved by government; it was a benevolent and necessary policy for westward expansion of the United States. In addition, extensive droughts and drastic price fluctuations combined to cause periodic presence of surplus cattle and sheep on the western ranges. Sufficient concern by the 1930s resulted in efforts to regulate livestock grazing on western public rangelands to reduce erosion and rehabilitate the national rangeland resources.
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Figure 1-2 Two examples of deterioration and secondary succession or vegetative change in rangeland ecosystems

The percentage of rangeland in poor condition decreased from 36 percent to 18 percent from 1936 to 1984 (CAST 1986). During the same period the percentage in good to excellent condition increased from 16 to 36 percent. From 1960 to 1988 numbers of pronghorn, deer, bighorn sheep, elk, and moose have shown dramatic increases on public rangelands in the presence of livestock grazing (Bureau Land Management 1989). Perhaps as much as 60 percent of the Nation’s rangeland is in stable condition. The western rangelands as a whole have a denser cover of vegetation and less erosion in 1990 than they had in 1890. Accomplishments are many but there is still improvement to be made.



Rangeland Improvement 

The range manager may begin efforts to halt destructive processes and increase yield at any stage of range condition (Fig. 1-2), because the primary ecosystem is seldom completely destroyed. Secondary plant succession often begins with broad-leaved annuals, changes to dominance of annual grasses, becomes a mixture of perennials and annuals, and finally returns to perennial vegetation. In the Mediterranean-type annual grassland, annuals dominate all stages of change. Sampson (1919) was the first to describe these stages for grazing in forest openings, and his description of secondary succession following relief from overgrazing continues to be pertinent to management of rangelands. Clements (1916) is usually given credit for the foundation statements on plant succession. Many others have described patterns of species dominance and successional stages for numerous vegetation types. Gradually stages in secondary plant succession became the foundation of range condition evaluations (Dyksterhuis 1949). His suggested procedures have been used for several decades in the large grassland region of central North America. In the western states where perennial grasses are not the recognized dominant and major climax species, argument surrounds the concepts of range site and range condition as based on plant succession and climax (more in Chapter 10).

The orderly replacements of species in secondary succession is suggested in Figure 1-2. Because of variable site conditions, types of vegetation, evaluations by technicians, and management objectives, successional stages in semiarid and arid shrublands and others are not so clearcut and vegetation appears stable. The diagrams emphasize that grazing, as an ecological factor, causes major vegetational changes.




THE GRAZING FACTORS 

Grazing of both wild and domestic animals exert an influence upon the productive rangeland systems by their defoliation of plants through eating and physical damage, by their digestive processes, and by their movements. Separation of this total influence into individual factors promotes an understanding of grazing impacts and fosters informed animal or grazing management. To use the grazing animals as tools to attain vegetational production goals, the manager must know the impact of grazing upon the ecosystem. Consideration of animals only as products is not enough.


Figure 1-3 shows reciprocal relationships between land and animals as arrows from vegetation through the grazing factors (large circle) to animals and from animals to vegetation. Grazing also affects the decomposers and the soil. The range manager has two sets of manipulator tools. One aims at controlling range vegetation by altering the grazing factors, and the other applies such items as seeds and fertilizers directly to the vegetation/soil complex.


Individual Effects of Grazing 

When a grazing animal eats, it selects certain plants or plant parts and removes them to a definite degree or intensity. This event occurs at a specific season in the phenological development of the plant, and it may be repeated. Thus, grazing includes four aspects of defoliation: intensity, frequency, seasonality, and selectivity. Each of these factors influences the growth and reproduction of the plants differently, and hence, the vegetation being grazed. Animals can be managed to influence vegetation by changing their impact on the four defoliation factors and on their continual spatial rearrangement of minerals, plants, and other animals. For example, accumulations of minerals where animals bed stimulate some plant species more than others, and animals move plants whose seeds attach externally to their bodies or survive passage through their digestive tracts.
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Figure 1-3 Interacting grazing factors by domestic and wild herbivores that influence rangeland ecosystems.

Each species of range herbivore has its own peculiar behavioral characteristics, some inherited—some learned, that determine part of its total impact on the habitat. Sheep often graze into the wind, many species prefer specific types of cover, some establish territories, and herding instincts are common. Sheep and cattle differ in their seasonal preference of riparian and upland sites. Animals exert a physical impact by trampling which damages plants, compacts soil, makes trails, churns soil surfaces, and covers seeds. Other physical actions by animals include the burrowing activities of rodents and the mixing of organic materials with mineral soil by invertebrates.

Slight to nearly complete decomposition of plant material in digestion by herbivores occurs rapidly and speeds mineral cycling. The reduced state of chemical bonds in dung and urine makes the minerals more quickly available for use by plants and hence by another herbivore than are minerals from slowly decomposing, ungrazed plant materials.


Effects of Grazing as a Whole 

The grazing factors are shown in Figure 1-3 as a highly complex set of interacting processes. One factor of defoliation can hardly happen without the others. Cycling of minerals depends upon defoliation, but the recycled minerals influence grazing only after being returned to the soil and reabsorbed by plants.

Range managers have few data on many individual relationships in the grazing process. In general, the total grazing influence, or the large circle in Figure 1-3, has been the center of attention and the separate factor operation within the grazing process has been minimized. Studies of individual factors have concentrated on animal response. For example, data on the influence of forage selectivity on the nutrition of domestic animals can be found for more situations than can data on vegetational responses to selective grazing.

It is well to keep in mind that every animal is always a whole animal, exerting the different grazing impacts at the same time. A cow, for example, tramples plants while selectively grazing forages to a certain intensity. Thus its grazing effects are confounded. Separation of grazing factors is important because each animal species grazes and behaves differently, to which the vegetational response varies. Better understanding of these various aspects of grazing gives knowledge useful to the manager who must make decisions about kinds of animals, stocking rates, seasonal grazing, and many other range inputs.

The approach taken in Figures 1-2 and 1-3 is one of showing the importance of the separate rangeland ecosystem elements and their relationships with each other. This is an analysis procedure. Actually  analysis and synthesis in rangeland management should be growing as twins. However, analysis is by far the most frequent approach. Pulling apart is far easier than putting together. Analysis is subject to greater quantification and therefore is often more scientifically respectable than synthesis. One objective in this book is to present both the accumulated facts and principles on grazing management and the synthesis of that information into managed ecosystems. The theory of holism gives emphasis to the synthesis half of the twin activities. The following chapters analyze these separate grazing factors and show how the information is useful in decision making on grazing management.

Analyzing the separate effects of grazing and suggesting the best management of grazing is only one part of range management. Other parts include the social and economic situation of the landowner, either public or private, and the tradeoffs among all the uses of the land. These change over time just as the vegetation changes. The range professional is rapidly coming to a point that requires analysis of the total system of biological production, the economics of that production, the sociological aspects of public and individual use of rangeland, and the political rules involved. The interactions and synthesis of all these factors are not yet attainable in nicely operating computer systems. Managers of rangeland operations who use systems for decision making usually do so at the subsystem level.
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Defoliation


Defoliation is the removal of physiologically active material, as by herbivore eating, clipping, and trampling. A longterm and continuing question about defoliation is the proper use of rangelands; or how much and when grazing defoliation can take place without damaging the plant’s physiological processes. The ultimate competitive success of the defoliated individual within the plant community is at stake. The grazing manager’s purpose is to use a pattern of defoliation that maintains production levels and fosters better range conditions.

The plant requirements of proper use or defoliation have been the subject of two families of experiments extending over a century. The first combines grazing trials with variable stocking rates on range pastures that are grazed yearlong or in a vast variety of seasonal schedules. The second family is the response of plant biomass and total nonstructural carbohydrates (TNC) levels to a wide array of simulated grazings by clipping at different intensities, frequencies, and seasons.

Both types of research have their disadvantages. The grazed pastures were seldom uniform and costs have been great. Which individual plants were grazed, how severely, and how frequently were more often estimated than measured. The clipping treatments were more severe than grazing. Those that determined changes in chemical contents, emphasized the percentage content, not the quantity of plant foods that arrived or left the food storage pools. Critical levels and timeliness of food sources and transport processes within the plants became known for only a few species. Usually little attention was given to the plant’s competitive ability or to the environmental factors such as water stress.

The large body of clipping and grazing data and experiences unquestionably tells us that plants, plant communities, and vegetational regions differ greatly in their ability to withstand defoliation and maintain their livelihood. Those with high grazing tolerance may have  attained it through evolutionary development of physiological and morphological adaptations.

The controversial grazing optimization hypothesis states that annual net primary productivity (ANPP) increases when herbivory increases. Observations of increased tillering by grasses and shrub sprouting when they are defoliated would seem to substantiate that hypothesis. However, a light clipping when moisture and temperature are adequate for regrowth usually has little influence on annual ANPP (Savelle and Heady 1970, Williamson et al 1989).




COEVOLUTION OF PLANTS AND ANIMALS 

Plants and herbivores have evolved an interdependent relationship and tolerance in which defoliation is as much a part of the system as is the need for herbage by grazing animals. Natural selection operates both to provide herbivores with food and to permit growth and survival of plants. The fact that plants palatable to one kind of animal or another dominate the world’s grasslands and commonly occur in shrublands and forests suggests that adaptive processes through natural selection operate to foster both the eater and the eaten.

Most forage plants have the capacity either for rapid replacement of green tissue or for grazing avoidance. Plants have developed such deterrents to grazing as high lignin content with low nutrient values as they mature, tannins, alkaloids, essential oils, organic acids, and other compounds that do not appear to have important roles in plant metabolism (Stuart-Hill and Mentis 1982). Other seemingly protective characteristics to tolerate or escape grazing include spines, high tensile strength, low growth, abundant seed, stolons, short periods of rapid growth, rhizomes, basal meristems, and carbohydrate storage. Evolution to accumulate silica may be a defense against herbivores (O’Reagain and Mentis 1989).

Herbivorous animals have developed such characteristics as chewing of cud, a rumen or cecum with digestion by microorganisms, use of a high volume of low-nutritive forages, mobility, seasonal breeding, and special mouth and teeth arrangements. The result has been vegetation tolerant to grazing by numerous large animals of several species, as in Africa and the central United States; and fewer herbivores on less tolerant vegetation, as in New Zealand and some mountain grasslands (Heady 1968).

Grazing and defoliation can get out of balance, as illustrated by overpopulation and overgrazing by either wild or domestic animals. Usually, it does not stay in balance for very long. The stresses from  defoliation, either natural or human-caused, speed evolutionary processes and may severely damage the rangeland ecosystems for the short term.




DEFINITIONS 

The range manager’s aim is to reduce the damage from severe defoliation by controlling the amount, the time in relation to phenological development of the plant, the frequency if defoliation occurs more than once, and the selection of the grazed species (Alcock 1964).


Intensity of Defoliation 


The proportion of the current year’s forage production that is consumed or destroyed by grazing animals from a single plant, a species, or the vegetation is expressed in three different terms--defoliation intensity, use, and utilization. The early range management literature and much of today’s favor “utilization.” The glossary of range terms (Jacoby 1989) did not recognize “intensity of defoliation” and did not define “utilization” as referring to the harvested or destroyed biomass. In clipping experiments, “intensity” rather than “use” is the term that usually expresses the proportion of the plant weight or height that has been removed. In this book the three terms have the same definition.

In clipping experiments, where the investigator harvests and weighs the removed materials, the calculation of proportion of material removed depends upon some measurement of the remaining stubble. That measurement is most accurately determined by sacrifice of the whole plant. If animals harvest the forage, direct measurement is impossible and the investigator must rely upon measurements of ungrazed plants or on dietary factors to reconstruct the portion that has been eaten.

Because of these difficulties and the fact that plant regrowth begins from the material left unharvested, the use and proper use of rangeland forage is best defined in terms of the amount or length of herbage remaining on the plant. Commonly for grasses, it is expressed as the average stubble height or weight of plant materials per land unit. For shrubs, the length or amount of uneaten twig growth that remains on the plant after grazing or treatment is of critical importance to the plants. As grazing animals depend upon the amount of material removed and the plants upon the herbage remaining, it would seem that attention to plant residue after grazing is most important to managing the vegetation and material removed to managing animals.


Frequency of Defotiation 


Frequency of herbage defoliation is the number of occurrences of herbage removal in a certain interval of time. In a clipping experiment, frequency might be expressed as weekly herbage removal to a constant stubble height occurring between certain dates. In grazing situations, frequency of defoliation becomes the rotation schedule for schemes that use large numbers of animals in small areas for short grazing periods. Repetition of defoliation, hence frequency, in longterm grazing is difficult to determine. The use of frequency in the sense used here should not be confused with the ecological usage: the ratio of units containing a species to the total number of units.

Clipping of container plants is the common procedure for separating effects of frequency from those of intensity of defoliation. For example, repeated clipping at the same stubble height but at different time intervals would hold intensity of defoliation constant and vary the frequency. By definition, intensity of defoliation does not differ as the interval of time between defoliations changes. Some studies describe an increasing number of clippings as greater intensity of herbage removal. Undoubtedly plants clipped more than once have less photosynthetic tissue than those clipped once and in this sense are subjected to increased intensity. However, intensity effects are confounded with frequency and seasonal effects. Only by careful attention to these concepts can adequate determinations of effects due to degree and timing of defoliations be distinguished. The separate effects indicate that more frequent defoliations result in a drop of carbohydrate reserves and less vigorous plant (Teague 1989 and many others). Frequency effects are of special importance to short-duration grazing.


Season of Defoliation, 


Season of defoliation is the time measured along the growth curve of the plant or vegetation when defoliation occurs. Some grasses and most forbs are highly susceptible to defoliation and lose vigor when active green tissue and meristems are removed at any time during the growing period. The meristems of shrub and broadleaved herb leaves are at the outside edges. Their removal stops further growth. Some grasses with basal meristems show little effect of leaf blade removal in terms of dry weight and seed produced. Sensitivity of many grass species to defoliation is highest when the flower stalks begin to develop and decreases rapidly as the plants approach maturity.

Growth patterns determined under field conditions are subject to much variation resulting from irregularities in weather. Average growth at certain calendar dates has advantages for managing livestock, but the value of a fixed date is minimal for prediction of phenological development in another year or location. Therefore, the investigator must define the growing cycle of the plants precisely in order to relate effects of herbage removal to plant development.




DETERMINING EFFECTS OF DEFOLIATION 

Investigators in hundreds of experiments have used clipping, grazing, or both treatments to study effects of defoliation. While an extensive review of methods is not intended, a brief description of experimental techniques is needed to facilitate understanding of the results. (see Forage Supply Cycle in Figure 11-1 and in Chapter 16)


Clipping Studies 

Clipping has been the principal technique used in the study of defoliation. Most investigators have applied clipping to single species grown in pots under fluctuating greenhouse or lath-house conditions. Controlled environment chambers have also been used. Other pot-type studies have depended upon the natural environment, with supplementary water supplied as needed. The substrate upon which the plants were grown has varied from closely controlled nutrient solutions and untreated but uniformly mixed soil in pots to planting in cultivated field plots. Growth conditions must be controlled and measured in laboratory and field if responses are to have predictive value for other situations.

Clipping treatments differ as much as growing conditions. Treatment variables include clipping height, time of first clipping, frequency of clipping, time of last clipping, and type of material removed. These variables have been defined by calendar dates, growth stages, and occasionally both items. For example, one study stipulates that plants be clipped to a defined stubble height every two weeks while another requires clipping only when regrowth reaches a certain height.

Measurements of plant response to clipping nearly always include dry weights of material removed and a final weight of crowns and roots at the end of treatments. Pots or boxes facilitate measurement of root responses because whole plants must be harvested. A pot contains all the roots; it contains only the roots of the plants treated; and these roots can be removed easily from the container and substrate. Other measurements  include length, width, and thickness of various parts; color; degree of branching; reproductive responses; ratios of various plant parts; longevity; changes in plant form; vigor; and chemical composition.

A pot experiment that includes comparisons of three species, three intensities of defoliation, and three clipping frequency regimes, replicated five times, requires 135 pots plus control pots and replacements. This experiment entails a sizable effort but includes only a small portion of the possible permutations and needed information.

Although results are available from many clipping experiments, few are comparable and seldom test the same hypothesis. The general principles that regulate plant responses to defoliation remain unclear in many instances. A suggestion for procedural improvement specifies that the growth curve for an untreated set of plants be determined in each clipping experiment as the normal from which various defoliations cause deviations. Clipping of a new replicate set of previously unharvested plants at each 2-week interval throughout the growing season gives a measure of cumulated growth. The plotted data produces the typical normal growth curve (Fig. 2-1). At plant maturity, clipping the same replicates again (at the same stubble height as earlier clippings) measures regrowth. A third clipping at ground level gives stubble weights. The sum of these three weight measurements--accumulated growth, regrowth, and stubble weight—for each treatment date provides an estimate of total response from the first clipping. The data and curves provide a basis for evaluating various other treatments of intensity, frequency, and season of defoliation against the untreated phenological growth curve of the species.


Grazing Studies 

Effects of defoliation by grazing animals have been studied in many experiments using several stocking rates. Usually these experiments specify grazing with a constant number of animals for a certain period of time or until a certain degree of forage utilization has been attained. Interpretations of degrees of defoliation usually depend upon the difference between measurements taken before and after grazing or inside and outside of small areas protected from grazing by cages. A glance at Figure 1-3 suggests the complexity of using grazing animals for the study of defoliation effects. Grazing animals confound all of the grazing factors so that the investigator cannot determine the relative importance of, for example, frequency and intensity of defoliation without the influence of trampling. Grazing periods of more than a few days give relatively inaccurate measures of frequency and season of defoliation. Grazing studies give excellent overall estimates of vegetational changes.
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Figure 2-1 Mean oven-dry weights, in grams, of Avena barbata resulting from clipping a new set of replicates on each date to determine normal growth. On May 23, all plants were clipped to a 4-centimeter stubble height for measurement of regrowth and to the soil surface for stubble weights (Savelle and Heady 1970).


Effects of Clipping Versus Grazing 

Several differences exist between the effects of grazing and clipping. Grazing selectively removes plant parts and individual plants in the vegetation and includes factors of pulling and nutrient cycling, while clipping tends to be uniform and severe (Hart and Balla 1982). Hand clipping did not closely approximate the effect of taking some mature stems and parts of leaves from the shrub Acacia karroo by goats (Teague 1988). Only with extremely heavy use by animals does an even stubble height develop. Grazing animals usually take repeated bites to harvest an individual plant, but the time interval between the bites may permit regrowth. Different animals graze by pulling, breaking, or biting at random heights whereas cutting with shears is uniform. Even with heavy continuous grazing of pastures, individual plants may escape defoliation for a time (Briske and Stuth 1982). Clipping treatments have  tended to be at constant time intervals and at a uniformly severe intensity. If the amounts and kinds of foliage removed by clipping and grazing are the same, the effects of both are likely to be the same (Jameson 1963).

Responses of plants in grazing trials include the effects of competition, but many studies of clipped plants in containers do not. Therefore, clipping and grazing affect range vegetation differently; either may be the most damaging to the vegetation. Grazing animals do more than defoliate. They trample, move seeds and minerals about the landscape, and select what and where they eat. Clipping does not duplicate these effects on water and nutrient availability in the soil and decomposition of litter. Clipping should be considered as a means of studying the defoliational effects of grazing, not the whole set of grazing factors. In this context, clipping is a sensitive and valuable tool that can yield more information about defoliation alone than can a grazing trial.




EFFECTS OF DEFOLIATION ON PLANT MORPHOLOGY 

Defoliation, including removal of perennial stems, alters normal structural changes that occur during the development of plants. Removal of terminal buds from young tree branches often causes several lateral buds to germinate, foliage to increase, and the tree to thicken. Hedging of browse plants by animals and development of an uneven underline of foliage on shrubs and trees attest to morphological responses by plants to herbage removal. Lawn mowing results in an increase in grass tillers, leaves, and percent of ground cover below the clipping height. New sprouts on Chrysothamnus viscidiflorus and Sympharicarpos vaccinoides were increased in number by clipping new growth at various intensities. They were shorter on the former species (Willard and McKell 1973). Tueller and Tower (1979) found that nonuse of Purshia tridentata resulted in an average reduction of 70 percent in annual branch and leaf growth. Grasses in the middle of improved pastures often have a short spreading form while those protected at the pasture edges are more upright.


Grass Morphogenesis 

The number, locations, and activity of meristems, thus to some degree the morphology of the forage plants, are important to resprouting after grazing and fire. Tolerance to grazing is also related to the ability to reestablish foliage in the face of competition from nearby and often undefoliated plants, especially under conditions of water stress. Stress  endurance and competitive effectiveness constitute critical and complex interactions that most clipping studies have not measured.

The growth unit of grasses is the phytomer. It consists of a node, the internode above, leaf sheath, leaf blade, and with or without an axillary bud and adventitious roots. There are several phytomers per tiller, and several tillers per plant (Fig. 2.2). Thus, the terminal meristems and buds are nearer the soil surface than many forbs with only terminal meristems. This suggests both avoidance and tolerance components of grass resistance to defoliation by large herbivores. The unit basis of the phytomer probably results in first choice call on photosynthates produced by that phytomer as well as contribution to the next developing phytomer on the tiller (Briske 1986).

The apical promeristem of a grass stem consists of an ever-expanding cone with cells being displaced laterally as the central plant enlarges by cell division. Organs such as leaves and spikelets arise as primordial ridges immediately below the apex. Each leaf extends vertically from a ridge to quickly enclose the shoot apex. Soon a meristematic collar separates leaf blade and sheath. Where leaf sheath and stem join, a node, and perhaps an axillary bud or adventitious roots, develop. Cell division at leaf collars and nodes ends early, and major apparent growth thereafter is by cell elongation. Of necessity, each new leaf forms above and inside the older leaves, and all remain rolled or folded together until elongation of the stem internodes separates them. Therefore, grass leaves originate in a linear sequence and expand in order by elongation (Fig. 2-3). The floral shoots may take 2 or 3 years to develop in some grasses (White 1977).


Tillering, germination of axillary buds, proliferates new vegetative and reproductive materials. For example, removal of the growing point stimulated axillary shoot growth in Trichachne californica when soil moisture was present (Cable 1982). Elongation of internodes elevates only fertile culms in some species, lengthens vegetative stems in others, and may do both in still different species. Height and display of foliage and inflorescence, arrangement of leaves, number of nodes, timing of the period of elongation, and perhaps size attained appear to be species characteristics (Rechenthin 1956). However, they can be altered. Defoliation by grazing and cutting changes architectural display of foliage and reproductive parts from taller, open arrangements to lower, compact, horizontal positions. Knowledge about the morphogenesis of species can be useful in designing grazing schedules. For example, Bouteloua gracilis has a high percentage (85 to 90) of the shoots being vegetative. Conversely Andropogon hallii has only 60 to 65 percent of vegetative shoots. Regrowth in Bouteloua comes rapidly after each bit of rain, but  in the Andropogon regrowth was stopped with clipping in midsummer. This suggests that the former could be grazed continuously and the latter ungrazed after July (Sims et al 1973).
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Figure 2.2 Stylized structure of a grass tiller showing five phytomers and the seed head. The parts of a phytomer are indicated on the right. (adapted from Briske 1986).


Initiation and Development of Culms 

Major control of culm initiation and elongation in grasses apparently rests with the species. Branson (1953) suggested that one group of grasses maintains a high proportion of vegetative culms with growing points in or near the soil, another group has a high proportion of vegetative culms with elevated growing points early in the growth cycle, and the third group develops inflorescences on most stems. However, elevation of the fertile apices may be gradual for much of the growing period in one species or rapid in another following an early period with abundant leaf growth but little stem elongation. Examples of plants in three groups are:



	
Group I Infertile apices numerous and in or near the soil 
	
Group II Infertile apices numerous and soon above the soil 
	
Group III Fertile culms more numerous than the infertile; apices elevation varied 



	
Andropogon gerardi Bouteloua gracilis Buchloe dactyloides Hilaria belangeri Lolium perenne Poa ampla Poa pratensis Sitanion hystrix Stipa comata Tristachya hispida 
	
Agropyron smithii Bromus inermis Panicum virgatum Sorghastrum nutans Sorghum halepense Themeda triandra 
	
Agropyron desertorum Agropyron spicatum Andropogon scoparius Bromus mollis Elymus canadensis Festuca octoflora Hyparrhenia hirta Annual grasses 







 



Defoliation effects are closely associated with removal of meristematic tissues. Frequently, growth of roots and culms has been inversely proportional to the intensity of clipping in experimental studies (Branson 1956). As intensity increases or stubble height becomes lower, the chances increase for apical meristems to be removed. However, Group I grasses and certain of the Group III species may be defoliated through much of the early growing periods without danger that the growing points will be removed. An example of the different responses that result from defoliation is given for Agropyron desertorum (Fig. 2-3) (Cook and Stoddart 1953).

Comparisons of three South African grasses illustrate extreme patterns in elevation of shoot apices (Booysen et al 1963). Hyparrhenia hirta buds initiate in the spring, and remain at low level until midsummer, when the apex becomes reproductive and the internodes elongate. Buds of  Tristachya hispida begin growth in the spring but remain close to the soil until the following spring, when the apices become reproductive. Growing points of Themeda triandra elevate in midsummer but do not become reproductive until the second summer. The growing points of Themeda are vulnerable to grazing for at least nine months, but repeated clipping or grazing tends to lower the apex height and to favor plants with self-protecting basal buds (Rethman 1971).
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Figure 2-3 Response to clipping position (Cook and Stoddart 1953).

When a culm enters the reproductive phase and begins to elongate, no new leaves will be produced. Removal of the apical meristem prevents further development of the culm and stimulates axillary buds at the base (jewiss 1972). Grasses in general require a new culm if new leaves are to develop. Andropogon scoparius and Bouteloua curtipendula have 10 to 15 basal nodes with potential buds in the first 2.5 centimeters of culm, and others, for example, Sorghastrum nutans and Agropyron cristatum, as few as 2 to 4 such nodes.

Defoliation that removes the growing point and stimulates new tillers from rhizomes, stolons, and low buds on vertical stems does not necessarily result in greater biomass production. Total yield of Avena barbata may be little influenced by a single defoliation (Fig. 2-1).  Summer removal of the growing point may be too late in the season for regrowth of fertile culms (Sims et al 1971). Evidently late clipping and frequent clipping tend to reduce flowering and maintain plants in vegetative stages of growth. Maintenance of culmless vegetative growth by heavy grazing during the boot stage may be highly desirable for species such as Sitanion hystrix which have undesirable awns at maturity.

Many pasture management systems use frequent grazing and mowing to prevent flowering and resultant dormancy of the forage species. Normally, vegetative material has a higher nutritive value than has mature herbage. Many species resistant to defoliation (1) maintain vegetative buds in or close the soil surface, (2) do not elevate the apical meristems more than 2 or 3 centimeters until rapid elongation and flowering take place, (3) produce numerous fruiting stems, and (4) have the capacity to initiate abundant new culm development from basal buds.
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Physiological Effects of Defoliation

The good health of plants depends upon their ability to maintain normal physical and chemical processes. Many studies have measured effects of defoliation by determining changes in the percentage chemical composition of plant compounds, especially carbohydrates.


The term total nonstructural carbohydrates (TNC) refers to the group of carbohydrates commonly called food reserves that the green plants manufacture and use in growth and respiration. The compounds are soluble or readily changed to that form and are mainly dextrins, fructose, sucrose, and starch. The usual analysis procedure is by detergent analysis. TNCs are grouped because the kinds vary in proportion from one species to another and they may be converted from one kind to another between day and night and as the growing season progresses. TNC is preferred to the synonym “total available carbohydrates” (TAC) because “available” for what is not always clear. Not included are the structural carbohydrates, such as the cellulose compounds, which plants do not use in respiration, but are important in the morphological structure of plants. Herbivore nutrition depends in part upon microbial digestion of the structural carbohydrates.




THE CYCLE OF NONSTRUCTURAL CARBOHYDRATES 

The concept that disappearance or persistence of grazed plants correlates with amount and percentage of TNC reserves has been propounded and reviewed many times. Overharvesting, either by cutting or grazing, generally reduces TNC in roots and perennial stem bases. However, quantities of TNC fluctuate through normal cycles in relation to growth stages of pasture species.

More or less summarizing the results of TNC analysis over many decades were the generalized seasonal cycles of TNC concentrations described for nine range species (4 shrubs, 3 forbs, 2 grasses) by Menke  and Trlica (1981). The cycles are variations on the succession of (1) gradual decline during the dormant season due to continued respiration; (2) a rapid decline with the onset of new growth, continuing until photosynthetic products become greater than immediate needs; and (3) a sharp rise during maturation and onset of dormancy. For many species minimum amounts of stored TNC occur at initiation of growth and maximum amounts at the beginning of dormancy. In the absence of defoliation, period 2 may not be long and a second low in grasses may occur during flowering, suggesting that at those times it is important to schedule relief from grazing.

Some herbaceous species apparently store TNC during seed development while others are using reserves at that time. Storage in lower culms and roots normally occurs during maturity of the foliage and at a time when TNC in the leaves is declining. Fall regrowth reduced reserves in Oryzopsis hymenoides, Stipa comata, and Sitanion hystrix (Coyne and Cook 1970). Other variations from the general TNC cycle are related to species of plant, type of phenological cycle, part of the plant considered, site where the plant grows, and type of analysis.




TNC PRODUCTION AND PLANT GROWTH 

Growth after defoliation has long been linked to pools or reserves of carbohydrates in roots, rhizomes, stem bases and other ungrazed portions of plants. Fluctuations in these concentrations have been used to explain plant responses to intensity, frequency, and season of defoliation; but these explanations do not account for the many irregularities and differences among the data. For example, both net photosynthesis and carbon allocation to synthesis of new photosynthetic tissue increased following defoliation of Bouteloua gracilis (Detling et al 1979). In a different study on the same species, Wilson (1984) reported in a 3-day growth test that only 13 percent of new root biomass came from stored TNC. Carbon gain and water loss rates in Agropyron desertorum and Agropyron spicatum foliage did not account for differences in grazing tolerance. Production and maintenance of photosynthetic tissue were more important (Nowak and Caldwell 1986). In other words, early physiological principles based on TNC indicating plant vigor and recovery after defoliation were oversimplifications.

Experiments with Agrapyron desertorum and A. spicatum suggest that in most instances photosynthesis during growth outweighs stored carbohydrates as a source of energy for growth. The first carbohydrates produced are delivered to the critical meristems where that growth is attached (Richards 1986). Therefore it now appears that only the carbon  reserves above the zones of cell division in the two grasses are immediately available to the shoot meristems. Thus, the major source of carbon for regrowth is current photosynthesis and the amount of regrowth is controlled by meristematic limitations. This is contrary to the earlier view that the potential of a plant to recover after defoliation depended upon abundant and quickly movable carbon reserves in the roots and stem bases.

The recent findings for grasses also give emphasis to location of node meristems and their germination characteristics. Those nodes morphologically nearest to the point of defoliation and to the initiation of new growth are the principal ones. Their initiation of growth in relation to apical dominance and other physiological controls are poorly understood. Effects of intensity and frequency of defoliating new growth are considerations in the designing of grazing schedules.




STIMULATION BY CLIPPING 

On a basis of logic any defoliation of green tissue should reduce photosynthesis and thereby net primary production, but that is not always the result. A small degree of live herbage removal may stimulate one species to produce more tillers, leaves, branches, or seed but the same degree may severely reduce the size and growth rate in another.

Increased production at certain levels of defoliation have occurred with short grasses that have rhizomes and stolons and those that maintain growing points near the soil surface. Short grasses in Kansas produced more with light and moderate use than with no defoliation (Albertson et al 1953). Clipping of shortgrass range in Texas at 2-week intervals increased yield by 94 percent over one fall harvest (Eck et al 1975). Tainton et al (1970) found both increases and decreases in biomass production from clipping among 24 plant species in a review of 21 papers.

Removal of the terminal bud on shrub twigs often results in two or more branches and increased growth (Shepherd 1971) but less flower and fruit growth (Garrison 1953). Coleogyne ramosissima, when heavily browsed, increased twig production by a factor of 3.6 relative to the control plants and remained at that high production for at least 4 years (Provenza et al 1983).

Browse species in moist climates are favorably affected by moderate clipping in certain stages of growth. Lay (1965) showed that browse production increased on a number of species when 25 or 50 percent of the current year’s growth was removed in either fall or winter. Garrison (1953) obtained similar results from Purshia tridentata, Ceanothus velutinus,  Chrysothamnus nauseosus, Holodiscus discolor, and Cercocarpus ledifolius. Topping of tall Purshia tridentata plants to a 0.9-meter height increased yield of new growth for at least four years (Ferguson and Basile 1966).




DEFOLIATION AND COMPETITION 

Most clipping studies are on plants in isolation and their immediate competitive environment is seldom considered. Highly important to rangeland use is new understanding that a defoliated plant may react as much to competition from surrounding nondefoliated individuals as to the biomass removed from it (Mueggler 1972, 1975; Archer and Detling 1984). Partial reduction of competition can offset adverse effects of heavy defoliation. Plant recovery on rangeland must include both new plant tissue and favorable competitive position. Shoot establishment is at least partly a result of the plant’s competitive status. Competition and defoliation are confounded and their relative importance seldom measured. Species differ in response to each factor and the interaction between them (Caldwell and Richards 1986).




DEFOLIATION AND OVERGRAZING 

Excessive and frequent defoliations in container and grazing studies have resulted in nearly complete exhaustion of stored TNC in roots and stem bases, resulting in loss of plant vigor and plant death. Defoliation approaching the time of normal late growing season accumulation magnified the effects. Generally, early clipping had little effect on food reserves at plant maturity. Therefore, severe continuous overgrazing is more likely the cause of vegetational deterioration than early growing season defoliations alone.

Moderate grazing and rotations of nongrazing periods increased the need to know how many days plants needed to recover during the growing season. Reestablishment of TNC reserves in roots and lower stem bases did not answer the question. Donart and Cook (1970) claimed that normal TNC levels of several species on mountainous summer range often were restored by the time regrowth had reached 20 percent of the expected total growth or within three weeks during the rapid growth period.

Recent studies have shortened the time that new growth depends upon or even uses food reserves. Replenishment begins when new leaves are still very small in the southern African shrub, Acacia karroo (Teague 1988). By using Carbon-14, Steinke (1975) determined that close clipping caused Eragrostis curvula to draw on reserves for initial regrowth but new  growth after light clipping did not use reserves of carbon. In Paspalum notatum the normal growth of a new leaf depended upon stored TNC for only two or three days (Sampaio et al 1976). White (1973) in a review paper stated that apparently stored TNC affects regrowth for the first 2 to 7 days. The regrowth from reserves is now thought to be only for a day or two until photosynthesis from new growth becomes independent of reserves (Caldwell et al 1981, Caldwell 1986). The TNC pool in the above-ground parts of Ceratoides lanata was shown to be the equivalent of one day of photosynthetic carbon gain in favorable conditions (Caldwell 1984).




OTHER NUTRITIVE COMPONENTS 

Defoliation influences other nutritive components of plants in addition to TNC. Herbaceous and woody species tend to lose crude protein, phosphorus, and other minerals but to gain in structural carbohydrates as the growing season progresses. Stimulation of new growth by clipping and grazing tends to retard maturity and to decrease the proportion of structural materials. Therefore, percentages of crude protein, phosphorus, and potassium, as well as TNC, tend to increase as intensity and frequency of defoliation increase. Clipping of Agropyron spicatum in the spring lowered fiber content and increased crude protein and phosphorus in fall growth (Pitt 1986). Harvesting of Schizachyrium stoloniferum in the fall gave highest yield but poorest quality feed. Spring and summer grazing year after year reduced vigor but gave higher quality forage (Kalmbacher et al 1986). Total amounts of these components on an area basis will be lower if biomass decreases more than the compensation resulting from their percentage increases.




YIELD AND VIGOR EFFECTS OF DEFOLIATION DURING GROWTH 

Foliage removal has more influence on yield at certain seasons than at others. Low heights of grasses and short twig length in shrubs indicate that intensity of defoliation may have been high. Also indicated is low production of herbage. For example, Canfield (1939) reported the 10-year average yield of Bouteloua eriopoda as 9.8 grams per square meter when clipped at two-week intervals to the 2.5-centimeter height and 19.5 grams per square meter at the 5-centimenter height. One end-of-season clipping did not change the results at the 2.5-centimeter height but the yield nearly doubled when the clipping height was doubled. Other examples establish the severe effects of defoliation that removes a large portion of current growth too late for it to be replaced.
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Figure 3-1 Yield at time of a single clipping (hatched bars), regrowth yield at plant maturity (plain bars), and crude protein content of Elymus cinereus in 1966 at bridger, Montana (Krall et al 1971).

Removal of 90 percent of the current growth from desert shrubs killed many of them. Even 50 percent removal in late spring and summer for three years caused significantly lower yield than that from undipped plants. After seven years of no clipping, recovery in most species was proportional to degree of vigor deterioration during the three years of clipping (Cook 1971).

Defoliation effects on Elymus cinereus gradually became more severe with advancing growth until the late boot stage, after which time the combined yield of growth and regrowth increased to a high at flowering (Fig. 3-1). Single clippings that removed three-quarters of the foliage at boot stage also resulted in reduced yield the following year. Krall et al (1971) suggested that Elymus cinereus can be grazed prior to the boot stage if no more than 50 percent of the herbage is removed. Clipping at the boot stage was too late for new culms to complete the normal growth cycle. This was clearly the most critical time to defoliate the species. In another study, Elymus cinereus showed greater response to clipping height and frequency than to time of foliage removal (Perry and Chapman 1975, 1976).

Removal of 65 percent of the leaf area of Muhlenbergia porteri reduced plant vigor regardless of the growing season. Late and continuous defoliation had a greater effect than during early growth (Miller and Donart 1981). In Lolium perenne, TNC reserves were down in winter and early spring but up during and after seed formation. Yearly rest from grazing by sheep made no difference than grazing at any season. There was no advantage for deferment in spring, summer, or fall as long as 650 kilograms of herbage remained available per animal (Hassan and Krueger 1980). Clipping of Agropyron spicatum at early bloom reduced its yield to 15 percent of controls (Blaisdell and Pechanec 1949) and greatly reduced flowering the next year (Heady 1950). Repeated heavy defoliation at the boot stage may eliminate this species from the vegetation within three years (Wilson et al 1966).

Perennial grasses vary in sensitivity to herbage removal, but a majority of them sustain little damage if early defoliation ceases in time for them to complete seed maturation. From early boot stage in some species to late flowering in others appears to be the most sensitive time for defoliation. Several are listed below:

Agropyron desertorum (Cook et al 1958) 
Agropyron spicatum (Stoddart 1946, McLean and Wikeem 1985a) 
Atriplex canescens (Menke and Trlica 1983) 
Balsamorhiza sagittata (Blaisdell and Pechanec 1949) 
Bouteloua eriopoda (Miller and Donart 1979)  
Calamagrostis rubescens (Stout et al 1980) 
Elymus cinereus (Perry and Chapman 1975) 
Elymus junceus (Svejcar and Rittenhouse 1982) 
Eragrostis trichodes (Moser and Perry 1983) 
Festuca scabrella (McLean and Wikeem 1985b) 
Mertensia arizonica var. leonardi (Laycock and Conrad 1969) 
Panicum virgatum (Haferkamp and Copeland 1984) 
Purshia tridentata (Menke and Trlica 1983) 
Sporobolus flexuosus (Miller and Donart 1979) 
Sporobolus wrightii (Haferkamp 1982) 
Stipa thurberiana (Ganskopp 1988)








DEFOLIATION EFFECTS AFTER PLANT MATURITY 

Defoliation after plants have ceased growth is generally believed to do no harm to the plants. However, Anderson (1960) found that removing herbage of prairie vegetation in September decreased yields the next year from 3,900 to 2,650 kilograms per hectare. Delaying removal of aftermath from middle September to late October increased the next year’s yield by 38 percent (Conrad 1954). Curtis and Partch (1950) obtained a sixfold flowering stalk increase in Andropogon gerardi and 60 percent more height growth by removing old growth mid-March. Removal of all mulch and standing dead litter in late winter resulted in no negative effect on forage yield in the fescue prairie but may have stimulated tillering. In the mixed prairie the removal of plant residue decreased yields (Willms et al 1986).

Standing dead material can have no direct physiological link to perennial materials at the ground surface and below. However, the effects of standing dead, litter, and mulch on the soil surface are real. They are indirect effects that operate through changed environment rather than direct stimuli from clipping.




EVALUATION OF DEFOLIATION PRACTICES 

Many studies relating to intensity, frequency, and timing of defoliation confound the treatments and even confuse the terminology. Increased frequency of defoliation may be called increased intensity and time of cutting may refer to calendar dates or days since planting, all without reference to the phenological sequence of growth stages. The separate effects of intensity, frequency, and season of defoliation seldom have received separate attention. However, defoliation studies with individual plants and plant communities have contributed to an understanding of  grazing effects. Although contradictory results make every generalization risky, a number of solid conclusions can be stated:
• Removal of living tissue will cause varied responses according to amount removed or intensity, frequency of removal, and phenology of the plants at the time. Any one of these three factors or any combination of them can cause plant deterioration, no obvious effects, or stimulation, depending upon level or timing of application. Plant responses to severe treatments have shown decreased (1) above-ground biomass, (2) culms or woody branches, (3) seed, (4) height of leaves and culms, (5) length of twigs, (6) quantity of nutrients per land unit, (7) root biomass, (8) root length, (9) TNC storage, and (10) vigor of plant. Overdefoliation causes winter killing, injury during drought, and undesirable changes in botanical composition of range vegetation. All these results vary by species and site. Any one or combination of them in the extreme constitute the signs of rangeland overuse. Light and moderate use does not cause significant change in these parameters.

• Senescence and decreased nutritive quality of lower leaves in a thick grass stand due to abundant, tall, flowering stems may be remedied by cutting or grazing. New growth is more leafy and higher in proportion of nitrogen than is old growth so defoliation usually improves quality of forage for livestock. This tradeoff with losses from overdefoliation requires careful synchronization of grazing pressure with pasture growth. Manipulating animal grazing with the aim of developing nutritive feeds requires small pastures, long growing seasons, and species that tiller easily or branch profusely. Extensive areas and short growing seasons effectively reduce application of such a management restraint on rangeland.

• Major susceptibility to defoliation seems to be from flowering into maturation. Reasons for this may be (1) that leaf tissue is at a maximum, (2) most culms are reproductive and few are vegetative, (3) apex removal is abundant without time for tiller reproduction and leaf regeneration, (4) stores of TNC may be minimal, and (5) factors such as shortening days and little soil moisture may prevent tiller replacement which requires bud release and allocation of assimilates (Branson 1956, Caldwell et al 1981, Mueller and Richards 1986, Marshall 1987).

• Resilience to defoliation in a species may be attributed to factors other than TNC pool size and translocation. For example, species may have high photosynthetic capacity, long foliage longevity, protected meristems, rapid shoot and leaf replacement, a low degree  of apical dominance, a high ratio of leaf area to leaf weight, high allocation of TNC and nitrogen to shoot growth, and be well adapted to water stress and competition in the plant community. An understanding of the defoliation effects and the importance of plant adaptations to any type of defoliation is fundamental for the professional rangeland manager. 
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Palatability, Preference, and Selective Defoliation

Each herbivorous species or individual, wild or domestic, large or small, selects a daily ration from the forages available within a chosen place, a niche, a plant community, a territory, its habitat. All grazing includes elements of choice ranging from obligatory grazing on, or choice restricted to, a part of a single plant to display of little forage preference.

The plants preferred are said to be palatable. As used here, preference refers to animal reactions and palatability to plant characteristics. Separation of these two concepts aids analysis and understanding of the grazing process, although their combined process is selective defoliation. Forage selectivity results from a highly complex interaction among three sets of variables operating over time: the animals doing the grazing, the plants being eaten, and the environment of both.

Each animal lives, grows, and reproduces on the food it eats so animal responses to selective feeding constitute a large and important study discipline. Digestibility trials; chemical analysis of feeds; and determinations of intake, nutritional requirements, nutritional imbalances, growth rates, reproductive rates, and many other animal responses belong to interdisciplinary understanding between the interests of rangeland and those of animals. When an animal takes food for nutritional needs, it exerts an influence upon further production of food and on the evolution of the forages. For example, Detling et al (1986) found that Agropyron smithii had more, shorter, and more prostrate tillers in areas grazed by prairie dogs than in areas free of prairie dogs. The hypothesis is that longterm grazing changes the genetic makeup of the species.

Diet information is useful for forage allocation among animal species, selecting type of animal most compatible with the range resource, selecting the plant species to monitor or seed, determining suitability of  habitats for introducing exotic animals, and predicting outcome of forage utilization. However, tabulation of diets alone does not compare what is eaten with that which is available to be eaten, explain reasons for diet differences, nor give evidence of competition for foods (Hanley 1982).




EXPRESSIONS OF SELECTIVITY 


Selectivity of herbage expresses the degree to which animals harvest plants or plant parts in different proportion than in the herbage available to them. It is not “to the exclusion of others” as defined in the Range Glossary (Jacoby 1989). A principal dietary item may or may not be a selected item as here defined. Selectivity ratios between the proportion of any species, plant part, or group of plants in the diet and the proportion of that item in the herbage available to the animal were used by Van Dyne and Heady (1965) as expressions of relative preference on an index scale (Fig. 4-1). The two numbers used to calculate the ratio should be determined by the same procedure; for example, the point system on both fistula material and clipped vegetation from the same pasture. Selectivity ratios effectively show differences in food habits (Table 4-1).

Methods of determining selectivity ratios have been studied. Krueger (1972) and Krueger et al (1974) used frequency in the diet and on the range as well as percent of diets and range composition. Vavra et al (1977) divided a measure of consumed by consumed plus unconsumed. Tucker et al (1976) calculated linear regression as a measure of association or selectivity. Rank correlations may also indicate degree of association between consumed and available forage. After field testing, Loehle and Rittenhouse (1982) concluded that a need for further investigations existed because of sampling problems and inadequacies of selectivity indexes.

Caution must prevail with these indexes because as degree of forage utilization approaches 100 percent the relative selectivity ratio will approach 1.0, which indicates that all herbage is eaten without selection. As availability declines selectivity is reduced. A small percentage of forage utilization in a pasture would yield the widest selectivity ratios.

Most statements about selectivity have been based on measurements, ocular estimates, or general observations of the amount or percentage of material removed from a pasture. This percentage is referred to as actual use or utilization in the older range literature and degree of use in Jacoby (1989). Proper use or proper utilization indicates that the removal of forage is estimated to be the correct amount to maintain or improve the productivity of the site. When the rangeland is used properly, one species may have 60 percent of current growth removed but a less preferred species only 40 percent. These are expressions of forage utilization for the whole range, rather than of selectivity as defined above.
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Figure 4-1 Selectivity ratios exhibited by sheep and cattle for plant groups. Ratios shown on the central axis express dietary composition in proportion to range composition. Those parts of the diet near the top of the scale were highly selected while those near the bottom were rejected (Van Dyne and Heady 1965).

 
Table 4-1 Selectivity ratios exhibited by several animal species for numerous dietary items. (Ratios were calculated from data given in the sources cited.)
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METHODS OF STUDYING SELECTIVITY 


Paired Grazing Studies 

Degree of use on each species in a stand as a measure of selectivity has been determined by comparison of herbage weights per unit area from paired grazed and ungrazed conditions. Commonly, determination of the degree of herbage utilization constitutes the principal aim of studies using ungrazed plots, and measurement of selectivity or some aspect of forage preference is secondary.


Observing Grazing Animals 

Another approach to gathering data on food selectivity centers on observation of grazing animals. The observer records the time an animal grazes on a species or the number of bites it takes to obtain a frequency of use for each species or for certain vegetational types. Tamed whitetailed deer, mule deer, red deer, and pronghom permit exceptionally close observation of grazing. The aim of most observational studies of this type is to characterize food habits and animal behavior as much as to quantify selectivity.


Controlled Feeding 

Feeding two foods at a time to penned animals quickly shows which is preferred and permits ranking the foods. Pairing a third food species first with one and then with the other allows ranking of three species. In cafeteria fashion, Murray (1984) rated fourteen grass accessions, grown in a uniform nursery, according to their palatability to sheep.


Retrieval of Eaten Material 

Retrieval of any kind of eaten material for measurement was practically impossible before the surgical establishment of fistulas became successful. The installment of esophageal fistulas in sheep permitted the collection of relatively unchewed but animal-selected and -eaten material with apparently minor influence on the animal’s natural grazing habits (Heady and Torell 1959). Point sampling, using a crosshair in a binocular microscope of about 15 power, provided frequency data and percentage composition of species and parts of plants in each fistula-collected sample. Fistulation procedures require tame animals and frequent care.

Sampling and analysis of stomach contents of killed animals have given abundant information on the food habits of wild animals. These partially digested materials have been separated into their various components by estimations, hand picking and weighing, point sampling, screening, and flotation procedures. Major criticism of stomach sampling stems from biased high estimates for indigestible material, small numbers of animals sampled, and sacrifice of animals.


Plant Cells in Fecal Material 

The frequency, size, and pattern of different indigestible cuticle and plant cell walls such as epidermal, guard, cork, and silica cells varies by plant species. Microscopic analysis of these fragments in fecal material is a low cost method for determining preference and food habits. This situation permits determinations of diets on a qualitative basis by ranking species according to abundance in the fecal material (Vavra et al 1978). The method does not indicate the quantity of the separate species eaten by an animal, nor the amount available to the animal. A library of cuticle and cell patterns aids in accurate identification of plants eaten.

By using the plant cell technique, Hansen and Reid (1975) found that the overlap in diets between deer and elk ranged from 3 percent in winter to 48 percent in summer; 12 to 38 percent for deer and cattle in summer; and 30 to 51 percent for elk and cattle in summer. McInnis et al (1983) claim that the esophageal method of determining diet  composition is more accurate than visual observations and analysis of either stomach contents or fecal material. Regardless, the fecal analysis technique has gained wide use in the determination of food habits because of its low cost by not requiring tame and fistulated animals.




PALATABILITY FACTORS 


Palatability factors are those attributes of plants which alter their acceptability by grazing animals. They may stimulate a selective response by animals or they may prevent the plant from being grazed (Heady 1964). Factors involved are not completely understood; for example, nutritive and chemical contents correlate with palatability in many instances but in others they do not. Acceptance by animals of a given plant species changes, sometimes for unknown reasons, but probably because of changing plant characteristics that an animal can recognize by its senses of touch, taste, and smell. Palatability cannot be based on one factor alone.


Chemical Composition 

Many studies correlate palatability with various plant chemical components. It is commonly accepted that forage high in crude protein is highly accepted by cattle and sheep (Cook 1959, Blaser et al 1960, and many more). Forages high in sugars or with sugars added and high fat content usually correlate with high palatability. Livestock accepted the grass cultivars highest in phosphorus and potassium before those with low contents of these minerals (Leigh 1961). Percentages of lignin and crude fiber increase when crude protein, the simple carbohydrates, and fats decrease; therefore, negative relationships between palatability and content of lignin and crude fiber are as common as positive relationships with other compounds.

Plice (1952) found that manure-affected plants in a pasture were not grazed by cattle, but were grazed by sheep, although they were higher than unaffected plants in crude protein, calcium, potassium, iron, fat, nitrates, and vitamins. The unaffected contained more silica, aluminum, phosphorus, tannin, chloride, and sugars. Any type of added artificial sweetener, such as sugar, saccharin, or sodium cyclohexyl sulfamate, increased the palatability of the manure-affected plants. These results suggest that the taste of sweetness and not the presence of sugar itself determines palatability. Molasses sprayed on dry grass improves acceptance by cattle and furnishes them an energy supplement as well (Wagnon and Goss 1961). Sheep will graze the affected areas.


Volatile Oils and Palatability 

Efforts to explain why numerous unpalatable species contain as much as, or more, nutrients than those readily grazed suggested analyses for other plant compounds. In 1964, Nagy et al demonstrated that essential oils of Artemisia tridentata reduced rumen bacteria, fermentation, and appetite in deer and cattle. However, volatile fatty acids supply a major source of energy to ruminants, so not all essential oils can be antagonistic to rumen functions. Chromatography indicated that the oxygenated monoterpenes might be the cause of rumen disorders (Hanks et al 1971). Undoubtedly proper functioning of the rumen and other parts of the digestive tract influence selectivity of feeds.

Some terpenoids may be attractants and others toxic (Personius et al 1987). Utilization by sheep varied from none to 98 percent of current growth for 21 accessions in three subspecies of Artemisia tridentata (Welch et al 1987). Not only were the terpenoids different among plant varieties and collections; they may be lost by exposure and by mastication (White et al 1982, Cluff et al 1982). In addition to the terpenoids, the astringent properties of tannins and toxic compounds in poisonous plants are known to affect palatability.

Many conflicting results from proximate analysis have been reported in studies aimed at explaining palatability according to differences in chemical contents. For sheep and cattle it is usually indicated by high crude protein, phosphorus, gross energy, and by low crude fiber (Arnold 1964a). Perhaps the best positive indicator is crude protein.


Proportions of Plant Parts 

Grass and forb leaves contain greater proportions of fats, crude protein, and simple carbohydrates but less lignin and crude fiber than do stems. Fruits and seeds vary among species, but they usually have a relatively high content of crude protein, fats, and carbohydrates. Although chemical contents may not be the reason for differences, leaves, flowers, and seeds are generally more palatable than stems. In the dry season, when stems may be the principal material available, sheep and cattle continue to show preference for other plant parts (Van Dyne and Heady 1965) as follows:

Percentage of diet in late dry season

[image: 015]

Most grazing animals select leaf over stem and green material over dry. The proportions of plant parts influence the palatability of forages. For example, plants of a species that are short because of poor site, drought, and defoliation will have a higher leaf/stem ratio than tall plants of the same species. This translates into higher palatability and nutritive value for the shorter plants, although forage components may be less per unit area.


Growth Stage and Palatability 

As herbaceous plant materials mature, they generally decrease in palatability and in nutritive value. Succulence decreases and soft leaves become harsh. For example, leaf harshness in phenotypes of Agropyron was negatively correlated with preference by sheep (Shewmaker et al 1989). O’Reagain and Mentis (1989b) on the basis of comparisons of nine native species claimed that increased acceptability occurred with increasing leaf percent as well as leaf crude protein. Typically, the whole plant becomes higher in fiber, and the leaf/stem/fruit ratio changes toward a higher proportion of stems as it matures. Systems of management that prevent accumulations of mature plant materials tend to maintain grasses in a higher palatable condition than those of the same species that are mostly stems.

The position and extent of lignification in each grass species characterizes advancing maturity, curing qualities, and palatability. The patterns may be different according to variety or cultivar; a situation useful in selecting the best varieties for propagation (Goodenough et al 1988).

Palatability of a few species gain as the growing season progresses. The selectivity ratio for Medicago hispida from new growth to maturity illustrates increasing palatability of this species as it becomes older (Heady and Torell 1959): 



	
Date 
	
Palatability 



	February 1
	0.15



	March 5
	0.82



	April 1
	1.08



	May 2
	2.25



	July 9
	2.45







Arnold (1964a) showed the same trend in several legumes for increasing palatability as growth stage advances and attributed it to changing odor.

Animals alter their preferences to meet changes in feed supply. For example, juvenile sage grouse maintain a diet of succulent forbs by selecting one species after another paralleling the development of the plant species (Klebenow and Gray 1968).


External Plant Form 

Palatability usually is reduced by the presence of awns, spines, excessive hairs, stickiness, coarseness of texture, and unfavorable odor from external glands on the plant. Glabrousness and succulence tend to enhance palatability. Height, growth habit, and position of the various plant parts affect accessibility and palatability. One study found that small plants of Agropyron cristatum tended to be avoided (Hacker et al 1988).


Kind of Plant 

Although a few species of plants dominate each range type, many occur within the distance traveled daily by large herbivores. Only a few will constitute the diet at any one feeding. During a longer time period, all available species are likely to be grazed to some extent, as was found in the southern New Mexico desert grassland (Allison et al 1977) and in the California annual grassland (Van Dyne and Heady 1965). The less abundant species can add substantially to animal diet but may go unnoticed in analyses of available forage. For example, the lichen Ramalina reticulata may be missed as an important component of the forage because it grows on trees and is consumed immediately after falling.

In a test of 16 species, Hansen et al (1985) found that Labops hesperius (black grassbug) preferred Agropyron cristatum and Elytrigia intermedia and the least preferred were Dactylis glomerata and Phalaris arundinacea. Greatest variation was found in the hybrid, Elytrigia repens x Elytrigia spicata indicating possibilities for selection of cultivars resistant to the bug.


Availability of Associated Feed Elements 

The availability or proportional botanical composition of a species in the vegetation influences its acceptability. Plants with low palatability were selected to a greater degree when they compose a small rather than a large proportion of the stand (Tomanek et ail 1958). In contrast, Cook (1962) found that increases in the proportion of a palatable desert plant led to increased use of it but increases in the proportion of unpalatable species resulted in less use of them. Associated feeds and species availability alter the palatability of any other food item in the diet.

On mountain ranges in Wyoming, Hurd and Pond (1958) showed that preference for Stipa columbiana was greater and for Danthonia intermedia less in a grass/shrub cover, than in a grass/forb cover. Annual species on one habitat showed different acceptances by sheep when the species occurred together in different proportions (Heady and Torell 1959). Such relationships are common with many species.

Where forage is abundant in relation to the grazing pressure, animals express their preferences freely. As feed become less available, the more palatable portions disappear first, then animals must eat less desirable forages (Arnold 1964a, Van Dyne and Heady 1965). Domestic livestock and most other large herbivores are opportunistic grazers so their diets vary greatly from place to place, time to time, and among individuals and species.




PREFERENCE FACTORS 


Animal reactions that regulate food acceptance have been classified into three interrelated systems (Young 1948). One of these systems includes stimuli within the animal’s body which bring on desires for eating, some of them learned. The second system conditions the animals through evolutionary development of feeding habits on a long time scale and through learning on a short time scale. The third system affecting food preference comprises the animal’s environment. These three systems operate a chain of events that includes recognition of food, movement toward the food, appraisal, eating, and leaving the food source.  Preference for a food may be exhibited at any point in this series (O’Reagain and Mentis 1989a).

The understanding of plant chemical defenses to herbivory has progressed beyond the traditional concentrations of alkaloids, phenolics, resins, tannins, and terpenoids. Animal selectivity is related to these and many more specific chemical substances. Additionally, other studies have given importance to learning from postingestive consequences, from mother, and dietary training of livestock (Bryant et al 1991).


Internal Animal Factors 

Animal preferences for foods are stimulated by the senses of sight, smell, taste, touch, and perhaps hearing in special instances. In a series of experiments with sheep on pastures Arnold (1966) and Krueger et al (1974) impaired the sheep’s sight, smell, taste, and touch separately and in combinations. Blinkering changed their behavior but did not alter their preference for certain forage species. Sight allowed them to recognize food items and to orient themselves with their surroundings while smell, taste, and lip-touch were each important in determining the acceptability of some forage species but not others. Apparently each plant stimulates these three senses differently.

Longhurst et al (1968) showed that deer use smell to make their initial selection of forage. If they like the smell, they taste. If they like the taste, they feed upon the plant. Once the plant is learned, feeding proceeds without initial testing. Hearing is used when fruits are falling but, like sight, has little importance in determining preference. Overall, taste appears to be the principal sense used in selecting forages.

A very small amount of data exists on the influence of physiological state of an animal on preference for foods. Changing conditions of breeding, pregnancy, lactation, fear, excitement, fullness of the intestinal tract, and hunger influence animal behavior, grazing time, and amount of forage intake by animals (Arnold 1964b). Consequent changes in food preferences would be expected, but whether they exist and how they operate have not been fully explained.


Learned and Evolved Behavior 


Delphinium barbeye, tall larkspur, with toxic diterpenoid alkaloids is the most important plant poisonous to cattle and sheep grazing on mountain rangeland in the western United States. Provenza and his team (Provenza and Balph 1988, 1987, Lane et al 1990) were able to condition heifers to avoid eating the plant by intraruminal infusion of lithium  chloride whenever they consumed the larkspur in pen feeding. The aversion lasted into the second summer and was broken when the treated animals were allowed to graze with untreated animals. Successes with conditioning animals for food selectivity are encouraging, but many questions remain. What is the strength of social interactions, the optimum age for conditioning, the best procedure?
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