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Introduction to the symposium 
Ingestion of Poisonous Plants by Livestock 

Held at the Annual Meeting 
Society for Range Management 

February 15,199O 
&no, Nevada 

JAMES A. PFISTER AND FREDERICK D. PROVENZA 

The presence of poisonous plants on rangelands proffers several 
challenges to livestock, including detection, avoidance, and detoxi- 
fication of toxic compounds. Reduced production, or even death; 
indicates failures by livestock to meet these challenges. 

The objective of this symposium was to bring together scientists 
whose multidisciplinary expertise is directed towards understand- 
ing why herbivores overingest poisonous plants, and determining 
the consequences of toxic plant consumption. New management 
alternatives require an understanding of when and why animals 
consume poisonous plants. We must understand (i) the specific 
compounds in plants that are toxic, and the chemical characteris- 
tics that render them toxic or nontoxic (chemists, toxicologists); 
(ii) how environmental factors affect toxin levels in plants (plant 
ecophysiologists); (iii) how toxins affect herbivores and how herbi- 
vores are able to sense the effects of toxins (veterinary pathologists, 
physiologists); and (iv) behavioral mechanisms herbivores use to 
minimize ingestion of toxic plants (experimental psychologists). 
Range and animal scientists are uniquely positioned to integrate 
findings from these seemingly disparate disciplines and mold tind- 
ings into concrete management recommendations. 

Most of the papers address basic research questions, Manage- 
ment alternatives were not emphasized for several reasons. 

First, the symposium held recently (1987) in conjunction with 
the Society for Range Management meetings in Boise, Idaho, 
specifically addressed existing alternatives for managing livestock 

Authors are with the USDA-ARS Poisonous Plant Research Laboratory, Logan, 
Utah 84321; and the Department of Range Science, Utah State University, Logan 
Utah 84322. 

and poisonous plants. The proceedings’ are available in book 
form. 

Second, overingestion of toxic plants by herbivores involves a 
number of complex processes that must be understood in order to 
prevent toxicosis. Many new solutions to poisonous plant prob- 
lems await discovery, and such solutions will not arise solely from 
applied research. Basic findings from fields such as chemistry and 
veterinary pathology will help create new management options for 
future generations. 

Finally, if range researchers are willing to interact with experts 
from other disciplines, we can create a synergism that will led to 
new ways to reduce livestock losses to poisonous plants. The 
papers focus on three different but related areas: plant chemistry 
and ecology, animal nutrition and toxicology, plant/ herbivore 
interactions and animal behavior. We hope this interdisciplinary 
group of papers stimulates research that will lead to an understand- 
ing of how environment, plants, and herbivores interact, and that 
the knowledge will ultimately be used to reduce livestock losses to 
poisonous plants. 

Dr. Lynn James, research leader at the Poisonous Plant 
Research Laboratory, was asked to discuss, in the keynote address, 
the impacts of poisonous plants on the livestock industry. Dr. 
James has recognized for many years the need for interdisciplinary 
research on toxic plants, and has championed the efforts to provide 
information to producers. It is fitting that we recognize his lifetime 
efforts. 

‘James, L.F., M.H. Ralphs, and D.B. Nielsen. 1988. The Ecology and Economic 
Impact of Poisonous Plants on Livestock Production. Westview Press, Boulder, Cola. 
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Abstract 
Livestock poisoning by plants is one of the serious causes of 

economic loss to the livestock industry. Losses can be classified as 
either direct or indirect. Direct losses include deaths, weight loss, 
abortions, lengthened calving intervals, decreased efficiency and 
other effects on the animals. Losses from death and some repro- 
ductive losses in the 17 western states are estimated at S34O,OOO,OOO. 
In addition to these are the indirect losses such as fencing, herding, 
supplemental feeding, medical costs, management alterations, and 
loss of forage which are associated with efforts to prevent or 
minimize poisoning of livestock by plants. 

Nearly all plant communities include poisonous plants, thus, 
most grazing animals are exposed to intoxication. However, the 
presence of these plants does not cause poisoning. Poisoning is 
usually associated with management errors, lack of forage due to 
range conditions, drought, and other events that would cause 
Livestock to consume vegetation normally unacceptable. Often a 
sequence of events, such as storm, frost, cold, and other occurren- 
ces can influence an animal to where it will eat too much of a toxic 
plant too fast. 

Key words: toxic, cattle, sheep 

On every continent the area devoted to grazing livestock exceeds 
that of planted and cultivated crops. The livestock produced on 
this 1.5 billion hectares of grazing land (about 50% of the land 
surface) play a critical role in the food, fiber, energy, pharmaceuti- 
cals, and industrial sections of the global economy. 

Livestock products in the United States accounted for about 
55% of the total farm cash receipts in 1987. Sales of cattle and 
calves were among the top 5 contributors to farm cash income in 44 
states and were number one in 18 states. Additional income is 
generated in the handling, processing, and sale of animal products 
in other segments of the agricultural economy. This does not 
include cash receipts from sheep. These livestock obtain a substan- 
tial portion of the dietary needs from the rangelands and pastures 
(private and public) of the country. 

It is not uncommon to find poisonous plants growing on both 
sown, natural, and private and public grazing lands. In fact, poi- 
sonous plants can be found growing in most plant communities. 
These plants, under certain conditions, can be hazardous to graz- 
ing livestock. 

Livestock poisoning by plants has been a problem to livestock 
producers of the United States since the pioneers first grazed their 
cattle and sheep on the pastures and rangelands of this country. 
Poisonous plants are not only disruptive to the harvesting of the 
forage produced on the 400 million hectares rangeland and pas- 
tures of the United States, but are also one of the most important 
economic impediments to profitable livetock production. 

Invited paper presented at the symposium “Ingestion of Poisonous Plants by 
Livestock” at the Society for Range Management Annual Meeting, Rena, Nevada. 

Manuscript accepted 8 May 1991. 
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Economic Losses 

The elusive, hard-to-define, almost impossible-to-count nature 
of the problem has made it very difficult to set an actual dollar 
value on the economic losses sustained because of livestock poison- 
ing by plants. This problem has led many to describe the economies 
of the problem with vague statements such as “poisonous plants 
are a principal cause of economic loss to the livestock industry” or 
“poisonous plants exert a costly toll...‘*. This vague approach is 
also due in part to the diversity of the problem: different plants 
involved, variety of toxic effects, variation in morbidity and mor- 
tality from year-to-year, and so on. Yet despite the fact that cost 
figures are hard to obtain and are somewhat tenuous, if we are to 
deal with the problem of livestock poisoning by plants, we must at 
least describe the impact that poisonous plants have on livestock 
production and develop a best estimate of economic losses. Man- 
agement decisions are based on an understanding of costs and 
benefits associated with the decision-making process. In the case of 
poisonous plants, we must have some idea of cost if we are to say 
something about risk and evaluate improvements, range pro- 
grams, land values and other factors in livestock production pro- 
grams where poisonous plants are involved (James 1988, Nielsen 
and James 1991). 

Economic losses due to livestock poisoning by plants can be 
divided into 2 parts: (1) direct losses and (2) indirect losses (James 
1978). 

Direct Losses 
Direct losses of livestock involve the economic impact of poi- 

sonous plants on the animal. These losses include such things as 
death, emaciation, slow growth, decreased reproductive efficiency, 
abortion, birth defects, and other effects. 

Death Losses 
Deaths of livestock poisoned by plants, especially those dying 

acutely and in large numbers, have received more attention than 
other losses. This attention is probably due to the fact that these 
events are emotionally striking. These losses can be counted, a 
value attached to them, and the economic impact on a livestock 
operation calculated. These catastrophic events have been asso- 
ciated with halogeton and lupine poisoning in sheep, larkspur, and 
shinnery oak poisoning in cattle, cow losses in association with 
pine needle and broom snakeweed abortion, and many others. 
Much harder to identify are the death losses of only a few animals 
at a time which, in total, is probably more important economically 
than the large catastrophic losses. These losses are not as emotion- 
ally or economically distressing and are harder to identify because 
owners may not attempt to ascertain the cause of the death, 
because (1) small losses seem less important, (2) these losses may be 
considered a “normal” cost of livestock production, (3) livestock 
killed under range conditions may not be discovered, (4) length of 
time the animal has been dead, or (5) lack of adequate diagnostic 

3 



procedures. Thus, in considering death losses, some’ can be 
accounted for but for many others only a best estimate is available. 

Performance Losses 
The National Academy of Science estimated that 8.7% of the 

nutritional ailments in foraging livestock were due to poisonous 
plants (Ensminger et al. 1955). Poisoning, such as sneezeweed or 
bitterweed poisoning in sheep or locoweed poisoning in all live- 
stock, usually results in wasting of the animal. These animals may 
eventually die or become less productive. Animals poisoned on the 
pyrrolizidinecontaining plants, such as senecio, crotalaria, and 
many others, may not die for long periods of time after consump- 
tion of the plant because of the chronic nature of the intoxication. 
In any of these cases, the animal may be removed from the cause, 
time passes, and therefore, the loss may not be associated with a 
poisonous plant. These unidentified losses can be significant, but 
the cost can be very difficult to determine. 

Plants that cause wasting or poor performance have been men- 
tioned. The degree of wasting varies. In some cases, the decrease in 
performance is obvious, in others it is hardly noticeable. Any time 
an animal grazes a poisonous plant and becomes sick, or its func- 
tional efficiency decreases, there will be a loss of performance. In 
most cases of photosensitization, animals do not die; but the 
recovery period is long and weight losses are high. Photosensitiza- 
tion is often associated with the hepatotoxic plants and, therefore, 
may have chronic effects due to liver damage. 

Neurological damage due to locoweed consumption reduces 
value of livestock, especially horses, which are no longer useful for 
riding or draft purposes. Losses, due to a decrease in functional 
efficiency, are difficult to evaluate and at present we do not have 
enough information to make an economic statement as to the 
losses. 

Reproduction Losses 
Several plants can cause abortion in livestock. The principal 

abortifacient plants are locoweed in all livestock; ponderosa pine 
needles in cattle; and broom snakeweed in cattle, sheep, and goats 
(James et al. 1967, Stevenson et al. 1972, Kingsbury 1964). Other 
plants such as those high in nitrates have been associated with 
abortion in livestock. Serious encounters with these plants can 
result in abortions approaching lOO%, but 20-30% is more 
common. 

Abortions from locoweed poisoning can occur anytime during 
gestation when the animal grazes locoweed for more than a short 
period of time. In addition, many lambs born to poisoned ewes are 
small and most do not survive. Mortality rates are high even if 
lambs born to ewes grazing locoweed appear normal. 

Ponderosa pine needles can cause abortions in cows, particu- 
larly during the last trimester of gestation. Those calves that sur- 
vive birth are usually weak, are more susceptible to disease, and 
mortality is high. Many cows have retained placentas, including 
some with full term pregnancies, and mortality rate is high. Pine 
needles, broom snakeweed, and other causes of abortions lengthen 
calving interval because retained placentas delay estrus and breed- 
ing by as many as 60-120 days. The lost growth associated with 60 
days reduction in growth time could exceed $100 per calf. Over a 
3-year period these losses could exceed those associated with the 
loss of one aborted calf. An abortion, whatever the cause, can 
reduce an operation’s cash flow by about $500.00 on the value of 
the calf at weaning and up to another $500.00 for medical cost, 
possible cow replacement cost, losses in future productive perfor- 
mance and in some cases death of the cow. Poisoned cows produce 
less milk than normal and are less maternal. Some of these cows 
may become infertile. Estimates of the economic impact of pine 
needle abortion range from $6,000,000 to $20,000,000 (Nielsen and 
James 1991). Personal observations indicate that the higher figure 

is more correct. 
Cows grazing broom snakeweed, especially during the last tri- 

mester of pregnancy, may abort. Calves born near term are usually 
small and weak but may survive if given proper care. A high 
percentage of these cows have retained placentas and some cows 
die. Broom snakeweed is also toxic to some animals regardless of 
abortions. The economic impact of broom snakeweed, in western 
Texas and eastern New Mexico, has been estimated at approxi- 
mately %40,000,000 (Tore11 et al. 1988). This does not include all 
broom snakeweed losses within this area nor does it include other 
geographical areas. 

Anything that causes a cow or ewe to lose weight, go off feed, not 
feel well (become sick) can interfere with that animal coming in 
estrus and, subsequently, delay the time of parturition. A number 
of plants such as locoweed, photosensitizing plants, nitrate- 
containing plants and many others, could be involved in this kind 
of scenario. For example, a cow could become ill from grazing 
larkspur at the time she should show estrus, or an outbreak of 
photosensitizing could cause a cow to become ill and delay es&us. 

Fertility is the most important economic factor in livestock 
production. Locoweed interferes with semen quality, oogenesis, 
and libido; seleniferous plants interfere with estrus; certain plants, 
such as some clovers, are estrogenic, thus interfering with fertility. 
The effects of plant toxins on fertility in livestock can be an 
important problem, but are very difficult to quantify. 

Cows or ewes that die, or become nonproductive, or for some 
other reason go out of a producer’s herd, must be replaced if herd 
numbers are to be maintained. This replacement can be accomp- 
lished by (1) purchasing replacements and (2) raising replacements. 
There are problems associated with both methods of obtaining 
replacement females. Purchasing replacement females from out- 
side the resident herd can introduce animals that are not adapted to 
the new environment, thus are more susceptible to poisoning by 
plants and other problems than are native animals. Time must be 
allowed while these animals adapt to their new environment. They 
may not adapt to available forage, i.e., from shrub range to a grass 
range. The raising of replacement heifers is expensive. Time is lost 
while a heifer matures to an age she can reproduce, some replace- 
ments must be culled, and heifers wean lighter calves, thus decreas- 
ing the overall functional efficiency of the herd and cash flow of the 
owner. Whatever the method of obtaining replacement females, if 
the cause was due to poisoning by plants, the cost must be part of 
the overall economic impact of poisonous plants on livestock 
production. 

Until recently, birth defects have not been counted as an eco- 
nomic factor in livestock production. A cyclopian-type malforma- 
tion has been associated with ewes grazing Veratrum californicum 
on the 14th day of gestation (Binns et al. 1963). Incidence was as 
high as 25% in certain years. An equal percentage of dry ewes was 
also apparently due to embryonic death (Van Kampen et al. 1969). 
Skeletal malformation in calves has been associated with the con- 
sumption of lupine by cows during the 40-70th days of gestation 
(Shupe et al. 1967). Locoweed, poison-hemlock, and other plants 
have been associated with birth defects in livestock (James et al. 
1967, Keeler 1978). These deformed animals are an economic loss 
because they don’t survive or are uneconomical to keep. 

Indirect Losses 
Indirect losses include those activities or costs that are incurred 

by a livestock operation to prevent losses or costs incident to 
livestock poisonings by plants. Indirect losses (cost) include fences 
built and maintained to manage livestock at risk due to poisonous 
plants; herding livestock to prevent poisoning; supplemental feed- 
ing to prevent poisoning; altered grazing programs which may 
result in increased costs or grazing inefficiency; medical costs 
incident to poisoning; and forage lost because it could not be 
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harvested at the proper time or intensity. These costs are difficult to 
quantify, yet are present. 

Other losses exist, some of which do not fit into the usual 
economic analysis, but, nevertheless, have effects on a livestock 
operation. Included in this group are adverse effects of stress on 
management, risk and attendant problems, effect on land values 
and grazing permits. 

What then are the total economic effects of livestock poisoning 
by plants? If it can be estimated, how valid is the estimate? 

Nielsen and James (1991) used 1989 prices and numbers and 
estimated the economic loss of livestock in the seventeen western 
states at %340,000,000 based on a 1% death loss in cattle, a 3.5% 
death loss in sheep, and a 1% decrease in calf and lamb crops due to 
poisonous plants. This cost will vary with inventories and prices 
(Nielsen and James 1991). Others have used a mortality rate 
between 2 and 5%, which suggests that the estimate Nielsen and 
James (1991) used is reasonably accurate. The 1% loss in reproduc- 
tion seems moderately reasonable in light of the many effects of 
poisonous plants on reproduction and the size and scope of these 
problems. Producers in the other 31 contiguous states also expe- 
rience losses due to poisonous plants (Miller et al. undated). This 
estimate did not include other direct losses such as decreased 
growth, decreased performance, and effects on reproduction other 
than other abortions and birth defects, nor does it include indirect 
losses. Thus, the above estimate underestimates the economic 
impact of poisonous plants on livestock production in the United 
States. 

Reagor (198 1) suggested that, in Texas, poisonous plants “cause 
more dollar losses than any disease.‘* If this is true for Texas it 
would quite likely be true for Arizona and New Mexico. Parker 
suggested the same was true for Utah. Marsh (1929) estimated the 
average animal death loss at 3-5% with losses in states such as 
Wyoming being as high as 14.6%. Durrell et al. (1952) estimated 
losses as high as 8% in Colorado. In New Mexico (Anonymous 
1957) it has been estimated that the losses of livestock due to 
poisonous plants were from less than 1% to as high as 20% with an 
average over time of 2%. The USDA, 1968, estimated annual 
countable losses in the western United States at 335%. Gay and 
Dwyer (1967) suggest that over the entire western ranges, the 
average death loss is 2 to 370, and further in dollars and cents, the 
losses in reproduction and weight gains of animals that are poi- 
soned, but do not die, probably exceed the death loss. These figures 
suggest that our estimates are valid at least in the western United 
States. If anything, current estimates are on the modest side. 

Another method that can be used to estimate the economic 
losses due to poisonous plants is to take figures and/or statements 
from various states or other sources; use those figures to project 
into other states of similar character, and ultimately come up with 
a figure that can be used as a total estimate. For example, it was 
estimated that the economic losses from poisonous plants in Texas 
in the late 1960s was about $lOO,OOO,OOO (Sperry et al. undated). 
Estimates based on 1990 livestock prices would be somewhat 
higher. Based on 1986 livestock prices, it was estimated that losses 
due to broom snakeweed in eastern New Mexico and western 
Texas were $40,000,000 (Tore11 et al. 1988). This figure includes 
most but not all losses due to broom snakeweed. Reagor (198 1) 
reported that oak brush caused greater economic losses than any 
other poisonous plant in Texas. Bitterweed is the poisonous plant 
most important to the sheep industry in Texas. Senecio has been 
identified as one of the most serious problems to cattle in Texas. 
Locoweed in certain years can spell disaster to a livestock opera- 
tion. Therefore, the $lOO,OOO,OOO probably underestimates losses 
due to poisonous plants in Texas (Sperry et al. undated). Death 
losses in California, due to poisonous plants, may total $27,500,000 

(Di Tomaso undated). This estimate does not include all losses. 
Thus, these sources suggest that 37% of the losses estimated by 
Nielsen and James for 1989 in the 17 western states, occur in 2 
states. States such as New Mexico, Arizona, Utah, Colorado, and 
Montana have problems similar to those in Texas. This would 
suggest that the estimate of Nielsen and James is low, but surely 
can be used with confidence that losses are not overestimated. 

Another method that can be used to estimate economic loss, 
which requires acquaintance with poisonous plant problems of the 
country, is to look at individual losses in certain areas and project 
to other areas for the same plant. By evaluating the losses due to 
some of the principal known poisonous plants one can come up 
with a fair estimate. Interestingly, the value obtained from this 
approach agrees well with the more rigorous estimates. 

In attempting to develop estimates of economic loss due to 
poisonous plants, one is led to the conclusion that indeed poison- 
ous plants are one of the most important causes of economic loss to 
the livestock industry. 

Poisonous Plants as Forages 
Poisonous plants are not considered as forages for livestock, yet 

there are times when livestock can graze these plants without 
apparent harm. A plant can be defined as poisonous only in terms 
of its toxic effect on the animal that consumes it. A plant does not 
poison an animal unless it is eaten. The poison is in the dose, i.e., 
how much plant was eaten and how fast it was eaten. When is a 
poisonous plant a forage and when is it a poisonous plant (Bowns 
1988, Taylor and Ralphs 1988)? Some plants are toxic to an animal 
in such a way that they should never be grazed. This group includes 
plants such as pyrrolizidine alkaloid-containing plants, locoweeds 
and sneezeweeds. Plants such as certain lupines, halogeton, and 
larkspur under certain conditions can be grazed extensively with 
no apparent harm to the animal. Perhaps some forage value should 
be given to this group of plants. If this were done then the condi- 
tions under which these plants could be safely grazed would need to 
be specified. 

Toxin Level in Plants 
The toxicity of most poisonous plants varies with stage of 

growth, temperatures, site, precipitation, light, soils, and weather 
conditions. Immature larkspur is more toxic than mature. Cya- 
nogenetic plants such as chokecherry are more toxic after a frost. 
Cyanide content in plants varies on a diurnal basis, and plants are 
more toxic during a light rain; nitrate can be higher in plants during 
a drought. Broom snakeweed is more toxic when grown on sandy 
soil than on limestone soil (Kingsbury 1964). Phalaris staggers 
developing from tryptamine alkaloids in reed canary grass is more 
likely to develop during cloudy and foggy weather (Hartley 1978). 
Plants accumulate more selenium when soil in which they grow 
comes from certain parent materials. 

Certain animal factors also determine a plant’s toxicity. Sheep 
are more resistant to larkspur than are cattle (Olsen 1978). Rumen 
microflora can detoxify certain plant toxins such as oxalate (James 
et al. 1967). An animal that is full is more resistant to intoxication 
than a hungry one, i.e., the toxin may be diluted in the full animal 
and the animal will not eat as much as fast. The liver can detoxify 
cyanide very rapidly, but metabolizes pyrrolizidine alkaloids to the 
more toxic pyrroles. 

Conditions of Poisoning 
What, then, are the conditions under which a plant containing a 

toxin/s becomes a plant poisonous to livestock (Everist 1981)? 
Poisoning of livestock by plants is usually the result of manage- 
ment errors, range conditions, or kinds of animals rather than the 
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presence of poisonous plants. However, there are some exceptions 
to this generalization. 

We are long past the time we can pass off poisonous plants as a 
symptom of an overgrazed range (Dwyer 1978). Forage availabil- 
ity can be influenced by drought or overgrazing (i.e., either a 
temporary short-term effect or a longer-term grazing effect of a 
more permanent nature); or storms which may cover forage with 
snow; or cause animals to move into trees or other areas for 
protection; or a local problem where animals have been or are 
being trailed; or any activity that decreases forage availability. 
Improperly placed fences may create problems of a forage shor- 
tage, especially during times of the year when animals expect to be 
moved and may accumulate in areas that place them at risk because 
of poisonous plants. In some cases, grazing early in the spring or 
late in the fall when some poisonous plants are the only green 
forage available may lead to poisoning. Livestock losses due to 
poisonous plants have been associated with trucking, driving, or 
penning of animals. During these times animals may become 
hungry due to being deprived of feed or water or changes in the 
environment or weather (frost, precipitation, wind, etc). Increased 
stress from handling, hunger, and other such conditions can lead to 
animals grazing a poisonous plant. 

Management Strategies to Mitigate Effects 
of Poisonous Plants 

Poisonous plants can affect management in a number of ways. 
Among these can be included time allocations, grazing strategies 
for livestock operation, livestock programs, forage utilization and 
land values, and the overall ability of the operator to conduct 
business in a normal way. 

The effects on time include those activities imposed on managers 
to avoid problems caused by the presence of poisonous plants. 
Moving and checking cattle and sheep and building fences all take 
time that could be directed to other activities. This is an example of 
an opportunity cost associated with poisonous plants. 

Changes in grazing strategies may avoid problems or, in some 
instances, create problems. The changes may require adjustment in 
other activities. 

Calving or lambing time may need to be changed so livestock do 
not graze poisonous plants during times when the unborn calves or 
lambs are likely to be affected, as in the case of the lupine-induced 
crooked calf condition or plant-induced abortions. Cattle grazing 
ranges or pastures containing poisonous plants should be checked 
more often than when no poisonous plants are present. Pastures 
must be checked frequently to monitor the extent to which plants 
are grazed. Trailing, trucking, corralling, or placing noncondi- 
tioned livestock on unfamiliar ranges must be. done with care to 
avoid problems of plant poisoning. The presence of plants that can 
be poisonous to livestock on a range does not mean that poisoning 
is imminent. But it does mean that there must be a continuous 
awareness and management adjusted to avoid problems. It is pos- 
sible that losses can occur, oftentimes large ones. Thus, the risk 
factor of ranching is increased. 

The building of fences and other such activities are not only 
costly, but also time-consuming to maintain. In the construction of 
fences, as with any other management decision, poisonous plants 
should be taken into account. 

Many livestock losses from poisonous plants are associated with 
management or lack thereof. We can manage livestock and/or 
grazing lands in such ways as to enhance the probability of 
poisoning. 

Most livestock are poisoned by plants under open range or 
pasture grazing situations. Thus, most livestock poisoning of 
necessity will be prevented in the same arena. Information needed 
to develop management strategies for prevention will come from 

essentially four areas of study:* 
1. Veterinary medicine 
2. Chemistry 
3. Animal science 
4. Range and plant science 
Scientists in veterinary medicine provide information on des- 

criptive clinical and morphological pathology (diagnosis), mecha- 
nism of action of the toxin, toxicology (i.e., time/dose response 
information), and possible treatment, physiological, and pharma- 
cological changes caused by the toxin. 

Chemists provide isolation and characterization of the plant 
toxins, qualitative and quantitative measurement of the toxins, 
mechanism of action, structural specificity of the toxin, concentra- 
tion of plant toxins as affected by environment, stage of growth, 
and stress (drought, grazing, cold). 

Animal scientists provide information on metabolism of toxins 
by rumen flora, effects of toxins on reproductive physiology, 
animal response of these plants in the diet, and toxicology. 

Range and plant scientists can provide information on condi- 
tions under which poisoning occurs, i.e., acceptability of the plant 
to the grazing animal, what happens when a plant changes from a 
forage to a toxic plant, animal/plant interaction, dynamics of 
plant toxins as affected by environment and stage of growth. 

The above discussion does not imply that the description of each 
area of study is confined to those activities listed. There is planned 
overlap between the various disciplines of investigation. 

The following are some examples of management programs that 
have been developed to prevent or minimize livestock losses from 
poisonous plants. 

Veratrum 
Bred ewes grazing certain mountain range areas in Idaho had 

lambs with cyclopian facial and skeletal birth defects. The inci- 
dence of these birth defects varied from about 525% of lambs 
born. The incidence of dry ewes in the band was higher by about 
the same percentages as birth defects. The livestock people 
involved perceived this as a genetic problem. It was shown that 
ewes grazing Veratrum californicum on the 14th day of gestation 
gave birth to lambs with birth defects as those described (Binns et 
al. 1963). The dry ewes were due to embryonic or fetal deaths 
resulting from consumption of the Veratrum. The toxin was iso- 
lated and characterized (Keeler and Binns 1964, 1966a,b). (The 
identification of the toxin resulted in this information being used as 
a model to study facial birth defects in humans). Ranchers grazing 
sheep on these ranges generally saved the areas where the Veratrum 
grew to flush the ewes prior to breeding. The problem was over- 
come by grazing ewes and lambs on these areas and breeding on 
areas where little Veratrum grew. The information needed was the 
causative agent (Veratrum) and the time of insult (14th day) to the 
developing embryo and the solution was obvious. 

Lupine 
Cows grazing certain range areas in California, Oregon, Wash- 

ington, Idaho, and Utah gave birth to calves with skeletal birth 
defects and cleft palates. Research demonstrated that cows grazing 
certain species of lupine during days 40-70 of gestation might give 
birth to calves so deformed (Shupe et al. 1967). The toxin was 
identified as the alkaloid anagyrine (Keeler 1976). It was shown 
that the level of this toxin in the plant was high during the vegeta- 
tive stage and decreased as flower stage approached and was again 
high in the seeds (Keeler et al. 1976). By adjusting the time of 
breeding the cows and the time of grazing the lupines, the problem 
was minimized. Information needed was the plant responsible, the 
toxin and how it varied in the plant over time, and the time of insult 
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to the fetus. 

Conium 
The same type of skeletal malformation observed in association 

with lupine was observed in cattle grazing Conium maculatum 
(Keeler 1974, Keeler and Balls 1978). The toxin, coiine, decreased 
as the plant matured. With this information, the condition can be 
prevented. 

HMD-Locoweed 
The incidence of congestive heart failure, High Mountain Dis- 

ease (HMD) or brisket disease in cattle, primarily calves, can 
approach lwo on high elevation ranges that have locoweed grow- 
ing on them. It was shown that locoweed consumption by cattle 
grazing these ranges was the cause of the high incidence of HMD 
(James et al. 1986). It was shown that it took 40-45 days grazing 
locoweed for the HMD to develop. On 1 range studied, 300 cattle 
were grazed about 75 days under a 4 pasture rest rotating grazing 
system. The system was changed to graze 3 pastures simultane- 
ously, rest 1 and increase cattle numb&s, so the range was grazed 
about 40 days (Ralphs et al. 1984). The incidence of HMD 
decreased to near zero. Information needed to alter grazing pro- 
grams was the association of locoweed consumption with the high 
incidence of HMD and the etiology of the locoweed/HMD 
condition. 

Hnlogeton 
Halogeton (oxalate) poisoning has been a serious problem to the 

sheep industry in the Great Basin. However, sheep can graze large 
amounts of halogeton under normal grazing conditions (Bowns 
1988). Research has shown that sheep can be maintained, at least 
for short periods of time, on a diet of halogeton. It takes 24 hours 
for them to consume this amount of plant.2 This amount of plant 
can be lethal to about 5 sheep if they consume the halogeton in 
about 30 minutes. It has been shown that preconditioning a sheep 
for 4-5 days on light stands of halogeton or shadscale, increases the 
sheep’s tolerance to oxalate about 2 l/ 2 times because of the ability 
of the rumen microflora to degrade it to nontoxic compounds 
(James et al. 1967). It has also been shown that halogeton is high in 
total salts. It requires about 5 gal of water to excrete 1 lb. of salt 
(Pister et al. 1950). Thus, sheep grazing halogeton will require a 
higher water intake (James and Cronin 1974). If water intake goes 
down, feed intake will decrease, the animal becomes hungry, and 
when water is provided, the animal will consume available feed 
immediately and rapidly. Halogeton, in many of the arid and 
semiarid desert areas, abounds around watering areas. Withhold- 
ing water or feed can cause animals to graze rapidly and less 
selectivity when these are supplied. Halogeton poisoning occurs 
when sheep eat too much halogeton too fast. Prevention lies in 
providing adequate water and forage, and allowing a conditioning 
period before animals are introduced to heavy stands of halogeton 
(James and Cronin 1974). All losses of sheep or cattle investigated 
by the author have resulted from allowing the animals to become 
overly hungry and then being given access to halogeton. 

The following cases of grazing programs recommended to 
ranchers are results of information gained in the laboratory. 

Selenium 
A rancher observed that his cows failed to show estrus during the 

spring, summer, and into the early fall. These cows had been grazed 
on a range he had not previously used. Yearlings were kept on 
another range located some distance from where the cows grazed 
on the ranch. A survey of the range where the cows had grazed was 
conducted, and selenium indicator plants were observed over most 
of the area. A chemical analysis of the plant confirmed there was a 

ZJames, L.F., unpublished data. 

potential selenium problem. One of the principal effects of sele- 
nium on livestock is interference with reproduction (Olson 1978). 
The rancher was advised to change ranges with his yearlings and 
breeding cows. This was done and the problem was solved. The 
yearling cattle did well on the range having selenium accumulator 
plants. 

A. e~ryanus 
About 500 or 1,500 cows were reported as visibly ill and many 

others were probably affected. The signs of poisoning were respira- 
tory distress, goose stepping, cocked ankles (hind legs), and irregu- 
lar gait. The cattle were distributed on 3 different ranches and on 
each ranch the cattle were in several pastures. Several suggestions 
were made, such as feeding or moving the cattle, none of which 
were viable solutions. Because of the signs of poisoning, it was 
suspected that the sickness was due to the consumption of Astraga- 
lus emoryamus, red stemmed pea vine (James et al. 1980). Samples 
were collected for identification and analysis. The plant was identi- 
fied as A. emoryanus whose toxin is 3-nitro-1-propanol or isero- 
toxin (Stermitz et al. 1969). Miserotoxin level in the plant declines 
rapidly as the plant matures. 

Each rancher was advised to place all his cattle on 1 pasture and 
leave them there until the forage was all consumed, then move 
them to another pasture, and so continue until the pea vine had 
matured. This grazing strategy accomplished 2 things. First a short 
period of intoxication as the cattle went into a new pasture and 
grazed the pea vine out and a period of detoxification after the 
plant was not available. The cattle were then moved to another 
pasture and the cycle repeated. Secondly the amount of plant 
available to any 1 cow was decreased as the numbers were 
increased in a given area. There was essentially no death loss in 
these cattle and those visibly ill recovered. 

Sneezeweed 
The poisoning of sheep by sneezeweed can be managed in the 

same way. 

Risks 
Livestock ranching is a risky business. It may not rain, prices 

may fall, cold wet weather may occur at calving or lambing, and 
many other risks are part of the business. There are risks in grazing 
ranges and pastures having poisonous plants. In some cases, the 
potential losses from a catastrophic poisonous plant problem 
could be of such a magnitude as to put the rancher out of business 
and force him to sell the ranch. Most ranchers will go to extreme 
positions to avoid risk situations that have any chance of putting 
them out of the ranching business. This is one reason poisonous 
plants can cause excessive stress on the owner-manager of the 
ranch. Whatever the risks, they must be evaluated in the setting of a 
livestock operation, and management decisions must be made that 
minimize the risks to which the operation might fall prey. 

Land Values 
When purchasing, renting, or in any other way evaluating a piece 

of property to be used for livestock grazing, one should inspect for 
poisonous plants. The costs that might be imposed by poisonous 
plants on ranges or pastures to be grazed by livestock should be 
considered in making the decision to buy or rent grazing land 
(Davis and James 1972, Godfrey et al. 1984). 

If a particular ranch or ranching area gets a reputation of having 
serious poisonous plant problems, potential buyers will avoid the 
area or reduce the amount they are willing to pay for the ranch. 
Thus, it is possible for ranchers to lose value on their capital assets 
(real estate) because of this problem. 
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Abstract 

Stocking rate, multi-species grazing, and grazing systems are 3 
components of grazing management that can be manipulated to 
minimize losses in animal production due to consumption of poi- 
sonous plants. Our study evaluated 3 case studies where either all 
or some of the above components of grazing management were the 
experimental treatments. For study 1 the grazing treatments 
included 3 rates of stocking; a epasture, 3-herd grazing system; 
and combinations of different kinds of livestock that were mea- 
sured for 21 years. For study 2 the grazing treatments included 2 
rates of stocking, 4 different grazing systems, and combinations of 
either all sheep or a ratio of 3:2 cattle to sheep (au equivalents) for 
11 years. Study 3 measured cattle poisoned by locoweed prior to 
and following the implementation of a 3-herd, Qpasture grazing 
system over 6 years. 

Sheep death losses to bitterweed ( Hymenoxys odorufa DC.) 
poisoning occurred in 13 of the 21 years on continuously grazed 
pastures heavily stocked with sheep and only 8 years under both 
moderate and light stocking rates. Regardless of the stocking rate, 
death losses were greatest on pastures stocked with sheep only and 
least with the combination of livestock species on conjunction with 
a 4-pasture, J-herd grazing system. Stocking rate, multi-species 
grazing, or grazing system seemed to have little effect on goat losses 
due to oak (Quercus spp.) consumption. 

Cattle and sheep were not affected by sacahuista (Nolina texauo 
Wats.) in this study; however, their inclusion in the grazing herd 
reduced goat death losses from 5% with goats only to 2.5 and 1.5% 
for combinations of cattle and goats and cattle, sheep, and goats, 
respectively. 

In study 2 sheep death losses from bitterweed poisoning under 
continuous yearlong grazing treatments averaged 5.2% vs 3.7% for 
grazing treatments with some type of grazing system. Death losses 
were greatest under yearlong continuous grazing stocked at 10.4 
halauy with 100% sheep and least under yearlong continuous 
grazing stocked at 15.2 ha/auy with 4% sheep. 

In study 3 the number of sick calves declined from 20% to about 
3% with the implementation of a new grazing system. The reduc- 
tion in sickness and loss was attributed to the reduction in grazing 
pressure and the shorter grazing season. 

It is concluded that for these case studies tactical management 
decisions such as proper stocking rate, combinations of animal 
species to be grazed, and grazing system used played an important 
role in minimizing livestock death losses to poisonous plants. 

Key Words: poisonous plants, grazing management, stocking rate 

Poisonous plants have always been a component of rangelands; 
however, the problem has been largely increased by excessive 
stocking rates and poor grazing and livestock management. Live- 
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stock generally do not select poisonous plants in harmful amounts 
unless the availability of alternate choices of forage is low (Stod- 
dart and Smith 1955). 

Most rangelands were over grazed during the early development 
of the livestock industry, resulting in range deterioration. The 
more productive and desirable vegetation decreased with an 
increase in the less palatable and poisonous plant species. This 
phenomenon occurred because palatable plants typically put all of 
their energy from photosynthesis into growth and reproduction 
while unpalatable species put part of their energy into compounds 
that discourage defoliation. The more rapid growth of palatable 
species gives them an advantage under light to moderate grazing. 
The unpalatable species have the advantage under heavy grazing 
because they have less competition due to death of palatable plants 
and they generally receive little use (Laycock 1978, Cronin et al. 
1978). 

Early records indicate that stocking rates in excess of 2.6 ha/auy 
were common for the Edwards Plateau in the early 1900’s 
(Youngblood 1922). Eventually, heavy grazing eliminated or 
severely reduced the better range plants which were replaced by less 
palatable, and in many instances, poisonous plants. This resulted 
in a decline in range condition and consequently stocking rate (Fig. 
I). Currently we consider a moderate stocking rate for the western 

1900 1930 1940 1950 1960 1970 

YEARS 

Fig. 1. Stocking r&decline on the Sonora Research Station(1900-198 41 I. 

part of the Edwards Plateau to range from 13 to 8.6 ha/auy, 
depending on weather conditions and brush cover. 

There are many plants capable of producing toxic metabolites, 
including palatable plants that are often important in livestock 
diets (Sperry et al. 1964). Because of this, both researchers and 
ranchers have long recognized that grazing management, “the 
manipulation of livestock to obtain a desired result”, can play an 
important role in reducing livestock deaths to poisonous plants. 

A major part of grazing management involves decisions on 
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stocking rate, livestock species grazed (multi-species grazing), and 
type of grazing system used. Stocking rate is defined as the amount 
of land allocated to each animal unit for the entire grazable period 
of the year (Society for Range Management 1974). Stocking rate 
probably has more influence on vegetation and livestock produc- 
tivity than the other 2 grazing factors. 

Multi-species grazing, the use of rangelands by more than 1 
species of animal, has been advocated as a range management tool 
for over 50 years (Stoddart and Smith 1943). Research indicates 
that it can optimize the transfer of nutrients from vegetation to 
animal products (Taylor 1985). 

Rangeland grazing systems were initially developed to provide 
periodic rests to allow the more preferred plants to recover from 
defoliation. Early strategies placed more emphasis on range 
improvement than on animal performance. When properly man- 
aged, grazing systems can reduce the incidence of poisoning in 
grazing animals by providing the opportunity for management 
that may either avoid or reduce toxic plant problems. 

The objective of this manuscript is to present the results of 3 case 
studies dealing with grazing management and discuss the conse- 
quences of manipulating grazing management principles on the 
frequency and intensity of plan poisoning in livestock. 

Study 1 

Study Area and Methods 

Study 1 was conducted on the 1,404-ha Texas A&M University 
Experiment Station located 45 km south of Sonora, Texas. The 
rolling stony hill topography that characterizes the station is typi- 
cal of the Edwards Plateau. Annual total precipitation records are 
extremely variable and range from 15.6 to 105.5 cm with an aver- 
age of 60.9 cm during the period 1919 through 1982. 

The region’s vegetation is a complex mixture of grasses, forbs, 
and woody species (Smeins and Merrill 1988, Huston et al. 1981). 
The woody plant distribution is dominated by live oak (Quercus 
virginiana Small), ashe juniper (Juniperus ashei Bucholz), and 
honey mesquite (Prospis glandulosa Torr.). Common bunch- 
grasses are sideoats grama (Bourelous curtipendula Michx.), 
Texas wintergrass (Stipa leucotricha Trin. & Rupr.) and threeawn 
(Aristida spp.). Dominant short grasses are curlymesquite (Hilaria 
belangeri Steud.), redgrama (Bouteloua trifida Thurb.), and hairy 
tridens (Erioneuron pilosum Nash). 

The grazing treatments included 3 rates of stocking; a 4-pasture, 
3-herd grazing system; and combinations of different kinds of 
livestock that were measured over 21 years. The 3 stocking rates 
were heavy (5.76 ha/auy), moderate (8.1 ha/auy), and light (16.2 
ha/auy). Continuous year-long grazing was compared with a 4- 
pasture deferred rotation system. The combinations of animals 
grazed were: cattle, sheep, and goats grazed alone; cattle and goats 
in combination (1:l au ratio); and cattle, sheep, and goats in 
combination @I:1 au ratio, respectively) (Merrill and Schuster 
1978). 

Study 2 
Study 2 was conducted in the northwestern portion of the 

Edwards Plateau on the Texas Range Station located 34 km north 
of Ozona, Texas, at an elevation of 800 m. The terrain is a relatively 
flat upland. Scattered shallow depressions and playa lake beds 
occur throughout the lower portion of the landscape. Precipitation 
occurs mostly as rainfall during spring and fall peaks. Average 
annual precipitation from 1941-1989 was 5 1.4 cm and ranged from 
24.5 to 117.4 cm. 

Vegetation of the study area is described as an open savanna 
dominated by a mid-grass, tobosa, (Hiliaria mutica Benth.), and 
stoloniferous short-grasses, curly mesquite and buffalo grass 
(Buchloe dactyloides Engelm.). Honey mesquite is the dominant 

woody species growing on the study area. 
A 14-year nonreplicated grazing study consisting of 7 treatments 

was implemented on the Range Station. The grazing treatments 
included: yearlong grazing of sheep at 10.4 ha/auy; yearlong graz- 
ing of cattle and sheep (3:2 au equivalent ratio, respectively) 
at 10.4 ha/auy; 4-pasture, 3-herd grazing system with cattle and 
sheep (3:2 au equivalent ratio) at 10.4 ha/auy; yearlong grazing 
with cattle and sheep (3:2 au equivalent ratio) at 10.4 ha/auy; 
6-pasture, l-herd grazing system with cattle and sheep (3:2 au 
equivalent ratio) at 10.4 ha/auy; 2-pasture, l-herd grazing system 
with cattle and sheep (3:2 au equivalent ratio) at 10.4 ha/auy; and 
yearlong grazing of sheep at 15.2 ha/auy. 

Study 3 
Study 3 was conducted on high mountain summer range infested 

with white locoweed (Oxytropis sericea Nutt.) in northwestern 
Utah (Ralphs et al. 1984). Vegetation of the area is described as a 
sub-alpine grassland dominated by Idaho fescue (Festuca ida- 
hoensis tridentata var vaseyana Rydb.) and mutton grass (Poa 
fendleriana (Steud.) Vasey). The elevation is 3,170 m and annual 
precipitation is approximately 73.5 cm. The mountain had been 
heavily grazed by sheep and cattle season-long since settlement. 
Ironically, there was little locoweed problem during the early 
period of heavy grazing because the grazing pressure was so high 
that no animal could get enough locoweed to harm it. Locoism is a 
chronic poisoning that requires a fairly high intake over several 
weeks to cause signs of poisoning. 

During the mid part of this century, grazing was controlled, 
animal numbers reduced, allotments were fenced, and sheep and 
cattle were separated. With improved management, loco was 
allowed to grow and poisoning problems in cattle began. There was 
some classical loco poisoning, but the most prevalent poisoning 
syndrome was high mountain brisket disease which was caused by 
the interaction of loco poisoning and high elevation, resulting in 
congestive rightsided heart failure. Calves and old cows were 
mostly affected. 

In 1967, the allotment was put into a 4-pasture rest rotation 
grazing system, and 3 of the pastures were sprayed for locoweed 
control. There was general improvement in range condition, but 
the locoweed came back and caused problems by 1977. Between 15 
and 20% of the calves became sick and about half of these usually 
died. In dry years, up to 2/ 3 of the calves were affected. A prelimi- 
nary economic analysis estimated that the ranchers were losing a 
total of $30,689 in direct and indirect livestock loss to locoweed 
(Barnard 1984). 

In 1981 the grazing system was changed to a 3-herd, bpasture 
deferred rotation system in which the herd was evenly divided into 
3 pastures for the entire season. One pasture was rested each year, 
and the rest treatment was rotated among the other pastures. The 
season was reduced from 71 to 47 days to reduce the length of 
exposure to locoweed, and cattle numbers were increased to main- 
tain the same number of AUM’s. 

Results and Discussion 

Study 1 
Only 3 species of poisonous plants caused death losses to live- 

stock. They are classified into 2 categories based on palatability 
and toxicology: (1) plants that are palatable and can represent a 
large portion of an animal’s diet, but cause poisoning only during 
certain growth periods or forage conditions (i.e., oak and saca- 
huista); and (2) plants that are unpalatable and poisonous at all 
times (i.e., bitterweed). Bitterweed (Hymenoxys odorata DC.), a 
cool-season annual forb, is probably considered the most serious 
poisonous plant problem affecting the sheep industry in Texas 
(Sperry et al. 1964); it falls into the category of unpalatable and 
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poisonous at all times; sheep consume the plant only when forced 
to do so by lack of suitable forage (Calhoun 198 1). Over grazing of 
rangeland has increased the quantity and range of bitterweed 
(Landers et al. 1981). The plant vigorously grows on disturbed 
areas or where other vegetation is scarce. 

Most bitterweed problems occur when there is sufficient soil 
moisture in the fall to germinate and establish the plants, followed 
by a drought or dry late winter and spring. Most sheep losses to 
bitterweed poisoning occur in the winter and early spring (Fig. 2). 

JAN FER MAR APR MAY JUN JUL 
MONTHS 

AUG SEP OCT NOV DEC 

Fig. 2. Average monthly death losses (%) of sheep attributed to bitterweed 
poisoning on the Sonora Research Station (21 years). 

Grazing management can play an important role in reducing 
sheep losses from bitterweed poisoning (Merrill and Schuster 
1978). Stocking rate, multi-species grazing, and grazing systems all 
appeared to influence sheep and goat death losses due to poisonous 
plants (Figs. 3 and 4). 

0 
Sheep(bittcrweed) Goats(sacabuista) Gosta(oak poisoninS) 

Light stock rate 0 Moderate stock rate = Heavy stock rate 

Fig. 3. Average death losses (%) of sheep and goats attributed to bitter- 
weed, sacahuista, and oak poisoning from 3 different stocking rates on 
the Sonora Research Station (21 years). 

Sheep death losses to bitterweed poisoning occurred in 13 of the 
21 years on continuously grazed pastures heavily stocked with 
sheep, and only 8 years under both moderate and light stocking 
rates. Regardless of the stocking rate, death losses were greatest on 
pastures stocked with sheep only and least with the combination of 
livestock species in conjunction with a 4-pasture, 3-herd grazing 
system (Fig. 4). 

Liveoak and shinoak (0. pugens Liebm.) are considered low 
quality reserve forage plants that are relatively palatable to live- 
stock. This is especially true for sheep, goats, and deer (Kothmann 

100% Sheep 

Yearlong 

Fig. 4. Average death losses (%) of sheep attributed to bitterweed poison- 
ing from 3 different grazing treatments on the Sonora Reserach Station 
(21 years). 

1968, Malechek 1970, Bryant et al. 1979, Rector 1983, Taylor 
1983). However, poisoning of livestock from consumption of oak 
twigs, leaves and acorns represents a costly loss in the state of 
Texas (Reagor 198 1). 

In this study, death losses occurred only during the spring bud- 
ding period for oaks and only goats were affected. Stocking rate, 
multi-species grazing, or grazing system seemed to have little effect 
on goat losses due to oak consumption (Fig. 3). 

Sacahuista (Nolina texana Wats.) is a perennial plant with grass- 
like leaves arising from a thick woody base. The flower buds, 
flowers, and fruits are toxic to cattle, sheep, and goats. The leaves 
of sacahuista can be safely eaten by livestock. In fact, sacahuista 
can be a useful reserve forage during periods of plant shortages or 
dormancy (Taylor 1973, Ralphs 1983). During dormant periods, 
sacahuista is to cattle as liveoak is to goats in the Edwards Plateau, 
a reserve forage of low quality. 

Death losses for sacahuista appeared to be affected by stocking 
rate (Fig. 3). Cattle and sheep were not affected by sacahuista 
poisoning in this study; however, their inclusion in the grazing herd 
reduced goat death losses from 5% with goats only to 2.5 and 1.5% 
for combinations of cattle and goats and cattle, sheep, and goats, 
respectively. 

Study 2 
A major problem with extensive grazing studies is knowing the 

exact cause of animal death especially when poisonous plants are 
present. In this study, not all animals were autopsied, but most 
deaths occurred during periods of the year when bitterweed was 
known to be a problem. 

The all-sheep pasture stocked at 10.4 ha/auy and grazed year- 
long had the largest death loss (Fig. 5). The lowest death loss of 
ewes occurred from the40% sheep pasture stocked at 15.2 ha/auy. 
Sheep death losses from continuous yearlong grazing treatments 
averaged 5.2% vs 3.7% for grazing treatments with some type of 
grazing system. 

Since treatments were not replicated for this study, no statistical 
analysis for significant differences were conducted; however, the 
results tended to support other data that indicate: (1) death losses 
can be reduced if combinations of animal species are grazed 
together rather than a single species; (2) reduced stocking rate will 
reduce death losses and; (3) grazing systems help reduce death 
losses at moderate stocking rates (Merrill and Schuster 1978, 
Bounds 1984, Ueckert and Calhoun 1984). 
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l-100% sheep 10.4 ha/a”yycarlong 
l-408 sheep 10.4 ha/ally ycarlong 
3-40% sheep 10.4 ha/my 4-past, O-herd 
4-40% sheep 10.4 ha/my yearlong 

S-404 sheep 10.4 ha/my L-past, l-herd 
6-408 sheep 10.4 ha/my Z-past, l-herd 

7-40% sheep 15.2 ha/my yearlong 

Fig. 5. Average death losses (%) of sheep attributed to bitterweed poison- 
ing from seven different grazing treatments on the Texas Range Station 
at Barnhart (14 years). 

Study 3 
The number of sick calves declined from 20% prior to 1981 to 

about 3% under the new grazing system (Table 1). Calf death loss 
from locoweed was almost eliminated. The reduction in sickness 
and loss can be attributed to the reduction in grazing pressure and 
the shorter grazing season. In the prior rest rotation system, the 
entire herd was concentrated into 1 pasture to force even use of all 
the forage, including locoweed. In the new 3-herd, 4-pasture sys- 
tem, the grazing pressure was distributed over 3 pastures. Cattle 
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Died Died from Gied from 
Year Sick from loco other cause other cause’ 

Before I98 1 49 25 
1982 
1873 8 0 3 0 
1984 0 3 5 
1985 2 2 6 3 
1986 27 6 0 9 

Primarily larkspur poisoning. 
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were not forced to eat locoweed. Locoweed is not preferred by 
cattle if other forage is available (Ralphs 1987). The shortened 
grazing season also contributed to the reduction in loss by remov- 
ing all the animals before intoxication became serious. 

Management Implications 

These data suggest that grazing management alone will not 
eliminate animal death losses caused by consumption of poisonous 
plants. However, livestock losses can be reduced through proper 
grazing management. The different management schemes that 
could be employed to manage for a particular poisonous plant 
problem are infinite. The key to success in minimizing poisonous 
plants is accurate information and the ability to integrate this 
information into a management plan. Tactical management deci- 
sions such as proper stocking rate; combinations of animal species 
to be grazed, and grazing system used will play a critical role in this 
success. 
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Abstract 

A complex relationship exists between the presence of toxiw in a 
plant species and the palatability of that plant. The nature of the 
toxin and its concentration within the plant can generally be pre- 
cisely defined, given a reasonable amount of research commitment, 
but the measurement of palatability, especially in livestock, is 
much more difficult to achieve. 

We hypothesize that analysis of possible roles of toxins in plants, 
their metabolic activity in animals, and physical and temporal 
distribution within the plant can be used to examine whether or not 
such compounds may significantly increase or reduce palatability 
to mammalian herbivores. Thus, if the toxin is effective in prevent- 
ing predation of the plant or plant part by insect herbivores, or if it 
provides the plant with a competitive advantage versus other spe- 
cies, but does not produce adverse effects upon large mammals 
until significant quantities of biomass are consumed, then the 
toxin-palatability relationship is not significant. This concept is 
illustrated by examination of the toxicity produced in livestock by 
consumption of alkaloid-containing groundsel (Senecio) and 
locoweed (Astragalus and Oxytropis) species. The prevention of 
predation by localization of the toxin, mobilization to the site of 
attack, or production at a particular stage of growth provides 
opportunities for the application of management techniques 
designed to reduce exposure of livestock to natural plant toxicants. 

Key words: toxin, palatability, groundsel, locoweed 

The relationship between toxins in plants and the palatability of 
such plants to herbivores, especially livestock, is exceptionally 
complex. As a consequence, very little research has been done to 
correlate the presence or absence of a specific toxin in a plant with 
the acceptability of that plant as a food source for mammalian 
herbivores. Nevertheless, a considerable body of knowledge exists 
as to the specific phytochemicals responsible for the toxicity of 
particular plant species, especially those responsible for either 
human poisonings or for animal poisonings causing major eco- 
nomic losses to livestock producers (Kingsbury 1964, Keeler et al. 
1978, Seawright et al. 1985, James et al. 1988). In the United States 
such losses of livestock are most prevalent on the arid rangelands 
of the Western states. 

Research conducted on these problems for the better part of a 
century has yielded empirical observations, which have established 
the relative palatability to livestock of particular plant species 
co-existing in a given rangeland habitat. The problem to be con- 
fronted is the establishment of a definitive relationship between 
toxin occurrence, which can be unequivocally documented and 
quantified, and palatability, which is a behavioral response 
dependent upon a multitude of factors varying in significance with 
each specific situation. 

The great variety of plant toxin structural types, plant species 
available for grazing, and livestock species of concern, renders a 
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general discussion of the toxin-palatability phenomenon highly 
problematic. Substantive conclusions can only be drawn from 
consideration of individual toxic plant-livestock interactions, spe- 
cifically those that have resulted in significant losses. The difficulty 
of defining the palatability side of the equation with precision 
requires that the nature of the toxin be clearly defined. Its chemical 
structure must therefore be known, a method must be available for 
its detection and analysis, and its mode of action upon the animal 
must be well-established. 

The natural chemical metabolites produced by plants may be 
either acutely or chronically toxic to animals. Acutely toxic com- 
pounds are very limited in number, and for these there can be little 
relationship with palatability. The mere act of sampling the plant 
may in such cases be sufficient to kill the animal. On the other 
hand, toxic compounds may be either aversive or repellent, or they 
may be neutral or attractive (Provenza et al. 1991). From a practi- 
cal viewpoint, if a plant toxin correlates with repellency, then 
animal losses should be small or nonexistent. Greatest attention 
must therefore be paid to those situations in which the toxin is 
undetectable by the animal or in which it is attractive or addictive. 

The present discussion will consider in general terms the role of 
toxins in plants, analyze the possible relationship of the role to 
palatability, and examine specific livestock toxicity problems in 
terms of such an interaction. 

Toxins and Their Role in Plants 

A plant grows in a highly competitive environment. It is contin- 
ually threatened by other plants encroaching upon the space from 
which it draws its sustenance, by micro-organisms, by insects, and 
by both large and small mammalian, avian, or reptilian herbivores. 
In order to survive, each plant must draw upon a complex of 
defenses, which may be physical, such as spines or leathery leaves, 
or chemical (Rosenthal and Janzen 1979). In general, these 
defenses are passive, coming into action only when the plant is 
actually attacked, although in certain cases volatile chemicals may 
be released which repel insects, or chemicals may be exuded into 
the soil which suppress micro-organisms or which prevent germi- 
nation and effective growth of competitive plants, a phenomenon 
known as allelopathy. 

Many predators either tolerate or circumvent the physical 
defenses of plants. Thus the ultimate protection resides in the 
chemicals which a plant can produce. Certain of these chemicals 
are amino acids which cannot be utilized because they are not 
among the 20 or so essential to the well-being of the herbivore. 
These are therefore not incorporated into protein and provide no 
nutritional advantage, or if incorporated, are detrimental to the 
animal (Rosenthal and Bell 1979). Examples of the latter are the 
selenoamino acids, occurring in selenium-accumulating plants 
such as certain Astrugulus species, which replace sulfur-containing 
amino acids, resulting in consequent disruption of normal hoof 
and hair growth. Inorganic toxicants such as nitrites, nitrates, 
selenium salts, oxalates, and fluoracetates also occur, on soils 
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having high concentrations of these particular substances. 
More commonly, the toxic agents are natural organic chemicals, 

encompassing a great variety of structural types, which are biosyn- 
thesized de novo by the plants. These compounds are of most 
interest because they are often specific to a particular species or 
genera and must, therefore, have been designed to serve a particu- 
lar protective function. Among the most prevalent are numerous 
classes of phenolics, terpenes and steroids, cyanogenic com- 
pounds, and alkaloids. The alkaloids are by far the most predomi- 
nant of the plant toxins, and because of their enormous structural 
diversity and various modes of action, examples may be chosen 
from among them to serve as paradigms for virtually every type of 
plant-herbivore interaction. In order to make comparisons of the 
toxin- palatability relationship as consistent as possible, the exam- 
ples presented in this discussion will be limited to situations in 
which the toxins are known to be alkaloids. Nevertheless, the 
concepts dealt with may be extrapolated to other toxin classes. 

A great deal of discussion and speculation has been devoted to 
the role of toxins in plants (Rosenthal and Janzen 1979). Experi- 
mental evidence for the evolution of their biosynthetic pathways is 
extremely difficult or impossible to obtain, even though numerous 
studies have elucidated presently operational biosynthetic routes 
for individual natural products. Many of these routes have similar 
features and such commonalities have been classified as pathways 
leading from primary metabolites of the plant such as acetate, 
shikimic acid, lysine, tryptophan, etc. 

Regardless of the structure of a particular toxin, it is likely to 
have evolved and been elaborated biosynthetically under pressure 
from a specific predator or limited group of predators. The vast 
majority of herbivorous stress encountered by plants is from 
insects and not mammals. Moreover, insects are capable of subject- 
ing a plant population to selective pressures by feeding upon 
virtually all of the members within that population, whereas 
mammalian herbivores are most likely to eliminate individual 
plants while leaving others unaffected, even though they may be 
equally susceptible. The surviving plants, therefore, have not been 
subjected to selective pressures which might influence them to 
produce toxins. Plants that are attacked but not obliterated may 
respond by producing potential toxins, which can be evaluated for 
their deterrent efficiency against the usually large numbers of 
subsequent insect generations in a relatively short period of time. It 
is now generally accepted that in the rangeland situations of the 
Western U.S.A., the native plants evolved during a period when 
large mammals were absent and the toxins present must have 
developed primarily in response to insect herbivores (Cronin et al. 
1978, Laycock 1978). 

Poisoning of livestock, even when common, should therefore be 
regarded as an unfortunate accident caused by placing mammalian 
herbivores in juxtaposition with such plants. Ironically, a poisoned 
cow, sheep or horse may be an indicator of an extremely effective 
natural insecticide within the plant. Conversely, there may be 
many native plants which, although well-protected against insect 
attack, are nontoxic to livestock because of their vastly different 
metabolic processes. If this were not so, the rangelands would be 
essentially unusable for grazing since virtually every plant would 
be toxic to a greater or lesser extent to mammals. 

Concentration of Toxins 
The axiom of Paracelsus: “Sola dosis facit venenum”(“Only the 

dose makes the poison”) is particularly appropriate in the case of 
natural toxins. Insect attack upon a plant may cause it to mobilize 
its defensive toxins in such a way that they are concentrated at the 
most threatened site, whether it be leaf tissue, flower, root, or seed. 
The generally small size of insects ensures that sufficient metabolite 
can be produced to kill, injure, or deter the attacker. On the other 
hand, the relatively large size of mammalian herbivores, and 

their less selective feeding habits, means that a plant population 
may be seriously threatened or even obliterated before the predator 
is sufficiently affected to cease feeding. Most plant toxins are 
therefore not effective deterrents to mammalian herbivory unless 
they are concentrated enough to precipitate an immediate response. 
While acute toxicity might effectively protect a plant population 
from serious depredation, delayed responses such as chronic toxic- 
ity, reduced reproductive success, and poor nutritional quality 
would be inadequate to provide any significant measure of 
protection. 

The cost to the plant of producing its chemical weapons in the 
arms-race against its rapidly evolving insect enemies is extremely 
high. Valuable resources of water, nutrients, and energy must be 
utilized in the frequently complex biosynthetic route to an effective 
toxin. It is obviously advantageous to the plant if it can survive by 
producing either a minimal amount of a compound which is espe- 
cially toxic to its particular predator or is localized at the point of 
attack. The metabolic processes of insects and mammals are often 
vastly different. Only when the toxin affects fundamental biologi- 
cal processes common to all animals, and is present in sufficient 
concentration in the plant parts eaten, will it kill or injure a large 
herbivore. If this threshold is not exceeded, the animal can gener- 
ally feed upon the plant with relative impunity. 

Deliberate attempts have often been made in breeding cultivated 
plants to ensure lower levels of natural toxicants in human food- 
stuffs. Unfortunately, such varieties frequently lose their ability to 
resist insect or microbial attack and consequently become uneco- 
nomical to produce. Commercial crops for human food usage must 
therefore have optimal concentration of biologically active natural 
products, low enough to be nontoxic to the consumer (at least 
when eaten in reasonable quantities) but sufficiently great to repel 
or limit pests. Similar considerations must be applied to the pro- 
duction of feed and forage for livestock. Concentration and loca- 
tion of the toxin are the primary considerations in evaluating the 
toxicity of poisonous plants. 

Palatability 

Palatability is extremely difficult to define in terms of the biolog- 
ical processes involved in food selection. As commonly used the 
term implies acceptability but not necessarily desirability. Thus, a 
foodstuff that is palatable may be essentially neutral with regard to 
preference, being neither attractive nor repellant to the taste. In 
terms of nutritional needs, a great proportion of an animal’s food 
supply may be comprised of plants that are nonattractive or bland 
to the taste. The physiological phenomenon of taste is itself exceed- 
ingly complex, encompassing not only stimulation of taste buds 
but also mouth feel and aroma. Odors alone can produce such a 
marked response that many individuals will refuse to sample the 
item, while others will disregard this facet of flavor even though 
well aware of it. The best example of this in human experience is 
probably the durian (Durio zibethinus) fruit of Southeast Asia, 
which has been said to taste like heaven and smell like hell! 

Unfortunately, any assessment of palatability of plants to anim- 
als is necessarily founded upon anthropomorphic arguments. 
Although scientists may be able to make observations as to selec- 
tion or preference for particular plants, they can never determine 
the taste experienced by the animal on which such choice is based. 
Moreover, preferences vary greatly with individuals, the selection 
offered, hunger, and peer group or herd leader influence. 

Scientists studying palatability in insects are in an enviable 
position relative to those investigating mammals. They can work 
with large groups; feed relatively simple controlled diets; add spe- 
cific amounts of individual components; and accurately measure 
responses such as refusal to feed, reduced growth rate, and dis- 
rupted maturity. It is even possible to measure specific physiolngi- 
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cal responses with instruments such as antennograms. It is pro- 
bably futile to expect to perform analogous experiments on large 
animals. Even if large enough groups could be used, the quantities 
of individual compounds that would need to be isolated or synthe- 
sized for testing would probably be prohibitive. Information about 
palatability to livestock must therefore rely almost entirely on 
careful human observations in feeding trials and grazing studies. 

Phytochemicrls and Palatability 
Specific plant natural products, which may or may not be toxic, 

have an important influence upon palatability, although not neces- 
sarily in a manner that might be expected from the taste to humans 
of the individual compounds. Humans often regard bitterness as 
undesirable, yet certain ethnic groups consume with relish inten- 
sely bitter foodstuffs such as bitter melons (Momordicu churun- 
tia), which contain the steroidal cucurbitacins. Other foods and 
condiments such as chocolate and coffee require a certain degree of 
bitterness to confer palatability upon them. A particular example 
is beer, to which hops (Humulus lupulus) are added during the 
brewing process to produce a desirable bitter character which 
confers upon the finished product the property known in the 
industry as “drinkability”. The varieties of hops used introduce 
distinctly different characters of bitterness, which are readily 
distinguishable by the experienced taster. In contrast, sweetness is 
usually regarded as a pleasant and attractive taste sensation, yet in 
juxtaposition with inappropriate foods, or when consumed to 
excess, it may be decidedly nauseating. 

Not all flavor components are nontoxic and in fact a sufficient 
level of toxic compounds is necessary for certain foodstuffs to be 
acceptable to humans. For example the glucosinolates in Crucife- 
rae generate toxic nitriles, thiocyanates, and goitrogenic com- 
pounds upon hydrolysis; yet low, nontoxic levels are essential for 
vegetables and condiments (cabbages, radishes, turnips, mustards, 
etc.) in this plant family to possess the pungent, biting flavors that 
are appealing to humans. Even a staple in human diets, potatoes 
(Solanum tuberosum), must have a low level of toxic and possibly 
teratogenic steroidal alkaloids in order to have generally accep- 
table flavor. 

Aversion 
Consideration of palatability or unpalatability of foods gener- 

ally leads to considerations of aversion. The reaction to a particu- 
lar taste, or the consequences of consuming a foodstuff associated 
with a particular taste, must be extraordinarily profound for aver- 
sion to develop. Aversion requires not only an intense response but 
also a remembered response. Initial attempts at smoking are 
almost always unpleasant, but this response is not sufficient to 
override the (presumably) pleasurable physiological changes result- 
ing from nicotine ingestion. 

A striking example of aversion in nature is that of the larvae of 
monarch butterflies (Danausplexippus). These larvae feed exclu- 
sively upon the milkweed (Asclepias curassavica)from which they 
absorb and sequester considerable amounts of toxic cardiac glyco- 
sides. Young blue jays initially attempt to eat these larvae, which 
are highly visible and warningly (aposematically) colored, but they 
soon find them distasteful and capable of inducing vomiting if 
consumed. This results in a conditioned response in which expe- 
rienced jays avoid the larvae, together with larvae of other species 
which are similarly colored but do not use the same food plant or 
accumulate the toxins (Brower 1969). 

Unfortunately, an analogous conditioned response does not 
operate in the poisoning of sheep by sneezeweed (Helenium hoope- 
sii), pingue (Hymenoxys richardsoni var. jloribunda) or bitter 
rubberweed (Hymenoxys odorutn) (Kingsbury 1964). Although 
these plants are generally unpalatable they are eaten when other 
green forage is unavailable. A consistent sign of poisoning by these plants 

is chronic vomiting (James et al. 1980). In contrast to the blue jay 
example, however, this does not serve a protective function 
because the poisonous substances, sesquiterpene lactones, have a 
cumulative effect and vomition frequently develops only after a 
lethal quantity of plant has been consumed. The concentration of 
toxin needed to produce the physical response is therefore higher 
than the toxic dose and cannot produce a learned response. 

It has been hypothesized that natural aversions are uncommon, 
because large generalist herbivores graze many different plants 
over an extended feeding period (Zahoric and Houpt 1977, 1981). 
The delayed effects caused by most plant toxins makes it difficult 
for animals to relate illness to a specific plant that may have been 
consumed. However, aversions in sheep have been experimentally 
created to many common foods (Provenza and Balph 1987,198s). 
Aversions are effective if a single taste is paired with a rapid illness, 
i.e., l-4 hours. The association declines after 4 hours. If other 
foods are consumed, the animals cannot distinguish which one has 
made them ill. Aversion to tall larkspur (Delphinium barbeyi) in 
cattle has been induced using lithium chloride, an inorganic emetic, 
and an extract of larkspur alkaloids has successfully created aver- 
sion to alfalfa pellets (Ralphs and Olsen 1990). An apparent nega- 
tive correlation exists between total alkaloid content and palatabil- 
ity of larkspurs. Alkaloid concentrations are generally high during 
early growth stages of larkspurs, when cattle refuse to graze them, 
and levels decline as the plant matures, leading to increased grazing 
(Ralphs et al. 1989). Nevertheless, many of the individual alkaloids 
present in the extract, including the major components, are quite 
nontoxic to cattle. Until the precise toxin is identified it may be 
premature to conclude that a negative correlation exists between 
toxicity and palatability (Manners et al. 1992). 

Alkaloidal Toxins 

Compounds classified as alkaloids encompass an enormously 
diverse group of chemical structures. Although any competent 
organic chemist should be capable of recognizing a particular 
chemical structure as that of an alkaloid, a succinct definition is 
difficult to derive. Probably the best is that of Pelletier (1983) 
namely: 

“An alkaloid is a cyclic organic compound containing nitrogen in a 
negative oxidation state, which is of limited distribution among 
living organisms.” 

In developing this definition Pelletier specifically eliminated any 
requirement for pharmacological activity, even though most alka- 
loids manifest some such activity. In the context of a discussion of 
palatability this is an important point, since alkaloids are fre- 
quently referred to as substances that taste bitter to humans (Lay- 
cock 1978). Although some are well known for their bitter taste 
(e.g., quinine), many do not taste bitter. For example, neither the 
pyrrolizidine nor the indolizidine alkaloids induce any bitter sensa- 
tion when tasted in their pure forms (R.J. Molyneux, personal 
observation). On the other hand, many nonalkaloids are intensely 
bitter. Examples are certain flavonoids from citrus, as well as the 
cardenolides and cucurbitacins mentioned above. 

A direct relationship between particular structural classes and 
palatability or unpalatability cannot therefore be advanced. Each 
example of livestock intoxication must be evaluated on the basis of 
the individual toxin, its concentration and localization within the 
plant, correlated with observations of the ecological situation per- 
taining at the time the plant is consumed. These factors are illus- 
trated by the following examples of alkaloidal toxins affecting 
livestock. 
Pyrrolizidine Alkaloids 01 Senecio 

Pyrrolizidine alkaloids (PAS) occur worldwide in many plant 
species and genera (Smith and Culvenor 198 1, Mattocks 1986). In 
the western USA, serious livestock poisoning episodes are caused 
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by Senecio species, especially the native species Riddell’s groundsel 
(S. riddellii) and threadleaf grounsel (S. douglasiivar. longilobus), 
and the introduced species tansy ragwort (S. jacobaea) The PAS 
found in these plants are all of the macrocyclic diester type, but 
there are considerable differences in the number and concentration 
of individual alkaloids (Molyneux et al. 1979, Johnson et al. 
1985a). 

These PAS can all be considered as derivatives of senecionine, 
exhibiting varying degrees of oxidation of the latter. However, 
whereas Riddell’s groundsel produces the single PA, riddelliine, 
threadleaf groundsel produces 4 structurally similar PAS, and 
tansy ragwort contains not only these 4 but 5 additional alkaloids. 
In general the alkaloid concentration in the plant peaks at the bud 
stage of growth, attaining exceptionally high levels (as much as 
18% of the dry weight) in S. riddellii (Molyneux and Johnson 
1984). Nevertheless, the PA content of S. jacobaea rarely exceeds 
0.35% (Johnsen et al. 1985a). 

If, as discussed earlier, the alkaloid production evolved to pro- 
tect the plant from insect attack, then the maximum alkaloid 
concentration of Senecio species appears timed to ensure that seed 
production is not interrupted. The biosynthesis of differing 
numbers of alkaloids is more difficult to explain. Either each PA is 
produced in response to a different insect predator, or the primary 
predator may be confronted with either high concentrations of a 
single alkaloid or lower concentrations of a number of structurally 
similar alkaloids, each of which must be overcome. In any event, 
the cost to the plant of producing these alkaloids is considerable, 
involving a complex biosynthetic pathway with numerous steps 
under enzymatic regulation. The advantage of producing an alka- 
loid is that the compound can be catabolized to scavenge the 
nitrogen, an element essential to growth of the plant. In the Senecio 
species the PA level drops precipitously following flowering and 
seed production. 

At present, the role of PAS as insect feeding deterrents is not well 
established. Riddelliine and related PAS have been shown to be 
moderately effective feeding inhibitors to the pea aphid, although 
much less so than certain quinolizidine and indolizidine alkaloids, 
which are generally found in the Leguminosae (Dreyer et al. 1985). 
However, there is evidence for a long period of evolutionary inter- 

, action between insects and PAS since a considerable number, 
especially moths and butterflies of the family Danainae, use 
metabolites of the alkaloids obtained from plants as sex attractants 
(pheromones), kairomones etc. (Boppre 1990). 

There is compelling evidence that the toxicity of PAS to livestock 
is coincidental. The plant alkaloids per se are nontoxic to mam- 
mals, whatever their effect upon insects might be. Only after oxida- 
tion in the liver by the multifunction oxidases (MFOs), do they 
become hepatotoxic. Rarely is the toxicity acute; more commonly 
the prepatent period is extended, sometimes up to 18 months 
(Molyneux et al. 1988). Experimental PA feedings to cattle have 
shown that a threshold level must be exceeded for toxicity to occur 
(Johnson and Molyneux 1984, Johnson et al. 1985b). Under such 
circumstances no advantage accrues to the plant by virtue of its 
toxicity to livestock because the animals may continue to consume 
large quantities of plant material before ceasing to feed and subse- 
quently succumbing to liver failure. Moreover, it has been 
observed that cattle may graze the flower heads selectively (A.E. 
Johnson, personal observation), thereby destroying the reproduc- 
tive part of the plant essential to survival of the species. 

Senecio plants commonly appear early in the grazing season and 
may therefore be especially attractive to animals and consequently 
destroyed before the flower buds are even formed, while PA levels 
are low. S. riddellii exhibits regrowth in response to occasional 
rainfall after periods of drought and then may be readily consumed 
because little other green forage is available. Such circumstances 

impose considerable grazing pressure upon plant species that are 
not otherwise very competitive, and thus can be fairly easily dis- 
placed from their ecological niche. The foregoing evidence suggests 
that the presence of PAS, at least in Senecio species, provides the 
plant with no protective advantage against mammalian herbivores 
and has no discernable effect on palatability. 

Another PA-containing plant responsible for livestock poison- 
ing is hound&tongue (Cynoglossum officinale), a member of the 
family Boraginaceae, introduced from Europe. Livestock gener- 
ally avoid grazing hound%-tongue on the range, possibly because 
other forage is frequently available, but when the plant is dried and 
mixed with other forage it is readily consumed. Cases of calves 
being poisoned and succumbing to PA intoxication have been 
documented in such situations (Baker et al. 1989). Deaths of 2 
horses from hepatic failure caused by consumption of hound’s- 
tongue in baled hay has also been reported (Knight et al. 1984). The 
plant has a distinctive, unpleasant odor when green, which deters 
grazing animals, but this is lost upon drying and the plant becomes 
quite palatable. Similar palatability assessments have been made 
of tansy ragwort. It is unlikely that the odor bears any relationship 
to PA content because the pure alkaloids are odorless. 

The Locoweed Alkaloid, Swainsonine 
In contrast to Senecio toxicosis, which produces essentially a 

single syndrome, the locoweeds produce many different syn- 
dromes. These include neurological lesions, abortion, birth defects, 
sexual disfunction, emaciation, and congestive right-heart failure 
at high altitudes. The plants historically classified as locoweeds are 
specific species of the genera Astragalus and Oxytropis, which are 
capable of producing the neurological syndrome known as “loco- 
ism” in mammals consuming them (Molyneux et al. 1985). 

Recent research has shown that the neurological lesion respon- 
sible for locoism is caused by the alkaloid swainsonine, which 
generally occurs in the plant together with its N-oxide (Molyneux 
and James 1982). Swainsonine has been detected in all Astragalus 
and Oxytropis species historically regarded as locoweeds. The 
alkaloid is toxic by virtue of its potent inhibition of cu-man- 
nosidase, an enzyme essential to the proper functioning of mam- 
malian cells (Elbein and Molyneux 1987). In view of this general 
property, it is probable that it is responsible for many of the 
syndromes attributable to locoweed consumption. 

The etiology of the locoweed disease was established by C.D. 
Marsh in the early years of this century. Previous field observa- 
tions had indicated that the locoweeds had an addictive property 
but Marsh’s research (1909) qualified this assessment, and he 
stated that while livestock initially find it distasteful they subse- 
quently acquire a taste or habit for it. The term “habituation” has 
generally been adopted for this behavior, rejecting the implication 
of physiological dependency implied by “addiction.” 

The question of habituation to locoweeds has been investigated 
by controlled grazing and feeding trials (Ralphs and Molyneux 
1989). In controlled feeding trials, spotted locoweed (Astragalus 
lentiginosus) was not innately palatable to sheep. As the sheep 
became progressively intoxicated, most continued to reject loco- 
weed when a choice was offered, suggesting that there is no physio- 
logical or psychological addiction to locoweeds. A few of the sheep 
habituated to locoweed, or learned to accept it, but it was never 
preferred (Ralphs et al. 1990). Following recovery from intoxica- 
tion in the pen feeding trials, all sheep rejected locoweed when 
grazed on locoweed-infested rangeland (Ralphs et al. 1991). 

Cattle grazed dry, senescent stalks of Wahweap milkvetch 
(Astragalus lentiginosus var. wahweapensis)on desert and foothill 
winter ranges in the Henry mountain area of southeastern Utah in 
proportion to its availability (Ralphs et al. 1988). Although patho- 
logical syndromes developed (abortion and water belly) cattle did 
not cease to eat locoweed. Furthermore, there was no difference in 
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acceptability between the one-year-old stalks~(O.O05% swainso- 
nine) and two-year-old blackened stalks (0.023% swainsonine), 
indicating that swainsonine level did not influence palatability. 
Additional grazing studies on white locoweed (0. sericea) (Ralphs 
and Molyneux 1989) showed that the only plant part consistently 
chosen by the cattle was immature seed pods. Locoweed leaves 
were rarely selected and the flowers were consumed only when 
grass was depleted. Swainonine content is greatest in the immature 
pods, yet this was the plant part preferred by cattle. Swainsonine 
was only slightly lower in the blooms and mature pods, which were 
not selected. It must be concluded that swainsonine does not 
decrease palatability and is unlikely to account for selection of 
particular plant parts since the differences in content are not great 
and vary much more significantly from year to year, without 
apparently affecting choice. The palatability is far more closely 
correlated with crude protein content. 

Consideration of swainsonine content in general indicates that it 
is unlikely to be a determinant of palatability. In comparison with 
the alkaloid content of most plants, the levels are extremely low. 
The highet level so far recorded has been 0.36% in the seeds of A. 
lentiginosus, levels in other plant parts being an order of magni- 
tude less. This suggests that swainsonine biosynthesis is advan- 
tageous in deterring seed predation by insects. The low alkaloid 
level in succulent parts of the plant requires that considerable 
amounts of plant material must be consumed by mammals before 
even minimal clinical signs of toxicity are observed. The work of 
Marsh (1909) indicated that this quantity was of the order of 
SO-100% of the body weight of the animal. Swainsonine cannot 
therefore be regarded as a toxin which protects the plant against 
predation by large herbivores. In fact, if it were not for its extraor- 
dinary potency as an enzyme inhibitor, it is probable that it could 
be consumed with impunity. 

An additional minor alkaloid, named lentiginosine, has recently 
been discovered in the spotted locoweed, A. lentiginosus var. 
diphysus (Pastuszak et al. 1990). The compound is structurally 
related to swainsonine but rather than inhibiting a-mannosidase it 
is instead a good inhibitor of several a-glucosidases. This property 
may be responsible for the emaciation syndrome, due to suppres- 
sion of the digestive enzymes. If this is indeed the case, lentigino- 
sine confers no advantage to the plant because animals continue to 
consume it despite their emaciation. 

Conclusions 
Examples of significant plant toxins that fail to confer deter- 

rency to predation of the plants by mammalian herbivores have 
been provided. The pyrrolizidines, although occurring at very high 
levels, fail to protect the plant because their toxic effects are greatly 
delayed. In contrast the locoweed toxin, swainsonine, occurs at 
very low concentrations and only produces significant toxicity 
when large quantities of plant material have been consumed. 

Such examples illustrate some points that are generally applica- 
ble to most plant toxin-livestock interactions: 

1. Plant toxins confer a competitive advantage to the plant, and 
especially protect it from insect attack or plant pathogens. 
Poisoning of livestock is coincidental to this function. 

2. There is poor correlation between toxin presence and either 
increased or decreased palatability. 

3. Since plant toxins seem specifically targeted on insects, either 
by concentration in a particular plant part or by production at 
concentrations sufficient to intoxicate the insect, livestock 
poisonings may be avoidable. Careful management plans 
should be developed so that consumption of the toxic plant 
parts are avoided and so that the animals are not forced to 

consume large quantities of a toxic plant because more desirable 
forages are not present. 
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Abstract 
A diverse array of secondary metabolites deters feeding by 

mammals on woody plants. However, not all secondary metabo- 
lites are equally deterrent and the potencies of these substances as 
antifeedents is related to their structures. Although the physiologi- 
cal reason underlying deterrence by secondary metabolites is not 
well understood, the available evidence indicates that toxicity is 
more important than digestion inhibition. 

Key Words: chemical defense, secondary metabolite, woody plant 

Explanations of diet selection by mammalian herbivores have 

Resource limitation htfhtences the production of secondary 
metabolites by woody plants. Species that are adapted to unpro- 
ductive habitats are more chemically defended than species that are 
adapted to productive habitats. Resource limitation also affects 
the phenotypic expression of chemical defense with nutrient stress 
favoring increased production of carbon-based secondary metabo- 
lites and reduced production of nitrogen-containing secondary 
metabolites. Light stress has the opposite effects on the production 
of these substances. 

emphasized optimization of nutrient or energy intake (Westoby 
1974, Belovsky 1978). This theoretical framework is useful for 
interpreting interactions between graminoids and grazing mam- 
mals (Sinclair et al. 1975). However, it cannot explain why brows- 
ing mammals feed more on some woody plants than others (Bryant 
and Kuropat 1980, Owen-Smith and Novellie 1982). This insuffi- 
ciency is caused by relatively high concentrations of secondary 
metabolites in woody plants in comparison to graminoids (Bryant 
et al. 1991b). In biomes from the arctic to the tropics avoidance of 
defensive secondary metabolites is a more important cause of 
selective browsing by mammals than is selection for nutrients or 
energy (reviews in Palo and Robbins 1991). 

Herbivory by mammals also affects the chemical defenses of 
woody plants. In some cases browsing results in increased defense 
and in others decreased defense. Three circumstances under which 
browsing by mammals can change the chemical defenses of woody 
plants are discussed. 

Future attempts to explain selective browsing by mammals on 
woody plants must include chemical antiherbivore defense. This 
will require identification of defensive substances and clarification 
of their modes of action. It will also require an understanding of 
factors that influence the production of defensive substances. Here 
we consider these aspects of chemically mediated interactions 
between woody plants and browsing mammals. 

Manuscript accepted 28 May 1991. 
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Modes of Chemical Defense Against 
Mammalian Herbivores 

Specificity of Chemical Defense 
About a decade ago knowledge of chemical defense of plants 

against mammalian herbivory was limited to the understanding 
that concentrations of several classes of secondary metabolites 
(e.g., resins, phenolics, alkaloids) often inversely correlated with 
the herbivores’ use of plants (Freeland and Janzen 1974, Bryant 
and Kuropat 1980, Van Soest 1982, Robbins 1983). In addition, 
the potential role of toxins in the defense of plants against mam- 
mals was recognized (Freeland and Janzen 1974) and correlative 
evidence existed for the defensive roles of some individual plant 
metabolites (Rosenthal and Janzen 1979). 

In the last decade chemists, with their orientation toward 
molecular-based processes, have in 2 ways made a major impact on 
this conceptualization of chemical defenses against mammalian 
herbivory (Reichardt et al. 1987). First, a mammal’s response to 
chemical attributes of a plant must be based upon specific chemical 
substances rather than general classes of substances. Second, a 
mammal’s avoidance or rejection of a plant must be based upon (1) 
some fundamental nutritional deficiency in the plant’s tissues or (2) 
the presence of specific phytochemicals which are unpalatable or 
adversely affect the mammal’s physiology. Furthermore, these 2 
aspects of chemical defense may or may not reside in the same 
substance. This chemically oriented thinking has shifted the focus 
of research away from classes of phytochemicals to the search for 
individual substances that mediate plant/mammal interactions. 

Probably the best studied or the chemically mediated plant/- 
mammal interactions is between winter-dormant boreal woody 
plants and the snowshoe hare (Lepus americanus). It is now clear 
that snowshoe hares are very discriminating in their use of woody 
plants in winter with respect to growth forms (evergreen vs. decid- 
uous), species, developmental stages (juvenile vs. adult), and plant 
parts (Bryant and Kuropat 1980). Many aspects of this discrimina- 
tory use have been related to secondary metabolites, and it is useful 
to examine the generalities resulting from these relationships. 

The most striking feature of the chemical defenses of woody 
plants against snowshoe hares is the diversity of low molecular 
weight phytochemical which serve as feeding deterrents. Individual 
monoterpenes (Sinclair et al. 1988a, Reichardt et al. 1990b), triter- 
penes (Reichardt et al. 1984), and phenols (Clausen et al. 1986, 
Jogia et al. 1989) deter hare feeding as do other substances with 
obscure biosynthetic origins (Reichardt et al. 1990a). 

However, it is also clear that not all phytochemicals which 
belong to these general biosynthetic classes have similar activities. 
For example, camphor contributes to the defense of white spruce 
(Picea gluucu; Moench, Voss), but the structurally related mono- 
terpene bomyl acetate does not (Sinclair et al. 1988a). Similarly, 
Reichardt et al. (1990b) reported that of 6 monoterpenes identified 
in buds of balsam poplar (Populus balsamifera L.) only cineol 
contributes significantly to their unpalatability to hares. The 
notion of a close structure-activity relationship for defensive chem- 
icals is further indicated by analogue studies. For example, pino- 
sylvin is a strong feeding deterrent, pinosylvin methyl ether is 
effective but less potent, and pinosylvin dimethyl ether is virtually 
inactive (Clausen et al. 1986). Similarly, 2,4,6_trihydroxydi- 
hydrochalcone in juvenile balsam poplar deters hare feeding (Jogia 
et al. 1989), but the structurally similar pinostrobin in green alder 
(Alnus crispa subsp. crispa; Ait., Pursh) does not (Clausen et al. 
1986). 

Although the emerging view is that chemical defense of woody 
plants against browsing results from the concentrations and poten- 

ties of individual metabolites, the situation in a given plant can be 
quite complex. A case in point is the chemical defense of balsam 
poplar against hares. Jogia et al. (1989) consider 2,4,6- trihydroxy- 
dihydrochalcone to be primarily responsible for defense of juve- 
nile, relative to mature, plants. Reichardt et al. (1990b), on the 
other hand, have argued that the palatability difference between 
juvenile and mature poplar resides principally in the concentration 
differences of salicaldehyde and 6-hydroxycyclohexenone in the 2 
growth stages, Taken together, the 2 studies suggest that although 
individual phytochemicals are involved, the chemical defense of 
juvenile poplar is a result of the additive and/ or synergistic effects 
of a suite of metabolites. 

Physiological Effects of Low Molecular Weight Defenses 
An important issue is the relationship of deterrence to the under- 

lying physiological reason for selective feeding. Chemical defenses 
have been grouped into specific toxins and generalized digestion 
inhibitors although overlap has been recognized (Feeny 1976, 
Rhoades and Cates 1976). The experimental evidence indicates 
that low molecular weight metabolites that deter feeding by mam- 
mals are toxins. For example, when snowshoe hares (Reichardt et 
al. 1984, 1990a,b); microtine rodents (Bazli and Jung 1980, Jung 
and Batzli 1981); and bushy tailed woodrats (Neotoma lepida) 
(Meyer and Karazov 1989), are fed unpalatable browse that con- 
tains high concentrations of these substances or artificial diets 
treated with extracts of this browse, voluntary food intake is 
reduced to well below maintenance. These results indicate avoi- 
dance of intoxification by reduced food intake rather than inhibi- 
tion of protein carbohydrate digestion (Bryant et al. 1991c, Meyer 
and Karazov 1991). This conclusion is strengthened by Meyer and 
Karazov’s (1989) study of feeding deterrent phenolic resins of 
creosote brush (Lurrea tridentata; Mot. Ses. ExDC., Vail.). 
Although, these resins complex with protein in vitro (Rhoades and 
Cates 1976), they do not affect in vivo digestion of protein by 
woodrats that normally eat creosote brush. When hares eat twigs 
of birch and evergreen conifers that contain high concentrations of 
feeding deterrents, increased loss of nitrogen in faeces occurs (Rei- 
chardt et al. 1984, Sinclair et al. 1988b); but the associated large 
losses of sodium and nitrogen in urine (Pehrson 1983a,b,; Rei- 
chardt et al. 1984) also indicate toxic disruption of kidney function 
and increased detoxification. 

Tannins as Defenses agninst Mammals 
As the importance of low molecular weight metabolites as chem- 

ical defense against mammals has become clear, the view of tannins 
as defenses has begun to change. Tannins are generally defined as 
water-soluble, high molecular weight (>500 amu) polyphenols 
capable of precipitating proteins. At the beginning of the last 
decade, 2 general types of tannins were known: condensed and 
hydrolyzable. At that time, however, structural elements of tan- 
nins, other than condensed vs. hydrolyzable, were seldom consi- 
dered in ecological studies, because tannin quantity was considered 
more important than tannin quality (Feeny 1976, Rhoades and 
Cates 1976). 

Elements of tannin structure, however, are now routinely eluci- 
dated. Tannin isolations, once considered laborious, are now read- 
ily performed even on large scales (Provenza et al. 1991). As a 
result, the use of commercial bioassays or standards for analytical 
procedures is being replaced (Haggerman and Butler 1989) by 
partially characterized tannins isolated from plants of interest. 
This approach has demonstrated that structurally different con- 
densed tannins vary in their effectiveness as deterrents to browsing 
(Clausen et al. 1990). 
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For mammals the proposal that tannins act primarily by inhibit- 
ing digestion is questionable. Decreased voluntary intake of plants 
that contain condensed tannins is not necessarily related to diges- 
tion inhibition, Indeed, mammals may reject tannin-containing 
plants because they cause internal malaise, not because tannins are 
bound with protein or cell wall constituents (Provenza et al. 1991). 
Depolymerization of condensed tannins, particularly procyanidins 
(Hemingway and McGraw 1983), readily occurs under acidic con- 
ditions similar to those in portions of the digestive tract of most 
mammalian herbivores (Butler et al. 1986, Clausen et al. 1990). 
Hence, some condensed tannins appear to be toxic to mammals 
(Butler et al. 1986, Provenza et al. 1991). 

Evolutionary Responses by Woody Plants to Resource 
Limitation and Disturbance 

Inherently Slow Growth 
Plants typical of resource limited habitats (infertile soil, dry soil, 

shade) generally cannot acquire sufficient resources to support 
rapid growth. The primary evolutionary response by plants to 
resource limitation has been a low maximum potential growth rate 
(Grime 1977, Chapin 1980). Additionally, slowly growing species 
usually have a low nutrient absorption capacity that limits their 
ability to acquire mineral nutrients (Chapin 1980) and a low photo- 
synthetic rate that limits their ability to acquire carbon (Pearcy et 
al. 1987). 

While a low maximum potential growth rate is selectively advan- 
tageous when resources are scarce (Grime 1977, Chapin 1980), it is 
disadvantageous when herbivory occurs. A given rate of herbivory 
removes more of the capital resources and net production of a 
slowly growing species than a rapidly growing species (Coley et al. 
1985). Moreover, the limited ability of slowly growing species to 
absorb nutrients and to fix carbon reduces their ability to acquire 
the resources needed for regrowth after herbivory (Bryant et al. 
1983). As a result, selection for defenses to deter herbivory 
increases as resources become limiting to growth (Bryant et al. 
1983, Coley et al. 1985). 

In contrast, species that have evolved in productive habitats 
have been selected for rapid growth so as to outcompete their 
neighbors and dominate available resources (Grime 1977, Chapin 
1980). In these habitats there is strong selection to invest carbon 
directly in growth rather than energetically expensive chemical 
defenses. Rapidly growing species usually have high leaf and twig 
turnover rates. The inevitable loss of nutrients and carbon asso- 
ciated with rapid leaf and twig turnover (Chapin and Kedrowski 
1983) is not a strong selective pressure on these plants in compari- 
son to plants adapted to growth in infertile soil or shade, because 
nutrients and light are more available. Furthermore, rapid growth, 
a high nutrient absorption capacity, and high photosynthetic rate 
all enable rapid regrowth after herbivory so that there is less need 
for defenses that deter herbivory (Bryant et al. 1983). 

The Evergreen Growth Form 
The evergreen growth form is frequently associated with unpro- 

ductive habitats and low digestibility and palatability to mammals 
(Bryant and Kuropat 1980, Bryant et al. 1983, Coley et al. 1985). 
Slow leaf turnover is advantageous in a low-nutrient habitat, 
because each time a leaf is shed it carries with it approximately half 
the nitrogen and phosphorus contained in it at mid-growing season 
(Chapin and Kedrowski 1983). Similarly, in deep shade where the 
potential for carbon (energy) acquisition is low, carbon loss can be 
minimized by slow leaf turnover (Grime 1977). However, greater 
leaf longevity also carries with it certain disadvantages. A long- 
lived leaf is more likely to encounter unfavorable physical condi- 
tions than a short-lived leaf. The high fiber content, low water 
content, and thick cuticle of many evergreens are adaptations to 

unfavorable conditions such as winter dessication or summer 
drought (Levitt 1972). Fiber, wax, and cutin are comparatively 
indigestible by mammals and dilute the concentrations of more 
digestible nutrients and energy in leaves (Van Soest 1982, Robbins, 
1983). 

Evergreen species also differ from deciduous species in that they 
store more of their carbon and nutrient reserves in leaves (Chapin 
1980). As a result, browsing is usually more damaging to an ever- 
green than to a deciduous species (Garrison 1972, Bryant and 
Chapin 1986). Thus, mature leaves of evergreens are usually more 
defended chemically against browsing than are mature leaves of 
decidious species (Bryant et al. 1983, Coley et al. 1985). 

Adaptations to Disturbance 
In many ecosystems productive habitats are associated with 

disturbances such as wildfire that open the canopy and provide a 
pulse of nutrients (Chapin and Van Cleve 1981). As a result, 
rapidly growing woody species that dominate early in secondary 
succession are often selected for traits that enable rapid regrowth 
of destroyed above-ground parts (Kramer and Kozlowski 1979). 
These adaptations also enable regrowth after herbivory with the 
result that they reduce the need for antiherbivore defense (Bryant 
et al. 1983). 

The Regrowth-Defense Continuum 
To summarize, through evolution plants have developed differ- 

ent life forms that are specialized to constraints imposed by the 
spatial and temporal variation in resource availability and distur- 
bance (Fig. 1). When the return time of disturbance is very short 
(less than about IO yr) so that nutrients become available in short 
pulses and growth is more water- than nutrient- or light-limited, 
the vegetation is dominated by fast growing graminoids that have a 
high capacity for regrowth and poor chemical defenses (Chapin 
and Van Cleve 1981, Schultze and Chapin 1987). Productive grass- 
land ecosystems dominated by such species, for example the Ser- 
engeti Plains of East Africa, support a large biomass of mammal- 
ian herbivores dominated by grazers (Bell 1982, McNaughton and 
Georgiadis 1986). As the return time of disturbance increases, 
woody species progressively become more important in the vegeta- 
tion. In savannas and caatinga where severe seasonal drought 
limits the abundance of evergreens, deciduous species predomi- 
nate. In these biomes rapidly growing species that are poorly 
defended chemically characterize eutrophic habitats and more 
chemically defended vegetation such as miombo characterizes dys- 
trophic habitats. Thus, eutrophic savannas are characterized by 
woody vegetation that is good food for browsing mammals and 
dystrophic savannas are characterized by woody vegetation that is 
poor food for browsing mammals (Beli 1982). As water becomes 
less limiting to growth, nutrient deficient and/ or shaded habitats 
become progressively more dominated by welldefended ever- 
greens. Thus, in arctic tundra, boreal forests (Bryant and Kuropat 
1980), and tropical rainforests (Janzen 1974), the vegetation of the 
most nutrient deficient soils and shaded habitats is dominated by 
inherently slowly growing evergreens that are so defended against 
herbivory that the biomass of mammalian herbivores is low. 

Pbenotyic Responses by Woody Plants 
to Resource Limitation 

All plants adjust physiologically to a low resource supply in 
basically the same way: through a decline ingrowth rate and in the 
rate of resource acquisition (Chaplin 1991). This centralized stress 
response is hormonally mediated but also involves integrated 
changes in nutrient, water, and carbon balances. These balances 
strongly affect the allocation of resources by plants to secondary 
metabolism (Bryant et al. 1983). 
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Fig. 1. Distribution of plant life forms on gradients of resource supply over time and space and the return time of disturbance. 

Nutrient Limitation 
When nutrients are less available in the soil, less nutrients are 

absorbed. A reduction in nutrient concentration reduces photo- 
synthesis rate directly by reducing RuBP carboxylase, chlorophyll, 
and phospholipid contents and indirectly by decreasing the growth 
of leaf area (Moony 1972, Ingestad and Lund 1979). However, 
under conditions of nutrient stress, growth of the whole plant is 
usually more restricted by mineral nutrition than is photosynthe- 
sis, so in nutrient-stressed plants carbohydrates accumulate in 
excess of growth demands (Chapin 1980, 1991). This surplus car- 
bohydrate is available for increased production of carbon-based 
secondary metabolites that contain no nitrogen, for example the 
phenolics and terpenes (Bryant et al. 1983). As a result, when 
woody plant growth is nutrient-limited, concentrations of carbon- 
based secondary metabolites usually increase (Wong 1973, Bryant 
et al. 1983, Gershenzon 1984). Furthermore, when plants are nitro- 
gen stressed, production of nitrogen-containing secondary metab- 
olites such as alkaloids (Culvenor 1973) often declines (Bryant et 
al. 1983). 

Fertilization with nitrogen often stimulates plant growth more 
than photosynthesis (Chapin 1980). When this happens, concen- 
trations of carbohydrates decline and as a result synthesis of 
carbon-based secondary metabolites becomes substrate limited 
(Wong 1973, Bryant et al. 1983). However, when N-supply exceeds 
N-demand, tissue nitrogen rises allowing increased synthesis of 
N-containing secondary metabolites (Culvenor 1973, Bryant et al. 
1983). 

Light Limitation 
The plant phenotypic response to carbon stress due to insufti- 

cient light is essentially the converse of that described above. 
Photosynthesis declines and as a result carbohydrate concentra- 
tions decline so that growth becomes relatively carbon-limited. In 
general the decline in growth rate is greater than declines in the 
nutrient absorption (Chapin 1980). Thus, the concentration of 
nitrogen in leaves and shoots accumulates above levels necessary to 
support growth. Under these conditions one often finds a reduc- 
tion in carbon-based secondary metabolite concentrations and a 
rise in the concentrations of N-containing secondary metabolites, 
because under such circumstances nitrogen is relatively “cheap” in 
comparison to carbon (Bryant et al. 1983). 
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Water Limitation 
The response of woody plant secondary metabolism to water 

limitation is complex and poorly understood (Gershenzon 1984). 
When water stress is mild, concentrations of carbon-based secon- 
dary metabolites may rise, but severe drought usually results in a 
decline (Lorio 1986). This variation may indicate that mild drought 
reduces growth more than photosynthesis while severe water lim- 
itation results in a relatively greater decline in photosynthesis than 
in growth. Water limitation also affects production of nitrogen- 
containing secondary metabolites (Culvenor 1973), but the direc- 
tion of change in a particular situation cannot be predicted. 

Responses of Static and Dynamic Secondary Metabolitcs 
Not all secondary metabolites respond equally to resource lim- 

itation (Reichardt et al. 1991). This is because substrate supply is 
more likely to affect the production of metabolic end products such 
as static secondary metabolites than production of dynamic secon- 
dary metabolites that are part of the metabolic pool. For example, 
concentrations of dynamic secondary metabolites such as the phe- 
nolic glycosides, monoterpenes, and diterpenes that are part of 
metabolic pools are less affected by nutrient- or light-limitation of 
growth than are concentrations of static metabolites, for example 
lignin, condensed tannin polymers, or triterpenes that are depos- 
ited on the plant’s surface. 

Responses to Browsing by Mammals 

Browsing by mammals affects the chemical defense of woody 
plants. In some cases browsing results in increased defense of the 
browse supply and in other cases browsing decreases defense as a 
result of browsing (Bryant et al. 1991a,b). Here we discuss 3 ways 
browsing can alter the chemical defenses of woody plants. 

Twigs: Juvenile Reversion 
Pruning of a mature-stage woody plant as occurs when it is 

severely browsed by mammals throws a genetic switch causing it to 
revert to the juvenile-stage (Kozlowski 1971). Because thejuvenile- 
stage of many woody plants is more heavily defended chemically 
than the mature-stage, juvenile reversion also results in an increase 
in the chemical defense of twigs available to browsing mammals 
(Bryant et al. 1983, 1991a,b). This increase is greatest in the dor- 
mant season when growth demands for carbon are low and in 
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woody plant populations that have been strongly selected for 
chemical defense of the juvenile-stage (Bryant et al. 1983, 1989). 

In contrast, browsing of the juvenile-stage results in a carbon 
stress that can reduce juvenile-stage chemical defenses (Bryant et 
al. 1983). Browsing induced amelioration ofjuvenile-phase chemi- 
cal defense is most likely to occur in plants with limited below- 
ground carbon reserves, for example evergreen conifers and young 
saplings. The large below-ground carbon reserves of established, 
disturbance-adapted species enable them to be more heavily 
browsed before amelioration of defense begins. 

Twigs: Change in the Average Age of Internodes 
The current-annual-growth (CAG) of many woody species con- 

tains higher concentrations of defensive secondary metabolites 
than does older-growth (OG) (Bryant et al. 1991a,b). As a result, 
browsing mammals that have small enough mouth parts to feed 
selectively on OG often do so. For example, goats feed selectively 
on the OG of blackbrush (Cologyne ramosissima Torr.) because 
OG contains a lower concentration condensed tannin than does 
CAG (Provenza and Malechek 1983, Provenza et al. 1991) and 
sheep feed selectively on OG of big sage (Artemisia tridentata 
Nutt.) because big sage OG contains a lower concentration mono- 
terpenes than does CAG (Yabann et al. 1987). Woodrats eat less 
CAG of creosote brush than OG, because the CAG of creosote 
brush contains a higher concentration phenolic resin than does OG 
(Meyer and Karazov 1989). In boreal forests snowshoe hares and 
mountain hares feed on the OG and reject the CAG of a wide 
variety of woody species because the CAG of these species contains 
higher concentrations of chemical defenses than the OG (Bryant et 
al. 1991a,b). 

Regrowth after severe browsing must result in an increase in the 
proportion of twig biomass that is CAG. If this CAG contains 
higher concentrations of chemical defenses than OG, then severe 
browsing must also result in an increase in the chemical defense of 
the browse supply (Bryant et al. 1991a,b). Increased defense result- 
ing from an increase in the proportion of twig biomass that is CAG 
can occur in woody plants of both growth stages. However, it is 
greatest in the juvenile-stage, because the CAG of the juvenile- 
stage is more defended than the CAG of the mature-stage (Bryant 
et al. 1983, 1991a,b). 

Leaves: Reversal of Aging 
When the shoot tips of woody plants are eaten by mammals 

apical dominance is broken and growing points are removed. As a 
result competition for nutrients among the remaining growing 
points is decreased and leaf growth increases (Moorby and Waring 
1963) resulting in a carbohydrate demand that can limit produc- 
tion of carbon-based secondary metabolites by leaves (Bryant et al. 
1991a,b). For example, browsing of birch by moose (Dane11 and 
Huss-Danell1984) and browsing of Acacia nigrescens (Oliver) by 
giraffe and impala (du Toit et al. 1990) both resulted in an increase 
in leaf nitrogen, an increase in leaf growth, and a decline in leaf 
tannin. As a result, herbivory of the leaves of browsed plants 
increased in comparison to leaves of unbrowsed plants. 

Conclusions 
Management of rangelands and wildlife habitat requires an 

understanding of factors that affect the quality of forage (Heady 
1975, Stoddart et al. 1975). Forage quality has usually been 
equated with the digestibility of nutrients or energy (Van Soest 
1982, Robbins 1983). Thus, attempts to understand the chemical 
basis of forage quality have emphasized measurement of concen- 
trations of fiber or nutrients. When secondary metabolites have 
been considered, it is their potential to inhibit digestion that has 
received the most attention. For example, tannins are widely per- 
ceived as important because they may reduce the digestion of 

protein and fiber (e.g., Robbins et al. 1987, Lindroth 1988) and 
monoterpenes have received attention because they may inhibit 
fiber degradation by gut microbes (e.g., Nagy et al. 1964; Oh et al. 
1967; Schwartz et al. 1980a). 

Less attention has been paid to feeding deterrence and toxicity 
even though these modes of action of secondary metabolites have 
been recognized (Arnold and Hill 1972, Stoddart et al. 1975, 
Laycock 1978, Schwartz 1980b). However, over the past decade 
collaboration between ecologists and chemists has begun to indi- 
cate that many secondary metabolites, including the tannins and 
the monoterpenes, influence mammalian herbivory by a combina- 
tion of deterrence and toxicity (Bryant et al. 1991c, Meyer and 
Karazov 1991). 

This hypothesis indicates that current foraging theory cannot 
explain why mammals selectively feed on some woody species, 
growth stages, and parts and reject others. This is because, from the 
perspective of a mammal feeding on woody vegetation, optimiza- 
tion of foraging time or optimization of intake of nutrients or 
energy is probably less important than avoidance of intoxification. 

To be useful management tools, models of browsing systems 
foraging models must include realistic constraints imposed by 
deterrence and toxicity. The accuracy of these constraints will 
require identification of the secondary metabolites that actually 
defend woody plants against browsing and their modes of activity. 
It will also require an in-depth understanding of the biochemical, 
physiological, and behavioral mechanisms mammals use to coun- 
ter these defenses. However, at the present time such information is 
extremely limited. Thus, an increased attempt to obtain this infor- 
mation by experimental studies of chemically mediated interac- 
tions between woody plants and browsing mammals is critical to 
better management of browsing ecosystems. 

Another generalization to emerge out of the last decade of 
research in chemical ecology is the link between resource limitation 
and the chemical defenses of woody plants (Bryant et al. 1983, 
Coley et al. 1985). We suggest that this generalization also has 
important implications for ecosystem management. 

Throughout the world an increasing demand for food has 
resulted in use of the most productive habitats for production of 
resource-demanding crops. As a result, livestock and wildlife are 
forced to feed in the least productive habitats. The vegetation of 
these habitats usually contains some low resource adapted woody 
species that have effective chemical antiherbivore defenses. In this 
habitat selective feeding by mammalian herbivores on the more 
palatable woody species can result in domination of the vegetation 
by the chemically defended woody species (Bryant and Chapin 
1986, Malechek et al. 1986, Bryant et al. 1991~). An immediate 
result of this change in vegetation induced by browsing is a decline 
in the habitat’s potential to produce livestock and wildlife biomass. 
When browsing mammals are forced to feed on unproductive 
vegetation that is so chemically defended that is almost unusable as 
food, both their numbers and biomass decline (Bell 1984, Bryant 
and Chapin 1986). 

Such a browsing-induced change in vegetation also produces 
feedbacks that further degrade ecosystem productivity (Bryant and 
Chapin 1986, Pastor et al. 1989, Bryant et al. 1991~). This is 
because low resource adapted woody species that are chemically 
defended against browsing also produce litter that is slow to 
decompose. As a result, selective browsing that results in domi- 
nance of the vegetation by chemically defended species is also likely 
to result in a reduced rate at which nutrients (especially nitrogen) 
cycle through the ecosystem. In turn, a reduced rate of nutrient 
cycling causes nutrient-limitation of the growth of woody vegeta- 
tion with the further result that production of carbon-based secon- 
dary metabolites increases. As concentrations of these substances 
rise in leaves, the quality of leaves as food for mammals declines 
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further and so does the rate of litter decomposition. Moreover, 
reduced soil fertility further favors the persistence of low resource 
adapted woody species so that their dominance of the vegetation is 
insured unless they are destroyed by wildfire or outbreaks of high 
specialized insects that can eat them. This feedback degrades the 
soil and vegetation resources of ecosystems and the ability of 
ecosystems to support livestock and wildlife. 
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SRM Election Results 
The Elections Committee counted the ballots for 

new officers at the Society for Range Management 
headquarters. Elected officers are: 

Second Vice President-David A. Fischbach 
Directors (1992-1994)-Dennis Ft. Phillippiand Lamar 

Smith 
Directors Dennis Phillippi and Lamar Smith will 

replace retiring Directors Charles Jordan and Phillip 
Sims in February 1992. 

The Bylaws Amendment passed. 
Ballots and tally sheets are retained in the Denver 

office for one year for review. Approximately 33% of the 
membership voted. 

24 JOURNAL OF RANGE MANAGEMENT 45(l), January 1992 



J. Range Manage. 
4525-30, 1992 

Toxification and detoxification of plant com- 
pounds by ruminants: an overview 
G. STANLEY SMITH 

Author is Drofessor ofanimal science (metabolism and toxicology), Dep. Animal and Range Sciences, New Mexico 
State Univekit;, Las druces 88003. 

Abstract 

Improved usage of rangelnnds for livestock production requires 
better ways to reduce losses caused by poisonous plants, such as 
management practices to minimize ingestion and treatments to 
improve animal tolerance of ingested poisonous plants. In rumi- 
nants, gastrointestinri microbes can detoxify piant compounds, 
and this capacity has been enhanced in a few cases by deliberate 
modification of rumen microbial populations. Some plants are 
poisonous because ingested plant material is made toxic by 
microbial fermentation in the rumen, and better understanding of 
such toxifications will provide opportunities to diminish poison- 
ings of that type. Absorption of toxic substances from the gastroin- 
testinal tract into blood and lymph may be modifled by feeding 
binding agents such as clay, resins, and indigestible fibers, or by 
pharmaceuticals that interfere with absorption of toxicants. Agents 
that induce or inhibit biotransformational enzymes in tissues of the 
host animal might modify animal tolerance of some plant toxi- 
cants. Provision of substances that serve as co-substrates of detoxi- 
fication can enhance animal tolerance of other types of plant 
toxicants. Some reports that illustrate these approaches have been 
reviewed, and questions have been raised to stimulate further 
research. 

Key Words: poisonous plants, detoxification, biotransformations, 
ruminants 

Plants that are poisonous to some animals can be harmless to 
others. In general, ruminants are more tolerant of poisons in plants 
than are nonruminants; but some plants are more toxic to rumi- 
nants. Even among ruminants, there are striking differences in 
tolerance of plant toxicants. For example, blossoms and seedpods 
of beargrass (“Sacahuista”; Nolina microcarpa Wats) cause occa- 
sionally disastrous poisoning of sheep in New Mexico, but 
ranchers have deliberately used cattle to graze beargrass blossoms 
as a way to minimize poisoning of sheep. Similarly, certain subter- 
ranean clovers impair fertility of ewes but have far lesser effects on 
cows. And Senecio species that are highly toxic to cattle, horses, 
swine, rats, and chickens seem less toxic to sheep, goats, rabbits, 
guinea pigs, and Japanese quail. Such differences in tolerance of 
toxicants that are unrelated to phylogenetic classifications are now 
explainable, at least in part, by toxicological principles that have 
been learned; and these may provide opportunity to modify toxifi- 
cation processes and to enhance detoxification processes. 

The body of generalized knowledge about poisonous plants that 
affect livestock has been summarized by Kingsbury (1964), National 
Research Council (1973, Cheeke and Shull(1985), Seawright et al. 
(1988), James et al. (1988), and a series edited by Cheeke (1989). 

Special publication 364 of the New Mexico Agr. Exp. %a., presented as an invited 
paper at a Symposium of “Ingestion of Poisonous Plants by Livestock” at the 1990 
Annual Meeting of the Society for Range Management (February IS, 1990; Rcno, 
Nev). 

Manuscript accepted 28 May 1991. 
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For textual summaries of toxicological principles see Casarerr and 
Doull’s Toxicology: 7he Science of Poisons (Klaassen et al. l986), 
Nutritional Toxicology, Vol 1 and II (Hathcock 1982, 1986) and 
Gastrointestinal Toxicology (Rozman and Hanninen 1986). 

In ruminants, tolerance of poisonous plants may be modified by 
microbial fermentation of ingesta in the reticulorumen (which can 
diminish toxicity of some plant compounds and increase toxicity 
of others). Some plant compounds may be sequestered in the gut 
by adsorbents or binding agents administered through feed or 
water, thereby affording greater tolerance. And some plant com- 
pounds may be biotransformed within tissues of the host ruminant 
yielding products that are more toxic or less toxic than the plant 
compound ingested. These biotransformations might be induced 
to favor detoxifications or inhibited to suppress toxications, when 
animal metabolism of plant toxicants has been characterized. 

This report is not intended to review the extensive literature that 
deals with metabolism of plant toxicants by ruminants. Rather, it 
provides an overview of toxifications and detoxifications by rumi- 
nants and should introduce the uninitiated readers to some princi- 
ples that could guide researchers in development of protocols for 
increasing the tolerance of poisonous plants by ruminants. 

Rumen Microbial Toxifications and Detoxifications 

Ruminants tolerate many poisonous plants far better than non- 
ruminants. It has been suggested that rumen microbial detoxifica- 
tion of poisonous plants might have been as important as rumen 
microbial degradation of cellulose for the evolutionary develop- 
ment and ecological expansion of ruminants as herbivores (Free- 
land and Janzen 1974, Van Soest 1982). James and associates 
(1975) reviewed earlier literature on rumen detoxifications and 
called attention to known or suspected toxifications by microbial 
activities in the reticulorumen. Consideration of rumen toxitica- 
tions and detoxitications was expanded by Smith (1986) in relation 
to prospective recycling municipal sewage, animal wastes, and 
other exotic feedstuffs. 

Microbial populations change gradually with prolonged, in- 
creasing exposure to toxic substances, and such gradual adapta- 
tions allow ruminants to increase their tolerance of some poison- 
ous plants. It has been established that microbial adaptations 
provide detoxification of plant toxicants such as nitrate, nitrite, 
nitropropanoic acid, oxalate, prussic acid (and cyanogenic glyco- 
sides), sulfate and sulfide, some alkaloids (e.g., mimosine) and, 
perhaps, even some mycotoxins (James et al. 1975, 1988; Smith 
1986; Seawright et al. 1988; Daniel et al. 1989; Allison et al. 1989; 
see also other reports from this Symposium). It is widely appre- 
ciated that microbial adaptations allowing detoxifications such as 
these require initial exposure at low dosage and gradual increase in 
dosage. The development of special microbial cultures that can 
detoxify specific plant toxicants seems highly promising as a means 
to manage animal exposure to some poisonous plants. 

What seems less generally understood is the fact that gradual 
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ruminal changes, which could increase ruminant tolerances of 
poisonous plants, might be lost suddenly. This was illustrated 
almost 30 years ago in an experiment at the Unversity of Illinois 
(Hatfield and Smith 1963). Although it dealt with nitrate added to 
the diet as a pure chemical rather than nitrate in a poisonous plant, 
the principle is the same. Lambs were fed a diet with 69% ground 
corn in which either soybean meal or urea provided most of the 
supplemental nitrogen. Potassium nitrate was included in diets of 
some lambs as 1.5% of ration for 55 days, as 4.0% of ration for the 
next 25 days and as 5.0% of ration for another 23 days. Lambs fed 
soybean meal gained more weight than those fed urea, and nitrate 
reduced gains by lambs fed soybean meal, as was expected. Unex- 
pectedly, dietary nitrate increased gains of lambs fed diets with 
urea as main nitrogen source. Also unexpectedly, some lambs that 
had adapted to the diet with added nitrate were acutely poisoned 
when their nitrate-containing diet was replaced after a similar, but 
nitrate-free, diet had been substituted for only one day (G.S. Smith 
and E.E. Hatfield, unpublished data). 

Animal tolerance of poisonous plants that might require microb- 
ial adaptation over many days of gradually increasing ingestion of 
toxicant could similarly be lost through changes of diet lasting only 
a few hours. For cattle and sheep on rangelands the management of 
supplements, water, or movement among grazing areas could con- 
tribute to, or detract from, the adaptations that allow detoxifica- 
tion of ingested poisonous plants. 

requires careful interpretations and cautious extrapolations. 
Substances absorbed from the gut into blood usually pass to the 

liver which, therefore, has “first pass” in metabolism of nutrients 
and biotransformations of nonnutrient substances. Using 8 species 
of laboratory animals commonly used in toxicity testing, Gregus et 
al. (1983) compared activities of biotransformational enzymes in 
their livers. Trout, quail, mice, rats, guinea pigs, rabbits, cats, and 
dogs were similar in respect to some biotransformational enzymes 
and very dissimilar in others. In some cases, livers of trout or quail 
resembled livers of rats more than livers of mice did. Biotransfor- 
mational enzyme activities in these species varied widely and in 
ways not explained by phylogenetic relationships. Smith and asso- 
ciates (1984) similarly studied biotransformational enzymes in liv- 
ers of rats, swine, sheep, and cattle, under circumstances allowing 
comparisons of results with those reported by Gregus et al. (1983). 
Liver data from swine, sheep, and cattle were compared with liver 
data from dogs, cats, rabbits, guinea pigs, rats, mice, quail, and 
trout by Watkins and Klaassen (1986), who concluded (p. 933): 

3everal hundred- to several thousand-fold differences between 
species in enzymatic activities for certain substrates under well 
defined conditions emphasize the need for caution and the risk of 
error in extrapolation of xenobiotic metabolism from one species to 
another. In spite of these uncertainties, knowledge of the rate of 
biotransformation may help us predict the fate of new chemicals in 
various species. 

Sequestration and Binding of Toxicants 

Some kinds of plant toxicants can be sequestered in the ingesta, 
thereby preventing their absorption from the gastrointestinal tract 
and, in essence, providing detoxification. Activated charcoal has 
been used effectively to adsorb some kinds of poisons and prevent 
their absorption (Buck et al. 1982, Klaassen et al. 1986). Special- 
ized resins, such as cholestryramine (which adsorbs compounds 
like cholesterol and lipophilic pesticide residues like DDT and 
heptachlor), can be selected or developed specifically to sequester 
restricted types of compounds and thereby diminish absorption or 
toxic substances. Some clays in their natural form have capacities 
to bind certain types of toxicants, and others can be modified in 
ways that enhance the binding of specific types of chemicals. The 
inclusion of a specific type of cla 

ti 
HSCAS; hydrated sodium 

calcium aluminosilicate; “Novasil” ) into diets for animals fed 
moldy grain has effectively diminished absorption of mycotoxins 
such as aflatoxin (USDA-ARS 1990). This approach has wide 
possibilities in regard to livestock managed under circumstances 
that afford administration of treatments in feed supplements con- 
sumed daily. Livestock grazing rangelands, where daily monitor- 
ing or daily provision of supplemental feeds is unfeasible, would 
benefit more consistently from binding agents such as colloidal 
clays that could be suspended in the drinking water. 

Comparative hepatic data from Watkins and Klaasen (1986) are 
shown in Figure 1 (reprinted from J. Anim. Sci. with permission of 
editor). 
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Biotransformation of Absorbed Compounds 

When plants are ingested by animals, numerous substances 
other than nutrients generally are absorbed from the gut, trans- 
ported through the circulatory system (lymph as well as blood) to 
various organs and tissues, metabolized from “parent compounds” 
(i.e., whatever forms that were absorbed) to various metabolites 
(altered forms), and then excreted in some form. Many examples 
are available in the literature about poisonous plants, showing that 
nontoxic substances in plants can be converted in the animal 
tissues to metabolites that cause poisoning (see Cheeke 1989). 
Animals vary widely in their capacities to biotransform absorbed 
drugs, xenobiotics, and nonnutritive substances in plants, and 
differences among species have been emphasized (Oser 1981, 
Caldwell 1989). Toxicologi&l studies often require usage of some 
species as models or surrogates of other species, but proper usage 

CATTLE 

SHEEP 
SWINE 

Fig. 1. Species variation in hcpatic microsomal UDP-giucuronosylts- 
ferwe activity toward 1-naphthol, chloramphenicol and phenolphtaelein 
(top figure), and estrone, testosterone and bilirubin (bottom figure). 
Data are expressed as a percentage of the value obtained for rat liver. 

If species “A” differs from species “B” by lOO-fold in regard to 
activities of a particular hepatic enzyme that biotransforms a par- 
ticular toxicant, that should not imply that species “A”is lOO-fold 
more tolerant of (or susceptible to) that toxicant than species “B”. 
It does suggest that they might differ greatly, and probably would 
differ greatly, if the toxicant under consideration should reach the 
livers of these species in similar form and equal amounts. But 
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Table 1. Protein concentrations In tissue preparations, microsomal cytochrome P-450 contents, and activities of biotransformrtionrl enzymes in cytosolic 
and mkrosomal fractions of hepatic, renal, and Neal tissues froms cows and ewesah. 

Item Bovine 

Liver 

Ovine SE Bovine 

Kidney Ileum 

Ovine SE Bovine Ovine SE 

Microsomal proteind 
Cytosolic protcind 
Homogenate prowind 
Cytochromc P-450= 
N-demethylasc 

Bcnzphctnmine 
Ethylmorphine 

Styrenc oxide hydrolase 
UDP-glucuronosyltransferase 

I-naphthol 
Dirthylstilbcsttol 
Estronc 
restostcronc 

Glutathione S-tmnsfense 
CDNBf 
Ethacrynic acid 
Sulfobromophthnlein 

Sulfotransferlse 
2-naphthol 

17.09 
123.508 
194.06 

.64B 

16.78 
93.08h 

175.42 
.32h 

3.39h 
3.58h 
7.53 

1.07 11.098 8.72h .66 5.428 
4.27 68.12 60.85 2.98 57.88 
9.36 132.56 145.17 6.80 102.69 

.04 .05 .05 .Ol .13g 

10.07h .76 
54.71 3.34 
98.75 

.02h 
10.02 

.03 
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.38 
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.03 .24 

.Ol .24 
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.19 .06 

.59 .I4 

2.96 3.62 .28 2.048 
1.79h 

.56h .25 ,268 .67h 
2.688 .21 .16 .20 .03 .14g .34h 

.18 .21 .Ol .Ol .Ol .Ol ,048 
.OSh 

.2Oh 
.01g .Ol .Ol .Ol .Ol .Ol .Ol 

962.4Og 2.094.67h 
11.30 9.99 

,568 3.55h 

116.72 540.69 628.17 56.97 688.198 
.77 18.138 12.99’ 

1.33h 
1.42 19.00g 

.20 .27g .06 .39g 
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%alucs are means from 16 cows and 12 ewes. Standard ertors are based on 12 ewes. 
I-J Enzyme activities cxprcrrcd PS nmol*min-’ *mg protein-’ 

‘Row vnlues within tissue without superscripts do not differ (P>.OS). 
d Values OTC mg protein/g wet tissue weight. 

eValues uc nmol P-450/mg protein. 
f I-chloro-2.4-dinitrobene. 

g’hRow values within tissue that do not have P common letter in their superscripts differ (P<.OS). 

findings of Gregus et al. (1983), Smith et al. (1984), Watkins and 
Klaassen (1986), and Watkins et al. (1987) show only baseline data 
for hepatic activities under standardized circumstances. They do 
not reveal how much these enzyme activities might be increased or 
decreased if the animals had been exposed previously to substances 
that could induce or inhibit such enzymes. 

Enzyme Induction 
Phase I biotransformational enzyme activities (oxidative and 

reductive changes) can be induced several fold, especially in livers 
(Parke 1975, Hodgson and Levi 1987), and some phase II biotrans- 
formations (conjugative reactions) may be increased lOO-fold or 
l,OOO-fold by prior exposure to appropriate inducers (Thompson 
et al. 1982, Kato et al. 1989). These findings help to explain why a 
particular plant, with a constant amount of toxicant, might poison 
a particular animal at one time of exposure and yet prove harmless 
to the same animal at another time under a different circumstance 
of exposure. 

Blood draining the gut (via mesenteric veins) passes first through 
the liver (via portal vein) and then to the right auricle of the heart 
(via hepatic vein and vena cava). From the right auricle through the 
right ventricle of the heart, blood then goes to the lungs (via 
pulmonary artery) and returns (via pulmonary vein) to the heart. 
Thereafter, the blood circulates to all tissues of the body, including 
heart tissue. Understanding this route of exposure to toxicants, via 
blood, is essential to understanding what may happen when anim- 
als are poisoned by ingestion of plants. The nature of poisoning 
(toxicosis) may vary greatly, simply because the amounts of “par- 
ent compounds”and their metabolites that reach various organs or 
tissues can vary widely under what would seem to be similar 
circumstances. Dietary factors that change patterns of blood flow 
(e.g., shunting of blood to or from the kidneys) can alter substan- 
tially the patterns of xenobiotic toxicities. 

Gut Tissue Biotransformations 
For much too long, the liver has been regarded as the organ 

which has “first pass”at biotransformation of drugs, xenobiotics, 
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and dietary toxicants. Very often what reaches the liver is not what 
was ingested: the gut tissue really has “first pass”, and biotransfor- 
mational enzyme activities in gut tissue may be more important, in 
some cases, than the activities of enzymes in the liver (Laitenen and 
Wakins 1986). Watkins et al. (1987) compared biotransforma- 
tional activities in hepatic, renal and ileal tissues of cattle and sheep 
(see Table 1, reprinted from J. Anim. Sci., with permission of 
editor). 

In most cases, livers had higher activities of biotransformational 
enzymes than kidneys or ileal tissue. Also, cattle and sheep differed 
remarkably in activities of certain enzymes in kidneys and ileum, as 
they had been shown to differ in liver enzyme activities. For 
example, cytochrome P-450 levels (Table 1) were two-fold higher 
in livers of cattle than sheep and six-fold higher in ileum of sheep; 
but glutathione-S-trensferase activity using CDNB as substrate 
(Table 1) was two-fold higher in livers of sheep than livers of cattle. 
In the same study (Watkins et al. 1987), activity of UDP- 
glucuronosyl-transferase in rumen wall tissue of sheep (not shown 
in Table 1) was three-fold higher than tissues of liver or ileum 
(when estrone was the substrate), and sixty-fold higher than kidney 
tissue. 

How important are the biotransformational activities that occur 
in gut tissue, in comparison with hepatic or renal metabolism of 
plant toxicants? How quickly, and to what extend, do biotrans- 
formational enzymes respond to inducers or inhibitors that may 
appear in the ingesta? Dr. Phil Dziuk (professor emeritus, Dept. 
Animal Science, University of Illinois) has postulated that exten- 
sive and rapid changes in biotransformational enzymes of gas- 
trointestinal mucosa are far more important to animal metabolism 
of drugs, xenobiotics, and alellochemicals in plants than most of 
the current literature suggests (personal communications with G.S. 
Smith 1989-90). In his student’s research, some orally adminis- 
tered drugs and compounds with sex hormone activity were bio- 
transformed and totally conjugated during passage into portal 
blood, i.e., before reaching the liver (Ruoff 1988). 
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Co-substrates of Detoxification 
Phase I biotransformations (oxidative-reductive, hydrolative 

changes) in tissues make lipophilic plant compounds more water- 
soluble and, generally, more reactive. Subsequently, they may 
undergo Phase II biotransformations by which they are conjugated 
with substances produced endogenously, such as glucuronic acid, 
glutathione, acetate, glycine, taurine, and sulfate. 

These conjugative substances are sometimes called “co-substrates 
of detoxification” because their reaction productions are usually 
more rapidly excreted and often less toxic, than the unconjugated 
compounds. When such “co-substrates of detoxification” are 
abundant in animal tissues, certain kinds of toxicants can be 
readily detoxified and thus well tolerated in the diet; but when 
these co-substrates are deficient in tissues (which can occur by 
rapid depletion under some circumstances), tolerance of toxicants 
can be lost or diminished. There are numerous examples in which 
animals have been depleted of co-substrates of detoxification and 
thereby made susceptible to poisonous plants that otherwise were 
tolerated (Cheeke and Shull 1982, Klaassen et al. 1986, Cheeke 
1989, Kato et al. 1989). Conversely, there are examples in recent 
literature whereby co-substrates of detoxification were supplied 
exogenously (through feed, water, or parenteral administration) 
and animal tolerances of toxicants were thereby increased remark- 
ably (Klaassen et al. 1986, Cheeke 1989). 

Toxicity of Plants Depends on Tolerance by Animals 
When an important co-substrate of detoxification is unavail- 

able, for whatever reason, an alternate pathway of metabolism 
may become dominant and thereby change detoxification into a 
process yielding metabolites that are more toxic than either the 
absorbed parent compound(s) or the normally predominant 
metabolites. Thus, toxicity of an ingested plant may not be deter- 
mined solely by the amount of toxic substance(s) contained in the 
plant tissues, or even by the amounts of toxic substances ingested 
by a particular animal. Rather, toxicity is affected by numerous 
factors, such as: rates of ingestion; types and rates of microbial 
transformations in the rumen; rates of gastrointestinal absorption; 
rates and pathways of biotransformations in gut tissue, liver, and 
kidney; availability of co-substrates for conjugative biotransfor- 
mation; and effects of enzyme inducers or inhibitors. Tolerance or 
intolerance by animals can be subject to considerable changes, and 
previous management of grazing ruminants may have substantial 
effects on tolerance of poisonous plants. 

Kochiu scoparia (L.) Schrad. is a hardy, drought-resistant plant 
that produces high yields of forage with low requirements for 
water. Its development as a forage crop for irrigated arid areas has 
been constrained by occasional livestock poisoning(Sprowls 1981, 
Kiesling et al. 1984, Smith et al. 1989). To assess nutritive value and 
possible toxicity of Kochia scoparia cultivated with irrigation and 
grazed as lush forage, scientists in New Mexico allowed cattle to 
graze the sample plots of kochia in 3 successive years. Toxicosis 
was observed with each group of cattle that grazed kochia, every 
year of the study; but toxicosis varied from mild to severe when 
different groups of cattle grazed at different times, even though the 
plants were at similar phenological states when grazed (Thilsted et 
al. 1989). Measurements of presumed toxicants in the plant her- 
bage, such as nitrate, oxalate, and alkaloids (assayed grossly), 
provided little, if any, index of toxicity. The authors presumed that 
varied severity of toxicosis (in different groups of cattle grazing the 
same plot of kochia at different times) was caused by varied con- 
centration of toxicant in the forage grazed. It was a reasonable 
presumption, and it is typical of such presumptions in many 
reports about poisonous plants grazed by livestock. But there was 
no discussion about possible differences in the groups of cattle that 
grazed these plots (breed, condition, previous diet, earlier man- 

agement, etc.), which might have influenced animal tolerance of 
the toxic substance(s) in the forage grazed. More consideration 
should be given to factors that affect animal tolerance of toxicants. 

Typically, agriculturalists have found it expedient to reduce the 
toxicants in plants that are agronomically important. But occa- 
sionally some agronomically important feature is related directly 
to plant content of substances that impact negatively on animals, 
so that efforts to improve animal tolerance of toxicants become 
more important than efforts to reduce plant content of toxicant. A 
classic example is tall fescue (Festucu arundinaceu Schreb), which 
is cultivated on vast acreages of pastureland and grazed extensively 
by livestock, despite the fact that animals often perform poorly and 
sometimes experience overt “fescue toxicosis”. The factor that 
lends agronomic benefits (endophyte infestation) is related to plant 
content of substances (clavine alkaloids) that impair animal per- 
formance and, in extreme cases, cause overt toxicosis. Rather than 
removal of endophyte from the plants being cultivated, recent 
effort has been directed toward improving livestock tolerance of 
endophyte-infested fescue forage. In research by Lipham et al. 
(1989), cattle grazing endophyte-infested tall fescue were managed 
with or without oral administration of the drug metoclopramide. 
Steers given metoclopramide gained favorably (.314 kg/d) while 
similar, untreated steers gained poorly (. 150 kg/d) and developed 
signs of toxicosis. 

Because kochia toxicosis had been characterized with some 
features that resemble fescue toxicosis (Rankins and Smith 1991; 
Rankins et al. 199la,b) metoclopramide treatment was attempted 
as a way to improve livestock tolerance of toxicants in kochia hay 
(Rankins et al. 1991~). The effort was unsuccessful, but dosage of 
metoclopramide may have been improper because activity of 
metoclopramide, per unit weight, reportedly can vary among sour- 
ces and suppliers of this drug (J.A. Stuedeman and R.D. Jones, 
USDA-ARS, Watkinsville, Ga.; personal communication to G.S. 
Smith, 1991). Further efforts in this direction should be dependent 
on proper characterization of the animal responses to the poison- 
ous plant as ingested (and not merely to a specific toxicant studied 
independently of other substances in the plant), and the conse- 
quent development of specific therapies to enhance animal tolerance. 

What Determines Toxicity? 

The dose:response relationship is a fundamental principle of 
toxicology. As the dosage increases, the animal response also 
increases correspondingly. But the concentration of a substance in 
a plant may be a poor index of how animals may respond when 
they ingest such plants. The amount of plant material consumed is 
a general index of “dose”, but it is not necessarily a good index of 
dosage. Even the total amount of toxicant consumed (if such data 
were available) might not be a good index of dosage. The amount 
absorbed is a far better index of dosage; but even that may be 
inadequate to provide predictability of animal response, because 
rate of absorption (as well as amount) can modify pathways of 
metabolism, routes, and extent of biotransformation and rates of 
excretion. All of these factors will modify the amounts of toxicant 
that reach a particular site of action, where tissue damage or 
specific toxic effect actually occurs. 

In general, the concentration of toxicant that develops in blood 
after ingestion of a poisonous plant may be regarded as an index of 
dosage. But even the concentration in blood may not adequately 
reflect “dosage” at the site of action. In other words, individual 
animals may vary quite widely in their toxicological response to the 
same concentration of a specific toxicant in their blood stream. 
Such circumstances have been observed in the way cattle and sheep 
are affected by estrogenic substances in clovers. Sheep are more 
sensitive to these clovers than cattle, and fertility is impaired more 
severely. Explanation for the difference in species sensitivity was 
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sought for several years in terms of microbial metabolism, gut 
transformation, hepatic biotransformation, etc. Recent studies 
determined that the active form of plant estrogen (equol) is pro- 
duced more actively by cows and occurs at higher levels in blood of 
cows than in blood of sheep eating the same clovers (Lundh 1990; 
Lundh et al. 1990); yet sheep show greater response to any given 
concentration of equol in blood than cows do. Such differences in 
sensitivity (tolerance) of cows versus sheep seem unrelated to prin- 
ciples discussed above, i.e., differences in animal capacities to 
“toxify” or “detoxify”some particular compound that is absorbed 
and metabolized. Rather, there seems to be differences in tissue 
response at the site of action. How can such differences be 
explained and how could such information be useful in manage- 
ment of livestock exposed to these estrogenic classes? 

It seems plausible that some toxicants reach their site of action 
the way glucose enters cells, and that levels in blood may reflect 
very poorly how much is being absorbed into cells. In such cases, a 
high level of toxicant in blood may reflect poor absorption into 
cells and indirectly, relative tolerance of that toxicant. 

There may be some toxicants that affect tissues in ways that are 
analogous to how diabetes affects humans. Usually diabetes (high 
blood glucose levels) occurs because there is a lack of insulin to 
facilitate glucose transport out of blood and into cells; but in some 
cases of diabetes, blood levels of insulin are normal or even ele- 
vated. It is the lack of insulin receptors that cause some cases of 
diabetes. In a similar (analogous) way, some animals may tolerate 
toxicants in their blood at levels that would impair animals of 
another species (or even the same species) simply because they lack 
appropriate “channels” (or appropriately activated channels) to 
convey the toxicant from blood to appropriate sites of action. Such 
would seem to be an explanation for why cows can tolerate higher 
levels of equol in their blood than sheep (Lundh et al. 1990) without 
comparably adverse effects on fertility. 

Further research is needed not only to identify the toxicants in 
poisonous plants that affect productivity of livestock but also to 
characterize the toxicoses, to identify modes of action and path- 
ways of metabolism or biotransformations, and to test protocols of 
various types that may improve animal tolerances of the com- 
pounds that cause plants to be poisonous. 

Summary 
The compounds in poisonous plants that cause adversity in 

ruminants are subject to chemical transformations not only by 
rumen microbes but also by enzymatic changes in gut mucosa, 
liver, kidney, and other tissues. Some chemical changes increase 
toxicity of plant compounds and some cause detoxification. 
Animal management or treatment protocols may alter rumen 
microbial toxitications or detoxiflcations. Administration of seques- 
tering agents via feedstuffs or drinking water could diminish gas- 
trointestinal absorption of some toxic plant compounds. Trans- 
formations of toxicants at the host tissue level may likewise be 
altered by induction or inhibition of certain biotransformation 
enzymes, or by altered availability of co-substrates that may favor 
one pathway of biotransformation over another. 

Although concentration of toxicant in blood is usually a reliable 
index of dosage in regard to dose:response relationships, some 
animals may lack sensitivity to toxicants because channels of pas- 
sage to site of action are missing, nonfunctional or blocked. Under- 
standing such cases might provide additional opportunities for 
improving animal tolerances of toxicants in poisonous plants. 
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Abstract 
Traditionally, effects of plant toxins on livestock have been 

measured using tissue or biochemical changes to determine the 
extent of intoxication. In addition to traditional approaches, toxic 
effects can be measured using behavioral principles; this discipline 
is called behavioral toxicology. Behavioral toxicology is a combi- 
nation of toxicology, pharmacology, and the experimental analy- 
sis of behavior. Behavioral toxicology offers a sensitive means to 
determine toxic impacts by evaluating behavior, since behavior is a 
functional integration of all body systems. Concurrent use of 
behavior and traditional pathological measures will enhance our 
understanding of plant-caused intoxications. Operant analysis of 
animal behavior is a powerful technique used often in behavioral 
toxicology for establishiig normal behavior, and detecting toxicity- 
induced deviations from normal behavior. Behavioral toxicology 
can provide an understanding of ingestive and reproductive (sex- 
ual and maternal) responses of livestock after exposure to a variety 
of plant toxins. Such information, together with knowledge about 
plant/animal interactions, will provide range and animal manag- 
ers with tools to use in preventing or reducing livestock losses to 
poisonous plants. 

Key Words: animal behavior, poisonous plants, neurobehavioral 
toxicology, cattle, sheep, operant analysis 

Partial support provided by the Utah Agr. Exp. Sta., Utah State Univ. Journal 
Paper 4157. Invited paper presented at the symposium “Ingestion of Poisonous Plants 
by Livestock,” SRM Annual Meeting, Reno, New. We gratefully acknowledge the 
cooperation of C. Arave, the technical assistance of T. Weber, and the encouragement 
given by J.C. Malechek. We dedicate this paper to the memory of Dr. Dave Ralph, 
who was an inspiration to each one of us. 

Manuscript accepted 28 May 1991. 

30 

Poisonous plant ingestion results in various well-documented 
symptoms in herbivores (Keeler et al. 1978), yet little research 
exists to document the impacts of plant toxins on animal behavior. 
Poisonous plants can impair ingestive and reproductive (sexual 
and maternal) behavior, thus reducing animal productivity. For 
example, sheep consuming locoweed (Astragalus or Oxytropis 
spp.) may have difficulty prehending forage (M. Ralphs, pers. 
comm.). Understanding behavioral effects is crucial to determine 
why animals ingest poisonous plants (Provenza et al. 1991), and 
implementing preventative measures. 

Behavioral toxicology is founded in pharmacology, toxicology, 
and the experimental analysis of behavior (Wiess and Laties 1975, 
Annau 1986, Hopper 1987). Behavioral toxicologists use concepts 
and methods from these fields to examine how toxins impact 
behavior (Thompson and Schuster 1968). The combined study of 
behavior and toxicology has gained legitimacy as a scientific disci- 
pline for 2 reasons (Weiss 1986): (1) toxins can profoundly and 
recognizably alter behavior; and (2) methods in experimental anal- 
ysis of behavior can be rigorously applied to problems in toxicol- 
ogy and pharmacology. 

Our objective in this review is to show how emerging principles 
from behavioral toxicology can be applied to an analysis of live- 
stock ingesting toxic plants by: (1) providing a rationale for study- 
ing behavior as altered by poisonous plants; (2) defining behavior 
and contrasting behavioral and morphological tests of toxicity; 
and (3) reviewing methods used in behavioral toxicology. 
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Why Study the Impacts of Plant Toxins on Behavior 
Ingestive behavior can be severely modified by plant toxins. 

Toxins can cause adverse post-ingestive consequences resulting in 
food aversions; food aversion learning is an important mechanism 
allowing herbivores to cope with poisonous plants (see Provenza et 
al. 1991). In the apparent absence of food aversion learning, cellu- 
lar damage caused by a toxin may alter subsequent food ingestion. 
For example, liver damage (cholestasis) alters food preferences in 
rats (Deems and Friedman 1988); this type of toxicity is commonly 
found in livestock consuming hepato-toxic plants. Some pharma- 
cological agents like amphetamine and nicotine selectively decrease 
or increase intake of specific nutrients in rats (Jias and Elliion 
1990); a number of plants contain nicotine or related alkaloids and 
amphetamine-like compounds. Plant-induced neuromuscular de- 
ficits also impact food ingestion as animals experience tremors or 
reduced motor activity; such deficits probably reduce efficiency in 
searching for and prehending forage. For example, cattle intoxi- 
cated from larkspur have periodic muscular seizures for 24 hours 
after ingestion of a sublethal dose, and food intake is reduced for 
up to 3 days post-dosing (Pfister et al. 1991). 

If a plant toxin causes cognitive (learning and memory) disabili- 
ties, then ingestive behavior may suffer, because animals require 
such abilities to: (1) discriminate pasture locations to graze based 
on previous grazing experience (Bailey and Rittenhouse 1988, 
Bailey et al. 1990); (2) relocate patches of food that have been 
previously sampled (Bailey et al. 1987, 1989); and (3) learn by 
imitation about what and where to forage (Thorhallsdottr et al. 
1990). We understand little about how cognitive impairments 
impact behavior, whether initiated in utero, early in life, or in 
adulthood. 

Plant toxins can also adversely impact reproductive behavior, 
including reductions in estrous behavior (Kaldas and Hughes 
1989), and male libido (Panter et al. 1989). Locoweed disrupts milk 
production, suckling behavior, and maternal-infant bonding in 
sheep following in utero exposure (Pfister, unpubl. data). 

Respondent and Operant Behavior 
To determine how normal behavior is modified by plant toxins 

requires an understanding of learning mechanisms used by differ- 
ent animal species in various environments. Two major types of 
learning behavior are characterized in the experimental analysis of 
behavior: respondent and operant conditioning (Mazur 1986). The 
first, called respondent, is usually a smooth muscle- or gland- 
mediated activity elicited by a specific antecedent event. For 
example, gut contractions and enzyme release are reflexively 
induced by food entering the stomach. If a signal, say a dinner bell, 
is consistently sounded just before food delivery, the sound alone 
will eventually come to elicit digestive activity. This pairing of food 
with an arbitrary stimulus, in this case the bell, was first systemati- 
cally investigated by Pavlov (1927) using dogs. Pavlovian, also 
called classical, conditioning is the procedure wherein a previously 
neutral stimulus (e.g., bell) becomes effective in eliciting a response 
(e.g., salivary secretion) as a result of being paired with an already 
effective stimulus (e.g., ,food presentation). Thus respondent con- 
ditioning is akin to an animal learning when or under what circum- 
stances some event will occur (Cabe and Eckerman 1982). Strength 
of conditioning is measured by amount of glandular output (e.g., 
saliva production) or latency (e.g., time from bell to peak activity). 

Respondent behavior can be contrasted with operant behavior, 
so-called because organisms operate on the environment and 
behavioral actions produce consequences. While respondent be- 
havior deals with innate or reflexive responses, operant behavior 
involves voluntary actions. Strength of operant conditioning is 
measured in terms of rate of the response, and the number of 

responses per unit of time can be manipulated by altering conse- 
quences. For example, if rate increases when followed by stimulus 
R, that stimulus is a reinforcer. If the rate decreases as a function of 
stimulus P, then we call that stimulus a punisher. If poking our 
finger in a light socket results in a severe shock, our rate of light 
socket poking may suddenly and permanently drop to zero. On the 
other hand if placing coins in a machine is followed on occasion by 
the delivery of many coins, the rate of coin insertion may increase 
and persist at that level for a long time. 

Toxins can affect both respondent and operant behaviors; and 
behavioral toxicologists establish normal behavior in the absence 
of a toxin and evaluate how respondent or operant behavior 
changes once a toxin is introduced to the animal. Can behavioral 
measures alone be used to evaluate how toxins affect animals, or 
should other measures be used in conjunction with behavioral 
measures? 

Behavior and Morphology 
Ingestion of toxic substances generally results in changes at the 

molecular, cellular, tissue, or organismal level. Traditionally, these 
changes have been measured using pathological evaluation of 
tissues, cells, and biochemical reactions. Pathological evaluations 
are often termed morphological tests because pathologists rely 
heavily on light or electron microscopy to detect and define animal 
responses to toxins. We include biochemical evaluations of toxic- 
ity with morphological tests for convenience in discussion. Con- 
versely, behavioral tests measure changes at the organismal level. 
Analyzing behavior is a means of evaluating an animal’s functional 
integrity, encompassing the sensory, motor, and cognitive (leam- 
ing and memory) abilities of the animal (Mello 1975, Tilson and 
Harry 1982, Cory-Slechta 1989). 

Do behavioral analyses have any advantages over morphologi- 
cal tests? Behavioral analysis of toxicosis can track the toxic pro- 
cess over time, while morphological measures generally observe 
toxicity at a single point in time (Weiss 1986). For example, in 
immature animals behavior is a more sensitive index of develop- 
mental injury than measures such as birth defects (Vorhees 1986). 
Examination of behavior may help identify cellular and molecular 
mechanisms (Koob and Bloom 1988). For example, larkspur 
(Delphinium spp.) poisoning has been thought to primarily affect 
the peripheral nervous system. However, recent work indicates 
that the plant has stimulant properties at low doses, implicating 
central nervous system (CNS) effects (Pfister et al. 1991). 

Although behavioral tests are often sensitive indicators of toxic- 
ity, morphological tests are also necessary (Norton 1978, 1982). 
Norton (1982) emphasized several principles when toxicity is eval- 
uated: (1) chemical and physical changes in cells govern all func- 
tional (i.e., behavioral) changes; (2) damage to an organ can result 
in functional damage; and (3) homeostatic mechanisms can obs- 
cure functional change, because of structural redundancy and 
tolerance. Tolerance, the compensation by body systems for a 
toxic insult, may obliterate behavioral changes in certain instances. 
Thus we emphasize that investigations of behavioral toxicology 
should concurrently examine behavioral and morphological indi- 
cators when possible. Table 1 indicates how animal responses to 
toxins in larkspur and locoweed might vary depending on the type 
of evaluation. 

Behavioral toxicology encompasses diverse ways of examining 
toxicity, and each level of explanation can shed light on the toxic 
process. At the organismal level, the site of action of ingested 
toxins is the behavioral function(s) that are altered; at tissue and 
cellular levels, the physiological process is the mechanism of action 
underlying the toxin’s effect on behavior (Thompson 1984). The 
focus in many behavioral toxicology studies is on the mechanism 
of action, with the behavioral analysis providing clues to the physi- 
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Tahoe 1. Predicted livestock responses to ingestion of larkspur and locoweed. 

Toxin’ 

Larkspur 

Locoweed 

Effect 

Pharmacological 

Toxicological 

Type Reversibility 

Acute Rapid 
F;Vuscular (houfs!days) 

Posslblly not 
or very slow 
(weeks/ months) 

Morphological 

Noneb 

Permanentd 

Changes 
Functional 

Reversible’ 

Permanent*/ reversible 

‘The toxins in larkspur are diterpenoid alkaloids; the alkaloid methyllycaconitine likely accounts for most of the toxic response (Manners et al. 199 1); the toxin in locoweed is the 
$doliridine alkaloid swainsonine. 
Larkspur intoxication produces no observable biochemical or morphological lesions in cattle or rats (D. Baker, Diplomate, American College of Veterinary Pathologists, pers. 

comm.). 
~Behavioral observations indicate that cattle intoxicated from larkspur recover within 36-72 hours (Ptiiter, unpublished data). 
When locoweed comprises 25% of the diet of sheep, kidney and CNS lesions are evident in less than 2 weeks (Van Kampen and James 1970). 

‘Permanency or reversibility of behaviorial changes is speculative, and probably depends on the severity of lesions and the circumstances under which behavior is examined. 
Apparently recovered ammals may display aberrant behaviors under stress (L.F. James, pers. comm.). 

ological processes that have been disrupted. In other studies, the 
behavioral analysis provides an index of toxicity. For example, 
diterpenoid alkaloids from larkspur leave no detectable biochemi- 
cal or tissue lesions in intoxicated animals, thus behavioral mea- 
sures may be the only means of accessing toxicity. Some plant 
toxins (e.g., locoweed) produce reversible lesions, and behavioral 
analysis can provide an assessment of toxicity as it occurs and 
disappears over time. 

The primary emphasis in behavioral toxicology studies is on 
how the toxin affects behavior, not on the behavioral responseper 
se (Glick and Goldfarb 1976). For example, the locoweed toxin, 
swainsonine, typically causes a reduction in feed intake (anorexia) 
when locoweed is eaten for days or weeks, but why this occurs is 
unclear. Although we typically don’t consider loss of appetite as 
beneficial, in sick animals anorexia can be an adaptive response to 
slow cell growth and differentiation (Hart 1988). Swainsonine’s 
anorectic effect may be mediated by changes in brain neuro- 
transmitter levels, alterations in brain structure, changed taste 
perceptions, reduced ability to prehend and masticate food, or 
through decreases in eating time, or some combination of the 
above. Concurrent behavioral and morphological tests can be 
employed to determine interactions of dose and duration, and 
determine the cause of adverse effects. 

Typically, the FOB contains numerous rodent tests which would 
be inappropriate for livestock. However, we suggest that screening 
tests with rodents are beneficial for evaluating unfamiliar plant 
substances in order to determine potential impacts on behavior. 
Such rodent tests can quickly and inexpensively provide an indica- 
tion of possible toxicity to livestock (Nelson et al. 1980). We refer 
the interested reader to Tilson et al. (1979), Tilson and Mitchell 
(1984), and Mitchell et al. (1982) for comprehensive reviews of 
screening techniques. 

Since gross motor activity is often of interest when livestock 
ingest plant toxins (Keeler et al. 1978), a maze may have particular 
utility. Simple mazes are useful in screening for presence or 
absence of toxic effects, while complex arrangements may be 
designed to examine learning and cognitive functions (Bailey et al. 
1987, Cory-Slechta 1989). Pfister (unpublished data) used a detour 
maze to examine learning deficits in sheep consuming locoweed. A 
detour maze has movable barriers which can be rearranged to 
provide an assessment of correct path acquisition and memory. 
Sheep that ingest locoweed for 30 days have more difficulty master- 
ing the maze when changes are made than do controls. 

How can behavioral tests evaluate toxic plant impacts on anim- 
als? Detecting adverse behavioral effects depends largely on the 
sensitivity and reliability of the chosen methods. In the following 
section, we examine research methods in common use. 

Besides using various screening tests, behavioral toxicologists 
also examine operant behavior, or how animals act when given 
rewards or punishment under different circumstances. Examina- 
tion of learned operant behavior is termed operant analysis; oper- 
ant analysis has proven to be one of the more powerful techniques 
for detecting and examining toxic effects on animals. 

Operant Analysis 
Methodology in Behavioral Toxicology 

Methods in behavioral toxicology can be characterized as exa- 
mining either learned or unlearned respondent or operant behav- 
iors. Screening tests are simple evaluations of toxicity and gener- 
ally rely on unconditioned (unlearned) behaviors. Walking in an 
open field or a maze is an example of unlearned operant behavior 
(Mitchell 1982), while smooth muscle activity in the presence of a 
stimulus is an example of unlearned respondent behavior. Taste 
aversion learning is an example of learned respondent behavior, 
since the animal learns that a flavor is linked with nausea and then 
avoids the flavor in subsequent encounters. Pressing a button or 
breaking a beam of light to gain a feed reward is an example of 
learned operant behavior. Learned operant behavior is often used 
to evaluate complex behavior dealing with learning and memory 
(Cory-Slechta 1989). 

Operant analysis examines acquisition of behavior, or animal 
learning (Reynolds 1975). Learning is examined as animals are 
tested under controlled circumstances. As animals learn, responses 
change depending on the consequences. Responses may be pushing 
buttons, or pressing a lever; a consequence may be delivery of a 
food pellet, or absence of food. Researchers can manipulate poten- 
tial consequences to increase or decrease animal responses (e.g., 
how often a cow must press a lever to gain a grain reward). 
Manipulating behavior by altering consequences is termed schedule- 
controlled behavior, because the consequences control how often 
responses will be made. 

Screening Tests 
Screening tests are observational or simple mechanical tests that 

can rapidly determine the presence or absence of behavioral 
effects. A battery of such tests (functional observational battery, 
FOB) is often used to screen for toxic effects (Moser et al. 1988). 

Schedules of reinforcement are rules for determining which 
responses among many will be reinforced (Ferster and Skinner 
1957). Since operant behavior is selected and maintained by conse- 
quences, altering the pattern of available consequences is a major 
independent variable for manipulating behavior (Laties 1982). 
Reinforcement procedures, by definition, strengthen or increase 
the rate of behavior (Reynolds 1975). Food, sexual activity, and 
water often serve as positive reinforcers; however, the evidence of 
such depends upon the increased or sustained rate of the behavior 
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(Hart 1985). Food offered to a satiated animal may not increase the 
rate of the response upon which the food is contingent. 

There are numerous examples of operant behavior in all live- 
stock. We present one simple example to illustrate operant behav- 
ior and schedule-controlled responses. Cattle are often watered 
individually using a water bowl, with water flow regulated by a 
metal panel; depressing the panel delivers a burst of water into the 
bowl. Naive but thirsty cattle quickly learn to press the panel with 
their nose if access to water follows. This operant behavior (panel 
pressing) is a function of its consequences (water delivery into a 
bowl). With no water delivery into the bowl, the animal would 
cease to press the panel. The pattern and rate of nose pressing 
depend on the degree of deprivation and the schedule of water 
delivery. The pattern and rate of presses that a cow will make will 
be altered if by chance the water-delivery system malfunctions, and 
water is available only after every third or fifth press. If the water 
bowl were only functional for 30 set during every 5 min period, a 
different pattern of responding by a thirsty cow would eventually 
emerge. The point is that consequences control operant behavior, 
as water delivery (reinforcer) controls nose presses (responses). 
Operant responding gradually becomes very predictable and stable 
as animals learn a particular schedule (i.e., discover rules govern- 
ing presentation of reinforcers). 

Because schedule-controlled behavior is stable and consistent, 
deviations from stability can indicate the effects of toxins in plants. 
Examination of schedule performance in the presence and absence 
of a drug or toxin can provide indications of the toxic effect. 
Following the establishment of a stable behavioral baseline the 
animal can be exposed to the toxin and deviations in responding 
from baseline are then examined. Typically, subjects are used as 
their own controls in that the drug is given, then removed and 
baseline reestablished, then another dose of the drug administered, 
and baseline reestablished. This is called a reversal design within 
subjects. 

There are several reasons why operant analyses are widely used 
in behavioral toxicology: (1) electronic technology allows for 
automated data collection and analysis under many different sche- 
dules with several subjects simultaneously, thus reducing bias and 
errors introduced by human observers; (2) animals can be trained 
to respond in virtually any manner within that species’capabilities 
and physical limitations (e.g., lever press rapidly or slowly; small or 
great amounts of force; pausing or not); (3) operant procedures 
provide sensitive baselines for ascertaining the effects of many 
types of toxins in short- or long-term studies (McMillian and 
Leander 1976, Laties 1982); (4) relatively few animals are needed as 
subjects, and their behavior can be studied intensively (Laties and 
Wood 1986); and (5) each animal can serve as its own control, 
which increases sensitivity. 

Operant Procedures 
A continuous reinforcement schedule is one in which every 

response is followed by the reinforcer. Continuous reinforcement 
is generally used only during initial training when satiation is not 
critical. Intermittent schedules reinforce some responses according 
to the number of responses emitted or the time since last reinforcer. 
These are called ratio and interval schedules. Under fixed-interval 
(FI) schedules, only the first response after a specified interval of 
time is reinforced. FI schedules generally produce a curvilinear 
pattern of responding (Fig. l), with low rates early in the interval 
and higher rates toward the end. Variable interval schedules make 
reinforcers available after unpredictable amounts of time. Fixed 
ratio (FR) schedules specify that reinforcement follow a fixed 
number of responses. Any fixed ratio payoff produces high and 
very stable rates of responding, sometimes punctuated with pauses 
after each reinforcement event. Variable ratio (VR) schedules are 
similar to the type used in slot machines and generate high rates of 
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responding which show great resistance to extinction. Numerous 
other schedules are possible, including combinations of schedules 
(Ferster and Skinner 1957). 
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Fig. 1. Examples of 2 operant reinforcement schedules typically used in 
behavioral toxicology studies: (a) FI (fixed interval schedule): Y-axis 
indlcatcs number of responses (breakhtg of a light beam with nose) by 
cattle; X-axis indicates time in 0.1 min increments. Every response after a 
time interval was reinforced. Reinforcements (e.g., 3-set access to grain) 
are shown as a diagonal slash lfne. Fixed interval schedules typically 
produce a series of scalloped shaped lines, as animals respond slower 
early in the interval, and increase response rate as the interval nears 
completion. (b) FR (fixed ratio schedule): X-and Y-axes as above; every 
response after a fixed number is reinforced; the steeper the vertical slope 
of the response line, the faster the rate of responding; a horizontal 
response line indicates a pause by the animal. High rates of responding as 
shown here are typical of FR sebedules. 

An initial examination of toxicity often involves either an FI or 
FR schedule, or both (Laties 1982, Laties and Wood 1986). Sche- 
dules of reinforcement are of paramount importance in evaluating 
toxic effects in animals because the schedule dictates the pattern of 
responding and therefore largely determines if a behavorial altera- 
tion can be detected (McMillan and Leander 1976, Sieden and 
Dykstra 1977). The base rate of responding is the pattern and rate 
established by the animal under no drug circumstances. As noted 
above, animals on FR schedules develop high rates of responding, 
while those on FI schedules typically show low rates of responding 
early in the interval and accelerating rates near the end. Because of 
these characteristic patterns of responding, FR and FI schedules 
show differential sensitivity to toxic compounds (Laties and Wood 
1986). Several generalities have emerged from years of behavioral 
testing with drugs: (1) schedules with high baseline rates of 
responding generally show reduced rates after drug administra- 
tion. This is true across a broad range of drug classes such as 
stimulants, narcotic agents, hallucinogens, cholinergic blockers, or 
agonists (Seiden and Dykstra 1977, Katz 1990), and even lead 
intoxication (Cory-Slechta 1984); and (2) schedules such as FI, 
with temporal patterns of responding, generally show an increased 
rate of responding early in the interval, and a decreased rate late in 
the interval after drug administration (McMillan and Leander 
1976, Seiden and Dykstra 1977, Laties and Wood 1986, Katz 
1990). Overall (i.e., average) response rate may not be altered when 
considered over an entire session but pattern and interresponse 
times may vary. Reliance on rate only during an experimental 
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session may obscure important serial patterns of responding 
(Weiss et al. 1989). 

Use of Operant Analysis with Livestock 
Operant analysis has been successfully used with many livestock 

species, including cattle (Albright et al. 1966, Arave et al. 1983), 
horses (Myers and Mesker 1960), goats (Baldwin 1979a), sheep 
(Baldwin 1981), and pigs (Baldwin 1979b). Most livestock studies 
have not been concerned with toxicity, but with questions about 
discriminatory abilities, such as differentiating between the urine 
odor of cohorts (Baldwin 1977), or distinguishing among various 
visual shapes or colors (Baldwin 1979a). In a toxicological analy- 
sis, Van Gelder and colleagues (Sandler et al. 1969, Sandler et al. 
1971, Van Gelder 1973a,b; Van Gelder 1975) used operant condi- 
tioning to examine sheep behavior after exposure to lead or insec- 
ticides. They found that sheep exposed to insecticides showed 
reduced ability to detect an auditory signal. 

We are currently using operant procedures to examine larkspur 
intoxication. The toxins in tall larkspur are diterpenoid alkaloids 
that probably block acetylcholine (ACh) receptor sites at the neu- 
romuscular junction (Benn and Jacyno 1983). Our primary objec- 
tives are to determine doses of larkspur that cause behavioral 
alterations but not overt clinical signs of toxicosis, and to examine 
potential antidotes. For example, we plan to examine the drug 
neostigmine, an anticholinesterase drug (ACh agonist in the peri- 
pheral nervous system), for its ability to reverse the effects of 
larkspur alkaloids (Nation et al. 1982). Cattle responses during 
baseline and intoxicatgd conditions are presently being monitored 
in operant chambers using both FR and FI schedules (Pfister et al. 
1991). 

We have also initiated a behavioral study of chronic locoweed 
intoxication. The toxin swainsonine in locoweed inhibits enzymes 
responsible for cell&r glycoprotein processing resulting in cellu- 
lar destruction in various tissues (James et al. 1989), including the 
cerebellum (Hartley et al. 1989). The cerebellum plays a crucial role 
in controlling movement, judging time, and learning (Leiner et al. 
1989), and cerebellar lesions can disrupt simple learned motor 
actions (Kandel and Schwartz 1985). Behavioral analysis of 
locoweed-induced CNS intoxication can help answer questions 
about dose-response relationships and long-term persistence of 
intoxication. We are evaluating the effects of stress in intoxicated 
sheep which display no overt symptoms of loco poisoning, and 
examining the interaction between degree and reversibility of 
intoxication in sheep consuming locoweed in a cyclic pattern. 
Sheep are responding in operant chambers under FI and FR 
schedules (Pfister, unpublished data). 

Taste Aversion Learning as an Index of Toxicity 
Conditioned taste aversions (CTAs) (Garcia et al. 1985, see also 

Provenza et al. 1991 and Ralphs 1991) have also been proposed as a 
sensitive means of testing compounds for toxicity (Riley and Tuck 
1985, Miller and Eckerman 1986). In this paradigm, the degree of 
taste aversion is gauged by the reduction in intake of a food, when 
food flavor has been paired with adverse gastrointestinal conse- 
quences. Alternatively, CTAs can be used to determine if a particu- 
lar toxic compound interferes with the acquisition of an aversion, a 
test of learning and memory (Miller and Eckerman 1986). For 
example, pyrrolizidine alkaloids found in Senecio spp. cause liver 
lesions, and hepatic damage can alter food preferences (Smith et al. 
1976), and may affect acquisition of CTAs. We could expose cattle 
to Senecio spp., and after liver damage is confirmed by biopsy, the 
animals could be tested for ability to develop a CTA, then retested 
periodically to assess retention of the CTA. 

Numerous toxic compounds are effective in inducing taste aver- 
sions, while other putative and known toxins do not produce 
aversions (Riley and Tuck 1985). A necessary element in establish- 

ing CTA is stimulation of the emetic center in the brain stem. Such 
activity appears to reduce the hedonic value of the food (Garcia et 
al. 1985). Little work has been done to determine how effectively 
plant toxins establish CTAs. Larkspur alkaloid extracts cause 
muscular paralysis and death at high doses (Olsen 1978), and can 
cause CTAs at lower doses (Olsen and Ralphs 1986). Pfister and 
Cheney (unpublished) found that both low and high alkaloid doses 
were effective in creating both food aversions and place aversions 
in hamsters. Although the exact mechanism is unclear (Pfister et al. 
1990), they speculated that larkspur-caused CTAs are partially 
conditioned by the cardiovascular system. Because taste aversions 
play a key role in herbivores learning to avoid toxic plants, eluci- 
dating how CTAs are formed is critical in understanding why 
animals eat poisonous plants. Thus, studies of taste aversion learn- 
ing should be part of any test battery used to evaluate toxicity 
(Riley and Tuck 1985). However, it seems unlikely that the CTA, 
paradigm will successfully detect toxicity of all compounds, simply 
because some toxins do not stimulate the emetic center (e.g., 
cyanide, strychnine). 

Summary 

Behavioral toxicology is an important combination of toxicol- 
ogy, pharmacology, and behavioral analysis that shows great 
promise for elucidating the effects of plant toxins on livestock. A 
broad goal of behavioral toxicology is to develop principles that 
apply across a range of plant and animal species. Such principles 
would indicate the ingestive or reproductive response by animals 
after exposure to a particular class and dose of toxins. Knowledge 
about behavioral responses, coupled with other information on 
plant/animal interactions, will provide range and animal manag- 
ers with predictive tools for use in preventing or reducing losses to 
toxic plants. What contributions can behavioral toxicology make 
to range and animal managers dealing with toxic plant problems? 

The following examples illustrate how behavioral toxicology 
can answer questions important to livestock producers. Anecdotal 
evidence from ranchers with locoweed problems indicates that 
ewes consuming locoweed are poor mothers, and that lambs from 
these ewes may be “stupid”, that is may not suckle normally at 
birth, and may be less productive than “normal”cohorts. We have 
found (Pfister and Astorga, unpubl. data) that locoweed consump- 
tion during gestation severely reduces maternal-infant bonding at 
parturition, and that lambs from ewes do not suckle normally at 
birth. We are presently evaluating the learning ability of lambs 
from intoxicated ewes. Many livestock producers believe that once 
cattle, horses, or sheep consume an intoxicating dose of locoweed, 
the animal will never fully recover. If true, this means that such 
animals should be culled, as they can never be brought back to a 
fully productive status. We are examining this question of residual 
toxicity using operant analysis, and hope to be able to provide 
recommendations about dose-duration interactions and normality 
of previously intoxicated animals. How do livestock perceive tox- 
ins in range plants? Can livestock learn to avoid plants based on 
smell from a toxic consituent? Again, operant analysis can be used 
to determine discriminatory abilities of animals in relation to toxic 
compounds. Can mineral supplements or feed additives be used to 
decrease the susceptibility of cattle to larkspur? One can determine 
how larkspur affects behavioral responses of individual animals, 
and then determine how responses change with the additional of 
mineral (or other substances in question) to the diet. We conclude 
that behavioral toxicology research can answer numerous impor- 
tant questions about livestock and poisonous plants. 
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Abstract 

Our objective is to develop explanations for why herbivores 
ingest poisonous plants by first discussing how herbivores learn to 
select diets, by then considering mechanisms that enable herbi- 
vores to ingest phytotoxins, and by flnaliy developing hypotheses 
about why herbivores overingest phytotoxins. Animals learn 
about foods through 2 interrelated systems: affective and cogni- 
tive. The affective system integrates the taste of food and its posthr- 
gestive feedback; this system causes changes in the intake of food 
hems, depending on whether the postingestive feedback is aversive 
or positive. The cognitive system integrates the odor and sight of 
food and its taste; animals use the senses of smell and sight to select 
or avoid specific food items. We further divide cognitive experien- 
ces into 3 categories: learning from mother, learning from conspe- 
ciflcs, and learning through trial and error. Physiological and 
conditional responses enhance the ability of animals to ingest 
phytotoxins. Physiological mechanisms include binding the com- 
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pound before it can exert its action, metabolizing the compound so 
it cannot exert its action, and tolerating the compound. Condi- 
tional responses complement physiological responses and further 
decrease herbivore susceptibility to toxins by preparing the animal 
for the effects of the toxin. Herbivores are likely to overingest 
poisonous plants when any of the aforementioned systems fail. For 
example, the affective system is likely to fail when phytotoxins 
circumvent the emetic system, when aversive postingestive conse- 
quences are delayed temporally and positive consequences during 
the delay are pronounced, and when toxicosis is accompanied by a 
change in environmental context. Likewise, cognitive systems are 
likely to fail when animals are unable to distinguish subtle molecu- 
lar changes that render nontoxic plants toxic, when toxins in 2 or 
more plants interact, and when herbivores are unable to differen- 
tiate nutritious from toxic phmts as a result of being placed in an 
unfamiliar environment. We conclude that a thorough understand- 
ing of affective and cognitive systems, and the specific conditions 
under which these systems fail, will be necessary in order to under- 
stand why herbivores ingest foods that do them harm. 

Key Words: taste, odor, sight, postingestive feedback, in utero, 
mother’s milk, social learning, trial and error learning, preingestive 
experiences, detoxification, plant toxins, toxic plants, classical 
conditioning 
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Assuming that herbivores have no desire to commit suicide, it is 
indeed curious that they overingest toxic plants (e.g., Fowler 1983, 
Cheeke and Shull 1985). To discover why herbivores ingest plants 
that do them harm, it is necessary to understand the challenges they 
face. while foraging and the variables that control diet selection. 
Foraging environments present challenges to herbivores because 
nutrients and toxins vary temporally and spatially, not only among 
plant species, but within individual plants as well. Herbivores meet 
the challenge of selecting nutritious foods and avoiding toxic ones 
through learning (Provenza and Balph 1990). Our objective is to 
develop explanations for why herbivores fail to learn about phyto- 
toxins under certain conditions. To do so, we first discuss how 
herbivores learn to select diets; we then consider mechanisms that 
enable herbivores to ingest toxins; and we conclude by developing 
hypotheses about why herbivores overingest phytotoxins. 

How Herbivores Learn to Select Diets 

Animals process information about foods through 2 interrelated 
systems: affective and cognitive (Garcia 1989). Taste plays a prom- 
inent role in both systems (Fig. 1). The affective system integrates 

1 Affective Processes Coanitive Processes I 

positive+ increase intake 

4 

positive+sight, smell 

Ip 

feedback 
A 4 

postingestive <-TASTE HP seek 
feedback avoid 

4 ?JI f 
negative+ decrease intake negative+sight, smell 

feedback 

Fig. 1. Schematic representation of affective and cognitive processes in 
diet selection. The affective system begins with and integrates the Me of 
food with postingestive feedlwck. This system causes changes in the 
intake of food items that depend on whether the postingestive feedback is 
aversive or positive. The net result is incentive modifcation. The cogni- 
tive system integrates the odor and sight of food and its taste. Animals 
use the senses of smell and sight to detect subtle differences in foods and 
to select or avoid specific food items. The net result is behavior 
modification 

the taste of food with postingestive feedback. This system causes 
changes in the intake of food items that depend on whether the 
postingestive feedback is aversive or positive. The net result is 
incentive modification. On the other hand, the cognitive system 
integrates the odor and sight of food with its taste. Animals use the 
senses of smell and sight to differentiate among foods, and to select 
or avoid foods whose postingestive feedback is either positive or 
aversive. The net result is behavior modification. Cognitive expe- 
riences can be further divided to include use of the senses of sight 
and smell to learn from mother, learn from conspecifics, and learn 
through trial and error. Together, affective and cognitive processes 
provide flexibility for animals to maintain homeostasis as their 
nutritional needs and environmental conditions change (Provenza 
and Balph 1990). 

The anatomical and physiological mechanisms underlying affec- 
tive and cognitive systems have been fairly well established (Garcia 
et al. 1982, 1985; Castellucci 1985; Kupfermann 1985a,b). Taste 
afferents converge with visceral afferents in the solitary nucleus of 
the brain stem. The solitary nucleus has bidirectional connections 
with the area postrema which is thought to monitor nutrients and 
toxins directly in the blood stream and indirectly through visceral 

afferents (Garcia y Robertson and Garcia 1987). Taste and visceral 
afferents from these structures proceed to the limbic system, where 
the hypothalamus and related structures maintain homeostasis in 
the internal environment through the endocrine system, the auto- 
nomic nervous system, and the neural system concerned with 
motivation and drive (i.e., incentive modification). Higher cortical 
centers interact with the hypothalamus through the limbic system, 
and regulate the internal environment primarily by. indirect action 
on the external environment (i.e., behavior modification). These 
alternative means of regulating the internal environment generally 
function in parallel. For example, the taste of food is adjusted 
according to that food’s effect on the internal environment; on the 
basis, animals use thalamic and cortical mechanisms to select foods 
that are nutritious and avoid those that are toxic. In what follows, 
we review what is known or suspected about the abilities of herbi- 
vores to relate food flavors (taste plus odor) with postingestive 
feedback, and to differentiate among foods based on preingestive 
experiences. 

Affective Processes: Relating Foods with Postingestive Feedback 
Conditioned Food Aversions 

There are well supported theoretical arguments, and there is 
growing empirical evidence, that learned aversions are an impor- 
tant aspect of food selection in animals (Lindroth 1988, Provenza 
and Balph 1990). Indeed, learned food aversions have been demon- 
strated using a diverse array of compounds (Riley and Tuck 1985), 
in species as phylogenetically and ecologically diverse as garter 
snakes and tiger salamanders; quail, blackbirds, bluejays, and 
crows; rats, opossums, and mongooses; coyotes and timber wolves; 
goats, sheep, and cattle; olive baboons and humans (see reviews by 
Barker et al. 1977; Zahorik and Houpt 1977,1981; Braveman and 
Bronstein 1985; Provenza and Balph 1988, 1990). Such observa- 
tions suggest that learning is important in preventing fatal phyto- 
toxicosis in nature. 

Herbivores have physiological mechanisms to counter phyto- 
toxins (see next section), and if the capacity of these detoxification 
systems is exceeded, mammals become ill and may die. However, 
mammals usually adjust intake to avoid intoxication. To do so, 
they must sample foods to determine when the concentrations of 
toxins change as a result of growth processes and previous herbi- 
vory (Bryant et al. 1983; Freeland and Janzen 1974, Westoby 1974, 
1978). Sheep (Thorhallsdottir et al. 1987, Burritt and Provenza 
1989a, du Toit et al. 1991 b), goats (Provenza et al. 1990, Distel and 
Provenza 1991), and cattle (Pfister et al. 1990) sample foods and 
regulate their intake of nutritious plants that contain toxins. If 
toxicity decreases, the taste of the plant is no longer paired with 
aversive postingestive feedback. Any nutritional value the plant 
provides will cause intake of the plant to increase. In contrast, 
intake decreases as the toxicity of the plant increases. 

Animals may regulate their intake of potentially toxic foods 
through aversive feedback from the emetic system of the midbrain 
and brainstem (i.e., area postrema), which is the same system 
responsible for nausea and vomiting in humans. The emetic system 
can be stimulated through many means, which include the cardio- 
vascular system, cerebrospinal fluid, and visceral afferent nerves 
(Borison 1986, Davis et al. 1986, Grahame-Smith 1986, Kostenand 
Contreras 1989). Feedback from the emetic system need not 
involve any cognitive association or memory of aversive postinges- 
tive consequences. Thus, aversive feedback can occur even while 
the animal is anesthetized (Roll and Smith 1972, Bermudez- 
Rattoni et al. 1988), deeply tranquilized (Forthman Quick 1984), 
or when its electrocortical activity is depressed (Buresova and 
Bures 1973, Davis and Bures 1972). It is imperative that the emetic 
system function with long temporal delays between food ingestion 
and postingestive feedback, and while animals sleep, because digestion 
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and absorption can be slow processes and prolonged rest often 
follows a meal. 

The senses of taste and smell play important, but somewhat 
different, roles in preventing toxicosis (Garcia and Holder 1985, 
Garcia et al. 1985, Garcia 1989). Animals must relate the taste of a 
food with aversive postingestive feedback before smell becomes 
important (Fig. 1). Once animals relate taste with internal malaise, 
the odor of the food can provide an indication of whether or not its 
chemical characteristics have changed. The different roles of odor 
and taste are further illustrated by the fact that a novel odor must 
be followed immediately by aversive feedback to produce strong 
odor aversion learning, but strong aversions to novel tastes can be 
conditioned even when aversive feedback is delayed up to 12 hours 
(Rozin 1976, Zahorik and Houpt 1981, Burritt and Provenza 
1991a). When odor is combined with a distinctive taste, however, 
the conditioning associated with the odor is enhanced markedly. 
This effect, called potentiation, reflects the fact that a previously 
weak odor cue becomes a strong associative cue when it is pre- 
sented in conjunction with taste (Rusiniak et al. 1979,1982, Holder 
and Garcia). 

Conditioned Food Preferences 
Learned preferences based on positive postingestive feedback 

are undoubtedly important for herbivores, but there is little 
information concerning this hypothesis (Provenza and Balph 1987, 
1990). Research concerning conditioned food preferences has 
involved primarily rats, and the results clearly indicate that rats eat 
more foods of nonnutritive flavors that are paired with: (I) calories 
(Messier and White 1984, Booth 1985, Mehiel and Bolles 1984, 
1988, Simbayi et al. 1986); (2) recovery from nutritional defic- 
iencies (Garcia et al. 1967, Zahorik et al. 1974); and (3) recovery 
from postingestive distress (Green and Garcia 1971, Sherman et al. 
1983). Sheep develop a strong preference for nonnutritive flavors 
that are paired with glucose over nonnutritive flavors that are 
paired with the nonnutritive sweetener saccharine (Burritt and 
Provenza 199 1 b). This preference can best be attributed to positive 
postingestive feedback for 2 reasons. First, lambs exhibit equal 
preference for the glucose and the saccharin solutions on initial 
exposure; and second, lambs do not develop an aversion to the 
saccharine solution during conditioning. Lambs also develop 
strong preferences for poor quality foods (e.g., straw) paired with 
recovery from amino acid deficiency, and they develop aversions to 
diets deficient in various amino acids (Rogers and Egan 1975, Egan 
and Rogers 1978). Cattle also apparently develop a preference for 
supplemental protein blocks when ingesting forages low in protein 
(Provenza et al. 1983). Mechanisms such as those described below 
may enable herbivores to quickly associate specific foods with their 
postingestive feedback, and to form preferences for those that 
produce positive consequences. 

In ruminants, byproducts of microbial fermentation such as 
volatile fatty acids and ammonia probably affect conditioned food 
preferences, as do pancreatic hormones such as insulin. Levels of 
portal and jugular blood metabolites, such as volatile fatty acids, 
/I-hydroxybutyrate, and insulin, increase within 15 min after rumi- 
nants start eating (Thye et al. 1970, Evans et al. 1975, Chase et al. 
1977, deJong 1981). Blood flow through the ruminal artery 
increases within 30 to 60 set after feeding begins, and peaks about 
15 min later (Barnes et al. 1986). Although the onset and termina- 
tion of meals do not appear to be controlled by volatile fatty acids 
(deJong 1985, Baile and McLaughlin 1987), receptors in the liver 
that respond to propionate may affect feeding behavior through 
afferent fibers between the hepatic plexus and the brain (Anil and 
Forbes 1980). The viscera of ruminants are richly supplied with 
sensory receptors and afferents to the brain (see review papers in 
Milligan et al. 1986), and neurally mediated signals from the liver 
affect conditioned flavor preferences and food intake in rats (Tor- 

doff and Friedman 1989). In addition, brain-gut hormones such as 
cholecystokinin, which affects food intake in rats (Dourish et al. 
1989) and ruminants (deJong 1985, Baile and McLaughlin 1987), 
may also influence preference in rats (Mehile and Bolles 1988) and 
ruminants. 

A single nutrient, compound, hormone, or organ is not likely to 
have a dominant role in producing conditioned food preferences, 
considering the variety of nutrients needed by animals. Rather, 
many mechanisms are likely to be involved, as with the control of 
food intake (deJong 1985) and conditioned food aversions (Grahame- 
Smith 1986). Nor is there any reason to believe that herbivores 
should maximize the intake of any particular nutrient on a daily 
basis throughout life, given that animals can withstand wide depar- 
tures from the normal average intake of energy-rich substances, 
nitrogen, various minerals, and vitamins (Booth 1985). Thus, it is 
not realistic to expect to consistently find correlations between 
various nutrients in plants and diet selection by herbivores (Wes- 
toby 1974, Arnold and Dudzinski 1978). Rather, homeostatic regu- 
lation needs only some increasing tendency, as a result of a deficit 
of some nutrient, to generate behavior to correct the disorder. 
Extreme states should cause herbivores to search for foods that 
rectify nutrient deficiencies and to form preferences for such foods. 

Cognitive Processes: Differentiating Among Foods Based on 
Preingestive Experiences 

Cognitive (preingestive) experiences involve the use of the senses 
of sight and smell to differentiate among foods (Fig. 1). Such 
experiences alone can influence the development of dietary habits 
when they involve use of the senses of sight and smell to: (1) learn 
from mother, (2) learn from conspecifics, and (3) learn through 
trial and error. Cognitive experiences interact with affective (post- 
ingestive) experiences to further determine diet selection in 
herbivores. 

Learning from Mother 
The inefficiency and risk of error associated with learning about 

foods solely through trial and error based on postingestive feed- 
back could provide selective pressure for herbivores that feed in 
mixed-generation groups to rely on social learning. Through social 
learning, foraging information can be passed from experienced to 
inexperienced foragers, initially from mother to offspring. The 
effect of a mother on her offspring’s dietary habits apparently 
begins in utero and may continue long after weaning. 

Many compounds in plants quickly cross the placenta from 
mother to fetus (e.g., Smotherman and Robinson 1987, Keeler 
1988), and animals may associate food flavors and gastrointestinal 
consequences while in utero (Hepper 1989). Thus, what is learned 
in utero and from mother’s milk about flavors undoubtedly has 
both affective and cognitive elements. Rats form preferences for 
(Hepper 1988) and aversions to (Stickrod et al. 1982, Smotherman 
1982) food flavors based on experiences in utero, and there are 
sensitive periods for learning in utero (Hill and Przekop 1988). The 
fetal taste system of lambs is functional during the last trimester of 
gestation (Bradley and Mistretta 1973), and fetal taste experiences 
may affect adult food preferences in herbivores such as goats, 
sheep, and cattle (Bradley and Mistretta 1973, Hill and Mistretta 
1990, Nolte et al. 1991). Foods ingested by mother also influence 
the flavor of her milk (Bassette et al. 1986), which subsequently 
affects preferences for solid foods in rats (Galef and Sherry 1973, 
Capretta and Rawls 1974) and ruminants (Morrill and Dayton 
1978, Nolte and Provenza 1992). Thus, the food preferences of 
young livestock are being conditioned before they ever begin to eat 
solid food-. 

As young herbivores begin to forage, learning efficiency is 
increased when they learn which foods to eat and which foods to 
avoid from their mothers. For example, lambs whose mothers have 
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learned to avoid a food that causes postingestive distress learn to 
avoid that food more quickly than lambs reared without their 
mothers (Burritt and Provenza 1989a; Mirza and Provenza 1990, 
199la,b, see also Galef 1985a). Likewise, lambs learn to ingest 
foods preferred by their mothers more rapidly than lambs reared 
without their mothers (Mirza and Provenza 1990,1991a,b; Thor- 
hallsdottir et al. 199Oa; Nolte et al. 1990). Such socially mediated 
feeding behavior fosters foraging traditions in social animals 
(Hunter and Milner 1963, Lynch 1987, Key and MacIver 1980, 
Roath and Krueger 1982). 

Learning from Conspecifics 
Social learning theory predicts that the most important models 

for a young animal are its mother and young companions (Ban- 
dura 1977). Clearly, mother has a marked effect on the establish- 
ment and persistence of her offspring’s dietary habits (e.g., Key and 
MacIver 1980; Lynch et al. 1983; Green et al. 1984; Lynch 1987; 
Thorhallsdottir et al. 1990a,b; Nolte et al. 1990; Mirza and Pro- 
venza 1990,1991a,b). As a young animal ages, however, it depends 
less on its mother for milk, and a mother apparently has less 
influence on her offspring’s dietary habits (Hinch et al. 1987; Mirza 
and Provenza 1990, 1991a). Thus, as its mother’s influence 
decreases, the influence of a young animal’s young companions 
probably increases. 

Young lambs markedly influenced one another’s intake of food. 
For instance, averted lambs increase ingestion of C. montanus 
when foraging with nonaverted conspecifics on pastures (10% of 
time spent ingesting C. montanus for averted lambs versus 19% of 
time for nonaverted lambs), even though ingestion of C. montanus 
was previously associated with the toxin lithium chloride in the 
averted lambs (Provenza and Burritt 1991). The results of Pro- 
venza and Burritt (1991) contrast sharply with results of Burritt 
and Provenza (1989b, 1990), where averted and nonaverted lambs 
grazed on separate pastures. In those studies, averted lambs spent 
much less time browsing C. montanus than nonaverted lambs 
(summer of 1987,0.2% to 0.4% versus 15% to 35% for averted and 
nonaverted lambs, respectively; summer of 1988,0% to 0.2% ver- 
sus 3% to 26% for averted and nonaverted lambs, respectively). 
Social influences have also ameliorated aversions in sheep fed a 
pelleted diet in pens (Thorhallsdottir et al. 199Oc), in cattle grazing 
on pastures (Lane et al. 1990, Ralphs and Olsen 1990), and in rats 
(Galef 1985b, 1986). The capacity of such interactions to amelio- 
rate food aversions suggests that social influences are a major 
determinant of diet selection in social animals. 

The effects of group composition (heterogeneous versus homo- 
geneous for treatments) during conditioning also affected the use 
of C. montanus by lambs in the studies of Provenza and Burritt 
(1991). During conditioning, lambs in the heterogeneous groups 
were averted to C. montunus in the presence of lambs that were 
eating C. montanus. In the homogeneous groups, however, all 
lambs were averted to C. montanus during conditioning. After 
conditioning, when the lambs were foraging on pastures, lambs in 
the heterogeneous groups spent significantly more time browsing 
C. montunus than lambs in the homogeneous groups (e.g., trial 2, 
11% versus 4%; trial 3, 17% versus 3%; trial 4,43% versus 28%). 

Learning through Trial and Error 
Learning from social models decreases the risk inherent in leam- 

ing through trial and error if young animals remember foods and 
sample novel foods cautiously. Young herbivores can remember 
foods with either aversive (Distel and Provenza 1991, Lane et al. 
1990, Burritt and Provenza 1990) or positive (Distel and Provenza 
1990, Green et al. 1984, Squibb et al. 1990) postingestive conse- 
quences for at least 1 to 3 yr. To avoid overingesting potentially 
toxic foods, young animals should also be able to identify novel 
foods and they should sample them cautiously, which is character- 

istic of sheep and goats (Chapple and Lynch 1986; Chapple et al. 
1987a,b; Thorhallsdottir et al. 1987, 199Oa; Burritt and Provenza 
1989a; Provenza et al. 1990). Animals that experience either 
unpleasant or pronounced positive postingestive consequences 
should attribute those consequences to novel rather than familiar 
foods, which is how sheep and goats behave after they receive as 
many as 4 familiar foods and 1 novel food, and a delay between 
ingestion and consequences of up to 6 hours (Burritt and Provenza 
1989a, 199la; Provenza et al. 1990). Herbivores must also sample 
foods, even familiar foods in familiar environments, because the 
nutrient content and toxicity of plants change frequently. When 
the toxicity of a plant diminishes, its flavor is no longer paired with 
aversive postingestive feedback, and any nutritional value the 
plant provides will cause intake of the plant to increase. 

How Herbivores Are Able to Ingest Phytotoxins 

Several mechanisms enhance the ability of animals to ingest 
phytotoxins. Physiological mechanisms include: (1) binding the 
compound before it can exert its action, (2) metabolizing the 
compound so it cannot exert its action, and (3) tolerating the 
compound (see reviews in this proceedings, Lindroth 1988). In 
addition, Siegel (1975) argues that conditioning is important. 
According to Siegel (1975), some ability to safely ingest phytotox- 
ins results from an association of the effects of the compound with 
those environmental cues that reliably precede the effects. Thus, 
conditional responses complement physiological responses and 
further decrease herbivore susceptibility to toxins. 

Physiological Responses 
Binding 

The ability to ingest potentially harmful phytochemicals could 
result from a systemic change within the animal which causes the 
compound to be bound before it exerts its action. For example, the 
size of parotid salivary glands, and their production of proline-rich 
proteins, increases in response to diets high in tannins in rats 
(Mehansho et al. 1983). Proline-rich salivary proteins apparently 
are a primary defense of rats against the adverse effects of tannins. 
They may serve the same function in some herbivores by forming 
tannin-protein complexes that pass inactively through the gas- 
trointestinal tract (Robbins et al. 1987, Austin et al. 1989). 

Metabolizing 
Exposure to toxins may increase an animal’s ability to metabol- 

ize the compound. In ruminants, the response involves organs such 
as the liver and rumen, as well as rumen microbes (Allison and 
Rasmussen 1991, Smith 1992). The liver can decrease the toxicity 
of compounds absorbed from the gastrointestinal tract by increas- 
ing or decreasing enzyme production, multiplication of specific 
organelles, or by increasing growth of the entire organ (Schulte- 
Hermann 1979). Phytochemicals such as terpenes and oxidized 
sterols induce enzymatic activity and liver growth (Wade et al. 
1968, Wattenburg et al. 1976, Shulte-Hermann 1979). Pyrrolizi- 
dine alkaloids can be detoxified via ester hydrolysis, or activated 
via dehydrogenation to toxic pyrrolic metabolities (Mattock 
1985). Ruminal metabolism may be the primary defense against 
some toxins, and the ability of rumen papillae and wall tissue to 
detoxify many compounds may exceed that of the liver (Smith 
1986). In addition, microbial species change rapidly to enable 
ruminants to ingest various phytotoxins (Allison 1978, Allison and 
Rasmussen 1991). Rumen microbes reduce the toxicity of oxalates, 
cyanide, and pyrrolizidine alkaloids (Allison 1978, Smith 1986). 
Work with Leucuena leucocephalu in Australia also illustrates that 
new microbial species can enhance detoxification by ruminants 
(Jones and Megarrity 1983, 1986), and genetic engineering may 
produce microorganisms capable of degrading specific plant tox- 
ins (C. Orpin, pers. comm.). 
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Tolerating 
The role of tolerance in diet selection by herbivores is unknown, 

but it may be important. Tolerance is defined operationally as 
either the reduced effect of the same dose of a toxin on subsequent 
ingestion, or a need to increase the dosage to maintain the same 
level of effect (Adler and Geller 1984). Research on tolerance 
emphasizes drugs like morphine, heroin, and alcohol, and involves 
the closely related phenomenon of dependence. Dependence is 
defined operationally as the series of events associated with chronic 
abuse of a drug, including the potential for abuse and the potential 
for behavioral and physical signs of abstinence. Tolerance and 
dependence are not inextricably linked (Adler and Geller 1984), 
thus an animal could develop a tolerance for a toxin without also 
developing a dependence on the toxin. Despite the lack of a clear 
understanding of the mechanisms responsible for tolerance and 
dependence, they are qualitatively different from those involving 
binding and metabolism. 

Variability in Physiological Responses 
Animals within a species vary in their ability to ingest phytotox- 

ins. Variation exists among individuals in herbivores (Dove 1935, 
Arnold and Dudzinski 1978) and in humans (Weiss 1986), where a 
significant proportion of the population is generally hypersuscept- 
ible to a toxin. For example, some sheep fed a high (2.5X) level of 
Galega officinalis failed to show any clinical symptoms of toxico- 
sis, while others were killed by a low (1.0X) dose (Keeler et al. 
1988). Sheep show comparable variation in susceptibility to Ver- 
besina encelioides (Keeler et al. 1992), and goats show similar 
variation in susceptibility to condensed tannins in Coleogyne 
ramosissima (Provenza et al. 1990). Differences in ability to bind, 
metabolize, and tolerate phytotoxins may help to explain variation 
in diet selection among individuals. Such variation forms the basis 
for natural selection, which can result in subpopulations of herbi- 
vores who differ in their abilities to ingest phytotoxins that occur in 
different environments within the range of species (Provenza and 
Balph 1990). 

Conditional Responses 
Classical Conditioning 

Learning facilitates changes in behavior in response to changes 
in environmental conditions. One learning mechanism, that of 
classical conditioning elaborated by Pavlov (1927), involves re- 
sponses that are generated reflexively. For example, a metronome 
elicits salivation in dogs when it is reliably followed by food. Such 
responses involve both unconditional and condition reflexes. An 
unconditional reflex consists of an unconditional stimulus (e.g., 
food) and the unconditional response (e.g., salivation) it evokes. A 
conditional reflex consists of a conditional stimulus (e.g., metro- 
nome) and the conditional response (e.g., salivation) it evokes. 
Such stimulus-response relationships pair previously neutral sti- 
muli with the unconditional stimulus. 

Some argue that the purpose of such conditioning is to prepare 
animals for the unconditional stimulus (Chance 1988). For exam- 
ple, when a dog responds to a metronome by salivating, the dog 
prepares to digest the food. The pairing of objects or events, 
whether accidental or intended, can lead to conditional responses 
that involve organs, glands, smooth muscles, and even immune 
processes (Ader and Cohen 1985). Odors, sights, and sounds asso- 
ciated with food play a similar role in daily life. Such conditional 
responses are influenced by at least 5 different factors including: (1) 
animal morphology, (2) animal physiology/ biochemistry, (3) 
animal developmental history, (4) stimulating objects, and (5) 
environmental context (Kuo 1967). 

Classical Conditioning and Toxicosis 
Environmental stimuli associated with foraging could prepare 

herbivores to ingest phytotoxins. Pavlov (1927) viewed the admin- 

istration of a drug as a conditioning trial; the pharmacological 
assault constitutes the unconditional stimulus and the antecedent 
environmental cues serve as the conditional stimuli. The direction 
of conditional response to drugs is commonly opposite to that of 
the unconditional response, which serves to decrease the net effect 
of the drug over time. For example, the unconditional response to 
morphine decreases sensitivity to pain, while the conditional 
response to stimuli associated with morphine injection increases 
sensitivity to pain. Repeatedly presenting stimula associated with 
morphine administration effectively reverses morphine tolerance, 
which suggests the response is conditional (Siegel 1975). Likewise, 
conditioning moderates the normal effects of alcohol (Lightfoot 
1980). 

Why Herbivores Ingest Phytotoxins 

We believe herbivores overingest toxic plants because affective 
and (or) cognitive systems fail. The following section concerns 
situations in which the affective system is likely to fail as a result of: 
(1) phytotoxins evading the emetic system, (2) interactions between 
aversive and positive postingestive consequences, or (3) changes in 
environmental context. In addition, we discuss how cognitive sys- 
tems may fail when herbivores are unable to distinguish: (1) subtle 
molecular changes that render nontoxic plants toxic, (2) toxins in 2 
or more plants, or (3) nutritious versus toxic plants in familiar or 
unfamiliar environments. 

The division between affective and cognitive processes is some- 
what artificial because they are so tightly coupled in foraging: when 
the affective system fails, the cognitive system is likely to play some 
role in the deficiency, and when the cognitive system fails, the 
affective system is likely to be responsible in part. Thus, our intent 
is not necessarily to draw a clear distinction between the 2 pro- 
cesses, but to focus attention on the system that appears to be most 
responsible for the inability of herbivores to learn to avoid phyto- 
toxins. The examples illustrate how herbivores may inadvertently 
overingest phototoxins and are presented as working hypotheses. 

Affective Processes: Relating Foods with Postingestive Feedback 
Circumventing the Emetic System 

Herbivores may readily ingest some toxic plants and avoid some 
nontoxic plants, because not all toxic compounds cause aversive 
postingestive feedback and some nontoxic compounds produce 
aversive feedback (Garcia et al. 1985, Gamzu et al. 1985, Riley and 
Tuck 1985, Provenza et al. 1988). Any physiological, emotional, or 
perceptual event, or any chemical agent that affects the emetic 
system of the midbrain and brainstem presumably causes aversive 
feedback (Garcia 1989). Drugs such as lithium chloride, which 
affect the emetic system (Coil et al. 1978), cause strong food 
aversions but only weak place aversions in rats (Lett 1985). Con- 
versely, compounds like gallamine, which causes neuromuscular 
blockage, or naloxone, which blocks the action of endogenous 
opiates on pain, cause strong place aversions but only weak food 
aversions in rats (Lett 1985). Likewise, drugs such as nembutal, 
strychnine, and cyanide affect the nervous system and metabolic 
processes, but not the emetic system, and thus do not cause condi- 
tioned food aversions (Garcia et al. 1985). Nor do animals neces- 
sarily learn to avoid foods that cause allergies, bloating, or lower 
intestinal discomfort, again because stimulation of the emetic sys- 
tem apparently is essential for producing conditioned food aver- 
sions (Pelchat et al. 1983, Garcia et al. 1985, Garcia 1989). 

Aversive versus Positive Consequences 
Research on conditioned preferences and aversions clearly sug- 

gests that the intake of food depends on postingestive feedback. 
Thus, the question arises: What happens when there are immediate 
positive but delayed aversive postingestive feedback, as when live- 
stock ingest nutritious poisonous plants such as Delphinium bar- 
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beyi? Small amounts of D. barbeyi enhance ruminal fermentation, 
forage intake, and digestion (Pfister et al. 1989), and consumption 
of D. barbeyi by cattle generally increases over a 2-to 4-day period 
before declining dramatically (Pfister et al. 1990). Alkaloids from 
D. barbeyi apparently accumulate in vivo and have maximum 
aversive effects in 2 to 4 day (J.D. Olsen, personal communication). 

Such findings lead to the following hypothesis: the longer the 
delay between food ingestion and aversive postingestive feedback, 
and the higher the proportion of positive to aversive postingestive 
feedback during that time, the more likely livestock will sample 
and continue to ingest the food. This is consistent with the fact that 
an aversion to a food increases with severity of the illness, and 
decreases the longer the delay between food ingestion and illness 
(Garcia et al. 1974, Burritt and Provenza 1991a, duToit et al. 1991). 
Undoubtedly, any positive feedback during that time increases the 
preference and weakens the aversion for the food. 

Changing Environmental Context 
Environmental stimuli can elicit conditional responses to toxins 

in rats, and survival following heroin overdose improves if expo- 
sure to heroin occurs in the same environment (Siegel et al. 1982). 
Rats, with or without previous experience with heroin, were given 
a strong dose of heroin either in a familiar or a novel setting. The 
dose was lethal for 32% of the experienced rats in a familiar 
environment, 64% of the experienced rats in a unfamiliar environ- 
ment, and 96% of the inexperienced rats in an unfamiliar environ- 
ment. Siegel and Ellsworth (1986) cite a cancer patient who died 
when injected with morphine in a different room; the patient had 
tolerated the same dose when injected every 6 hours for 4 weeks in a 
familiar room. Likewise, social drinkers are more impaired when 
they drink ethanol at unusual times or in different settings (Dafters 
and Anderson 1982, Jones 1974, Shapiro and Nathan 1986, Siegel 
and Sdao-Jarvie 1986). 

Given these findings, it is possible that herbivores may die from 
ingesting otherwise harmless amounts of plant toxins when envi- 
ronmental context changes. The relevant contextual cues in the 
case of herbivores may include anything from specific plants, to 
grazing cohorts, to foraging environments. Unfortunately, little is 
known about the role of context in toxicosis of herbivores because 
research most often focuses on specific independent variables, and 
neglects the larger and more diffuse but very relevant contextual 
aspects of treatment settings. 

Cognitive Processes: Differentiating Among Nutritious and Toxic 
Foods 
Molecular Changes that Render Nontoxic Plants Toxic 

Herbivores have well-developed visual, olfactory, and gustatory 
faculties (Goatcher and Church 1970a,b; Arnold and Hill 1972; 
Arnold et al. 1980; Grovum and Chapman 1988), but in some cases 
they may not detect or respond to changes in plant chemistry 
associated with toxicity. For example, Burritt and Provenza 
(1989a) determined whether lambs would avoid a novel food (mile) 
even though the toxin lithium chloride (LiCl) was administered to 
them through a familiar food (barley). Lambs first received barley 
treated with sodium chloride (NaCl) for 3 weeks. In daily trials 
following the barley-NaCl exposure, lambs first received milo and 
then received barley treated with LiCl. Lambs stopped consuming 
milo, but did not reduce barley consumption, even though the 
barley contained the LiCl. Thus, the lambs either did not detect or 
did not respond to the differences between the LiCl- and NaCl- 
treated barley. The ability of herbivores to detect subtle molecular 
changes that affect toxicity could be ascertained by using operant 
techniques in discrimination trials (Pfister et al. 1992). 

Subtle changes in plant chemistry can render nontoxic plants, 
toxic, and in some instances herbivores may not detect or respond 
to such changes. Slight stereochemical differences in condensed 

tannins render shrubs such as Purshia tridentata less aversive than 
shrubs such as Coleogyne ramosissima (Clausen et al. 1990, Pro- 
venza et al. 1990). Teratogenicity of steroidal alkaloids is deter- 
mined by the position of the nitrogen (a vs. p) in the ring structure 
(Keeler 1984). The toxic alkaloid methyllycaconitine in Delphinium 
brownii becomes inactive when the aromatic ester group is 
removed (Aiyar et al. 1979). Centaurea spp., implicated in equine 
neurotoxicity, contain sesquiterpene lactones of which repin is 3 to 
4 times more toxic than its C-17 isomer subluteolide (Riopelle et al. 
1991). The toxicity of Stypandra imbricata varies by region in 
Australia; toxic populations contain binaphtalene-tetrol named 
stypandrol, while nontoxic populations contain stypandrone, the 
oxidative form of the stypandrol precursor dianelliden (Colegate et 
al. 1991). 

Concentrations of phytotoxins can change dramatically within 
hours as a result of diurnal fluctuations (Fairbainand Suwal1961), 
or within minutes due to environmental changes such as rainfall 
(O’Dowd and Edgar 1989). Moreover, toxicity can change rapidly 
even though the concentration of a class of compounds like alka- 
loids does not. When individual diterpenoid alkaloids of Delphi- 
nium barbeyi change, apparently in response to rainfall, cattle 
consume more of the plant and mortality increases, although rain- 
fall has not yet been linked directly with larkspur ingestion (Pfister 
et al. 1988a,b). Further, the proportions of individual pyrrolizidine 
alkaloids shift rapidly, and also vacillate between the nontoxic 
N-oxide form and the toxic free-base forms (Mattock 1985, 
ODowd and Edgar 1989). Pyrrolizidine alkaloids change rapidly 
from the tertiary to the N-oxide form as the seeds of Crotalaria 
scassellatii develop (Toppel et al. 1988). 

Toxins in 2 or More Plant Species 
It may be difficult for herbivores to associate toxicity with a 

specific food when the same toxin exists in more than 1 food, or 
when 2 or more compounds in different foods interact to cause 
toxicity. For instance, goats and deer ingest many plant species 
that are high in tannins (e.g., Provenza and Malechek 1984, Rob- 
bins et al. 1987, Provenza et al. 1990); how they limit intake of 
tannins under such conditions is unknown. Herbivores also 
encounter synergistic effects. Research is needed to determine the 
specific conditions under which toxicosis is likely to occur when 
the same toxin exists in more than 1 food, or 2 or more compounds 
in different foods interact to cause toxicity. For instance, sheep 
that consume Cicuta spp. may then be more susceptible to the 
compounds in Verbesina encelioides (Keeler et al. 1992). Various 
Astragalus and Oxytropis species contain toxic nitro compounds 
(miserotoxins) and selenium, which have synergistic effects on 
toxicity (Williams 1989). Sheep that consume Artemisia nova 
before Tetradymia glabrata are predisposed to photosensitization 
(Johnson 1974a,b). Photosensitization is not likely to cause a food 
aversion because the consequences do not involve the emetic sys- 
tem, but the hepatic dysfunction associated with ingesting these 2 
plant species might cause a conditioned food aversion. 

Under some circumstances, animals can learn to ingest plants 
that will minimize the effects of 1 or more toxins. To do so, 
herbivores need only associate aversive consequences with 1 of the 
plants containing toxic compounds. For instance, goats can detect 
differences in condensed tannin concentrations in different plant 
parts, and reduce intake of either or both plant parts to limit 
overall intake of condensed tannins (Provenza and Malechek 1984, 
Provenza et al. 1990, Distel and Provenza 199 1). In addition, mice 
allowed to chose between a tannin-containing and a saponin- 
containing food ingest an amount of each such that toxic effects are 
minimized (Freeland et al. 1985). Toxicity occurs when mice are 
forced to consume a diet containing predetermined proportions of 
both compounds. 
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the prevention, of intake of poisonous plants by herbivores. 

Experience early in life may affect consumption of poisonous 
plants during adulthood. A mother that avoids poisonous plants 
during gestation, lactation, and when her offspring are learning to 
forage, may teach the young to avoid the plants (Thorhallsdottir et 
al. 1990b; Mirxa and Provenza 1990, 199la,b). The opposite 
behavior by the mother may predispose her offspring to ingest the 
plants. Rats prenatally exposed to alcohol voluntarily consume 
more alcohol as adults (Molina et al. 1987). Livestock exposed 
during gestation to putative addicting plants, such as Astragalus 
and Oxytropis, may respond similarly. Young livestock also prefer 
solid foods whose flavors were in mother’s milk (Morrill and 
Dayton 1978; Nolte and Provenza 1972), and may be predisposed 
to eat poisonous plants whose flavors are transferred through her 
milk (Panter and James 1990). Social models influence food inges- 
tion by young livestock (Chapple et al. 1987b; Thorhallsdottir et al. 
1990a,b,c; Nolte et al. 1990, Mirza and Provenza 1990, 199la,b), 
and young animals are probably predisposed to ingest toxic plants 
preferred by the mothers. Conspecifics can cause animals to ingest 
foods that have been paired with toxicity (Lane et al. 1990, Thor- 
hallsdottir et al. 199Oc, Provenza and Burr&t 1991). Young animals 
are apparently more susceptible to social influences than older 
animals, and the fewer alternative forages available, the more 
likely herbivores will ingest harmful foods ingested by conspecifics 
(Thorhallsdottir et al. 199Oc). 
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Abstract 

Animals can be trained to avoid eating specific foods by offering 
them the food and subsequently administering an emtic to induce 
nausea. The animal associates the taste of the food with the 
induced illness and subsequently avoids eating that food. Conditi- 
oned food aversion (CFA) is a potential tool to prevent livestock 
poisoning from palatable and abundant poisonous plants. Cattle 
have been trained to avoid eating tall larkspur (Delphinium bar- 
beyi L. Huth), a particularly troublesome poisonous plant. How- 
ever, several factors influence the acquisition and retention of food 
aversions under field grazing conditions. The age and sex of an 
animal may influence its ability to form and retain aversions. 
Novelty of the plant and the intensity of the induced illness deter- 
mine the strength of the aversion. Social facilitation or peer prea- 
sure motivates animals to sample the averted food, and the aver- 
sion will extinguish if it is not reinforced. Generalizing the aversion 
created under controlled conditions in a pen, to a complex vegeta- 
tion community in the field, may be difftcult for some animals. If 
these obstacles can be overcome, CFA may be an effective tool to 
reduce the risk of poisoning on poisonous plant infested rangeland. 

Key Words: food aversion, poisonous plants, De@hinium bar- 
beyi, livestock grazing 

Animals learn preferences for foods (Provenza et al. 1990). We 
can refine their learning process and teach them to avoid eating 
specific troublesome poisonous plants through the process of con- 
titioned food aversion (CFA). The process is fairly simple: animals 
are offered a food, they smell it, eat it, and then are given an emetic 
to induce nausea. An association is made between the taste of the 
food and the induced illness, and the animal will subsequently 
refuse that food. 

Controlled conditions are generally required where a single feed 
is ingested and associated with the induced illness. For this, reason 
natural aversions to many poisonous plants are not likely because 
large generalist herbivores graze many plants over an extended 
feeding period and are not likely to associate an illness with a 
particular plant (Zahorik and Houpt 1977). There is evidence, 
however, that native animals are less likely to be poisoned than are 
newly introduced animals (Everist 1981, Provenza et al. 1990), 
which suggests that animals may form some natural aversions 
through trial and error learning. 

Conditioned food aversion is more than the animal recognizing 
the specific food that made it sick and subsequently avoiding it 
(Pelchat and Rozin 1982). There is a hedonic shift or a change in 
palatability, making that food distasteful. The neural convergence 
theory suggests that afferent nerves of the olfactory, gustatory, 
visceral systems converge in the emetic centers of the midbrain and 
brain stem. If illness information is conveyed by the visceral system 
along the same pathway recently activated by the olfactory and 
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gustatory system, flavor-illness associations are formed (Garcia et 
al. 1985). The animal need not be conscious during the association, 
since aversions are readily formed in anaesthetized and uncons- 
cious animals (Bermudez-Rattoni et al. 1988). Aversions can also 
be formed with emetic doses low enough that overt signs of nausea 
are not apparent. The hedonic shift suggests that the food no 
longer “tastes good” and the animals avoid eating it. 

Since food aversions are easy to establish (a single pairing of a 
flavor with an induced illness will form a strong aversion to that 
flavor), CFA has been used as a model to elucidate principles of 
learning (Braveman and Bronstein 1985). There has been limited 
application of CFA to reduce coyote and wolf predation on lives- 
tock and rodent depredation on crops (Gustavson and Gustavson 
1983, in treatment of alcoholism (Nathan 1985) and eating dis- 
orders (Logue 1983, and in preventing anorexia in cancer patients 
treated with chemotherapy or radiology (Bernstein 1985). 

Zahoric and Houpt (1977, 1981) were the first to try CFA on 
livestock and found that cattle, sheep, goats, and horses are able to 
form food aversions under controlled conditions. Provenza and his 
associates (1987) have developed principles of both positive and 
aversive conditioning of sheep under pen feeding and pasture 
grazing conditions. Our early research demonstrated that cattle 
have the neurophysiological mechanisms to form and retain food 
aversions over extended periods (Olsen and Ralphs 1986). 

Conditioned food aversion is a potential tool to prevent live- 
stock from ingesting poisonous plants that are palatable, abund- 
ant, and cause persistent poisoning problems (i.e., larkspur, lupine, 
locoweed, timber milkvetch, bitterweed, death camas, and ponde- 
rosa pine needles). CFA will probably not be effective on poison- 
ous plants that are unpalatable, or occur sporadically in space or 
time. The extenuating circumstances which force livestock to eat 
unpalatable poisonous plants (overgrazing, drought, storms) would 
likely overcome the aversion. 

I will illustrate the process of creating an aversion to tall larkspur 
(Delphinium barbeyi L. Huth), and our attempts to maintain the 
aversion in field grazing situations. I will discuss some of the 
principles and obstacles which must be overcome to maintain 
aversions in a complex vegetative community, and in a social 
context of grazing within a herd. I will conclude with several 
recommendations for future research needed to resolve these 
obstacles in order to make CFA a practical management tool. 

Averting Cattle to Tall Larkspur 

We selected tall larkspur as a prototype to determine if aversion 
could be created and reduce the incidence of poisoning. Tall lark- 
spur is the most important poisonous plant problem on mountain 
cattle ranges. It is a native pristine species that grows in dense 
patches on snowdrift sites in big sagebrush, aspen, and subalpine 
plant communities. It is both palatable and acutely toxic to cattle 
and causes persistent losses ranging up to 10% in some herds. 
Cattle apparently do not form natural aversions to larkspur 
(Marsh and Clawson 1916, Pfister et al. 1988), and other manage- 
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ment alternatives are limited. Factors Affecting Persistence of Aversions 
Yearling Hereford heifers that had grazed on larkspur-infested 

rangeland as calves were purchased and trained to eat in self- 
locking stanchions. Fresh larkspur plants collected in the field were 
offered to the heifers. Prior to the offering, blind rumen fistulae 
were installed in each animal through which a catheter was inserted 
into the rumen. A tube was attached to the catheter to infuse the 
emetic directly into the rumen while the animal was eating the 
plant, to avoid any association between the induced illness and the 
handling process or taste of the emetic. If the heifer consumed any 
amount of larkspur, she was dosed intraruminally with lithium 
chloride (LiCl) at a rate of 100 mg/kg body weight, in an 8% 
isotonic solution. Regular feed was withheld for the remainder of 
the day to avoid any interference between the taste of larkspur and 
the illness. This procedure was repeated at 2-or 3day intervals for 
a total of 5 offerings. Total aversion to larkspur was obtained 
following 2 or 3 infusions of LiCl in the pen feeding trial (Olsen et 
al. 1989). 

The averted group and nonaverted control heifers were then 
taken to the field to larkspur-infested rangeland. The 2 groups were 
placed in separate but adjacent pastures and diets were quantified 
by bite count. The aversion to larkspur persisted in the conditioned 
group while the control heifers ate larkspur for up to 25% of their 
diets (Lane et al. 1990). The averted heifers were held over to the 
next year and returned to the mountain pasture to see if the 
aversion would persist. They abstained from eating larkspur while 
they remained in a separate pasture. 

Although aversions are easy to establish, we found they are 
sometimes difficult to maintain. Aversions depend on the hedonic 
value or palatability of a food. Unfortunately, palatability is not a 
fixed property, but varies according to experience and physiologi- 
cal state of the animal (Garcia et al. 1977, Galef 1988). Subtle 
differences in plant chemistry and/ or phenology may also alter the 
odor/taste of the plant, thus changing its attractiveness to the 
animal. Sampling a food without adverse consequences will posi- 
tively shift the hedonic value of that food and rapidly extinguish an 
aversion (Logue 1985, Garcia et al. 1956). Thorhallsdottir et al. 
(1987) averted lambs to different feeds by mixing the emetic in the 
food. However, the aversion was never complete, and lambs con- 
tinued to sample small amounts of the tainted feed at subtoxic 
levels. When the emetic was removed, consumption of the feed 
increased. Unless the toxin is an indigenous component of the 
food, the aversion must be complete to prevent +ampling. 

Learning Ability 
The ability to learn is as varied among animals as it is in humans. 

Smith (1985) discussed the variability of rats to learn and retain 
aversions to saccharine solutions. Some extinguished the aversion 
rapidly, while others retained it over the 15day trial. Smith con- 
cluded that rats differ in their sensitivity to either the taste cue of 
the food, the intensity of illnes induced by the emetic, or their 
ability to learn the taste and illness relationship. 

The next part of the experiment determined if the aversion 
would persist in a mixed group grazing situation with other heifers 
that were avidly eating larkspur. The averted heifers abstained for 
the first part of the grazing period. However, as they socialized 
with the control heifers, they began to sample larkspur. When 
negative consequences were not forthcoming, they continued to eat 
and the aversion eventually extinguished (Lane et al. 1990). We 
concluded that social facilitation (peer pressure) has a very strong 
influence on foods animals will sample. 

Drugs 

We next sought to strengthen the aversion in an effort to over- 
come the effects of social facilitation (Ralphs and Olsen 1990). A 
new group of heifers were averted to larkspur and were then 
subjected to peer pressure of nonaverted heifers eating larkspur in 
controlled pen feeding trials. They were infused with LiCl when- 
ever they sampled larkspur in the group feeding trial. We further 
increased the social pressure by feeding larkspur in the common 
manger with all averted and nonaverted heifers competing for the 
food. The averted heifers maintained the aversion under this severe 
pressure for 4 days. On the last day of the trial, 2 averted heifers 
took a few bites and were treated with LiCl. These heifers learned 
that even though other animals ate larkspur, they would get sick if 
they tried it. 

Any chemical or physiological state which affects the upper 
gastrointestinal tract or the emetic center of the brain can serve as 
the unconditioned stimulus in creating an aversion (Garcia and 
Holder 1985). Riley and Tuck (1985) reviewed the literature and 
listed 56 drugs (including some toxins) which have been effective in 
creating aversions. Lithium chloride (LiCl) is widely used in behav- 
ioral studies with animals and in human clinical applications. It 
causes nausea without dangerous side effects. The method of 
administering LiCl (mixed in food, gavaged, subcutaneous or 
intrapartiniel injections) appear equally effective in creating an 
aversion (Nachman and Ash 1973, Shumake et al. 1982). Cyclo- 
phosphamide and thiabendazole are also commonly used to create 
aversions. Irradiation with low level radiation treatments was used 
extensively in the past to cause nausea in aversion trials. We also 
experimented with larkspur alkaloids as the emetic agent and 
found they were as effective as LiCl in creating an aversion to 
alfalfa pellets in cattle (Olsen and Ralphs 1986). However, natural 
aversions to larkspur are generally not formed because of the 
difficulty of associating illness to a particular plant among many, 
which animals consume during an extended grazing period. 

Dose 

The strengthening procedure was successful in maintaining the 
aversion in a group feeding situation while the heifers remained in 
the pen environment similar to the one in which the aversion was 
created. However, when the heifers were taken to the field, the 
aversion extinguished as they grazed with nonaverted heifers. 
These heifers were unfamiliar with the mountain grazing environ- 
ment and the aversion was not strong enough to withstand peer 
pressure in a new environment. 

When the heifers were returned to the pen (the original environ= 
ment where the aversion was created), the aversion resumed, and 3 
of 4 heifers refused to eat larkspur in the group feeding situation. 
Food aversions are more likely to be expressed in environments 
similar to where they were created. Generalizing aversions to dif- 
ferent environment (i.e., the field) may be difficult, particularly for 
animals not familiar with the grazing environment. 

The strength of the aversion and its resistance to extinction 
varies with the intensity of the induced illness (Dragoin 1971, Testa 
and Ternes 1977). The intensity of the induced illness creates 
feedback to the brain and is associated with the taste of the food. 
Increasing doses of LiCl (increasing intensity of illness) increased 
the strength and retention of aversions in rats and sheep (Nachman 
and Ashe 1973, du Toit et al. 1990). Total aversion was obtained 
from doses of 130 and 150 mg/ kg body weight respectively. Shu- 
make et al. (1982) created aversions in wild Philippine rats using 
LiCl at 36, 105, and 375 mg/ kg body weight. The aversion extin- 
guished in the groups given 36 and 105 mg/kg, but the aversion 
persisted over the 28day trial in the group given 375 mg/ kg. The 
lethal dose of LiCl to cattle lies somewhere between 250 and 500 
mg/ kg body weight (Johnson et al. 1980). Although aversions can 
be formed with low doses of emetics, higher levels which create 
intense illness are required to maintain long lasting aversions. 
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Taste Cue 
Novelty and intensity of the taste cue (conditioned stimulus) are 

also important in acquiring and retaining an aversion (Testa and 
Ternes 1977, Nachman et al. 1977, Rozin and Kalat 1971). Taste 
elicits the orienting response to a new food (Garcia 1989). There- 
fore, the more novel or unique the taste, the stronger is its associa- 
tion with the induced illness (Best and Barker 1977). 

It is difficult to form aversions to familiar foods. Foods that have 
not caused harm in the past are not expected to do so, and fall into 
a “learned safety’* status (Kalat and Rozin 1973). The learned 
safety status must be “unlearned” or overcome to form an aversion. 
As little as 1 lengthy exposure or several short exposures to a food 
prior to pairing it with an emetic is detrimental to forming an 
aversion (Best and Barker 1977). Several pairings of taste with 
illness are required to form aversions to familiar foods, and aver- 
sions that do form extinguish more rapidly (Fenwick et al. 1975, 
Olsen and Ralphs unpublished data). 

The food must be ingested to form an association with illness. 
The odor of the food, or mere tasting it without ingestion is not 
sufficient to form an aversion (Revusky et al. 1976, Domjan and 
Wilson 1972). However, the smell, followed by taste and subse- 
quent ingestion, forms a strong compound stimulus which is asso- 
ciated with the illness. Thereafter, the smell alone is sufficient to 
cause the animal to avoid the food without having to taste it. 

Aversions can be formed with long delays (up to 12 hours) 
betwen the taste cue and the induced illness (Garcia et al. 1966); 
however, aversions are stronger when the cue and consequence are 
in close proximity. The strength of the aversion declines when the 
interval goes beyond about 4 hours (Burritt and Provenza 199Oa, 
Andrews and Braveman 1975). 

Hunger 
Food deprivation prior to conditioning has little direct influence 

on forming aversions (Revusky et al. 1980). Hungry animals may 
eat more during conditioning, thus enhancing the flavor stimulus 
(Braveman and Crane 1977). 

On the other hand, hunger during testing or extinction trials can 
reduce the strength of the aversion (Grote and Brown 1973, Wel- 
lman and Boissard 1981). Hungry animals eat even though the 
food has been associated with illness and “tastes” bad. Sampling 
without adverse consequences will rapidly extinguish the aversion. 
A choice of 2 foods during testing eliminates the forced consump- 
tion of the averted food, and thus is a more sensitive measure of the 
aversion (Grote and Brown 1973, Dragoin 197 1). A single food test 
is a severe test of the aversion. 

Animals are also likely to sample foods that are constantly 
available to them (Zajonc 1968). Offering an averted food intermit- 
tently in test trials is more likely to preserve the aversion than 
offering the food free choice. 

Social Facilitation 
Galef (1988) defined social facilitation as “the initiation of a 

particular response, already in an animal’s repertoire, when shown 
in the presence of others engaging in that behavior.“Zajonc (1965) 
described it as the sights and sounds of others doing the same thing, 
which augments the ongoing response. Social facilitation has been 
the most important factor inhibiting the retention of an aversion to 
larkspur in our mixed grazing trials. Burritt and Provenza (1989) 
also reported that some lambs extinguished aversions to mountain 
mahogany when grazing in the presence of nonaverted lambs. 

Several other studies report the influence of social facilitation in 
extinguishing aversions. Thorhallsdottir et al. (199Oa) averted 
lambs and ewes to calf man&. When offered only calf mannaR (no 
choice of feeds), both lambs and ewes extinguished the aversion. 
The ewes appeared to be more resistant to social facilitation when a 

choice of feed was offered. Gustavson and Gustavson (1985) 
reported that raccoons preying on chickens could be averted when 
they consumed dead chickens containing LiCl. The aversion effec- 
tively generalized to live chickens and persisted for 8 months. 
However, during that time, kits were born and matured. When the 
kits were exposed to live chickens, the kits killed the chickens and 
began eating them. Within 30 min, the averted adults began eating 
the chickens, and subsequently returned to killing chickens. Galef 
(1986) reported that rats made nauseous after eating a novel food, 
ate substantial amounts of the averted food following interaction 
with conspecifics which had eaten that food. He concluded that 
“rats will abandon, to a greater or lesser extent, reliance on infor- 
mation it personally has collected concerning the value of potential 
foods, in favor of information acquired from others.” In rats, 
humans, and other animals, social influence is an important 
determinant of diet selection (Rozin and Zellner 1985). Thus, 
aversions are likely to be difficult to maintain in a mixed group 
feeding or grazing situation. 

Age 
Learning ability varies with age. Livestock may learn to forage 

most efficiently around the time of weaning (Provenza and Balph 
1988). Thereafter, acceptance of new foods declines as animals 
mature (Squibb et al. 1990). However, the inquisitive character of 
young animals in sampling new foods may be a liability in main- 
taining an aversion. For example, weanling and preweanling rats 
form weaker aversions and extinguish faster than adults (Gua- 
nowsky et al. 1983, Steinert et al. 1980, Springer and Fraley 198 1, 
Franchina and Horowitz 1982). Several possibilities have been 
suggested for the inability of young rats to retain aversions. Ana- 
tomical, chemical, and physiological development of the central 
nervous system is not complete until around the time of weaning. 
Therefore, young rats may have difficulty encoding taste and 
illness stimuli, associating effects, and withholding appropriate 
behaviors (Franchina and Horowitz 1982). Young rats are also less 
neophobic and more willing to sample new foods (Steinert et al. 
1980). Kovalcik and Kovalcik (1986) reported that heifers may be 
able to learn about feeds more quickly than mature cows, yet their 
long-term memory is less stable. Thorhallsdottir et al. (199Oa) 
presented conclusive evidence that lambs extinguished aversions to 
calf mannaR in a 2-choice social facilitation trial, while their moth- 
ers retained the aversion. Aversions created in mature animals may 
be more resistant to extinction than in younger animals. 

Context of Learning 
All learning occurs in a cognitive or associative context of prior 

learning, and in an environmental context defined by the location, 
time, and specific features of the task at hand. All basic learning 
phenomena, including appetitive and aversion conditioning, have 
been shown to change with contextual manipulations (Balsam 
1985, Best et al. 1977). Stimulus differences between the location 
where a response is learned and where it is expressed have a strong 
and usually detrimental effect (Miller and Schachtman 1985). 
Thus, food aversions formed in a pen may extinguish when animals 
are taken to the field. 

Our experiment with social facilitation (Ralphs and Olsen 1990) 
is a classic example of an aversion extinguishing in the field, but 
renewing when the heifers were returned to the pen and the original 
context where the aversion was created. Archer et al. (1985) 
reported a similar response in rats averted to saccharin. The aver- 
sion was maintained while in the training context, but extinguished 
when the rats were moved to a new context. However, the aversion 
renewed and the rats refused to drink saccharin when returned to 
the original training context. Other types of learning have manif- 
ested a renewal when animals are placed in the context in which the 
response originally was learned (Bouton nd Bolles 1985, Cun- 
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ningham 1979, Welker and McAuley 1978). The taste-illness asso- 
ciation is not forgotten in extinction even though the outward 
behavior of avoiding the food is not manifest. Several theories have 
been proposed to explain this phenomena (Rescorla and Heth 
1975, Miller and Schachtman 1985, Bouton and Bolles 1985). 

Although taste is the primary sense involved in creating an 
aversion, the environmental context can influence the strength and 
retention of the aversion (Archer et al. 1985). It is necessary to 
utilize this relationship to strengthen, rather than hinder, the aver- 
sion. Lubow et al. (1976) proposed that learning is stronger when 
either the stimulus or the environment is novel relative to each 
other. That is, the aversion is stronger if a novel food is presented in 
a familiar environment; or a familiar food is presented in a novel 
environment. Kruz and Levitsky (1982) tested this hypothesis in 
rats and found the first premise to be true. The aversion was 
strongest when a novel food was presented in a familiar environ- 
ment. However, no aversion was created when a familiar food was 
presented in a novel environment. In a novel environment, every- 
thing is novel and the stimulus is not salient. Mitchell et al. (1975) 
found that aversions to novel items were not learned in a less 
familiar environment. 

Familiarity with the grazing environment may also be important 
in retaining an aversion. Naive animals rely on food cues from 
other animals as to what foods are safe or acceptable in a new 
environment (Provenza and Balph 1988). Thus, naive animals may 
be more susceptible to social facilitation in an unfamiliar environ- 
ment. This appeared to be the case with our heifers (Ralphs and 
Olsen 1990). On the other hand, native animals that are familiar 
with the environment and have established preferences for the 
plants growing there, may be less susceptible to social facilitation 
and more likely to retain an aversion. 

Strengthening Averions 
To be practical, the aversion must persist. Very little food aver- 

sion research has dealt with the longevity of the aversion. Treat- 
ment of alcoholism with CFA is the only area where attempts have 
been made to maintain an aversion. Periodic booster sessions at 
predetermined intervals, or voluntary booster sessions whenever 
the subjects felt a need, were essential to maintain complete absti- 
nence (Nathan 1985). Even with booster sessions, abstinence rate 
after 1 year was only 5060%. It is important to note, however, that 
alcoholism is a physiological dependency, not merely a taste 
preference. 

Burritt and Provenza (1990b) were successful in reinforcing 
lambs’ aversion to the mountain mahogany (Cercocarpus monta- 
nus Rat). Three month-old lambs were averted to the shrub and 
then held over until the next year. The aversion persisted to a 
degree when tested 1 year later (intake of mountain mahogany was 
about a third of nonaverted controls), although total abstinence 
was not maintained. However, with 1 follow-up dose of LiCl 
following consumption of the shrub, near total abstinence was 
maintained over 7 persistence trials throughout the summer. 

Future Research 
Conditioned food aversion learning in domestic livestock is a 

new field of study (Zahoric and Houpt 1977). To be practical, CFA 
must persist in a complex vegetation community in the field, and 
often in the social context of other animals eating the averted food. 
Several questions must be resolved before CFA can be recom- 
mended as a practical management tool. First, we must determine 
the optimum level of emetic required to maintain an aversion. In 
other words, how sick must an animal get in order to create a 
lasting aversion towards a food. The optimum age of conditioning 
for cattle and sheep must also be determined. Based on work by 
Thorhallsdottir et al. (1990a), mature animals may be less influ- 

enced by social facilitation, and thus more likely to retain an 
aversion. 

Novelty of a food is a major requirement in creating a strong 
aversion. Familiarity with the grazing environment is also impor- 
tant in retaining the aversion. This creates a paradox since animals 
familiar with the grazing environment may also be familiar with 
larkspur. Two approaches are proposed to resolve this paradox. 
The novelty requirement could be used advantageously by averting 
naive replacement heifers which are unfamiliar with larkspur and 
the vegetation community where it grows. Averting them to lark- 
spur and grazing them separately for the first year would allow 
them to develop feed preferences in a new environment without the 
influence of social facilitation. The second approach is to create 
aversions and strengthen them in native mature cattle that are 
familiar with the subalpine environment and vegetation commun- 
ity. Mature animals may be more resistant to social facilitation in a 
familiar environment, but creating and maintaining an aversion to 
larkspur as a familiar food may be more difficult. 

The use of larkspur alkaloids as the emetic or aversive agent 
requires further study. Larkspur alkaloids were as effective as LiCl 
in creating an aversion (Olsen and Ralphs 1986), but the alkaloid 
extract is toxic, messy, and difficult to handle. However, alkaloids 
offer the advantage of being indigenous in the plant, and would 
provide internal feedback if the animal did subsequently consume 
larkspur in the field. 

An intriguing application of CFA is the possibility of averted 
mothers passing the aversion to their offspring through social 
learning. Thorhallsdottir et al. (1990b) reported that young lambs 
(8 weeks old) avoided eating foods their mothers were averted to, 
and their rejection of the food lasted over 3 months following 
weaning. Mirza and Provenza (1990) reported similar results in 
lambs whose mothers were averted to mountain mahogany. Such a 
possibility offers the potential for modifying food preferences of an 
entire social group through succeeding generations. 

If these obstacles to maintaining averions under field grazing 
conditions can be overcome, conditioned food aversion may be an 
effective tool in reducing livestock losses to palatable poisonous 
plants. Livestock could be trained to avoid eating specific plants, 
and then be allowed to graze infested ranges or pastures without 
restrictions of timing, loss of desirable forage quality, or costly 
control measures. Practicality or cost of creating aversions have 
not been investigated yet. 
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Abstract 

Many poisonous plants grazed by livestock on ranges and pas- 
tures in the western USA are fetotoxic causing fetrl malforma- 
tions, embryonic or fetal death, abortion, or early parturition. 
Decreased incidence of plant-induced livestock malformations 
may be accomplished through grazing management strategies. To 
develop these strategies one must understand some basic principles 
of toxicology and teratology such as susceptible livestock species, 
type of compound and concentration in the plant and its dfsposi- 
tion in the animal, dose response, and the susceptible gestational 
period. Much of this information is known for certain pbmts; 
however, additional information will enhance our ability to con- 
trol livestock losses from these phmts. 

Certain criteria may be established to maximize grazing man- 
agement methods to minimize territogenic effects of poisonous 
plants. When the suspect plant grows in a restricted habitat, poses a 
hazard only at certain growth stages or when the susceptible period 
of pregnancy is relatively short, minor adjustments in manage.- 
ment methods can be considerably successful in reducing incidence 
of malformations and subsequent fhrancial loss. 

Key Words: poisonous plants, birth defects, fetal toxicity, embry- 
onic death, abortion, range management 

The impacts of toxins from poisonous range plants on the 
embryo, fetus, and neonate are dramatic and the consequences are 
economically important to the livestock industry. The key to the 
significance of the toxicoses from poisonous plants lies in the 
ubiquitous nature of the plants and exposure of livestock on range- 
lands and pastures. Thousands of species of plants in the world are 
known to be hazardous (Kingsbury 1964, Everist 1974). 

Research in the past 40 years has implicated many plants in the 
cause of embryonic death, abortion, or teratogenesis in livestock. 
Historically, these malformations often went undiagnosed and/ or 
unreported because of the negative impact on the sale of breeding 
stock or because the death of offspring was not associated with any 
malformation such as cleft palate or heart anomalies. However, 
examinations of experimental evidence have demonstrated that 
many livestock losses due to embryonic death, abortion, and tera- 
togenesis are induced by poisonous plants. Grazing management 
strategies using results of research over the last 40 years and 
applying some basic concepts of toxicology and teratology have 
reduced losses to livestock producers. These basic concepts were 
originally presented by Wilson (1977) and further reviewed by 
Keeler (1978). (1) Livestock species and breed differences affect the 
toxicity and teratogenicity of plants; (2) the malformations 
induced depend on the amount of plant maternally ingested and 
the subsequent dose of putative compound presented to the fetus; 
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(3) stages of plant growth affect the concentration of teratogenic 
compounds; (4) the embryo or fetus must be exposed to the terato- 
gen at a susceptible period of gestation. Each of these factors and 
others play a role in grazing management strategies to reduce losses 
from poisonous plant-induced birth defects. 

In this review, plants affecting embryonic, fetal, and neonatal 
development, susceptible livestock species, plant growth stages of 
highest risk, and gestational periods of susceptibility will be dis- 
cussed. Included are species of Veratrum. Lupinus, Conium, Nico- 
tiana, Astragalus, and Oxytropis genera. Table 1 summarizes the 
fetotoxic effects of these plants. 

Ver alrum 

Veratrum californicum Durand (false hellebore) is a common 
mountain range plant that grows in moist areas and is responsible 
for the induction of several congenital birth defects in sheep 
(Keeler 1984a). The teratogenic compound is a steroidal alkaloid, 
cyclopamine. The most widely known malformations include con- 
genital cyclopia and related craniofacial deformities commonly 
referred to as “monkey faced lamb disease”. The facial defects 
result from neural tube defects induced when pregnant ewes ingest 
the plant on day 14 of gestation (Binns et al. 1965). A high inci- 
dence of embryonic death is induced at this early period of gesta- 
tion (14th day) and also the 19th to 21st day of gestation (Keeler 
1990). Sheep are the primary species affected by this plant; how- 
ever, the cyclopic defect has also been experimentally induced in 
calves and goats when their dams were exposed on the 14th day of 
gestation (Binns et al. 1972). 

Further research has demonstrated that other birth defects may 
be induced when the plant is ingested by pregnant sheep during 
later periods of gestation (Keeler and Stuart 1987). Various limb 
defects have been induced when Veratrum was experimentally fed 
during days 27 to 32 of gestation. Although the metacarpal, meta- 
tarsal, and tibia1 bones were markedly shortened, no changes in 
femur length, fetal weights, crown-rump length or thoracic girth 
diameter occurred. Metacarpal, tibial, and radial bone shortening 
was most pronounced during the treatment periods of gestation 
days 27 to 29 and 28 to 30 and metatarsal shortening most marked 
on days 30 to 32 (Keeler and Stuart 1987). There was always 
bilateral symmetry in limb bone shortening in any given lamb. 

Tracheal stenosis has been induced in new-born lambs by feed- 
ing Veratrum to pregnant ewes on days 3 1,32, and 33 of gestation. 
Tracheal defects resulted in neonatal death from tracheal collapse 
and suffocation (Keeler et al. 1985). The defect was characterized 
by lateral flattening of the trachea throughout its entire length. 
Cartilaginous tracheal rings were reduced in number, nonuniform 
in size and shape, irregularly spaced, and abnormally oriented. The 
tracheal rings were thinner than those of controls and had zones of 
chondrogenesis on outer and inner surfaces which were of equal 
width rather than of unequal width as in controls. This type of 
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Table 1. Poisonous plants; the iivestock species dhtcd, the stage of gestation when fetus is most susceptible; and the type of birth defects assocl&d with 
their ingestion. 

Plant Animal soecies Staae of aestation Birth defect 

Verairurn califomicum Durand 
(False heiiebore) 

Conium maculatum L. 
(Poison-hemlock) 

Lupinus caudatus Kell. and sericeus Pursh. 
(Tail cup lupine and silky lupine) 
L. formosus Greene 
(Lunara lupine) 
Nicotiana glauca Graham 
(tree tobacco) 

Astragalus and Oxytropis spp. 

cow 

19-21 days 
27-32 days 
31-33 days 
55-75 days 

sow 

sheep 
goat 
cow 

30-45 days 
43-62 days 
30-60 days 
30-60 days 
55-75 days 

cow 40-70 days 

cow 45-75 days 

sow 18-68 days 

sheep 30-60 days 
goat 30-60 days 
cow all stages 

sheep all stages 

14th day Embryonic death, craniofacial defects [i.e., congenital cyclopic 
(monkey-faced) iamb]. 
Embryonic death 
Limb defects [i.e., shortening ofmetacaqntqmetatarsus and tibia]. 
Tracheal defects; tracheal collapse, suffocation and death. 
Limb, spine and neck malformations [i.e., arthrogtyposis, 
scoliosis and torticollis]. 
Cleft palate. 
Skeletal defects similar to the cow. 
Skeletal defects similar to the cow. 
Skeletal defects similar to the cow and cleft palate. 
Skeletal malformations [i.e., arthrogryposis, scoliosis, 
torticoliis, multiple contractures]. 
Cleft palate and skeletal defects similar to L. caudarus-induced. 

Skeletal defects similar to Conium- and Lupinur-induced. 

Cleft palate and skeletal defects similar to those induced in the 
cow by Conium and Lupinus. 

Cleft palate and skeletal defects similar to the sow. 
Cleft palate and skeletal defects similar to the sow. 
Fetal death, abortion. 
Fetal death, abortion and contraction limb defects. 

defect would normally pass unrecognized among other causes of 
neonatal death. 

From a grazing management perspective, 2 factors played signif- 
icantly in reducing losses from epidemic proportion to insignifi- 
cant levels: (1) the greatest losses resulted from a lethal cyclopic 
facial defect, the susceptible gestational period being very narrow 
(14th day only); (2) the plant habitat was limited to stands growing 
in wet locations. Therefore, preventing ewes from grazing in areas 
where this plant grows until after the rams had been removed for 15 
days significantly reduced losses. Further research implicated 
other susceptible periods, as previously described, and subsequent 
management strategies have been further refined to prevent losses 
due to embryonic and neonatal death. 

Lupinus, Conium, and Nicotiana 
Plant species of the genera Lupinus. Conium, and Nicotiana 

induce similar acute neurotoxic and fetotoxic effects including 
teratogenesis. Conium. Nicotiana and some Lupinus contain pip- 
eridine alkaloids whereas most Lupinus contain quinolizidine 
alkaloids. 

Lupinus formosus Greene (lunara lupine) (Keeler and Panter 
1989), L. caudarus Kelb (tail cup lupine) (Shupe et al. 1967), L. 
sericeus Pursh. (silky lupine) (Shupe et al. 1967), Conium macula- 
turn L. (poison-hemlock) (Keeler 1974), Nicotiana rabacum L. 
(burley tobacco) (Crowe 1969) and Nicotianaglauca Graham (wild 
tree tobacco) (Keeler 1979) have all induced congenital defects of 
variable severity in livestock species. The types of birth defects 
include multiple congenital contractures (MCC) such as over-or 
under-extension or flexure of the joints, joint rigidity, and immo- 
bility. Front limbs may be laterally rotated, bowed or severely 
flexed (arthrogryposis). Often curvature of the spine (scoliosis), 
twisting of the neck (torticollis), rib cage anomalies, spinal depres- 
sion (kyphosis), dissymmetry of the skull and cleft palate are 
observed. 
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LUpiNU.9 
About 100 species of Lupinus occur in the U.S. and Canada and 

most are native (Kingsbury 1964). The quinolizidine alkaloids 
predominate; however, in a few, piperidines and other types of 
alkaloids have also been found (Keeler 1989). 

Lupinus laxiflorus Dougl. (Wagnon 1960), L. caudatus (Shupe 
et al. 1967, Keeler 1976, and L. sericeus (Shupe et al. 1967, Keeler 
1976) have been implicated in “crooked calf disease” by feeding 
trials and/ or epizootiologic data. Anagyrine, a quinolizidine alka- 
loid, is believed to be responsible for the malformations based on 
epidemiologic data and experimental trials (Keeler 1976). Anagyrine- 
containing lupines are suspected of causing birth defects in cattle 
only. Recently, Keeler and Panter (1989) fed Lupinusformosus (a 
piperidine alkaloid-containing lupine) to cattle and induced severe 
arthrogryposis, scoliosis, kyphosis, torticollis, rib cage anomalies, 
and cleft palate. The plant is virtually devoid of anagyrine but 
contains large amounts of the piperidine alkaloid, ammodendrine, 
which is believed to be the teratogen (Keeler and Panter 1989). 

Several species of Lupinus, containing the quinolizidine alkaloid 
teratogen anagyrine, induce acute neurotoxic effects in cows and 
subsequent birth defects in their calves. Neither sheep nor hamster 
offspring, however, were congenitally deformed following mater- 
nal ingestion of L. caudarus, L. sericeus or anagyrine-rich prepara- 
tions therefrom (Keeler 1984b). Panter et al. (1990) fed Lupinus 
caudatus to pregnant goats to measure toxicity and teratogenicity 
(Panter et al. 1990). High anagyrineconcentrations comparable to 
other teratogenic lupines were detected (Keeler, unpublished data) 
and other collections of L. caudatus from this site had been terato- 
genie in cows. However, clinical signs of toxicosis in goats were 
minor, fetal movement was not affected, and no fetal malforma- 
tions were observed (Panter et al. 1990). 

There are similarities in the teratogenic expression in cattle 
among deformities induced by Conium (coniine), Nicotianaglauca 
(anabasine), Lupinus caudatus (anagyrine) and Lupines formosus 
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(presumably ammodendrine) Keeler and Panter 1989). All of the 
above plants have induced MCC in cattle. In addition, Lupinus 
cauaiztus and L. formosus have induced cleft palate in cattle. 
Keeler and Panter (1989) suggested that ammodendrine possessed 
similar teratogenicity to that of coniine and anabasine because all 3 
are a-substituted piperidine alkaloids meeting the chemical struc- 
tural requirements to be teratogenic as suggested by Keeler and 
Balls (1978). The lack of teratogenic responses in experiments with 
goats (Panter et al. 1990), sheep (Keeler 1984b), and hamsters 
exposed to Lupinus caudatus. Lupine sericeus or anagyrine 
extracts therefrom seems to suggest that cattle are uniquely sensi- 
tive to the teratogenic effects of anagyrine. Keeler and Panter 
(1989) have hypothesized that this might be explained either by a 
difference in metabolic capabilities of cattle or of bovine rumen 
microflora such that activation of anagyrine to a piperidine meet- 
ing the structural requirements for teratogenicity occurs only in 
this species. 

Management changes based on information learned about sus- 
ceptible gestational period in cows, alkaloid content, and relative 
toxicity in relation to plant growth stage have been implemented 
on many ranches once experiencing large losses due to “crooked 
calf disease”. Slight changes in breeding programs and grazing 
schedules coupled with fencing and herbicide treatment have 
allowed ranchers to successfully continue grazing these lupine- 
infested ranges, yet reduce their losses significantly. Some ranches 
converted to a fall calving schedule, others delayed breeding or 
turned bulls in early; thus, cows exposed to lupine at its most 
teratogenic stage (early growth or seed pod stage) were not exposed 
to these plants during the critical gestational period (40 to 70 days 
of gestation). 

Conium maculatum (poison-hemlock) was introduced into the 
U.S. as an ornamental and has since become widespread. The plant 
grows in waste places, along road sides, ditch banks, fence rows, 
and in uncultivated areas where adequate moisture is available 
(Kingsbury 1964). Poison-hemlock is a prolific seed producer, and, 
if not controlled, may dominate small areas and may encroach on 
alfalfa fields, grass' pastures, and meadows. Its seed is poisonous 
and may contaminate grain. 

Studies at the USDA/ARS Poisonous Plant Research Labora- 
tory have demonstrated the neurotoxic and teratogenic effects of 
Conium in cattle, horses, pigs, sheep, and goats (Keeler and Balls 
1978, Panter 1983, Panter et al. 1988, Panter et al. 1990). Poison- 
hemlock appears to be least acutely toxic to pigs, followed by sheep 
and goats, and most acutely toxic to cows. However, the terato- 
genie effects are most severe in cows and pigs, of intermediate 
severity in goats, and least severe in sheep. 

Poison-hemlock contains 8 piperidine alkaloids (Panter and 
Keeler 1989). Coniine and y-coniceine are the predominant alka- 
loids. Coniine usually predominates in the seed and mature plant, 
whereas y-coniceine predominates in the early vegetative stage of 
plant growth (Panter 1983, Fairbairn and Suwall961). Coniine is 
known to be teratogenic, y-coniceine is believed to be teratogenic, 
but to the author’s knowledge the teratogenicity of the other 
conium alkaloids is untested. 

Keeler and Balls ( 1978) fed many commercially available anal- 
ogs of piperidine alkaloids to test their teratogenicity. They con- 
cluded from the experimental trials that simple piperidine alka- 
loids must meet certain structural criteria to be teratogenic. The 
length of the side chain alpha to the nitrogen and the degree of 
unsaturation in the piperidine ring affected teratogenicity. They 
speculated that piperidine alkaloids with a saturated ring and with 
a side chain alpha to the N at least 3 carbons in length were 
considered potential teratogens. There are many plants that live- 
stock graze containing alkaloids that meet these structural criteria 

(Keeler and Balls 1978). 
The clinical signs expressed in livestock from poison-hemlock 

are similar in all animal species thus far tested and are similar to 
those of Lupinus in cattle. Clinical signs of poisoning include 
muscular weakness, incoordination, trembling, knuckling at the 
fetlock joints, excessive salivation, and central nervous system 
(CNS) stimulation and/or peripheral or local effects (character- 
ized by frequent urination, defecation, and dilated pupils), The 
initial stimulation is soon followed by depression resulting in 
relaxation, sternal recumbency, and death in extreme cases. Cows 
and pigs are temporarily “blinded” by the nictitating membrane 
covering the eyes. Cattle, pigs, goats, and elk have shown a prefer- 
ence or desire to ingest more plants after initial exposure (Panter 
and Keeler 1989). 

Congenital skeletal malformations in calves (Keeler and Balls 
1978), pigs (Panter 1983), sheep and goats (Panter et al. 1990) from 
ingestion of poison-hemlock have been reported. In calves, arthro- 
gryposis, scoliosis, torticollis, excessive flexure of the carpal joints 
resulted when fresh Conium or coniine was administered by gavage 
to the dams during gestation days 55 through 75 (Keeler and Balls 
1978). In pigs, similar malformations resulted when fresh plant and 
seed were fed ad libitum to pregnant sows during gestation days 43 
to 52 (Panter et al. 1983). In sheep, carpal flexure was observed in 
lambs when pregnant ewes were administered pure coniine by 
gavage during days 25 to 35 of gestation. Similar effects occurred 
when fresh Conium was administered by gavage to sheep and goats 
during days 30 to 60 of gestation (Panter et al. 1988, Panter et al. 
1990). The excessive flexure resolved spontaneously in lambs and 
kids as they grew and matured. In goats, Conium seed adminis- 
tered by gavage during days 30 to 60 of gestation resulted in 
skeletal deformities and cleft palate in their offspring similar to 
those described in cattle ingesting Lupinus caudatus (Panter et al. 
1990). 

Panter (1983) speculated that Conium induced cleft palate and 
MCC type skeletal malformations by reducing fetal movement i.e., 
perhaps the alkaloids were sedating or immobilizing the fetus. This 
mechanism was supported by experimental results when Panter et 
al. (1988) observed a relationship between reduced fetal movement 
and transient MCC type limb defects in sheep using radio- 
ultrasound. Further research established that sustained reductions 
in fetal movement over a period of 30 days (days 30 to 60 of 
gestation) was invariabily associated with cleft palate and MCC in 
goats (Panter et al. 1990). 

Management strategies minimizing loss from poison-hemlock 
induced malformations are similar to those described for lupine, 
i.e., avoid grazing early growth stages of the plant during suscepti- 
ble gestational periods. Poison-hemlock is a toxicity problem early 
in spring because it is often the first green forage to emerge. Even 
though poison-hemlock is a considerable toxicity problem to cat- 
tle, sheep, goats, and horses at this time of year, it is usually not a 
teratogenic problem except to horses whose breeding programs 
and susceptible gestational stage coincides with high risk spring 
plants. Poison-hemlock is believed to contribute to “contracted 
foal syndrome”; however, research has not proven this. Regrowth 
and sprouting of seedlings of poison-hemlock occur in late summer 
and fall. The plant is equally toxic and teratogenic in the fall at 
early growth stages and poses a high risk to cattle, sheep, and goats 
because of breeding schedules. Poison-hemlock remains green 
long after other forage has frozen and dried. Animals may develop 
a taste for poison-hemlock once ingestion has been initiated. 

Nicotiano 
Crowe (1969) reported outbreaks of fetal aberrations in new- 

born pigs from farms in Kentucky and Missouri from 1967 to 1969. 
All sows had been exposed to and many had been observed eating 
waste burley tobacco (Nicotiana tabacum) stalks. The skeletal 
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abnormalities were similar to those induced by Conium and Lupi- 
nus in cattle. The forelegs were extended or flexed in a fixed 
position at the elbow and carpus, with joints ankylosed and limbs 
intertwined or clasping the thorax (Crowe 1969). In some cases, 
ankylosis of pelvic limbs occurred with flexed joints. Occasionally, 
the stifles were extended, whereas, the hocks were acutely flexed. 

Crowe and Swerczek (1974) experimentally induced the skeletal 
malformation in pigs by feeding tobacco stalks to pregnant SOWS. 

The tobacco stalks contained 0.25% nicotine with other tobacco 
alkaloids. These alkaloids were suspected as the possible terato- 
gens. An alkaloid-containing fraction from burley tobacco induced 
the defects (Crowe and Swerczek 1974); however, pure nicotine, 
the principal alkaloid, did not. 

Keeler et al. (1981) reported the effects of experimental feeding 
of Nicotianaglauca to pregnant cows. Keeler had speculated that if 
an alkaloid were responsible, then a more likely candidate than 
nicotine as the teratogen would be anabasine, one of the minor 
alkaloids from burley tobacco but the major alkaloid in Nicotiana 
glauca. Nicotiana glauca proved to be teratogenic (Keeler 1979). 
Anabasine is an a-substituted pyridino-piperidine and is unlike 
nicotine, which is devoid of a piperidine ring. In cattle and other 
species, the a-substituted piperidine alkaloid coniine from Conium 
produced the skeletal abnormalities (Keeler 1974). Thus, the gr- 
substituted piperidines like anabasine were suspected teratogeris 
because of structural similarity to coniine. Further, anabasine was 
known to be teratogenic in chicks and was suspected as a teratogen 
in other species. The suspicion that anabasine was the teratogen in 
Nicotiana glauca and burley tobacco stalks was confirmed by 
Keeler in subsequent experiments using pure anabasine isolated 
from Nicotiana glauca (Keeler 1979). 

The research described above for species of Lupinus, Conium. 
and Nicotiana is significant not only for the livestock industry, but 
also for human health. The research by Panter et al. (1988, 1990) 
suggests that alkaloids from these plants are crossing the placenta 
and may directly affect fetal health and physiology in part by 
reducing fetal movement. 

The duration of time during which fetal movement is inhibited 
has proven to be very important. Thus, in the ewe and goat, 
Conium plant inhibited fetal movement for 5 to 9 hours after 
gavage, but by 12 hours fetal movement was not significantly 
different from controls. The lambs and kids from these ewes and 
goats had moderate carpal flexure, but no neck, spinal column or 
rib cage abnormalities. Carpal flexure resolved spontaneously in a 
few weeks after birth. In goats fed Conium seed or Nicotiana on the 
other hand, inhibited fetal movement was sustained from dose to 
dose over a period of 30 days and resulted in severe skeletal 
malformations and cleft palate (Panter et al. 1990). Furthermore, 
the timing of fetal movement inhibition is no doubt important. 
Panter (1983) determined that cleft palate is induced in swine by 
Conium between the 30th and 45th days of gestation. The insult 
time for cleft palate induction is surely much narrower than this. 
The palate is fused in the pig by day 34 (Evans and Sack 1973), 
suggesting that one could induce cleft palate in swine by feeding 
Conium from 30 to 35 days. In the sheep and presumably the goat, 
the palate is fused by 38 days (Evans and Sack 1973), and by 56 to 
58 days in the human (Shepard 1976), suggesting sensitive periods 
only slightly later in gestation time in these 2 species. 

Nicotiana species are not considered major range plant prob- 
lems but rather limited problems where tobacco by-products have 
been fed to pregnant livestock. Nicotiana glauca and other species 
grow on ranges, but because of the low palatability are generally 
low risk. By understanding the potential for toxicity‘and teratoge- 
nicity of this genera of plants one can easily protect livestock by 
avoiding feeding by-products. 

Locoweeds 
Locoweeds adversely affect reproduction in livestock. Loco- 

weed causes fetal malformations, delayed placentation, reduced 
placental and uterine vascular development, hydrops amnii, 
abnormal cotyledonary development, interruption of fetal fluid 
balance, and abortion (James et al. 1981). Locoweed poisoning 
occurs in all classes of grazing livestock, and multiple effects have 
been observed (James et al. 1981). Clinical signs of locoweed 
poisoning include aberrant behavior, ataxia, weakness, emacia- 
tion, rough hair coat, and death (James et al. 1981). The severity of 
clinical signs varies with the length of time locoweed has been 
ingested. 

Panter et al. (1987) used radio-ultrasound to monitor the effects 
of locoweed on fetal and placental development in ewes. Their 
observations were similar to the results of others at necropsy (Van 
Kampen and James 1971), i.e., fluid accumulation in the placenta 
(hydrops allantois, hydrops amnii) altered cotyledonary develop- 
ment, and fetal death followed by abortion. Fetal heart rate was 
reduced and fetal heart contractions were irregular and weak. 
Fetal cardiac insufficiency and right heart failure, similar to that 
occurring in calves and cows that ingest locoweed at high elevation, 
may contribute to the fluid accumulation in the fetus and placenta 
and thereby cause fetal death and abortion (Panter et al. 1987). 

A condition known as high mountain disease or congestive right 
heart failure has been reported in cattle grazing locoweed at high 
elevations (James et al. 1983). These studies suggest that consump- 
tion of locoweeds at high elevation exacerbates the hypoxiceffects, 
thus increasing incidence and severity of high mountain disease. 
Based on gross observations and necropsies, the appearance of 
these animals is similar to that of fetuses from ewes that have 
ingested locoweed during pregnancy. Cattle have severe edema 
along the underline, brisket, jaws, and the thoracic and abdominal 
cavities. The hearts of calves grazing locoweed at high elevation 
and in fetal lambs from ewes fed locoweed have right ventricular 
hypertrophy, dilatation and rounding of the apex (Panter et al. 
1987). High mountain disease may result when the effects of loco- 
weed exacerbate the hypoxia of high elevation, thus increasing the 
vascular resistance and/ or vasoconstriction, causing the right ven- 
tricle to work excessively. Such effects are believed to result in 
hypertrophy, cardiac insufficiency, edema, hydrothorax, and 
ascites. 

The mammalian fetus is normally hypoxic and hypertensive 
relative to the dam because the airways are filled with fluid and the 
fetus must take up oxygen from the placenta. Locoweed may cause 
a vasoconstriction or increased vascular resistance in the fetus 
similar to that which it causes in cattle at high elevation. The 
workload on the fetal heart may increase, causing hypertrophy, 
dilatation, cardiac insufficiency, fluid accumulation, fetal death, 
and abortion. 

Serum progesterone and cotyledonary prostaglandin concentra- 
tions were altered in pregnant ewes fed Astragalus lentiginosus 
(locoweed) (Ellis et al. 1985). Serum progesterone values were 
significantly reduced in a dose-dependent manner. Cotyledonary 
prostaglandins (6keto-PCS, PGF2, and PGE2) were elevated and 
were significantly higher than controls. Prostaglandin levels also 
tended to be higher, however, not significantly so. Ultrasound 
studies by Panter et al. (1987) suggested that at least one fetus in 
each ewe fed locoweed died 2 to 3 days before abortion occurred. 
Ellis et al. (1985) reported that myometrial concentrations of 
PCS, PFDz, and PGE were significantly higher in ewes bearing 
dead fetuses than in those bearing live fetuses. Thus, the ultrasound 
study by Panter et al. (1987) and the study reported by Ellis et al. 
(1985) are consistent with the hypothesis that fetal death or 
necrotic changes in the fetus may induce the cotyledonary prosta- 
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glandin synthesis that results in abortion. In the case of locoweed- 
induced abortion, tissue necrosis after fetal death may stimulate 
prostaglandin production and subsequent abortion. 

Management to avoid locoweed related toxic, teratogenic, and 
abortifacient potential is difficult because of the ubiquitous nature 
of the plant, its ability to thrive during adverse climatic conditions, 
and its generalized and consistent toxicity regardless of plant 
growth stage, animal species ingesting it, and its relative palatabil- 
ity, particularly when other forage is scarce (early spring, fall, and,_, 
winter). Management strategies reducing losses include intermit- 
tent grazing alternating between loco-free pastures and loco- 
infested pastures; increasing stocking rate and shortening grazing 
time, thus decreasing amount of toxin ingested per animal; grazing 
management practices maximizing grass production; herbicide 
control; and frequent observation ofcattle, subsequently removing 
those individuals who tend to be habitual grazers of locoweed. 

Conclusion 
Poisonous plants in pastures and ranges have a marked impact 

on fetal and neonatal survival and development. Some of those 
plants and their toxins have been discussed in this review. How- 
ever, there are many more plants on the range, known and 
unknown, that may also affect the in utero environment, causing 
adverse effects on the embryo or fetus. The knowledge of how these 
plants affect the unborn and their consequences on the neonate and 
ultimately the adult will help us to better manage livestock to avoid 
losses on range bearing these plants. 

Condition of range, available moisture, climatic changes, and 
grazing management practices affect the propensity for livestock to 
graze poisonous plants. Drought and overgrazing are often 2 fac- 
tors that deplete good quality forage, reduce grass competition and 
allow the relatively deep rooted poisonous forbs to proliferate. 
Early spring and late fall are times when poisoning conditions 
occur because poisonous plants emerge before adequate amounts 
of quality forage are available and remain green in the fall after 
good quality forage has been depleted or decimated. Utilization of 
poisonous plants is important and economically feasible; however, 
a balance allowing utilization of just the right amount of this type 
of forage without the toxic results is the optimum goal. 

We may speculate that with advancement in technology we may 
manipulate embryos, fetuses, dams, or gastrointestinal microor- 
ganisms to change their susceptibility to poisonous plants. Perhaps 
in utero aversive conditioning, in which a conditioned response 
before birth to avoid these plants, may be induced by maternal 
exposure to certain plants coupled with an induced fetal gastro 
intestinal disturbance by an emetic such as lithium chloride. Alter- 
natively, introduction of genetic material into the embryo or fetus 
may become feasible, so that although the animal may later ingest 
these plants, it would detoxify their harmful constituents more 
efficiently such that no harm would come to themselves or their 
offspring. Perhaps selecting resistant animals and through super- 
ovulation and embryo splitting techniques, entire herds with 
genetic resistance to certain plant toxins may be produced. Cer- 
tainly, this is not economically feasible at this time; however, 
technologically this is not so unreasonable. 

How we manage our livestock on western ranges is changing. 
Enhancing the ability of livestock to graze western ranges contain- 
ing poisonous plants often leads to a more economical and produc- 
tive use of these areas. What seems most important here is that, 
despite the presence of toxic plants, these lands serve as a source of 
high quality animal protein for a growing human population; 
however, further research is needed to identify methods by which 
poisonous plant-induced harmful effects on grazing animals and 
the associated economic losses can be reduced. 
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Abstract 

Tannins are a diverse group of compounds which precipitate 
protein. The impact of tannins on herbivory has been difficult to 
assess because of diversity in tannin chemistry and in animal 
physiology. We have evaluated the effects of tannin on large rumi- 
nants (deer, sheep) using artificial diets containing well-defhred 
tannins, and have compared the results to those obtained with 
natural forages. The different effects of condensed tannins and 
gallotannins on herbivores are related to the chemical stability of 
the tannins. Commercial tannic acid does not have the same effects 
on herbivores as gallotannins in natural forages. Molecular weight 
apparently determines the metabolic fate of gallotannins from 
various sources. 

Tannins are a chemically diverse group of water soluble phenol- 
its which bind proteins to form soluble or insoluble complexes 
(Bate-Smith and Swain 1962, Hagerman 1989). Tannins are 
widespread among dicotyledenous forbs, shrubs, and trees (Has- 
lam 1979) and are thus ingested by many herbivorous mammals. 
Dietary tannin diminishes protein and dry matter digestibility in 
some mammals (Robbins et al. 1987a, 1987b) but does not decrease 
digestion in others (Driedger and Hatfield 1972). Tannin some- 
times acts as a toxin rather than a digestion inhibitor (Mehansho et 
al. 1987a). The diversity of effects of tannin on digestion is due in 
part to differences in the physiological capabilities of animals to 
handle tannins and in part to differences in the chemical reactivity 
of various types of tannins. 

Recent work has demonstrated that several mechanisms are 
used by animals to counteract the effects of ingested tannins on 
digestibility. For example, tannin has little effect on digestibility in 
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some insects because gut adaptations, such as elevated pH or 
detergency, inhibit interaction of tannin with protein (Martin et al. 
1985). In some mammals salivary tannin-binding proteins appar- 
ently protect other, more valuable proteins from tannin (Mehan- 
sho et al. 1987b, Austin et al. 1989, Robbins et al. 1991). Hamsters, 
which do not produce salivary tannin binding proteins, cannot be 
maintained on a tannin-containing diet, while rats and mice 
accommodate dietary tannin (Mehansho et al. 1987a, b). The 
tannin-binding proteins from rats and mice have been character- 
ized, and are proline-rich glycoproteins with lower molecular 
weights (Mehansho et al. 1987b). A similar protein with high 
affinity for tannin has been isolated from the saliva of deer but is 
not found in the saliva of sheep (Austin et al. 1989). The production 
of salivary tannin binding proteins may correlate with feeding 
niche; deer are browsers and often ingest tannin, and sheep are 
grazers which only occasionally consume tannins (Robbins et al. 
1991). 

Tannins are divided into 2 classes, condensed and hydrolyzable, 
based on their chemical structures (Hagerman and Butler 1989). 
Condensed tannins (proanthocyanidins) are flavonoid polymers 
(1, Fig. 1). Although condensed tannins can be oxidatively 
degraded in acid to yield anthocyanidins (2, Fig. 1) (Porter et al. 
1986), under mild or anaerobic conditions the polymer is stable. 
Hydrolyzable tannins (3, 4, Fig. 1) are gallic acid (5, Fig. 1) or 
hexahydroxydiphenic acid (6, Fig. 1) esters of glucose or other 
polyols (Haslam 1979). The gallotannins (3, Fig. 1) are simple 
esters of gallic acid, and may contain up to 5 galloyl groups 
esterified directly to the polyol (mono-, di-, . ..pentagalloyl glu- 
cose), and additional galloyl groups esterified to the core galloyl 
groups (hexa-, heptagalloyl glucose, . ..). Since they are esters, the 
hydrolyzable tannins are easily hydrolyzed, yielding gallic acid or 
hexahydroxydiphenic acid and the parent polyol. 

Although the structural diversity of tannins is well documented, 
there have been only a few attempts to evaluate how structure 
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influences the biological activity of tannin (Clausen et al. 1990). We 
hypothesized that major structural differences between condensed 
and hydrolyzable tannins would have a substantial effect on activ- 
ity of the tannin. We anticipated that condensed tannins would 
decrease protein and dry matter digestibility, but that hydrolyzable 
tannins would not affect digestibility. Instead, hydrolyzable tan- 
nins would be degraded in the gut to small phenolics which would 
not interact with protein. We tested that hypothesis by conducting 
complete digestion trials with 2 ruminants and 2 diets, one contain- 
ing commercial condensed tannin (quebracho tannin) and the 
other containing commercial hydrolyzable tannin (tannic acid). 
Furthermore, we hypothesized that within a single group of tan- 
nins (hyudrolyzable or condensed) subtle structuril differences 
should not alter the activity of the tannin. We tested that idea by 
comparing the structure and in vivo effects of the hydrolyzable 
tannin found in fireweed flowers to the structure and effects of 
tannic acid. 

Methods 
Tannic acid, a gallotannin, (technical grade) was obtained from 

Mallinckrodt Chemical Co. (St. Louis, MO.). Quebracho tannin, a 
condensed tannin, was obtained from Tannin Corp. (Peabody, 
Mass.). Tannin was extracted from fireweed flowers with 70% 
acetone and purified by adsorption on Sephadex LH20 (Wilson 
1989). 

Gallotannins were separated by high performance liquid chro- 
matography (HPLC) in a system which separates galloyl esters 
according to molecular weight (Wilson 1989). A silica (normal 
phase) column (Alltech Econosphere, 150 mm X 4.6 mm, 5 urn 
particles; Alltech, Deefield, Ill.) and a 25 mm precolumn contain- 
ing Perisorb A (Anspec Co., Inc., Ann Arbor, Mich.) was used. 
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The mobile phase, 58% (v/v) hexane and 42% (v/v) solvent A, was 
run at a flow rate of 1 .O mL/ min. Solvent A contained methanol/ - 
tetrahydrofuran (3/ 1, v/v) and citric acid (0.25%, w/v). Samples 
were dissolved in the mobile phase and introduced with a 20 ul 
sample loop. Components were detected at 280 nm as they eluted 
from the HPLC. The detector was interfaced with an Apple IIe 
computer for peak integration with Chromatochart 2.0 software 
(Interactive Microware, State College, Penn.). 

Total collection digestion trials were conducted with 6 mule deer 
(Odocoileus hemionus hemionus) and 5 Suffolk sheep (Ovis aries) 
as previously described (Robbins et al. 1991). Commercial tannin 
was mixed with coarsely ground alfalfa pellets (tannin-free) con- 
tainirig 14.8% crude protein to yield diets with crude tannin con- 
tents of either 3% or 6%. The trials were conducted with a IO-day 
pretrial followed by a 7day total collection of feces while animals 
were in metabolism crates. The amount of feed offered during the 
early pretrial was reduced until all feed was consumed. This level of 
feeding was then used during the remainder of the pretrial and the 
trial. Fresh undried feces for analysis were frozen, ground with dry 
ice, and stored at -40° C. Other feces were dried at 100° C, weighed 
and discarded. 

No attempt was made to hold dietary protein content constant as 
tannin was added. Comparisons of protein digestibility between 
diets thus require a correction for the reduction in dietary protein 
because of dilution. Digestible protein content is a linear function 
of dietary protein (Robbins 1983, Van Soest 1982) and can be 
calculated if the true digestibility of the dietary protein is known. 
The true digestibility of dietary protein in mule deer and domestic 
sheep is 0.93 (National Research Council 1971, Robbins et al. 
1987a). The reduction in digestible protein was compared to the 
reduction expected from dilution using analysis of variance (Ftest, 
p<O.OS). 
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Crude protein in the feces was determined by macro-Kjeldahl 
analysis. Gallotannin in plants and feces was quantitated by meas- 
uring gallic acid released upon hydrolysis. Plants were extracted 
with agitation at room temperature 4 times with acetone:water, 
70:30 (v/v), and the extracts were combined (10 mL solvent/g dry 
matter). Samples of dry feces (50 mg) or plant extracts (equivalent 
to 20 mg dry matter) were hydrolyzed at 100’ C for 26 hours with 1 
ml of 2N sulfuric acid. The hydrolysate was diluted to 10 ml with 
water, and a l-ml aliquot was analyzed with the rhodanine assay 
(Inoue and Hagerman 1988). Condensed tannin in the plant 
extracts was quantitated with the acid butanol assay (Porter et al. 
1986) using polyvinylpyrrolidone (Watterson and Butler 1983). A 
modified acid butanol assay was used to determine condensed 
tannin in feces (Robbins et al. 1991). 

MULE DEER OOMESTIC SHEEP 

Quebracho 

The ability of tannin to precipitate protein was determined with 
a modification of the blue dye labeled bovine serum albumin 
(BSA) precipitation assay (Asquith and Butler 1985). Mixtures 
containing 5.12 mg protein and 0.1-0.5 mg tannin were incubated 
for 2 hours at 4O C, and were then centrifuged at 2,000 g for 10 min 
to remove precipitated tannin-protein complexes. The supernat- 
ants were partitioned against ethyl acetate (4 ml) 3 times, and the 
ethyl acetate phases, which contained tannic acid that had not 
interacted with protein, were combined. The ethyl acetate was 
removed by evaporation under reduced pressure, and the residue 
was redissolved in the mobile phase for HPLC and was chromato- 
graphed. The area of each peak was normalized for comparison to 
the control sample, which was not treated with protein. The area of 
the peak decreased relative to the control if the component was 
precipitated by protein. Peak areas were compared using the t-test 
for comparison of means (95% C.L.). 

Tannic Acid 
t 

Tannic Acid 

0 3 6 0 3 6 

DIETARY TANNIN CONTENT (%I 

Fig. 2. Protein digestibility as a function of tannin added to the diet. 
Protein digestibility was determined with 6 deer or 5 sheep fed alfalfa 
pellets supplemented with quebrrcho tannin or tannic acid. The points 
show the means and standard deviations, and the dotted lines show the 
expected change in digestibility due to dilution of the diet with the 
tannin. 

Results 
In deer, protein digestibility is reduced when plants containing 

condensed tannin, gallotannin, or a mixture of tannins are ingested 
(Table 1). Commercial condensed tannin added to a tannin-free 

contained between 5 and 10 components and had average molecu- 
lar weights which ranged from 789 to 1,027 g/ mol. The gallotannin 
extracted from fireweed flowers elutes as a single broad peak, with 
a mobility intermediate that of octa- and nonagalloyl glucose (Fig. 
3b), and has an average molecular weight of 1,475 g/ mol. 

Table 1. Effect of tannin in several forages on protein digestibility in deer. 

Plant 

Reduction in 
protein 

digestibility 
Proantho- 
cyanidins Gallotannins 

Alder 
w ‘7 &feed” 

Fireweed plants 6:34 
Dogwood 6.42 
Fireweed flower 7.07 

‘Data from Robbins et al. 1987 (Figure 6). 
1m.g Sorghum tannin equivalents/g dry matter 
Jmg aterified gallic acid/g dry matter 

@;/492) 

0:9 

(m$g? 

27 
1.5 42 
1.3 39 

The interaction of individual components of the commercial 
tannic acids with protein was examined. The areas of peak A-E 
(Fig. 5) were not substantially decreased when a representative 
sample of tannic acid was treated with protein, indicating that 
gallic acid (peak A) and mono, di-, tri-, and tetragalloylglucose 
(peaks B-E) do not precipitate protein. Moderate sized galloyl 
esters including pentagalloylglucose (peak F) do not precipitate 
when small amounts of tannin are mixed with protein but do 
precipitate when larger amounts of tannin are used (Fig. 5). The 
higher molecular weight components, such as nonagalloylglucose 
(peak J), were precipitated even when a small amount of tannin 
was mixed with protein (Fig. 5). With all the preparations of tannic 
acid that were tested the higher molecular weight gallotannins were 
preferentially precipitated by protein. 

Discussion 
diet similarly reduces protein digestibility in a dose-dependent 
fashion in deer or sheep (Fig. 2, Robbins et al. 1991). The reduc- 
tions in protein digestibility were significantly greater in domestic 
sheep than in mule deer. When tannic acid, a commercial gallotan- 
nin, was added to a tannin-free diet, protein digestibility did not 
decrease in deer or sheep (Fig. 2) and gallic acid did not appear in 
the feces of either species. When deer were fed fireweed flowers, 
which contain gallotannin and only trace amounts of condensed 
tannin, protein digestibility was reduced (Table 1) and 27% of the 
ingested gallic acid was recovered in the feces. 

The commercial tannic acid used in the feeding trial (Mallinck- 
rodt technical) was largely comprised of low molecular weight 
galloyl esters such as tri- and tetragalloylglucose (Fig. 3a), and the 
average molecular weight of this material was 789 g/mol. There 
were substantial differences in the components present in 8 prepa- 
rations of tannic acid (Fig. 4a, b; Wilson, 1989). The samples 

The reactions between tannin and protein have been extensively 
studied, and in general, are similar for condensed tannin and 
gallotannins (Hagerman and Klucher 1986). Tannins bind proteins 
selectively and have especially high affinity for large proteins, 
conformationally open proteins, and proline-rich proteins (Hag- 
erman 1989). Tannins do not precipitate proteins at pH values 
above the pKa of the phenolic group (pH 9) and precipitate pro- 
teins most effectively at pH values near the isoelectric point of the 
protein (Hagerman and Klucher 1986). Modifiers of solvent polar- 
ity, including organic solvents in vitro and detergents in vivo, 
influence tannin-protein interactions (Hagerman and Klucher 
1986). For either gallotannins or condensed tannins, the tendency 
to interact with proteins increases as the molecular weight of the 
tannin increases (Verzele et al. 1986, Hagerman 1989). Purified 
preparations of condensed tannins and gallotannins with similar 
molecular weights precipitate similar amounts of protein (Hager- 
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Fig. 3. Chromatograms of gallotannins. Hydrolyzable tannins were chromatographed on a silica column with hexane/methanol/tetrahydrofuran as 
described in the text. No peaks were eluted before 120 seconds. Letters indicate peaks with retention times that are the same, and subscripts (a, b) indicate 
shoulders of the major peaks. a) Mallinckrodt technical tannic acid. b) Fireweed flower tannin. 

man and Klucher 1986). Since in vitro of interaction with protein 
suggest that condensed tannin and gallotannins are similar, gener- 
alizations about the effects of dietary tannin have often been based 
on the results of feeding trials performed with tannic acid. 

However, because hydrolyzable tannins are more easily degraded 
than condensed tannins, we predicted that hydrolyzable tannins 
would not affect protein digestibility. Consistent with our hypo- 
thesis, we found that dietary quebracho tannin, a condensed tan- 
nin, diminished protein digestibility in deer and in sheep; dietary 
tannic, a hydrolyzable tannin, did not affect protein digestibility. 
Furthermore, none of the ingested tannic acid is excreted in the 
feces of deer or sheep because the tannin is hydrolysed soon after 
ingestion and the gallic acid that is produced is absorbed and 
excreted in the urine (Booth et al. 1959). The metabolic fate of the 
condensed tannins is more complex. Deer excrete 100% of the 
ingested quebracho tannin in the feces (Robbins et al. 199 l), con- 
sistent with formation of indigestible complexes with protein. 
Sheep excrete only about 60% of the ingested quebracho tannin in 
the feces (Robbins et al. 199 I), suggesting that some of the tannin 
may be absorbed (Mehansho et al. 1987b). 

We postulated that structural differences between gallotannins 
from different sources would not influence the biological activities 

of the tannins. This hypothesis was not supported by our data. In 
deer, the effects of dietary tannic acid are not like the effects of 
gallotannins found in plants such as fireweed flowers, perhaps 
because commercial tannic acid is low molecular weight and heter- 
ogeneous. The interaction of gallotannins with proteins preferen- 
tially involves higher molecular weight galloyl esters. The high 
molecular weight species found in fireweed flowers may bind pro- 
tein and be protected from hydrolysis. The low molecular weight 
species found in tannic acid do not interact strongly with protein, 
and are not protected from hydrolysis in the gut. 

Both gross chemical differences, such as those distinguishing 
condensed tannins from gallotannins, and subtle differences, such 
a molecular weight or stereochemical configuration (Clausen et al. 
1990) can influence the biological activity of tannins. Generaliza- 
tions about the effects and function of tannins should not be based 
on studies with tannin from a single source, but should be drawn 
from studies that address the diversity of tannin chemistry. The 
physiological capabilities of the herbivore also influence the activ- 
ity of the ingested tannin and must be considered when drawing 
conclusions about the effect of tannins (Robbins et al. 1991, McAr- 
thur et al. 1991). 
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Fig. 4. Chromntograms of commercial gnllotannins. Commercial gallotannis were chromatographed on a silica column with hexane/methanol/tetrahy- 
drofuran as described in the text. No peaks were eluted before 120 seconds. Letters indicate peaks with retention times that are the same, and subscripts 
(a, b) indicate shoulders of the major peaks. a) Mallinckrodt reagent grade tannic acid (lot KCAZ, 1988). b) Mallinckrodt reagent grade tannic acid (lot 
BJN, 1974). 

4 
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Fig. 5. Precipitation of components of tannic acid. Various amounts of tannic acid (Mallinckrodt reagent grade, lot BJN) were mixed with blue dye 
labeled bovine serum albumin or with buffer (control). The precipitated tannin-protein complex was removed, the the supernatant was extracted with 
ethyl acetate and was chromatographed. Peaks were identified by retention time, and labeled with letters as in Figures 3 and 4. Peak areas were 
normalized so that the recovery of each component in samples containing various amounts of tannic acid can be directly compared. Peak J was 
completely precipitated in the mixtures containing 0.3 or 0.5 mg tannic acid. 
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Abstract 
Three species of tall larkspur (Delphinium barbeyi(Huth), Del- 

phinium occidentak(Wats.) Wats, and De&hi&m glaucesccns) 
that are toxic to cattle were chemically analyzed to determine 
“total alkaloid” content. D. barkyi and D. occidentale contained 
more “total alkaloids” than D. glaucescens. The “total alkaloid” 
content of all plant tissues in the 3 species declined as the growing 
season progressed. Variation in the occurrence of specific diterpe 
noid alkaloids wqs established by gas chromatographic analysis of 
D. barb@ plant tissues at different phenological growth stages. 
Highest yields of specific alkaloids were found in early growth 
stage plant tissues. Deltaline was the most prominent diterpenoid 
alkaloid inD. burbeyiand 14-0-acetyldictyocarpine is a new diter- 
penoid alkaloid with high occurrence in this plant. The toxicity of 
speciIic diterpenoid alkaloids obtained from the tall larkspurs 
evaluated in a mouse bioassay showed methyllcaconltine to be 
highly toxic. Other diterpenoid alkaloids isolated from the 3 Iark- 
spurs showed much lower levels of toxicity compared to methyl- 
lycaconitine. 

Key Words: Delphinium, dlterpenoid alkaloids, gas chromato- 
graphy, phenological distribution 

Three species of tall larkspur (0. barbeyi, D. occidentale, D. 
glaucescens) commonly infest mountain grazing ranges of the 
West. Each of these tall larkspurs has been established as a source 
of livestock poisonings on these ranges (Kingsbury 1964, Nielsen 
and Ralphs 1987). Toxic diterpenoid alkaloids occurring in tall 
larkspurs are considered to be the causative agents of livestock 
poisonings; however, no specific diterpenoid alkaloid has been 
associated with the toxicity of these plants. 

Long-term interuminal infusion of extracts from D. barbeyi 
(Olsen unpublished) containing diterpenoid alkaloids indicate that 
the ingestion rate, rate of absorption, rate of metabolism, and rate 
of elimination of alkaloids are primary determinants in the toxic 
susceptability of cattle. The development of clinical signs and the 
severity of poisoning are highly alkaloid dose dependent. The 
nature of specific alkaloid exposure and its dose are primary 
factors in toxic reactions to larkspur. Cattle increase consumption 
of tall larkspur as the plant matures (Pfister et al. 1988a, 1988b) 
coincident with an observed decline in alkaloid levels in the plant 
(Ralphs et al. 1988). The palatability of larkspur to cattle appears 
to be inversely related to alkaloid levels in the plant (Pfister et al. 
1990). Toxic evaluation of extracts of D. barbeyi, D. occidentale, 
and D. glaucescens in the early bud stage of growth, utilizing a rat 
bioassay (Olsen 1977), reveal D. barbeyi to be 4 times more toxic 
than D. glaucescens and IO times more toxic than D. occidentale. 

Fifteen species of larkspur have been identified as being toxic to 
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livestock; IO of these larkspur species have been subjected to 
detailed chemical examination for specific diterpenoid alkaloids 
(Olsen and Manners 1989). These chemical investigations have led 
to the characterization of more than 100 diterpenoid alkaloids, but 
studies directly relating specific alkaloids to observed mammalian 
toxicity have been limited. Methyllycaconitine is the only diterpe- 
noid alkaloid occurring in larkspur which has been established to 
be toxic to cattle (Nation et al. 1982). 

More information about the occurrence and distribution of the 
wide range of diterpenoid alkaloids present in the tall larkspurs 
relative to observed toxicity is necessary to effectively attack the 
problem of rangeland livestock poisonings attributable to lark- 
spur. Knowledge of the chemical factors responsible for cattle 
poisoning and the availability of analytical methods to detect and 
quantify those chemical factors would provide a means to establish 
when it woyld be safe to expose livestock to tall larkspurs. The 
methodology could also be used to substantiate the effectiveness of 
mitigation procedures designed to reduce the occurrence of specific 
toxic alkaloids. This report represents an initial accumulation of 
chemical information about the tall larkspurs and toxicologial 
information about diterpenoid alkaloids obtained from these Del- 
phinium sp. pursuant to establishing the specific livestock toxins 
they contain, their distribution, and abundance. Specifically we 
describe the occurrence and phenological distribution of diterpe- 
noid alkaloids in 3 species of tall larkspur (0. barbeyi, D. occiden- 
tale and D. glauceicens) and preliminary toxicity determinations 
of 9 diterpenoid alkaloids obtained from D. barbeyi. 

Materials and Methods 
Plant Collection and Extraction 

Tall Larkspur (Delphinium barbeyi, Delphinium occidentale, 
Delphinium glaucescens) plant materials were randomly collected 
from livestock grazing ranges of the Rocky Mountains with histor- 
ical occurrences of larkspur poisoning. Plant material was air dried 
and ground to pass a l-mm screen prior to solvent extraction. The 
ground plant material was exhaustively extracted with 80% ethyl 
alcohol in a soxhlet apparatus. 

“Total Alkaloid” Determination 
“Total alkaloids” (TA) occurring in tall larkspurs were quanti- 

fied by a gravimetric method (Manners and Ralphs 1989) based 
upon an analytical method utilized by Pelletier (Pelletier et al. 
198 1) in the isolation of diterpenoid alkaloids from several species 
of Delphinium (Fig. 1). This analytical method was applied to 
various plant tissues from several phenological growth stages of 
the larkspurs. 

Isolation and Characterization of Individual Dieterpenoid Alkaloids 
Fractions A and B (Fig. I), as obtained from each of 3 tall 

larkspurs were subjected to various chromatographic techniques, 
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Ground Plant Material 

Extract (Soxhlet) 
80% EtOH 

I 
CHCI, Soluble 

Cont. (in vacua) 

CHCI, 

10% Aq. HCI 
1 

HCI Soluble 
(Discard) 

I 20% NaOH 

) :;“,“,r”’ , , 

Ether Soluble (A) Aq. Soluble 

ICHCI, , , 

CHCI, Soluble (B) Aqueous 

“Total Alkaloid”= A + B 

Fig. 1. Extraction scheme to obtain “total alkaloid” extract. 

as employed by Pelletier (Pelletier et al. 1981), to obtain 11 diter- 
penoid alkaloids. The identity of the individual alkaloids was 
determined through comparison of physical and spectral proper- 
ties with those of authentic samples or prior reports. 

Capillary Gas Cluomatographic Analysis of Diterpenoid Alkaloids 
Underivatized diterpenoid alkaloids were gas chromatographi- 

tally separated and quantified according to the method of 
Manners and Ralphs (Manners and Ralphs 1989). Diterpenoid 
alkaloids used as analytical standards for external calibration of 
the gas chromatograph were obtained from Delphinium sp. in our 
laboratory or were standards kindly supplied by Dr. S. William 
Pelletier. 

Mouse Bioassay of Diterpenoid Alkaloids 
Saline solutions of individual diterpenoid alkaloids were admin- 

istered to laboratory mice by subcutaneous injection between the 
scapula. The mice were observed for clinical signs of intoxication 
and the time of death was noted for determination of LSDso. 

Results and Discussion 
Occurrence and Distribution of Diterpenoid Alkaloids in 3 Tall 
Larkspurs 

The “total alkaloids” measured in larkspur leaf, stem, bud, 
flower, and pod tissues during the bud, flower, and pod phenologi- 
cal growth stages is presented in Table 1. The tabulated results 
reveal a higher general occurrence of “total alkaloids” in D. bar- 

Table 2. The relative occurrence of diterpenoid alkaloids in 3 tall 
larkspurs. 

Diterpenoid alkaloid 
D. D. 

occidentale glaucescens D. barbeyi 

Lycoctonine tT4 
Lycoctonine * 
Browniine’2” 
14_JIehydrobrowniine12”” 
Anthranoyllycoctonine’2 
Methyllycsconitine”” 
Delcosine’“” 
144Iehydrodelcosine3 
Glaucedine’” 
Gccidentalidine~ 
Barbinen& 
14Deacetylnudicaulinti 

78, Methylenedioxy 
Lycoctonine type 

Deltaline” ’ 
Dictyocarpine”” 
14-O-acetyl dictyocarpine 
Dictyocarpinine2”” 
Deltamine’” 
Delpheline”-’ 
Delelatine4 
6-Dehydrodeltaminet 
6-Acetyldel~heline3z4 
Glaucenine +I*’ 
Glaucerine2”~’ 
Glaucephinez 
GccidentalineJ 

Hetisine Type 
Hetisine’ 
Hetisinone’ 
Barbeline” 

+ 
+ 
++ 
+ 

+++ 
++ 
++ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
++ 
+ 

+ 
+ 

+++ 
++ 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 

+ 
+ 

++ 
++ 
++ 

+ 
+ 
+ 
+ 

+ 
+ 

+ 

‘obtained and characterized in present study 
ZPelletier et al. 1981 
SKulanthaivel and Pellitier 1988 
‘Pelletier et al. 1989 
+=present, each + approx. 5X Increase 
-=absent 

beyi and D. occidentale than in D. glaucescens. The “total alka- 
loid” content in all plant tissues of the 3 larkspurs declined as the 
growing season progressed. 

Gas chromatography was utilized to quantify the occurrence of 
lycoctonine and 7,8 methylenedioxy-lycoctonine type diterpenoid 
alkaloids (Fig. 2) occurring in the 3 tall larkspurs. The gas chroma- 
tographic profile of diterpenoid alkaloids occurring in representa- 
tive “total alkaloid’* extracts of the 3 tall larkspurs is depicted in 
Figure 3. A comparison of the GC profiles in Figure 3 indicate 
inherent differences in the gross diterpenoid alkaloid composition 
among the 3 tall larkspurs as well as differences in the occurrence of 
specific diterpenoid alkaloids among the 3 species. This GC analy- 
sis of extracts of the tall larkspurs is the first successful application 
of a GC analytical method to measure the occurrence of specific 
alkaloids in any larkspur. 

Table 1. Total alkaloid occurrence in 3 tall larkspurs during the growing aemon. 

Stem Leaf Bud flower pod 

Bud Flower Pod Bud Flower Pod Bud Flower Pod 
Species stage stage stage stage stage stage stage stage stage 

(%I (%I (%I (%I (%I (%) (%) (%) (%I 
Delphinium barbeyi 1.03’ 0.39 0.13 3.10 1.84 0.23 1.24 0.87 1.02 
Delphinium occidentale 1.50 1.89 0.40 2.43 2.11 1.21 2.93 1.94 1.51 
Delphinium gbucescem 0.75 0.39 0.25 0.90 0.60 0.41 1.76 1.27 1.28 

‘Percent of dry plant material. 
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7,8 Methylenedioxy - 
Lycoctonine type 

Fig. 2. Diterpenoid alkaloid structural types. 
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1 I Delpheline 

2 = D&amine 

3 E DelWine 

4 I 6-Dehydrcdeltamine 

5 = 14-OAc Dictyocsrpine 

6 = Dictyocarpine/piniw 

7 E Lycac10ninrJ 

6 : Brownline 

0 = 1~Dehydrobrowniine 

Debhlnium barbevi 

Dsrphinium occidentale [ 

? ! 1 

Fig. 3. Capillary gas chromatogrrphic separation of “total alkaloids” in 3 
species of tall larkspurs. 

The comparative relative occurrence of the diterpenoid alka- 
loids occurring in D. barbeyi, D. occidentale or D. glaucescens is 
presented in Table 2. These data reveal a high occurrence of 
deltaline in D. occidentale while D. glaucescens is shown to contain 
larger amounts of lycoctonine and dictyocarpine. Deltaline, 

JOURNAL OF RANGE MANAGEMENT 45(l), January 1992 

methyllycaconitine and 14-0-acetyldictyocarpine are prominent in 
the extracts of D. barbeyi. The prominence of deltaline, methylly- 
caconitine and 14-0-acetyldictyocarpine in D. barbeyi coupled 
with the higher observed toxicity of this tall larkspur species to rats 
(Olsen 1977) suggests one or more of these alkaloids may be the 
primary toxin(s) in this plant. 

Incremental Growth Season Variation of Diterpenoid Alkaloids in 
D. barbeyi. 

Four diterpenoid alkaloids (deltaline, 14-0-acetyldictyocarpine, 
dictyocarpine, and lycoctonine) occur prominently in various 
plant tissues of D. barbeyi. Analytical gas chromatography applied 
to extracts of these plant tissues revealed deltaline to be the most 
abundant diterpenoid alkaloid in all plant tissues of D. barbeyi, 
Deltaline represents 25-30% of the “total alkaloid” fraction in the 
leaves and stem of D. barbeyi during the pre-bud and bud devel- 
opmental stages of the plant. Significant but lower (20% of TA) 
yields of deltaline are found in the bud, flower, and pod of D. 
barbeyi with the highest occurrence being in the flower and early 
pod developmental stages. 

Dictyocarpine, 14-0-acetyldictyocarpine, and lycoctonine were 
found in much lower amounts in the various plant tissues of D. 
barbeyi. The diterpenoid alkaloid 14-0-acetyldictyocarpine occurs 
consistently in all plant tissues of this tall larkspur throughout the 
growing season. Early season occurrences of 2-4% of TA lower to 
l-2% of TA levels in the mid to late bud stage. Amounts of this 
alkaloid increase in excess of 4% of TA in the leaves and flowers of 
the plant during the flowering stage of the plant before returning to 
the l-2% of TA level at the end of the growing season. 

Lycoctonine appears in significant amounts (> 11% of TA) in the 
stem of D. barbeyi in the early developmental stages of the plant 
and decreases in occurrence to less than 1% by the end of the 
growing season. Smaller amounts (<3% of TA) of this compound 
were detected in other plant tissues (leaf, bud, flower) during the 
growing season with little seasonal variation except for a moderate 
increase (4-570 of TA) in the pod at the end of the growing season. 

Dictyocarpine was found in all plant tissues of D. barbeyi. A 
large amount (4% of TA) of dictyocarpine appears in the stem of 
this plant in its early growth stages. Occurrence of the component 
decreases through the bud stage in all plant tissues. Larger 
amounts (>2% of TA) appear in the flowers concurrent to the 
appearance of 14-0-acetyldictyocarpine before decreasing to 1% 
of TA or less in the pod stage of the plant. Dictyocarpine and 
lycoctonine occur in less than 1% of TA in the leaves of D. barbeyi 
during the entire growing cycle. 

The consistant appearance of larger amounts of diterpenoid 
alkaloids in the early growth stages of this tall larkspur is in accord 
with the accumulation of toxic components and high plant toxicity 
during these stages. The high yield occurrence of deltaline in this 
plant suggests its prominence in the plant’s toxicity. The esterified 
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lycoctonine type diterpenoid alkaloids methyllycaconitine and 
anthranoyllcoctonine were degraded during GC analysis and could 
not be accurately quantified by this technique. 

Pharmacological Activity of Diterpenoid Alkaloids Occurring in 
Tall Larkspurs 

Nine of the diterpenoid alkaloids (deltaline, dictyocarpine, del- 
tamine, 14-O-acetyldictyocarpine, methyllycaconitine, anthranoylly- 
coctonine, lycoctonine, browniine, 14dehydrobrowniine) obtained 
from D. bnrbeyi in the present study have been preliminarily 
evaluated for toxicological activity in a mouse bioassay (Manners 
et al., unpublished). The results of the toxicological evaluation of 
the diterpene alkaloids obtained from D. burbeyiis summarized in 
Table 3. These results establish methylycoconitine as the most 

Table 3. The pharmacological effects of diterpenoid aikaloids in 3 tall 
larkspurs. 

Diterpenoid alkaloid 

Deltaline 
Dictyocarpine 
l4-OAcDictyocarpine 
Deltamine 
Anthranoyllcoctonine 
Lycoctonine 
Browniine 
14-Dehydrobrowniine 
Methyllycaconitine 

Range of Relative 
occurrence toxicity* 
D. barbevi Mouse 

(%Y 
10.0-33.0 
2.0- 4.0 
1.0- 4.0 
o.o- 1.0 

0.3-11.2 
l.O- 6.1 
1.6- 7.1 

(22) 
(W 
W-0 
(25) 
(8) 

(13) 
(23) 

(9) 
I 

1Percentage of “total alkaloid” fraction, GC analysis 
‘Toxicity relative to methyllycscoaitine; values in parentheses = times less toxic 

toxic diterpenoid alkaloid occurring in D. barbeyi as determined 
by the mouse bioassay. The other alkaloids obtained from D. 
barbeyi show toxicity to mice from 8 to 30 times less than that 
observed for methyllycaconitinine. 

Only 6 of the 27 diterpenoid alkaloids (methyllycaconitine, 
anthranyllycoctonine, lycoctonine, deltaline, browniine and delco- 
sine) reported in the tall larkspurs (Kulanthaivel and Pelletier 
1988, Pelletier et al. 1981, Pelletier et al. 1989) (Table 2) have been 
previously subjected to toxicologically evaluation (Olsen and 
Manners 1989). Among these 6 alkaloids, only methyllycaconitine 
was shown to be toxic to cattle (Nation et al. 1982). Considerably 
lower mammalian toxicity is reported for the other 5 alkaloids. 
Three of these alkaloids (deltamine, dictyocarpine, and 14-O- 
acetyldictyocarpine) tested in the mouse bioassay of this study 
have not been previously tested. The observed toxicity of methylly- 
caconitine in mice is in accord with the toxicological observations 
of Nations (Nation et al. 1982) for this alkaloid in cattle. 

The high occurrence of deltaline (>0.6% of dry plant wt.) in D. 
barbeyi and D. occidentale suggests that it may play a prominent 
role in livestock poisoning. However, preliminary mouse bioassay 
toxicological evaluation confirm a low mammallian toxicity for 
deltaline. This bioassay also establishes a low mammalian toxicity 
for dictyocarpine, 14-0-acetyldictyocarpine, and deltamine. A 
mouse bioassay toxicological evaluation of methyllycaconitine 
established methyllycaconitine as the most toxic diterpenoid alka- 
loids among those isolated from the 3 tall larkspurs. 

In light of data previously reported for toxicological evaluation 
of methyllycaconitine in cattle, the mouse bioassy toxicological 
results for methyllycaconitine in this study support this alkaloid as 
a primary toxin in the tall larkspurs. However, dose rate response 
studies of tall larkspur alkaloid extracts and pure samples of 
methyllycaconitine must be conducted to eliminate the participa- 
tion of other diterpenoid alkaloids in the toxic mechanism either 
individually or synergystically. While the gas chromatographic 
analysis utilized in this study can not be applied to the accurate 
detection of methyllycaconitine, it could become an important tool 
in the event of the synergystic participation of any 7,8 methy- 
lenedioxy-lycoctonine type diterpenoid alkaloid which occurs in 
the tall larkspurs. The technique could also prove a swift and 
valuable tool in analyzing the selective distribution of minor diter- 
penoid alkaloids occurring in the tall larkspurs (e.g., occidentali- 
dine, barbinene, glaucephine, and barbeline) relative to the chemi- 
cal taxonomic differentiation of toxic hybrid tall larkspur species. 

If methyllycaconitine is established as the sole toxic alkaloid in 
the tall larkspurs, development of a swift, simple analytical 
methods which will measure methyllycaconitine content in tall 
larkspurs in the field offers the greatest hope to the livestock owner 
for the reduction or elimination of larkspur poisoning. Field analy- 
sis of toxic content of larkspur plants would allow on-site range 
management practices to prevent livestock exposure to these toxic 
plants based upon specific current toxin levels. 
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Abstract 

The cyrnogenic giycoside prunasin is the toxic component in a 
number of browse species (serviceberry, Amelanchier a&folia, 
and chokecherry, Pnmus virginiana); and giycosides of Initropro- 
panoi (NPOH), such as miserotoxin, are the poisonous prlncipie in 
a number of Astragalus species such as timber miikvetch, A. miser 
var. serotinus. Hydrolysis of the giycosidic bond in rumen contents 
is the first step in the bioactivation of the giycosides. Diet infiuen- 
ces populations of rumen microorganisms and diet may induce the 
proliferation of bacteria that function in giycoside hydrolysis and 
detoxification. The absorption of NPOH from the reticuio-rumen 
was examined in cattle on alfalfa hay and corn siiage diets. 3- 
nitropropionic acid (NPA), the lethal metaboiite of NPOH, was 
detected in both plasma and urine. The plasma levels of NPA were 
reduced when the diet enhanced the rate of NPOH detoxification 
in the rumen. The enhancement was achieved with a feed suppie- 
ment containing nitroethane, a synthetic anaiope of NPOH that is 
much less toxic than the natural toxin. The high levels of NPA in 
urine Q-30 ppm) suggested a procedure for detecting livestock 
poisoning by nitro-bearing plants. The absorption of hydrogen 
cyanide (HCN) from the reticuio-rumen was also examined in 
cattle given sublethal doses of prunasin from serviceberry. Metab- 
oiites of HCN in blood and plasma were detected at low levels (<5 
ppm) during the initial L-hour sampling period. High levels of 
thiocyanate (<20 ppm), a metaboiite of HCN, were detected in 
urine samples collected at 24-48 hours and this also suggested a 
diagnostic procedure for detecting HCN poisoning in cattle. 

Key Words: Astragalusmiser, miserotoxin, Initropropanoi Amel- 
anchier abrifolia, prunasin, cyanide 
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A diverse array of toxic glycosides occurs in higher plants prom- 
inent among which are the glucosinolates, the cardenolides, the 
saponins, and the calcinogenic, carcinogenic, and hypoglycemic 
glycosides (Cheeke 1989). Glycosides are characterized by the 
presence of one or more sugars linked to the alcohol or thiol 
functions of the nonsugar portion of the molecule which is called 
the aglycone. The sugar portion can be a simple monosaccharide 
such as glucose, a disaccharide such as gentiobiose, or an oligosac- 
charide of 3 or more monosaccharide units. The biological activity 
of a glycoside is usually determined by the chemical nature of the 
aglycone which can have aliphatic, aromatic, heterocyclic, or ster- 
oidal structures. The aglycones may undergo further enzymatic or 
nonenzymatic transformations to yield toxic metabolites. The 
present discussion will be restricted to recent studies on the absorp- 
tion and metabolism of 2 glycosides, namely prunasin (D- 
mandelonitrile P-D-glucoside), a cyanogenic glucoside found in 
serviceberry (Amelanchier alnifolia) and chokecerry (Prunus vir- 
giniana) and miserotoxin (Znitro-I-propyl B-D-gluoside), an ali- 
phatic nitrotoxin in timber milkvetch (Astragalus miser var. sero- 
tinus) and other Astragalus species. These 2 glycosides show very 
different mechanisms of metabolism and absorption from the 
reticula-rumen. 

Miserotoxin 

Metabolism and Absorption 
Miserotoxin and its aglycone, 3-nitropropanol (NPOH) have 

been detected in about 50 species and varieties of Astragalus 
(Leguminosae) primarily from the temperate regions of North and 
South America (Williams and Gomez-Sosa 1986; Williams 1982). 
The poisonous varieties of timber milkvetch, such as A. miser var. 
serotinus, can synthesize high concentrations of miserotoxin exceed- 
ing 5% of the forage dry matter (Quinton et al. 1989). Two meta- 
bolic steps are involved in the bioactivation of miserotoxin. The 
first occurs in the rumen and the second probably occurs in the 
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liver. Hydrolysis of the glycosidic bond and release of the aglycone 
by rumen microorganisms is the essential first step since the glyco- 
side itself was shown to be relatively innocuous (Majak et al. 1983). 
Enzymatic oxidation of the aglycone to 3-nitropropionic acid 
(NPA) by hepatic alcohol dehydrogenase is also essential since 
inhibitors of this enzyme suppressed the oxidation and protected 
rats from a lethal injection of the aglycone (Pass et al. 1985). The 
absorption of the aglycone from the rumen and the subsequent 
oxidation can occur very rapidly in cattle and sheep, as evidenced 
by the early appearance of NPA in the circulatory system following 
an intraruminal dose of the aglycone or glycoside (Majak et al. 
1984, Pass et al. 1984). 

Rumen microorganisms also have the capacity to detoxify 
NPOH and rumen bacteria capable of this degradation have been 
identified (Majak and Cheng 198 1, Cheng et al. 1988). Extensive in 
vitro studies have shown that the rates of detoxification can vary 
with animal diet (Majak et al. 1982, 1986a). For example, range 
diets containing Kentucky bluegrass (Poapratensis) yielded much 
higher rates of detoxification than feedlot diets composed of corn 
silage or alfalfa hay. The in vivo experiments in this study were 
carried out to test the biological significance of the in vitro assays. 
A significant increase in microbial detoxification in the rumen 
should result in a significant decrease in the circulating levels of 
NPA. 

In Vivo Trials 
The absorption studies on miserotoxin were conducted during 

1984 with 4 rumen-fistulated Hereford steers maintained on 3 
successive diets beginning with alfalfa hay which was supple- 
mented with molasses containing 1% nitroethane. Earlier studies 
had shown that this synthetic analogue of NPOH can enhance the 
degradation of NPOH by ruminal microorganisms, probably 
through metabolic induction (Majak et al. 1986a). The second diet 
consisted of alfalfa hay without the supplement and the third 
successive diet was corn silage. During the consumption of each 
diet, individual animals were challenged with freeze-dried timber 
milkvetch given intraruminally at 20 mg NPOH/ kg body weight, 
approximately one half the lethal dose. Each animal was fasted 20 
hours before the day of each challenge. 

In vitro studies with rumen fluid using the protocol of Majak et 
al. (1986a) were conducted concurrently to determine microbial 
rates of detoxification. In vivo disappearance of NPOH from the 
rumen was determined spectrophotometrically, expressed in terms 
of an exponential decay, and the half-life of NPOH in the rumen 
was calculated from the first order rate constant (Majak et al. 
1984). The possibility that absorption rates could be affected by 
rumen clearance rates was not overlooked. The water soluble 
marker Co.EDTA was used to concurrently determine the rate of 
passage of the liquid phase of rumen contents as described pre- 
viously (Majak et al. 1986b). The marker was given at 10.7 mg 
Co/ kg body weight, 4 hours before the milkvetch dose. 

Blood samples were collected before the milkvetch dose and then 
at 0.25,0.5,0.75, 1, 1.5,2, and 3 hours after the dose to determine 
circulating levels of NPA by high pressure liquid chromatography 
(HPLC) (Muir and Majak 1984). The absorption of NPOH from 
the rumen was estimated by the plasma concentrations of NPA 
expressed in terms of the area under the blood concentration time 
curve (AUC). The AUC) reflects the total amount of toxin that is 
absorbed and the assumption is made that the changes in plasma 
toxin concentration quantitatively reflect the changes occurring in 
toxin concentrations in other body fluids and tissues (Dvorchik 
and Vesell 1976). The AUC, calculated by the trapezoidal rule 
(Wylie 1953), consolidated the repeated measures on toxin concen- 
tration for each animal on each diet. This variable was then exam- 
ined by analysis of variance to determine differences among diets. 

The absorption and excretion of NPOH in cattle was further 
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examined in a second experiment in 1989 when 4 rumen-fist&ted 
Hereford cows, maintained on orchardgrass hay, were given 
timber milkvetch at 15 mg NPOH / kg body weight. The NPA levels 
in plasma and urine were determined by HPLC utilizing disposable 
extraction columns for rapid sample preparation (Majak and 
McDiarmid 1990). Sampling times were extended to 4 and 5 hours 
after the dose. 

Results 

Figure 1 shows the in vivo disappearance of NPOH in the rumen 
of cattle on 3 consecutive diets. Differences in rates of disappear- 
ance were detected among diets (P<O.O5) and the shortest half-life 
for NPOH (0.75 h) was observed in the alfalfa diet supplemented 
with nitroethane. For the unsupplemented diets, the NPOH half- 
life varied from 1.67 hours (corn silage) to 2.3 hours (alfalfa hay) 
(SE = 0.13). The possibility was considered that the differential 
rates of disappearance could be related to differences in rumen 

HOURS 
Fig. 1. Average rate of disappearance of NPOH in the rumen of 4 steers 

dosed intruuminally with timber milkvetch at 20 mg NPOH/kg body 
weight. The cattle were maintained on 3 consecutive diets: alfalfa hay 
supplemented with molasses containing nitroethane (A); alfalfa hay 
alone (0); and corn siiage (0). Exponential curves were fitted using 
non-linear regression. Each value is the mean of 4 determinations; SE = 
0.18. 

clearance rates. However, there were no differences among diets in 
the half-life of the water-soluble marker, Co.EDTA (PXl.05). The 
average half-life of Co.EDTA varied from 18.3 hours for the corn 
silage diet to 21.9 hours for the unsupplemented hay diet and the 
supplemented diet was intermediate at 19.7 hours but not detecta- 
bly different from the other 2. Thus the differences in rates of 
NPOH disappearance in vivo (Fig. 1) were probably due to differ- 
ences in rates of microbial activity. This was confirmed when the in 
vitro rates of NPOH detoxification were compared. The highest in 
vitro detoxification rate (P<O.OS) was obtained with rumen 
inocula from the supplemented diet (185 nM ml-’ hour-‘) but lower 
rates (66 to 89 nM ml’ hour-‘) were obtained with the unsupple- 
mented diets (SE = 34). 
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When the AUC of NPA in plasma was examined, differences 
among diets were not detected during the initial phase (0 to 0.75 
hour) when there is a rapid release of NPOH from freeze-dried 
milkvetch tissue. However, it should be noted that under grazing 
conditions, the release of NPOH from fresh forage tissue would be 
much more gradual. The average AUC’s were significantly differ- 
ent (P<O.O5) during the elimination phase (1 to 3 hours) when the 
AUC was smaller in the unsupplemented diet (35 nM hour ml-‘), 
intermediate in the supplemented alfalfa diet (56 nM hour ml-‘), 
and larger in the corn silage diet (83 nM hour ml-‘) (SE = 11). These 
results indicate that the AUC can be reduced by more than 50% by 
the appropriate choice of diet. It should be emphasized that when 
elevated levels of AUC were encountered (such as the AUC’s for 
the unsupplemented diets), the AUC was usually underestimated 
because plasma concentrations of the toxin had not reached zero 
by the end of the experiment (Fig. 2). In contrast, the AUC’s for 
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Fig. 2. Average levels of plasma NPA in 4 steers dosed lntraruminally with 
timber miikvetch at 20 mg NPOH/kg body weight. The cattle were 
maintained on 3 consecutive diets: alfalfa hay supplemented with 
molasses containing nitroethane (A); alfalfa hay alone (0); and corn 
silage (0). Each value is the mean of 4 determinations; SE = 10.1. 

cattle on supplemented diets were usually at or close to zero by this 
time. Thus the alfalfa-nitroethane diet, which enhanced microbial 
rates of detoxification, showed the lowest degree of NPOH absorp- 
tion and the corn silage diet showed the highest degree of NPOH 
absorption. 

The key role of NPA in the metabolism of aliphatic nitrotoxins 
(Majak and Pass 1989) prompted studies on the urinary excretion 
of the metabolite. Initially, analytical methods were developed to 
detect NPA in urine when it was given intravenously to cattle 
(Majak and McDiarmid 1990). These methods were then applied 
to the detection of NPA when timber milkvetch was given intra- 
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ruminally. The dose was reduced from 20 to 15 mg NPOH/ kg to 
further test the sensitivity of the procedures. Table 1 shows that 
NPA can be readily detected at this dosage in both bovine plasma 
and urine. In previous studies, NPA levels in plasma and urine 
were highly correlated (r = >0.96) for each animal when NPA was 
given intravenously (Majak and McDiarmid 1990). The individual 
correlations for the data in Table 1 were lower (0.76 - 0.95) and this 

Table 1. Detectable levels of NPA in the plasma and urine of 4 cows given 
timber milkvetch at 15 mg NPOH/kg body weight. Levels were deter- 
mined 0.5 to 5 hour after giving the intnruminal dose. 

Cow no. 
Plasma Urine 

Mean Range Mean Range 
----_____________nM/mll_________________ 

1 19 (3)2 
2 13 (5) 
3 35 (6) 
4 53 (4) 
‘I ppm NPA = 8.4 nM/ml. 
*Number of observations. 

11-28 346 (3) 254-490 
3-23 379 (5) 55-761 
9-55 383 (6) 172-621 
4-67 336 (4) 47-582 

might be attributed to delays in absorption caused by mixing and 
dispersion of the freeze-dried milkvetch tissue in rumen contents. 
Nevertheless, the elevated levels of NPA in urine compared to 
plasma (Table I) suggest that the analytical methods for urine can 
be used to monitor cattle suspected of poisoning by nitro-bearing 
plants under field conditions and possibly to diagnose fatal 
poisoning. 

Prunasin 

Metabolism and Absorption 
Prunasin is a major constituent in a number of browse species 

including chokecherry and serviceberry, where the glycoside can 
exceed 7% of the dry matter in leaves and 3% of the dry matter in 
twigs (Brooke et al. 1988, Majak et al. 198 1). Many other members 
of the Rosaceae also contain prunasin (Seigler 1976). 

Two steps are involved in the degradation of cyanogenic mono- 
saccharides, such as prunasin, which produce the toxic agent, 
hydrogen cyanide (HCN), in rumen contents. Enzymatic hydroly- 
sis of the glycosidic bond occurs first and then the HCN dissociates 
from the aglycone nonenzymatically. The spontaneous dissocia- 
tion of the prunasin aglycone, mandelonitrile, was examined in 
rumen fluid and the dissociation was found to be pHdependent 
(Majak et al. 1990). Much higher rates of dissociation occurred at 
pH >6 but the rate of HCN dissociation was almost negligible at 
pH 5. The pH of rumen fluid can exceed 7 during extended periods 
of fasting but it is depressed during feeding and digestion when 
volatile fatty acids are being produced during fermentation. 
Accordingly, the pH dependent step should have a significant 
impact on the overall rate of HCN production. This was validated 
when rates of cyanogenesis were examined diurnally. The highest 
rates of HCN production were associated with rumen inocula from 
cattle that had been fasted for 24 hours (Majak et al. 1990). This 
indicated that these animals would be most susceptible to poison- 
ing by cyanogenic forages because the rates of HCN production 
and absorption could well exceed the rates of HCN detoxification. 
The overall rate of HCN production in the rumen was also found to 
be dependent on the animals’ diet. Good quality forage yielded 
inocula with high rates of HCN production but grain diets (which 
lowered ruminal pH) and poor quality hay reduced HCN produc- 
tion (Majak et al. 1990, Majak and Cheng 1987). 

In Vivo Trials 
An attempt was made to monitor the different pools of HCN in 

circulating blood to determine the degree and rate of HCN absorp- 



tion from the reticula-rumen. These metabolic studies on prunasin 
were conducted in conjunction with earlier studies on rates of 
cyanogenesis in the bovine rumen (Majak and Cheng 1984). Cattle 
were dosed intraruminally with serviceberry twigs at 2.5 mg 
HCN/ kg body weight, a dose that is approximately one-half the 
lethal dose of HCN as the cyanogenic glycoside, prunasin (Majak 
et al. 1980). 

The frozen twigs were processed, administered intraruminally to 
4 rumen-fistulated Hereford heifers maintained on alfalfa hay, and 
blood samples were collected as described previously (Majak et al. 
1980). Blood samples were obtained before giving the serviceberry 
dose and then at 0.25,0.5,1,1.5,2,2.5,3,3.5,4,5, and 6 hours after 
a dose. The blood samples were incubated for 3 hours at 37O C in 
Conway microdiffusion dishes; the free or bound HCN was 
trapped in alkali and analyzed with the pyridine-barbituric acid 
reagent (Lambert et al. 1975). Bound HCN was released with 10% 
H&04 (Pettigrew and Fell 1973). Plasma was treated with 6 
volumes of ethanol to precipitate protein and plasma thiocyanate 
(the detoxified form of HCN) was then determined as described 
previously (Majak and Cheng 1984). Similar procedures were used 
for determining thiocyanate in urine. 

Results 
The rates of HCN disappearance from the rumen were reported 

earlier (Majak and Cheng 1984). Expressed in terms of half-life, 
they ranged from 0.91 hour to 3.54 hours when cattle were main- 
tained on alfalfa hay. This large variation in half-life within a diet 
would be partly attributed to the physical properties of HCN, 
which is very soluble in rumen contents but also volatile. The 
precondition of the rumen could well determine the degree to 
which HCN is absorbed or exhaled. Retention of HCN in rumen 
contents, due to its solubility, would favor absorption. On the 
other hand, the release of HCN from rumen contents could be 
affected by microbial rates of gas production and the frequency of 
eructation. 

Free HCN was detected only at very low levels in blood (<l 
ppm) and it showed a high degree of variation among animals 
(Table 2). Levels of bound HCN (the pool of HCN that is released 

Table 2. Average concentration of free and bound HCN and average rate 
of thiocysnate formation in blood after giving cattle mulched service 
berry browse at 2.5 mg HCN/kg body weight. Blood samples were 
collected over a period of 6 hour following the i+aruminal dose. The 
values are shown in equivalents of HCN. 

Cow no. Free HCN Bound HCN Thiocvanate 

5 
6 

(nM mI’)t (nM ml-‘) (nM ml-‘hour-‘) 
0.73 f 0.272 26.5 f 3.92 17.8 (0.854)’ 
1.88 f 0.35 33.8 f 2.11 11.7 (0.956) 

7 20.8 f 1.65 201.9 f 19.6 14.3 (0.872) 
8 4.04 f 1.23 52.0 f 9.35 21.2 (0.918) . I  

‘I ppm HCN = 37 nM/ml. 
2SE, n = 12. 
3Linear correlation coefficient for rate determination. 

when blood is acidified) were much higher but they did not show a 
consistent pattern during the 6-hour sampling period so the values 
are shown as simple averages (Table 2). Heifer 7 showed much 
higher plasma HCN levels than the other 3 animals (Table 2). 
Higher plasma levels at similar doses of serviceberry were also 
detected in earlier studies (Majak et al. 1980). Thus a simple 
relationship between the dynamics of the glycoside in the rumen 
and the circulating levels of HCN in the blood was not observed. In 
short, it was possible to detect and quantify circulating pools of 
HCN but its volatility and reactivity with macromolecules (Lund- 
quist et al. 1985) precluded direct observations on rates of HCN 

absorption from the rumen. The most consistent form of HCN in 
blood was the thiocyanate pool, as it showed a rather stable rate of 
increase (Table 2) which can be attributed to HCN detoxification 
through the enzymatic action of rhodanese (EC 2.8.1.1). 

The pools of HCN were also examined in the urine of 3 of the 
animals and the most significant finding was the detection of high 
levels of thiocyanate at 24 to 48 hours after the dose. The range of 
values (in equivalents of HCN) for each animal was as follows: 
200-963 (cow 5), 787-2,200 (cow 6) and 559-l ,629 nM/ ml (cow 7). 
These high, delayed levels in urine suggest that urinary thiocyanate 
analysis could well be used as a diagnostic procedure for detecting 
HCN poisoning in cattle. 

Summary and Practical Implications 

In summary, prunasin and miserotoxin share a common feature 
as glycosides, in that they are both /I-D-glucosides and must be 
hydrolyzed by the hydrolytic enzyme /l-glucosidase (EC 3.2.1.21) 
before becoming toxic. The hydrolytic enzyme is a component of 
many cyanogenic plants but it is unlikely that the plant enzyme is 
active in rumen contents where soluble plant proteins are rapidly 
degraded by rumen microorganisms. However, rumen bacteria 
have the capacity to hydrolyze /3-D-glucosides (Majak and Cheng 
1984,1987) and to utilize the glucose as an energy source. The toxic 
aglycone can then be rapidly absorbed or further metabolized in 
rumen contents. Ruminal metabolism of NPOH can result in 
detoxification and reduced absorption of the aglycone from the 
reticula-rumen. Ruminal detoxification of HCN is also possible 
(Majak and Cheng 1984) but HCN is more likely to be absorbed 
into the circulatory system where it rapidly binds to macromole- 
cules. In addition, products of aglycone metabolism (NPA or 
thiocyanate) can also be detected and quantified in bovine urine for 
possible testing in cases of poisoning. 

In the absence of hydrolysis, glycosides such as miserotoxin and 
prunasin are relatively innocuous since they can be absorbed and 
excreted intact (Majak and Pass 1989). Cyanide, for example, is 
considered to be lethal at 2 mg/ kg body weight (0.08 mM/ kg) but 
the LDm of prunasin was found to be 560 mg/ kg (1.9 mM/ kg), a 
large portion of it being excreted intact when given to rats orally 
(Sakata et al. 1987). Inhibition of microbial P-glycosidase might 
provide a means of protecting ruminants from toxic glycosides 
(Majak and Pass 1989). The factors that control the level of /I- 
glucosidase in the rumen need to be further examined because this 
enzyme plays a fundamental role in the biotransformation of toxic 
glycosides. 
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Abstract 

Reduction of Indian ricegrass [ Oryzo~s& Aymenoides (Roem. 
and Schult.) Ricker] seed shattering losses is of interest because it 
would result in more economical seed harvest. PI 478833, a geno- 
type with glumes closely surrounding the seed, was compared with 
‘Paloma for glume pair angle and seed retention parameters. Our 
objective was to determine its suitability as a source of seed shatter- 
ing resistance for genetic transfer to an Indian ricegrass variety. 
Regrowth from a 19 June 1989 clipping of ‘Paloma’and PI 478833 
with and without supplemental irrigation was evaluated in late 
July. Irrigation did not affect glume pair angle or percentage intact 
seed (number of seeds/number of mature florets). Though Paloma 
and PI 478833 giume pair angles averaged 66’ and 44’) respec- 
tively, percentage intact seed was 13% higher for Paloma than PI 
478833 because Paloma’s more indeterminate flowering pattern 
allowed it to replace its shattered florets more quickly than PI 
478833. In a second experiment we observed individual florets of 
Paloma and PI 478833 for 7 weeks starting 5 September 1989. 
Floret opening occurred mostly during daylight hours and on 
warm days. Shattering events occurred when a storm followed a 
period of floret opening. Duration of seed retention from giume 
opening to shattering averaged 91% longer for PI 478833 than 
Paloma. After 7 weeks 83 and 35% of Paloma and PI 478833 florets 
had shattered, respectively. In a third experiment seed retention 
index (seed yield/forage dry weight) on 15 September 1989 was 
0.45,0.19, and 0.11 for PI 478833, ‘Nezpar’, and Paloma, respec- 
tively. PI 478833’s acute glume pair angle and resultant increased 
seed retention make it a valuable source of shattering resistance for 
introduction into bred Indian ricegrass varieties. 

Key Words: genotypic variation, Nezpar, Onopsis hymenoides, 
Paloma, seed production, seed shattering 

Seed shattering is a major problem in Indian ricegrass [ Oryzop- 
sis hymenoides (Roem. and Schult.) Ricker] seed production 
(Jones 1990). Reduction of seed shattering losses would have a 
favorable economic impact on seed production, probably benefit- 
ting both the producer and consumer. A high degree of floral 
indeterminancy in Indian ricegrass means seeds typically begin to 
shatter while later panicles continue to bloom. Indian ricegrass is 
primarily self-pollinated (Jones and Nielson 1989) and seeds 
mature quickly after panicle emergence. Mature seeds abscise 
along an abscission layer between the floret and the rachilla (Whal- 
ley et al. 1990). The glumes, appendanges that subtend the seed, 
open and permit the seed to shatter. Glumes subtending unfilled 
seeds open normally, but the seeds do not abscise. Thus, casual 
observation can give the false impression of high seed retention, 
particularly in arid environments where seed fill percentage is low 
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(Jones 1990). 
Whalley et al. (1990) found that PI 478833 (Yellowstone Co., 

Mont.) exhibits a more acute angle between the opened glumes 
(glume pair angle) than ‘Paloma’. This acute glume pair angle may 
allow the plant to hold the seed longer, thereby reducing seed 
shattering losses. Comparison of bagged and unbagged treatments 
suggested higher seed retention in PI 478833 than Paloma, but seed 
shattering was not measured directly. The objectives of this study 
were to measure glume pair angles and percentage intact seed in 
Paloma and PI 478833 with and without supplemental irrigation, 
to determine the circumstances under which shattering occurs, to 
quantify rate of floret opening and seed shattering and relative 
duration of seed retention in these 2 genotypes, and to compare 
seed retention index of PI 478833 with Paloma and ‘Nezpar’in the 
fall after most seed has shattered. 

Materials and Methods 

Ghune Pair Angle and Percentage Intact Seed with and without 
Irrigation-Experiment 1 

Seedlings were transplanted 18 August 1987 from a greenhouse 
to a Millville silt loam (coarse-silty, carbonatic, mesic Typic 
Haploxerolls) in North Logan, Utah. Four 20-plant replications of 
Paloma and PI 478833 were arranged on l-m centers in a split-plot 
design with genotypes as whole plots and irrigation treatments as 
split plots. Test plants were surrounded by a border of PI 478833. 
On 19 June 1989 the plants were clipped at 15 cm to remove spring 
growth. The experiment was conducted on subsequent regrowth 
under summer conditions, permitting greater impact of the appli- 
cation of irrigation water. 

Circular irrigation basins were dug around each plant and lined 
with sand to prevent moisture loss from soil cracking. A gravity- 
fed polyvinylchloride irrigation system directed water from a 
nearby canal to all basins in each irrigated IO-plant split plot 3 
times weekly from 19 June to 28 July. Plants were irrigated to field 
capacity. 

At the end of the irrigation period, glume pair angle was mea- 
sured on 5 shattered and 5 open but unshattered florets from all 
plants, as described by Whalley et al. (1990). Panicles were har- 
vested and counts were made of numbers of (I) mature florets, 
those opened and shattered or with a filled unshattered seed; (2) 
immature florets, including those aborted and deformed; and (3) 
filled seeds. Percentage intact seeds was calculated as (filled seeds/ 
mature florets) X 100, and an arcsine transformation was applied 
to these data before analysis. Data are presented as untransformed 
means. 

Duration of Seed Retention-Experiment 2 
About 6 weeks after the late-July clipping of Experiment 1, 5 

unopened florets were selected from regrowth of 20 unirrigated 
plants of each genotype (Experiment 1). Florets were marked 5 
September and their status (unopened, opened, or shattered) was 
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monitored at 0800, 1000, and 2000 hours for 10 days, daily for an 
additional 19 days, and weekly for an additional 3 weeks. Panicles 
without marked florets were removed at the beginning of the 
experiment to increase seed set on remaining panicles. On day 50 
the experiment was terminated, unshattered florets were checked 
for seed fill, and 1 I seedless florets (of the original 200) were deleted 
from the data set. Duration of seed retention was calculated as the 
average number of days between glume opening and seed shatter- 
ing. Paloma and PI 478833 were compared by a t test, using 
independent variance estimates for the 2 genotypes. 

Late-Season Seed Retention Index-Experiment 3 
Transplants of Paloma, Nezpar, and PI 478833 were established 

15 October 1986 on a Nibley silty clay loam (fine, mixed, mesic 
Aquic Argiustolls) in Providence, Utah. Four replications of each 
genotype, each with 10 plants on 0.5-m centers, were surrounded 
by a Paloma border. Poor establishment limited measurements to 
29, 21, and 30 plants of Paloma, Nezpar, and PI 478833, respec- 
tively. In 1989 seed was permitted to shatter until 15 September 
when individual plants were harvested at a 15cm clipping height. 
Plant dry weight, seed number, and seed yield were measured on a 
per-plant basis. Forage dry weight was calculated by subtracting 
seed yield from plant dry weight. Seed retention index of a plant 
was calculated as seed yield/forage dry weight. Seed weight of a 
plant was calculated as seed yield/ seed number. 

Least-squares means (Freund and Littell 1981) were estimated to 
eliminate error caused by the unbalanced data. Differences 
between least-squares means were tested using the Bayes L.S.D. (k 
ratio = 100) (Smith 1978). The replication X entry error term was 
used to construct the test statistic. 

Results and Discussion 

Experiment 1 
Paloma and PI 478833 glume pair angles averaged 66’ and 44’) 

respectively, with genotypes (P<O.Ol) accounting for 94% of the 
nonerror variation in the experiment. No differences (KO. 10) 
were found for irrigation, genotype X irrigation, or shattered vs. 
unshattered florets. Glume pair angles were about 17” greater than 
those of Whalley et al. (1990) but the difference betweengenotypes 
was similar. 

Despite Paloma’s 50% larger glume pair angle, its percentage 
intact seeds was 13% greater than PI 478833’s (Table 1). We 
attribute this to an experimental artifact, namely the greater capac- 
ity of Paloma to regrow and to flower in this regrowth, as reported 
earlier (Whalley et al. 1990) and supported by our mature and 

Table 1. Percentage intact seeds and numbers of mature and immature 
florets per plant for Paloma and PI 478833 regrowth with and without 
irrigation at North Logan, Utah on 28 July 1989. 

Genotype Intact seeds Mature florets Immature florets 

(%) (No/ plant) (No/ plant) 
Irrigated’ 

Paloma 67.5 435 1840 
PI 478833 53.4 223** 385** 
L.S.D.o.05 19.6 151 421 

Unirrigatedl 

Paloma 60.8 452 1173 
PI 478833 48.2; 187* 285* 
L.S.D.o.os 8.7 261 489 

*+*Significantly different at P<O.O5 and 0.01, respectively. 
IGenotype X irrigation treatment interaction nonsignificant (P<O. 10) for percentage 
intact seeds and numbers of mature florets and significant (PCO.0) for numbers of 
immature florets. 

immature floret data. This especially indeterminate flowering pat- 
tern of Paloma permitted recruitment of large numbers of imma- 
ture florets to replace shattered florets. PI 478833 had much fewer 
of these “reinforcements”, so shattered seed could not be easily 
replaced. Irrigation did not increase (P>o. 10) numbers of mature 
florets and its increase of percentage intact seeds was nonsignifi- 
cant (P q 0.12). But irrigation did increase numbers of immature 
florets 57 and 35% for Paloma and PI 478833, respectively (geno- 
type X irrigation interaction significant at P<O.O5), indicative of 
the floret recruitment advantage of Paloma. This floret recruit- 
ment advantage would be expected to have lesser importance 
under normal seed production conditions because initial growth is 
harvested instead of regrowth. 

Experiment 2 
Floret opening was greater during daylight than nighttime hours 

(Fig. 1). Floret opening also tended to be greater on clear warm 

q PI 478833 

2000-800 800-1400 1400-2000 

TIME OF DAY 

Fig. 1. Time of day of ftoret opening of Paloma and PI 476833 from 5 to 15 
September 1989. 

days than on overcast cool days. By day 29 the percentage of florets 
with opened glumes was 98 and 61% for Paloma and PI 478833, 
respectively (Fig. 2). Shattering curves of the 2 genotypes were of 
similar shapes, but Paloma’s rate of shattering was over twice as 
great as PI 478833’s (Fig. 2). By day 29 83% of the mature Paloma 
seed had shattered, of a possible maximum of 98% opened florets, 
compared to 35 of a possible 61% for PI 478833. Floret opening 
and seed shattering were minimal after day 29. Average duration of 
seed retention was 91% longer for Pi 478833 (6.7 days) than 
Paloma (3.5 days) (P<O.Ol). In contrast to Paloma, many of the PI 
478833 florets produced a filled seed without ever opening their 
glumes. 

A disproportionate amount of shattering occurred as a result of 
discrete shattering “events”. Atmospheric disturbance can result in 
shattering if glumes enclosing a filled seed are open. The first major 
shattering event was triggered by a hailstorm on day 6. But while 12 
of 20 open unshattered Paloma florets shattered, only 3 of 15 such 
florets of PI 478833 did so. A severe windstorm on day 13 caused 
the second major shattering event, abetted by a high degree of 
floret opening on day 8. Twenty-seven of 39 open unshattered 
Paloma florets shattered, while only 16 of 38 such florets of PI 
478833 did so. After this storm shattering continued, but at a much 
slower rate, especially in PI 478833. In both genotypes this shatter- 
ing reduction appeared correlated with a decreased rate of floret 
opening, more pronounced in PI 478833 than Paloma. 
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shattered of Palomr and PI 478833 begbming 5 September 1989. 

Table 2. Leashquara means of forage dry weight (g/plant), seed yield 
(g/plant), seed retention index (g seed yield/g fonge dry weight), seed 
number, and seed weight (ml/seed) of PI 478833, Nezpu, end Palomn at 
Providence, Utah 15 September 1989. 

Genotype 

Forage 
dry 

weight 
Seed 
yield 

Seed 
retention Seed Seed 

index number weight 

(g/plant) (g/plant) (;Ffi) (no./plant) (mg/seed) 

PI 478833 
Nezpar 
Paloma 
Bayes 

L.S.D. 

16.3 a 7.0 a 0.307 a 1932 a 3.64 b 
11.3a 1.9 b 0.154 b 602b 2.89 c 
12.7 a 1.6b 0.096 c 331 b 4.40 a 

ns 1.7 0.041 422 0.45 

Means in a column followed by different letters are significantly different by the Bayes 
L.S.D. (k ratio = 100). 

Experiment 3 
Seed weight of Paloma was 52% greater than Nezpar, with PI 

478833 intermediate (Table 2). Nezpar is comprised of roughly 
equal proportions of “big black’* (globose) and “small black” 
(elongate) seed polymorphisms, but Paloma seed is predominantly 
globose (Young and Evans 1984). PI 478833 seed has the globose 
sha‘pe of Paloma but is considerably smaller. 

Instead of the tedious direct counting procedure employed in 
Experiment 1, in Experiment 3 the less labor-intensive indirect 
method of seed retention index was. used to make inferences with 
regard to seed shattering. If seed production is roughly propor- 
tional to dry-matter production, then seed retention index after 
extensive shattering is a good estimate of relative seed retention. 
On 15 September seed retention index of PI 478833 was about 2.4 
and 4.1 times (k ratio = 100) that of Nezpar and Paloma, 
respectively. 

Conclusions 

Indian ricegrass exhibits seed production and dispersal strate- 
gies highly suitable to its native arid environment. In general, 
flower and seed production is quite indeterminate, which permits 
the plant to exploit intermittent rainfall; and glume pair angle is 
fairly obtuse, which permits seed dispersal. Though persistence in 
the rangeland environment is the primary concern if this species is 
to be widely used in revegetation, seed must first be produced in a 
commercial seed production environment, where shattering is 
undesirable. Fortunately, objectives for the 2 environments are not 
necessarily conflicting. For example, a longer duration of seed 
retention is not a serious disadvantage on rangelands because the 
vast majority of retained seed is dispersed by the end of winter. 

PI 478833 exhibits a more acute glume pair angle and a longer 
duration of seed retention than Paloma, explaining its 4-fold 
superiority in late-season seed retention index. PI 478833 also is an 
excellent seed producer. The relative indeterminacy of PI 478833 is 
considered an advantage for seed production because more of the 
seed is harvestable at a given time. Its shattering resistance, high 
seed yield, and relatively high floral determinacy combine to make 
PI 478833 a good potential genetic source for improvement of 
Indian ricegrass seed production efficiency. 
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Abstract 

A spatial simulation model was developed to examine the 
community-level relationships between woody overstory and her- 
baceous understory. The influences of individual trees on berbace- 
ous understory were aggregated into stimulatory and competitive 
effects which were represented as indices. The net index at a 
particular point on the landscape was calculated by multiplying the 
indices of all trees having an effect at that point. Simulated sam- 
pling of computer-generated communities (calculating the net 
index at a number of randomly selected points) enabled the ber- 
baceous production to be estimated for communities of defined 
tree density and size. The model was parrmeterized for eucalypt 
(Euculyptuz crebra F. Muell.) communities in northeastern Aus- 
tralia and for honey mesquite (Prosopisglandidosa var glandulosa 
Tot?.)-mixed brush areas in southwestern U.S.A. 

based on the effects of individual trees on herbaceous vegetation 
which addresses the woody-herbaceous relationship at the com- 
munity level. Model validation will be provided for 5 field sites (3 
eucalypt (Eucalyprus crebru F. Muell) in northeastern Australia 
and 2 honey mesquite (Prosopis glandulosa var glandulosa Torr.) 
in southwestern U.S.A.). 

Method 

Model Development 

When a net competitive effect exists around individual trees, a 
negative curvilinear relationship between berbaceous yield and 
tree density was observed in the simulations. If stimulntory effects 
dominate at the individual tree level, berbaceous yield at the com- 
munity level was highest at intermediate tree densities. Thus the 
extremes of relationships seen in the literature can be reproduced 
simply by altering the relative strength of stimulation and competi- 
tion in this model. The model can be used to examine the change in 
berbaceous yield at the community level following manipulation of 
woody cover. 

My model is based on ideas proposed by Wu et al. (1985) and 
Walker et al. (1986b). They developed the concept of an ecological 
field to explain the interactions among neighboring plants located 
at a distance from each other. They use interference to describe the 
influence of a plant on its neighbor’s environment through 
resource competition and less direct interaction. The degree of 
interference decreases as the distance from the tree increases. Their 
model included separate effects of the crown, trunk, and roots of 
trees on other vegetation. For my model, these effects were amal- 
gamated into those factors which tended to increase herbaceous 
yield potential (stimulation) and those that decreased this potential 
(competition). 

Using this general approach, the net effect of several trees at a 
point can be simulated. This information on an individual tree 
basis can be used to predict responses at the community level. 

Model Description 

Key Words: Prosopis glandulosa, Euca&ptus crebra, overstory 
understory, simulation 

The level of animal production in savannas and woodlands is 
greatly influenced by the balance between woody and herbaceous 
vegetation (Clary 1975). Many relationships between herbaceous 
production and woody cover have been noted throughout the 
world. These range from a negative exponential decline in her- 
baceous yield as tree basal area increases (Beale 1973), to a linear 
decline as tree density increases (Walker et al. 1986a), to an initial 
increase at low canopy cover followed by a decrease as cover 
increases further (Scifres et al. 1982). The last pattern reflects 
herbaceous stimulation provided by trees possibly through influ- 
ences on soil nutrients, rainfall redistribution, and microclimate 
changes and their competition for water, light, and nutrients. Such 
a variety of responses provides a challenge to describe the underly- 
ing interaction between overstory and understory at the commun- 
ity level. 

At any point (i) on the landscape, the herbaceous layer may be 
influenced by competitive (C) and stimulatory (S) forces from 
many individual trees(w). The net effect(N) is the product of these 
competitive and stimulatory effects. This is represented by Eq. 1. 

Ni = Ctitota~) *Si(ata~) 

where 
Ci(tota1) = [G(l) *Ci(Z)*...*Ci(w)] 

Si(tota1) = [Si(l) *Si(Z)*...*Ci(w)] 

Eq. 1 

The objective of this paper is to present an empirical model 
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McKeon for encouragement and suggestions during development of this model. 
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and Ni > 0; 0 < Ci(total) < 1; 1 < Si(tota)) < Smax. 

S,.. is a function of the growth potential of herbaceous species 
and the abiotic influences on growth and for the communities 
studied here, S,,. was set to 2.5. The indices are scaled such that 
when N = 1 the herbaceous production is equivalent to that in the 
open (Yopen). The herbaceous yield at any point on the landscape is 
given by Eq. 2. 

Yi q  Yom” * Ni Eq.2 
Within the model, trees are randomly distributed within a simu- 

lated plot area of 60 m X 60 m. Nonrandom distributions could be 
incorporated using the approach of Wu et al. (1987). Twenty-five 
sampling points were then randomly selected in the central 40 m X 
40 m area. At each point, Ci and Si for each tree were calculated. 
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The net index, Ni, was then calculated (Eq. 1) and a simulated yield 
calculated at that point (Eq. 2). 

A flexible equation with interpretable parameters was required 
to describe the changes in C and S with distance from the tree. For 
this purpose, Eqs. 3 and 4 were chosen. 

Si = 1 + So * rS”s/(r.“s + d.“‘) Eq. 3 
where 

SO is the stimulation index at tree-trunk and is maximum at that 
point (SO > 1); 
rsis thedistancefrom the treeat which the Si=O.5*(So-1)+1 (i.e. 
where the stimulation effect is half of the maximum value); 
ns is a parameter which influences the slope of the curve away 
from the tree trunk; 

and d, is distance from the tree to sampling position. 

Similarly, for competition, 

Ci = 1 - (1 - Co) * r,“‘/(rF + d,“) 

where 

Eq. 4 

CJ is the competition index at the tree-trunk; 0 < CO< 1 (small Co 
q  large effect); 
r, is distance from the tree at which Ci = 0.5*(1-G); 
nc is a parameter which influences the slope of the curve away 
from the tree; 

and d, is distance from the tree to sampling position. 
Thus the indices can be fully described by (1) maximum effect at 

the tree trunk (S is at a maximum; C value is a minimum); (2) the 
distance away from the trunk that the effect is half of the maxi- 
mum; and (3) the pattern of influence of the tree on the index with 
increasing distance from the tree. If nc or ns is low, the effect 
declines rapidly with distance from the tree trunk; if nc or ns is 
large, the effect remains “constant” for some distance from the tree 
and then declines rapidly to the value for open areas (see Fig. 1). 

0 
i 

I I I I 
0 2 4 6 6 10 

Distance from tree (m) 

Fig. 1. Examples of the stimulation index showing the influence of the 
shape parameter (ns) on the pattern of change with increasing distance 
from the tree. 

Model Parameterization 
Eucalypt Size 

The parameterization site was located about 100 km west of 
Rockhampton, Australia (150°30’E, 23”22’S) on undulating areas 
within the black speargrass (Heteropogon contortus (L.) Beauv. ex 
Roemer & Schultes) vegetation community (Weston et al. 1981). 
The main woody species was Eucalyptus crebra with herbaceous 
vegetation dominated by C4 grasses including black speargrass, 
Aristida spp. (L.), Bothriochloa spp. (C.E. Hubbard) and Eragros- 
tis spp. (Wolf). The climate of the area is subtropical with warm 
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winters and hot summers. The mean annual rainfall is about 730 
mm with 75% received during the November to April summer 
period. The soil consists of a loamy-textured A horizon with a 
conspicuously bleached Az horizon over a sodic clay B horizon at 
40 cm (a natrustalf) and site slope was less than 5%. 

Within the experimental area, 20 trees (10 pairs) each of 3 size 
classes (shrubs, 10 to 15 cm basal diameter; small trees, 15 to 30cm 
basal diameter; and large trees, 30 to 50 cm diameter) were selected. 
One of each pair of trees was killed with herbicide. Two growing 
seasons after tree treatment, herbaceous biomass at 0.5, 1.0, and 
2.0-m intervals from the tree trunk (for shrubs, small trees, and 
large trees, respectively) was determined by visually rating 5 quad- 
rats at each location (Tothill et al. 1978). The yield response for 
each class is shown in Fig. 2a. 

(a) 

4000 

r 

0: 
0 2 4 6 6 10 12 

Distance from tree (m) 

(b) 

4000 

1 
OO 

I I I I I 
2 4 6 8 10 

Distance from cluster Cm) 

Fig. 2. Herbaceous biomass around individual live and dead (a) trees (*), 
small trees (o), and shrubs(x) at the eucalypt parameterizatton site near 
Rockhampton, Australia; and(b) shrub clusters [mature (*), developing 
(0) and pioneer (x)] at the mesquite parameteriution site near Alice, 
Texas. Lines are fitted lines using parameters from Tables I and 2, 
respectively. 

From these curves, the parameters of Eqs. 3 and 4 were deter- 
mined (Table 1). SO was calculated as the ratio of yield beneath 
dead trees to the yield of open areas. This is only an approximation 
of the actual stimulatory effect of live trees. It overestimates SO for 
live trees as part of the stimulation would be due to the release of 
nutrient following the death of the tree, and underestimates SO 



Table 1. Parameters for equations 3 and 4 used in the simulation of Table 2. Parameters for equations 3 and 4 used in the simulation of 
herbaccous yield in eucalypt communities near Rockhampton, Australia. herbrceous yield in mesquite communities near Alice, Texas. 

Large trees Small trees Shrubs 
Parameter Dead Live Dead Live Dead Live 
so 0.35 0.35 0.25 0.25 0.07 0.07 
ns 3.5 3.5 3.0 3.0 2.0 2.0 
r. 3.0 3.0 2.0 2.0 0.5 0.5 
co na’ 0.21 na 0.42 na 0.72 
nc na 2.5 na 1.5 na I.0 
re na 5.0 na 3.5 na 0.4 
Y opn = 2600 kg/ ha 

‘not applicable; no competitive effect 

because stimulatory effects of shade (Wilson et al. 1986) and 
altered microclimate are reduced by killing the tree. Under low soil 
nutrient conditions, however, the enhanced nutrient status and 
improved soil physical conditions (Dowling et al. 1986, Tiedemann 
and Klemmedson 1986) are likely to dominate other effects. In 
situations where other effects are important, another system of 
estimating SO would be required. 

Co was then estimated from the competition (trees alive) curve as 
SO * CI = NO (i.e., net index at base of live tree). Other parameters 
were fitted by iteration until the sum of squared deviations of data 
points from the curves was not decreased by further changes. 

Mesquite Site 
The parameterization site was located on the Texas Agricultural 

Experiment Station, La Copita Research Area in Jim Wells 
County near Alice, Texas (27O4O’N, 98” 12%‘) in the eastern Rio 
Grande Plains of the Tamaulipian Biotic Province (Scifres and 
Koerth 1987). The site was a savanna parkland with discrete clus- 
ters of woody plants organized beneath mesquite (Archer et al. 
1988). Herbaceous vegetation between shrub clumps was domi- 
nated by Cd grasses such as Aristida spp., Paspalum setaceum 
(Michx.), Texas grama (Bouteloua rigidiseta Steud.) and hooded 
windmillgrass (Chloris cucullata Bisch). Climate is subtropical 
with mild winters and hot summers. Mean annual rainfall is 680 
mm with maxima in May and September. Soils on the study sites 
are fine sandy loams derived from sandstones and are classified as 
typic argiustolls (USDA 1975). 

The central mesquite was chosen as the cluster center because 
this is the location from which cluster development started (Archer 
et al. 1989). Herbaceous samples were taken along 2 transects from 
the center to associated interspace. Yield was visually assessed for 3 
clusters of each size class (pioneer, developing, and mature) at 
intervals of 0.5,l .O, and 2.0 m from cluster center, respectively. At 
each cluster by distance position, 4 quadrats per cluster were rated. 
Figure 2b shows the herbaceous yield around the 3 cluster classes. 
Model parameters were determined as for eucalypt site and are 
shown in Table 2. 

Model Validation 
Three eucalypt and 2 mesquite validation sites were set up to test 

the model: none of these data were used in the development of the 
model. All eucalypt sites were located within 100 km of Rock- 
hampton on the same soil type and within the same vegetation 
community as the parameterization site. The validation sites (20 
ha) were ungrazed (site 1) or lightly grazed (sites 2 and 3) communi- 
ties in which a number of variable-sized plots (0.1 to 0.5 ha) were 
used to determine overstory-understory relationships in Euculyp- 
tus communities (Scanlan and Burrows 1990). In these plots, all 
trees were tallied and categorized into the 3 tree size classes used at 
the parameterisation site (Table 3). Selective tree thinning was 
applied to site 1, 18 months before sampling, whereas no tree 

Mature clusters Developing clusters Pioneer clusters 
Parameter Dead Live Dead Live Dead Live 

so 1.4 1.4 0.6 0.6 0.4 0.4 
ns 5.0 5.0 3.0 3.0 3.0 3.0 
4 4.0 4.0 1.5 1.5 0.6 0.6 

co na’ 0.12 na 0.18 na 0.70 
nc na 3.5 na 2.0 na 6.0 
r, M 4.5 na 1.6 na 1.5 

Y 0Mn = 1500 kg/ha 

‘not applicable; no competitive effect 

killing had occurred recently on sites 2 and 3. Herbaceous biomass 
was estimated at the end of summer (peak standing crop) by 
visually rating 50 quadrats per plot (Tothill et al. 1978). 

For mesquite, 2 sites were set up (Table 4). Site 1 was a 20-ha 
undisturbed site with 6 plots (each 1 ha) selected containing a wide 
range of total shrub covers. Cover was determined by measuring 
the canopy area of each cluster in the experimental area. Site 2 had 
been aerially sprayed with herbicide 15 months before sampling. 
Plots were established and cover measured as for site 1. The sites 
were not grazed by cattle for 12 months before sampling. 

Simulation Methodology 
For each validation site, the woody plant data collected from the 

sites were entered into the model, and the appropriate parameters 
from Tables 1 and 2 were used. For each study using the model, 20 
separate simulations (rerandomizing tree and sampling positions 
for each simulation) were run and the mean of the 20 simulations 
presented. 

Results 

Model output paralleled plot yield data closely for both com- 
munities (Fig. 3). Given the 2 contrasting communities, the simpli- 
fication of using 3 size classes and the fact that both undisturbed 
and manipulated communities were represented, the model appears 
to be robust and have wide applicability. 

The empirical model successfully predicts community level con- 
sequences of tree effects on herbaceous understory production 
within eucalypt and mesquite communities from a description of 
the effects of individual trees on understory vegetation. 

Shape of Overstory-Understory Curves 
It was hypothesized that the wide range of relationships between 

herbaceous and woody vegetation noted throughout the world 
could be simulated by altering model parameters in Equations. 3 
and 4. A range of possible S and C curves around an individual tree 
is shown in Figure 4, giving rise to (a) net competition, and (b) net 
stimulation. The parameters of these curves were used to simulate 
the herbaceous-woody relationship on a community level (Fig. 5). 

Where net competition exists, the commonly observed negative 
exponential relationship between herbaceous biomass and woody 
density is exhibited (line a in Figure 5). At the other extreme, net 
simulation gave rise to a curve with a maximum at 100-150 
trees/ ha (line bin Figure 5). The reason for the initial increase and 
subsequent decline with increasing tree density is that Sictital, can 
increase only until S,., whereas Cgtotal) can approach zero. At a 
point, N = 1 if no trees are present within sufficient distance to 
influence the herbaceous production. As trees are “added” to the 
landscape, Si(total) increases to S maX and Ci(total) decreases in magni- 
tude, giving Ni < = S,.,; as more trees are “added” Sxtotal, cannot 
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Table 3. Total density and size class composition of woody plants (before and after treatment) in eucnlypt sites near Rockhampton, Australia. 

Proportion of 
Proportion Herbaceous 

Plot Density Large trees Small trees Shrubs killed yield 

Site 1 No/ha kg/ ha 
1 865 0.68 0.23 0.09 0 0 0 540 
2 990 0.12 0.21 0.07 0 0 0 860 
3 630 0.78 0.09 0.13 1.0 1.0 1.0 4370 
4 190 0.53 0.11 0.36 1.0 1.0 1.0 3400 
5 310 0.54 0.15 0.31 0.2 0.2 0.3 1030 
6 175 0.58 0.11 0.31 0 0 1.0 2860 
7 215 0.58 l 0.11 0.31 0.8 0.8 0.8 1890 
8 150 0.41 0.14 0.45 0.5 0.5 0.5 2210 
9 615 0.67 0.21 0.12 1.0 1.0 0 860 

10 0 nar na na na na na 2500 

Site 2 (n; trees killed at this site) 
410 0.55 0.35 0.10 450 

2 390 0.45 0.45 0.10 480 
3 175 0.50 0.45 0.05 560 
4 55 0.60 0.40 0.00 950 
5 25 0.90 0.10 0.00 1400 

.6 0 na na na 1675 

Site 3 (n; trees killed at this site) 
135 0.59 0.21 0.20 1480 

2 235 0.51 0.49 0.00 650 
3 120 0.68 0.32 0.00 950 
4 330 0.31 0.30 0.39 900 
5 170 0.57 0.40 0.13 1350 
6 100 0.18 0.20 0.62 3100 
7 0 na na na 3350 

‘not applicable as no trees present in the interspaces 

Table 4. Total density and size class composition of woody plants (before 
and after treatment) in mesquite sites near Alice, Texas. 

Proportion of 
Cover Density Mature Developing Pioneer 
% (no/ ha) clusters clusters clusters 

Site l-Undisturbed 
0 0 nar na 
5 160 1% 

15 95 0.11 0.89 
35 70 1.00 
40 550 0.45 0.55 
45 370 0.14 0.86 
50 160 0.50 0.50 
Site 2-Herbicide treated 
0 0 na 

l?Gl 
na 

5 40 
15 210 0.05 0.19 0.76 
20 100 0.20 0.80 
40 290 0.17 0.28 0.55 
50 370 0.14 0.43 0.43 
55 280 0.29 0.14 0.57 

nal not applicable as no trees present in interspaces 

Yield 
(kg/ ha) 
(kg/ ha) 

1700 
1600 
1450 
1200 
1210 
1110 
975 

1500 
1620 
1590 
1910 
2350 
2710 
2840 

herbaceous standing crop declines, especially at high tree densities. 
Simulations were conducted using the 4 situations in Figure 6 to 
determine the community level responses of varying the magnitude 
of S and C effects (by altering SO and Co) as well as varying the 
distance from the tree that stimulation and competitive effects were 
acting (by altering r, and rc). 

Community level responses ranged from a slight linear decline to 
a rapid exponential decline in simulated herbaceous production as 
tree density increased (Fig. 7). Smaller Co and SO values and lower 
r, and r. values result in less tree influence on herbaceous produc- 
tion at the community level. Where strong competition and stimu- 
lation acted at larger distances from the tree and exactly balanced 
at an individual tree level, the community level response showed a 
rapid decline in herbaceous standing crop as tree density increased 
(line c). 

The range of curves thus produced (Fig. 5) encompasses the 
variation reported’in the literature, indicating that all reported 
relationships can be interpreted within the framework of differing 
relative “strengths” of the S and C counteracting forces. Despite 
the divergent relationships observed, the same underlyingrelation- 
ships can be used to interpret these. 

Discussion 

increase but C&tii) decreases such that Cicbtet) < < 1, giving Ni < 1. 
Thus yield initially increases above yield in the open but herbace- 
ous yield becomes much less than yield in the open at high tree 
density. 

Individual Tree Effects Versus Community Level Effects 
In some cases, isolated trees appear to have no influence on the 

herbaceous standing crop in and around their canopy (Ni q  I). This 
can arise because there is little competition or stimulation (Fig. 6 
a,b), or it may arise because strong C and S forces are excactly 
balanced (Ci*Si=l, Fig. 6 cd). However, at the community level, 

This empirical simulation model can reproduce the range of 
observed relationships between woody and herbaceous lifeforms 
present in the literature (see Figs. 5 and 7). These simulated trends 
depend upon the relative magnitudes of stimulatory and competi- 
tive effects of trees on herbaceous understory. 

Of particular interest is the ability of the model to predict the 
initial enhancement of herbaceous productivity at low tree densi- 
ties and the decreased productivity at high densities within the 
same vegetation complex (Scifres et al. 1982). This arises because 
the stimulation effect of trees reaches a maximum (S,S at some 
density, yet the competitive effects continue to increase with tree 
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Fig. 3. Actusl and simulstcd hcrbaceoue yield for (a) 3 eucslypt sites nesr 
Rockhampton, Auetrslis; and (b) 2 mesquite sites nesr Alice, Texss. 
Numbers are site numbers from Tables 3 and 4 and the line is 1:l line. 
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Fig. 5. The herbsceous yield (relative to that in open press) in simulated 
tree communities in which isolsted treee had (a) net competition; and (b) 
net stimulation. (See Fig. 4 for the corresponding index patterns sround 
individual trees). 
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Fig. 4. The stimulation (S), competition (C), snd net (N) indices with 
increasing distsnce from tree showing (a) net competition; and (h) net 
stimulation of herbsceous understory around isolated trees. (See Fig. 5 
for simulated community level responses corresponding to these individ- 
ual tree patterns). 
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Fig. 6. A rsnge of stimulation (S) and competition(C) indices thst give rise 
to no net effect of individusl trees on herbsceous understory. These csn 
arise from (a) small effect opersting at long distsnces from the tree; (b) 
small effect operating at short distances from the tree; (c) lsrge effect 
operating at long distances from the tree; and (d) lsrge effect opersting at 
short distances from the tree. (See Fig. 7 for simulated community level 
responses correspondmg to these individual tree patterns). 
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Fig. 7. The herbaceous yield (relative to that in the open) with increasing 
tree density when individual trees have no net effect on the herbrceous 
understory. See Fig. 6 for the corresponding Index patterns around 
individual trees. 

density S,.. is determined by the genetic potential of the species 
present and the resources available. It will vary among communi- 
ties and between years for the same community. 

Net stimulation of herbaceous production under tree canopies is 
most often associated with leguminous shrubs, especially Acacia 
(Scifres et al. 1982, Teague 1984). This is generally assumed to be 
related to elevated nutrient status under canopies, although shad- 
ing by itself is known to increase herbaceous yield in some cases 
(Wilson et al. 1986). In Australia, the elevated nutrient status under 
trees (e.g., Ebersohn and Lucas 1965, Dowling et al. 1986) gener- 
ally does not increase herbaceous productivity at the community 
level (Walker et al. 1972, Beale 1973, Walker et al. 1986a, Scanlan 
and Burrows 1990) although Christie (1975) is an exception. This 
further emphasizes that observations in the field are the net effects 
of both stimulation and competition. 

The model as presented is static and unifies research work that 
apparently gave divergent results. The necessary changes to make 
this a dynamic representation of the effect of woody plants on 
herbaceous productivity are being developed by making stimula- 
tion and competition parameters (in Equations 3 and 4) time 
dependent. Such a dynamic model would allow economic evalua- 
tion of many management strategies ranging from agroforestry 
and fodder-tree systems to tree clearing systems. The basic 
requirement of these evaluations is to link the cost of development 
to the period of response (for clearing strategies) and to the time for 
development to impact production (for agroforestry and fodder 
tree systems). 

Literature Cited 

Archer, S., C.J. S&es, C.R. Bassham, and R. Maggie. 1988. Autogenic 
succession in a subtropical savanna: Rates dynamics and processes in the 
conversion of a grassland to a thorn woodland. Ecol. Monogr. 58: 111-127. 

Beale, I.F. 1973. Tree density effects on yields of herbage and tree compo- 
nents in south west Queenlands mulga (Acacia oneuro) scrub. Trop. 
Grassl. 7:135-142. 

Christie, E.K. 1975. A note on the significance of Euculyptuspopufnea for 
buffel grass production infertile semi-arid rangelands. Trop. Grassl. 
9~243-246. 

Clary, W.P. 1975. Range management and its ecological basis in the 
ponderosa pine type in Arizona: the status of our knowledge. USDA 
Forest Serv. Res. Paper RM-158. 

Dowling, A.J., A.A. Webb, and J.C. Scanlan. 19%. Surface soil chemical 
and physical patterns in a brigalow-Dawson gum forest, central Queens- 
land. Aust. J. Ecol. 11:155-162. 

Ebersohn, J.P., and P. Lucas. 1965. Trees and soil nutrients in south- 
western Queensland. Queensl. J. Agr. Anim. Sci. 22:432-435. 

Scrnlan, J.C., and W.H. Burrows. 1990. Woody overstory impact on 
herbaceous understory in Eucafypus spp., communities in ce@ral 
Queensland. Aust. J. Ecol. 15:191-197. 

Scifres, C.J., and B.H. Koerth. 1987. Climate soils and vegetation of the La 
Copita Research Area. Texas Agr. Exp. Sta. Rep. MP-1626. College 
Station, Tex. 

Scifrea, C.J., J.L. Mutz, R.E. Whitson, and D.L. Drawe. 1982. Interrela- 
tionships of huisache canopy cover with range forage on the coastal 
prairie. J. Range Manage. 35:558-562. 

Teaye, W.R. 1984. The management of thomveld. Dohne Agr. 6~21-23. 
Tiedemann, A.R., and J.O. Klemmedson. 1986. Long-term effects of mes- 

quite removal on soil characteristics 1. Nutrients and bulk density. Soil 
Sci. Sot. Amer. J. 50~472-480. 

Tothill, J.C., J.N.G. Hargrerves, and R.M. Jones. 1978. BOTANAL-A 
comprehensive sampling and computing procedure for estimating yield 
and composition. 1. Field sampling. CSIRO Trop. Agron. Tech. Mem. 
8, Brisbane. 

United States Department of Agriculture. 1975. Soil Survey of Jim Wells 
County, Texas. USDA. 

Walker, J., R.M. Moore, and J.A. Robertson. 1972. Herbage response to 
tree and shrub thinning in Euculyptus shrub woodlands. Aust. J. Agr. 
Res. 23:405410. 

Walker, J., J.A. Robertson, L.K. Penridge, and P.J.H. Shupe. 19868. 
Herbage response to tree thinning in a Eucdyprus crebru woodland. 
Aust. J. Ecol. 11:135-140. 

Walker, J., P.J. Sharpe, L.K. Penridge, and H. Wu. 1986). Competitive 
interactions between individuals of different size: the concept of ecologi- 
cal fields. CSIRO. Div. Water Land Res. Tech. Mem. 86/ 11, Canberra. 

Weston, E J., J. Harbison, J.K. Leslie, K.M. Rosenthal, and R J. Mayer. 
1981. Assessment of the agricultural and pastoral potential of Queens- 
land. Queensl. Dept. Prim. Ind., Brisbane. 

Wilson, J.R., V.R. Catchpoole, and K.L. Weier. 19%. Stimulation of 
growth and nitrogen uptake by shading a rundown green panic pasture 
on brigalow clay soil. Trop. Grassl. 20~134-143. 

WU, H., PJ.H. Sharpe, J. Walker, and L.K. Penridge. 1985. Ecological 
field theory: a spatial analysis of resource interference among plants. 
Ecol. Mod. 29:215-243. 

WU, H., K.W J. Mdrfant, L.K. Penridge, PJ.H. Shupe, and J. Walker. 
1987. Simulation of twodimensional point patterns: application of a 
lattice framework approach. Ecol. Mod. 38:299-308. 

80 JOURNAL OF RANGE MANAGEMENT 45(l), January 1992 



J. Range Manage. 
45:91-&l. 1992 

Germination responses of Lehmann lovegrass 
to light 
BRUCE A. ROUNDY, RAYMOND B. TAYLORSON, AND LEE B. SUMRALL 

Authors are associate professor, School of Renewable Natural Resources, University of Arizona, Tucson 85721; 
plant physiologist, U.S. Department of Agriculture, Agricultural Research Service, Beltsville, Maryland 20705; and 
graduate research assistant, Department of Civil Engineering, University of Missouri-Columbia, Columbia 65211. 

AbSbCt 

Lchmann lovegrass (Erogrostis I&manniana Nees.) is a peren- 
nial, warm-season bun&grass that is native to South Africa and 
has been seeded and spread naturally in the southwestern United 
States. Germination of 4 seed lots of varyh~g age was tested in 
relation to darkness and irradiance with red (R) and far-red (FR) 
light. Germination was low in continual darkness, but greatly 
increased after exposure to R. Irradiation with FR after exposure 
to R reduced germination, confirming phytocbrome involvement. 
Exposure to R after prolonged hnbibition in FR did not increase 
germination of 1-2-year-old seeds and only slightly increased ger- 
mination of older seeds. An alternating temperature of 16 hours at 
150 C and 8 hours at 380 C greatly increased germination of seeds 
exposed to fluorescent light and slightly increased germination of 
seeds in darkness compared to a constant temperature of 25” C. 
Greater seedling emergence of Lehmann lovegrass when the can- 
opy is opened by burning, mowing, or grazing is likely a funetion of 
red light stimulation of biologically active phytochrome and 
increased seedbed temperature fluctuations. 

grostis ferruginea Beauv. exhibited a light requirement for germi- 
nation that decreased with afterripening until germination was 
high even in darkness 16 months after harvest (Fujii and Isikawa 
1962). Our objective was to determine the germination responses of 
Lehmann lovegrass to red and far-red light. 

Materials and Methods 

Four seed lots of differing age were tested for response to tight 
quality (Table 1). All lots were collected in southern Arizona. 

Table 1. Description of seed lots of f,ehmrnn lovcgrus from Southern 
Arizona tested for germination responses to quality of light. 

Name 

PMC88 

Approximate age 
when tested for 

Source Year harvested response to light 

Soil Conservation Ser- 1988 I year 
vice Tucson Plant 
Materials Center 

Key Words: phytochrome, fiie, grazing, grass canopy, seedbed 
ecology 

SR87 Collected from the 
Santa Rita Experi- 
mental Range, 50 km 
south of Tucson 

1987 2 years 

Lehmann lovegrass (Eragrostis lehmanniana Nees) is a peren- 
nial warm-season bunchgrass considered to be subclimax on semi- 
arid grasslands in the Northern Cape of South Africa (Fourie and 
Roberts 1976). It has been seeded extensively and has spread in 
areas of the southwestern United States and northern Mexico that 
are similar in temperature and summer rainfall to the Northern 
Cape of Southern Africa (Cox et al. 1988). 

NP9178 Purchased from Before 1986 At least 3 years 
Native Plants, grown 
in southern Arizona 

NP2814 Purchased from Before 1985 At least 4 years 
Native Plants, grown 
in southern Arizona 

Fire is a natural phenomenon in these grasslands (Humphrey 
1958, Tainton and Mentis 1984) and is also used as a management 
tool to decrease woody plant cover and increase herbaceous pro- 
duction (Pase 1971). Canopy removal by fire or mowing results in 
much higher seedling emergence of Lehmann lovegrass than 
occurs under intact canopies (Ruyle et al. 1988, Sumrall et al. 
1991). Removal of a grass canopy not only increases diurnal 
temperature fluctuations (Savage 1980) but also changes the qual- 
ity of light incident to the seedbed. Sincevegetation transmits more 
far-red (FR) than red (R) light the R/ FR ratio is much lower under 
a plant canopy than in the open (Morgan and Smith 1981, Smith 
1982). Low R to FR ratios or darkness may result in lack of 
appropriate phytochrome (Pk) for germination (Franklin 1980). It 
could be hypothesized that seedling emergence of Lehmann love- 
grass is increased after canopy removal as a result of increased 
germination of seeds exposed to red light. 

Germination experiments were conducted by placing seeds of each 
lot on moistened filter paper in 9-cm diameter petri dishes. There 
were 50 seeds of each lot placed in each of the 2 replicate petri 
dishes for each experiment and most experiments were conducted 
twice. All experiments but experiment 4 were conducted at 25” C. 

Dark periods longer than 24 hours decreased germination of 
some Lehmann lovegrass accessions tested by Brauen (1967). Era- 

Published as a contribution of the Arizona Agricultural Experiment Station. 
Manuscript accepted I5 April 1990. 

Experiment 1 was to determine germination responses to differ- 
ent periods of R after imbibition in darkness. Seeds were imbibed 
in darkness for 24 hours, irradiated with R for 0, 1, 5, 20, or 60 
minutes, then returned to darkness and number of germinated 
seeds recorded after 5 days. Experiment 2 was to determine if R 
stimulation of germination was reversible by FR irradiance. Seeds 
were imbibed in darkness for 24 hours, and either left in darkness, 
irradiated with R for 5 min, irradiated with R for 5 min then 
irradiated with FR for 5 min. or irradiated only with FR for 5 min. 
After these treatments, all seeds were returned to darkness and the 
number germinated counted after 5 days. Experiment 3 was to 
determine the effects of time of imbibition in dark or FR on 
germination for seeds subsequently left in darkness or irradiated 
with R. Seeds were imbibed in darkness or FR for 0,8,24,48, and 
72 hours then either irradiated with R for 5 min or not and 
germination was determined after seeds had been returned to 
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Fig. 1. Germination percentages of 4 lots of Lehmann lovegrass seeds after 
imbibition in darkness for 24 hours and subsequent irradiation with red 
light. Bars are equal to 1 standard error. 

darkness for 5 days. Experiment 4 was to compare germination of 
seeds imbibed in darkness or light at constant and alternating 
temperatures. Seeds were imbibed in continual darkness or 16 
hours of darkness and 8 hours of fluorescent light. For each of the 2 
light treatments, seeds were germinated at a constant 25” C or at 
15’ C for 16 hours and 38O C for 8 hours. Germinated seeds were 
counted after 7 days. 

Red or FR irradiations were from broad-band sources provided 
by red and infrared black light phosphor fluorescent lamps pre- 
viously described by VanDerWoude and Toole (1980). Irradiances 
at seed level over the 400- to 700-mm region were 28~ mol m“S’ as 
measured by a radiometer equipped with a quantum sensor. 

Results 
Experiment 1 

Germination in darkness (0 min R) was low for all seed lots (Fig. 
1). All seed lots had increased germination in response to R irradia- 
tion but the response of lot 9178 was much less than the other lots. 
Lots SR87 and PMC88 were highly responsive to R. Germination 
increased greatly after only 1 -min exposure. Germination responses 
of all lots except 2814 saturated after only S-min exposure to R. 
This is fairly typical for a low flux phytochrome response [ 10 to 
10,000 /*mol m of R (Kendrick and Cone 1985)]. 

Experiment 2 
Germination was increased by R irradiation but decreased by 

subsequent exposure to FR (Fig. 2). This FR reversion of R- 
stimulated germination confirms phytochrome involvement. Seed 
lot 28 14, and especially lots SR87 and PMC88, had higher germi- 
nation for seeds exposed to R then FR or exposed only to FR than 
those in continual darkness. The lack of complete reversal by FR 
after R irradiance and increased germination of seeds irradiated 
only with FR may be a result of a small increase in Pfr phyto- 
chrome (l-3%) that results from saturating FR irradiation. This 
indicates high sensitivity of some seeds of the several seed popula- 
tions to small increases in Ph. 

Experiment 3 
Germination was highest for seeds imbibed in darkness, then 

exposed to R (Fig. 3). Germination response to R increased with 
increased time to imbibition in the dark to 72 hours for lots 9178 
and 2814and to48 hours for lots SR87 and PMC88. Even lot 9178, 
that had limited response to R after 24 hours in darkness (Fig. 1 
and Fig. 3), had greatly increased germination when exposed to R 
after 48 and 72 hours of imbibition in darkness. The decline in 
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Fig. 2. Germination percentages of 4 lots of Lehman lovegrass seed 
initially imbibed in darkness for 24 hours and subsequently left in dark- 
ness (dark), irradiated with red light for 5 min (red), irradiated with red 
light for 5 min then far-red light for 5 min (red plus far red) or irradiated 
only in far-red for 5 min (far red). Lines above bars equal 1 standard 
error. 

germination of lots SR87 and PMC88 after 72 hours imbibition in 
darkness and subsequent exposure to R suggests that a secondary 
dormancy may have been initiated in these seeds possibly asso- 
ciated with prolonged darkness. Seeds imbibed in darkness or FR 
and not exposed to R had very low germination. Seeds imbibed in 
FR and then exposed to R had increased germination compared to 
those not exposed to R, but this increase was much less than that 
for seeds imbibed in darkness, then exposed to R. Exposure to FR 
evidently decreases germination responsiveness to R irradiation 
for these seeds. 

Experiment 4 
The interaction of lot, temperature, and light treatment was not 

significant (130.05), indicating lots responded similarly to light 
and alternating temperatures. Exposure of seeds to fluorescent 
light greatly increased germination compared to seeds germinated 
in darkness (Fig. 4). Compared to constant temperature, alternat- 
ing temperature slightly increased germination of seeds in darkness 
but more than doubled germination of seeds exposed to light. 

Discussion 

Our experiments show that Lehmann lovegrass seed germina- 
tion may be inhibited by exposure to predominantly far-red light 
and by lack of red light. After imbibition in the dark for a short 
time (24 hours) germination of younger seeds (l-2 years old) was 
greatly stimulated by a very short exposure to R (Fig. 1). Subse- 
quent exposure to FR reversed the R stimulation of germination 
(Fig. 2). Germination was low for seeds imbibed only in the dark or 
only in FR (Fig. 3). Exposure to R greatly increased germination of 
seeds after prolonged imbibition in darkness. However, exposure 
to R after prolonged imbibition in FR did not increase germination 
of younger seeds (l-2 years old) and only slightly increased germi- 
nation of older seeds (>3 years old). These germination responses 
to light may help explain seedling emergence differences in the 
field. 

Temperate grasslands replace most of their above-ground bio- 
mass each year. A build-up of ungrazed or unburned biomass may 
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Fig. 4. Mean germination percentages of 4 lots of Lehmann lovegrass seed 
in relation to light end temperature treatments. The fntenction of seed 
lot, light, and temperature was not signfficant @>0.05) so overell means 
of all 4 lots we presented. Linee above bars ue 1 standard error. 

not only shade and reduce photosynthesis of sub-canopy leaves 
(Caldwell et al. 1983) but may also intercept red light necessary to 
stimulate biologically active phytochrome (Pfr) and trigger germi- 
nation of seeds in the seed bank. 

The daytime light environment for seeds under a canopy of 
Lehmann lovegrass could include continual darkness, intermittent 
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darkness alternating with intermittent R or FR, continual FR or 
intermittent FR alternating with R. The exposure of seeds to these 
different light conditions depends on mature-plant density, accumu- 
lation of live and dead biomass, seed location, and sun angle. Our 
experiments suggest that seeds under litter or under a thick, live 
canopy and predominantly exposed to darkness or far-red light, 
respectively, will have limited germination. Germination of seeds 
in interspaces between established plants or in gaps in the canopy 
may be either stimulated or inhibited, depending on the length and 
sequence of exposure to predominately red or far-red light. 

Ungrazed and unburned stands of Lehmann lovegrass accumu- 
late a high cover of dead litter and have little seeding recruitment 
(Sumrall et al. 1991). Removal of the canopy by burning or mow- 
ing greatly increases seedling emergence (Sumrall et al. 1991). 
Although fire may kill mature Lehmann lovegrass plants, high 
seedling recruitment allows replacement of dead plants (Cable 
1965, 1971; Ruyle et al. 1988). Heavy grazing, which keeps the 
canopy open, also may be associated with high seedling recruit- 
ment and more, but smaller, plants than in ungrazed areas (Cable 
1971). 

Removal of the canopy results in greater irradiance of red light 
and a greater temperature fluctuation in the seedbank than under 
intact canopies. Soil surface temperatures in a Lehmann lovegrass 
stand in Arizona during the summer establishment period diur- 
nally fluctuated about 23” C when the canopy was removed by 
burning or mowing compared to a fluctuation of 10” C for an 
intact canopy (Sumrall et al. 1991). In the current study, alternat- 
ing temperatures stimulated germination of seeds exposed to light 
much more than that of seeds in the dark (Fig. 4). Red light and 
alternating temperatures associated with open canopies both stim- 
ulate germination of Lehmann lovegrass and are both likely func- 
tional in the high seedling emergence that occurs after burning, 
mowing, or grazing. 

Recommendations for seeding Lehmann lovegrass for range- 



land revegetation indicate seeds shoud be buried less than 6 mm 
(Jordan 1981). Cox et al. (1984) found no emergence of buried 
Lehmann lovegrass seeds in silty clay loam and sandy loam soils in 
the greenhouse. This lack of emergence may have been partly a 
result of lack of red light for germination. Winkel et al. (1991) 
.found emergence of Lehmann lovegrass on a sandy loam soil in the 
field down to a depth of 6 mm. Very little light penetrates below 2 
mm in most soils (Kasperbauer and Hunt 1988). An average of 7% 
of the seeds in the 4 Lehmann lovegrass lots tested in the present 
study (Fig. 4) germinated in darkness. It could be suggested that 
only a small percentage of buried Lehmann lovegrass seeds actu- 
ally germinate in the field. The small size of Lehmann lovegrass 
seeds probably allows them to have high seed soil contact and 
imbibition on the surface of wet soils where light is most favorable 
for germination. 
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Abstract 
Curly mesquite (Hilariu behngeri Steud.) Nash) is a palatable 

nutritious range grass in the southwestern United States. Early 
research assumed no afterripening occurred in caryopses of this 
species and suggested that ail seed could germinate immediately. 
Germination trials were conducted at 1,6,12,18,24,30, and 36 
weeks after harvest using seed cleaned either at harvest or just prior 
to each trial. Average increases in germination from 59 to 92% and 
55 to 87% demonstrated an afterripening period of 12 weeks in 
seeds from 2 populations of curly mesquite. Maximum germina- 
tions of 94 and 90% occurred after 12 weeks for seeds cleaned at 
harvest and cleaned prior to each trial, respectively. Seeds not 
separated from fascicies at harvest displayed a rapid decline in total 
germination percentage after 24 weeks even though fascicies were 
removed just prior to germination trials. The extent and timing of 
the decline are greater if the fascicies are not removed prior to 
storage. Effects of the fascicie on germination remain unclear. Our 
findings suggest that seed storage periods and conditions should be 
taken into consideration when attempting to establish curly mes- 
quite by seeding. 

Key Words: Hiluria behngeri (Steud.) Nash, germination, range 
grass, Poaceae 

Curly mesquite (Hiluria belangeri (Steud.) Nash), an important 
native perennial range grass in Texas, New Mexico, and Arizona 
on heavily grazed areas (Humphrey 1960, Gould 198 l), has poten- 
tial as a turfgrass in the Southwest (Kneebone 1985). A good 
understanding of the requirements for germination of curly mes- 
quite caryopses (hereafter referred to as seed) is required before the 
full potential of this species can be realized. Little literature exists 
on germination of curly mesquite seed (Merrill and Young 1962, 
Kneebone 1985). Germination of cleaned seed (Merrill and Young 
1962) and seed contained in fascicles (Merrill and Young 1962, 
Kneebone 1985) is generally less than 25%. Merrill and Young 
(1962) suggested cleaned seed germinated immediately after har- 
vest, but germination occurred only after 7.5 months for seed 
enclosed in fascicles. They concluded that dormancy resulted from 
the protective covering of the spikelet cluster rather than inhibi- 
tors. Data from Merrill and Young (1962) and from our laboratory 
suggest germination percentages of cleaned seed increase with 
storage, suggesting an afterripening requirement for optimum 
germination. The purpose of this study was to quantify the effect of 
seed age and fascicle removal on germination of curly mesquite 
seed. 

Materials and Methods 

Two different populations of curly mesquite were grown at the 
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University of Arizona Campus Agricultural Center (Tucson) in 
1989. Both populations were grown on a sandy loam soil (Typic 
Torrifluvent) with sprinkler irrigation. Population I consisted of 90 
2-year old swards. Population I plants were collected from 30 
geographically separate sites on southern Arizona rangeland and 
transplanted into the field in 1988. Seed harvested from Popula- 
tion I in 1988 and sown in 1989 produced the plants of Population 
II. 

Mature spikes were bulk harvested separately from each popula- 
tion on 1 Dec. 1989. One half of each seed lot was manually cleaned 
on a rubbing board on 5 Dec. 1989. The other half of each seed lot 
remained in the fascicie. Seeds, randomly counted and sorted in 
advance into replications of seed treatments for each storage 
period, were stored at room temperature in paper envelopes or 
bags, respectively, for the duration of the experiment. Sufficient 
fascicles were allocated to replications to insure 80 whole seed after 
cleaning. No specific size criteria were used in the selection of seed, 
only that whole seeds were used. Fungal problems were never 
apparent during storage of cleaned seed or seed not separated from 
fascicles. 

Germination trials on cleaned seed’began 11 Dec. 1989 and were 
conducted at B-week intervals for 36 weeks until seed lots were 
depleted. The experiment used a completely randomized, split plot 
design with storage period serving as main plots, and seed treat- 
ments as subplots. Seed treatments consisting of initially cleaned 
(IC, cleaned at harvest) and freshly cleaned (FC, cleaned prior to 
each trial) seed from both populations were independently ran- 
domized within each of the 5 replications per trial. Germination 
trials were independently randomized. Seed (80 per 100 X 15 mm 
dish) were imbibed in petri dishes containing filter paper moistened 
with 6 ml of distilled deionized water, and sealed with a strip of 
parafilm. Seeds were incubated in a controlled environment with 
12-hour cycles of 35’ C/23” C and constant illumination (J.A. 
Young, 1988, personal communication). The same environmental 
chamber was used for each trial. 

A seed was considered germinated when the radicle and coieop- 
tile were at least l-mm long. Germination data were collected after 
48 and 96 hours. Germination trials were terminated after 96 hours 
as the remaining caryopses were no longer viable. Populations 
were analyzed separately due to differing field environments with 
respect to methods of establishment and plant densities, irrigation 
regimes, and a minor difference in soil texture. Analysis of variance 
and LSD tests were performed on arcsin transformed percentage 
data (Snedecor and Cochran 1980). The main plot factor of storage 
per100 was testea with the mean square error term of replications 
within storage period. Regression analysis and generation of the 
equations of best tit were performed with SPSS. Values presented 
in the text are untransformed means. 

Results 

Analysis of variance showed a highly significant (P<O.Ol) stor- 
age period X seed treatment interaction for each population. Tests 
or significance between seed treatment means were conducted 
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Fig. 1. Relationship between germination and storage period for curly 
mesquite seed from Population I. Seed treatments were initially cleaned 
(IC, seed cleaned at harvest) and freshly cleaned (FC, seed cleaned prior 
to each trial). (a) cumulative germination after 48 hours (y,C q  40.89 + 
5.17x-0.14x2 ^ , yFC = 28.71+ 10.06x - 0.54x2 + 0.007x3); (b) cumulative 
germination after 96 hours(& = 57.41+4.2x - 0.12x2, j,c = 46.45 +8.9x 
- 0.49x2 +0.006x3) where x = weeks of storage and y = percent germina- 
tion. Asterisk (*) above a storage period denotes significance (P<O.OS) 
between seed treatments. 

within storage periods. 

Populition I 
Aging of seed significantly (P<O.O5) influenced germination 

within each seed treatment after 48 hours (Fig. la). Seed cleaning 
significantly (P<O.O5) affected germination after 48 hours from 24 
to 36 weeks. 

Total germination percentages (96 hours) began to increase after 
6 weeks and peaked after 12 weeks based on the actual data points 
(Fig. 1 b). This demonstrates that an afterripening period exists in 
curly mesquite seed, but that only a short period is required to 
significantly improve total germination percentage. Seed cleaning 
did not significantly affect total germination percentages of Popu- 
lation I until 30 and 36 weeks of storage (Fig. lb). Germination in 
FC seed declined from 75% at 24 weeks to 15% after 30 weeks, 
whereas germination of IC seed decreased from 87% at 24 weeks to 
83% at 30 weeks to 51% after 36 weeks. 

Population II 
Germination after 48 and 96 hours was significantly (PKO.05) 

affected by length of storage period (Fig. 2a and 2b). Responses 
were cubic with the exception of IC seed after 96 hours which was 
quadratic. Total germination began to significantly (KO.05) 
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Fig. 2. Relationship between germination and storage period for curly 
mesquite seed from Population II. Seed treatments were initiaily cleaned 
(IC, seed cleaned at harvest) and freshly cleaned (FC, seed cleaned prior 
to each trial). (a) cumulative germination after 48 hours (yIrc = 37.3 + 
7.82x - 0.38x2, + 0.004~3, jFC = 32.2 + 7.7x - 0.43x2 + 0.005x3); (b) 
cumulative germination after 96 hours (ilC = 57.39 +4.22x -0.14x2, jFC 
= 45.6 + 7.5x - 0.43x2 + 0.006x3) where x = weeks of storage and y = 
percent germination. Asterisk (*) above a storage period denotes signifi- 
cance (P<O.O5) between seed treatments. 

increase after 6 weeks. Differences in total germination between 
seed treatments occurred at 6,18, and 30 weeks. Maximum germi- 
nation of IC seed occurred during 6 to 18 weeks of storage and at 12 
weeks for FC seed. Total germination percentages of FC seed 
rapidly declined after 24 weeks. 

Discussion 
For each storage period, most of the germination occurred 

within 48 hours regardless of seed source. Over all storage periods 
and populations, germination of IC seed averaged 91% of the total 
after 48 hours and FC seed averaged 86%. This information is 
important when considering time of seeding. High soil tempera- 
tures and timely rainfalls may be requirements for rapid germina- 
tion and successful establishment of curly mesquite. 

Responses of curly mesquite seed to length of storage period and 
seed treatments were similar for both populations. Seed produced 
in southern Arizona required 12 weeks of afterripening at room 
temperature in unsealed containers for maximum germination. 
Afterripening has been observed in other grass species: wild oats 
(,4venafutuu) (Toole and Coffman 1940, Laude 1956), side-oats 
grama (Boutefoa curtipendulu) (Shaidaee et al. 1969), and several 
species within the genera Bromus and Hordeum (Laude 1956). 
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The major difference between seed cleaning treatments was the 
magnitude of decline in germination percentage with the longer 
storage periods. Seed germination declined after 30 weeks of stor- 
age. The extent and timing of the decline is greater if fascicles are 
not removed prior to storage. These results warrant investigation 
into the effects of the fascicle on declining germination of curly 
mesquite seed. A better understanding of this phenomenon could 
extend viability of stored seed. 
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AbStMCt 
Habita&correiated differences in iaboratory germination response 

under autumn (ISO C) and winter (lo C) temperature regimes were 
examined for 69 big sagebrush (ArtemMa trldentata NM., Asta 
rrceae) seed coikctions from a range of habitats in 7 western states. 
Mountain big sagebrush (ssp. va.rey-) exhibited the widest vari- 
ation in dormant seed percentage and germination rate at 150 C. 
Collections from severe winter sites had iarger dormant seed frac- 
tions and slower germination rates than collections from mild 
winter sites. Basin big sagebrush (ssp. trident&z) and Wyoming 
big sagebrush (ssp. wyomingensis) collections were largely non- 
dormant and germinated quickly at 15” C regardless of collection 
site winter climate. At lo C, number of days to 50% of total 
germination was negatively correlated with collections site mean 
January temperature for ail 3 subspecies. Collections from severe 
winter sites required up to 113 days to germinate to 50% a1 lo C, 
while collections from mild winter sites required as few as 6 days. 
Habitat-correlated variation in germination response appears to 
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be of adaptive significance. Dormancy and slow germination at 
150 C may prevent germination during autumn storms in the 
mountains, while delayed germination at continuous lo C may 
prevent precocious germination under snowpack. In contra& at 
mild winter sites, winter germination is promoted and probably 
affords the best chance for seedling survival. Between-popuiation 
variation in germination strategy should be considered when artifi- 
ciaiiy seeding this species. 

Key Words: Artemisia tridentatu, establishment ecology, intra- 
specific variation, seed ’ 

Big sagebrush (Artemisiu widenrata Nutt., Asteraceae) is the 
regionally dominant shrub species over large areas of the Inter- 
mountain West (McArthur et al. 1979). The species has been 
studied intensively, especially from the viewpoint of control (Har- 
niss et al. 198 1). Germination behavior of the species as a whole has 
been well characterized (Weldon et al. 1959; McDonough and 
Harniss 1974a,b). The object of the present investigation was to 
examine variation in seed germination traits of a large number of 
big sagebrush collections from a wide range of habitats as a func- 
tion of collection site winter temperature. 

Based on our work with rubber rabbitbrush (Chrysothumnus 
nauseosus (Pall.) Britt., Asteraceae), another widely distributed 
autumn-flowering shrub, we hypothesized that big sagebrush seed 
collections from cold winter habitats would be more dormant and 
germinate more slowly under autumn temperature regimes, and 
would germinate more slowly under conditions simulating snow- 
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Table 1. Location, germination response, and viability infonnatlon for 24 basin big sagebrush seed cohctions used III germination experiments, ranked 
by mean January temperature. 

Collection site Seed characteristics 

Days to 5% 

Location State 

Mean 
January 

temperature Viability 
Dormant 

seed 

germination 

Iso c I0 c 

Albert Creek 
Dinosaur 
Daniel 
Stone (bench) 
Stone (bottom) 
Hatch 
Hailstone Jet. 
Emery 
EJY 
Huntington, Cyn. 
Sevier Sink 
Reynolds Crk. 
Mokee Dugway 
Saiina 
Boise 
Nephi 
Kirch Refuge 
Oak City 
Moab 
Tahoe Jet. 
Dayton 
Hite 
Stagecoach 
Big Pine 

(Cl 
WY -9.4 

‘;; (%) -Days-- 
0 4.5 96 

UT -8.9 100 0 1.0 
WY -8.3 94 12 5.0 1:: 
ID -5.6 95 0 3.5 88 
ID -5.6 91 8 4.5 98 
UT -5.6 97 0 
UT -5.6 99 8 ::: 

49 
9s 

UT -4.4 96 0 2.5 49 
NV -4.4 100 0 
UT -3.9 91 0 ::: z 
UT -3.9 72 0 3.5 77 
ID -3.0 100 0 2.5 4s 
UT -2.2 96 0 3.5 38 
UT -2.2 100 0 65 
ID -2.2 81 0 ::: 70 
UT -1.7 95 0 6.0 80 
NV -1.1 100 0 2.5 40 
UT -1.1 95 0 2.0 32 
UT -1.1 100 0 1.5 49 
NV -1.1 99 0 2s 
NV 0 98 0 :I 27 
UT 0 93 

8 
3.0 35 

NV 100 1.5 17 
CA 

3q9 
100 0 1.0 6 

pack, than collections from habitats with mild winters (McArthur 
et al. 1987, Meyer et al. 1989). More detailed work with 5 collec- 
tions of each major big sagebrush subspecies (Meyer et al. 1990) 
and with 15 mountain big sagebrush collections (Meyer and 
Monsen 1991) confirmed the existence of habitat-correlated varia- 
tion in big sagebrush germination patterns, but the role of subspe- 

cific identity remained unclear. Variability in patterns of germina- 
tion response at the subspecies level were studied by comparing at 
least 20 collections for each of the 3 major subspecies (ssp. 
vaseyana, spp. wyomingensis, and ssp. tridentata; mountain, 
Wyoming, and basin big sagebrush, respectively). 

Table 2. Location, germination response, and viability information for 21 Wyoming big sagebrush seed collections used in germination experiments, 
ranked by mean January temperature. 

Collection site Seed characteristics 

Days to 50% 
Mean germination 

January Dormant 
Location State temperature Viability seed is0 c 10 c 

(Cl (%I (%I -Days- 
Warren MT -9.4 98 0 2.5 91 
Dinosaur UT -8.9 98 1 3.5 74 
Kemmerer WY -8.9 

9”: 
4 5.5 96 

Daniel WY -8.3 0 4.5 91 
Brown’s Park UT -7.8 98 0 3.5 63 
Stone ID -5.6 74 5 6.5 74 
Cedar Valley UT -5.6 95 0 5.5 65 

Reynolds Creek ID -4.4 98 0 3.0 Oasis NV -4.4 100 0 2.5 : 
Snake Valley UT -3.9 69 0 5.5 40 
Crowsnest ID -3.9 99 0 3.0 74 
Three Creek Well ID -3.9 81 4 4.5 98 
Mayfield UT -3.9 98 0 4.5 43 
Golconda Summit NV -3.3 98 1 2.5 50 
Blanding UT -2.8 99 0 2.5 30 
Glenn’s Ferry ID -2.2 92 ii 6.5 100 
Big Rock Cdy. Mt. UT -2.2 97 0 4.5 33 
Gardinerville NV -1.1 100 2 4.0 43 
Caliente NV -1.1 97 0 2.5 18 
Parowan Gap UT -1.1 99 0 2.5 4s 
Veyo Road UT 1.1 92 0 3.5 29 
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Materials and Methods 
Seeds were collected from 69 wildland big sagebrush stands in 

autumn 1986 (Table 1,2,3). Collection sites were selected to repres- 
ent a maximum range of climate variation for each subspecies. The 
collections were air-dried, cleaned to approximately 50% purity by 
screening and blowing, and stored in paper envelopes under labor- 
atory conditions (20’ C, 8% moisture content, oven-dry weight 
basis) until test initiation in early February 1987. Due to differen- 
ces in harvest date, post-harvest storage period varied from 2 to 3 
months. 

For each experiment, 4 replications of 25 intact achenes (hereaf- 
ter referred to as seeds) were hand-selected from each of the 69 
collections. The seeds were placed on the surface of 2 germination 
blotters saturated with tapwater inside plastic 100 X 15 mm petri 
dishes. The petri dishes were randomized and stacked into plastic 
bags closed with rubber bands to retard water loss. Each stack was 
topped with a blank dish (blotters but no seeds) so that all dishes 
would receive light only through their sides. The dishes were placed 
in controlledenvironment chambers under cool-white fluorescent 
lights with a 1Zhour photoperiod. Light intensity at seed level 
averaged 25~ E me2 see-’ PAR. 

For the first experiment, seeds were incubated at a continuous 
temperature of 15” f 1“ C for 4 weeks. Germinated seeds were 
counted and removed at l-day intervals for the first 4 days and at 
weekly intervals starting on the seventh day. Radicle protrustion to 
1 mm was the criterion for germination. At the end of the incuba- 
tion period, remaining seeds were tested for viability by tetrazo- 
lium staining (Grabe 1972), and remaining viable seeds were 
classed as dormant. 

For the second experiment, seeds were incubated at a continu- 
ous lo f 0.5” C for 20 weeks. Germinated seeds were counted and 
removed at weekly intervals as above. At the end of the incubation 
period, dishes were transferred to the 15” C chamber for 1 week, 

and germinated seeds were counted and removed. Remaining seeds 
were tested for viability as described above. 

All data were converted to the proportion of viable seed prior to 
analysis. Dormant seed proportion was calculated for each replica- 
tion as the number of viable seeds left ungerminated at the end of 
the incubation period divided by the total number of viable seeds. 
Number of days to 50% of total cumulative germination was 
interpolated from rate curves constructed for each collection in 
each of the 2 experiments. 

Mean January temperature was used as an index of winter 
severity at the seed collection sites. Due to the remoteness of many 
of the collection sites, it was sometimes necessary to interpolate 
this information from isotherm maps (Water Information Center 
1974). Corroboration using data from comparable nearby weather 
stations was obtained when possible. 

The relationships between subspecies identity, collection site 
mean January temperature and germination parameters were 
examined using analysis of covariance with subspecies as the 
treatment variable and collection site mean January temperature 
as the covariate. 

Results 

Analysis of covariance for dormant seed percentage showed a 
significant interaction (p<O.OOOl) between subspecies identity and 
collection site mean January temperature, indicating differences 
among subspecies in the slope of the regression line relating dor- 
mant seed percentage to collection site mean January temperature 
(Table 1). Basin big sagebrush (Table 2) and Wyoming big sage- 
brush (Table 3)collections were largely nondormant at 15O C in the 
light regardless of collection site mean January temperature (Fig. 
1). Maximum dormant seed percentage was 12% for basin big 
sagebrush and 11% for Wyoming big sagebrush. In contrast, 
mountain big sagebrush collections varied in dormant seed percen- 
tage from 0 to 58% (Table 4). The most dormant collections were 

Table 3. Location, germination response, and viability information for 24 mountain big sagebrush seed collections used in germination experiments, 
ranked by mean January temperature. 

Collection site Seed characteristics 

Days to 50% 
Mean germination 

January Dormant 
Location State temperature Viability seed 150 c 10 c 

(C) (2) 
(E 

-Days-- 
Kemmerer WY -8.9 10.0 107 
Nebo Overlook UT -8.9 92 30 8.0 103 
Huntsville UT -8.3 96 I3 10.0 90 
Scow’s Hollow UT -8.3 88 58 15.0 II2 
Daniel WY -8.3 94 27 8.0 II3 
Reynolds Creek ID -7.8 90 58 14.0 I08 
Maple Cyn. UT -7.8 91 60 II.0 II0 
Mirror Lake Rd. UT -6.7 90 36 11.0 100 
Park City UT -6. I 88 31 7.5 98 
Thorn Crk. Jet. ID -6. I 89 1 8.5 50 
Hailstone Jet. UT -5.6 97 9 7.5 88 
Squaw Butte OR -4.4 95 3 8.0 54 
Lucky Peak ID -3.9 84 8 9.0 54 
Wheeler Gd. Sta. CA -3.3 92 0 6.0 60 
Lee Vining CA -3.3 98 3 5.0 41 
Hiko NV -2.8 95 0 2.0 26 
Pine Valley UT -23 98 0 4.0 52 
Bootleg Cpgrd. CA -2.2 93 0 5.5 40 
Nephi UT -1.7 98 0 3.5 45 
Gardinerville NV -1.1 95 0 4.5 34 
Browse Gfframp UT -0.2 96 0 6.0 44 
Upper Kyle Cyn. NV I.1 89 0 5.5 32 
Lower Kyle Cyn. NV 2.6 97 0 5.0 I6 
Utah Hill UT 2.8 97 0 3.0 30 
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Fig. 1. Relationship between dormant seed percentage after incubation at Fig. 2. Relationship between germination rate expressed as number of 
150 C in the light for 28 days and collection site mean January tempera- days to 50% of total germination at 15” C in the ligbbt and collection site 
ture for the 3 major subspecies of big sagebrush (R’z0.176, p<O.OS for mean January temperature for the 3 major subspecies of big sagebrush 
ssp. tridentat~ R*=0.578,p<0.001 for ssp. vuseya~ R*=O.OOl, nr. for (RJ=0.130, n.s. for ssp. ltidentato R3=0.578,p<O.O1 for ssp. vaseyanu 
ssp. wyonnkgenk). R*=0.020, n.s. for ssp. wyoAge&). 

from colder winter sites, although not all cold winter collections 
had high dormant seed percentages (Fig. I). Mountain big sage- 
brush collections from sites with mean January temperatures 
above -5’ C were essentially nondormant at 15O C in the light. 

Slopes for the relationship between days to 50% of total germi- 
nation at 15” C and collection site mean January temperature also 
differed significantly among subspecies (p<O.O003). Germination 
rate at 15” C in the light was not correlated with collection site 
mean January temperature for basin and Wyoming big sagebrush 
collections (Fig. 2). All collections germinated to 50% in less than 7 
days. For mountain big sagebrush, germination rate at 15” C and 
collection site mean January temperature were negatively corre- 

lated (Fig. 2). Collections from sites with mean January tempera- 
tures of -5O C or less required more than 7 days to germinate to 
50% at 15” C. 

Germination rate at 1’ C was significantly correlated with col- 
lection site mean January temperature for all 3 subspecies, and 
analysis of covariance indicated no significant differences among 
subspecies for the slope or y-intercept of the relationship (Table 4, 
Fig. 3). Collections from colder sites germinated much more slowly 
at lo C than collections frgm warmer sites. Collections from colder 
sites required up to 113 days to germinate to SO%, while those from 
warmer sites required as few as 6 days. Only 1 collection (Reynolds 
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Fig. 3. Relationship between germination rate expressed as number of 
days to 50% of total germination at lo C in the light end collection site 
mean January temperature for the 3 major subspecies of big sagebrush 
(R*=0.640, p<O.OOl for ssp. tridcntotrr; R*=0.810, p<O.OOl for ssp. 
voscyona; R*=0.5OO,p<O.O1 for ssp. wyomingensis). 
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Fig. 4. Relationship between germination rate at 150 C in the light and 
germination rate at lo C in the light for the 3 pajor subspecies of big 
sagebrush (R*=0.518,p<0.001 forssp. tridentata;R2=0.656,p<0.~l for 
ssp. vaseyorrcr; R2=0.109, n.s. for ssp. wyomingenris). 

Creek, Idaho, mountain big sagebrush) had a dormant seed per- 
centage of greater than 5% after incubation for a week at 15” C 
following 20 weeks at lo C. 

Germination rate at lo C was positively correlated with and 
predictable from germination rate at IS” C for the 3 subspecies 
overall, and analysis of covariance revealed no significant differen- 
ces among subspecies in the slope or y-intercept of the relationship 
(Table 1). For all 3 subspecies, collections that were slow to germi- 
nate at 15O C also tended to be slower at lo C (Fig. 4). 

Discussion 

Habitat-correlated variation in germination pattern exists in all 

3 widely distributed subspecies of big sagebrush, but each subspe- 
cies tends to exhibit a different pattern of variation. These 
between-subspecies differences may be related to habitat variation 
that is not reflected in differences in collection site mean January 
temperature. Many climate variables in addition to winter temper- 
ature could operate to select for specific germination responses. 
Duration of winter snowpack, date of last killing frost in the 
spring, and reliability of autumn or spring moisture are climate 
variables that are only loosely correlated at best with mean Janu- 
ary temperature. For example, mountain big sagebrush sites with 
low mean January temperatures tend also to be sites with ample 
autumn precipitation and prolonged periods of winter snowpack, 
whereas the colder Wyoming big sagebrush sites are often wind- 
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Table 4. Analyses of covnrinnce for dormant seed percentage, days to 50% 
of total germination at 150 C, and days to 50% of total germination at lo 
C, with subspecies as the class variable and collection site mean January 
temperature (first 3 anayses) or days to 50% germination at 150 C 
(fourth analysis) as the covariete. Error degrees of freedom q  63. 

Variance source df F P 

Dormant seed percentage 
Subspecies 2 0.4 .6917 
Mean January temperature 1 22.0 .OOOl 
Ssp X mean January temperature 2 19.7 .OOOl 

Days to 50% germination (15” C) 
Subspecies 2 3.4 .0404 
Mean January temperature I 20.9 .OOOl 
Ssp X mean January temperature 2 9.4 .0003 

Days to 5% germination (lo c) 
Subspecies 2 0.1 .8929 
Mean January temperature I 108.0 .OOOl 
Ssp X mean January temperature 2 1.0 .3858 

Days to 50% germination (I’ C) 
Subspecies 2 1.4 .2522 
Days to 50% germination ( 15’ C) 1 33.2 .OOOl 
Ssp X days to 5% germination (15” C) 2 2.0 .1515 

swept and relatively dry in both autumn and winter in spite of their 
high elevation. Dormancy under the latter conditions could he a 
disadvantage, because the seeds might not receive sufficient chill to 
trigger germination the following spring. The lower risk of preco- 
cious autumn germination at these drier sites would also eliminate 
the chief advantage of autumn dormancy. Timing of seed produc- 
tion may also be a factor. Basin big sagebrush populations gener- 
ally ripen seed later than mountain big sagebrush populations in 
the same area, and therefore run less risk of autumn germination. 

Seed bank studies of big sagebrush indicate that its seed banks 
are transient, with little or no seed carry-over from year to year 
(Young and Evans 1989, Meyer 1990). Germination timing mech- 
anisms increase the probability that germination will occur at the 
season most conducive to seedling survival, rather than providing 
seeds with the ability to remain ungerminated under optimum 
conditions. Early spring soon after snowmelt is the usual time for 
big sagebrush seedling emergence (Meyer and Monsen 1990, 
Monsen and Meyer 1990). Our data suggest that germination 
would take place in winter at mild winter sites, while at cold winter 
sites it would be delayed until snowmelt or shortly before. 

In this study seeds were incubated at low temperature in light. 
This probably does not simulate conditions under snowpack very 
well. We have found that big sagebrush seeds will germinate in the 
dark during prolonged chill at lo C, but that the period required is 
longer (Meyer et al. 1990). Germination rates in dark chill and light 
chill were strongly correlated. In a field seed retrieve1 experiment, 
big sagebrush seeds initiated germination under prolonged snow- 
pack, but the germination rate was lower than at lo C in the light 
under laboratory conditions (Meyer 1990). 

Even though there were difference among subspecies in germina- 
tion response, much of the variation among collections was related 
to climate differences, not subspecific differences. There was no 1 
germination pattern that characterized the species as a whole or 
any 1 subspecies. Attempting to characterize the germination 
response of a native species that occurs over such a wide range of 
habitats from 1 or a few collections results in accounts that are 
often conflicting (e.g., Weldon et al. 1959; McDonough and Har- 
niss 1974a,b; Harvey 1981; Evans and Young 1984). These differ- 
ences appear to represent discrete samples along a more or less 
continuous spectrum of variation among populations in the field. 

Within-population variation in germination response also affects 

measured values. I‘his variation could result from genetic differen- 
ces between individual bushes (Meyer and Walker unpublished 
data) or from differences in environmental conditions during rip- 
ening (Harniss and McDonough 1976, Gutterman 1980). Collect- 
ing seeds at the end of the season rather than during the peak 
period of production for the population could skew the results, as it 
does for rubber rabbitbrush (Meyer et al. 1989). But the clear 
correlation between germination pattern and collection site mean 
January temperature is all the more striking, given all these possi- 
ble sources of lack of correlation. 

Whether one is motivated by a desire to control big sagebrush or 
to reestablish it in areas that have been severely disturbed, a 
knowledge of its establishment ecology is essential. This study 
indicates that big sagebrush establishment ecotypes probably 
occur within each subspecies, though the genetic basis for the 
observed variation in germination response has not yet been dem- 
onstrated. Ecotypic differentiation with regard to vegetative fea- 
tures has long been known in big sagbrush (McArthur et al. 1979). 
Our findings underscore the need for using source-identified site- 
matched seedlots when seeding this species for wildlife habitat 
improvement or disturbed land rehabilitation. Nonadapted seeds 
may misread germination cues and germinate at inappropriate 
times, seedlings may fail to emerge or persist, and the result may be 
stand failure (Meyer and Monsen 1990). 
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Abstract 

Factors responsible for poor recruitment of blue oak (Quercus 
dougiasii H. & A.) and valley oak (Q. lob&z Ne&) need to be 
determined on California hardwood rangelands so that manage- 
ment strategies for enhancement of recruitment can be developed. 
To examine selected factors, exclusive of large herbivore impacts, a 
series of acorn seeding experiments was initiated in 1985 in 6 
counties on representative sites. At each site, the experimental 
treatments were the factorial combination of herbs vs. no herbs 
and screen protection vs. no protection. The experimental design 
was 4 randomized complete blocks of the herb treatments with 
each main plot split for the 2 levels of protection. Rainfall and 
edaphic factors were used to help interpret measures of seedling 
emergence, survival, and growth. Herbaceous plant control for 
reduction of moisture stress was the most important factor exam- 
ined. Emergence was significantly improved by control in nearly 
S(&J of blue oak seedings and in 33% of valley oak seedings. 
Average first year survival, expressed as a percent of acorns sown, 
was significantly improved with control in seedings of both blue 
oak (33% vs. 18%) and valley oak (45% vs. 21%). Limited data 
suggest the difference in survival remains consistent over time as 
overall survival declines. With few exceptions, the addition of 
screen protection discouraged predation and significantly enhanced 
survival and growth. Window screen cages also may have contrib- 
uted an unmeasured shade effect. 

Key Words: Quercus douglasii, Q. lobata, competition, preda- 
tion, protection, shade 
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UC Hopland Field Stauon (HFS) 

UC. Stern Foothtll 
Ra”ge Frrld Stst~on (SFRFS) 

Ief Schmidt Ranch 

Canyon Ranch (CYNRN) 

Loper LlLe covmy Park 

Fig. 1. Location of 7 oak-grassland sites in 6 counties where oak estab- 
lishment from acorns was studied. 

Clearing of noncommercial oak (Quercus spp.) woodlands in 
rangeland improvement projects and poor natural regeneration 
were 2 concerns identified by the Hardwood Task Force of the 
California Board of Forestry in its December 1983 draft report 
(Passof and Bartolome 1985). Since 1985, the loss of noncommer- 

JOURNAL OF RANGE MANAGEMENT 45(l), January 1992 93 



cial oak woodland in California is estimated to be excess of 400 
thousand hectares of 16% of the 3 million hectares total (Bolsinger 
1988). These losses result from rangeland clearing, road and free- 
way construction, and residentialcommercial development. Limited 
data suggests the latter accounted for 46% of the annual loss (6,500 
ha) between 1973 and 1985, surpassing the loss from rangeland 
clearing that dominated before 1973. 

Loss of oaks is compounded by relatively sparse recruitment in 
blue oak (Q. douglasii H. & A.) stands, occupying about 1.2 
million hectares or 40% of the oak woodlands, and almost nonex- 
istent in valley oak (Q. lobata Nee) stands (Bolsinger 1988). Unsuc- 
cessful blue and valley oak recruitment results from mortality in 
seedling and sapling stages rather than from inadequate germina- 
tion and seedling emergence (Griffin 1971). A study of age class 
survival suggests that the transition from a seedling to sapling and 
tree stages is more critical than acorn germination and early seed- 
ling survival (McClaran 1985). Development of restocking tech- 
niques and their relative efficacy are needed to preserve manage- 

ment options for oak woodlands. We determined the influence of 
herbaceous competition and small mammal and insect herbivory 
on emergence, survival, and growth of seedlings developing from 
artificially sown acorns; and evaluated selected techniques for 
reducing negative impacts. 

Study Sites 
Over a 4-year period, successive acorn seedings were made on 8 

sites-5 blue oak and 3 valley oak-at 6 locations; and 1 seeding of 
both oaks together was made at a seventh location (Fig. 1). All 
locations lie between latitudes 35“ 15’ and 39’ 15’ N (Fig. 1). These 
oak woodland sites in California’s Mediterranean-like climate 
have understories dominated by annual grasses. Throughout the 
study area, annuals continue to grow until all available soil water is 
exhausted. A discussion of the ecology and composition of Cali- 
fornia annual grasslands is presented by Heady (1977). 

The most southerly planting of valley oak was in Lopez Lake 
County Park (LPZLK), and that of blue oak was on the Canyon 
Ranch (CYNRN), both in San Luis Obispo County. To the north, 

Table 1. Physical parameters at locations included in blue and valley oak seeding studies. 

Location 
Avg. Surface 

Elevation annual precp.soil texture Depth 

Soils 
Estimated 

AWC’ Soils series2 Soil family 

University of California 
Hopland Field Station 
Mendocino County (HFS) 
Sierra Foothill Range 
Field Station, Yuba 
County (SFRFS) 

East Bay Regional Park District 
Briones Regional Park 
Contra Costa County (BRP) 

Private Landowner 
Jeff Schmidt Ranch 
San Benito County 
(SBNCO) 
Canyon Ranch, San Luis 
Obispo County (CYNRN) 

U.S. Forest Service 
Pacitlc Southwest 
Forest and Range 
Experiment Station, 
San Joaquin Experimental 
Range, Madera County 
(SJER) 

University of California 
Hopland Field Station, 
Mendocino County (HFS) 

East Bay Regional Park District 
Briones Regional Park, 
Contra Costa County (BRP) 

Private Landowner 
Jef Schmit Ranch 
San Benito County 
(SBNCO) 

County Park 
Lopez Lake County Park, 
San Luis Obisop County 
(LPZLK) 

64 (cm) 

273 94 

182 72 

188 

394 

545 

333 

273 

124 

394 

158 51 

48 

36 

28 

48 

94 

48 

36 

Loam 

Gravelly 
loam 

Clay 
loam 

Shaly 
loam 

ChY 
loam 

Sandy 
loam 

Loam 

Clay 
loam 

Shaly 
loam 

Sandy 
loam 

(cm) 
Blue oak 

183 

(cm/ cm) 

0.14-0.17 Hellman 

53 0.11-0.16 Argonaut 

86 0.15-0.18 Los Osos 

61 0.10-0.14 Santa 
Lucia 

155 0.14-0.17 Ayar 

74 0.09-O.i2 Ahwahnee 

Valley oak 

I52 0.14-0.17 Yorkville 

I93 0.16-0.18 Botella 

61 0. IO-O. I4 Santa 
Lucia 

183 0.10-0.15 Elder 

Fine, mixed, thermic 
Mollic Palexeralfs 
Filie, mixed, thermic 
Mollic Haploxeralfs 

Fine, montmorillonitic, 
thermic 
Typic Argixerolls 

Clayey-skeletal, mixed, 
thermic 
Pachic Ultic Halploxeralfs 

Fine, montmorillonitic, 
thermic 
Typic Chromoxererts 

Coarse-loamy, mixed, 
Ultic Haploxeralfs 

Fine, mixed, thermic 
Typic Argixerolls 

Fine-loamy, mixed, thermic 
Pachic Argixerolls 

Clayey-skeletal, mixed, 
thermic 
Pachic Ultic Haploxeralfs 

Coarse-loamy, mixed 
thermic 
Cumulic Haploxerolls 

‘AWC = Available Waterholding Capacity 
2All are upland soils except Botella and Elder which are alluvial. 
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the 2 oaks were planted on the same site at the Jef Schmidt Ranch 
(SBNCO) in San Benito County. On the east side of the San 
Joaquin Valley in the foothills of the Sierra Nevada, blue oak was 
planted on the U.S. Forest Service San Joaquin Experimental 
Range (SJER) located in Madera County. In the San Francisco 
Bay Area, the 2 oaks were planted in Briones Park (BRP), each on 
a different site. The Park, part of the East Bay Regional Park 
District, is in Contra Costa County. North in the Coast Range, 
each oak was established on separate sites at the University of 
California Hopland Field Station (HFS) in Mendocino County. 
Above the Sacramento Valley, blue oak was planted on the Uni- 
versity of California Sierra Foothill Range Field Station (SFRFS) 
in Yuba County. Elevation, rainfall, and soil characteristics (Table 
1) represent conditions typical of those occurring in natural stands 
of the oaks found in the Coast Ranges, interior coastal ranges of 
the San Joaquin Valley, and western foothills of the Sierra Nevada 
in the Sacramento and San Joaquin valleys. 

Treatments at each site included 2 levels of herbaceous plants 
(none and the naturally occurring vegetation) as main plots, and 2 
levels of protection against small mammal and insect damage 
(screens and no screens) as a split on main plots. The experimental 
design was a randomized complete block with 4 replications. 

Each main-plot replication consisted of 100 acorns planted in 4 
rows of 25 each with 30 cm between acorns and rows. Planting 
depth was 5 cm, a depth suggested for use in controlled environ- 
ments (Lobe1 and George 1983) and one considered a minimum to 
discourage disturbance by mice (Griffin 1971). This depth has been 
found to be a good compromise between improved protection 
from predation and reduced emergence that occurs from planting 
at a greater depth (Tietje et al. 1991). Acorns with obvious insect 
damage were discarded, and those that had germinated in storage 
were distributed among treatments and replicates to insure uni- 
formity of potential emergence. 

Methods 

Acorns were collected from trees representing local ecotypes in 
late summer through early fall, dusted with captan, and placed in 
0.08-mm clear plastic bags with material at the bottom to absorb 
excess moisture from respiration. The acorns were then placed in 
cold storage (4O C) until planting. Storage between lo-4” C is 
recommended by Korstian (1927) and Harrington (1972) to retard 
germination without a reduction in emergence potential. 

Germination in storage is a common’problem. Prompt germina- 
tion of blue and valley oak was identified as a characteristic by 
Griffin (1971). Matsuda and McBride (1989) were able to distin- 
guish a differential between the 2 species, with germination of 
valley oak being slower and occurring over a longer period. This 
would explain why radicles appeared earlier and more frequently 
in our blue oak collections before planting. 

Plantings were made in late fall each year (November-De- 
cember) from 1985-1988. Not all locations were included each year 
because local acorn production was irregular and sometimes 
inadequate for full execution of the experimental treatments. 

During the study, 2 blue oak seedings had to be replanted 
because, of depredation. At CYNRN in 1985, feral pigs dug up 
many acorns before fencing was erected. In the second instance at 
SFRFS in 1987, deer mice (Peromyscus municulutus Wagner) 
were the suspected problem. This assumption is based on live trap 
records at the site. 

Acorns were sown in open areas away from canopy effects and 
on terrain as flat as possible to reduce effects of slope exposure and 
inclination. All work was conducted within deer-proof enclosures 
to exclude browsing of seedlings by deer and livestock, an 
acknowledged problem (Franc0 1976, Longhurst et al. 1979, 
Menke and Fry 1980) and to prevent depredations by feral pigs 
(Sus scrofo Linnaeus) where these animals may be a problem. 

Table 2. Emergence (I) with and without herbrceous plant control in 13 blue and 9 valley oak seedings (19854988) and the associated precipitation 
patterns at: Canyon Ranch (CYNRN), Jef Schmidt Ranch (SBNCO), San Joaquin Experimental Range (SJER), Briones Regional Perk (BRP), Lopez 
Lake County Park (LPZLK), Sierra Foothill Range Field Station (SFRFS), nd Hoplrnd Field Station (HFS). 

Measurement of emergence was confounded by small mammal 
depredations. Some acorns were destroyed early at all locations, 
both before and after emergence. One seeding at SJER was des- 
troyed in 1985-86 and could not be reseeded. Ground squirrels 
(Spermophilus beecheyi Richardson) were possibly responsible. 
Subsequent seedings at SJER were made after the population was 
reduced, but control at this site was maintained throughout the 
study. 

Seasonal 
Location Seeding precip. 

(cm) 
CYNRN 1985 33 

1987 27 
1988 15 

SBNCO 1985 45 

SJER 1987 31 
1988 33 

BRP 1987 37 

1988 35 
LPZLK 1985 63 

1987 40 
1988 43 

SFRFS 1985 86 
1986 48 
1987 54 

HFS 1986 62 
1987 73 
1988 68 

MEAN 

*Significant at the 0.05 level for each seeding and each species. 

Emergence 
Blue oak Valley oak 

Avg. annual 
precip. No herbs Herbs No herbs Herbs 

______________-_______ %__________-___________ 
!T! 72 75 

96 64* 41 
54 71* 15 

I25 15’ 4 81 88 

65 20* 4 - - 
69 59* 41 - - 

77 - - 725 I5 
73 255 I 84 87 

124 - - 69 59 
78 - - 56* 
84 - - 55* 

119 78* 53 - - 
67 43 31 - 
75 35 40 - - 

66 60* 41 32 26 
78 12, 0 86 75 
72 29, I8 44 35 

45. 28 64* 50 
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Pocket gophers (Thomomys bottae Eydoux & Gervais) were 
common at all sites, and control was practiced where populations 
were a significant threat. However, no level of control was ade- 
quate to prevent losses to this rodent. These depredations may 
have been encouraged by the geometric planting pattern and rela- 
tively close spacing of acorns. 

Results 

Emergence 

Emergents in each main plot were randomly split into 2 groups, 
protected and unprotected, with protection provided by window 
screen cages (closed cylinders I5 cm in diameter and about 40 cm 
high) or Forego@ (formerly Vexar@) 14-strand rigid plastic 
seedling protectors (screens) 5 cm in diameter and 30 cm high. The 
large mesh plastic screens were substituted for window screen cages 
when the threat from grasshoppers (Melanoplus devastator Scud- 
der) was minimal. As a consequence, the efficacy of this less 
expensive protection was evaluated in 6 seedings, 2 blue oak seed- 
lings each at CYNRN and SJER (1987 and 1988) and 2 valley oak 
seedings at LPZLK (1987 and 1988). At all 3 locations, black-tailed 
jackrabbits (Lepus californicus Gray) and rabbits (Sylvilagus spp.) 
are the suspected major causes of browsing damage, and ground 
squirrels possibly are a threat at SJER. Protection was applied 
beginning in Spring 1987 to all l-year seedlings and emergents in 
new seedings. 

Overall emergence of 13 blue and 9 valley oak seedings was 
improved through herbaceous plant control (Table 2). Emergence 
of blue oak was improved 61% by control and that of valley oak 
showed an increase of 2890 with this treatment. 

Survival 
Average first-year survival of both oaks was improved by herb 

control, and screens further reduced mortality among seedings 
with protected emergents (Table 3). No interaction between the 2 
Table 3. Effects of herb control and screen protection on oak seedling 

sorvival (perceot of acorns sown) in the first year for seeding8 m8de in 
1986 and 1987 at: Canyon Ranch (CYNRN), Hopland Field Station 
(HFS), Sierra Foothill Range Field Station (SFRFS), Bdones Park 
(BRP), and Lopez Lake County Perk (LPZLK). 

Seedling 
Screen 

protection 

Survival 
Herb control 

Mean effect 
No Yes of protection 

Following 1986 emergence in the 1985 SFRFS seeding, hairnets 
used in the food processing industry were applied to seedlings to 
protect against defoliation by grasshoppers. In subsequent sea- 
sons, window screen cages replaced this temporary expedient. 

CYNRN 1987 36 
45 

During the 1985-86 growing season, glyphosate, a systemic 
herbicide, was applied after planting to control herbaceous growth 
until oak seedling emergence. After emergence, herbs were hoed. 
In subsequent seasons, initial herb control in new seedings was 
obtained using both glyphosate and a soil active herbicide, atra- 
zine, to eliminate existing herbaceous growth and such growth that 
might appear after application. The combination was used to 
reduce labor. In estabished plantings, 2 soil active materials, atra- 
zine and oxyfluorfen, were applied annually during winter dor- 
mancy for more effective control of herbaceous growth. Potential 
for damage to emerging oak seedlings discouraged use of the latter 
chemical during the season of planting. 

HFS 1986 

SFRFS 1987 

Average Effects 

Mean Effect 
of control 

No 
Yes 

No 
Yes 
No 
Yes 
No 
YC.5 

Blue oak 
21 
21 
22 
36 
35 
39 
26 
34 
30 

55 
59 
33 
35 
41 34 
46 40*+ 
44++ 

Valley Oak 
14 
14 
3 

18 

62 
72 

In 1 blue and 1 valley oak seeding, each planted in 1985 
(CYNRN and LPZLK), herbaceous plant interference was elimi- 
nated in all treatments after the first season. This was necessary to 
provide access. A third seeding at CYNRN in 1986 was established 
only with control of herbaceous plants. 

Data evaluated by analysis of variance (ANOVA) included 
emergence, survival measured in the spring of each growing sea- 
son, and height of plants each fall. To increase the power of the 
analysis, data for each species were pooled in emergence and 
first-year survival analyses. When measuring height, the longest 
stem was used if branching occurred. Unless otherwise noted, 
significant differences are reported at the 95% level of confidence. 

BRP 1987 

HFS 1986 

HFS 1987 

LPZLK 1987 

Average Effecs 

Mean Effect 
of control 

No 
YCS 

No 
YCS 

No 
YeS 

No 
YCS 
No 
Yes 

38 
70 
18 
12 
18 
28 
23 

11 
28 
69 
83 
42 
34 
46 32 
54 41** 
50** 

**Means in each main effect pair for each species are different by LSD Separation at 
the 0.01 level. 

Use of height as an index of growth appears valid. First-season 
growth of screened blue oak in a concurrent study showed a highly 
significant (P = CO.01) correlation (r = 0.75, df = 158) between 
height and basal stem diameter. The equation for linear regression 
of stem diameter on height is Y = 1.63 + 0.12X. 

factors existed, but their independent contributions to enhanced 
survival were highly significant (p10.01). In these seedings, herb 
control increased blue oak survival by nearly half and more than 
doubled it in the valley oak. Screens had less influence, but their 
use increased survival 1890 in blue oak and 2890 in valley oak. 

Since data were collected over several time intervals, time was a 
third factor in survival and was considered a second split (Steel and 
Torrie 1960). When there was a significant time interaction, ANO- 
VAs for each time interval were used to assess the treatment effects. 
This was done to insure a conservative interpretation of data. 

With and without herbaceous plant control, average first-year 
survival in all blue oak seedings was, respectively, 33% and 18%. 
These values are significantly different (m.05). For all valley oak 
seedings, the respective values for the first-year survival are 45% 
and 2190, also significantly different. 

When necessary for the ANOVA, raw data were transformed to 
maintained homogeneity of variances. The results presented are 
treatment averages for the original measurements. 

Data on survival for 3 growing seasons with and without her- 
baceous plant control is available for the 1985 SFRFS blue oak 
seeding and, with herbaceous plant control only, for the 1985 
LPZLK valley oak seeding. At the end of the period in the blue oak 
seeding, survival with herbs was only 4% of acorns planted, but 
with control, survival was significantly (p10.05) more, 32%. The 
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declines in survival showed no interaction with time, but both were 
highly significant (m.01) the first 2 seasons and similar thereaf- 
ter. In the valley oak seeding, survival decline followed a similar 
pattern; survival was 32% after 3 seasons, and no significant 
change occurred after the second season. 

When growing-with herb control, percent survival of blue oak 
seedlings protected by screens for 2 seasons was significantly 
higher (KO.05 to pSO.07) compared with those unprotected 
(Table 4). Protection increased survival 20% or more. 

Table 4. Effect of acreen protection in 2 years on percent survival of blue 
oak seedlings growing with herb control. Each value is the average of 2 
loations for seedlings of the seme age. Sereem 8pplied in 1987. 

Protection level 1988 

Year 
Survival 

1989 

screens 
No screens 

Screens 
No screens 

(%I 
Screens placed in season 11 

50” 
44 

Screens placed in season 22 
353 

30 

(%I 

48* 
40 

343 
28 

l .**Values in column for this age class an significant at the 0.05 and 0.01 levels, 
respectively. 
ICYNRN 1986 and HFS 1986 
ZCYNRN 1985 and SFRFS 1985 
‘Values in column for this age class are different at the 0.07 level. 

In the above analysis, seedings made in 1985 at SFRFS and 
CYNRN were not protected with screens in the establishment year. 
Treatment of the SFRFS seeding was described in methods. 
Screens were not applied the first season to the CYNRN seeding 
because evidence or predation was absent. In the 2 seeded in 1986, 
HFS and CYNRN, protection was applied after emergence. 

After 2 years, average survival in 1986 HFS blue and valley oak 
seedings growing with all treatment combinations was greatest in 
the treatment combining herbaceous control and screen protection 
(Table 5). This treatment, different (m.05) from all others, con- 
tained 6 times as many seedlings compared with the least effective 

Table 5. Effect of 4 treatments in 2 years on percent survival of oak 
seedlings at HFS. Each value is the avenge of 1 blue and 1 valley oak 
seeding made in 1987. 

Treatment 

Survival 

Year 
Herbs and Herbs and No herbs and No herbs 
no screens screens no screens and screens 
-----__-_-_________ _________________ % 

1988 13A’ 27AB 33B 43B 
1989 7A 24B 29B 42C 

IValues for each year not followed by the same letter are significantly different 
(EO.OS), and those for 1989 represent an interaction (herbs X screens). 

treatment, herbs and no screens; and it produced nearly 50% more 
seedlings than the second best treatment, herb control and no 
screens. These differences resulted from an interaction between 
control and protection. 

Growth 
In the first season, average height was enhanced (KO.01) by 

each main factor (herbaceous control and protection). In 3 oak 
seedings (2 blue and 1 valley), herbaceous control increased height 

50% (7.1 cm vs. 4.6 cm), and screen protection increased height 
nearly 75% (7.5 cm vs. 4.3 cm). There was no interaction, but 
protection combined with control produced seedlings nearly 3 
times as tall as those in the least effective treatment, no control and 
no protection. Respective heights were 8.8 cm and 3.0 cm, a highly 
significant (KO.0 1) difference. 

Two seasons of growth in 1 blue oak seeding with all 4 treat- 
ments produced a highly significant (KO.0 1) interaction between 
control and protection as a result of the threefold increase in height 
of protected plants growing without herbs, 24 cm compared with 7 
cm. In all blue oak plantings (4) providing data during the second 
season, there was an average twofold difference (p10.01) in height 
between protected (20 cm) and unprotected (10 cm) seedlings 
growing with herbaceous control. During the 2 years of measure- 
ment, height of seedlings in these 2 treatments doubled. This also 
was highly significant (m.01) and represented an interaction 
between treatment and time. 

Mortality among unprotected valley oak seedlings in I of 2 
seedings available for measurement permitted limited evaluation 
of changes in growth over time under herbaceous control. In the 
first season, difference (-0.05) in height between levels of protec- 
tion occurred. Average height for protected and unprotected seed- 
lings was, respectively, 7.6 cm and 5.6 cm. In the second season, no 
difference was measured, but the average height reached by pro- 
tected seedlings growing with herbaceous control was 37 cm, a 
highly significant (PQl.01) increase. 

Discussion 

The highest emergence of blue oak was recorded during a season 
(1985-86) of above average rainfall (Table 2). At the locations of 
record (CYNRN and SFRFS), depressed emergence in the pres- 
ence of herbaceous interference followed declines in annual rain- 
fall. However, no clear pattern of overall emergence associated 
with rainfall was presented. We suspect that available soil water in 
combination with other factors, e.g., seasonal rainfall pattern, 
influenced emergence at these locations. At a more mesic site 
(HFS), overall emergence appeared inversely related to rainfall 
(Table 2). McClaran (1987) observed an inverse relationship 
between precipitation and blue oak emergence in seedings at 2 
locations in each of 2 years. Emergence was greatest in a year when 
average annual precipitation at the 2 locations was 75% of the 
expected and significantly less when the average was 190%. Mor- 
tality was attributed to damping-off fungus stimulated by high 
rainfall. Because droughty conditions prevailed throughout our 
study at most blue oak sites, the available water holding capacity 
(AWC) of soils may have affected emergence. For example, in 
1988, it may have been a major factor contributing to the difference 
in emergence between SJER and CYNRN (Table 2). Although 
rainfall at SJER was greater than at CYNRN, emergence at 
CYNRN was much higher where AWC was 68% more. Under 
droughty conditions, Matsuda and McBride (1989) suggest early 
germination and establishment (rapid root elongation) of blue oak 
may be advantageous for effective use of soil water. 

Among successive valley oak seedings in our study, emergence at 
2 of 3 locations was highest during the wettest season (Table 2). At 
1 location (HFS), the decline in overall emergence followed the 
pattern of annual rainfall. However, no general pattern of emer- 
gence associated with rainfall was evident in these seedings. 

The value of herbaceous plant control was identified early in this 
study (Adams et al. 1987), but it is not a unique observation. 
Throughout the East, Midwest, and Canada, the benefits of con- 
trolling herbaceous vegetation to promote survival and growth of 
oaks and other hardwoods propagated naturally and artificially 
are well documented (Bowersox and McCormick 1987, Siefert and 
Fisher 1985, von Althen 1987). In California, Griffin (1971) dem- 
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onstrated that reduced precipitation in addition to annual grass 
interference greatly reduced blue and valley oak seedling estab- 
lishment. This supports our observations. 

The addition of screen protection in our study had the expected 
beneficial effect on survival. Griffin (1976) observed that depreda- 
tion from small mammals and insects continued after removal of 
deer. In the eastern U.S., rodents are the chief obstacle to reproduc- 
ing oaks from seeded acorns (Johnson 1979, Krajicek 1955). Grass- 
hoppers, a principal predator at several locations in our studies, are 
favored by a cover of herbaceous plants that provides habitat for 
development and feeding (Linit et al. 1986). This probably con- 
tributed to greater damage among unprotected seedlings growing 
with herbaceous plants. 

Only 46% of incident sunlight is transmitted through the screen 
(measured in PE l me2 l s-l by a quantum sensor). The shade pro- 
duced probably contributed to the differential in survival and 
height between protected and unprotected plants. Crow (1988) 
observed that seedlings of northern hardwoods, including those of 
red oak (Q. rubra), in the central United States generally benefit 
from shade because it reduces water stress by moderating tempera- 
tures and evapotranspiration. Compared to less shade tolerant 
species, red oak has a lower respiration rate at low light levels that 
results in greater net dry weight gain in shade (Loach 1967). For 
hypothetical northern red oak environments, by Hansen et al. 
(1987) calculations for whole-seedling CO2 assimilation are not 
statistically different at 30% or more of open sunlight. Total shoot 
weight of 5-to-7-year-old seedlings of 9 northern hardwoods grown 
in full sunlight and 45% of this did not differ significantly, but all 
grew significantly taller at the lower intensity (Logan 1965, 1966, 
1973). In our studies, we believe the screens provide an element of 
protection against excessive transpiration such as that found 
beneath tree canopies and in other environments favorable to early 
growth of seedlings. That blue oak seedlings are tolerant of 
reduced sunlight beneath the screens is supported by data from 
other research in which the amount of sunlight transmitted did not 
significantly reduce net carbon gain (Kevin Rice, pers. comm.). In 
our study, the shade factor could not be separated from the effect 
of protection. 

Conclusions 
Control of competing herbaceous vegetation appears essential 

to achieve adequate emergence and first-year survival of blue and 
valley oak seedlings developing from seeded acorns. Limited data 
on longer-term survival suggest mortality increases over time and 
remains consistently higher with competition. Herbaceous plant 
control also appears to discourage pocket gophers by limiting food 
sources. Control or exclusion of this rodent is recommended in all 
plantings. 

Screen protection significantly improved survival and growth of 
both oaks under all conditions. Window screen cages had the most 
value; they produced shade and excluded both small mammals and 
grasshoppers. These screens are recommended for all plantings. 

Literature Cited 
Adams, T.E., Jr., P.B. Sands, W.H. Weitkamp, N.K. McDougrld, and J. 

Bartolome. 1987. Enemies of white oak regeneration in California, p. 
459-462. In: Proc. Symp. on Multiple-Use Management of California’s 
Hardwood Resources (tech. coords. T.R. Plumb and N.H. Pillsbury). 
USDA, Forest Serv. Gen. Tech. Rep. PSW-100. 

Bolsinger, C.L. 1988. The hardwoods of California timberlands, wood- 
lands, and savannas. USDA, Forest Serv. Resource Bull. PNW RB-148. 

Bowersox, T.W., and L.W. McCormick. 1987. Herbaceous communities 
reduce the juvenile growth of northern red oak, white ash, yellow poplar, 
but not white pine, p. 39-43. In: Proc. Central Hardwood Forest Conf. 
VI (eds. Drs. R.L. Hoy, F.W. Woods, and H. DeSelm). Univ. of Tennes- 
see, Knoxville. 

Crow, T.R. 1988. Reproductive mode and mechanisms for self-replacement 
of northern red oak (Quercus rubrat_a review. Forest Sci. 34:19-40. 

France, G.M.M. 1976. Grazing effects on oak distribution in Jasper Ridge 
and adjacent areas. M.S. Thesis. Stanford Univ., Palo Alto, Calif. 

Griffin, J.R. 1971. Oak regeneration in the upper Carmel Valley, Califor- 
nia. Ecol. 52:862-868. 

Griffin, JR. 1976. Regeneration in Quercus lobata savannas, Santa Lucia 
Mountains, California. Amer. Midland Natur. 95423435. 

Hanson, P.J., J.G. Isebnnds, and R.E. Dickson. 1987. Carbon budgets of 
Quercus rubra L. seedlings at selected stages of growth: Influence of 
light, p. 269-276. In: Proc. Central Hardwood Forest Conference VI 
(eds. Drs. R.L. Hoy, F.W. Woods, and H. DeSelm). Univ. of Tennessee, 
Knoxville. 

Harrington, J.F. 1972. Seed storage and longevity, p. 145-245. In: T.T. 
Kozlowski (ed.), Seed biology, Volume 3. Academic Press, New York. 

Heady, H.F. 1977. Valley grassland, p. 491-514. In: M.G. Barbour and J. 
Major (eds.), Terrestrial vegetation of California. John Wiley & Sons, 
Inc., New York. 

Johnson, R.L. 1979. Adequate oak regeneration-a problem without a 
solution? p. 59-65. In: Proc. 7th Annu. Hardwood Symp. of the Hard- 
wood Research Council. Management and Utilization of Oak. USDA, 
Forest Serv., Southeastern Forest Exp. Sta., Asheville, NC. 

Korstian, C.F. 1927. Factors controlling germination and early survival in 
oaks. Yale School of Forestry Bull. 19. 

Krajicek, J.E. 1955. Rodents influence red oak regeneration. USDA, 
Forest Serv. Cent. States Forest Exp. Sta. Note No. 91. 

Linit, MJ., P.S. Johnson, R.A. MeKinney, and W.H. Kearby. 1986. 
Insects and leaf area losses of planted northern red oak seedlings in an 
Ozark forest. Forest Sci. 32: I I-20. 

Loach, K. 1967. Shade tolerance in tree seedlings. I. Leaf photosynthesis 
and respiration in plants raised under artificial light. New Phytol. 
66607-621. 

Lobel, D.F., and A.G. George. 1983. Plant your own tree. Univ. California, 
Division of Agr. Sci. Leaflet 21334. 

Logan, K.T. 1965. Growth of tree seedlings as affected by light intensity. I. 
White birch, yellow birch, sugar maple and silver maple. Can. Dep. 
Forest Pub. 1121. 

Logan, K.T. 1966. Growth of tree seedlings as affected by light intensity. 
III. Basswood and white elm. Can. Dep. Forest. Pub. 1176. 

Logan, K.T. 1965. Growth of tree seedlings as affected by light intensity. I. 
White birch, yellow birch, sugar maple and silver maple. Can. Dep. 
Forest. Pub. 1121. 

Longhurst, W.M., G.E. Connolly, B.M. Browning, and E.O. Carton. 1979. 
Food interrelationships of deer and sheep in parts of Mendocino and 
Lake Counties. Hilgardia 47: 191-247. 

Mastuda, K., and J.R. McBride. 1989. Germination characteristics of 
selected California oak species. Amer. Midland Natur. 12266-76. 

McClnrm, M.P. 1985. Regeneration of California blue oak as determined 
from age structures at multiple bole heights (abstract). Bull Ecol. Sot. 
Amer. 66:226. 

McCIaran, M.P. 1987. Yearly variation of blue oak seedling emergence in 
northern California, p. 76-78. In: Proc. Symposium on Multiple-Use 
Management of California’s Hardwood Resources (tech. coords. T.R. 
Plumb and N.H. Pillsbury). USDA, Forest Serv. Gen. Tech. Rep. 
PSW-100. 

_. 

Menke, J.W., and M.E. Fry. 1980. Livestock utilization of California’s oak 
woodlands. D. 306313. In: Proc. Svmp. on Ecoloav, Management, and 
Utilization.of California Oaks. (tech. coord. T.R. Pinmb) USDA, Forest 
Serv. Gen. Tech. Rep. PSW-44. 

Passof, P.C., and J.W. Bartolome. 1985. An integrated hardwood range 
management program. Univ. California Wildland Res. Center Rep. 6. 

Siefert, J.R., and B.C. Fischer. 1985. Northern red oak and white oak 
planting in a commercial clearcut with chemical weed control, p. 35-39. 
In: Proc. Central Hardwood Forest Conf. V (eds. J.O. Dawsonand K.A. 
Majerus). Univ. Illinois, Urbana-Champaign, 111. 

Steel, R.G.D., and J.H. Torrie. 1960. Principles and procedures of statis- 
tics. McGraw-Hill Book Co., Inc., New York. 

Tietje, W., S. Nives, J. Honig, and W. Weitkrmp. 1991. Planting depth vs. 
acorn depredation and seedling emergence. p. 14-20. In: Proc. Symp. on 
Oak Woodlands and Hardwood Rangeland Management (tech. coord. 
R. Standiford). USDA, Forest Serv. Gen. Tech. Rep. PSW-126. 

98 JOURNAL OF RANGE MANAGEMENT 45(l), January 1992 



J. Range Manage. 
4599-l 02, 1992 

Diurnal measurements of honey mesquite 
transpiration using stem flow gauges 
WILLIAM A. DUGAS, MARCUS L. HEUER, AND HERMAN S. MAYEUX 

Authors are associate professor and research associaie. Texas Agricultural Experimental Station, 808 E. Blackland 
Rd., Temple, Texas 76502; and range scientist, USDA Agricultural Research Service, 808 E. Blackland Rd.. Temple, 
Texas 76502. 

Abstract 

Honey mesquite (Prosopis glandulosa Torr. var. ghndulosa) 
stem flow was measured on days with contrasting environmental 
conditions during the 1989 growing season in Texas. Midday stem 
flow varied from near 10 to about 300 g hour’ and daily totals 
varied from about 1,000 to 2,000 g day-l. On days with low poten- 
tial evaporation, regardless of precipitation totals for the previous 
20 days, stem flow mirrored potential evaporation. On a day with 
high potential evaporation and high precipitation totals for the 
previous 20 days, stem flow was greatest and the diurnal pattern 
was similar to that of potential evaporation. On a day with high 
potential evaporation and little precipitation for the previous 20 
days, stem flow mirrored potential evaporation until about 1030 
and decreased throughout the day, while potential evaporation 
remained high. Variability of stem flow between stems was large, 
with a C.V. of about 30% for midday rates and a seasonal average 
C.V. of 37% for daily rates. Stem flow gauges provide continuous 
and accurate measurements of honey mesquite transpiration. They 
respond to changing environmental conditions and are useful for 
evaluating short-term responses of stem flow to physiological and 
environmental factors in the field and glasshouse. 

Key Words: Prosopis glandulosa, sap flow, plant evaporation, 
evapotranspiration 

Accurate transpiration data for honey mesquite (Prosopis glan- 
dulosa Torr. var. glandulosa) and other shrubs are needed to assess 
the biologic and hydrologic implications of the increasing density 
of these species on watersheds of Southwestern rangelands. Honey 
mesquite transpiration has been measured primarily using porom- 
eters (e.g., Easter and Sosebee i975; Nilsen et al. 1983; Ansley et al. 
1990, 1991). Porometers measure either the diffusive resistance to 
transpiration, from which transpiration can be calculated if leaf 
and air temperature are recorded, or the transpiration itself 
(steady-state porometers). Both methods require periodic instru- 
ment calibration to maintain accuracy (Monteith et al. 1988). The 
inaccessibility of leaves, variation of transpiration between leaves 
(e.g., Wan and Sosebee 1990), and high cost of instrumentation are 
negative aspects of porometry. Also, transpiration measurements 
from porometers may be in error because of the effect of the 
instrument on leaf stomata1 conductance and boundary layer and 
because of leaf temperature measurement errors (Tyree and Wil- 
mot 1990). For a really representative transpiration value one must 
extrapolate from the leaf to total plant and population leaf area. 
Nevertheless, as there is often no alternative, they have been widely 
used. 
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Constant power heat balance gauges are a method which can be 
used for direct, accurate, and continuous stem flow measurements 
on herbaceous plants (Sakuratani 1981, 1984; Baker and Van 
Bavel 1987; Dugas 1990) and small shrubs (Steinberg et al. 1989, 
1990, Heilman and Ham 1990). Stem flow through a stem, which, 
except in unusual circumstances, is equal to transpiration for 
periods > 1 hour, is calculated from a stem heat balance and is an 
integration of transpiration from all leaves on the stem. 

The objective of this report was to present diurnal honey mes- 
quite stem flow measurements to illustrate the potential of this 
method for range research. Results are presented which demon- 
strate the response of stem flow measurements to environmental 
conditions and the diurnal and daily variability of stem flow 
among stems. 

Methods 

Experimental Location 
Measurements were made at the Texas Experimental Ranch 

(33O2O’N 99’ 14’W, elevation q  450 m), 16 km north of Throckmor- 
ton, Texas. The density of the multi-stemmed mesquite trees was 
486 trees ha-‘, and average tree height and canopy diameter were 2 
m. Average leaf area (1 side) on each stem which had a gauge was 
0.94 m2, and mesquite foliar cover was 15.5% (Dugas and Mayeux 
1991). 

Stem Flow Measurements 
Stem flow measurements were made from 26 Apr. through I3 

July and from 23 Aug. through 25 Sep. 1989. Ten stem flow 
gauges’ were used on 9 stems. To evaluate consistency between 
gauges, 2 gauges were placed on a single stem about 0.2 m apart 
with no intervening branches. Average daily stem flow for the 
season from these 2 gauges was 1,130 and 1,140 g day-‘, demon- 
strating the consistency of tee method. 

Stems were selected for stem flow measurements based upon 
stem diameter. A different set of 9 stems was used during each 
measurement period. Eight of the stems in each set had diameters 
frdm IS to 20 mm and the other had a diameter of about 35 mm. 

Gauges were placed on a stem for up to 56 days, although a 
period of 20 to 30 days was more typical. Gauges were placed on 
stems about 0.3 m above the soil. To increase stem/ gauge contact, 
a small amount of dielectric silicon was applied to the stem before 
gauge attachment. Gauges were covered with a clear plastic ‘cling 
film’for water protection and with foam insulation and aluminum 
foil to minimize externally induced temperature gradients. 

Gauges consisted of a heater, an &junction thermopile (type T) 
mounted on both sides of high-density cork that encircled the 
heater, differentially wired thermocouple junctions (type T) positi- 
oned above and below the heater mounted on high-density cork, 
and foam insulation (Baker and van Bavel 1987). Stem flow (F, g 
s-l) was calculated from the following: 

‘Models SGB16, SGBIO, and SGA35, Dynamax, Inc., Houston, Tex. 
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(1) 

P-K,xAx 
dTb+dTa 

-K,xE 

F= 
ak 

CxdT, 

where P is input power to the heater; K,,tis stem thermal conductiv- 
ity; A is stem area; dTb and dT, are vertical temperature gradients 
below and above the heater, respectively; dx is distance between 
the 2 junctions positioned both below and above the heater; K, is 
gauage conductance used for determining radial heat flow; E is 
thermopile voltage; C is xylem sap (water) heat capacity; and dTba 
is temperature gradient across the heater. 

A value of approximately 0.3 W was used for P and of 0.42 W 
m-l Km’ was used for Kst (Steinberg et al. 1989). The value of K,, 
representing a ‘zero set’ for each stem/gauge configuration, was 
calculated between 0415 and 0530 daily from Eq. (1), assuming F = 
0 at night (Steinberg et al. 1989). The assumption that honey 
mesquite stem flow ceased at night was supported by gravimetric 
transpiration measurements in a glasshouse at Temple, Tex. 
Fifteen-minute averages of P and gauge signals (dTb, dT., E, and 
dTb,) were calculated from 15 s measurements by a data logger2. 

To confirm method accuracy for honey mesquite, stem flow was 
compared to mass measurements from a potted honey mesquite 
plant. The plant had a stem diameter of 13 mm. The soil surface 
was covered with plastic to eliminate soil evaporation. Measure- 
ments were made in a heated glasshouse for 4 days in February 
1988 at Temple, Tex. Cumulative gravimetric water loss and stem 
flow were similar (1,330 and 1,390 g, respectively). The root mean 
square error of daily rates (25 g day-‘) was comparable to previous 
measurements with this technique on other species. Measured 
transpiration was zero in the glasshouse for times when K was 
calculated in the field. 

Stem flow rates were higher in the field than those measured in 
the glasshouse and these gauges may overestimate stem flow dur- 
ing periods of high flow (Ham and Heilman 1990). However, 
Dugas and Mayeux (1991) showed that both daily and seasonal 
honey mesquite stem flow totals were similar to transpiration 
totals calculated from Bowen ratio measurements. 

Meteorological Measurements 
In the field, 30-min. averages of net radiation), wet and dry bulb 

temperatures4, and wind speed5 were recorded. Soil heat flux, 
precipitation, and leaf area on stems with gauges were measured 
following methods described by Dugas and Mayeux (199 1). The 
atmospheric evaporative demand for water was estimated from 
these measurements (Pruitt and Doorenbos 1977). 

Results and Discussion 

Precipitation 
Total precipitation for the period from 26 Apr. through 25 Sep. 

1989 was 363 mm, a value about equal to the long-term average for 
the period from May through September (388 mm). Greatest daily 
precipitation totals occurred in late May, early June, and mid 
September (Fig. 1). A 30 day period without precipitation began 
on 13 June. 

Diurnal Stem Flow 
As a sample, 4 days with different but representative environ- 

mental conditions were subjectively selected for presentation of 

IModel 21X, Campbell Scientific, Inc., Logan, Utah. 
‘Model 6220, Science Associates, Princeton, N.J. 
4Model WVU-7, Campbell Scientific, Inc., Logan, Utah. 
‘Model 014, Met-One, Inc., Grants Pass, Ore. 

10 APR. 5 MAY 

I 
30 MAY 24 JUN. 19JUL. 13AUG. 7SEP. 2 OCT. 

DATE 

Fig. 1. Daily precipitation at the Texas Experimental Ranch from 26 Apr. 
through 25 Sep. 1989. 

diurnal stem flow data-7 June, 15 June, 13 July, and 26 Aug. The 
dates of 7 and 15 June were in the middle and at the end, respec- 
tively, of a 35-day period with more than 100 mm of precipitation 
(Fig. 1). Thus, soil water levels likely were high. The date of 13 July 
was at the end of a 30-day period without precipitation, while only 
17 mm of precipitation was measured in the 20 days before 26 Aug. 
(Fig. 1). The latter 2 dates, therefore, should reflect low soil water 
levels. 

Vapor pressure deficits increased throughout the season (Fig. 2). 
Available energy (net radiation minus soil heat flux) reflected the 
clear skies on 15 June and 26 Aug. and cloudy skies on 7 June and 
13 July (Fig. 2). 

Daily stem flow varied by a factor of 2 on these 4 days (Fig. 2). 
The greatest average daily stem flow was on 15 June, a day imme- 
diately following heavy precipitation and with high potential 
evaporation. Daily stem flow totals on these 4 days were typical of 
other daily totals which averaged about 1,300 g day-’ for the season 
and varied from about 250 to 2,500 g day-’ (Dugas and Mayeux 
1991). 

Diurnal stem flow mirrored potential evaporation, especially on 
7 June and 13 July when it was more variable (Fig. 2). There was a 
consistent time lag between potential evaporation (which was sim- 
ilar to available energy) and stem flow (Fig. 2). This lag is an 
indication of plant water capacitance of honey mesquite trees of 
this size. Potential evaporation increased before stem flow in the 
morning, implying that transpiration likely began earlier than stem 
flow, with the source of water for transpiration coming from leaves 
and stems above the gauge. In the late-afternoon, potential evapo- 
ration decreased before stem flow. This indicates water was mov- 
ing past the gauge to replenish water in leaves and stems above the 
gauge. Schulze et al. (1985) documented a similar lag between 
transpiration and stem flow for 2 tree species and Hatton and 
Vertessy (1989) showed a lag between heat pulse-measured stem 
flow and Bowen ratio-measured evaporation for Pinus radiata. 

Potential evaporation was similar on 15 June and 26 Aug. Daily 
stem flow on 26 Aug. was 36% less than on I5 June due to soil water 
deficit stress caused by the lack of precipitation (Fig. 1). Stem flow 
was about equal on these 2 days until about 1030 whereupon stem 
flow on 26 Aug. decreased throughout the day, though potential 
evaporation remained high. On 15 June the shape of stem flow and 
potential evaporation curves was similar. 

On the cloudy days of 7 June and 13 July, the shape of stem flow 
and potential evaporation curves also was similar (Fig. 2). On both 
days, stem flow approached zero around 1330 and increased in the 
afternoon. The rapid response of stem flow to changing environ- 
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Fig. 2. Half-hour averages of vapor pressure deficit (VPD), the evaporation equivalent of available energy [net rrdation (Rn) minus soil heat flux (C)l, and 
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average (and standard deviation) of daily stem flow (g day-r) for each day is also shown. 
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Fig. 3. Cafflcient of variation (CV) of daily stem flow in 1989. 

mental conditions is an indication of the short time constant of this 
method at moderate to high stem flow rates (Baker and Van Bavel 
1987). These 4 days represent extremes in midday stem flow rates, 
i.e., near 10 to about 300 g hour-‘. 

Half-hour stem flow rates were highly variable (Fig. 2). For 
example, the standard deviation of stem flow at 1200 on 15 June 
was 80 g hour-‘, yielding a C.V. of about 30%. This C.V. is similar 
to that for cotton (Dugas 1990) where, presumably, plant heter- 
ogeneity is less. This variability provides a means of estimating the 
number of stems required to obtain a given confidence interval 
about a mean stem flow. Since these gauges measure an integrated 
value representing transpiration for all leaves on a stem and since 
porometers typically only measure transpiration on a sample of 
leaves, stem flow measurements should, in principle, be less vari- 
able than porometer measurements. 

Variability of Daily Stem Flow 
The C.V. of daily stem flow totals fluctuated throughout the year 

in association with varying precipitation amounts (Fig. 3). It 
decreased in late April in association with a 50-mm precipitation 
event (Fig. l), increased in early July in association with declining 
precipitation amounts, remained high during the first part of the 
second period when plant evaporation was low (Dugas and 
Mayeux 1991) and presumably soil water levels were low, and 
decreased after 100 mm of precipitation on 7 Sep. The pattern and 
magnitude of the C.V. of honey mesquite stem flow were similar to 
those measured for cotton (Dugas 1990). The average seasonal 
C.V. for honey mesquite was 37%, a value about equal to that for 
cotton (38%). 

Conclusions 
Continuous, nondestructive, and accurate measurements of 

honey mesquite stem flow (and, thus transpiration) were obtained 
using constant power heat balance gauges. These measurements 
responded to short-term changes in environmental conditions and 
are useful in studies of range plant physiology, water relations, and 
hydrology. 

In this study, 300 g hour-’ and 1,300 g day-’ were typical midday 
maximum and daylight totals of stem flow, respectively. The vari- 
ability in stem flow between plants was high. Therefore, as also 
shown by Hatton and Vertessy (1989) from heat pulse measure- 
ments on Pinus rudiuta, the use of this method for area1 estimates 
of stem flow may require a large sample size. 
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Abstract 

Seasonal grazing trials, conducted over 3 years at the Hopland 
Field Station in Mendocino County, Calif., tested the effects of 2 
seasonal grazing strategies on within- and between-year produc- 
tion and composition in blue oak (Quercus douglasii H.A.) 
savanna understory and adjacent open annual grassland. Moder- 
ate intensity summer-fall-winter and spring-summer sheep use had 
few within-year effects. In contrast, production and composition 
varied considerably between years in both treatments. Forbs (espe- 
cially legumes) deereased in open grassland and oak understory 
between years within both seasonal grazing regimes. This change 
could not have been caused by selective grazing because there were 
no corresponding within-year patterns. Instead, between-year 
changes are more likely related to nonselective effects of stocking 
rate and/or weather. Results from this study suggest that seasonal 
grazing systems offer little potential for improvement of annual 
range composition. 

Key Words: selective grazing, California annual grassland, range 
condition 

If plant species respond differently to defoliation, selective graz- 
ing by large herbivores should alter community structure and 
production over time. Grazing tolerance enables plants to replace 
removed biomass (Caldwell et al. 1981). Thus herbivory may 
increase growth of defoliated plants if a compensatory growth 
response is stimulated (McNaughton 1983). Selective herbivory 
may also give a competitive advantage to ungraded plants if defol- 
iated neighbors are reduced in vigor or numbers (Mueggler 1972, 
Olson and Richards 1989). Evidence for selective grazing as a 
control on community structure is surprisingly weak and centered 
on productive perennial grasslands (Ellison 1960, McNaughton et 
al. 1989), with little evidence from arid and semiarid rangelands. 

Between-year changes in community composition of California 
annual grasslands have been described in a successional frame- 
work (Heady 1977) where grass dominance follows elimination of 
grazing (Jones and Evans 1960). The successional sequence starts 
with a group of early seral species, including many forbs, and 
proceeds towards a vegetation dominated by taller grasses (Samp- 
son et al. 195 1). Because the application of higher stocking rates 
increases forbs and reduces grasses (Heady and Pitt 1979a), 
between-year changes have also been linked to grazing and range 
condition (Rosiere 1987). The forb increase does not persist after 
grazing pressure is reduced (Pitt and Heady 1979). 

If selective grazing causes between-year changes in vegetation, 
then the effects must first show up as within-year differences in 
composition. The interpretation of within-year variation due to 
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grazing is based on the presumed effects of selective grazing on 
taller species during the growing season (Pitt and Heady 1979). 
This idea was presented early in the development of research into 
annual ranges (Bentley and Talbot 1951, Heady 1958, Heady 
1961) and persists today (Pendleton et al. 1983) as the basis of 
recqmmendations for seasonal grazing systems (Heady and Pitt 
1979a) for improving production and composition of annual range- 
lands (Menke 1989). 

Animals do selectively use forage in the annual type (Heady and 
Torrell 1959), but no published study has revealed resultant com- 
positional differences within a growing season. If selective grazing 
early in the season can alter composition, then the effect will have 
to override the influences of weather and mulch on germination in 
the fall. These differences have been shown to be the major forces 
determining species composition without grazing (Bartolome 
1979). The effects of grazing on seed supply of the dominant 
annuals are not important factors in determining community 
structure (Heady 1956, Bartolome 1979). The value of fall-winter 
use to improve composition of the annual grassland has long been 
proposed (Heady 1958), but never evaluated experimentally. The 
direct effects of selective grazing on botanical composition and 
production of California annual range remain largely speculative 
(Menke 1989). 

Our objectives were to evaluate the influence of seasonal grazing 
on within- and between-year changes in annual grassland composi- 
tion and production and the effect of Quercus douglasii H. 8t A. 
(blue oak) overstory on this grazing influence. Our approach eval- 
uated herbaceous responses in open grassland and adjacent under- 
story to 2 grazing seasons (summer-fall-winter and spring-summer) 
under moderate sheep use. 

Method 

The study was conducted between fall 1982 and spring 1985 at 
the University of California’s Hopland Field Station, located in 
Mendocino County, Calif., 200 km north of San Francisco. The 
2,168-ha station is characterized by a mixture of open annual 
grasslands, oak woodlands, and shrublands (Murphy and Heady 
1983). Annual precipitation, concentrated in winter, averages 
about 95 cm. Rainfall amount and distribution varied considerably 
from year to year (Fig. 1). Each year the growing season began with 
germinating rains in October, followed by the major winter precip- 
itation regime. The study included years with rainfall above 
(1982-83), near (1983-84), and below (1984-85) the long-term 
average. 

The 30-ha study pastures have been grazed by sheep since before 
the establishment of the Station in 195 1. Vegetation in the pastures 
is 76% Quercus douglasii H. Jr A. woodland, between 10 and 75% 
overstory canopy cover, and 18% open grassland with <lOTo over- 
story cover. The remaining 6% consists of dense oak stands with 
>759c canopy cover, usually with liveoaks (Quercus wislizenii A. 
de Candolle). The soil is a silt loam classified in the ultic haploxe- 
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macroplots as blocks, grazing and year as factors; performed 
separately for each pasture and for open and canopy, and follow- 
ing any transformations necessary to meet assumptions of ANOVA, 
P< 0.1 was chosen as the level of statistical significance for 
hypothesis testing under ANOVA. Some means were also com- 
pared using t-tests. 

Results 

Production 
Seasonal changes in aboveground herbaceous biomass reflect 

the typical production pattern for Mediterranean type grasslands 
(George et al. 1983, with rapid growth following the onset of fall 
rains, then slow winter growth, rapid spring growth and biomass 
accumulation, and finally, death and seed set. Average herbaceous 
biomass for the 3 years differed more between canopy and open in 

0 1982-3 l 1983-4 1984-5 
fall and winter than later in the spring (Table 1). Canopy herbace- 

Fig. 1. Cumulative seasonal precipitation at Hoplaid. The line for 1983-84 ous biomass in fall and winter was only one-half the open value 
closely rpproxlmates the long-term average. Source: station records. Table 1. Aboveground herbaceous biomass In grams/m2 f Standard 

roll family (McClaran and Bartolome 1989). Error from ungrazed plots at 4 sample dates for 3 years. 
Sheep, generally dry ewes, grazed the 2 study pastures each year 

from 15 May until 15 Oct., the dormant season. Stocking rates 
were adjusted to produce residue levels in October within moderate 
stocking guidelines for annual grassland and woodland (Clawson 
et al. 1982). On 15 Oct. of each year the sheep/were moved into the 
“Fall/ Winter Pasture”. During the fall and winter growing season, 
stocking was adjusted to achieve the 50% utilization typical of 
moderate grazing pressure. On 15 Feb. animals were moved into 
the adjacent ‘Spring Pasture*‘, which had not been grazed since 
October. Seasonal use of pastures was constant over the study 
period. 

Year Type 

Biomass 
October November February May 
(n=IO) (n=lO) (n=20) (n=20) 

Twenty macroplots were established at evenly distributed loca- 
tions in each pasture, 10 in the open grassland (“Open Macro- 
plots”), and 10 in blue oak understory (“Canopy Macroplots”). 
Cages located randomly on each macroplot to exclude grazing 
were moved after each year’s sampling. The 75 X 75 cm cages used 
have been shown to have no effect on composition of annual 
grassland (Heady 1957). Locations selected for canopy macroplots 
were chosen for an overstory of blue oak, relatively large trees (> 10 
cm dbh), with canopy coverage of 50%. Macroplots in the open 
grassland areas are the same locations used since 1960 for monitor- 
ing pasture peak standing crop (Vaughn and Murphy 1982). 

Quadrats 25 X 25 cm were clipped within and outside cages 4 
times during the year to determine live and dead standing biomass 
and utilization. Sampling dates were: early October (standing dead 
biomass prior to first rains), late N&ember (end of rapid fall 
growth), mid February (beginning of rapid spring growth), and 
mid May (peak standing crop, end of growing season). Species 
composition was estimated yearly in May with 50 point samples 
inside and 50 outside each cage. 

Because each pasture was grazed under a different seasonal 
system, the analysis was designed to compare differences in plant 
response (grazed vs ungrazed) within pastures rather than between 
pastures (Pitt and Heady 1979). If vegetation shows a within-year 
response to either of the grazing treatments, then grazing systems 
warrant further testing with replication of pastures, and compari- 
sons to continuous use for other annual grassland sites (Ratliff 
1986, Stroup et al. 1986). Because cages were moved each year, 
differences between grazed and ungrazed samples represent a 
within-year effect for the grazing factor. The year factor represents 
the effects of the grazing factor combined with other within-year 
influences, including mulch amounts and weather. The interaction 
grazing X year represents the between-year response to within-year 
effects of the grazing factor. Dependent variables describing vege- 
tation were evaluated by analyses of variance (ANOVA) using 

W m*) W m2) (it/m*) (81 m*) 
Open 80f18 50f14/79f23 62fl I /26f7 272f29 

1982-83 
Canopy 43f7 2lf5/28f6 32f5/ 8f2 162f21 

Open 156f34 27f6/ 168f24 3lf5/ l27fl6 285f23 
1983-84 

Canopy 3lf7 23f7/ 54f9 l8f4/ 28f5 225f42 

Open 199f35 34f8/ 114f20 57f7/92fl2 282f29 
1984-85 

Canoov 76fl5 8f2/ l7f5 29f5/24f4 l29fl9 

‘October samples consist of dead only, November and February samples consist of 
live/dead, and May samples are of live material only. 

but, by spring, canopy biomass averaged two-thirds of the open 
amount. 

Seasonal production varied among years (Table 1). The canopy 
fluctuated most in peak standing crop with a ratio of 0.57 between 
lowest (1985) and highest (1984) years in May, while the open 
changed little. Amount of standing crop in February appeared to 
have little relationship to ultimate peak standing crop. The lowest 
winter standing crop (in February 1984) subsequently produced 
the highest peak (in May 1984). In 1984-85, the canopy dropped to 
its lowest level while the open stayed about the same. 

Utilization 
During the fall-winter period, the desired stocking to attain 

Table 2. Percent utillzation of experimental pasture-s expressed as ratio of 
ungrazed-grazed to ungrazed standing crop at the end of the grazing 
period. 

Grazing period 

Utilization 
1982-83 1983-84 1984-85 

Open Canopy Open Canopy Open Canopy 

Fall-Winter 
(10/15-2/15) 
Spring 
2/15-5/15 

50 42 21 34 31 I5 

‘Values are not significantly different for open and canop 
with the exception of fall-winter 1983-84, by t-test @<.O r 

within years and seasons 
). 
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approximately 50% utilization was achieved, with the exception of 
fall 1983-84, when utilization was negligible in the open (Table 2). 
Use levels in the canopy and open did not differ significantly with 
the exception of fall 1983. Results did not show statistically signifi- 
cant selection or avoidance of the oak understory, although the 
power of the statistical test is low. This is because of the variability 
in difference measures and a sample size designed for estimating 
production and composition, not utilization. 

Stocking was adjusted during the late spring and summer in an 
attempt to attain similar fall residue levels in the 2 pastures. How- 
ever, residue levels climbed during the 3 years of the study above 
the target of 75-100 g/m* for open grassland (Table 1). Spring 
grazing intensity varied considerably among years due to rapid 
changes in spring standing crop, despite efforts to calibrate number 
of sheep and available forage. 

Grazing Effects 
Grazing by sheep had little effect on spring composition com- 

pared to no grazing when years are compared (Table 3). In all but 
the open macroplots in the Fall-Winter pasture, misses were signif- 
icantly lower when ungrazed, reflecting higher foliar cover. Total 
number of taxa was reduced in Fall-Winter grazed canopy macro- 
plots, but not elsewhere, from a mean of 8.10 taxa/SO points 
ungrazed to 6.57 taxa/ points grazed. In each instance of a 
significant species response to grazing it occurred in only a single 
pasture-canopy combination. 

The general lack of a significant grazing effect is surprising, 
because of the ability of the analysis to detect significant differen- 
ces. For example, legumes, a group known to be preferred by sheep 
(Heady and Torrell 1959), were not significantly affected by graz- 
ing, but differences as small as 2.4% cover (Spring-Grazed Can- 
opy) and up to at most 5% cover (Fall/ Winter-Grazed Open) had a 
95% probability of detection by ANOVA at p<O.OS. Trifolium 
spp., which responded significantly (ANOVA, p<O. 1) to grazing 
only in the Fall/Winter-Grazed Canopy (Table 3), would have 
shown significant responses elsewhere for differences as small as 
1.4% (Spring-Grazed Open), and at most 3.8% (Fall/Winter- 
Grazed Canopy). Other groups suggested as responsive to selective 

grazing, like tall grasses (Pendleton et al. 1983), also did not differ 
significantly. The tall grass group Aveno spp., if it had changed by 
only 4% cover due to grazing, would likely have shown a significant 
difference. Another tall grass, Bromus rigidus, would have likely 
shown significant response to grazing at differences greater than 
6% cover. 

Table 4. Means for cover of dependent variables that showed significant 
effects by ANOVA for interaction between the factors grazing and year. 

cover 

Grazing Year 
Variable season Type Grazing 1983 1984 1985 

(%) (%) (%) 
AVE Fall- Canopy Grazed 0.66 2.80 3.20 

Winter Ungrazed 4.00 1.60 3.80 
FES Spring Canopy Grazed 15.34. 27.20* 14.60’ 

Ungrazed 20.34* 10.17’ 20.00+ 
OGGL Spring Open Grazed 21.34 24.60 8.40 

Ungrazed 17.34 34.40 17.00 

OGGL Fall- Canopy Grazed 2.00 7.60 3.40 
Winter Ungrazed 4.66 4.20 8.20 

TG Spring Canopy Grazed 41.66 55.20 37.40 
Ungrazed 38.00 48.80 55.60 

IMeans for variable si nificantly affected by the interaction at p<O.OS are marked 
with *, others are sign1 scantly affected at O.OS<p<O.lO. t 
*Variables named and analyzed are listed in Table 3. 

Only 2 grass species and the groups Other Grasses and Total 
Grasses showed differences due to the interaction between grazing 
treatment and year (Table 4). Examination of the means for the 
interaction Year X Grazing shows that the grazing effect, when 
present, differs among years, even for the same species. For exam- 
ple, Vulpiu spp. were more abundant under Spring grazing in the 
canopy in 1984, but the reverse was true for 1983 and 1985. 

Year Effects 
Species composition differed among years; a majority of taxa 

showed a significant year effect (Table 5). Total cover (increased 

Table 3. Means for dependent variables thet showed significant effects by ANOVA for the gruing factor. Values for taxonomic groups represent cover. 

Cover by pasture and type 
Summer-Spring Summer-Spring Fall-Winter Fall-Winter 

Open Canopy Open Canopy 
Dependent variables Grazed Ungrazed Grazed Ungrazed Grazed Ungrazed Grazed Ungrazed 

__________________________________________- ___________________________________________ (%I 
AVE , 
Brmo 
Brri 
FES 19.04 25.24 
HOR 1.04 2.20 
Taas 12.04. 9.38’ 
OGGL 
TG 47.60 45.20 
TRI 0.84 2.32 
Mepo 
OL 
Trsu 
TL 
ERO 0.62 0.14 
GPY 0.26 0.0 
TNLF 
Miss 23.94’ 18.16* 32.84 24.80 42.28 34.88 
Taxa 6.57. 8.10. 

‘Means for variables si@!icantly affected by grazing at p<O.OS are marked with *, other values were significantly affected at O.OZ<p<O. 10. 
*Taxonomic groups, with variable names in parentheses are: Aveno spp. (AVE), Bromus mollis (Brmo), Bromus rigidus (Brri), Vtdpia spp. (FES), Hordeurn spp. (HOR), 
Toenicrrherum asperum (Taas), Other grasses and grass-like (OGGL), Total Grasses (TG), 7kfolium spp. (TRI), Medicagopolymorphu (Mepo), Other legumes (OL), i’F/olium 
subrerraneum (Trsu), Total Legumes (TL), Erodium spp. (ERO), Carduuspycnocephalus (Capy), Total Non-Legume Forbs (TNLF), and other than live plant (Miss). Taxa is 
number of species in a 50 point sample. 

JOURNAL OF RANGE MANAGEMENT 45(l), January 1992 105 



Table 5. Means for dependent variables that showed significant effects by ANOVA for the year factor. Values for taxonomic groups represent cover. 

Cover 

Spring grazed Spring grazed Fall/ winter grazed Fall/ winter grazed 
open anoPY open canopy 

Dependent variable 1983 1984 1985 1983 1984 1985 1983 1984 1985 1983 1984 1985 

----_-__~~~~____~~____~~~~~~~~~~~~~--~~~~~~~ G&___________________________________________ 

AVE 7.16 3.40 4.40 5.00 2.50 1.60 2.34 2.20 3.50 
Brmo 16.50* 14.10* 9.30+ 6.00 2.80 4.90 
Brri 3.00* 6.70’ 8.70* 12.16 10.60 6.50 
FES 0.16* 0.2W 1.20* 39.84+ 23.60* 25.00* 1.16* l.OO* 1.90* 1.00* 1.50* 7.50 
HOR 0.50* o.o+ 0.0’ 1.00* 2.50* 1.10* 
Taas 3.84, 14.10* 14.20* 
OGGL 19.34* 29.50* 12.70* 5.50; 12.70* 5.70* 22.50* 25.40* 16.00* 3.34 5.90 5.80 
TG 47.00* 62.00* 42.20, 39.84 52.00 46.50 30.88 44.44 43.78 
TRI 3.66* 1.90* 0.60* 11.84* 2.10* 3.70* 
Mepo 9.82* 1.60* 0.70. 2.00 0.50 0.00 1.34* 1.20* 0.10* 3.34’ 1.10* 1.50* 

2.16 1.00 1.20 
Thg 15.50* 5.10. 1.90* 4.50’ 1.90* 0.20* 18.66’ 4.80 6.00* 5.84’ 2.70. 4.30* 
ERO 11.16* 4.90* 11.20* 
GPY 0.84 0.10 0.00 Il.84* 4.50* 1.70. 
TNLF 28.84* 16.50* 19.10* 26.16* 26.30* 8.60; 39.16* 34.50* 17.00* 
Miss 8.34. 16.40* 38.40+ 21.16* 20.60* 44.70* 15.16* 24.10* 28.70* 14.58* 18.60* 24.70* 
Taxa 8.75* 9.00* 7.00* 7.60* 9.75, 6.30. 7.30 7.80 7.00 

IMeans for variables significantly affected by year at p<O.OS are marked with *, 
*Variables named and analyzed are listed in Table 3. 

other values were significantly affected at O.OKp<O. 10. 

misses) declined significantly among years. Legumes generally 
declined, with a nearly complete loss of Medicagopolymorpha in 
the open, and a decline of Trifolium spp. in the open. Canopy 
legumes declined significantly in the Spring grazed pasture., but not 
in the Fall-Winter grazed pasture. Forbs also generally declined, 
with a significant decline of Carduuspycnocephalus in the Spring 
grazed pasture. Relative grass dominance increased during the 
study period. 

Discussion and Conclusions 
Both experimental pastures showed considerable differences in 

production and composition between the open and canopy sea- 
sonally and among years. The degree of variability was typical for 
peak standing crop in woodland canopy (Heady and Pitt 1979b), 
and for composition and production of open grassland (Talbot et 
al. 1939, George et al. 1989), and improved grassland (Vaughn and 
Murphy 1982). Understory standing crop varied more within and 
between years than the open grassland. 

Some range managers suggest that winter production is increased 
under the blue oak canopy, particularly in the San Joaquin Valley 
(Duncan and Reppert 1960, McClaran and Bartolome 1989), but 
also in the Northern Sierra Nevada (Jackson et al. 1988). These 
observations did not hold for Hopland, where canopy production 
was significantly lower than the open for all measurements in fall, 
winter, and spring. 

The canopy and open have very different species assemblages 
which retain their overall differences from year-to-year. The 
annual grassland has been observed to have different composition 
in the open and the oak understory (McClaran and Bartolome 
1989). In this study the 2 herbaceous types were not only different 
in composition, but also responded differently to grazing and year. 
The species differences between open grassland and oak under- 
story suggest that, at peak standing crop, forage quality will be 
better in the open grassland because the understory contains sev- 
eral low value dominants (Sampson et al. 195 1); yet the especially 
undesirable Taeniatherum asperum does not occur under the can- 
opy. However, for most of the growing season, differences in 
composition will have only a negligible effect on forage quality 
because the plants are in the vegetative stage and of similar palata- 
bility. By late spring, the peak standing crop in the open grassland 
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had better overall composition as livestock forage than under the 
canopy. Surprisingly, these differences in composition were not 
sufficient to produce large differences in utilization between the 
open and canopy. 

This study revealed few within-year differences in plant cover 
due to grazing in open grassland or under the oak canopy, a result 
that contrasts with predicted differences based on diet studies 
(Heady and Torrell 1959), and with evidence for changes in com- 
position between years due to grazing intensity (Pitt and Heady 
1979). Selective utilization during the fall-winter, which had been 
postulated to affect composition later in the season (Pendleton et 
al. 1983), did not materially change spring plant composition 
compared to nonuse. Composition may have been altered during 
or immediately following fall-winter grazing but, by spring, species 
differences between grazed and ungrazed plots, even when signili- 
cant, were small and not of managerial importance. 

Spring grazing, which had been evaluated extensively in other 
studies and had been shown to have an effect between years (Pitt 
and Heady 1979), had few within-year effects in this study. Even 
the rare significant differences were small. Although use levels in 
spring were lower than originally planned, the results are consist- 
ent with those of Pitt (1975), who reported few differences in 
composition under spring use levels of about 50%. The lack of 
within-year compositional differences unexpectedly showed that 
selective grazing use during the rapid spring growth period did not 
affect within-year forb (including legume) abundance. Because 
within-year effects are few, the numerous between-year effects 
must be caused by something else. This result supports the domi- 
nant roles of weather patterns and mulch levels in determining 
composition and shows that selective grazing cannot substantially 
alter composition on unimproved annual ranges under moderate 
use. 

When between-year grazing effects are analyzed as the interac- 
tion between years and grazing treatment, only total cover and 4 
species showed significant responses. Under moderate levels of 
spring and/ or summer utilization, fall residue or litter in the open 
increased over the course of the study. This litter build up should 
have favored Bromus rigidus and Taeniatherum asperum (Heady 
et al.). Bromus rigidus decreased significantly between years under 
fall/winter use, as predicted in another study (Pitt and Heady 
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1978), but only under canopy, not in open. Taeniatherum asperum 
increased in the open between years in the spring-grazed pasture. 

The decrease in legumes over the course of the study probably 
reflected both poor legume years in 1984 and 1985 and the gener- 
ally lower levels of open grassland utilization over the study period. 
Legumes fared worst in the spring-grazed pasture, a result consist- 
ent with the observation that legumes do poorly without fall-winter 
use (Murphy et al. 1973). However, the lack of a significant grazing 
effect in spring-grazed pastures or on open macroplots in fall/winter- 
grazed suggests that the overall legume decline between years is not 
related to selective grazing within years. 

Management of California grasslands for improved botanical 
composition and plant and animal production has always been a 
tempting goal. Substantial improvements have been achieved 
through fertilization and seeding on suitable sites (Menke 1989). 
Management of residual dry matter has been proven to be an 
effective tool for maintenance of productivity and acceptable com- 
position (Bartolome et al. 1980, Clawson et al. 1982). None of these 
responses depend on within-year effects of grazing. 

The potential for range improvement under seasonal grazing 
management on annual range is small. This study emphasized 
repeated summer/fall/ winter and summer/ spring grazing under 
moderate use. The best that the manager can do on unimproved 
pastures is to develop grazing practices which utilize forage of 
appropriate quality when needed by animals and to regulate inten- 
sity of use as measured by fall mulch levels. Seasonal grazing at 
moderate utilization levels offers little potential for changing 
within-year production or composition on unimproved annual 
grasslands and savannas. 
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Measuring cottonseed hull passage by white- 
tailed deer 
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Abstract Results and Discussion 

Cottonseed hull fragments were identified in feces collected for 
the first 14 of 17 days after ingestion of 1 g cottonseed hulls by each 
of 4 adult male white-tailed deer (Odocoileus virginianus). Accli- 
mation periods for deer forage evaluation trials should extend at 
least 14 days prior to food item evaluations to ensure passage of 
previously consumed fibrous plant materials. 

The percentage of fecal groups containing CSH fragments was 
highest on Day I, declined irregularly by gradually thereafter, and 
CSH fragments persisted in fecal groups through day I4 (Fig. 1). 
No fragments were found in samples collected on days 15-17; 
therefore, fecal groups collected on days 18-21 were not examined. 

Key Words: digestion, fiber passage, Odocoiieus virginianus, 
white-tailed deer 
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Forage evaluation for wild ruminants has received only limited 
investigation but will become increasingly important as game 
ranching and farming accrete and food plantings for big game 
become more prevalent. A S-to 7-day collection period is common 
for forage evaluation studies involving deer (Mautz 1978, Short 
1966). However, acclimation periods are ill-defined and have 
ranged from 7 to 14 days (Nagy and Haufler 1980, Short 1966, 
Urness et al. 1977). Additionally, fecal analysis is often used to 
describe temporal dietary composition for wild ruminants. The 
purpose of this study was to examine the time required for com- 
plete digestive passage of a tiberous plant material by white-tailed 
deer (Odocoileus virginianus). 

1 I I I I I I I c 
1 3 5 7 9 11 13 15 17 

DAY AFTER INGESTION 

Materials and Methods 
On I March 1990,4 captive adult male white-tailed deer were 

isolated in an empty feed shed (approximately 5.4 > 12.6 m) on 
Idlewild Research Station, Louisiana Agricultural Experiment 
Station, East Feliciana Parish, Louisiana. The roofed shed was 
enclosed on 3 sides by corrugated tin and fenced on the fourth side. 
Pelleted feed that did not contain cottonseed hulls (CSH) or cot- 
tonseed meal was supplied ad libitum to deer during the study. On 
20 March 1990 (20 days after isolation) all fecal material was 
removed from the shed and each deer was fed 1 g of ground 
cottonseed hulls. 

Fig. 1. Average (& s.e.) daily percentage of fecal groups containing cotton- 
seed hull fragments after ingestion of 1 g cottonseed hulls by each of 4 
adult male white-tailed deer. 

Our results indicate that a period longer than previously sus- 
pected is needed to ensure passage of fibrous plant material con- 
sumed by deer. An acclimation period of at least 14 days should be 
incorporated into forage evaluation trials for wild ruminants. 
Researchers utilizing fecal analysis for deer food habit studies 
should also consider these results when reporting temporal dietary 
compositions because some food items may have been consumed 
up to I4 days prior to excretion. 

All fecal groups were collected daily for the following 21 days, 
oven-dried at lOOo C for at least 24 hours, and individually ground 
through 0.5mm screen with a Wiley mill. Except on Day 2 follow- 
ing CSH ingestion when only I8 fecal groups were collected, 20 of 
the fecal groups collected daily were randomly selected for micro- 
scopic analysis and 5 microscope slides prepared from each 
(Schultz 1990). A 22 X 40 mm area on each slide was examined at 
40 power and microhistological techniques (Johnson et al. 1983) 
applied to identify CSH fragments. The presence or absence of 
CSH fragments was recorded for each slide, and the proportion of 
fecal groups containing CSH fragments calculated on a daily basis. 
All days reported are after cottonseed hull ingestion. 
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Book Reviews 

Perspectives on Plant Competition. Edited by James B. 
Grace and David Tilman, with 27 text contributors. 1990. 
Academic Press, New York. 484 p. US$79.95 hardbound. 
ISBN O-12-294452-6. 
Researchers working on studies related to plant competition 

should find this recent compilation of the latest developments and 
ideas on this topic useful. It is edited by 2 of the best known 
scientists currently working on plant competition research and 
they have also contributed 2 chapters in the text. Additional chap- 
ters are contributed by other noted scientists such as Drs. E.B. 
Allen, M.P. Austin, F.A. Bazzaz, J.H. Connell, and S.M. Louda. 
Unlike many books written by numerous authors, this book was 
developed after an initial meeting of those involved. A second 
meeting was held a year later. These meetings were intended as a 
forum for the exchange of ideas and perspectives. This exchange 
between authors is reflected in the resulting text. 

The book contains 20 chapters on various aspects related to 
plant competition, each authored by different individuals. The 
chapters are organized into 3 sections, (1) Perspectives on the 
Determinants of Competitive Success, (2) The Role of Competi- 
tion in Community Structure, and (3) The Impact of Herbivores, 
Parasites, and Symbionts on Competition. A wide variety of deti- 
nitions have been used in the literature to describe the term “com- 
petition”. The definitions and those associated terms such as 
“interference”, “ apparent competition** and “negative facilitation” 
may include the concept in a very general sense or may be defined 
narrowly. In addition the definitions may vary from being process 
oriented to more philosophically oriented. This variation has 
created confusion and misunderstanding. The initial 4 chapters of 
the book address terminology related to competition from the 
perspective of several authors. This review is essential in under- 
standing the variation in points of view of the various schools of 
thought on plant competition presented in the remaining portions 
of the book. This review is also useful in interpretation of the 
current competition literature contained elsewhere. The remaining 
chapters in the first section concentrate on modelling competition 
and the relationship of competition to nutrient availability and 
allelopathy. The second section offers a number of views on the 
relationship of plant interactions to community ecology. Specific 
discussions include the relationship to intra- and interspecific 
competition, the continuum concept, successional change, com- 
munity structure and the role in agriculture. The final section is 
related to the implications of competition to other trophic levels 
within the ecosystem. Of particular interest to range scientists are 
the discussions related to the interaction of competition and 
herbivory. 

The book is clearly written and well edited. Terminology varies 
somewhat between chapters due to the varying authorship but 
more discrepancies are discussed in the initial 4 chapters. Tables 
and figures, while not abundant in some chapters, are well designed 
and clearly labelled. All chapters are well referenced with recent 
literature citations and this may be one of the important contribu- 
tions of the text for many people. Each chapter is outlined in the 
table of contents but the index is only moderately detailed. 

The value of the book as a course text is primarily limited to 
graduate classes. Even for the advanced level courses, the scope of 
the book is too narrow for use in most general plant ecology 
courses. However, the discussions on competition terminology, the 
role of competition in determining plant community structure, and 
the interaction of herbivory and competition make these portions 
of the book a valuable source of information for this topics in an 
advanced ecology course. The book is most valuable as a reference 
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on plant competition for use in course preparation or competition 
research. The book includes much of the most recent literature and 
interpretation of these studies. Several sections discuss research 
methodologies which may be useful in studying some aspects of 
competition such as determining competitive mechanisms (Chap- 
ters 2 and 7), competition modelling (Chapter 5), allelopathy 
(Chapter 8), plant-plant interactions (Chapters, 9,12, and 16), and 
mycorrhizae interactions (Chapters 17 and 18). For those studying 
or teaching aspects in this subject area of ecology, Perspectives on 
Plant Competition will be a useful addition to their library.- 
Stephen C. Bunting, University of Idaho, Moscow, Idaho. 

The River of the Mother of God and Other Essays by Aldo 
Leopold. Edited by Susan L. Flader and J. Baird Callicott. 
1991. The University of Wisconsin Press, Madison, Wis- 
consin. 384~. US$24.95 cloth. ISBN o-299-12760-5. 
Aldo Leopold (1887-1948) is best known for his volume of 

historical and philosophical essays dealing with the relationship of 
people to land. Written during the last decade of his life and 
published posthumously in 1949, A Sand County Almanac and 
Sketches Here and Thereexpresses Leopold’s mature thought. The 
strength of his reputation and the credibility of Sand County 
Almanac rest upon a lifetime of extraordinary professional 
achievement and a large body of other writings. Susan L. Flader 
and J. Baird Callicott, editors of The River of the Mother of God, 
set out t9 gather into a single volume the best of Leopold’s other 
writings. 

Papers gathered here are presented in chronological order. Each 
paper is preceded by a brief note showing the circumstances which 
inspired it, the audience to which it was addressed, and other 
particulars of special interest. A biographical chronology and bib- 
liography of Leopold’s publications are included. Selections are 
presented with minimal editing. Previously published items are as 
they appeared, and unpublished papers also remain as they were 
found. The editors have included an introduction to the book as a 
whole, referring to key essays. The introduction aspires to Leo- 
pold’s thinking about wildlife management, conservation econom- 
ics, agricultural land use, and wilderness preservation, which relate 
to the principal themes found in Sand County Almanac- 
conservation ecology, natural aesthetics, and environmental 
ethics. 

In chronological order the essays begin with a “A Tramp in 
November’* (1904), which was written when Leopold was 17. His 
last essay was written in 1947, the year of his death. The 60 essays 
published reveal Leopold as an activist and advocate as well as an 
innovative professional. They show a clear view of his practical 
work with both soil and game on the ranges and forests of the 
Southwest and on the farms and marshes of Wisconsin. Leopold 
gives the reader insight into his developing views on natural aes- 
thetics, environmental ethics, wildlife management and forestry, 
conservation economics, agriculture and wilderness. The River of 
the Mother of God is essential reading for environmental histori- 
ans, wildlife biologists, conservation activists, and readers of natu- 
ral history. 

A most interesting essay was, “‘Piute Forestry’ vs. Forest Fire 
Prevention” (1920), written as an article published in Southwestern 
Magazine, while Leopold was working with the Forest Service as 
an assistant district forester. When he wrote this article his thinking 
was parallel to that of Henry Graves, chief forester of the United 
States, and his successor, William Greeley, which condemned the 
practice of “light-burning,” or “Piute Forestry,” as they called it. 
Within two years, because of observations he made during official 
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inspections of the forests, Leopold would begin to rethink many 
arguments written here concerning the evils of fire. His essay, 
“Grass, Brush, Timber, and Fire in Southern Arizona” (1924), 
shows how his thinking had changed. 

Another interesting article written for the Journal of Forestry 
was the “Forestry of the Prophets” (1920). Here he studies the 
books of the Old Testament prophets for evidences of their under- 
standing of forests, forest fires, wood utilization, and tree growth. 

The book is well organized and thorough. The editors collected 
60 essays, provided a general introduction, headnotes for each 
essay, and an extensive bibliography of Leopold’s writings. The 
result is an individually useful book, and a valuable complement to 
a classic of natural history literature, A Sand County Almanac and 
Sketches Here and There.-Jan Wiedemann, Texas Section 
Society for Range Management, Vernon, Texas. 

Weeds of the West. Tom D. Whitson, Larry C. Burrill, 
Steven A. Dewey, David W. Cudney, B.E. Nelson, 
Richard D. Lee, and Robert Parker. 1991. Published by 
the Western Society of Weed Science in cooperation with 
the Western United States Land Grant Universities Coop- 
erative Extension Services. 630 p. $19.50 paper. Available 
from Cooperative Extension Service bulletin offices in 
California, Idaho, Montana, New Mexico, North Dakota, 
Oregon, Utah, Washingtonand Wyoming. ISBN 0-941570- 
13-4. 
In Weeds of the West, Tom Whitson has expanded Weeds and 

Poisonous Plants of Wyoming and Utah to encompass weeds of all 
the western United States. He was assisted by weed scientists in the 
Western Society of Weed Science and Cooperative Extension Ser- 
vices of the Western Land Grant Universities. The first book 
described 133 species in 36 families; Weeds of the West describes 
300 species in 5 1 families. The weed definition used for selecting 
species to include was “a plant that interferes with management 
objectives for a given area of land at a given point in time.” This 
criterion resulted in a cross-section of common agronomic, range- 
land, horticultural, and noncropland weeds based on their abun- 
dance and their ability to reproduce, compete, and spread rapidly. 
Some are toxic to livestock or humans. Native and introduced 
species are included and the text indicates why and under what 
conditions each species is considered weedy. 

The book is organized by grouping the weeds in botanical fami- 
lies, presented in alphabetical order. Within families, the species 
are ordered alphabetically by scientific name. There are three color 
photos of each weed, a large one (12 X 17.5 cm) of the entire plante 
and two smaller ones (5 X 7.5 cm) showing key characteristics of 
identification such as flowers, fruits, seedlings, rosettes, and leaf or 
spine details. The text briefly describes identifying characteristics 
of the plant, life span and reproduction method(s), customary 
environment, toxicity, mechanisms for spread, useful properties 
and other items of interest (e.g., alternate host for crop pests). A 
key to the families, a glossary, a list of 21 recommended references, 
and an index of scientific and common names complete the book. 
In a book with this breadth of coverage, every weed in each state 
can not be included. For those weeds and for weed control mea- 
sures, the authors refer the reader to his/ her county extension 
agent or weed control supervisor. 

Weeds of the West combines the major advantages of both 
regional and broad-based books by excluding numerous species 
weedy only in other regions yet including many weeds that are not 
present in all of the states. This feature promotes early detection of 

new invaders and the possibilities of timely control and local 
eradication. The six authors drew on the talents and resources of 22 
contributors in 14 states to obtain the best collection of color 
photographs of 300 weeds ever compiled for the western United 
States. It deserves a place on the reference shelf or pickup seat of 
those individuals concerned about weeds.-Cindy Tulbot RochP, 
Department of Natural Resources Sciences, Washington State 
University, Pullman, Washington. 

Agriculture and Natural Resources: Planning for Education 
Priorities for the Twenty-first Century. Edited by Wava 
Haney and Donald R. Field. 1991. Westview Press, 
Boulder, Colorado. 183 pages. US$27.00 softbound. 
ISBN O-8133-8345-5. 
The title of this book is somewhat misleading. The book is 

largely a series of papers presented at a University of Wisconsin 
system-wide conference on the topic. Much of the content of the 
book has applicability to universities throughout the United 
States, but several sections are specific to the State of Wisconsin 
and the University of Wisconsin system. People with an interest in 
strategic planning for colleges with agriculture and natural resource 
programs will find several topics applicable to their state or 
institution. 

The book is divided into three parts. The first is entitled Strategic 
Planning. Chapter 1 very briefly discusses the planning process 
employed at the University of Wisconsin and Chapter 2 provides 
an abbreviated treatment of the status of agriculture and natural 
resources, both globally and in Wisconsin. 

Part 2 is entitled Agriculture and Natural Resources Futures. 
This is a series of eight papers covering a broad set of issues. The 
authors range from distinguished scholars to a former state gover- 
nor and president emeritus of the National Audubon Society. A 
significant theme running through most, if not all, of the papers is 
the need for the people planning educational programs to consider 
the very broad and dynamic dimensions of agriculture and natural 
resources. Although several authors provide historical background 
information, the focus is on issues that universities will likely 
encounter in the next 30 years. A common theme is the complexity 
of issues and the need to draw upon and integrate a wide range of 
disciplines from both the physical/ biological and social sciences. 
Most of the authors conclude their papers with suggestions as to 
how the University of Wisconsin, or higher education more 
broadly, could incorporate the many dimensions into their plan- 
ning efforts. 

The final part is a single chapter written by the editors entitled 
Charting a Course for 2020. They present a series of seven goals 
with accompanying recommendations. The goals are based largely 
on papers and discussion at the conference. There are no surprises 
in the list of goals. The only recommendation that is not central to 
one or more of the papers is No. 6, Diversity by Design. They 
recommend a commitment to recruitment and retention of women 
and minority faculty, staff, administrators, and students in colleges 
of agriculture and natural resources. It was refreshing to note that 
Goal No. 1 contained an explicit recommendation that lower 
priority areas should be phased out of research. 

The book is useful reading for administrators and faculty of 
colleges of agriculture and natural resources considering participa- 
tion in a strategic planning exercise. It will help broaden their 
perspectives.--1RRoy F. Rogers, Washington State University, 
Pullman, Washington 
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