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Invited Synthesis Paper: 
Implications of rising atmospheric carbon 
dibxide concentration for rangelands 

FL WAYNE POLLEY 

Abstract 

Extensive ragelends and other vegetario” types that we know 
today formed while atmospheric carbon dioxide (CO3 confen- 
tratian was kw (50 to 75% of today’s cmtceotmtio”). Fmsil fuel 
bum@ and deforestation and other land use changes during the 
last 200 yep~ have incwased CO, mncentrntio” by about 30’5, 
to tbe present 360 parts per million (ppm). Atmospheric CO, will 
continue to rise during the next century, possibly to Q)“ce”tra- 
tioos that are unprecedented for the last several million year%. 
Much of the p”tenttal impwta”ce of co, co”ce”tmtio” to vege- 
tation derives from its influence on plant carbon balance and 
water relations. Plants grow by assimilating CO2 that diEuses 
into leaves through stomata1 pores. Inevitably associated with 
CO2 uptake is tmospimtional loss of water vapor through stoma- 
ta Traospimtio” rates usually decline as CO2 increases, while, in 
many plants, photosynthesis and growth increase. These “prima- 
ry” responses to CO2 can lead to a multitude of changes at the 
plant and emsystem levels, ranging from alteration of the cbemi- 
cal armposition of plant tissues to changes in csosystem function 
and tbe species composition of plant commuoitieg 

The direct physiological responses of plants to CO2 snd exp- 
sioo of these respooses at higher scales differ amoag species and 
gmwi”g cooditions. Gmwtb response to CO* is usually highest io 
rapidly-growing plants that quickly export the carbohydrates 
formed in leaves and use them for storage or “ew growth axad 
allocate a high proportion of fired carbon to produce leaves. 
Growth is also m”re responsive to CO2 in plants with the Cj 
(most woody plants and ‘cool-season’ g rasses) than c, pbotosy”- 
thetic pathway (most ‘warm-seas”“’ grasses). These and other 
dit%reoces among species could lead to changes in the composi- 
tio” of rangeland vegetation, but generaliitions are dficnlt. 0” 
many rangelands, species abundances are detemained more by 
morphological and pbenological attributes that influence plant 
access to esseotbd resources like nitmge” and light and reaction 
to fire, grazing, and other disturbances than by physiological 
traits that are sensitive to CO2 coocentratio”. Species aomposi- 

562 

tio” probably will be most responsive t” CO2 o” moderately 
watedimited and disturbed rangelands where multiple pmitive 
effects of CO2 on plant water relations can be expressed sod 
mmpetiti”” for light is minimized. Greatest initiinl changes in 
species composition likely will occur DO C&,C, grasslands and at 
the transition between grasslads and woodlands. PLant pmdnc- 
tio” should also inwease on water-limited rangelands, bet CO, 
may have little innuence on production when nutrient elements 
like nitrogen are severely limitiog. 

Key words: grasses, “itmgen, pbatasy”tbesisi primary pmdnc- 
tion, trrmspbxtion, vc@atio” change, water use etXcie”cy 

Reslimen 

Extensas Brees de pastizales y otms tips de vegetaci6” qae 
abom comxemw so formam” durante peri”d”s de tiempo en lap 
cuales el bi6rido de carbooo (CO3 atnmsf&‘ico em bajo (SO a 
70% de la actual ccmce”trach5n). El us0 de combustibles f6siles y 
La deforestai6”, lo mismo que diversos ws de la tierra durante 
10s 6lthnos 200 aiias ban incranentado Lp m”ce”tmci6” de Cq 
en aproximadamente 30% basta aleansar las 360 pates par mil- 
Iho (ppm) del present& El CO2 atmosfKco contin& mame”- 
taodo durante el pr6ximo siglo, pwihkmeote hasta w”ce”tm- 
ciows que “o tienen precedent0 en 10s iltimos miUo”ps de aim. 

La mayor parte de las implicaciones poteociaks de los eambios 
en wncentracion de CO1 co” respect” a la vegetaci6n, se derivnn 
de su influencia sobre el balance de carbono y las relaciones 
hidricas en his plantas. El desarmllo de las plantas par la nstmi- 
bwki” de CO2 que entra en ins bojas pm difusi6n a tmv& de 10s 
esbmms. Tnmbi&, en forma inevitable, la p&dida de vapor de 
agus pm traaospbacib” a trr&s de 10s Momas esti awciada co” 
la absorcilin de Cot. Las tasas de transpiracib” usualmente 
decrece” a medida que el CO2 se increment& mientms que en 
mucha. plantas, la fotnsbxtG.9 y el crecimienta aumentrm. F&as 
respuestap “primarias” debidas al CO, puede” conducir a multi- 
tud de cambios a “ivel de plants y de ecosistema, estos cmnbios 
pueden ir desde alteradb” en la eompwici6n quimica de Ios teji- 
dos de kas plantas ha& eambios e” funciones dentm de Iw em- 
sistemas, y variacib” en la compmici6” de especies dentm de las 
mmunidades vegetates. 

Las respuestas fisiolbgicas directas de las plantas al CO2, lo 
mismo que la expresi6n de was respuestas a mds alto “iv4 
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difieren de acuerdo a las especies y a las condiciones de crec- 
imiento. La respuesta en crecimiento debida a CO2 es usual- 
mente mayor en plantas de crecimiento r&pido, que rapidamente 
exportan 10s carbohidratos formados en las bojas y 10s usan para 
almacenamiento o nuevo crecimiento. Estas plantas destinan alta 
proportion de1 carbono fijado para producir hojas. Respuestas 
en crecimiento debidas a CO2 son ma% frecuentes en phmtas de 
sistema fotosintetico Cj (la mayoria de las plantas lefiosas y pas- 
tos de estacion fria) que en plantas de sistema fotosint&ico Cd ( la 
mayoria de 10s pastos de estaciones c&da@. Estas y otras diier- 
encias entre las especies podrian conducir a cambios en la com- 
position de la vegetation en pastizales, pero es diicil hater gen- 
eralizaciones. En muchos pastizales, la abundancia de las 
especies esta determinada m&s por atributos morfoldgicos y 
fenol@$.w que afectan el acceso de las plantas a recursos esen- 
ciales corn0 nitr6geno y htz , y por reacciones al fuego, pastoreo y 
a otros factores disturbadores, que por mecanismos fuiologicos 
sencibles a la concentraci6n de CO* La composition de especies 
posiblemente set% la de mayor repuesta a CO, en ambientes con 
limitaciones moderadas de agua y en pasturas naturales inter- 
venidas donde los multiples efectos positivos de CO3 en las rela- 
ciones planta agua pueden expresarse y la compete&a por luz es 
minima. Los mayores cambios en composition de especies posi- 
blemente ocurrh5n en pas&&s con mezcla de especies C3 y Cq, 
y en areas de transition entre pas&ales y bosques. La produc- 
cion de plantas en pastizales con liiitaciones de agua debe tam- 
bien incrementar, pen, el CO, debe tener poca intluencia en pro 
ducci&n cuando se presentan limitaciones severas de nutrientes 
corn0 nitrogeno. 

Rangelands have been defined as areas that produce plants 
grazed by wild and domesticated animals (Stoddart et al. 1975). 
For this review, rangelands are defined as natural or seminatural 
herbaceous formations comprised mostly of grasses, with or with- 
out woody plants. Included in this definition of rangelands are 
grasslands, savannas, and shrub steppe, which together are the 
potential natural vegetation of about 25% of Earth’s land surface 
(Lauenroth 1979). The characteristic that unites these ecosystems 
as rangelands is the production of grass. 

It is thought that grasses evolved during the warm, moist 
Cretaceous Period 100 million years ago in seasonally or locally 
dry habitats (Upchurch and Wolfe 1987). Extensive grasslands 
apparently did not become widespread, however, until the mid- to 
late-Tertiary 5 to 15 million years ago (Smeins 1983, Thomas and 
Spicer 1987) when the climate became more arid. Further expan- 
sion and maintanence of grass-dominated communities has been 
linked to the influence of fire (Anderson 1982, Axelrod 1985) 
and, more recently, human activities in restricting woody 
encroachment. 

Although aridity may have been necessary for grasses to 
expand, extensive areas of grass did not appear until after atmos- 
pheric carbon dioxide (COz) concentration declined. Atmospheric 
CO, concentration declined abruptly at the end of the Cretaceous 
Period from perhaps as high as 3,000 ppm (parts per million) to 
near the current 360 ppm, and has remained relatively low to pre- 
sent (Fig. la; Lasaga et al. 1985, Bemer 1990, 1992). During the 
last 200,000 years, CO, concentration has fluctuated between 
about 200 and 270 ppm between glaciation and interglacial peri- 
ods (Fig. lb; Barnola et al. 1987, Jouzel et al. 1993). Atmospheric 
CO, rose near the end of glaciation about 10,000 years ago to the 
preindustrial level (c. 275 ppm) from a glacial (- 18,000 years ago) 
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Fig. 1. Atmospheric CO, concentration through time. (a) 
Atmospheric CO, concentration during the last 100 million years 
as estimated with a geologid carbon cycle model (Lasaga et aL 
1985) and presented by Ebkwbtger et al. (1991). (b) The CO3 con- 
centratkm of air trapped in ice of the Vostok core tiom Antarctka 
durbrg the past 200,000 years. The envelope represents measure- 
ment accuracy. Figure was redrawn from Jouzel et al. (1993). (c) 
The CO2 concentration in air extract4 t%om dated layers of ice 
cores from Siple and South Pole Stations, Antarctica and direct 
measurements of atmospheric CO, coucentration at Mmma Loa, 
Jhvaii. Figure was redrawu from Friedli et al. (1986) and @at- 
ed with data from Keeling and Whorf (1994). 



minimum (160 to 200 ppm, Delmas et al. 1980) that is among the 
lowest known CO, concentrations in geological history (Barnola 
et al. 1987, Jouzel et al. 1993). During the last 200 years, fossil 
fuel burning and deforestation and other changes in land use have 
released more CO* into the atmosphere than has been removed by 
diffusion into oceans or net uptake by plants. As a result, CO2 
concentration has risen 30% to near 360 ppm (Fig. lc; Keeling 
and Whorf 1994). Continued release of CO2 may swell the atmos- 
pheric concentration to twice its current level during the next cen- 
tury (Trabalka et al. 1986). 

The role of CO;? change in the expansion of grasses and devel- 
opment of rangelands has largely been neglected until recently 
(Smith 1976, Ehleringer et al. 1991). There is now evidence that 
plants in which photosynthesis is relatively insensitive to low 
CO2 (Cq plants, like the grasses that dominate tropical grass- 
lands) expanded after the atmospheric concentration declined 
(Cerling et al. 1993). Little attention, however, has been given to 
the infhrence that the sharp decline in CO, concentration at the 
end of the Cretaceous likely had on the response of vegetation to 
increasing aridity and other climatic factors. Relationships of 
vegetation to the climate and other 
variables may now be changing as CO, 
increases through concentrations 
unprecedented in the last 200,000 
years or more (Barnola et al. 1987, 
Jouzel et al. 1993) to levels in the next 
century that are unmatched for at least 
the last several million years (Lasaga 
et al. 1985). 

Plant Community 

Carbon dioxide is assimilated or fixed by the enzyme ribulose- 
lJ-bisphosphate carboxylase/oxygenase (Rubisco) in leaf meso- 
phyll cells of plants with the C3 photosynthetic pathway. 
Included among C3 plants are virtually all trees and shrubs and 
most of the “cool-season” grasses of rangelands. Rubisco also 
reacts with the oxygen (02) in air, resulting in the loss of CO, in 
a process called photorespiration. Under current atmospheric con- 
ditions and moderate leaf temperatures (20-25 “C), 30 to 50% of 
the total amount of carbon (C) assimilated in C, photosynthesis is 
lost to photorespiration (Long and Hutchin 1991). That propor- 

Here, I discuss implications of rising 
atmospheric CO* concentration for 
rangelands. Because it is an essential 
plant resource, atmospheric CO, 
directly and indirectly influences a 
variety of plant properties that, in turn, 
may feed back to affect species com- 
position and ecosystem processes. 
Following a review of impacts of 
atmospheric CO, on plant physiology 
and growth, I will explore implications 
of rising CO, for the productivity and 
species composition of rangeland plant 
communities. The effect of higher CO2 
on plants often declines in moving 
from the leaf to plant and community 
levels, from short-term processes to 
those relevant at higher spatial and 
over longer temporal scales (Fig. 2). 
That theme will be evident. Low water 
or nutrient availabilities, in particular, 
often constrain plant production on 
rangelands. These same limitations can 
reduce absolute benefits of higher CO2 
to rangeland vegetation. This point will 
also be emphasized throughout. 

It should be recognized that most of 
the discussion at the plant community 
and ecosystem levels is necessarily 
speculative. Few CO, studies have 
been conducted on grazing lands 
(apparently only 5) or other intact 

Increasing 
complexity 

4 
Plant 

Leaf area, Phenology, Tissue 
longevity, ‘Sir-N strength, 
Allocation, Respiration of 
nonp.hotosyn.Jh.etic tissues, 
C aan of tnchudual leaf 

4 Decreasing 
understanding 

I Individual Leaf 

Photosynthesis, Stomata1 
conductance, Respiration 

Fig. 2. Physiological and ecological factors influencing primary production (carbon gain) at each 
of 3 levels along a hierarchical gradient of increasing complexity, from the leaf to plant com- 
munity. Carbon gain at each level is influenced by water and nutrient availabilities and envi- 
ronmental conditions like temperature. Effects of atmospheric CO* concentration become 
imbedded in feed backs and increasingly less direct and well-understood as the temporal and 
spatial scales of interest are expanded. 
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ecosystems. Studies that have been conducted were neither large 
enough nor continued long enough to fully accommodate species 
and genetic change, shifts in soil properties, and other changes 
that must be understood to predict CO, effects on natural ecosys- 
tems. 

Plant Physiology 

Photosynthesis 



tion decreases sharply as CO, concentration rises and tempera- 
ture declines (Sharkey 1988, Ehleringer et al. 1991, Johnson et al. 
1993). In plants with C4 photosynthesis, including the grasses 
that dominate most warm-temperate and tropical grasslands, car- 
boxylation by Rubisco occurs in leaf bundle sheath cells using 
CO, that was initially assimilated by the enzyme phosphoenol 
pyruvate (PEP) carboxylase. Because PEP carboxylase does not 
react with O,, and C4 plants maintain high CO2 concentrations in 
bundle sheath cells, photorespiration is negligible in these species 
(Pearcy and Ehleringer 1984). 

When measured at high light intensity, C3 net photosynthesis 
typically increases almost linearly to CO, concentrations 
approaching the current level (Fig. 3; Long and Drake 1993), 
partly because photorespiration decreases. Beyond this phase of 
rapid increase, the additional C that is gained per unit of higher 
CO, decreases progressively. Net photosynthesis is higher in C, 
than C3 leaves at low CO, concentrations, but C4 photosynthesis 
usually becomes CO, saturated at comparably low concentrations 
(Fig. 3). 

The photosynthetic advantage of C4 plants at low COZ concen- 
trations is achieved at the expense of an additional energy 
requirement. Because this energy comes from light, maximum 
photosynthesis per unit of absorbed light is lower in C4 plants 
than in C, species in which photorespiration is inhibited by high 
CO, concentration (Ehleringer and Bjorkman 1977). High CO, 
thus places C, plants at a disadvantage compared to C3 species 
when light limits growth. 

Higher temperatures increase photorespiration in C, plants. By 
reducing photorespiration, higher CO, increases the temperature 
optimum for CO* uptake and the maximum temperature at which 
positive photosynthesis can occur in C, species (Long 1991). 
Studies of both C3 photosynthesis and plant growth have demon- 
strated that plants usually respond relatively more to an increase 
in CO, concentration when temperatures are high (e.g., Idso et al. 
1987, Campbell et al. 1995; but see Morgan et al. 1994a). 

Respiration 
Carbon loss to processes involved in the growth and mainte- 

nance of plant tissues (respiration) is reduced by higher CO, in 
some species, potentially further benefiting growth (Bunce 1990, 
Amthor 1991). In some plants, CO, directly inhibits respiration 
(Amthor et al. 1992). When plants are grown at elevated CO*, the 
inhibition may also include indirect effects that result when plant 
size, biomass distribution, and tissue composition are altered 
(Amthor 1991). 

Stomatal Conductance and Plant Water Relations 
Stomata1 pores usually close as CO, rises, thereby reducing 

stomatal (leaf) conductance to water vapor and leaf transpiration 
rate (Field et al. 1995). Morison (1987), in a review of studies on 
25 species, found that conductance declined about 40% when 
leaves grown at the current CO* concentration were exposed to 
near twice the ambient concentration. There were no consistent 
differences between C, and C4 species. 

Conductance is sometimes lower in leaves that have been 
grown at high CO2 than in those exposed for a short time to the 
elevated concentration (DeLucia et al. 1985, Spencer and Bowes 
1986, Woodward 1987a, Berryman et al. 1994, Polley et al. 
1997a). Mechanisms for this CO, effect are not well-established. 
In some plants prolonged exposure to higher CO, reduces the 
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Fig. 3. Response of net photosynthesis of the C, Chenopodium album 
and C4 Amaranthus reb-ojkxus to leaf intercellular CO, concen- 
tration (ci> (Ikarcy and Ehleringer 1984). Arrows indicate photo- 
synthesis and ci expected at atmospheric CO2 concentrations (ca) 
of 200,350, and 700 ppm if the ratio of ci to ca remains constant at 
0.4 in the Cd plant and 0.7 in the C, species and the photosynthetic 
response of each species to c, does not change with ca. 

density of stomates on leaves (Woodward 1987a, Woodward and 
Bazzaz 1988, Jones et al. 1995), but this trend is far from univer- 
sal (Rowland-Bamford et al. 1990, Malone et al. 1993, Knapp et 
al. 1994a, Morgan et al. 1994a). Stomatal response to CO, gener- 
ally may be better correlated with photosynthesis than with stom- 
atal density (Morison 1987, Polley et al. 1993). 

By reducing conductance, rising CO, usually reduces leaf tran- 
spiration rate. The decline in transpiration rate rarely matches that 
in conductance, however. Low transpiration can lead to higher 
leaf temperatures and increase the temperature and decrease the 
humidity of air around and immediately above plant canopies. 
These feedbacks increase the rate of water loss at a given conduc- 
tance (Morison and Gifford 1984, McNaughton and Jarvis 1991). 
When transpiration rates do decline, effects may include slower 
rates of soil water depletion by plants, improved plant water rela- 
tions, higher water use efficiency (biomass production/transpira- 
tion, WUE), and greater production on rangelands and other 
water-limited ecosystems. 

These improvements in water relations are often the primary 
benefits to plants in which photosynthesis is insensitive to CO, 
(Owensby et al. 1993b). Doubling CO, halved stomatal conduc- 
tance of the dominant C, species on tallgrass prairie in Kansas, 
U.S.A. (Kirkham et al. 1991, Knapp et al. 1994b) and reduced 
total evapotranspiration by 7 to 22% (Kirkham et al. 1991, Nie et 
al. 1992b, Ham et al. 1995). Soil water content (Kirkham et al. 
1991, Owensby et al. 1993b) and midday plant water potentials in 
the prairie increased as a consequence (Knapp et al. 1993, 
Owensby et al. 1993b). Elevating CO, had no consistent effect on 
leaf and canopy photosynthesis in the C4 prairie (Kirkham et al. 
1991, Nie et al. 1992a, 1992b, Knapp et al. 1993), but increased 
biomass production during dry years by delaying the onset of 
drought (Fig. 4; Owensby et al. 1993b). 
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Fig. 4. Peak above-ground biomass (top) and root biomass to E-cm 
depth (bottom) in C,tdombmted tallgrass prairie exposed to ambi- 
ent and enriched (twice-ambient) CO* concentrations. Total pre- 
cipitation during 1989,1990, and 1991 was 74%, 94%, and 80% of 
the 30-year average, respectively. Means within a year differed 
significantly if headed by different letters. Figures were redrawn 
from Owensby et al. (1993b). 

Partial stomatal closure is 1 mechanism by which CO, enrich- 
ment ameliorates effects of drought and other environmental 
stresses. Another is by improving plant carbon balance (Sage 
1996a). Additional carbohydrates can be used to increase osmotic 
adjustment and maintain turgor in water-stressed plants (Sionit et 
al. 1981, Morse et al. 1993, Eamus et al. 1995) and improve plant 
water balance or access to limiting soil nutrients by increasing 
root growth or the fraction of plant biomass invested in roots 
(Tolley and Strain 1985, Miao et al. 1992, Morgan et al. 1994b, 
Polley et al. 1994). 

Growth of Individual Plants 

There often is a strong correlation between the photosynthetic 
sensitivity and growth response of plants to CO, when required 
resources like water, light, and N are readily available and plant 
densities are low. Increasing CO, concentration, for instance, 
usually stimulates photosynthesis more in C3 than C, species. 
The same is true of plant growth. Poorter (1993) found from a lit- 
erature survey that doubling the current CO, concentration 

increased growth by a mean 41% in C, species compared to 22% 
in C, plants. It is also known that leaf photosynthesis of C3 plants 
is more responsive to CO2 over low concentrations representative 
of the past compared to elevated concentrations predicted for the 
future (Fig. 3). The same holds for plant C gain whether mea- 
sured as growth or net photosynthesis of whole plants or plant 
stands (Fig. 5; Gifford 1977, Baker et al. 199Oa, Allen et al. 1991, 
Dippery et al. 1995). 

The correlation between physiological sensitivity and growth 
response to CO, sometimes weakens when plant densities are 
high or environmental conditions are less than optimal, the very 
conditions that characterize many rangelands. Even when condi- 
tions are favorable for growth, the proportional increase in 
growth or production at higher CO* is typically but a small frac- 
tion of the relative increase in leaf or canopy photosynthetic rates 
(Poorter 1993, Sch&ppi and Kiimer 1996). There are several rea- 
sons for these trends. 

Growth and its response to CO, are reduced when environmen- 
tal conditions are unfavorable or resources are in short supply. 
Low temperature, for example, reduces the amount of additional 
growth that C3 forage species realize when CO2 is elevated 
(Campbell et al. 1995), and probably contributes to the minimal 
growth response of tussock tundra to higher CO2 (Oechel et al. 
1994). Water and nutrients, particularly nitrogen (N), limit pro- 
duction on many temperate and tropical grasslands (Medina 
1982, McNaughton et al. 1988, Seastedt et al. 1991) and limit the 
absolute growth response of plants to CO, (Bazzaz 1990). Plants 
can compensate somewhat for nutritional limitations by decreas- 
ing tissue concentrations or reallocating elements from roots or 
other tissues to leaves and from processes that are no longer lim- 
iting to those that limit growth in the higher CO2 environment 
(Sage 1994, Polley et al. 1995). Plant nutrient use efficiency (bio- 
mass production per unit of nutrient element in the plant) may 
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Fii. 5. Response of plant biomass to CO2 concentration, normalized 
to 330 ppm (rice, soybean, wheat) or 350 ppm CO, (Abutilon). 
Some plants of rice (Baker et al. 199Oa) and soybean (Allen et al. 
1991) were grown to maturity at 330 ppm CO,. The biomass of 24- 
day-old wheat seedlings at 330 ppm CO, was calculated from a 
rectangular hyperbola fit to the response of wheat biomass to CO, 
levels from 200 to 800 ppm (Neales and Nicholls 1978). Some 
plants of Abutilon were grown for 35 days at 350 ppm CO* 
(Dippery et al. 1995). 
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increase as a result (Owensby et al. 1993a, Polley et al. 199% 
and improve growth under nutrient stress. When production is 
low, as under nutrient or water limitation, even a small absolute 
increase in growth represents a large relative enhancement. 
Indeed, Idso and Idso (1994) concluded from a review of 10 
years of research that CO, enrichment can increase growth or 
photosynthesis relatively more when light, water, or nutrients are 
limiting than when these resources are abundant. The relative 
enhancement in plant response was greatest under water limita- 
tion, partly reflecting the increase in water use efficiency at high 
COz. There was little or no increase in the relative response of 
nutrient-limited plants until the COz concentration exceeded that 
expected during the next century. 

Factors internal to plants, like C allocation patterns and loss 
rates and constraints on the rate at which C can be stored, further 
affect growth responses to CO, (Fig. 2). When compared at a 
given CO, concentration, leaf photosynthesis is sometimes lower 
in plants that have been grown at elevated CO* than the current 
concentration (DeLucia et al. 1985, Sage et al. 1989, Morgan et 
al. 1994a, Polley et al. 1997a). This ‘down-regulation’ or adjust- 
ment of photosynthetic capacity usually reduces, but does not 
eliminate, the positive effect of higher CO2 on C gain (Morgan et 
al. 1994a). Down-regulation of photosynthesis could be benefi- 
cial if resources committed to structures or processes that no 
longer limit C fixation are used to improve physiological perfor- 
mance in the new CO2 environment. Such changes are not com- 
mon, however (Sage 1994). Photosynthetic inhibition is often 
associated with excessive accumulation of carbohydrates in 
leaves that either physically disrupt chloroplasts or feed back to 
reduce the synthesis of photosynthetic enzymes (Stitt 1991). The 
inability of plants to export or use these extra carbohydrates can 
often be traced directly or indirectly to nutritional limitations or 
insufficient carbohydrate (assimilate) sinks in plants (Stitt 1991, 
Sage 1994). “Sink strength” and plant growth response to CO, 
are high during reproductive phases of growth, when rooting vol- 
ume and N availability do not limit tissue development, and in 
legumes with N2-fixing nodules. 

Plant productivity is a function of both the ratio and magni- 
tudes of processes that promote C gain and those, like senescence 
(turnover), that reduce the amount of C that can be reinvested in 
further growth. Atmospheric CO, probably does not affect tissue 
senescence directly, but acts by altering plant nutrition or water 
status and rates of growth and development. Higher CO, may 
accelerate plant development and leaf initiation rates (Cure et al. 
1989, Baker et al. 199Ob) and thereby cause leaves to senesce 
earlier in some species (St. Omer and Horvath 1983, 
McConnaughay et al. 1996), but these effects are sensitive to 
temperature (Coleman et al. 1991, Ackerly et al. 1992). In other 
species and ecosystems, increasing CO, concentration reduces 
rates of leaf senescence (Curtis et al. 1989, Polley et al. 1992) or 
delays the onset of dormancy (Grulke et al. 1990). 

Plants that grow rapidly usually invest a high percentage of 
fixed C or total biomass into the means for acquiring still more C, 
additional leaf area (Mooney 1972, Poorter and Remkes 1990). In 
some plants, however, the increased supply of photosynthate at 
high CO, is accumulated as starch, rather than invested in new 
leaves or other tissues (Poorter 1993). Further, leaf area per unit 
of plant biomass (the ratio of photosynthetic surface to mass of 
respiring tissue) usually declines at high CO,. Leaves typically 
are heavier per unit area when grown at elevated CO, concentra- 

tion (Jackson et al. 1995 ) partly, at least, because of carbohy- 
drate accumulation (Kiimer and Miglietta 1994). Root growth 
and the fraction of plant biomass in roots also commonly increase 
(Rogers et al. 1994), thereby decreasing the ratio of leaf area or 
shoot biomass to plant biomass (Polley et al. 1994, Jongen et al. 
1995). But, there is considerable variation in the response of 
root:shoot ratios to CO, (Rogers et al. 1994). Carbon dioxide 
enrichment increased the ratio of root biomass to shoot biomass 
in the annual grass Bromus mollis (Larigauderie et al. 1988), for 
example, but did not affect this variable in 2 perennial grasses 
from the shortgrass steppe (Hunt et al. 1996). When biomass dis- 
tribution patterns do change, it often is not clear whether the 
modification reflects COz-induced shifts in C partitioning or 
merely results from changes in plant growth rates or soil nutrient 
and water levels. As plants grow, they often invest relatively 
more biomass in structural or support tissues like roots. In some 
cases, therefore, plants have higher ratios of root biomass to 
shoot biomass at elevated CO2 simply because they are larger. 
The few studies that have compared root and shoot fractions 
among plants of similar size indicate that CO2 concentration does 
not consistently affect C distribution patterns (Farrar and 
Williams 1991, Tischler et al. 1996). Plants alter partitioning to 
compensate for resource imbalances (Brouwer 1983). Shoots 
become relatively larger when light is limiting, for example. 
Conversely, relative investment of biomass in roots increases 
when nutrients and water become limiting, as may occur when 
CO, enrichment stimulates plant growth and uptake of these 
resources. 

Rangeland Plant Communities 

Primary Production 
Observed Responses. Effects of CO, on production of plant 

stands can usually be inferred from our knowledge of physiologi- 
cal and whole-plant responses to CO2. Consistent with trends 
observed on individual plants, many natural ecosystems, includ- 
ing some grasslands, show little or no increase in standing crop or 
production at higher CO, when temperatures are low or nutrients 
are limiting (Oechel et al. 1994, Fredeen et al. 1995, Schtippi and 
Klimer 1996). Although atmospheric CO, concentration clearly 
was suboptimal for maximal C, growth during the past (Polley et 
al. 1992, Dippery et al. 1995), Jenkinson et al. (1994) found no 
relationship between atmospheric CO2 and herbage yields during 
the last century in the Park Grass Experiment in Great Britain. 
Low temperatures or nutrient levels apparently limited produc- 
tion. 

By contrast, COz enrichment consistently increases production 
when essential nutrient elements like N are plentiful or water 
begins to limit growth and positive effects of CO2 on water rela- 
tions are expressed. Elevating CO, increased above-ground pro- 
duction (Curtis et al. 1989) and root growth of the C, Scirpus 
olneyi in pure stands and mixed communities with the C4 species 
Spartina patens (Ait.) Muhl.and Distichlis spicata on nutrient- 
rich coastal salt marsh on Chesapeake Bay (Curtis et al. 1990). 
Growth of C4 species was not affected by CO, in this wet envi- 
ronment (Curtis et al. 1989, Arp et al. 1993) or in tallgrass prairie 
during wet years (Owensby et al. 1993b). Elevating CO, did 
increase production in the Cd-dominated prairie during dry years, 
however (Fig. 4; Owensby et al. 1993b). By reducing evapotran- 
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spiration (Kirkham et al. 1991, Nie et al. 1992b, Ham et al. 1995) 
and soil water depletion (Kirkham et al. 1991, Owensby et al. 
1993b), higher CO, delayed late-season senescence in the peren- 
nial tallgrasses (Ham et al. 1995) and protected photosynthetic 
processes during drought (Knapp et al. 1993). Doubling CO, con- 
centration also increased production of perennial grasses from 
shortgrass steppe (Hunt et al. 1996). Production of a C, and a Cd 
grass increased by a mean 19% at high CO2 when irrigated to 
simulate precipitation in this water-limited grassland. 

Limitations of Field Studies. Field experiments with CO;! 
obviously provide the most direct evidence for likely effects of 
atmospheric change on production of rangelands and other 
ecosystems. The cost of exposing field vegetation to different 
CO, concentrations, however, limits the soil surface area and 
number of plants that can be studied. Consequently, growth in 
COz-enriched plots is usually estimated from small samples of 
vegetation collected a few times (sometimes only once) per year. 
Such infrequent sampling clearly does not provide a rigorous 
measure of primary production (Amthor 1995). 

It is possible then that higher CO, stimulates production more 
frequently than reported, but that existing sampling methods sim- 
ply are not extensive or intensive enough to detect the increase. 
Litter accumulation increases dramatically in some systems as 
CO, rises, even when there is no accompanying change in stand- 
ing crop of live tissue (Navas et al. 1995). One implication is that 
net primary production also increased (although decomposition 
rates could also have slowed). Root production on grassland is 
usually underestimated because root turnover is not adequately 
measured (Long et al. 1989). Elevating CO, increases root bio- 
mass on grasslands with some consistency (Fig. 4; Owensby et al. 
1993b, 1994, Newton et al. 1995, Jongen et al. 1995). The 
increase in root production may be even greater, if turnover per 
unit of measured root biomass does not decline at high COz. 
Several researchers have observed that CO, efflux rates from soil 
(“soil” respiration) increase in plots exposed to elevated CO2 
(Newton et al. 1995, Luo et al. 1996; but see Jongen et al. 1995), 
suggesting that CO* stimulated root turnover. A variety of factors 
other than decomposition of newly-produced root litter may con- 
tribute to these trends, however. Included are respiration from 
active roots and decomposition rates of C-rich root exudates and 
native soil organic matter. 

Perhaps the best evidence that CO, usually stimulates produc- 
tion comes from measurements of CO, fluxes over plant stands. 
Increasing COZ increases canopy photosynthetic rate or net 
ecosystem CO, uptake (net photosynthesis minus soil plus plant 
respiration) in almost all experiments, at least temporarily 
(Grulke et al. 1990, Drake and Leadley 1991, Diemer 1994, 
Fredeen et al. 1995, Ham et al. 1995). Sometimes, the increase in 
CO, uptake is greater than can be accounted for by an increase in 
plant biomass (Fredeen et al. 1995, Schappi and Kiimer 1996), 
suggesting that C is being stored or sequestered in soil. The extra 
C could result from an increase in the mass of senescent roots or 
increased C exudation, components of production that are diffi- 
cult to quantify. Alternatively, it could reflect changes not direct- 
ly related to production, like slower decomposition of native soil 
organic matter. 

Long-Term Controls on Production-Grazers. Grazers 
strongly influence plant productivity on rangelands, but few 
investigators have examined interactions between CO2 concentra- 
tion and plant response to defoliation. Tolerance to defoliation 
often is associated with the ability to rapidly replace photosyn- 

thetic tissues and recover pre-defoliation levels of plant C gain 
(Caldwell et al. 1981, Briske 1991). At least in C, plants, we 
might expect that CO, enrichment would speed plant recovery 
from defoliation by stimulating photosynthesis. That expectation 
has not been supported by the few studies to date. Compensation 
for defoliation was no greater at high than the present CO2 con- 
centration in a C, forb [(Plantago lunceolafu L.; Fajer et al. 
(1991)] or a C4 grass [(Sporobolus kenfrophylh; Wilsey et al. 
(1994)l. 

Individual animal productivity may also be affected by higher 
CO, concentration if plant nitrogen concentration declines as 
often observed (e.g., Owensby et al. 1993a). Microbes drive 
digestion in ruminants (e.g., cattle, sheep, goats). When forage 
quality is poor, the rate of digestion and intake of plant material is 
reduced. Without dietary supplementation, growth and reproduc- 
tion of individual animals could decrease as CO, concentration 
rises (Owensby et al. 1996). 

Long-Term Controls on Production-Species Change. A 
consequence of practical limits on the size and duration of CO, 
field experiments is that effects of plant species change and shifts 
in genetic frequencies within species on plant productivity are 
difficult to estimate (Campbell et al. 1995). A shift to species or 
genotypes better adapted to higher CO, could increase productiv- 
ity above that anticipated from the response of existing vegeta- 
tion. Bolker et al. (1995) used a mathematical model to study the 
response of productivity in a temperate forest over a period of 50 
to 150 years to a doubling of CO* concentration. Effects of 
species diversity were assessed by comparing the simulated 
increase in basal area of trees in a forest with a constant species 
composition and uniform sensitivity to CO, to that in a forest in 
which species responded differently to C02. Simulations that 
incorporated species-specific responses to CO, and allowed 
species change yielded about a 30% increase in basal area over 
those that held species composition constant as CO, concentra- 
tion increased. 

Long-Term Controls on Production-Nitrogen Availability. 
Low N availability is a common constraint on rangeland produc- 
tion (Medina 1982, McNaughton et al. 1988, Seastedt et al. 
1991). There is evidence from several growth chamber experi- 
ments (Wong 1979, Lariagurarie et al. 1988) and an increasing 
number of field studies (Owensby et al. 1994, Schlppi and 
Kijmer 1996) that low soil N limits plant growth responses to 
higher CO,. Results from most of these studies, however, 
depended on the biologically-available N initially in the system 
studied. Account was not given to longer-term processes that 
influence N availability, including species change, abiotic input 
or loss of N, and biological fixation of N from the poorly-exploit- 
ed atmospheric reservoir (Table 1). 

Most of the N available to plants on rangelands comes from 
microbial release (mineralization) from plant litter and soil organ- 
ic matter. Nitrogen mineralization depends, in turn, on total 
organic N and factors like soil abiotic conditions and the chemi- 
cal composition of organic matter that regulate the activities of 
decomposers. 

Several have suggested that litter produced at progressively 
higher CO, concentration will be N poor and contain greater 
amounts of recalcitrant compounds, like lignin. Since microor- 
ganisms require N, as well as C, they immobilize inorganic N 
during decomposition of N-poor litter. Decomposition and N 
mineralization could decline as a result and initiate a negative 
feedback on N availability that reduces plant growth (Diaz et al. 
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1993). Doubling CO, reduced the nitrogen concentration in 
senescent shoots of grasses from shortgrass steppe (Hunt et al. 
1996). There is evidence that grass roots produced at twice the 
present CO, concentration decompose more slowly than those 
grown at today’s CO, level (Gorissen et al. 1995). Total N uptake 
of the C, grass blue grama (Bouteloua gracilis (H.B.K.) 
Griffiths) and soil solution NO, levels were reduced at 700 ppm 
relative to 350 ppm (Morgan et al. 1994b), also suggesting a neg- 
ative feedback of elevated CO, on N mineralization and avail- 
ability to plants. 

The weight of evidence, however, does not support a negative 
feedback by higher CO, concentration on decomposition and N 
mineralization. In their review, O’Neill and Norby (1996) conclud- 
ed that decomposibility of naturally abscissed leaf litter from plants 
grown in the field was not greatly affected by the (2% concentra- 
tion at which litter was produced. Indeed, growth CO, concentra- 
tion had little effect on decomposition of standing dead material 
from 3 tallgrass prairie species (Kemp et al. 1994). Others have 
argued that increased C input to soil may actually stimulate the 
recycling of N through microbes (Zak et al. 1993). Hunt et al. 
(1991) used a simulation model to show that N cycling rates could 
increase and partly offset the N limitation that resulted from greater 
production of both the C3 crested wheatgrass (Agropyron cristatum 
(I.) Gaertn.) and C, blue grama as CO, rises. 

Across ecosystems, abiotic factors like soil water content and 
temperature may be better predictors of decomposition rate than 
substrate quality alone (Hunt 1977, Hunt et al. 1988, Parton et al. 
1987). Schimel et al. (1990) demonstrated that the higher temper- 
atures expected as a result of increasing CO2 concentration 
should speed decomposition of soil organic matter and the 
accompanying mineralization of N in grasslands in the central 
U.S. Soil organic matter dynamics, like plant production, should 
also be sensitive to changes in soil moisture, mediated directly by 
altered precipitation or indirectly via CO, concentration. In sys- 
tems where species composition or low N availability limit the 
amount of extra growth expected from additional CO,, water 
saved as a result of lower transpiration may accumulate in soil 
(Kirkham et al. 1991) and stimulate microbial activity (Rice et al. 
1994). 

Over decades and centuries, it is the balance of N inputs and 
losses and the partitioning of N among rapidly and slowly miner- 
alizable pools in soil organic matter that dictate N availability to 
plants. Nitrogen is added to unmanaged rangelands by organisms 
capable of reducing atmospheric N2 to ammonia (N2-fixation) 
and as wet and dry deposition from the atmosphere. Rising CO2 
may increase N input to rangelands by directly or indirectly pro- 
moting N2-fixation, at least where nutrients other than N are not 
limiting (Table 1; Eisele et al. 1989, Ritchie and Tilman 1995). 
Herbaceous legumes are infrequent on many grasslands, appar- 
ently because they are preferred by herbivores or limited by water 
or nutrients other than N (Ritchie and Tilman 1995). Some of the 

more successful woody invaders of grasslands (including species 
of the genera Prosopis and Acacia), however, are also legumes. 
Symbiotic fixation in these species can be stimulated by higher 
CO, concentration, in some cases dramatically. Plants of the 
woody legume huisache (Acacia smallii Isely), for example, 
derived 3 to 4 times more N from fixation when grown for a year 
at elevated CO, than the current concentration (Polley et al. 
1997a). Nitrogen fixation in another grassland invader, mesquite 
(Prosopis glandulosa Tot-r.), increased from near zero at the 
preindustrial CO, level to 46% of plant N at the current concen- 
tration (Polley et al. 1994). By adding fixed N to rangelands in 
litterfall and root turnover, these woody invaders could increase 
potential productivity and its response to CO2 if N gains are not 
offset by losses or the conversion of N to recalcitrant forms. 

Aber et al. (1991) concluded from a simulation study of N 
cycling in temperate forests that as long as N inputs exceed losses 
there theoretically is no limit to the amount of N that may be 
retained and cycled in the absence of other limitations on plant 
growth. That N availability on many rangelands is limiting 
implies that events like tire prevent N sequestration or that other 
factors constrain plant production or N inputs. Increasing CO, 
concentration should lessen limitations imposed on plant growth 
by water by increasing water use efficiency. It may be that N 
cycling will increase with CO, to the limit imposed by the higher 
resource use efficiency or until other factors become limiting. 

Rates of N input, litter quality, and the frequency of events like 
fire that promote substantial N loss, all mediate how quickly N 
accumulation and cycling approach the maximum possible at a 
given CO, concentration (Aber et al. 1991). Where the net N bal- 
ance is positive, the ultimate limit to N cycling is imposed by the 
pool of potential species and their resource requirements relative 
to availabilities. Potential production on many rangelands may, 
therefore, be constrained by management practices that promote 
N loss or preclude N accumulation by limiting species change. 
Changes in species distributions and abundances lagged behind 
past shifts in climate, often by several decades or centuries (Davis 
1986), so it is likely that the inertia of present species composi- 
tion will at least initially constrain production in N-limited grass- 
lands as CO, rises at an accelerated rate through the next century. 
Lags in species change and N accumulation presumably imposed 
fewer limits on plant response to CO;! in the past when concentra- 
tions rose more slowly and with greater relaxation time between 
changes than today. 

Species Change 
General Considerations. Our ability to anticipate species 

change or even to define the role of atmospheric change in vege- 
tation dynamics of the past is very limited. On rangelands, lie 
other ecosystems, species change is a directional process that 
occurs when there is a shift in the relative abundances of existing 
species or new species proliferate. This differs from the year-to- 

Table 1. Three components of the nitrogen (T+4) cycle on rangelands that may be affected by atmospheric CO2 concentration. Rising CO2 may bwease 
(+) or decrease (-) each component of the N cycle by intluencing listed factors and processw. 

N mineralization rate 

- ? Litter qualiw (C/N) 

+ Litter quantity 

N input 
+ N2 fixation 

N losses 
+ Gaseous emissions 

(correlated with production and N turnover rates) 
+ Volatilization during fire 

+ Soil water content (increase in fire frequency) 

JOURNAL OF RANGE MANAGEMENT 50(6), November 1997 569 



year variability in species abundances that is common on many 
grasslands and other rangelands (e.g., Tiiman 1996). 

pickett et al. (1987) identified 3 general causes of succession or 
species change: site availability, differential species availability, 
and differential species performance (Fig. 6). Fit, sites must be 
available for colonization (site availability), especially when invad- 
ing or expanding species establish from seed. Secondly, propagules 
of expanding species must be available (species availability). 
Existing species may spread vegetatively. For most invading 
species, seed must be dispersed onto new sites. Thirdly, species 
must perform differently at a site (species performance). Because 
of superior growth, reproduction, competitive ability, or tolerance 
to abiotic or biotic stresses, some species must eventually be 
‘favored’ over others. If CO.2 concentration is to affect species 
comDosition, it must influence at least 1 of these conditions. 

Aimosph&ic CO2 does not, of course, 
directly affect propaguie dispersal or cre- 
ate sites for colonization. It can, however, 
affect the production of seed and other 
propaguies and may indirectly alter some 
of the disturbances that open sites for coi- 
onization. Atmospheric CO2 most directly 
affects plant performance, but so do sever- 
al other factors including the availability 
of essential plant resources, levels of non- 
resource factors like temperature, and the 
frequency and intensity of disturbances 
like grazing and severe droughts (Fig. 6). 
Carbon dioxide concentration and these 
other factors interact with plant physioio- 
gy, growth form, and life-history charac- 
teristics to influence plant-plant interac- 
tions. We should expect, therefore, that 
the primary mechanism by which CO, 
influences vegetation and the relative 
importance of CO;! to species dynamics 
will vary as other factors change. 

1. Sites are available for colonization 
Disturbances (fire, trampling by animals, severe drought) 

2. Species are differentially available 
Pool of seed and other propagules 
Seed dispersal 

3. Species perform differently at a site 
Plant characteristics affecting performance 
- Morphology 
- Physiology 
- Life history 
Biotic and abiotic factors affecting performance 
- Disturbances (fire, herbivory) 
- Resource availability (water, N) 
- Climatic conditions (temperature) 
- Plant-plant interactions 

Flammability is influenced by tissue chemistry. One of the fre- 
quent changes in tissue chemistry at elevated CO2 is accumuia- 
tion of non-structural carbohydrates (Kiirner and Migiietta 1994). 
which could increase flammability (Sage 1996b). Alternatively, 
CO2 enrichment may increase fire frequencies or intensities by 
promoting expansion of species, like cheatgrass (Bromus tecto- 
rum L.), with highly flammable litter (Smith et al. 1987). These 
positive effects of CO2 on fire could be offset to some extent by 
an increase in the water potential of live vegetation (Knapp et al. 
1993, Owensby et al. 1993b, Jackson et al. 1994). The intensity, 
temperature, and rate of spread of fire decline as the moisture 
content of fuel rises (Sage 1996b). Carbon dioxide enrichment 
has been found to delay the onset of drought-induced senescence 
on grasslands (Ham et al. 1995), thus potentially constricting the 
period of greatest fire danger. Effects of severe drought are 

Site Availability. Colonization sites are 
created when existing plants die or distur- 
bances remove the canopy or litter or dis- 
turb the soil surface. One of the distur- 
bances that creates colonization sites on 
grasslands is fire. In the absence of fire, 
litter often accumulates. The accumulation 
of litter, together with other changes on 
unburned rangeland, can inhibit germina- 
tion (Kitajima and Tiiman 1996) and, pos- 
sibly, seedling survival and contribute to a 
decline in plant species diversity (Tiiman 
1993). 

Through its effects on plants, rising CO, 
concentration could modify 3 characteris- 
tics that influence fire frequency and inten- 
sity: fuel load, fuel chemistry, and fuel 
water content (Sage 1996b). Fuel load is 
highly correlated with biomass production 
and turnover. In systems in which CO, 
enrichment increases production, the rate 
and extent of fuel accumulation should 
also increase. Fires may burn more fre- 
quently or with greater intensity. 
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2. Mesquite seed are dispersed 3. Woody shrubs competitively 
by livestock displace shaded grasses 

Fig. 6. (top) The 3 general requirements for plant species change and some of the processes 
or conditions that contribute to each requirement (adapted from Pickett et al. 1987). 
Rising atmospheric CO2 concentration may affect the production of seeds and other 
propagules (2) and indirectly iofluence certain disturbances (l), but most directly influ- 
ences plant species abundances aud distributions by altering plant performance (3). (bot- 
tom) A model of vegetation change from midgrass prairie to mesquite (Prosopis) savanna 
that ilh&rates mechanisms by which the requirements for specie-s change may be satisfied. 
Mechanisms are shown in boxes and are numbered (as above) to correspond with the 
requirement for change to which they apply. Dashed lines indicate the point of action of 
each mechanism along a temporal sequence (solid line) from open grassland to savanna 
during invasion by mesquite. 
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delayed by only a few days or weeks in most CO2 studies, so it is 
not likely that the probability of fire will decline significantly 
except on relatively mesic grasslands with short drought Periods. 

Species Availabiity. In the absence of continued immigration, 
invading plant populations will persist only if they reproduce and 
their offspring establish. The most successful species and geno- 
types within species may well be those in which reproduction and 
fitness respond most to rising CO2. Responses of reproduction 
and fitness to CO, differed among 3 annual species studied by 
Farnsworth and Bazzaz (1995). Both, however, were poorly cor- 
related with early vegetative growth. When reproduction is cou- 
pled more closely to population-level phenomena than physiolog- 
ical parameters, effects of CO, may even be counterintuitive. 
Seed production of wild oat (Avena barbata Brot.), the dominant 
species in annual grassland in California, increased much more at 
elevated CO, during a dry than relatively wet year (Jackson et al. 
1995). Doubling CO;! concentration doubled the density and total 
seed production of wild oat plants during the dry year, apparently 
by increasing seedling establishment and survivorship. 

Species Performance. Effects of CO, concentration on species 
dynamics have been investigated extensively, mostly using artifi- 
cial mixtures of plants. While much has been learned from these 
studies, perhaps the most important lesson is that simple general- 
izations are tenuous. It is widely-accepted, for example, that pho- 
tosynthesis and growth are usually more responsive to CO2 in C3 
than C, species when environmental conditions are near optimal 
for growth. It might, therefore, be expected that C, species should 
increase at the expense of co-occurring C4 plants as CO, concen- 
tration rises. That expectation frequently is supported (Bazzaz 
and Carlson 1984, Arp et al. 1993, Johnson et al. 1993), but there 
are exceptions. Basal cover of C, Kentucky bluegrass (Poa 
pratensis L.) declined on Cd-dominated tallgrass prairie when 
CO, was elevated (Owensby et al. 1993b). Wong and Osmond 
(1991) grew a C, (wheat, Triticum aestivum L.) and C, species 
(Japanese millet, Echinochloa frumentacea Link) together under 
different light, N, and CO, treatments. Contribution of the C3 
plant to species mixtures increased when CO2 was elevated, but 
only at high N. Tbe reverse occurred when N was low. In each 
experiment, effects of CO, on the C, species were minimal 
because other factors limited growth. Cover of Kentucky blue- 
grass on tallgrass prairie declined at elevated CO, apparently 
because the short-statured grass was shaded by taller species or, 
perhaps, limited by low N availability. Similarly, Wong and 
Osmond (1991) found that CO, concentration had little affect on 
the outcome of C&4 competition when light or N treatments 
created size inequities between species. 

The lesson from these and similar experiments is clear. Rising 
CO, will have little or no impact on a species’ abundance when 
C02-insensitive aspects of plant biology or ecology limit growth 
(e.g., Newton et al. 1994). Species abundances often are deter- 
mined more by characteristics that influence plant access to 
essential resources like nitrogen and light and reaction to distur- 
bances (stature, morphology, phenology) than by physiological 
traits that are sensitive to CO2 concentration (Diaz 1995). 

In general, therefore, we should expect that effects of CO* on 
plant species composition will be greatest when rising CO* 
improves plant access to or use of the most limiting resource. On 
rangelands, the limiting resource is often water. Indeed, water 
balance is perhaps the most important factor influencing species 
distributions and abundances at the global scale (Woodward 

1987b, Stephenson 1990). The distribution of plant formations in 
North America, for example, is highly correlated with 2 aspects 
of water balance, deficit (evaporative demand not met by avail- 
able water) and actual evapotranspiration (Stephenson 1990). 
Vegetation in the southern U.S. changes from forest, to grassland, 
and finally to shrubland as actual evapotranspiration decreases 
and water deficit increases. The influence of water balance on 
vegetation is particularly evident on grasslands and shrublands. 
The distribution of grassland types is highly correlated with the 
seasonal distribution of precipitation and timing and duration of 
drought (Patton et al. 1994). Relatively small changes in factors 
affecting water balance could cause comparably large changes in 
the relative abundances of grasses and shrubs or other species on 
rangelands. Indeed, transition zones between grasslands and 
woodlands or forests may be among the first areas to experience 
species change as CO, rises or climate changes (Sage 1996a). 

Vegetation and water balance are coupled most directly 
through transpiration. At equilibrium, the leaf area of vegetation 
accumulates as existing species grow larger and new species are 
added until transpiration depletes available soil water (Woodward 
1993, Neilson and Marks 1994). As leaf area index (LAI) 
increases, so does the height of vegetation (Woodward 1993) and 
the likelihood that plants must compete for light (Tilman 1988, 
Smith and Huston 1989). To the extent that rising COZ decreases 
transpiration rate per unit leaf area and increases WUE, it will 
increase leaf area. These changes should, in turn, favor taller 
growth forms when competition for light is intense. On some 
rangelands, tallgrasses may replace mid-grasses, independently of 
photosynthetic pathway. On others, trees and shrubs may increase 
at the expense of grasses. 

Relationships of water availability to potential LA1 can be used 
to model or simulate the current distributions of forests (Neilson 
1995). They might also predict vegetation on mesic grasslands 
and savannas where LA1 is relatively high. On most other range- 
lands, LA1 is smaller, annual and seasonal variation in precipita- 
tion is greater, and drought lasts longer. Relationships of water 
availability to leaf area are relatively poor predictors of vegeta- 
tion in these ecosystems (Neilson 1995). In arid and semi-arid 
regions, a plant’s success probably depends largely on its ability 
to acquire enough C during wet periods to replace maintenance 
and other losses when soil dries (e.g., Bunce et al. 1979) or sur- 
vive low soil water levels (Harrington 1991). 

Lethal water potentials explain the distributional limits of some 
species (Neilson and Wullstein 1983), but many plants may be 
restricted to soil water levels that are not directly lethal. Bunce et 
al. (1979) demonstrated that distribution of woody species along 
an aridity gradient correlated more closely with the point at 
which annual net C balance of leaves reached zero than with 
lethal water potentials. Other studies are consistent with the con- 
clusion that success in arid regions is correlated with a Positive C 
balance (Mooney and Dunn 1970, Orians and Solbrig 1977). 
Westoby (1980). for example, advanced a C balance model to 
explain the presence of different growth-forms on arid range- 
lands. In these areas, periods with favorable soil moisture condi- 
tions are separated by variable periods with no rainfall. Plants 
face a tradeoff between the ability to rapidly deploy photosyn- 
thetic tissues after rainfall (or sustain leaf area during drought) 
and maintain high photosynthetic rates when water is available 
(see also, Orians and Solbrig 1977). Different growth-forms are 
favored as soil water availability changes through cycles of pre- 
cipitation and drought. 
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The C balance of plants that experience frequent or extended 
drought will depend on several factors. Included are how quickly 
leaf area and photosynthesis change with soil water content, C 
uptake rates when water is available, and rates of soil water 
depletion (Westoby 1980). Information at different CO2 concen- 
trations on the dynamics of leaf area and photosynthesis as soil 
water availability changes is sparse. Leaf photosynthesis of indi- 
vidually-grown plants sometimes declines more slowly as soil 
dries at elevated than the current CO2 concentration, but this usu- 
ally reflects slower rates of transpiration and soil water depletion 
at higher CO, concentrations. Leaf area in some ecosystems may 
increase to use available water, perhaps following species 
change, so rates of soil water depletion and the response of pho- 
tosynthesis to declining water may not be greatly altered by 
atmospheric change. Higher CO, may, therefore, be most benefi- 
cial to aridland plants when water is available. 

There is evidence, however, that rising CO* could also con- 
tribute to species change by improving plant tolerance of water 
stress. Marks and Strain (1989) found that raising CO2 from the 
current 350 ppm to 650 ppm almost doubled percentage survival 
of droughted aster (Aster pillosus) plants. Similarly, more than 
twice as many honey mesquite seedlings survived soil water 
depletion at 710 and 1,050 ppm than 350 ppm CO, (Polley et al. 
1996~). By increasing seedling survival during drought, rising 
CO, could increase abundance of species that previously were 
excluded by low water availability. 

Indirect or feedback effects of COz on the pattern or timing of 
water use by vegetation may prove as important to species 
change as direct effects of CO2 on growth. Water use efficiency, 
as discussed previously, usually increases with CO2 concentra- 
tion. At the leaf level, this results from lower stomatal conduc- 
tance and transpiration, higher photosynthesis, or a combination 
of the two. In many C, plants, leaves fix C faster as CO2 rises, so 
part of the increase in C, WUE usually results from higher photo- 
synthetic rates. Increased photosynthesis may translate, in turn, 
into greater leaf area, partly offsetting effects of lower transpira- 
tion per unit leaf area on total water use (Carlson and Bunce 
1996). When plants are limited by low N availability, phenology, 
or other factors, however, leaf growth may not increase enough to 
negate water savings from slower transpiration rates. In C, annu- 
al grassland in California U.S.A., doubling CO, concentration 
reduced stomatal conductance and transpiration of the dominant 
species, wild oat, by about 50%. and increased water content in 
moderately productive sandstone-derived soil by 34% at season’s 
end (Jackson et al. 1994, Field et al. 1995). The late-season 
increase in soil water content apparently contributed to increased 
growth of summer annuals (Chiariello and Field 1996). In most 
C4 plants, photosynthesis, growth, and leaf area are not very sen- 
sitive to CO, when water is available. Higher CO, increases C4 
WUE primarily by reducing transpiration per unit leaf area 
(Kirkham et al. 1991, Knapp et al. 1994b. Polley et al. 1996a). 
The major benefit to C4 plants occurs when rainfall declines and 
plants use water ‘saved’ during relatively wet periods to prolong 
growth (Owensby et al. 1993b; but see, Carlson and Bunce 1996). 
In the short-term, this temporary increase in soil water content 
did not greatly affect species composition on tallgrass prairie. In 
the longer term as seed from additional species are. added, plants 
that are presently eliminated by drought may increase by exploit- 
ing water saved by grasses. Low water availability reduces sur- 
vival of woody seedlings on some rangelands (Paulsen 1950, 
Harrington 1991, O’Connor 1995), so slower transpiration by 

grasses could favor woody invasion (Polley et al. 1996b). 
Alternatively, higher levels of soil water might contribute to an 
increase in water yield from mesic rangelands, as suggested by 
model simulations of a forested catchment (Hatton et al. 1992). 

Shrubs and grasses co-exist on some rangelauds because they 
use water from different soil depths (Knoop and Walker 1985, 
Sala et al. 1989). Grasses root more shallowly than some shrubs 
and use water from upper soil layers. Deeply-rooting shrubs sur- 
vive largely on water that percolates below grass roots. The depth 
to which rainfall percolates depends partially on soil water con- 
tent (Hanks and Ashcroft 1980). By reducing transpiration rates 
of grasses, rising CO, concentration may slow the depletion of 
water in upper soil layers and increase deep percolation of subse- 
quent precipitation. Deeply-rooting shrubs and other plants that 
require this water may be favored as a result (Polley et al. 1997b). 

A Challenge for Managers 
Atmospheric and possible climatic change pose novel chal- 

lenges for managers of rangelands. Rising CO, concentration 
may increase forage production, but also change plant species 
composition. Production and management systems that are tightly 
coupled to the current mix of plant species or growth forms 
could, therefore, be vulnerable. 

A primary goal of rangeland management is ‘sustainability’, 
the maintenance of plant and animal production within bounds in 
the face of normal cycles of disturbances and weather (Chapin et 
al. 1996). Productivity and other ‘ecosystem’ processes, like ele- 
ment cycling, are regulated by what Chapin et al. (1996) term 
‘interactive controls’: regional climate, soil resource availability, 
functional types of organisms, and disturbance regimes. Negative 
feedbacks that constrain changes in the 4 interactive controls 
serve to reduce variability in ecosystem processes and, thereby, 
foster sustainability. By contrast, factors that promote or strength- 
en positive feedbacks can alter controls and change system prop- 
erties. On some grasslands, for example, the combination of low 
precipitation and soil water availability (climate, soil resources) 
and high flammability of grasses (type of organisms) leads to 
conditions (frequent tire, drought) that limit woody ingress and 
so prevent changes in the functional types of plants present. One 
way that this system of controls can be disrupted is by overgraz- 
ing and the positive feedbacks that ensue. Grazers remove leaves 
and so lessen both the fuel available for fire and rate at which soil 
water is transpired. Survival of woody plants is improved by the 
resulting decrease in fire frequency or intensity and increase in 
soil water content. As the woody invaders grow, they shade and 
further displace grasses, resulting in a positive feedback that 
amplifies changes initiated by overgrazing. 

Impacts of CO, enrichment are likely to be greatest when they 
reinforce other de-stabilizing changes. By increasing the growth 
rates of woody seedlings or improving their ability to survive 
drought, for instance, rising CO, could act as a positive feedback 
to overgrazing in promoting woody invasion. In other systems, 
change resulting from CO, enrichment could benefit livestock 
production. 

One challenge for managers is to recognize conditions or 
events that may augment effects of CO, enrichment and develop 
management strategies to either enhance or offset these effects, as 
appropriate. Required is an understanding of the causes of change 
in the rangeland of interest and how rising CO, concentration is 
likely to interact with these causes. The recently advanced ‘state- 
and-transition’ model for management (Westoby et al. 1989) 

572 JOURNAL OF RANGE MANAGEMENT 50(6), November 1997 



might be adapted to include effects of atmospheric change. The 
primary tools of rangeland managers, changes in the numbers and 
kinds of animals, timing of grazing, and use of fire, can be used 
to manipulate 2 of the 4 interactive controls, disturbance regime 
and the functional types of organisms present. The types of plants 
present could be further manipulated by seeding or with herbi- 
cides. Where cost effective, fertilization can be used to change 
soil resource availability. It will not always be cost-effective to 
manage for rangeland types that are not readily sustainable. 
Therefore, alternative means of harvesting plant production 
should also be considered. 

Conclusions 

Much has been learned about the effects of atmospheric CO;! 
concentration on plant physiology and how physiological changes 
influence plant growth. With knowledge of soil resource avail- 
ability, we now can predict with reasonable confidence the short- 
term (years to decade) response of plant production to a change in 
CO, concentration. What we most lack is an understanding of the 
long-term (decades to centuries) consequences of greater C avail- 
ability for rangelands and other ecosystems. Slowly-changing 
processes, like those that determine N availability and cycling, 
may affect production as much in the long term as the rapidly- 
changing processes that have dominated research. We also know 
little of how interactions between CO, enrichment and distur- 
bance regimes will affect rangelands. Fire and herbivory (graz- 
ing), for example, are 2 of the principal controls on production 
and species abundances on rangelands, but interactions with CO;! 
concentration have scarcely been considered. 

Effects of rising CO, concentration on rangelands are likely to 
be numerous and varied, with secondary or indirect effects exert- 
ing as great an impact on these systems as the direct effects of 
CO, on photosynthesis. Indirect effects of atmospheric change on 
fire frequency and intensity and soil water and N availability, for 
example, may prove as important to vegetation dynamics and 
production as the more direct and intensively-studied effects of 
CO, on plant growth (Mayeux et al. 1994). 

Consequences of atmospheric change for the species and 
intraspecific genetic composition of rangeland vegetation remain 
a major unknown. The way in which rangeland vegetation is 
reshuffled by global change will, to a large extent, determine the 
goods and services that humans derive from these systems. 
Because of the complexities of factors interacting with CO,, it is 
unlikely that vegetation change will always or even frequently 
follow simple predictions. We know from paleobotanical 
research that vegetative communities did not move as intact units 
during the past (Davis 1986). Novel species combinations are 
thus likely in the future. Because many rangelands are water-lim- 
ited, it is likely that changes in plant water use and water balance 
will play a dominant role in vegetation dynamics as CO2 rises. 
Species change will probably be greatest or at least most rapid in 
relatively water-limited and moderately-disturbed ecosystems 
where positive effects of higher CO2 on plant water balance are 
greatest and competition for light is minimized. Greatest initial 
changes in species composition may occur at the transition 
between vegetation types, as between grasslands and woodlands 
or forests. 
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Abstract 

We compared the forage preferences of steers grazing among 8 
varieties of grasses at 2 stages of phenology on the Northern 
Great Basin Experimental Range near Burns, Ore. Varieties 
included: ‘Nordan (Agropyron desertorum (Fischer ex 
Link)Schultes) and ‘CD-II’ (A. desertorum X A. cristatum (L.) 
Gaertner) crested wheatgrass; ‘Magnar’ and ‘Trailhead’ Basin 
wildryes (Leymus cinereus (Scribner & Merrill) A. Liive); 
‘Golda? bluebunch wheatgrass (Pseudoroegneria spicata 
(Pursh)A. Liive); ‘Bozoisky-Select’ Russian wildrye (Psathyro- 
stachys junceus (Fischer) Nevski); ‘Bannock’ thickspike wheat- 
grass (Elymus lanceolatus ssp. lanceolatus (Scribner & J.G. 
Smith) Gould), and ‘Secar’ Snake River wheatgrass (proposed 
nomenclature Elymus lanceolatus ssp. wawawaiensis (Scribner & 
J.G. Smith) Gould). Three esophageal-Bstulated steers grazed 
each paddock, with 3 paddocks grazed at the boot stage of devel- 
opment, and 3 paddocks grazed after grasses entered quiescence. 
In boot-stage trials, steers were very selective and collectively 
harvested 53% of total bites from the preferred CD-II and 
Nordan. These crested wheatgrasses also ranked higher (P < 0.05) 
in bites/visit and time/visit. Magnar, Trailhead, and Bozoisky- 
Select were avoided. When grasses were quiescent, steers were 
less selective; and CD-II, Nordan, Goldar, Bannock, and 
Bozoisky-Select were all equally acceptable. Magnar and 
Trailhead were again avoided. Steers consistently took more 
bites (P < 0.05) from preferred forages and regrazed preferred 
plants before any variety was depleted. Mean dice traveled 
between successive feeding stations was greater during boot- 
stage trials (2.4 m) than at quiescence (1.4 m), suggesting steers 
searched among the nearest 48 neighboring plants in boot-stage 
trials and the nearest 24 neighbors during quiescence. Measures 
of grazing time per variety were strongly correlated (r > 0.95, 
P < 0.01) with total bites harvested from varieties and are proba- 
bly adequate for ranking relative preferences of steers. By selec- 
tively grazing at both stages of phenology, cattle diets were hlgh- 
er in CP, P, and ADL than the standing crop. During boot-stage 
trials, diets were also higher in Ca and Mg than forage analyses 
would suggest Except for phosphorus, the nutritive content of all 
varieties was satisfactory for lactating beef cattle at both stages 
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of phenology. Given their proven ease of establishment, competi- 
tive ability, nutritional value, grazing tolerance, and high relative 
palatability, we suggest the crested wheatgrasses (CD-II and 
Nordan), are excellent candidates for reclaiming or establiih- 
ment of pastures for beef production programs in the northern 
Great Basii. 

Key Words: selectivity, palatability, foraging theory, patchy 
environment, basin wildrye, bluebunch wheatgrass, thickspike 
wheatgrass, crested wheatgrass, Russian wildrye, Snake River 
wheatgrass 

Resumen 

Las preferencias forrajeras de novillos pastoreando entre 8 
variedades de pastos fueron comparadas durante dos etapas 
fenol6gica.s en el “Northern Great Basin Experimental Range” 
cerca de Bums, Ore. En el estudio se incluyeron las siguientes 
variedades: ‘Nordan’ (Agropyron desertorum (Fischer ex Link) 
Schultes) y ‘CD-II’ (A. deserb-um X A. cristatum (L.) Gaertner) 
de crested wheatgrass; ‘Magnar’ y ‘Trailhead’ de Basin wlldrye 
(Leymus cinereus (Scribner & Merrill) A. L&e); ‘Goldar’ de 
bluebunch wheatgrass (Pseudoroegneria spicata (Pursh)A. L&e); 
‘Bozoisky-Select’ de Russian wildrye (Psathyrostachys junceus 
(Fischer) Nevskl); ‘Bannock’ de thickspike wheatgrass (Elymus 
lanceolatus ssp. lanceolutus (Scribner & J.G. Smith) Gould), y 
‘Secar’ de Snake River wheatgrass (nomenclatura propuesta 
Elymus lanceolatus ssp. wawawaiensis (Scribner & J.G. Smith) 
Gould). 

Tres novillos con futulas de e&fag0 pastorearon cada parcela, 
3 parcelas fueron pastoreadas durante la fase de enca5ado y 3 
parcelas despuCs de que 10s pastos entraron en dormancia. 
Durante las pruebas en la Ease de encaiiado 10s novillos fueron 
muy selectivos y, en forma colectiva, consumieron 53% de1 total 
de las mordidas de las variedades preferidas CD-II y Nordan. 
Estas variedades de crested wheatgrass tambi6n obtuvleron altas 
clasificaciones (P < 0.05) en mordidas por visita y tiempo por 
visita. Las variedades Magnar, Trailhead, y Bozoisky-Select 
fueron rehusadas. Cuando 10s pastos estuban en dormancia 10s 
novillos fueron menos selectivos y CD-II, Nordan, Goldar, 
Bannock, y Bozoisky-Select fueron aceptados igualmente. 
Magnar y Trailhead volvieron a ser rehusados. Consistentemente, 
10s novillos tomaron mas mordidas (P < 0.05) de 10s forrajes 
preferidos y repastorearon las plantas preferidas antes de que 
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ninguna variedad fuera consumida en su totahdad. La diitancia 
media viajada entre estaciones de pastoreo sucesivas tie mayor 
durante las pruebas de la fase de encaiiado (2.4 m) que durante 
la dormancia (1.4 m), lo que sugiere que 10s novillos buscaron 
entre las 48 plantas mas cercanas durante la fase de encaiiado y 
entre las 24 mas cercanas durante la dormancia. Las medidas de 
tiempo pastoreando cada variedad fueron altamente correla- 
cionadas (r > 0.95, P < 0.01) con las mordidas totales tomadas de 
cada variedad y probablemente sean un indicador adecuado para 
clasiicar la preferencia relativa de 10s novillos. Debido al pas- 
toreo selective en las dos etapas fenologicas, Las dietas de1 ganado 
fueron mas altas en CP, P, y ADL que el forraje ofrecido. 
Durante Las pruebas en la fase de encafiado, las dietas tambikn 
fueron mas altas en Ca y Mg que lo que sugerian 10s analisis de 
10s forrajes. Con la exception de1 P, el contenido nutritivo de 
todas las variedades, en ambas etapas fenologicas fue satisfacto- 
rio para ganado de came en lactancia. Dada la facilidad de 
establechuiento, habiidad competitiva, valor nutritivo, toleran- 
cia al pastoreo, y alta palatabiidad relativa, sugerimos Las var- 
Wades de crested wheatgrass (CD-D y Nordan) coma excelentes 
candidatas para reclamaci6n y establecimiento de praderas para 
producci6n de came en la region noroeste del “Great Basin ” . 

Selective foraging by herbivores often affects the character and 
composition of rangelands (McNaughton and Geordiadis 1986, 
Crawley 1990, Brown and Stuth 1993, Taylor et al. 1993). 
Seasonal shifts in forage palatability can be exploited to reduce 
herbivory in tree plantations (Sharrow et al. 1989), control weeds 
(Sharrow and Mosher 1982, Walker et al. 1992), and selectively 
harvest and stimulate growth and quality of forages on rangelands 
(Anderson and Scherzinger 1975, Reiner and Umess 1982, 
Gordon 1988). 

Because effective techniques for predicting selective grazing by 
livestock have not been developed (Jones et al. 1994), range man- 
agers and researchers must still rely on demonstrated preferences 
of animals to project how specific forages or mixtures of forages 
might be accepted (Hart and Hanson 1990). With selections of 
forages continually being released, it is particularly difficult for 
managers to evaluate the relative acceptability of new varieties to 
livestock before committing extensive resources to pasture devel- 
opment or reclamation. Therefore, our objectives were to: 1) 
determine the relative preferences of steers for 8 varieties of 
grasses adapted to and available for reclamation of sagebrush- 
steppe and Great Basin rangelands; 2) describe grazing behavior 
of steers foraging among grasses of differing palatabilities; and 3) 
develop a model to consistently predict diet selection of steers 
from physical and chemical attributes of grasses. Sampling 
occurred at 2 stages of phenology (boot stage and quiescent) in 
1992. Indices of selectivity were related to 8 measures of physical 
characteristics and 12 chemical constituents of the grasses to 
determine if relative preferences could be consistently predicted 
with any combination of these variables. 

Materials and Methods 

Pasture Design 
Seed of the 8 varieties were planted and grown in 4 X 21-cm 

tubes filled with commercial-potting soil in a greenhouse during 
the winter and transplanted to paddocks on the Northern Great 

Basin Experimental Range (119”43’W, 43”29’N) in April 1990. 
Planting design was a randomized complete block in 6 paddocks 
with each paddock being 20.6 m to a side. Within each paddock 
98 plants of each variety were planted for a total of 784 plants 
arranged on 76 cm centers. The position of each plant was ran- 
domized in a 28 x 28 matrix, so animals could not simply forage 
along a row or column supporting a single variety. Three addi- 
tional paddocks were also established and used to precondition 
animals to forages and familiarize staff and animals with sam- 
pling procedures. Soil in the area was a complex of loam and 
loamy fine sands (Milican coarse-loamy, mixed, frigid Grthidic 
Durixerolls and Holtle coarse-loamy, mixed, frigid Aridic Duric 
Haploxerolls, respectively) (Lentz and Simonson 1986). In 1990 
the region received 67% of mean crop-year precipitation (Sneva 
1982). Paddocks were irrigated twice during the first growing 
season to assure establishment, received no supplemental water 
thereafter, and weeds were hoed as needed. Paddocks were also 
mowed each fall to eliminate standing litter. 

The 8 varieties included 2 crested wheatgrasses, ‘Nordan’ 
(Agropyron desertontm (Fischer ex Link)Schultes) and ‘CD-IF a 
crossed product of A. desertorum and A. cristatum (L.)Gaertner; 
2 Basin wildryes, ‘Magnar’ and ‘Trailhead’ (Leymus cinereus 
(Scribner & Merrill) A. Love); ‘Goldar’, bluebunch wheatgrass 
(Pseudoroegneria spicata (Pursh)A. Love); ‘Bozoisky-Select’ 
Russian wildrye (Psathyrostachys junceus (Fischer) Nevski); 
‘Bannock’ thickspike wheatgrass (Elymus kznceolatus (Scribner 
& J.G. Smith) Gould); and ‘Secar’ Snake River wheatgrass (pro- 
posed nomenclature Elymus lanceolatus ssp. wawawaiensis 
(Scribner & J.G. Smith) Gould). CD-II seed was provided by 
USDA-ARS, Logan, Ut. Magnar, Goldar, and Bannock were 
products of the Aberdeen, Ida. Plant Materials Center. Trailhead 
and Bozoisky-Select were received from the Bridger, Mont. Plant 
Materials Center. Secar came from the Pullman, Wash. Plant 
Materials Center, and Nordan seed was acquired commercially. 

plant sampling 
Before a paddock was grazed we measured the basal area and 

greatest cuhn height of 5 randomly selected plants of each vari- 
ety. Basal area was derived from a plant’s maximum diameter, a 
second diameter perpendicular to the first, and solving for the 
area of an ellipse (Jones et al. 1994). This was followed by clip- 
ping to a 2.5cm stubble to obtain green and oven-dry (60” C) 
biomass and a measure of leafistem ratio. Samples were then 
composited by variety within a paddock, and retained for grind- 
ing (20 mesh screen) and later chemical analyses. 

Variables derived from these data or plant materials included 
basal area (cm’), maximum plant height (cm), biomass (g), as fed 
moisture content (%), forage density (biomass/cm* basal area), 
forage bulk density (biomass/liter- an integration of biomass, 
basal area, and height), ledstem ratio, and exterior culm or stem 
angle (degrees from horizontal). Chemical analyses included 
crude protein (CP) (AOAC 1980), invitro organic matter disap- 
pearance (IVOMD) (Tilley and Terry 1963), acid detergent fiber 
(ADF), and acid detergent Iignin (ADL) (Goering and Van Soest 
1970), indigestible acid detergent fiber (Galyean et al. 1987), and 
phosphorus (P), potassium (K), magnesium (Mg), and calcium 
(Ca) by inductive coupled plasma techniques at the Research 
Extension Analytical Laboratory of Ohio State University. 

The day after a paddock was grazed, a single technician cate- 
gorically scored utilization of each plant (n = 784) with indices 
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indicating (0) = no utilization, (1) = l-208 of plant weight 
removed, (2) = 2140% removed, and (3) = 40 + % removed. 
Variables derived from these data included mean utilization 
(expressed as a percentage of all 98 plants of each variety), num- 
ber of plants grazed, and mean utilization of the grazed plants 
with a variable sample size. 

Grazing Behavior Sampling and Analyses 
To provide a measure of seasonal variation in palatability, trials 

were conducted during 2 stages of phenology (boot stage and qui- 
escent). Three paddocks were grazed when forages were green 
and growing (20-23 May) and 3 grazed when the grasses were 
quiescent (19-21 Aug., 1992). During the May sampling Basin 
wildryes were in the vegetative stage while the remaining 6 vari- 
eties were in the boot stage of development. In August all 
herbage was cured and seed heads were shattering. Two days 
before trials, the 5 esophageal-fistulated steers were placed in the 
3 extra paddocks to allow familiarization with the forages. 
Previously they were maintained on bluebunch wheatgrass/Idaho 
fescue (Fesfucu idahoensis Elmer) native range. 

Rows and columns of plants in the paddocks were numbered 
and marked, so a coordinate system could be used to identify 
each plant. Each paddock was grazed by 3 randomly chosen 
steers. To inhibit social facilitation each animal foraged alone. 
Each steer was allowed to visit 83 plants before it exited the pad- 
dock. Visits included only plants actually grazed, and subsequent 
returns to and regrazing of individual plants were scored as addi- 
tional visits. This protocol allowed sustained selective opporhmi- 
ty for the steers because ungrazed plants of each variety were still 
available when trials ended. As each steer grazed, it was accom- 
panied by an observer equipped with a backpack mounted plat- 
form and lap-top computer. The observer tallied each bite as 
material was severed from a plant and noted when the animal 
abandoned a feeding station and began walking in search of 
another. Steers were quite tame and would tolerate observers 
within 2 to 5 m. Because some varieties could not be distin- 
guished by cursory examination, 2 additional technicians moved 
along the X and Y axes of the enclosing fence and simultaneously 
recorded row/column coordinates of each grazed plant. Voice 
communication was used to coordinate data acquisition among 
technicians, and all judgement calls were decided by the comput- 
er equipped individual. 

All data were tallied by variety across steers within a paddock. 
Feeding station coordinates, maps of the paddocks, and bite- 
count data were integrated to yield 10 variables for each variety: 
visits (the number of times a variety was grazed including repeat 
visits), total bites (the sum of all bites taken from a variety), per- 
centage of single-bite visits (proportion of visits to a variety in 
which steers harvested a single bite X lOO), mean bites per visit 
for each variety, total time expended on each variety (derived by 
difference between the time of the frost and last bite at each feed- 
ing station), mean time per visit for each variety, mean bite rate 
(bites/minute derived from number of bites and duration of visit 
at each feeding station), number of plants grazed (the total num- 
ber of plants of a variety that were foraged upon), number of 
plants regrazed (the number of plants foraged upon 2 or more 
times), and mean distance between feeding stations (determined 
from the coordinate data). Mean distance was probably underesti- 
mated in these trials, because we assumed straight-line travel 
between feeding stations. 

Statistical Analyses 
With the exception of visits, all plant and animal variables were 

analyzed with a split-plot analysis of variance with 3 replications. 
Because stages of phenology or growth can not be randomized in 
the field, the 2 stages of phenology served as whole-plots and the 
8 varieties as sub-plots. Replication X phenology (2 df) was the 
error term for the phenology effect (1 df), and the phenology X 
replication X variety (28 df) error term was used to test for vari- 
ety (7 df) and variety x phenology effects (7 df). Mean separa- 
tions were accomplished with Fisher’s protected LSD procedures, 
and statistical significance for all tests was assumed at P < 0.05. 
Degree of agreement in rankings of varieties by several variables 
was quantified with Spearman’s rank correlation coefficient @a). 

A Pearson’s correlation matrix was assembled to explore rela- 
tionships among the 13 grazing behavior variables and the 8 
physical and 9 chemical attributes of the forages at each stage of 
phenology. Correlation coefficients were deemed statistically sig- 
nificant at P < 0.01, and we arbitrarily decided that correlations 
must equal or exceed 0.95 (3 2 0.90 to be of predictive value. 
Step-wise regression analyses were used to detect potentially 
consistent predictors of selection at both stages of phenology by 
relating total bites removed from each variety with their 8 physi- 
cal and 9 chemical characteristics. Variable entry into the models 
was assumed significant at P c 0.05. For all regression analyses n 
for each variable equaled 24 (3 replications X 8 varieties). 

Results and Discussion 

Total Bites 
The phenology main effect or phenology X variety interaction 

was significant for 25 of 29 variables analyzed, so data are pre- 
sented separately for the boot and quiescent stages of phenology 
(Table 1). Steers foraged selectively during both stages of phe- 
nology but were more focused during boot-stage trials when over 
50% of their total bites were removed from only 2 varieties (CD- 
II and Nordan). Steers harvested more total bites (2,128) from 
each paddock during boot-stage trials than when the grasses were 
dormant (1,216). For total bites they exhibited a 23-fold range 
among variety means during boot-stage trials and only a lo-fold 
range when grasses were quiescent. 

During boot-stage trials forage rankings could be separated into 
3 distinct groups. CD-II was clearly the most preferred forage 
with 31% of total bites. Successively ranked as acceptable for- 
ages were Nordan, Goldar, Bannock, and Secar, with Nordan 
scoring higher (P < 0.05) than Bannock or Secar. Scoring signifi- 
cantly lower in acceptability were Bozoisky-Select, Trailhead, 
and Magnar which collectively accounted for less than 6% of 
total bites harvested. 

When grasses were quiescent, steers were less selective, and 
forage rankings could only be separated into 2 distinct categories 
(Table 1). Five varieties (CD-II, Nordan, Bannock Goldar, and 
Bozoisky-Select) were considered acceptable. Magnar and 
Trailbead were avoided and collectively contributed less than 5% 
to the total bites harvested. Secar, although poorly accepted by 
the steers, was given an intermediate ranking; because it could 
not be excluded from either grouping. 

Jones et al. (1994) reported heifers preferred ‘Hycrest’ and 
Nordan crested wheatgrasses to several varieties of thickspike 
and bluebunch wheatgrass during the boot-stage of phenology. 
Sheep, Angora goats, Spanish goats, and black-tailed jackrabbits 
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Table 1. Means (SE ~3) of 9 variables describing selective grazing behavior of steers foraging on 8 varieties of grasses at 2 stages of phenology on the 
Northern Great Basin Experimental Range near Burns, Ore. 

Visits 

J!ada 
CD-ll 57.0Et6.7 
Nordan 41.0zt4.6 
CbldtU 47.0i5.5 
SeCiU 40.0i2.1 
Bannock 36.7e.8 
Bozoisky-Select 9.0~2.6 
Magnar 9.0i2.6 
Trailhead 9.3i1.5 

Mean 31.1 

Bites 
Total per 
bites visit 

66k141.6 d’ 11.3il.l d 
469ill9.9~ 11.4i2.2 d 
348i34.8bc 7.5i0.6 c 
26Oi73.1b 6.4*1.5bc 
274d 1.3b 7.5M.3 c 

49i26.5a 4.6il.4ab 
28i12.8a 2.9&5a 
42i16.6a 4.21tl.M~ 

266 A 7.0 A 

Single Time Bites 
bite. Total per per Plants Plants 

visits time visit minute 8d ww-d 

(So) (se4 (=I (no) (no) 
Boot Stage 

11.70.2a 1097ti27 e 18.46.3 e 38.0-+3.0a 40-+1.2b 13 c 
17.9hOa 805i284 d 19.3i5.4 e 37.36.5a 3li2.Ob 8 b 
18.9i3.5a 55366 cd 12.li1.8 d 37.9i2.6a 35d.7b 10 bc 
21.6i6.3a 337*106abc 8.3i2.3bcd 47.2i2.1ab 31il.Ob 7 b 
26.3&l .Oab 387*15 bc 10.7i1.2 cd 42.7ti.Oab 31i1.9b 5ab 
39.8i20.4 b 7Oi35 ab 6.6&Oabc 42.7hOab 8e1.7a la 
39.5i6.2 b 27i12 a 2.7H.7a 67.9i10.4 c 8LLOa la 
36.8i17.4 b 49i20 a 4.8*1.3ab 52.9~~4.4 b 7&9a 2a 

26.6 A 415 A 10.4 A 45.8 A 24 A 6A 

Quiescent 

CD-II 54.3%x4 293~36.9 c 5.4&5b 13.M.6ab 391i59 b 7.2il.lab 45.5G8a 40~14.0 d 12 d 
Nordsn 49.7H.3 261i44.8 c 5.3H.2b 10.2i1.8a 357til ab 7.4M.7 b 43.4*3.2a 386.4 cd 9cd 
cmldar 37.7*7.9 179fi7.1abc 4.5&.7ab 14.1sI.Oab 183i61 ab 4.5M.8ab 59.6*1.3bc 30&3bcd 7bc 
SWZU 26.O~t6.1 69i3O.Oab 2.5&5a 38.76.2 c 71i38 ab 2.3&7a 65.36.5 c 21d.5b 4ab 
Bannock 36.3i2.7 198G9.8bc 5.4M.S b 12.76.Oab 276~1~48 ab 7.5iO.8 b 43.7*1.6a 28i2.3bc 7bc 
Bozoisky-Select 29.3i9.1 156&9.7abc 5.3a.5 b 20.4i2.9ab 246&O ab 7.8k1.4 b 42.1i5.3a 256.6 b 4ab 
Magnar 9.w.o 286.7 a 3.2iO.2ab 37.6i5.4 c 37* 8a 4.lM.2ab 46.1*1.3a 8ti.Oa la 
Trailhead 6.7cLZ.7 28k11.4 a 4.2M.lab 26.1i3.9bc 33*14 a 4.9&4ab 51.7i3.2ab 6i2.4a 0s 

MMtl 31.1 152 B 4.5 A 21.6 A 199 A 5.7 A 49.7 A 25 A 5A 

‘Variety means within a column and stage of phenology sharing a common lower case letter arc not significantly different (p > 0.05). 
Means in columas sharing a common upper case letter are not sigaiticaatly different (p > 0.05). 

have also exhibited strong preferences for crested wheatgrass 
(Shewmaker et al. 1989, Ganskopp et al. 1993, and 1996, and 
Fajemisin et al. 1996). 

Bites Per Visit 
Bites per visit spanned a 4-fold range at the boot stage (X = 7.0) 

and only a 2-fold range during quiescence (X= 4.5), but there was 
no difference in bites/visit between the 2 stages of phenology. 
Differences among varieties were greatest during the boot stage 
when steers averaged 11 bites per visit from the 2 crested wheat- 
grasses and 2.9 bites from each Magnar plant. Separations among 
varieties were less prominent at quiescence, but a difference 
(P < 0.05) was noted between the crested wheatgrasses and the 
less preferred &car. 

In trials like these, variability in bites per visit may at times be 
due to differences in production among varieties, especially if 
forage availability is greatly reduced as the trials progress. Our 
measures of plant biomass (Table 2) did not support this. 
Although plant biomass increased (P c 0.05) between the 2 sam- 
pling periods, e.g., from 16.5 to 53.9 g plant’, no significant dif- 
ferences in biomass occurred among varieties within either stage 
of phenology. Consequently, we detected no significant correla- 
tions (P > 0.01) between plant biomass and bites per visit at either 
stage of phenology. 

Many visits by steers to less preferred varieties ended with 
removal of only 1 bite (Table 1). This behavior was most promi- 
nent during our boot-stage sampling when the probability of a 
single-bite visit averaged 38% for the less preferred Bozoisky- 
Select, Magnar, and Trailhead and only 19% among the other 5 
varieties. Again, there were no significant correlations between 
single-bite visits and plant biomass. 

Grazing Time 
Total time grazing each variety (Table 1) strongly correlated 

with total bites. Relative rankings among varieties with the 2 vari- 
ables were identical (rs = 1 .O) during our boot-stage trials and near- 
ly identical (rs = 0.97) when forages were quiescent. The extremely 
strong correlations (r = 0.97 boot-stage and 0.99 quiescence) 
between total time and total bites suggests that less demanding 
measures of foraging time, where observers simply input start and 
stop times at each feeding station instead of tallying individual 
bites, would be adequate for ranking forage preferences. 

Mean time per visit was 10 set in boot-stage trials and 6 set 
(P = 0.11) when grasses were dormant (Table 1). During boot- 
stage trials, steers spent about 18.8 set at crested wheatgrass 
plants and roughly 3 to 7 set with the less preferred Bozoisky- 
Select, Magnar, and Trailhead varieties. At quiescence, the only 
clear separation among varieties involved the less preferred Secar 
and the more readily accepted Bannock, Bozoisky-Select, and 
Nordan varieties. Once again, one might expect a relationship 
between time per visit and plant biomass, but correlation coefft- 
cients were only 0.44 and 0.13 for boot stage and quiescent 
analyses, respectively. Although time per visit and total bite rank- 
ings of varieties were identical in boot-stage trials (rs = 1.0) 
Spearman’s rank correlation coefficient declined to 0.40 for rank- 
ings by the 2 variables at quiescence. 

Number of Plants Grazed 
Results from the number of plants grazed (Table 1) parallel 

those obtained with total bites and total time. Only 40 of 98 total 
plants were grazed for even the most frequently utilized varieties, 
suggesting selective opportunities were not greatly diminished as 
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Table 2. Physical characteristics (*SE) of 8 varieties of grasses grazed by steers in preferences trials at 2 stages of phenology on tbe Northern Great 
Basii Experimemtal Range. 

Basal 
area 

Plant 
height 

Plant 
biomass 

Moisture 
content 

Forage’ 
density 

Bulti LeaUstem 
density ratio 

Variety 

CD-U 
Nordan 
GOldU 

SeCX 
Bannock 
Bozoisky-Select 
Magnar - 
Trailhead 

Ml%Ul 128B 

CD-II 
Not&u 
Goldar 
SWU 
Bannock 
Bozoisky-Select 
Magyar 
Trailhead 

(cm’) (cm) C&9 (46) Wcm2) (84 
Boot Staxe 

164&27.6a3 
138i33.h 

88G9.3a 
86fi1.9a 

149i37.4a 
213&28.4a 

88&7.3a 
96&6.8a 

37.76.3a 
38.3&7a 
33.7*1.8a 
32.3d.la 
35.OilSa 
38.3*1.8a 
39.7ti.Sa 
45.3*8.4a 

37.56 A 

26.h 2.4a 
19.7i 5.9a 
15.3* 2.6a 
10.2i 0.2.a 
16% 3.9a 

69.Oil.Oabc 
70.3HI.7 bc 
66.7i1.8a 
67.Oi2.Oab 
67.7&7ab 

16.52 4.8a 
14.h 2.la 
14.2i 3.3a 

16.5 A 

70.7SzO.3 bc 
76.3i1.2 d 
71.7i1.5 c 

69.9 A 

O.l7&03ab 
0.17iO.09ab 
0.23&07b 
0.14M.05ab 
0.11iO.01ab 
O.O8&02a 
0.23iO.07b 
O.l5&02ab 

4.5&8a 
4.4i2.2a 
6.9SLOa 
4.5*1.6a 
3.2&.4a 
2htOSa 
6.4i2.3a 
3.5ztO.4a 

0.16 A 4.4 A 

1.4iO.la 
3&0.8ab 
3.5ztO.4bc 
2.2&.3ab 
2.8&7abc 
1.4H.la 
4.8ti.9 d 
4.3k1.6 cd 

2.9 A 

187i38.5abc 40.3&.3a 

Quiescent 

42.2 8.4 b 30.4ti.5a 0.23kO.02abc 5.9il.Obcd 0.4&O.Oa 
304ti9.2 d 42.3i2.3ab 60.7i17.8 b 27.7iO.9a 0.19ti.04ab 4.5i1.7ab 0.5ztO.2a 
190&!4.8abc 44.7L3.8ab 54.3i 6.8 b 23.8i1.6a 0.3W.OSbcd 6.6kl.l cd 0.8ti.la 
147ti7.2ab 5O.Cb4.Oab 53.7i12.9 b 26.7&9a 0.36jXKt6d 7.3i1.3 d 0.8iO.2a 
611i190.5d 55.0&.6ab 79.4i14.5 b 22.7ti.5a 0.15iO.04a 2.71t0.7a 1.3&3ab 
266* 33.7bc 56.76.7bc 6O.hl5.1 b 24.7*1.5a 0.23kO.04abc 4.3il.lab 2.7il.lb 
125m25.Ob 71.7*13&d 45.6i19.1 b 29&1.8a 0.35jXNEJ cd 4.8ti.6 bc l.liO.lab 
8ti19.5 81.3kl1.2 d 34.5i 7.9 b 26.2ti.4a 0.44-+0.01 d 5.6il.Obcd 1 .OHK!ab 

Mm 239 B 55.3 B 

‘Forage deasity=plaat biomass/cm* basal area 

53.9 B 26.4 B 0.28 B 5.2 B 1.1 B 

‘Balk density= plant biomass/(basd area x plant height/lOW) cxpmscd as grams per liter. 
%aricty mcaas within a column and stage of phenology sharing * common lower case. letter are not significantly different (P a 0.05). 

Means in cohmns sharing a common upper case letter am not significantly different (P > 0.05). 

trials progressed. On average 20 to 25% of the total visits were 
returns to previously grazed plants (Table 1). With preferred for- 
ages like CD-II, 30-33% of grazed plants were regrazed, while 
nearly 60% of the population remained unscathed. Plants of 
avoided varieties (Magnar and Trailhead) were less likely to be 
regrazed (P < 0.05) than preferred varieties. 

Post-Grazing Utilization Measures 
Estimates of the number of plants utilized in post-grazing 

examinations of paddocks (Table 3) were strongly correlated (r = 
0.914.96) with our direct observations of plants grazed (Table 
l), but consistent discrepancies occurred between the 2 methods. 
Utilization dam (Table 3) consistently implied steers used more 
plants than we noted in our direct observations. Paired t-tests 
comparing the 2 methods revealed differences (P < 0.05) between 
the 2 measures of 3.5 and 7.8 plants per variety for boot stage and 
quiescent trials, respectively. We can offer no sound explanations 
for these differences. Lagomorphs were excluded from paddocks 
by a 2.5-cm mesh fence and small rodent grazing was not appar- 
ent. Other possible causes include insect defoliation, a sub-con- 
scious desire by technicians to detect utilization, and breakage of 
brittle standing material may have been falsely interpreted as uti- 
lization during quiescent trials. Although rankings of forages 
based on post grazing counts of grazed plants and percent of plant 
weight utilized (Table 3) closely corresponded with our bite 
count data (mean rs = 0.90), we agree with others (Laycock et al. 
1972, McIrmis et al. 1983) that utilization methods are not a pre- 
ferred means of quantifying herbivore diets. 

Mean levels of utilization varied (P c 0.05) among varieties at 
each stage of phenology (Table 3) with proportionally more 
material removed from preferred than avoided varieties. In boot- 
stage trials an 1 l-fold range occurred between the most heavily 
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utilized Goldar and least-grazed Bozoisky-Select. At quiescence, 
tbe extremes (Nor&n = 15.2% and Trailhead = 2.0%) displayed 
only a 7-fold range. Mean utilization is an integration of the num- 
ber of plants sampled, amount of herbage available, and the pro- 
portion of material removed from grazed plants. These values 
accurately describe the relative amount of material removed from 
the entire population of plants, but if many zero’s occur in the 
data, they may not accurately characterize the amount of material 
removed from plants that were actually grazed. Our data clearly 
illustrated this when utilization means were based solely on 
grazed plants (Table 3). Although estimates of grazed plant uti- 
lization ranged from 2 to 15 times greater than population means, 
the magnitude of variation among varieties was greatly reduced 
with approximately a 1.8 and 1.6 fold spread for boot stage and 
quiescent trials, respectively. Grazed Goldar plants were most 
heavily utilized in boot-stage trials followed by CD-II, Bannock, 
and Nordan. Bozoisky-Select and Magnar were least utilized. 
Grazed plant utilization was more equitable in quiescent trials 
with no differences among the more heavily utilized CD-II, 
Nordan, Goldar, Magnar, and Trailhead. Bozoisky-Select was 
again one of tbe least utilized varieties. 

Physical Characteristics of Varieties 
Physical attributes of the grasses are presented in Table 2. Plant 

height and basal area were similar in boot-stage trials, but differ- 
ences (P c 0.05) occurred among varieties for both variables after 
forages reached full stature. At quiescence Trailhead and Magnar 
were tallest, with only slight differences among the remaining 6 
varieties. Significant herbage production occurred between trials, 
as mean biomass per plant increased from 17 to 54 grams. High 
variability in biomass of individual plants hindered separations 
among varieties at both stages of phenology (Table 2). 
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Table 3. Number of plants utilized, mean level of utilization (W of plant 
weight) for all plants, and mean level of utilization for grazed plants in 
paddocks supporting 8 varieties of grasses that were selectively grazed 
by steers at 2 stages of pbenology on the Northern Great Basin 
Experimental Range near Burns, Ore. 

Number MrX%Il 
of plants utilization 
utilized (n=98) 

Grazed plant 
utilization 

(n=variable) 

Variety 

CD-II 

(no) 

46i2.7 c’ 

(96) 
Boot Stage 

11.9il.Ocd 

6) 

25.7+1.4 b 
North 
GOldZU 

3%1.8bc 
41i7.4bc 

9.5ti.2 bc 
13.3ti.5 d 

24.6ti.9 b 
31.4ti.4 c 

St%%E 34H4b 7.6il.l b 22.4&.7ab 
Bammck 33&.2b 8.4il.2 bc 25.3i1.8 b 
Bozoisky-Select 7*1.2a 1.2iO.2a 17.8iO.6a 
Magnar lOi1.3a 1.9jKUa 19.9&.8a 
Trailhead 9&9a 2.1&6a 21.3&&b 

MMtl 27 A 7.0 A 23.5 A 

CD-II 
Nordau 
Goldar 
StXSr 
Bannock 
Bozoisky-Select 
Magnar 
Trailhead 

556.5 de 
56i2.4 e 
44i6.1 cd 
23G.3b 
42L3.4 c 
23i7.2 b 

8i2.3a 
7k2.4a 

Ouiescent 

14.9M.5 c 
15.2kl.3 c 
12.7i2.2bc 

4.1&.3a 
9.7il.lb 
3.7&.9a 
2.2H.4a 
2.thO.7a 

27.3i0.8 cd 
26.821.3 cd 
28.4il.O d 
18.3*1.lab 
22&l .7 bc 
16.hl.4a 
27.4ti.2 cd 
26.7kl.O cd 

MCitl 32B 8.0 A 24.3 A 
‘Variety means withii a column and stage of phenology sharing a common lower case 
letter are not significantly different (P > 0.05). Means in cx~lums sharing a common 
upper case letter arc not sigticantly different (P > 0.05). 

During boot-stage trials moisture content ranged from 66.7% 
for Goldar to 76.3% for Trailhead and averaged 69.6%. The 
slightly higher moisture content of Trailhead and Magnar may 
have been due to their less advanced phenology (Table 2). After 
grasses were quiescent, moisture content averaged 25% and 
ranged between 22.7 (Bannock) to 30.4% (CD-II). Some have 
speculated that livestock preferences are positively associated 
with moisture content of forages (Gesshe and Walton 1980). Our 
data did not support this hypothesis since 2 of only 3 significant 
correlations between plant moisture content and our grazing 
behavior variables were negative in sign. 

Forage density is an integration of herbage biomass and basal 
area; and bulk density is an integration of biomass, basal area, 
and plant height. In boot-stage trials Bozoisky-Select was lowest 
in forage density (0.08 g/cm”) and Magnar and Goldar ranked 
highest (0.23g/cm2). At quiescence the rhizomatous Bannock 
ranked lowest and Secar and Trailhead were highest (Table 2). 
No differences occurred among varieties in bulk density in boot- 
stage trials, but differences were significant at quiescence. The 
rhizomatous Bannock ranked lowest in bulk density at 2.7 g/l and 
Sear was highest at 7.3 g/l. 

In well-controlled experiments, Laca et al. (1992) and Distel et 
al. (1995) showed that cattle graze most efficiently and expend 
more time where forage density or bulk density allowed the most 
rapid intake rate. In boot-stage trials no significant correlations 
occurred between forage density or bulk density and any of our 
grazing behavior variables. When forages were dormant, howev- 
er, 6 weak (mean r = 0.57), but significant correlations (P c 0.01) 
implied that steers did not seek out the highest densities of for- 

age. We suggest that many of the foraging optimization processes 
evident in well-controlled environments where selective opportu- 
nities are limited are not as rigidly enforced by grazers when they 
are offered an abundance of diverse high-quality herbage. 

CD-II leaf/stem ratios ranked consistently low at both stages of 
phenology, and Magnar and Trailhead ranked highest in boot- 
stage trials (Table 2). Bozoisky-Select, Bannock, Magnar and 
Trailhead had the highest leaf/stem ratios at quiescence. Although 
stem material has been negatively associated with forage accept- 
ability in other research (Ganskopp et al. 1992), accounting for 
up to 94% of animal preference in some instances (Murray 1984), 
we detected no correlations (P > 0.01) between leaf/stem ratios 
and any of our indices of forage selection. 

Forage and Diet Nutritional Characteristics 
Nutritional characteristics of the grasses and esophageal sam- 

ples exhibited declines in forage quality with advancing phenolo- 
gy (Table 4), but selective grazing by steers facilitated harvest of 
a higher quality diet than expected from standing-crop samples. 
Boot-stage diets contained more CP, ADL, P, CA, and MG than 
the standing-crop. Similarly, quiescent diets were higher (P < 0.05) 
in CP, ADL, and P than the plants on offer. With the exception of 
phosphorus, analyses of diet samples suggested forages furnished 
adequate nutrition for lactating beef cattle in both trials (NRC 
1984). Phosphorus is typically deficient in the grasses of our 
region for most of the year (Raleigh and Lesperance 1972), and 
all of our varieties were well below NRC (1984) recommended 
levels for cattle (0.23%) after they entered quiescence. 

Distances Between Feeding Stations 
Only the phenology effect was significant for distances traveled 

between feeding stations (boot stage mean = 2.4 m and quiescent 
= 1.4 m). This suggested steers expended more energy grazing 
during boot-stage trials and made less effort to graze selectively 
with advancing phenology, an observation that has been noted 
elsewhere (Stuth et al. 1987). Given our randomized planting 
arrangement, 8 varieties, and 0.76-m spacing between plant cen- 
ters, one might expect steers to find a plant to their liking among 
the 8 nearest neighbors of each feeding station at a mean distance 
of 0.92 m. Since they averaged 2.4 m in boot-stage trials and 1.4 m 
at quiescence, we suggest the steers selected among the nearest 
48 and 24 neighboring plants, respectively, at these 2 stages of 
phenology. 

Algorithms depicting spatial movement of modeled foragers 
have ranged from random walks at one extreme to the shortest 
possible path between stations at the other (Gross et al. 1995). The 
more traditional approach, however, has been a compromise “L- 
step look-ahead” strategy (Anderson 1983, Hart and Hanson 
1990) in which animals look about and evaluate feeding stations 
within a traveling-window. Recent experiments by Gross et al. 
(1995) suggested nearest-neighbor rules applied to bighorn sheep 
(Ovis canadensis) foraging in a patchy alfalfa (Medicago sativa 
L.) monoculture. Our findings suggest that a seasonally dynamic 
traveling-window may be most appropriate to beef cattle in patchy 
environments where a complex array of forages are available. 

Correlations Among Grazing Behavior Variables and 
Predictions of Preference-s 

In these trials we assumed bite-count totals were the best mea- 
sure of steer diets. Although Ortega et al. (1995) suggested 
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Table 4. Nutritional characteristics of forages and diets of steers selectively grazing 8 varieties of grasses at 2 stages of phenoiogy on the Northern 
Great Basin Experimental Range near Bums, Ore. Units for mineral components are micrograms/gram. 

CP% IVOMDW NDF% lADF% ADL% P K CA MG 

Variety 
CD-Il 
NOrdan 
GOldar 
SeCZU 
Bannock 
Bozoisky- 
select 

Magyar 
Trailhead 

MLTi3ll 
Diet 

CD-II 
Nordan 
Goldar 
SeCar 
Bannock 
Bozoisky- 
Select 

Maw 
Trailhead 

MlXtl 
Diet 

(%) 

20.7*l.la’ 
20.6&.6a 
18.3ti.5 b 
20.5&.4a 
15.2dJ.3 c 

19.6+1.3ab 
19.7*1.2ab 
18.4k1.6 b 
19.1 A 
26.1il.OB 

8.2&.3abc 
9.8&.9a 
7.6ztO.7bcd 
8.6il.lab 
6.1e0.4 d 
9.Oi1.3ab 

5.84.6 d 
6.ti1.4 cd 
7.7 c 

10.9&8D 

VW 

86.8&.3a 
85.2il.lab 
8l.Oi2.3ab 
81.9*1.8ab 
77.6kl.7 b 

85.4fi.6ab 
85.3i1.3ab 
84.0&.3ab 
83.4 A 
82&2.5A 

58.9ti.O c 
72.427.9 d 
62.46.6 c 
58.3jz4.1 hc 
49.7*1.9ab 
54.2*1.labc 

49.5i3.6a 
56.Ozt3.9abc 
57.7 B 

60.&1.9B 

Pm 

36.2&7a 
37.9*1.4ab 
46.ok3.1 dc 
47.OM.3 d 
51.8~0.8 e 

41.9d.8 bc 
42.8+X1.8 c 
43.4ti.a dc 
43.4 A 
53.8i4.8 A 

65.1M.3a 
64.7tO.3a 
65.4i1.6ab 
69.4d.l bc 
72.lH3.1 c 
68.2G.4abc 

7o.Ok1.3 c 
70.0e0.5 c 
68.1 B 
68.M.7 B 

@) (W ---------------------(“g/gf--------------------- 
Boot Stage 

6.2&7a 1.9i0.1 b 2718i185 bc 26014*782ab 2183ti38ab 1163i 34abcd 
6.3&2a 1.7tO.lab 3029i204 d 26636&02ab 225% 66abc 1172*20 bed 
1o.amAd 2.5kOto.2 d 282Oe 65 dc 24446i 95ab 18982 42a 925* 32a 

9.7+~0.8cd 2.0zt0.2 bc 29452127 de 26975&45ab 2842%X8 c 1362e 97 de 
9.7~.8c4l 2.4~~0.2 ed 2204* 18a 21122*84Oa 2661*190 bc 1314* 97 cde 

7.1&.6ab 1.8~O.Oab 2307*307a 34216i1319cd 208Oe2 13ab 1497i98 e 
7.5&.3abc 1.43zO.3a 2943~312 dc 39956*162A d 21OOi118ab 107% 88abc 
8.%1.8bcd 1.6iO.3ab 2476tiOlab 31175i4237bc 2118%?84ab 1022i 71 ab 
8.3 A 1.9 A 2680 A 28818 A 2268 A 1192 A 
9.4~2.0 A 2.7t0.5B 4080+356B 30668i1487A 291 Ii850 B 1342i17 B 

Quiescent 
19.2iO.7a 4.~.2a 101Oi 98bc 11948*1356a 2262ti7Oab 1057* 43ab 
20.221.2ab s.Odl.2a 1097* 56dc 14398*1807a 2059&!81a 988* 59a 
20.9iO.7abc 5.6~0.6 b 1078* 81dc 10996A863a 3096zt168 d 1243i84bc 
24.321.4 d 6.OctO.2 b 131M57 d 876321033a 3148~501 d 1319i107 c 
20.9kO.7abc 5.9zt0.2 b 733* 39ab 8730+ 135a 229Oi labc 955i 41a 
22.74.8 cd 5.9tO.4 b 793*14Oab 22737i1758 b 2672+357ab 1683~147 d 

22.4&7bcd 4.8to.2a 549i 14a 13119LWl4a 289Oe51bcd 1349Lt80 c 
23.9d.7 d 4.9iO.4a 573* 73a 9047i1412a 3450+483 d 1677i185 d 
21.8 B 5.4 c 893 C 12467 B 2733 A 1284 A 
21.7&4B 7.2to.2 D 2193i135D 10547il378B 3248i183 A 1039i 77 A 

biety means within a column and stage of phenology sharing a common lower case letter are not SignScantly different (P > 0.05). 
Means in columns sharing a common upper case letter are not signifsantly different (P > 0.05) . 

esophageal techniques are superior in dense and structurally 
diverse environments for quantifying diets, our limited selection 
of forages and planting arrangement probably allowed an accu- 
rate assessment of relative intake among varieties. We found total 
time expended on each variety was the only variable consistently 
correlated with total bites per variety in both trials (r = 0.99 and 
0.97, respectively, during boot and quiescent phenologies). 
Again, this suggested that measures of time spent with each vari- 
ety would provide adequate rankings of forages in similar trials if 
favored plants are not entirely depleted. Acquisition of bite-count 
data is quite demanding, and others have found that indices of 
relative time expended with forages may provide adequate inter- 
pretations regarding relative preferences (Petersen et al. 1958). 
Intake may be poorly correlated with grazing time, however, if 
animals forage among a complex variety of life forms (Stuth et 
al. 1987). 

In boot-stage trials other strong correlations included: visits 
with number of plants grazed (r = 0.98), number of plants 
regrazed (r = 0.95), and the utilization index of number of plants 
grazed (r = 0.95); bites/visit with time/visit (r = 0.98); and the uti- 
lization count of number of plants grazed with the observed num- 
ber of plants grazed (r = 0.96). and % weight utilized (r = 0.96). 
In quiescent trials, visits (r = 0.99) and total bites (r = 0.95) were 
strongly correlated with the number of plants grazed. All of the 
above relationships were significant at P < 0.000. 

Efforts to find consistent relationships among the physical and 
chemical characteristics of varieties and the selective patterns of 
steers as indexed by total bites were largely unsuccessful. For 
boot-stage trials our step-wise regression model was: 
Total bites = 15.8 (Plant biomass) + 18.4 (IVOMD) + 0.23 (P) - 0.02 (K) - 1324 
with variables listed in their respective order of entry (R* =0.80). 
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The non-significant variable entering when analysis was termi- 
nated was leaf/stem ratio (P = 0.18). For quiescent trials the 
model was: 

Total bites = - 24.8 (IADF) - 0.52 (CA) + 0.48 (P) - 757.5 
with variables again listed in respective order of entry (R*= 0.72). 
Again leaf/stem ratio was the first non-significant variable to 
enter the model (P = 0.07). Phosphorus was the only variable 
consistently present in both models, and on entry it contributed 
0.25 and 0.10, respectively, to boot stage and quiescent coeffl- 
cients of determination. 

Conclusions 

Steers foraged most selectively among our 8 varieties during 
boot-stage trials, when the CD-II and Nordan crested wheatgrass- 
es were preferred. Those 2 varieties collectively accounted for 
53% of total bites harvested by steers. Our findings based on total 
bites, total time, and plants regrazed also suggested CD-II was 
favored over Nordan crested wheatgrass. At quiescence Bannock 
was preferred over the closely related Secar based on bites per 
visit, percentages of single bite visits, time/visit, and bite rate dif- 
ferences. No differences in preference occurred between the 2 
Basin wildrye varieties (Magnar and Trailhead). 

The degree of selectivity exhibited in boot-stage trials empha- 
sizes the need to be cognizant of livestock preferences in pastures 
of mixed composition. Preferred forages have a much higher 
probability of being grazed, have more bites removed during each 
visit, and preferred plants are regrazed well before any of the for- 
ages are depleted. This focus on preferred grasses during the boot 
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stage of phenology may adversely affect palatable species over 
the long run, and ungrazed forages may eventually gain a com- 
petitive advantage in a pasture. Conversely, since steers were less 
selective and grasses are least affected by defoliation at quies- 
cence, pasture clean-up may be more easily accomplished at this 
later stage of phenology. 

Recent interest in optimum foraging theory, inexpensive com- 
puter access, and desires to develop accurate predictive tools, have 
stimulated development of models mirnicing the temporal, spatial, 
quantitative, and qualitative aspects of herbivore foraging. Our 
efforts to detect variables that may consistently predict forage 
selection by steers were largely unsuccessful. Our spatial observa- 
tions suggest, however, that a seasonally dynamic moving-win- 
dow is an appropriate algorithm for simulating beef cattle foraging 
in a mixed-composition, patchy environment. Boot stage and qui- 
escent travel distances between feeding stations averaged 2.4 and 
1.4 m, respectively, implying that steers selected from among the 
nearest 48 and 24 neighbors at these 2 stages of phenology. On a 
similar note, steers grazed the nearest available plant 50% of the 
time in boot-stage trials and 65% of the time when forages were 
dormant. We still have much to learn before we can create realis- 
tic models of foraging behavior, and a coordinated effort by many 
disciplines will be required to successfully complete this task. 

In reference to the several indices of grazing behavior and pref- 
erence used in this study, we suggest that the more easily 
acquired measure of relative grazing time is adequate for ranking 
preferences of steers. Acquisition of bite-count data in the field is 
demanding, and others have found that indices of relative time 
expended with forages typically provide adequate interpretations. 
Exceptions to this occur, however, when animals forage among a 
variety of life forms where intake may be poorly correlated with 
grazing time. Although rankings of forages based on post grazing 
counts of plants utilized and percent of plant weight utilized 
closely corresponded with our bite count data (mean r,=O.90), we 
agree with others that utilization methods are not a preferred 
means of quantifying herbivore diets. 

All varieties evaluated in these trials provided suitable forage 
for cattle through the growing season and into early dormancy. 
All were deficient in phosphorus as the growing season pro- 
gressed, so cattle should receive some supplement. Each variety 
is ideally suited to specific soil, moisture, and climatic regimes, 
and each will be grazed if cattle have a limited selective opportu- 
nity. The proven ease of establishment, competitive ability, nutri- 
tional value, grazing tolerance, and relative palatabilities of the 2 
crested wheatgrass cultivars (CD-II and Nordan) suggests both 
are excellent candidates for pasture reclamation or establishment 
in beef production programs. Although forage management 
becomes more complex in pastures of mixed composition, less 
palatable cultivars might be used in critical or sensitive areas to 
discourage livestock grazing or enhance the preservation of 
ground cover. 
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Abstract 

LupiucAtduced “crooked calf dii” occurred in a fall calv- 
ing herd of cows in Northeastern Oregon. Sixty-seven calves 
Dam a herd of 131 cows (51%) were born with congenital skele- 
tal malformations primarily of the front limbs, neck, or spine 
and a few had cleft palates. Because of the nature of the malfor- 
mations, lupine was suspected, and investigation of the ranch and 
pastures where cows graxed revealed 2 species of lupine (Lupinvs 
sulphureus; Douglas ex. Lindl. and Lupinus Zeucophyflus; 
Douglas ex. Hooker) and poison-hemlock (Confum muculatum). 
Poison-hemlock was not graxed and therefore eliminated as the 
teratogenic plant. Extensive graxing of the Lupinus sulphureus 
especially the seed pods was evident. Chemical analysis of the 2 
lupine species demonstrated that L. sulphureus was likely the 
cause of the biih defects because it contained high levels of the 
quinoliiidine alkaloid anagyrine, a known teratogen. Lupinus 
sulphureus is a yellow-flowered lupine and contained 1.84% 
anagyrine in the seed, whereas Lupinus Zeucophyllus, a purple- 
flowered lupine, contained other quinoliiidine alkaloids but no 
anagyrine. The seed pods of L. sulphureus were high in tot?1 
alkaloids (42 mg/g of dry seed), of which 45% was anagyrine. 
After a review of breeding records, grazing patterns and growth 
stage of plants, it was determined cattle probably ingested L, sub 
phureus in the seed pod stage during critical fetal developmental 
periods of gestation. Epidemiologic studies suggested the critical 
gestational period included day 21 to day 100; 70% of the mal- 
formed calves were born to cows that were exposed to the plant 
during gestation days 60 to 80. The risk of deformities was 
markedly increased in fetuses exposed during thii interval. A few 
malformations occurred in cows exposed to the lupine as early as 
gestation day 21 and as late as day 100. We conclude that L sub 
phureus was the teratogenic species, and producers should pru 
vent cows from grazing L sulphureus during gestation days 40 to 
100 and consider herbicide control of thii lupine species. 

Key Words: lupine, anagyrine, skeletal malformations, cleft 
palate, arthrogryposis 
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Ingestion of lupine by pregnant cows induces congenital mal- 
formations in calves, a condition named “crooked calf disease” 
(Wagnon 1960, Shupe et al. 1967a, 1967b, 1968). The malforma- 
tions are characterized by twisted or bowed limbs (arthrogrypo- 
sis), twisted or deviated spine (scoliosis or kyphosis), twisted 
neck (torticollis), occasional cleft palate, or any combination of 
these. The malformations may be minor contractions which 
resolve spontaneously or they may be severe resulting in dysto- 
cia, delivery by Cesarean, or death of the neonate. A similar con- 
dition of genetic origin is reported in Charolais calves from an 
inherited simple autosomal recessive trait (Nawrot et al. 1980). 

Lupine species previously implicated in crooked calf disease 
include L.. sericeus, L.. cazdatus (Shupe et al. 1967a, 1968), and 
L laxiflorus (Wagnon 1960). Lupinus latifolius was implicated in 
dog and human malformations when milk from goats eating this 
lupine was ingested by the mothers during pregnancy (Kilgore et 
al. 1981). The quinolizidine alkaloid anagyrine was implicated as 
a teratogenic alkaloid in this and in earlier studies of lupine- 
induced “crooked calf disease” (Keeler 1976). Anagyrine was 
demonstrated to pass into the goat’s milk after ingestion of the 
lupine and all lupines containing anagyrine are believed to be 
potentially teratogenic if eaten during critical periods of gesta- 
tion. Although plant extracts rich in anagyrine induced crooked 
calves (Keeler 1976), the pure compound has yet to be tested. 
Fifteen Lupinus species containing anagyrine have been identi- 
fied in the western United States (Davis and Stout 1986) but L. 
sulphureus was not listed among those examined. 

Quinolizidine alkaloid absorption from the gut is rapid (alka- 
loids appear in the blood within 15 minutes after gavage) and the 
serum elimination half life for anagyrine is about 5 to 10 hours 
(Gardner and Panter 1993). Repeated dosing or continuous low 
level ingestion of small amounts over time may result in cumula- 
tive intoxication and/or teratogenesis. Currently, the minimum 
number of days ingestion must occur for malformations to result 
is unknown. 

The mechanism of action of these alkaloids is associated with 
reduction in fetal movement during critical stages of gestation 
(Panter et al. 1990). If the critical stage of pregnancy includes 
early gestation (up to day 38 in sheep and goats and day 56 in 
cows; Evans and Sack 1973), cleft palate may be induced (Panter 
and Keeler 1992). Specific alkaloid-induced cleft palate is 
believed to result from the mechanical interference of palatal 
shelf closure and fusion by the tongue due to reduction in fetal 
movement (Panter and Keeler 1992). If the critical period of ges- 
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tation is later, then skeletal contractwe type malformations may 
also occur. 

The purpose of this report is to describe a clinical case of 
lupine-induced “crooked calf disease” implicating Lupines sul- 
phureus as the temtogenic plant. Alkaloid levels are reported for 
L. sulphureus and La ieucophyllus at various gmith stages and 
related m epidemiologic records of gestational stages of expa- 
sure. Management recommendations to reduce losses are also 
reported. 

Materials and Methods 

Himy 
An outbreak of “crooked calf disease” in a fall calving herd of 

cattle in Northeastern Oregon was reported in the fall of 1992. 
Cows were Hereford and Hereford cmssbmds in good body con- 
dition. Ranch history of crooked calves included 10 to 12 
deformed calves born in a U-day period from 20 November to 17 
December, 1991. Before 1991 crooked calf disease was ram on 
the ranch. The foothill pastures are 16 km east of Pendleton, Ore. 
in the Blue Mountains and have been a pat of this ranching oper- 
ation for several decades. Stocking rates of 1.6 cows per hectare 
had not been changed in recent years and pasture rotation was 
similar to that of past years. 

Cows were exposed to bulls on 5 February through 5 April 
1992. and were turned out on the foothill pashxe containing good 
quality grass and abundant Lupinus sulphureus (Fig. 1) on 28 

I 

In the spring of 1993 the ranch and foothill pastures were 
examined and types of vegetation noted. Three pastures contained 
improved grasses with few forbs except 2 species of lupine and 
poison-hemlock. Plant samples were collected at different pheno- 
logical stages from different pastures for alkaloid analysis and for 
plant identification at the Intermountain Herbarium at Utah State 
University, Logan. The lupines were identified as L sulphureus 
(yellow lupine) and L leucophyllus (purple lupine). 

Chemical Annlvsis 
Lupine plant &mples were submitted for identification to the 

Intermountain Herbarium and then air-dried. Either the whole 
plant 01 individual plant parts were ground to pass a 2 mm screen. 
One-hundred mg samples were extracted in duplicate according 
to the protocol previously described (Gardner and Panta 1993). 
The isolated alkaloid fraction was weighed to determine total 
alkaloid content. Individual alkaloids were identified by GC 
analysis comparing alkaloid retention times with a sample of L 
caudotus with known and verified alkaloid protiles. Individual 
alkaloid concentration was calculated using area under the curve 
as a relative percent of the total alkaloid weight as measured from 
gas cbmmatogram (GC) analysis and reported in Tables l-3. 
Identification of anagyrine was verified by @Z/mass spectrometer 
(MS) analysis. 

Epidemiology 
Review of calving dates and time of entry and exit from the 

pastures provided the information for the epidemiology shldies. 
Fetal age was back calculated using bii dates and a 283 day 
gestation length. Gestational age-specific incidence as determbwd 
by Ihe gestational age at the onset of exposure was plotted with 
the fetal age divided into 10 day periods (Figs. 2 and 3). Data 
from the L sulphureus were further analyzed by a LOWESS pm- 
gram for smoothing scatter-plots (Fig. 4; Cleveland 1981). One 
calf with severe malformations was submitted for pathological 
exanlination. 

Herbicide Treatment 
Herbicide treatment included 18.25 ml Ally, 1.18 liter Curtail 

and 4.75 liter of M-90 spreader sticker per hectare applied by 
ii& wing airplane (total cost of $46.75 per hectare). Herbicide 
treated and untreated L sulphureus plants were also submitted for 
alkaloid analysis 6 days after herbicide application (Table 1). 
Herbicide was applied 26 April 1993. 

Results and Diiussion 
Fig, 1. Prewlence of lupine (DlpinuF s&phurew) in the east pasture 

before flowering. 

April 1992 for 22 days. Forage availability and quality were not 
specifically evaluated but shortage of grass did not appear to be. a 
factor in increased consumption of L sulphurew pods. At the end 
of the 22 day grazing period cows were transferred to an adjoin- 
ing pastme with some L sulphureus in isolated areas. but a pm- 
dominance of L Ieucophyllus. One-hundred-thirty-one mature 
cows were placed on the foothill pasture with lupine and 28 first- 
calf heifers were placed on neighboring irrigated pastures without 
lupine. The calving season began on 28 October 1992, and 
extended to 25 January 1993. By 1 January 1993, 142 calves had 
bee” ban 

Sixty-seven calves from 131 cows grazing pastures containing 
lupines were born with skeletal deformities and 50 either died or 
were humanely killed because of the severity of their deformities. 
Many of the 17 calves with moderate deformities that survived 
were not marketable commercially (Figs.5 and 6). Of the 67 
deformed calves, 60 had front limb involvement (6 of which had 
some neck deviations), and 4 or 5 had palate defects. One calf 
had cleft palate only without any skeletal defects suggesting brief 
exposure early in gestation. Palates were not checked until late in 
the calving seam” and death of some of the earlier calves may 
have been related to cleft palates. One severely deformed calf 
was taken to the diagnostic lab at Washington State Univenity 
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Table I. Total end individual aikaloid concentrations (mg alkaloid/ 100 mg dry piant of L leucophyllus (A) and L sulphureus (B) collected on 6-2-93 
in different pastures, end before and after herbicide treatntent for L sulphureus (C). L Sulphureus in the east pasture had senesced and was not 
analyzed. Note: No anagyrine was detected in L leucophyllur. 

(mg Alkaloid/100 mg Dry Plant) 

west 
Top 
East 

L (W 
Pasture 
West 

Total 
1.38 
0.86 
0.51 

1.08 

A E H k 
0.20 0.43 0.03 0.72 
0.05 0.34 lx 0.42 
0.06 0.19 TR 0.25 

1 K c k 
0.08 0.07 0.54 0.07 

H 
0.27 

Top 1.25 0.08 0.27 0.25 0.02 0.59 

L su~hureus (flower rtaeel (C) 
% anagyrine 

Ia!rd z K sz k E k#Qtal 
Untreated 0.73 0.09 0.08 0.13 TR 0.44 61 
Treated 0.95 0.06 - 0.39 0.02 0.37 43 

A = Tenahyd 
c = Lupanine 
E=Amgyrine 
F = 1ZHydroxylupacinc 
H= 13-AngeloyIoxyIupanine 
I = .5,6dchydmlupacinc 
K = hnprolobme 
L = Unidcntiticd Alkaloids (rcprcscnts a total of 4 chromstographic peaks for L kucophyllus and 1 peak for L sdphureus) 
Note: Mtcrs represent peaks on the chromatogram. 

for necropsy and histopathologic evaluation. The 28 replacement 
heifers on irrigated pastures without lupine did not have any 
deformed calves. 

Gross necropsy findings on the calf submitted for pathological 
examination included arthrogryposis and valgus deviation of the 
left forelimb, varus deviation of the right forelimb, left torticollis, 
and scoliosis of the thoracic spine. No histologic abnormalities 
were seen in multiple samples of skeletal muscle, brain, and 
spinal cord. Both the physical abnormalities observed in the live 

N=6 5 16 t9 22 49 31 6 5 
100 
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f 60 

3 50 

$ 40 
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10 

0 
<=20 31-40 51-60 71-80 91-100 

21-30 41-50 61-70 El-90 

Stage of gestation (days) 

m arthrogrypolic EW normal 

Fig. 2. Epidemiologic data of fetal stage of development at time of 
exposure to yellow lupine (Lupinus sulphureus). N= number of 

Fig. 3. Epidemiologic data of fetal stage of development at time of 

cows in each 10 day gestational block inchrding days 20 to 100. 
exposure to purple lupine (Lupitzus kucophyllus). N= number of 

Stage of gestation was based on a 283 day parturition. 
cows in each 10 day gestational block including days 20 to 100. 
Stage of gestation was based on a 283 day parturition. 

calves and the findings at necropsy of the sacrificed calf are con- 
sistent with a diagnosis of lupine-induced congenital disease. 

Lupine samples were collected for identification and screened 
by chemical analysis for the presence of possible teratogenic 
alkaloids (piperidines or the quinolizidine alkaloid anagyrine). 
Lupinus sulphureus and L. leucophyllus were identified and 
chemical analysis revealed high anagyrine levels in L. sulphureus 
but none in L. leucophyllus (Tables 2 and 3). No teratogenic 
piperidines were detected in either species. Anagyrine was identi- 

<=20 31-40 51-60 71-00 91-100 
21-30 41-50 61-70 81-90 >lOO 

Stage of gestation (days) 

m arthrogfypotic normal 
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0 22 44 66 88 110 

Gestational Age (Days) 

Fig. 4. LOWESS smoothed plot (Cleveland, 1981) of the risk of fetal 
deformity versus gestational midpoint in days for fetuses during 
22 day exposure to L sulphureus. Stage of gestation was based on 
a 283 day geatatiomd period. 

lied as the probable teratogen in other lupines (Keeler 1976) and 
is believed to be the key factor in this case. L. sulphureus is high 
in anagyrine at all stages of growth until alter seed shatter (Table 
2). Seed was very high in total alkaloid and anagyrine at 4.17% 
and 1.84% of dry seed, respectively. Herbicide treatment slightly 
increased total alkaloid and lupanine content but reduced 
anagyrine levels (Table 1). While herbicide treatment was of 
questionable value in control of the lupine, these data indicate 
some changes in plant alkaloid profiles resulted. 

Epidemiologic investigations showed that cows likely grazed L 
sulphureus in the pod stage during the susceptible fetal period of 
gestation. Previous research has shown that cattle begin grazing 
lupine, locoweed, and larkspur when in the pod stage (Keeler et 
al. 1977, Ralphs 1987, Pfister et al. 1988). This particular year, 
plant growth was early because of good residual soil moisture 

and warm temperatures early in the season. Weather data from 
the Oregon Climate Service, Oregon State University, for the 
Pendleton area showed increased annual precipitation in 1991 of 
34.3cm (average 31cm). In the first 3 months of 1992 when cows 
were grazing the Lupinus sulphureus pasture precipitation was 

decreased by an average of 1.9cm per month while temperatures 
were increased by an average of 2.2”C per month for the same 
period. 

Seed pods of this particular species are apparently palatable and 
the plant in the seed pod stage is considered a teratogenic threat 
as reported in the literature (Keeler et al. 1977) and as demon- 
strated here by the high anagyrine content (Table 2). The prefer- 
ence of cattle for lupine relative to grasses is unknown; however, 
grasses were not depleted when the cows were grazing lupine 
pods. While the plant and pods may have negative qualities for 
grazing such as bitterness and toxicity, they also have nutritional 
value, for example seed pods with 30-405 seed shatter and pure 
seed from Zapinus argenteus collected near Twin Falls, I&. had 
protein values of 19.4 and 48% respectively (Panter, unpublished 
data 1996). We still don’t understand all the factors that influence 
livestock grazing habits and why they graze poisonous plants 
when they do. 

When plants were collected for chemical analysis, phenological 
stage was different for the 2 lupine species as L. sulphureus 
mahued early in the season and was drying whereas L. leucophyl- 
lus was just entering the seed pod stage. This was evident by the 
23 June 1994 collections in which L sulphureus was mature with 
about 75% seed shatter and L leucophyllus was in the mid to late 
flower/early pod stage (Tables 2 and 3). It appeared that L leuco- 
phyllus seedlings were increasing in the grass community where- 
as the L sulphureus had been a significant part of the vegetation 
for many years. We concluded initially that L leucophyllus was 
the most likely lupine; however, alkaloid analysis and subsequent 
risk analysis incriminated L sulphureus not L lewophyllus. 

The gestational age-specific incidence of arthrogryposis for 
exposure to L sulphureus during the first 100 days of gestation is 
shown in Figures 2 and 4, and supports the conclusion that L sul- 
phureus was the causative lupine. The period of grazing L sul- 
phureus was 22 days and the majority of the calves born with 
arthrogryposis experienced the onset of exposure during 60 to 80 
days of gestational age. The risk for arthrogryposis increased dra- 

Table 2. Total and individual alkaloid concentratkms (mg alkalokl/lOO mg dry plant) in L. sulphumus at different stages of plant growth. 

Plant stage Date. Total J K C L E %ofE’ 

(mg Alkaloid/100 mg Dry Plant) 
Pre bud 4-02-93 1.55 TR 0.43 TR 1.11 70% 
Early bud 4-16-93 1.25 0.06 0.26 0.21 TR 0.73 58% 
Early bloom 4-28-93 1.43 0.08 0.05 0.35 0.03 0.91 64% 
Full bloom 5-04-93 0.98 0.10 0.15 0.13 0.01 0.59 60% 
Late flower/early pod 6-15-93 0.80 0.08 0.09 0.28 0.03 0.30 36% 
Mature 75% 

Seed shatter 6-23-93 0.24 0.06 0.02 0.05 0.13 54% 
Flowers S-04-93 1.68 0.12 0.09 0.15 0.02 1.30 78% 
Leaves 5-04-93 1.23 0.13 0.12 0.22 0.02 0.73 59% 
stfxns S-04-93 0.24 0.06 0.02 0.04 - 0.14 61% 
seed 6-23-93 4.17 0.68 0.23 1.26 0.02 1.84 44% 
’ =%ofEinthetotalalkaloidcontent 
E=TbCtClXtOgC0flUZ3gjTiUC 
J = 5.6.Dehydfolqanine 
K = Lampmlobiie 
C=Lqmim 
L = Unidentitied Alkaloid (mpresented by 1 chmmatograpbic peak) 
Note.: Letters represent peaks on the chromatogram. 
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Rbk 3. Total and individual attcatoid conantratkms (mg &aloii/loO mg dry plant) in L &ucopkylku at variow stages of plant gmwth. Note: no 

Plant stage Total A F H 1 
(mg AIkdoid/lM)mg Dry Plant) 

MY growth 4-02-93 1.30 0.11 0.17 0.26 0.75 
Fw bloom 428-93 1.44 0.17 0.32 0.15 0.75 
Mid-late bloom 6-23-93 0.94 0.11 0.25 0.05 0.53 
Late bloom/early pod S-2,-93 0.89 0.15 0.27 0.04 0.44 
MmlE seed beda 7-09-93 1.42 0.04 0.38 TR 1.M) 
Seedlings 7*93 1.31 0.40 0.24 0.07 0.59 
A = Tstiydm¶bnnbifc.lii 
F I l3-hydmiyl”~ 
H = I3-qeloyloryl”paninc 

matically behveen gestational midpoints of 66 to 88 days (Pig.4). alkaloid-containing lupines. This report also supports the need for 
The analysis also caused us to believe that some risk may occur chemical analysis in management decisions discerning terato- 
with an onset of exposure as late as 90 to 100 days of gestation. genie lupines from non-teratogenic lupines. Management recom- 
These data suggest that the “‘window of susceptibility’* proposed mendations include herbicide treatment of pastures and rotating 
by Shupe et al. (1967b) of 40 to 70 days gestation may now pastures: putting cows into pastures without the Lupinus WI- 
include days 22 to 100, although they did report slight to moder- pkurew during the critical periods of gestation and monitoring 
ate front limb contractures in calves exposed at gestation days 
later than 70. Certainly, maternal dose of anagyrine and fetal size 
would be important determinants. In controlled feeding trials in 
cows there was no evidence of shortened gestation periods in 
cows carrying malformed fetuses induced by lupine (Keeler and 
Panter 1989). 

Conclusions and Recommendations 

This case implicates an unreported Lwpinw species that appar- 
ently causes nooked calf disease and further supports evidence 
that anagyrine is perhaps the key teratogen in these quinolizidine 

Fig. 5. A moderately deformed calf showing the bowed legs. These 
calves grew as demonstrated in Fig. 6 but were not marketable to 
a feeder or packer because of the condition. 

rig. 6. A moderately deformed yearling demonstrating that these 
moderate ~ontraet~m do not resolve but generally worsen as the 
size of the calves increase. 
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plant growth stages. These recommendations have prevented 
deformed calves in this herd of cows in recent years. 

Earlier management recommendations to reduce losses from 
lupine included altering breeding dates with adjusted grazing pat- 
terns to prevent cows from grazing teratogenic lupines during 40 
to 70 days gestation and avoid grazing lupines during high alka- 
loid content (early growth and pod stage) (Keeler et al. 1977). 
This recommendation suggested that fall calving schedules were 
beneficial in reducing losses; however, this study demonstrates 
that cows bred for fall calving may also be at risk, especially if 
the cows are bred to calve in late fall as these were. If this herd 
had been bred for calving to occur in early fall beginning in 
September the critical periods of gestation would for the most 
part have heen avoided. However, lack of malformations before 
1991 suggest this calving schedule was acceptable during most 
years. The early, warm, spring-like conditions in January and 
February of this particular year caused the plant to grow and 
mature earlier than usual. This scenario is a reminder that suc- 
cessful management strategies to prevent poisoning need to be 
flexible and should consider the stage of plant growth as well as 
the stage of pregnancy of the cows. 
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Abstract 

Seasonal wildlife observations were made along transects on 2 
pastures in late seral and 2 pastures in mid set-al condition in 
southcentral New Mexico in non-drought and drought years 
(1993,1994). Remaining ciiiax vegetation was about 64% and 
57% on late seral pastures. About 37 % and 32% of the climax 
vegetation remained on mid seral pastures. Total wildlife and 
total bird sightings/km’ during the study period were higher 
(P c 0.10) on the mid compared to late seral rangelands. The 
same number of wildlife species were seen on the late and mid 
seral pastures. Sightings of scaled quail (Callipeplu squamata 
Vigors), mourning doves (Zenaida macroura Linnaeus), prong- 
horn (Antilocapra americana Ord), and desert cottontails 
(Sylvikrgus auduboni Mearns) showed no differences (P > 0.10) 
between late and mid seral condition rangelands. Black-tailed 
jackrabbit (Lepus califonicus J.A. Allen) numbers were higher 
(P < 0.10) on mid than late send pastures. Drought conditions in 
1994 severely depressed (P < 0.01) total wildlife sightings/km* 
compared to 1993 when precipitation conditions were near aver- 
age. Year effects were significant (P < 0.10) for black-tailed 
jackrabbit, mourning dove, raven (Corvus corer Gmeiin), total 
songbird, total bird, and total wildlife sightings. Total wildlife 
sightings in 1994 were reduced by 42% compared to 1993 (256 
versus 440 total sightings km*, respectively). 

Key Words: grazing, arid lands, songbirds, jackrabbits, quail, 
pronghorn 

Chihuahuan Desert rangelands are important for both livestock 
production and recreation in New Mexico. They support about 
20% of the beef cow herd in New Mexico. The Chihuahuan 
Desert is a primary source of clean air, recreation, wildlife, and 
esthetics to a rapidly expanding Southwestern human population. 
Increasingly, livestock production in New Mexico and other 
western states is being challenged by environmentally concerned 
groups. Various wildlife species on both public and private 
rangelands in the Chihuahuan Desert are becoming increasingly 
important as sources of recreation and income (Cutler 1990). 
Therefore knowledge of the impact of different livestock grazing 
strategies on wildlife habitat in the Chihuahuan Desert is impor- 
tant in range management decisions. 

Chihuahuan Desert rangelands in late seral condition may pro- 

This research was supported by the New Mexico Agr. Exp. Sta.. Las Cmces, New 
Mexico and was part of project l-5-27417. 
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Reslimen 

Observaciones de fauna silvestre fueron reahxadas en dif’er- 
entes estaciones de1 afio a lo iargo de transectos establecidos en 
cuatro potreros; 2 en buenas condiciones y 2 en regniares condi- 
ciones en la region centro-sur de1 estado de Nuevo Mexico 
durant aiios de sequia (1993, 1994). La vegetation climax exis- 
tente fue de alrededor de 57 46 a 64 46 en 10s potreros clasiicados 
bajo buenas condiciones y 32 % a 37 40 en aquellos bajo regulares 
condiciones. Las cantidades tot&s de vida silvestre y aves (avis- 
tamientos/Km*) durante el period0 de estudio fueron mas 
grandes (P < 0.10) en 10s potreros bajo condiciones regulares 
comparados con aquellos en buenas condiciones. El mismo 
ndmero de especies de fauna silvestre fue visto tanto en 10s 
potreros bajo buenas coma regulares condiciones. Avistamientos 
de codornix (Callipepla squamata Vigor@, torcaxas (Zenaida 
macroura Linnaeus) antilope (Antilocarpa americana Ord) y 
conejo cola bianca de1 desierto (Syldzgus auduboni Mearns) no 
mosttaron diferencias (P > 0.10) en la comparacion de potreros en 
huenas y regulares condiciones. El nlmero de avistamientos de 
iiebres (L.epus calfomicus J.A. Aiien) fue nuts alto (P < 0.10) en 10s 
potreros bajo regulares condiciones. El estado de sequia existente 
durante 1994 redujo severamente (P < 0.01) el nimero de avis- 
tamientos de fauna silvestre en comparacion con el aiio 1993 cuan- 
do las condiciones de precipitation estuvieron cercanas al prome- 
dio normal. El efecto aims fue signiticativo (P < 0.10) para el avis- 
tamiento de especies coma liebres, torcaras, cuervos (Corrus corax 
Gmeiin), aves y total de fauna siivestre en general. El numero total 
de avistamientos durante 1994 se redujo en 42% comparado con 
1993 (256 contra 440 avistamientos/Kn+) respectivamente. 

vide better wildlife habitat than those in early seral, mid seral or 
climax ecological condition. This is because late seral rangelands 
support more diverse mixtures of grasses, forbs, and shrubs com- 
pared to mostly grasses on climax and mostly shrubs on mid or 
early seral rangelands (Holechek 1991). Replicated studies are 
needed to test this theory. The objective of our study was to com- 
pare wildlife numbers on 2 Chihuahuan Desert rangelands in late 
and 2 in mid seral condition in south-central New Mexico. 
Climate, soils, and topography are similar on the 4 study pastures. 

Materials and Methods 

Study Area Description 
Our 4 study pastures were located on the NMSU Chihuahuan 

Desert Range Research Center (CDRRC). The ranch is 37 km 
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north of Las Cruces, N.M. in Dona Ana County. The ranch is in 
the southern portion of the Jomada de1 Muerto Plains between the 
San Andres Mountains to the east and the Rio Grande Valley to 
the west. Elevation varies from 1,188 to 1,371 m with level or 
gently rolling hills. 

Soils 
Soils of the College Ranch area are mainly light loamy sandy 

loams underlain by calcium carbonate hardpan (caliche) at depths 
varying from a few centimeters to 1 m or more (Valentine 1970). 
They are classified as fine loamy, mixed, thermic. typic haplargids 
and are in the Simona-Cruces associations (SCS 1980). In areas 
where the ground cover is sparse, sandy dunes are formed around 
the invading mesquite plants (Wood 1969). Over most of the 
study area, the soil profile is relatively well preserved and stable. 

Climate 
The climate on the CDRRC is typical of the Chihuahuan 

Desert. The ranch is arid with an average of 200 days in the frost 
free period. The only permanent water sources are the wells and 
pipelines provided for livestock. Temperatures are high in sum- 
mer, with a mean maximum of 36°C during June, and a mean 
maximum of 13°C during January (Pieper and Herbel 1982). 
Temperature differences are substantial between day and night. 
Solar radiation is generally greatest in June and lowest in 
December. Winds are strongest in the spring and cause severe 
erosion problems and water stress on the plants. 

The annual precipitation is biomodal. Summer precipitation is 
generated from the Gulf of Mexico and is characterized by local- 
ized convectional storms of high intensity but low frequency. 

Winter precipitation (December-February) comes from the 
Pacific Ocean. Storms in the winter are relatively gentle and 
evenly distributed. The mean annual precipitation is 230 mm with 
52% of the annual rainfall occurring during the summer peak. 

Rain gauges are located throughout the CDRRC and extensive 
records were available. The total annual precipitation for the 
CDRRC in 1993 was 253 ~~(107% of x> (Fig. 1). In 1994 the 
total was 178 cm (76% of x). In the 1994 growing season pre- 
cipitation was near the alltime low (41% of x), but above aver- 
age in 1993 (113% of x). As a result, study pastures were 
destocked in August of 1994. 

Vegetation 
Primary grass species on our study areas include black grama 

(Bouteloua eriopoda Torr.), dropseed (Sporobolus sp.), three- 
awns (Aristida sp.), bush muhly (kfuhlenbergiu porteri Kunth.), 
fluffgrass (Erioneuron pulhellum Tateoka), and tobosa (Hilaria 
muticu Buckley). The most commonly encountered shrub species 
is honey mesquite (Prosopis glandulosa Tot-r.). It dominates the 
overstory and has been increasing over the past 100 years (Pieper 
and Herbel 1982). other shrubs commonly found are snakeweed 
(Gutierrizea sarothrae Pursh), souptree yucca (Yucca elata av.), 
creosote (Larrea tridentata [Pursh] Nun), and fourwing saltbush 
(Atriplex canescens [Pursh] Nutt.). Leatherweed croton (Croton 
pottsii Lam.) is the primary forb occurring on the CDRRC and is 
an important food for livestock and pronghorn. 

Wildlife 
The wildlife on the CDRRC includes a variety of birds, and 
mammals. Gamebirds found on the ranch are the scaled quail 

6 

Month 

i 

Fig. 1. Average monthly precipitation (cm) and monthly precipitation for 1993 and 1994 on the Chihuahuan Desert Raugeland Research 
Center iu south central New Mexico. 
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(Callipepla squamata Vigors) and mourning dove (Zenaida 
macroura Linnaeus). Raptors include the marsh hawk (Circus 
cyaneus Linnaeus), red-tailed hawk (Buteo jamaicensis 
Linnaeus), Swainsons hawk (Buteo swainsoni Bonaparte), 
American kestrel (Falco sparverius Linnaeus), and golden eagle 
(Aquila chrysaetos Linnaeus). Other raptors may be encountered 
infrequently. Songbird populations can vary substantially during 
the year (Davis et al. 1974). Primary songbird species include 
western meadowlark (Sturnella neglecta Audubon), western 
kingbird (Tyrannus verticalis Say), loggerhead shrike (Lunius 
ludovicianus Linnaeus), mockingbird (Mimus polyglottos 
Linnaeus), and various species of sparrows and juncos. The 
black-tailed jackrabbit (Lupus califomicus J.A. Allen) and the 
desert cottontail (Sylvilagus anduboni Meams) are the primary 
small mammals occurring on the ranch. Our study did not evalu- 
ate rodent populations on study pastures. The primary carnivore 
on the CDRRC is the coyote (Canis latrans Merriam). A few 
desert fox (Vulpes macrotis Merriam) have been observed in the 
past (Pieper et al. 1983). Large mammals include predominately 
pronghom (Antilocapra americana Ord), with occasional sight- 
ings of mule deer (Odocoileus hemionus Rafmesque). The gems- 
bok (Oryx gazella Linnaeus), an introduced species from Africa, 
occurs primarily on the White Sands Missile Range and it has 
been occasionally sighted on the far east side of the CDRRC. 
Pieper et al. (1983) provide a detailed description of the wildlife 
present on the CDRRC. 

Research Pastures 
During 1991 four pastures with similar soils (sandy loams), 

topography (flat), and size were delineated and fenced. These 
include pasture 15 (1,267 ha), pasture 4 (974 ha), pasture 14 (932 
ha), and pasture 1 (1,219 ha). The 4 pastures were adjacent to 
each other and surrounded by rangeland in a mid seral condition. 
Basically the spatial ordering of the pastures from west to east 
was 15, 14, 1, and 4. These pastures were stocked with equal pro- 
portions of 3 breeds of cattle (Brangus, Barzona, Beefmaster). At 
the initiation of the study (June 1992), pastures 15,4, 14, and 1 
were stocked at the rates of 40,52,24, and 32 AU’s, respectively. 
Pastures 15 and 4 were considered to be in late seral (good) eco- 
logical condition and pastures 14 and 1 were considered to be in 
mid seral (fair) ecological based on ecological scores using the 
quantitative climax approach of Dyksterhuis (1949) (Table 1). 
Remaining climax vegetation was 64% on pasture 4 and 57% on 
pasture 15. About 37% and 32% of the climax vegetation 
remained on pastures 14 and 1, respectively. Pastures 15 and 4 
were stocked to obtain a utilization level of about 3&35% on key 
forage species while pastures 14 and 1 were stocked to obtain a 
utilization level of 4045%. 

Table 1. Percentagea of open grassland, mixed grass-shrub, and shrub- 
land on pashwes l&4,14, and 1’. 

Shrubland 
Pasture lae)p-&-;;;~n* Mixed @=-“!Yb rmd secal con&tlon early seral condition 

-------_-_____-----_---------------- (%) _---_-____________________________ 
15 59 35 6 

4 49 51 0 
14 55 21 24 

1 40 51 9 

.haminaticns wcrc made by Dr. Dee Gait, a certified range consultant. 
%bis cakgory included small areas that were near or at climax ecological condition. 

In June 1993 five transects 1.6 km in length were systematical- 
ly placed in each pasture. Transects were placed at least 1 km 
from boundary fences to minimize any ecotone effects where pas- 
tures adjoined. All transects were at least 0.8 km apart. These 
transects (5 per pasture) were used to monitor wildlife popula- 
tions and plant foliar cover. 

Foliar cover data were collected for summer 1993, fall 1993, 
summer 1994, and fall 1994. A modification of the line-intercept 
(Holechek and Stephenson 1983) procedure of Canfield (1941) 
was used to determine percent cover. A meter stick was used 
instead of an extended line. Measurements were made approxi- 
mately every 80 meters. This resulted in 20 sampling points of 1 
meter each along each 1.6 km transect. The meter stick was 
placed perpendicular to the transect and the intercept of the plants 
measured according to Bonham (1989). The intercept for grasses, 
forbs, and shrubs, were measured at the crown intercept. 
Measurements were recorded in millimeters. 

Wildlife sightings were recorded along all 20 transects. These 
inventories were taken in late spring 1993, late summer 1993, late 
fall 1993, spring 1994, summer 1994, and fall 1994. All invento- 
ries were conducted between the hours of 0700 and 1100. 
Binoculars were used to aid in the identification of species. Only 
wildlife observed within 50 m on either side the observer were 
recorded in an effort to avoid recording the same line twice. The 
same observer was used in order to maintain consistency in 
wildlife identification. Data were converted to wildlife sightings 
per km* for statistical evaluation. 

Statistical Analysis 
A randomized factorial analysis of variance was used to com- 

pare vegetation, foliar cover and wildlife sightings among pastures 
and seasons (Steel and Torrie 1980). Pasture 15 and 4 were used 
as replicates for late seral range and pastures 1 and 14 were used 
as replicates for mid seral range. The Shannon index (Barbour et 
al. 1987, Magurran 1988) was used to evaluate vegetation and 
wildlife diversity on late and mid seral condition ranges. 

Results and Discussion 

Total wildlife sightings were higher (P < 0.01) on mid than late 
seral pastures (Tables 2 and 3). Wildlife diversity, measured by 
the Shannon index, did not differ (P > 0.10) between late and mid 
seral ranges (1.82 versus 2.02). 

Total mammal sightings were higher on mid than on late seral 
ranges (Tables 2 and 3). This was primarily from the higher num- 
ber (P c 0.05) of black-tailed jackrabbits observed on the mid 
seral pastures. Daniel et al. (1993b) also observed higher black- 
tailed jackrabbit numbers on mid compared to late seral 
Chihuahuan Desert rangelands. 

Forbs. particularly leatherweed croton, are important in black- 
tailed jackrabbit diets throughout the year (Wansi 1989, 
Schneberger 1990, Daniel et al. 1993a). The higher availability of 
forbs on the mid compared to late seral pastures may explain the 
difference in jackrabbit numbers (Table 4). Shrub and grass cover 
were similar on late and mid seral study areas. 

Pronghom were observed more frequently on the late compared 
to mid seral pastures. Key pronghom food plants such as globe- 
mallow (Sphaeralcea sp.) (Howard et al. 1990) were similar in 
availability among mid and late seral pastures as was shrub cover. 
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Table 2. Summary of ecological condition, year, aad season main effects for wildlife sightings (sigbtings/km2) in the Chihuahuao Jksert of southeen- 
tral New Mexico. 

Wildlife 
species 

. 
ECOIS 

Late Mid 1993 
Yt%U 

1994 Spring 
Season 

Summer Fall 

Pronehorn 
coy& 
Jackrabbit 
Cottontail 

Total Mammals 

Mourning dove 
scaled quail 

Total gamebirds 

-__-_- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ (Sighhgs/km2) 
9.3 0.5 8.7 1.6 

_ _ _ _ _ _ _ _ _ _ _ _ -2;4- _ _ _ _ _ _ _ -los _ _ _ _ __ _ _ - - 
2.3 

0.5 3.1 1.0 1.6 1.6 1.6 4.6 
49.1a 63.4b 64.8a 47.7b 60.6 49.8 58.3 

8.1 12.4 11.4 8.8 11.6 10.1 8.6 
67.1 79.6 86.5 61.2 76.2 72.4 72.9 

12.4 19.3 25.2a 6.7b 20.7’ 27.2= o.ob 
8.1 16.2 12.4 11.4 8.6 11.6 15.6 

20.5 35.5 37.6 18.1 14.6 19.4 7.8 

Meadow lark 5.2 14.9 11.9 8.3 12.4 11.7 6.2 
Western kingbii 18.0 20.5 26.4 17.1 36.6 21.0 0.0 
Loggerhead hike 6.2 13.1 14.5 4.6 8.6 14.0 6.2 
Sparrow/juncos 110.7 138.7 143.1 106.8 127.5 140.0 107.3 
Mockingbiid 6.2 14.9 11.9 8.8 21.0 17.9 1.6 
Lark bunting 20.5 42.9 62.7 4.4 0.0 95.6 0.0 
Other songbirds 4.9 23.9 114.8 46.5 24.0 14.0 2.3 

Total songbii 171.7a 268.7b 284.4’ 155.0b 23O.v 307.1a 122. lb 

Total raptors 13.1 16.8 14.50 14.00 15.6’ 18.7’ 8.5b 
Ravens 10.1 11.8 11.92’ 7.27b 15.6 7.8 9.3 
Total other birds 10.6 12.4 
Total birds 215.9’ 333.4b 
Total wildlife 282.0’ 413.0b 
‘Means within each main cffeet with different supcrseripts differ at P < 0.10. 

15.55 7.27 17.1 7.8 9.3 
352.15a 194.38b 277.3’ 353.0b 147.7 
439.55a 255.55b 370.1b 444.7a 227.8’ 

Therefore we believe the higher proportion of open grassland in 
the late compared to mid seral pastures (Table 1) explains why 
they had more pronghorn sightings. Yoakum (1972) reported 
open grasslands receive greater use by pronghom than shrub- 
grasslands. This preference by pronghom for open grasslands is 
due to better ability to detect predators and fewer obstacles that 
impede mobility when evading predators. Our results are consis- 
tent with those of Clemente (1993) who found that pronghom 
used Chihuahuan Desert ranges in late seral condition more than 
ranges in lower or higher successional stages. We recognize our 
data are not conclusive due to the limited number of total prong- 
horn sightings on the study pastures. 

than grasslands and slightly higher populations than shrublands. 
Smith et al. (1996) found scaled quail were nearly absent from 
climax Chihuahuan Desert rangelands while quail sightings were 
common on late seral rangelands. Our scaled quail data tend to 
support the suggestion by Saiwana (1990) that about 45-55% 
remaining climax vegetation best meets the needs of scaled quail 
in the Chihuahuan Desert. 

More total bird sightings and more species of bird sightings 
occurred on mid compared to late seral pastures. The primary bird 
category observed on all study pastures was songbirds. We believe 
that higher amounts of open grassland explain the lower bird pop- 
ulations on the late seral pastures. Davis et al. (1974) studied bid 
populations on areas with varying densities of shrubs in the 
Chihuahuan Desert. They found bird diversity was greater on 
areas supporting a shrub component compared to open grasslands. 

Scaled quail sightings did not differ (P > 0.10) on late and mid 
seral ranges. However total observations were twice as high on 
mid compared to late seral pastures. Scaled quail numbers on the 
study area were probably depressed because of extended drought. 
Numbers of scaled quail per km* were lower in our study than in 
other studies on the CDRRC when rainfall was higher (Saiwana 
1990, Smith 1993). The low number of scaled quail observations 
prevent drawing definite conclusions regarding how they respond 
to late and mid seral rangelands. In an earlier study under higher 
rainfall Saiwana (1990) found no differences (P > 0.05) in scaled 
quail numbers between late and mid seral Chihuahuan Desert 
rangelands but there was a tendency for quail observations to be 
higher on mid seral areas. He found areas with mixtures of grass- 
es, forbs. and shrubs had much higher scaled quail populations 

Shrubs and half shrubs such as honey mesquite and broom 
snakeweed are important to scaled quail for both food and cover 
(Davis et al. 1974). These plants are considered to be increasers 
and are absent or occur at low levels on ranges in climax condi- 
tion (Smith 1993). Campbell et al. (1973) speculated that vegeta- 
tion changes caused by moderate cattle grazing can improve habi- 
tat conditions for scaled quail by opening dense stands of grass 
and increasing forb and shrub levels. Our results and those of 
Bock et al. (1984) and Smith (1993) support this speculation. 

Mourning dove sightings did not differ (P > 0.01) on late com- 
pared to mid seral ranges. Saiwana (1990) reported no difference 
in mourning dove sightings on mid and late seral Chihuahuan 
Desert rangelands. Smith (1993) found open grasslands with few 
forbs and shrubs had lower numbers of mourning doves than 
Chihuahuan Desert rangelands with mixtures of grasses, forbs, 
and shrubs. In Arizona, Bock et al. (1984) found mourning dove 
populations were higher on grazed than ungrazed areas. In South 
Texas heavily grazed areas had higher mourning dove popula- 
tions than those that were moderately grazed (Baker and Guthery 
1990). This was explained by higher food availability on the 
heavily grazed areas. 

Redroot pigweed (Amaranthus pubescens [Uline and Bray] 
RYBO.) and leatherwood croton are important mourning dove 
foods in southern New Mexico (Davis and Anderson 1973). 
Leather-weed croton was more available on the mid compared to 
late seral pastures (Table 4). Redroot pigweed is most prevalent 
around watering points that have been heavily grazed by live- 
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stock (Fusco 1993). Mourning doves make considerable use of 
honey mesquite for nesting and roosting (Soutiere and Bolen 
1976). Based on our research and Saiwana’s (1990) it appears 
rangeland in either mid or late seral stages meets the needs of 
mourning doves in the Chihuahuan Desert. 

Total songbird numbers were higher (P < 0.01) on the mid 
compared to late seral pastures. Vegetation diversity was similar 
(P > 0.10) on late and mid seral pastures (1.53 versus 1.63). 
However, late seral pastures had a higher proportion of open 
grasslands and a lower proportion of area with mixtures of grass- 
es, forbs, and shrubs than mid seral pastures (Table 1). 

Studies by Davis et al. (1974), Bock et al. (1984), and Smith 
(1993) indicate that Chihuahuan desert rangeland in a mid seral 
condition with about 45-55% remaining climax vegetation maxi- 
mizes songbird diversity and numbers. However some species 
such as Cassins sparrow (Aimophila cassinii Woodhouse) may 
use only those rangelands at or near the climax (Bock et al. 
1984). The late seral pastures in our study included small areas in 
the early seral stage, and larger portions in late seral or climax 

stages. In contrast areas in climax were almost absent from the 
mid seral pastures but a large early seral area did occur within 
pasture 14 (Table 1). Our research indicates that a mixture of pas- 
tures in climax, late seral, and mid seral stages will better meet 
the needs of songbirds in the Chihuahuan Desert than large con- 
tinuous tracts of climax or late seral rangeland. This would proba- 
bly Go apply to gamebirds (scaled quail and mourning doves), 
and raptors. 

Drought in 1994 reduced (P c 0.10) black-tailed jackrabbit, 
mourning dove, songbird, raven, and in general birds and total 
wildlife sightings compared to 1993 when near average precipita- 
tion conditions occurred (Tables 2 and 3). This reduction is prob- 
ably explained by a lack of high quality vegetation and insects in 
1994 compared to 1993. 

Total songbird and mourning dove sightings differed (P c 0.10) 
among seasons (Tables 2 and 3). Numbers were highest in sum- 
mer, intermediate in spring, and lowest in fall. These changes are 
probably due to availability of food and cover, and temperature. 
Most songbirds and mourning doves are migratory and leave the 

Table 3. Wildlife sightings (sightings/km’) on late seral (LS) and mid seral (IkEG) study areas in the Cbihuahuan Desert of south central New Mexico. 

Species 

Late Late 
ng1993 Summer 1993 &&Q& Fall 1993 Summer 1994 Fall 1994 

LS MS Ls MS LS MS Ls MS Ls MS Ls MS 

Mammals 
Pronghorn 
coyote 
Jackrabbit 
Cottontail 

Total 

Gamebii 
Mourning dove 
scaled quail 

Total 

songbll 
Meadowlark 
W. kingbird 
Loggerhead shrike 

&ckingbid 
Lark buntine 

Crissal thrasher 
Scott.3 oriole 
Cactus wren 
Pyroloxia 
Clii swallow 
Other 

Total 

Raptors 
Marsh hawk 
Red-tailed hawk 
Swainson hawk 
Sparrow hawk 
Golden eagle 
Burrowing owl 

Total 
Other Birds 
Roadrunner 
Raven 
Nighthawk 
Total other birds 
Total wildlife 

_____ 

6.2 3.1 40.0 3.1 0 0 0 0 0 0 9.3 0 
0 0 0 6.2 0 0 0 6.2 0 0 3.1 6.2 

56.0" 71.9 52.p 65.3" 62.2" 80.gb 56.0 59.1 37.3a 43.5b 31.1' 59.1b 
6.2 12.4 6.2 15.6 12.4 15.6 9.3 18.7 9.3 9.3 3.1 3.1 

68.4 87.1 100 90.2 77.1 %.4 65.3 84.0 46.7 52.9 49.8 68.4 

30.0 40.4 21.8 59.1 0 0 12.4 0 12.4 15.6 0 0 
18.7 12.4 9.3 24.9 9.3 0 3.1 0 6.2 6.2 0 52.9 
46.7 52.9 31.1 84.0 9.3 0 15.6 0 18.6 21.8 0 52.9 

3.1 21.8 0 28.0 12.4 6.2 9.3 15.6 0 18.7 6.2 0 
46.7 37.3 15.6 28.0 0 0 31.1 31.1 15.6 24.9 0 0 

3.1 21.8 15.6 28.0 9.3 9.3 6.2 3.1 3.1 9.3 0 6.2 
149.3 155.5 130.6 208.4 99.5 115.1 105.7 99.5 108.9 112.0 71.5 143.1 

9.3 28.0 9.3 24.9 0 0 15.6 31.1 3.1 6.2 0 0 
0 0 124.4 251.9 0 0 0 0 0 6.2 0 0 
0 0 0 9.3 0 0 0 0 0 0 0 0 
0 12.4 0 0 0 0 0 0 3.1 0 0 6.2 
6.2 3.1 0 0 0 0 3.1 0 0 0 0 0 
0 9.3 0 12.4 0 0 0 0 0 0 0 3.1 
0 9.3 0 12.4 0 0 0 6.2 0 0 0 0 
0 0 0 3.1 0 0 0 0 0 0 0 0 
3.1 28.0 6.2 0 0 0 3.1 12.4 3.1 6.2 

326.6b 
0 0 

220.0" 301.7a 606.5b 121.3 130.6 174.2 199.0 136.8' 183.5b 77.8" 158.Sb 

0 0 0 0 
0 9.3 0 0 
9.3 12.4 12.4 9.3 
0 0 0 0 
0 6.2 0 0 
0 0 0 9.3 
9.3a 28.0b 12.4' 18.7b 

3.1 6.2 0 0 0 3.1 3.1 0 
3.1 0 0 0 9.3 6.2 3.1 3.1 
0 0 15.6 9.3 6.2 6.2 0 0 
0 0 0 0 9.3 3.1 0 6.2 
0 6.2 0 0 0 0 0 0 
0 0 0 0 0 0 0 
6.2' 12.4b 

0 
15.6a 9.3b 24.9O 18.7b 6.2' 9.3b 

3.1 0 0 0 0 0 0 0 0 0 0 0 
15.6 24.9 12.4 15.6 9.3 9.3 3.1 18.7 3.1 0 15.6 3.1 

0 3.1 0 0 0 0 0 0 0 0 0 0 
18.7 28.0 12.4 15.6 9.3 9.3 3.1 18.7 3.1 

522.6b 
0 15.6 3.1 

363.1' 457.2' 814.8b 223.2" 248.Sb 273.8" 311.0b 230.1= 276.gb 149.3’ 292.3b 
34ean.s with seasons with different superscripts differ P < 0.10. 
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Table 4. Vegetation foiior cover (%) on late seral (LS) and mid send (MS) study areas in the Cbihoahoan Desert of south central New Mexico. 

Species 

Grasses 

Summer 1993 Fall 1993 Summer 1994 Fall 1994 Mean 
Ls MS Ls MS Ls MS LS MS LS MS 

----------------------------------(9h~ ___-_------____-----_________________ 
Bouteloua eriopoda 
sporobolus spp. 
Aristida spp. 
Erioneuron pulchellum 
Other grasses 

Total grasses 

Forbs 
Sphaeralcea spp. 
Croton pottsii 
Other forbs 

Total forbs 

1 .03a .2iP 1.84’ .31b 
1.47 1.62 .94 .55 
1.29 1.46 1.16 .87 

.29” .49b .04” .18b 

.02 .03 0 0 
4.10 3.88 3.98 1.91 

\ . - I  

.38’ .29b 

.81 .98 

.85 .86 
3 .28’ 

0 0.2 
2.29 2.34 

2.5’ .19b 
.85 .66 
.35 1.13 
.03’ .osb 
.lO .02 

2.83 2.08 

l&P .27b 
1.02 .93 

.91 1.08 

.15 26 
.03 .02 

3.55 2.56 

ShI-UbS 
Gutierrezia sarothrae 
Prosopis glandulosa 
Yucca elata 
Other shrubs 

Total shrubs 
Total vegetation cover 

.08 .08 .Ol .03 .06 .10 0 

.30” .82b .19a .38b .31’ .5lb .ll 

.ll .81 .13 .18 .08 .20 .07 

.49a 1.71b .33a .59b .45’ .81b .18’ 

.98 1.30 .77 

.16 24 .45 

.Ol .05 .03 
.06 02 .08 

1.21 1.61 1.33 
5.80 7.20 5.64 

.58 

.02 

.ll 

.06 
.77 

3.27 

.57 .80 1.16 

.15 .29 .15 
0 .Ol .33 

.Ol .02 .04 

.73 1.12 1.68 

3.47 4.27 5.69 

0 
.ll 
.Ol 
.12b 

.74 
.21 
.03 
Sk5 

1.04 

3.24 

.04 .05 

.23’ Mb 

.lO .14 

.37a .65b 

.87 .86 

.23 .19 

.09 .05 
.05 .04 

1.24 1.14 

5.16 4.35 

%eans within seasoas with different superscripts differ at P < 0.10. 

area when temperatures start to drop in October (Davis et al. 
1974, Bock et al. 1984). 

Livestock grazing pressure was heavier on the mid seral pas- 
tures compared to those in late seral stages. Generally, grazing 
pressure on the mid seral areas was considered moderate 
(4&U% use of key forage species) while that on late seral pas- 
tures was considered conservative (30-35% use of key forage 
species). Based on stubble heights and empirical observations of 
forage use, the mid seral pastures in our study were more lightly 
used and in better condition than most surrounding ranges con- 
trolled by the Bureau of Land Management. Although differential 
stocking may have partially confounded results from our study, 
our results indicate that range condition has far more influence on 
most wildlife species than stocking rate if livestock use levels are 
conservative to moderate (30-45% use). This could change if uti- 
lization levels were 50% or greater. 

Experimental Liiitations 
Our wildlife enumeration technique involved tabulating ani- 

mals along belts 100 m by 1.6 km. We acknowledge that this pro- 
cedure involves a certain amount of subjectivity by the observer 
regarding whether or not animals are in the census corridor. In 
order to minimize this source of error and distribute it evenly 
among transects, 1 well-trained, experienced observer (the senior 
author) did all enumerations. 

Another problem with the technique is that in some cases ani- 
mals that have been counted can move ahead of the observer, and 
potentially be counted again. Generally we believe the low level 
of wildlife encounters relative to distance traveled, the sparse 
nature of the vegetation, and the relatively flat terrain minimized 
this problem. We consider this source of error to be evenly dis- 
tributed among transects in our study. 

With the exception of pronghom, observations were generally 
recorded for animals sighted within 50 m ahead or to the side of 
the observer (roughly a 100 m by 50 m rectangle). In the case of 
raptors and ravens which were often sighted well above the 
observer, considerable judgment was sometimes required in 

whether or not to record the sighting. In the case of pronghom, 
sightings were made 50 m or more from the observer. Pronghom 
sighted within the census transect corridor were tabulated regard- 
less of distance from the observer. 

Brush cover was generally below the shoulder and of similar 
height on both the late and mid seral pastures. However visibility 
on shrubland compared to grassland areas was impaired to some 
extent. This could have caused underestimation of jackrabbits and 
possibly scaled quail on the brushier areas. 

The Shannon index we used for wildlife and vegetation diversity 
measurements has 2 important assumptions (Magurran 1988). 
These are that individuals are randomly sampled from an “indefi- 
nitely large” population and that all species are represented in the 
sample. While we believe these assumptions generally hold for our 
study, we recognize there is not complete certainty on this matter. 

Management Implications 

Our two-year study of wildlife populations showed black-tailed 
jackrabbit and songbird populations to be higher on Chihuahuan 
Desert rangeland in mid compared to late seral ecological condi- 
tion. Total wildlife observations also were higher on mid seral 
rangelands. Low sightings of pronghom, scaled quail, and moum- 
ing doves prevented drawing definite conclusions for these 
species. However, there was a tendency for mourning dove and 
scaled quail sightings to be higher on mid seral rangelands and 
pronghom sightings to be higher on those in the late seral stage. 

Songbird populations showed considerable fluctuation among 
seasons and years. The drought conditions of 1994 depressed 
total songbird and total wildlife sightings compared to 1993 when 
precipitation conditions were near average. Total songbird sight- 
ings/km’ across pastures and seasons averaged 284 and 195, 
respectively for 1993 and 1994. Total wildlife sightings across 
seasons and pastures averaged 440 and 256, respectively, for 
1993 and 1994. 

Our study indicates that Chihuahuan Desert rangelands in mid- 
seral condition provide more suitable habitat for many wildlife 
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species than those habitats that are at or near the climax. Wildlife 
diversity in the Chihuahuan Desert would probably be maximized 
by maintaining a mosaic of pastures in mid seral, late seral, and 
climax ecological stages. 

Large areas of late seral rangeland with 5565% remaining cli- 
max appears desirable when the goal is multiple use. This type of 
rangeland provides high quality wildlife habitat, provides a rea- 
sonable monetary return from livestock production, and main- 
tains soil stability (Paulsen and Ares 1962, Holechek 1991, 1992, 
1996). Research indicates a conservative stocking rate that 
removes 30-35% of key perennial grasses will permit progres- 
sion of many mid set-al Chiiuahuan Desert rangelauds to the late 
seral stage (Paulsen and Ares 1962, Holechek 1991; Holechek et 
al. 1994). Brush control will probably be required for meaningful 
improvement of Chihuahuan Desert rangelands in an early seral 
stage (Gibbons et al. 1986). 
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Abstract 

Low nutritional quality and high levels of essential oils result in 
low consumption of juniper by goats. In thii study we examined: 
(1) if juniper consumption could be increased by exposing goats 
to essential oils early in life; (2) if goat breeds (Spanish vs 
Angora) differed in juniper consumption; (3) if differences in 
juniper consumption were related to detoxification abilities of 
goats; and, (4) if differences in digestibility and nitrogen or ener- 
gy balance could explain juniper consumption patterns. In the 
first experiment, Spanish and Angora goats 6-7 weeks old, were 
bolused every other day for 1 month with essential oils distilled 
from redberry juniper fJuniperus pinchotii Sudw.), while control 
animals received empty capsules. Goats were then offered red- 
berry juniper branches in a May acceptance trial. Spanish goats 
consumed more (p < 0.01) juniper during the trial than Angoras. 
Goats previously dosed with essential oils ingested marginally 
less (p < 0.0&i) juniper than controls. Liver-specific enzymes in 
blood serum (aspartate aminotransferase and gamma glutamyl- 
transferase) were compared before and after acceptance testing 
to examine potential liver damage. Spanish goats apparently 
experienced less tissue damage in response to juniper consump- 
tion than Angora goats. A second experiment examined the 
digestion and metabolism of juniper. Spanish goats consumed 
more (p < 0.01) juniper than Angora goats though Angoras 
digested juniper more completely; probably a result of their 
lower consumption. The metabolic fate of dietary nitrogen and 
energy was simii for both breeds and unaffected by exposure to 
essential oils early in life. 

Key Words: goats, detoxification, juniper, liver activity, breed 
differences, preference, early experience, diet history 

Several juniper species (Juniperus spp.) occupy millions of 
hectares throughout western North America (West 1991). 
Invasion of juniper generally lowers forage availalbility for live- 
stock and wildlife by decreasing herbaceous plant production 
(Schoot and Pieper 1985, Dye et al. 1995). Juniper is generally 
considered unpalatable and is seldom consumed by livestock 
except during winter when herbaceous forage is dormant and 
other browse has lost its leaves (Smith and Hubbard 1954). Goats 
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Resdmen 

Baja calidad nutritiva y alto contenido de aceites esenciales 
resultan en bajo consumo de juniperio por cabras. En este estu- 
dio examinamos: (1) si el consume de juniper0 podria aumen- 
tarse mediite una exposicibn de las cabras a aceites esenciaks 
temprano en la vida; (2) si razas de cabras @bras Espaiiola cou- 
tra Angora) diieren en el consumo de junipero; (3) si )as difer- 
encias en el consume de juniper0 estin relacionadas a la habili- 
dad de desintoxicaci6n de las cabras; y, (4) si diferencias en 
digestibilidad y balance de nittigeno 6 energia explican 10s difer- 
entes partrones de consumo de junipero. En el primer experi- 
mento cabras de nua cabras Espaiiola y Angora de 6-7 semanas 
de edad fueron dosificadas dia por medio durante un mes con 
dpsulas de aceites esenciales destilados de juniper0 de bayas 
rojas Uuniperus pirzchotti Sudw.), mientras que animales control 
recibieron cripsulas vacias, Posteriormente, a las cabras se les 
ofrecieron remas de juniper durante una prueba de aceptabii- 
dad que duti 5 dii Las cabras Esptiola consumieron nuk @ < 
0.01) juniper0 que las Angora durante la prueba Las cabras que 
fueron dosificadas con aceites esenciales consumieron casi menos 
(p c 0.086) junipero que 10s controles. Niveles de enzimas hephti- 
cas especificas en el plasma antes y despub de1 prueba de acept- 
abilidad (aspartato aminotransferasa y gama glutamiltrans- 
ferasa) fueron comparadas para determinar si huho daiio hepbti- 
co. Cabras Espafiola parecieron sufrir menos dafio de tejido hep- 
dtico que cabras Angora. Un Segundo experiment0 examin la 
digestibn y el metabotismo del junipero. Cabras Espaiiola con- 
sumieron nuk (p < 0.01) juniper0 que cabras Angora, pen, lar 
cabras Angora digirieron el juniper0 mL completamentez prob- 
ablemente a consecuencia de1 menor consume. El destino de1 
nitr6geno y la energia de la dieta fue similar en ambas razas, y 
no fue afectado por la dosiBcaci6n de aceites esenciales temprano 
enlavida. 

have been used in the biocontrol of juniper with high grazing 
pressure (Taylor 1992). Biocontrol could be enhanced and 
accomplished at lower stocking rates if the reasons for low 
juniper consumption were well understood. 

Junipers contain essential oils which are monoterpene allelo- 
chemicals (Gershenzon and Croteau 1991). The low palatability 
of juniper is usually attributed to essential oils through (1) their 
inhibitory effects on rumen microorganisms (Schwartz et al. 
1980, Nagy and Tengerdy 1968, Oh et al. 1967); (2) their nega- 
tive effect on liver metabolism (Huston et al. 1994); or (3) nega- 
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tive post-ingestive feedback resulting in conditioned taste aver- 
sions (Provenza et al. 1992, Higgins et al. 1996). 

Animals possess many behavioral and metabolic mechanisms 
to avoid or overcome the negative effects of plant allelochemicals 
(Lindroth 1988, Launchbaugh 1996). Several studies have shown 
that consumption of specific foods early in life can increase con- 
sumption of those foods later in life (Bratmann and Carpenter 
1982, Distel and Provenza 1991). It is believed that experience 
early in life plays a pivotal role in an animal’s ability to consume, 
digest, and detoxify specific foods (Provenza and Balph 1988, 
Lindroth 1988, Squibb et al. 1990, Distel and Provenza 1991). 
We hypothesized that essential oils administered to young goats 
would enhance their ability to metabolize and detoxify the ter- 
penes of juniper. 

The objective of this study was to determine the effect of early- 
life dietary experience with the essential oils of juniper on the 
acceptance of juniper by Spanish and Angora goats later in life. 
Juniper digestibility, nitrogen retention, and metabolizable energy 
were compared in a standard digestion trial to understand and 
explain differences in juniper consumption. Blood serum concen- 
tration of 2 enzymes was also monitored to diagnose hepatic 
necrosis. 

Materials and Methods’ 

Research was conducted during the summer of 1994 at the 
Texas Agricultural Experiment Station 53 km south of Sonora, 
Tex. Subjects were 24 Spanish goats and 24 Angora goats. Goats 
were born and raised in pens void of vegetation to ensure that 
they were naive to juniper at the time of study. 

Experiment 1: Juniper Acceptance 
When goats were 6-l weeks old they were weaned and ran- 

domly selected to be exposed (treated) or not exposed (controls) 
to essential oils from redberry juniper (Juniperus pinchotii 
Sudw.). A combination of breed (Spanish or Angora) and expo- 
sure (treatment or control) yielded 4 possible treatments with 12 
goats in each treatment combination. 

The leaves of randomly selected redbeny juniper trees were 
stripped by hand, bagged, mixed throughly, and stored in a freez- 
er (-15” C). Male redberry juniper was used because it was abun- 
dant and less preferred by livestock than other junipers in the area 
(Straka 1993). Once sufficient quantities of leaves were obtained 
they were taken from the freezer and submerged in liquid nitro- 
gen to facilitate leaf disarticulation. The leaves were then com- 
bined with water in a large steam distillation apparatus and steam 
distilled for 4 hours (Clevenger 1928). The distillate was collect- 
ed in a flask and essential oils were isolated from water with a 
separatory funnel. All distilled essential oils were cornposited and 
stored in a freezer (-15’ C). Four samples (4 ml/sample) of the 
composited oil mixture were taken for determination of specific 
terpene composition and stored at -50” C until analyzed. Terpene 
composition was determined with an HP579A gas chromatograph 
as outlined by Straka (1993). The essential oils were analyzed for 
their composition of 11 terpenes (Table 1) known to occur in red- 
berry juniper (Straka 1993). 

‘Experimental animal procedures were approved by the Texas Tech University 
Animal Care and Use Committee protocol # 94386. 

Table 1. Percent concentrations of terpenes extracted from redberry 
juniper used to give early dietary experience to Spanish and Angora 
goats uaive to juniper. 

Terpenes (Essential oils) % Concentration 

a-pinene 2.30 
Camphene .70 
Sabinene and f3-pinene 22.63 
Myrcene 5.87 
Cymene 1.41 
Limonene 6.34 
Camphor .Sl 
Terpineol .54 
Carvone 1.85 
Bomyl acetate 3.26 
Unidentified 54.59 

Conditioning Period 
The experiment was divided into 2 phases: conditioning and 

acceptance testing. Conditioning lasted for 32 days during which 
goats had ad libitum access to a 19% crude protein pelleted ration 
and water. Goats assigned to the treatment group were given 
doses of the essential oil mixture every other day during condi- 
tioning (16 doses). Essential oils were administered to the treat- 
ment animals in gelatin capsules with a balling gun while control 
goats were given empty capsules at 0900 hours. The doses were 
given in increasing increments of 0.03,0.07,0.11, and 0.22 ml/kg 
body wt in weeks 1 through 4, respectively. The maximum dose 
was based on preliminary research showing that 0.22 ml/kg body 
wt induced mild food aversions in yearling Angora goats (unpub- 
lished data, P&z). During the final 5 days of the conditioning 
period, goats were individually penned and offered netleaf hack- 
berry (Celris riticulutu Tot-r.) branches for 1 hour each morning. 
This familiarized goats with the experimental setting and proce- 
dures for the acceptance trial and gave them experience eating 
live vegetation. 

Acceptance Testing 
Acceptance testing lasted 5 days. Branches from male redberty 

jumpers were offered to goats individually. Branches were select- 
ed randomly from within the browse line of trees and clipped 
daily to reduce volatilization of oils after harvest. Branches were 
weighed and then offered to goats from 0800 to 1200 hours. 
Grams consumed were calculated as the difference between 
amount offered and amount remaining (at 1200 hours) with 
adjustments for moisture loss. Three branches were hung outside 
of the goat pens and weighed at 0800 and 1200 hours to monitor 
moisture loss during each test. Amount refused was adjusted for 
moisture loss as follows: adjusted amount refused = amount 
refused + (amount refused * % moisture loss). During testing, 
goats received no other basal feed to insure maximum juniper 
consumption without confounding from varying nutrient intake. 

Blood Enzyme Collection and Analysis 
Blood samples were collected for determination of aspartate 

aminotransferase (AST) and gamma glutamyltransferase (GGT) 
as predictors of liver damage (Cornelius 1980, McCumin 1990, 
Radostits et al. 1994). Blood was collected via jugular veinpunc- 
ture 1 day before the conditioning period, to establish baseline 
enzyme levels, 1 day before acceptance testing, and immediately 
following the acceptance test on day 5. Serum was extracted by 
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centrifuging blood at > 1000 X g for 20 minutes. Serum from 
each goat was divided into 2 aliquots. Serum for determination of 
AST enzyme concentrations was refrigerated while serum for 
GGT determination was frozen before analysis by the Clinical 
Pathology Laboratory at Texas Tech University, Health Science 
Center, 36014’ Street, Lubbock, Tex. 79430. 

Statistical Design 
The statistical design for the acceptance test was a 2 X 2 factor- 

ial analysis of variance with the factors breed (Spanish vs. 
Angora) and essential oil exposure (treated vs. control). The trial 
was repeated for 5 consecutive days requiring repeated-measures 
analysis (Wirier 1971). Enzyme data were also analyzed as a 2 X 2 
factorial with the baseline enzyme levels serving as a co-variate 
while collections 2 (after conditioning) and 3 (after acceptance test- 
ing) represented repeated measures. One goat was dropped from 
enzyme analysis because of excessively erratic measurements. 

Experiment 2: Juniper Digestibility and Metabolism 
A second experiment was conducted to study the apparent 

digestibility, nitrogen retention, and metabolizable energy of 
juniper by Spanish and Angora goats. We hypothesized that 
potential differences in juniper consumption by breed or individ- 
uals may be explained by differences in their ability to digest and 
metabolize juniper. 

A digestion trial was conducted immediately following experi- 
ment 1. Goats from experiment 1 were ranked, within treatment 
groups (l-12), based on their juniper consumption. Because of a 
limited number of metabolism stalls, the 4 goats with the highest 
and 4 goats with the lowest juniper consumption from each breed 
by treatment combination were used in this trial resulting in 32 
animals tested. Eight metabolism stalls were available for experi- 
mentation necessitating 4 trials with each breed (Spanish or 
Angora), exposure group (treated or control), and consumption 
levels (high or low) occurring in each trial. 

The goal of the digestion trials was to determine if breeds or 
exposure groups differed in their ability to digest juniper or uti- 
lize the nitrogen and energy from juniper. However, it was antici- 
pated (based on Riddle 1993) that animals could not be main- 
tained on diets soley of juniper for extended time periods. An 
experimental procedure was therefore used to Fit measure the 
digestion of juniper offered with a basal ration, then, measure the 
digestion of the basal ration (Maynard et al. 1979, Van Soest 
1982). The experiment consisted of a 5-day juniper with basal 
ration adjustment period, 5&y juniper with basal ration diges- 
tion trial, 5-day basal ration adjustment period, and a 5&y basal 
ration digestion trial. Goats were weighed before and after each 
5-day period. 

This experimental approach allowed us to calculate and remove 
the fecal and urinary output and methane loss resulting from the 
basal ration and isolate the digestibility, nitrogen retention, and 
metabolizable energy of juniper. This method resulted in a calcu- 
lation of the net effect of juniper when added to the basal ration 
not necessarily the digestibility and nitrogen/energy balance of 
juniper alone (Maynard et al. 1979). We cannot assume that the 
digestion parameters calculated represent the actual digestion of 
juniper alone because the addition of juniper to the diet may have 
altered the digestibility of the basal ration (i.e., associative effect, 
Van Soest 1982). However, this method allowed us to compare 
breeds and treatments simply by assuming that possible associa- 
tive effects between juniper and the basal ration were the same 

for all animals. Furthermore, this method allowed us to remove 
individual animal or breed variation related to digestion of the 
basal ration. 

Juniper with Basal Ration Digestion Trial 
During the adjustment period, juniper branches were offered ad 

libitum from 1500 to 1900 hours in the manner described for 
acceptance testing (Experiment 1). At 0800 hours, goats were 
offered an amount of a pelleted ration to meet maintenance pro- 
tein and energy requirements (NRC 1985). The pelleted ration 
averaged 19% crude protein and was composed of ground alfalfa, 
cottonseed hulls, sorgham grain, corn, soybean meal, and 
molasses with a salt and trace mineral mix. Following the adjust- 
ment period, goats were placed in metabolism stalls located in an 
open-air building. Each stall measured 2.4 X 1.1 X 1.7 m with an 
expanded steel floor to allow feces to drop through to collection 
pans which were covered with 3 mm-mesh wire screen. Urine ran 
through wire screens and was collected in plastic containers. 

During the juniper with basal ration digestion trial, goats were 
offered the maintenance-level basal ration at 0800 hours and hand 
stripped juniper leaves from 1500 to 1900 hours. The leaves were 
stripped before initiation of digestion trials and stored in a freezer 
to insure a uniform quality of juniper throughout the trials. 
Leaves were thawed at room temperature daily, weighed and con- 
sumption was measured as the difference between juniper offered 
and refused. Moisture loss during each test was monitored in 3 
boxes of stripped leaves and adjustments for moisture loss were 
made as described for acceptance testing. 

Feces and urine were collected daily, measured, subsampled, 
and composited by animal over each 5-day collection period. 
Urine was sampled by volume. Volatilization of ammonia from 
urine was prevented by adding 10 ml of 25% H,S04 to 4-liter (l- 
gallon) plastic collection containers. Feces and urine samples 
were frozen until analyzed. Nitrogen and energy content of both 
urine and feces were determined with standard micro-Kjeldahl 
(AOAC 1984) and bomb calorimetry (Parr 1969, Maynard et al. 
1979). Feces were oven dried at 50” C and ground to pass 
through 1 mm Wylie mill screen. Urine samples (- 100 ml) for 
bomb calorimetry were freeze dried and percentage dry matter 
(DM) was calculated. Methane loss for each animal was estimat- 
ed according to Blaxter and Clapperton (1965). Methane loss per 
kcal of feed consumed, was calculated as 3.67 + 0.062D; where 
D was the apparent digestibility of dietary energy. We calculated 
apparent energy digestibility (%) as [(GE of feed consumed - 
Fecal GE - Urine GE)/ GE of feed consumed] * 100, where GE = 
gross energy expressed in kcals. 

Basal Ration Digestion Trial 
Basal ration conditioning and the basal ration digestion trial 

immediately followed the juniper digestion trial. During the con- 
ditioning and digestion trial, goats were given the pelleted ration 
at 0800 hours. Collection and analysis of feces and urine and cal- 
culations for methane loss were the same as in the juniper diges- 
tion trial. 

Digestion and Metabolism Calculations: 
Juniper Dry Matter (DM) Digestibility (%) = 
Juniper DM fedJ+BR - (FOJ+BR-FOBR) * 100 

Juniper DM fedJ+BR 
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Where: FO = Fecal Output on a dry matter basis; 
- J+BR = Quantity measured in digestion trial with 

jumper and basal ration; and 
-BR = Quantity measured in digestion trial when 

animals were offered tbe basal ration only. 

Juniper Nitrogen (N) Retention (mg) = Juniper N fdJ+BR - 

[(UNJ+B+JNBR) + (~J+BR-~BR)I 

Where: UN = Urinary Nitrogen; and FN = Fecal N. 

Jumper Potentially Available Metabolizable Energy (PAME) 
= pAMEJ+BR - P-BR 

where: PAMEr+nn = Jumper GE fedr+nn - FGEr+nn - UGEJ+nn 
-  ~J+BR; PAMEBR = Basal ration GE fednn - FGEnn - UGEnn 
- MLnn; GE = Gross Energy; UGE = Urinary GE; FGE = Fecal 
GE, and ML = Methane Loss 

Statistical Design 
The statistical design for the analysis of the digestion experi- 

ment was a 2 X 2 X 2 factorial analysis of covariance (ANCO- 
VA) with factors consisting of breed (Spanish or Angora), expo- 
sure (treated or controls), and previous acceptance (high or low; 
Hicks 1982). Juniper consumption was used as a covariate. 

Results and Discussion 

Experiment 1: Juniper Acceptance 
Both breeds ingested a similar amount of juniper on day 1 of 

the trial (Fig. la). Spanish goats maintained greater consumption 
than Angora goats throughout the trial resulting in Spanish goats 
ingesting more (p < 0.01) total juniper than Angora goats. There 
was a breed by day interaction (p < 0.01). Both breeds initially 
consumed high amounts of juniper suggesting that the flavor of 
juniper was not inherently offensive to either breed. However, 
consumption of juniper by Angora goats declined more sharply 
than for Spanish goats, suggesting that Angora goats experienced 
more postingestive distress (i.e., negative feedback) than Spanish 
goats. Contemporary diet selection theory suggests that the con- 
sumption of a food declines over time if negative postingestive 
consequences are experienced after consumption (Provenza 
1996). Furthermore, the stronger the negative digestive feedback, 
the lower the future consumption of foods (duToit et al. 1991, 
Launchbaugh and Provenza 1994). 

Goats that received essential oils early in life tended to ingest 
less (p < 0.086) juniper than control goats during the 5-day trial 
(Fig. lb). Thus, early exposure to essential oils did not increase 
the goats abilities to ingest juniper later in life as had been antici- 
pated. Essential oils may have caused damage to detoxification 
organs (e.g., liver or kidneys) or changes in rumen microbial pop- 
ulations making the group with prior exposure to essential oils 
less able to detoxify juniper ingested during the acceptance test. 

Blood Enzyme Analysis 
There was no difference in serum enzyme concentration due to 

exposure to essential oils during conditioning. Thus, values pre- 
sented are averaged over previous exposure treatments. Lack of 
treatment differences in AST and GGT levels does not indicate 
that treatments had no detrimental effects on goats (as suggested 
above). It however confirms that exposure to essential oils did not 
affect specific metabolic activities involving AST and GGT 

Spanish l 
Angora n a 

1 2 
Day 0; Trial 

. 5 

Fig. 1. A) Intake of redberry juniper (fresh weight) by Spanish (II 
= 24) and Angora (n = 24) goats. The overall difference between 
breeds was significant (p < 0.01). B) Redberry juniper intake 
(fresh weight) by goats exposed to essential oils (treated, n = 24) 
or not exposed to essential oils (control, n - 24) for 1 month. The 
overall difference between treatment groups was marginally sig- 
nificant (p < 0.08a). Breed means and treatment means, on any 
day, followed by the same letter were not significantly different 
(p > 0.05). 

(Duncan and Prasse 1986). 
Serum AST concentrations did not differ (p > 0.05) between 

breeds (Fig. 2a) following conditioning. By the end of the 5&y 
acceptance test, AST serum concentrations had increased for both 
breeds. However, AST concentrations for Angora goats were 
more elevated than for Spanish goats, resulting in a breed by col- 
lection period interaction (p c 0.065). This increase in enzyme 
concentration suggests that both breeds incurred damage to liver 
or other tissue during the acceptance test when they were given 
diets of juniper. The interaction supports the hypothesis that 
Angora goats were more negatively affected than Spanish goats. 

Serum AST concentrations were not affected by exposure to 
essential oils during the conditioning period and yet AST concen- 
trations increased when animals ate fresh juniper. This apparent 
contradiction, may result from differences in the terpene compo- 
sition or amount of essential oils used in conditioning and the 
composition or amount of essential oils in the fresh juniper 
offered in acceptance tests. It is likely that the most volatile ter- 
penes were partially lost in the distillation process to prepare 
essential oils for conditioning. It is also possible that the junipers 
distilled for the conditioning procedure contained less essential 
oils or oils of different terpene composition than the junipers that 
were used in the acceptance tests, collected nearly 2 months later. 

Serum GGT concentrations were not different between breeds 
before the acceptance test (Fig. 2b). The GGT concentration for 
Angora goats decreased and were lower than serum concentration 
for Spanish goats by the end of the trial whereas Spanish goats 
maintained similar GGT concentration throughout the trial. An 
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Fig. 2. Average (A) aspartate aminotransferase (AST) and (B) 

gamma glutamyltransferase (GGT) concentrations in serum of 
Angora and Spanish goats before and after a S-day acceptance test 
with redberry juniper. Differences between a collection period 
within a breed followed by the same upper case letter were not dif- 
ferent @ > 0.05). Breed means within a collection period with the 
same lower case letter were not different @ > 0.05). 

increase in serum GGT would be a good indicator of liver dam- 
age (cholestasis) in ruminants. However, a decrease in GGT of 
this small magnitude has little diagnostic value (Ducan and 
Prasse 1986). 

Experiment 2: Juniper Digestibility and Metabolism 
All goats consistently ate all of the maintenance-level basal 

ration they were offered. Spanish goats consumed more @ < 0.01) 
juniper than Angora goats during the juniper digestion trial (Fig. 
3). The higher jumper intake again indicates that Spanish goats 
have a greater ability to tolerate or avoid (through detoxification) 
the negative consequences of jumper consumption. There was no 
difference (p > 0.05) in juniper intake between goats that received 
doses of essential oils early in life and those that did not. 

Goats with low juniper consumption in the acceptance test ate 
more (p < 0.01) jumper than those with high jumper consumption 
during the acceptance test. Apparently, high juniper consumption 
during the acceptance experiment limited the ability of goats to 
cope with essential oils during the digestion experiment. 

Apparent Digestibility 
Level of juniper consumption during the acceptance trial (high 

vs low) did not significantly affect digestibility, nitrogen reten- 
tion, or potentially available metabolizable energy, therefore it 
was removed from the model and results for only breed and prior 
exposure will he discussed. Exposure to essential oils early in life 
had no effect on apparent digestibility (p > 0.05). 

a 

lL 

b 

panish Angora 

Breed 

Trealed Control 

Exposure 

b 

a 

Bl 
High Low 

Previour Acceptance 

Fig. 3. Intake of redberry juniper (fresh weight) by goats during a I 
day metabolism trial. Each value represents the mean of 16 goats. 
Intake is compared for goats of different breeds (Spanish vs 
Angora), exposure to essential oils early in life (Treated vs 
Control), and acceptance of juniper (Hii vs Low) in a previous 
juniper acceptance triaL Means within main effects with different 
lower case letters differ significantly @ < 0.05). 

Angora goats digested juniper more completely than Spanish 
goats (p c 0.01) and there was a breed X juniper consumption 
interaction (p = 0.01; Fig. 4). The digestibility of juniper by 
Angora goats declined as consumption increased while juniper 
digestibility was unaffected by consumption level in Spanish 
goats. However, there was no difference (p > 0.05) between 
breeds when the analysis was restricted to a range of consump- 
tion within which both breeds were represented (Fig. 4). It 
appears that digestibility of juniper has a curvilinear response to 
increased consumption. At low consumption levels, juniper was 
highly digestible and as consumption increased digestibility 
deceased until it reached a fixed level. It is common for forages 
to be highly digestible at very low intake levels and become less 
digestible as voluntary intake increases (Van Soest 1982). 
Essential oils may have more severely limited juniper consump- 
tion by Angora goats than Spanish goats and lower consumption 
resulted in higher digestibility for Angora goats. 

Range of consumption 

Average iaily JuniperlConsumption’(glkg BW) 
8 

I* -Angora + --Spanish 

Fig. 4. Apparent digestibility of fresh redberry juniper by Spanish 
and Angora goats in a g-day metabolism triaL 
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Nitrogen Retention 
There was no effect of prior exposure to essential oils on nitrogen 

retention. Spanish and Angora goats had similar nitrogen retention 
and both breeds averaged a negative nitrogen balance (Fig. 5a). This 
indicates that the metabolism of juniper mqdred more nitrogen than 
goats were provided by the juniper. There were no differences 
between breeds in the amount of nitrogen in the feces or urine (Fig. 
5 b, c). Nitrogen in the feces increased as jumper consumption 
increased for both breeds. The amount of nitrogen in the urine of 
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Angora goats was the same as Spanish goats which had higher 
intake. This can be explained by the differences in juniper 
digestibility; Angora goats ate less juniper but digested it more 
fully, resulting in no difference in nitrogen retention. 

Metabolizable Energy 
There was no effect of prior exposure or goat breed on the 

potentially available metabolizable energy of juniper (Fig. 6a). 
Both breeds were in a positive energy balance thus, the goats 
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Pig. 5. Nitrogen retention and nitrogen excreted in feces and urine 
by Spanish and Angora goats during the 5-day redberry juniper 
metabolism trial. Regression equations were as follows: Nitrogen 
retention for Spanish goats equaled 199.4 - 122.7 x (ti = .ll), and 
for Angora goats equaled - 264.7 + 39.8 x (r’ = .02). Nitrogen in 
feces for Spanish goats equaled - 21.4 + 85.6 x (t - .43), and for 
Angora goats equaled - 134.1+ 83.2 x (ti = 32). Nitrogen in urine 
for Spanish goats equaled - 152.8 + 127.0 x (? = .ll), and for 
Amora coats euualed 381.9-24.7 x (P - .Ol). 

Pi. 6. Potentiaily available metaboiizable energy and gross energy 
excreted in feces and urine by Spanish and Angora goats during 

(? = .43), and for Angora goats equaled - 9.9 + 49.3 x (I-’ = .52). 

the 5-day redberry juniper metabolism trial. Regression equations 
were as follows: Metaboiizable energy for Spanish goats equaled - 
245.4 + 171.4 x (r’ = .39), and for Angora goats equaled 107.3 + 
63.7 y (13= .15). Energy in feces for Spanish goats equaled 298.9 + 
185.9 x (r’ - .38), and for Angora goats equaled - 169.5 + 326.3 x 
(t = .72). Energy in urine for Spanish goats equaled 46.0 + 40.5 x 
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obtained some energy from the digestion of juniper. Gross energy 
in the feces was positively related to juniper consumption and did 
not differ by breed (Fig. 6b). Urinary energy was also similar 
between breeds and as juniper consumption increased, urinary 
gross energy increased (Fig. 6c). 

Summary and Management Implications 

Spanish goats are clearly more willing to eat juniper than 
Angora goats and are, therefore, better adapted for use in juniper 
biological control programs. However, the physiological mecha- 
nisms responsible for this breed difference are not fully under- 
stood. Our research suggests that one facet of study deserving 
more attention is detoxification or tolerance of essential oils by 
goats. Understanding what makes these 2 breeds different relative 
to juniper consumption may lead to management practices that 
increase the consumption of juniper on rangelands. 

Even though Spanish goats consumed more juniper, there was 
substantial overlap in levels of juniper consumption between 
Spanish and Angora goats. About 25% of the Angora goats con- 
sumed more juniper than the average Spanish goat. Therefore, if 
the production of Spanish goats is not a practical or desirable 
management alternative, selection within au Angora goat popula- 
tion could be a useful tool to increase juniper consumption. 

Our research also suggests that use of goats in juniper control 
programs, where substantial juniper consumption is required, 
may negatively affect the nitrogen balance of animals. 
Supplementation of protein may be more important than energy 
supplementation and could increase juniper use while maintain- 
ing goats in a positive nutritional balance. 
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Abstract Reslimen 

Spiny hackberry (Celtic pugida Torr.) occurs almost exclusively 
beneath honey mesquite (Prosopis glandulosa Torr.) canopies. 
We hypothesized that maximum early seedling growth of spiny 
hackberry occurs at light intensities similar to those beneath 
honey mesquite, whereas maximum growth of huisache (Acacia 
snuzuii Isely), a plant characteristic of noushaded habitats, occurs 
at light intensities near full sunlight. Photosynthetic photon flux 
densities (PPFD) under 4 honey mesquite canopies and in adja- 
cent interspaces were recorded during July 1990 to July 1992. 
Seedling growth indices of spiny hackberry and huisache were 
determined at PPFDs characteristic of those found under honey 
mesquite canopies and in herbaceous interspaces. In contrast to 
our prediction, relative growth rate (Kw), net assimiition rate 
(NAR), and seedling mass of spiny hackberry were greater in 
sunlight than in shade characteristic of honey mesquite canopies. 
Huisache also had greater K,, NAR, and total seedling mass in 
sunlight. Aggregation of spiny hackberry beneath honey 
mesquite canopies does not result from an ability to maintain 
maximum seedling growth at low light intensities. 

Key Words: Acacia smallii, Celtis pallida, facilitation, growth 
analysis, honey mesquite, huisache, Prosopis ghduha, relative 
growth rate, spiny hackberry 

El granjei’io espinoso (CeZffs pallida Torr.) ocurre casi exclusi- 
vamente bajo 10s baldaquines de1 mesquite de miel (Prosopis 
ghduZosa Tort-.). Nuestra hip&& es que el crecimiento maxi- 
mo de la planta temprana del granjeiio espinoso ocurre a intensi- 
dades de luz similares a &as que se encuentran bajo el mesquite 
de miel, mientras que el crecimiento maxim0 del huisache 
(Acacia smuUii Isely), una planta caracteristica de 10s habitats sin 
sombra, ocurre a intensidades de luz muy parecidas a la luz 
solar. Densidades fotosinteticas de flujo (PPFD) abajo de 4 bal- 
daquines de mesquite de miel y en 10s interespacios adyacentes 
fueron registrados durante el period0 de Julio de 1990 a Julio de 
1992. Los indices de crecimiento de el granjetio espinos y de1 
huisache fueron determinados a 10s PPFDs caracteristicos de 
6sos encontrados bajo los badalquines de1 mesquite espinoso y en 
10s interespacios herbaceos. En contra&e con nuestra prediction, 
la tasa relativa de crecimiento (Kw), la tasa neta de asimiiion 
(NAR), y la masa de las plantas de1 granjefio espinoso fueron 
mayores en condiciones de lux que bajo las condiciones de som- 
bra caracteristicas de 10s baldaquines de1 mesquite de miel. El 
huisache tambib tuvo mayores Kw, NAR, y mass total de planta 
bajo la luz de1 sol. La agregacion de1 granjeiio espinoso bajo 10s 
baklaquines de1 mesquite de miel no es el resultado de una abili- 
dad para mantener el crecimiento maxim0 de las plantas a bajas 
intensidades de luz. 

Woody plant succession in upland grasslands in southern Texas 
occurs in part through initial colonization by honey mesquite 
(Prosopis glandulosa Torr.) followed by establishment of subor- 
dinate shrubs, including spiny hackberry (Celtis pallida Torr.). 
Spiny hackberry occurs primarily beneath honey mesquite 
canopies and is absent from herb-dominated interspaces between 
canopies (Archer et al. 1988, France-Pizaiia et al. 1995). In con- 
trast to spiny hackberry, huisache (Acacia smallii Isely) is an 
early-successional heliophyte characteristic of open habitats and 
does not occur under the canopy of other shrubs (Bush and Van 
Auken 1986, Archer et al. 1988). 
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Photosynthetic responses of sciophytes, plants native to shaded 
habitats, are typically saturated at lower irradiances than helio- 
phytes, or sun plants (Salisbury and Ross 1985). Sugar hackberry 
(Celris laevigata Willd.) occurs in shaded habitats and is a climax 
forest dominant in flood plain habitats in southern Texas. Bush 
and van Auken (1986) found that sugar hackberry seedlings 
maintained maximum growth at low light intensities (403 * 117 
pmolem-*s-‘, 5i f SD), which allows the plant to occupy shaded 
habitats and exploit the greater soil nutrients beneath forest 
canopies. The almost exclusive presence of spiny hackberry 
beneath honey mesquite could in part be explained if seedling 
growth of this shrub has a similar photosynthetic response to 
sugar hackberry. 

Our first objective was to characterize photosynthetic photon 
flux densities (PPFD) beneath honey mesquite and in adjacent 
herb-dominated interspaces. We hypothesized that maximum 
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early seedling growth of spiny hackberry occurs at light intensi- 
ties similar to those beneath honey mesquite and that maximum 
growth of huisache occurs at light intensities near full sunlight. 
To test our hypothesis, our second objective was to evaluate that 
relative growth rate (K,), net assimilation rate (NAR), and other 
seedling growth indices of spiny hackberry and huisache differ 
under different light intensities. 

Materials and Methods 

Photosynthetic Photon Flux Density 
Photosynthetic photon flux density beneath honey mesquite 

canopies and in interspaces were measured from July 1990 to 
July 1992 at the Texas A&M-Kingsville University Range and 
Wildlife Research Area 15 km south of Kingsville, Texas (27” 
36’N, 97” 57’W) with a LI-COR 190SA quantum sensor placed 
15 cm above ground level under each of 4 randomly selected 
honey mesquite canopies. A quantum sensor was also placed in 
each of 4 adjacent herb-dominated interspaces between honey 
mesquite canopies. Quantum sensors were placed in a randomly 
selected direction about 0.5 m away from the trunk of honey 
mesquite trees where the only overhead canopy was honey 
mesquite. Spiny hackberry density was greatest 0.5 m from honey 
mesquite trunks and spatial distribution of the shrub was not 
directionally oriented (France-Pizafia et al. 1995). A Campbell 
Scientific 21X datalogger was programmed to record PPFD every 
10 minutes, and then average and store the values every 30 min- 
utes. Mean monthly maximum PPFD (the average half-hour 
mean maximum PPFD in a month across replications) and mean 
daily maximum PPFD in a month across replications) and mean 
daily maximum PPFD (the average of IZ half-hour mean maxi- 
mum PPFDs in a month with II days) in interspaces and under 
honey mesquite canopies were calculated. 

Shrub Seedling Growth 
Effects of shading on seedling growth of spiny hackberry and 

huisache were determined in the field during late May to late July 
1991 with shaded and unshaded wooden structures. The experi- 
mental design was a split-plot with PPFD (shade or no shade) as 
whole plots and plant species as sub-plots. Three pairs (blocks) of 
wooden frames were partially covered with Nutri gro-3 green- 
house plastic film (6 mil). Shade treatments that simulated mean 
PPFD under honey mesquite canopies were imposed when the 
first true leaves were exerted on both species (15-20 days after 
planting spiny hackberry) by covering 1 randomly selected wood- 
en frame in each pair with shade cloth that reduced incoming sun- 
light by about 70%. In PPFD measurements beneath mesquite 
canopies, mean daily maximum PPFD was 71% lower than in 
interspaces during May-July 199 1. 

Photosynthetic photon flux densities in shade and sunlight 
treatments were measured weekly at midday with a Li-COR 
185B photometer and an integrating quantum sensor. The read- 
ings were taken at pot height at 10 systematically selected, evenly 
spaced locations within each treatment. Mean (-c SE) PPFD under 
the plastic film on unshaded wooden structures was 1,893 f 4 
umol-m-*.s-’ (n = 18, 6 weekly measurements X 3 structures) and 
PPFD under the shade cloth on shaded wooden frames was 569 f 
4 pmolm*s-’ (n = 18). 

Five kg of growth medium consisting of 1 part soil; 1 part per- 
lite; 1 part vermiculite; 2 parts sphagnum peat moss (by volume), 

amended with 13.5 g of Peters 20-20-20 (W.R. Grace, Fogelsville, 
Penn.) general purpose fertilizer per kg of medium mix was placed 
in 20-cm-diameter X 38-cm-deep plastic pots. The soil was 
Willacy fine sandy loam harvested from the upper 15 cm of the 
profile from a cultivated field. Twenty-four hours before planting, 
the pots were irrigated with 4 liters of distilled water and allowed 
to equilibrate. Pots were subirrigated to maintain water content at 
80 to 90% of field capacity during the experiment. 

Twenty evenly spaced spiny hackberry seeds were planted in 
each of 96 pots at a depth of 1 cm. Huisache seeds were planted 
and pots allocated in the same manner 4 days after spiny hackberry 
so that the seeds would all germinate at a similar time. Thirty-two 
pots of each species were randomly assigned to each block. 

Temperatures during the experiment were measured weekly 
with maximum-minimum thermometers placed at pot height in 
the center of each structure. The mean weekly minimum tempera- 
ture was 23 f 0.2”C (n = 36, 6 weekly measurements X 6 struc- 
tures). Mean weekly maximum temperatures were 49 f 1°C (n = 
18,6 weekly measurements X 3 structures) in the unshaded struc- 
tures and 39 + 1 “C (n = 18) in the shaded structures. 

Two randomly selected pots of each species were taken from 
each structure and 2 seedlings/pot were harvested immediately 
before the shade treatment was imposed. One week after shade 
treatments were imposed, following the second harvest, all 
seedlings were thinned to 2 per pot. Harvests were conducted 
weekly for a total of 7 harvests and consisted of randomly select- 
ing 2 pots of each species from each treatment. Leaf area was 
measured with a Decagon digital image analysis system, Version 
1.02 (Decagon Devices, Inc., Pullman, Wash.), to the nearest 0.01 
mm’. Soil was removed from each pot, placed on a screen, and 
carefully washed from seedling roots with a fine spray of water. 
The roots and stems were separated and roots, stems, and leaves 
were oven-dried at 60°C for 48 hours and weighed. After each 
harvest, all pots were rerandomized within each structure. Ten ml 
8-16-8 liquid fertilizer dissolved in 3.785 liters of distilled water 
were added at a rate of 500 ml per pot every other week begin- 
ning with the second week. 

Data obtained from the 7 harvests were used to calculate the 
following seedling growth indices: relative leaf area expansion 
rate (K,), relative leaf mass expansion rate (Kt), relative root 
mass expansion rate (K,), K,, leaf area partitioning coefficient 
(LAP), leaf mass partitioning coefficient (LMP), and NAR 
(Potter and Jones 1977, Fulbright et al. 1985) (Table 1). 

Seedling growth indices were calculated with equations of the 
form 

k t 
W=w,e” 

where W is total seedling mass, W, is initial seedling mass (g), 
K,,, is relative growth rate, and t is time (weeks). The same equa- 
tion was used in calculating K,, Kl, and K,, substituting other 
parameters for W. The value of t in calculating NAR, LAP, and 
LMP was 4 weeks after the initial harvest. 

Values used in analyses for each species, PPFD treatment, and 
block (replication) combination for each harvest were the means 
of the 4 seedlings within a block. Seedling mass means for the 
initial harvest were compared with analysis of variance (Cody 
and Smith 1991). Seedling growth trait means for PPFD treat- 
ments were compared with paired t-tests. Means were considered 
significantly different if P 2 0.10. 
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Table 1. Definitions of indices used to describe seedling growth of spiny 
hackberry and buisacbe. Adapted from Fulbrigbt et al. (1985). 

Seedling growth trait 

Ka, relative leaf area expansion rate 

Definitions’ 

&d&!d 
A 

K1, relative leaf mass expansion rate g&&& 
L 

q relative root mass expansion rate &g&& 
R 

K,, relative growth rate 

LAP, leaf area partitioning coeffkient’ 

Y 

udl 
dW/dr 

LMP, leaf mass partitioning coefficient’ 
dW/dt 

NAR, net assimilation rate’ 

‘The following abbreviations were used: time (r), seedling leaf area (A), leaf mass 
(W), root mass (R). seedling mass (W), rate of change in seedling leaf area 
(dA/dt), rate of change in seedling leaf mass (dL/dt), rate of change in seedling 
root mass (dR/dr), rate of change in seedling mass (dW/dt). 

Results 

Light intensity beneath mesquites varied seasonally and was 
greatest during February or March, when mesquite was partially 
or totally defoliated (Fig. 1). Lowest light intensities beneath 
mesquite occurred during April and May and October, December, 
or January. Mean monthly maximum and mean daily maximum 
PPFD under canopies ranged from 622 * 178 and 225 * 60 
pmol-m-*.s-’ during April 1992 to 1,444 + 48 and 876 + 143 

2,500 r 

pmol-m-*.s-’ during October 1990. In interspaces, mean monthly 
maximum and mean daily maximum PPFD ranged from 1 ,111 f 
64 and 579 + 54 pmol.m-*.s-’ during December 1991 to 2,419 YZ 
49 during June 1991 and 2,011 f 11 pmol-m~*~s~’ during August 
1990. 

Data for each shrub species were analyzed separately because 
initial seedling mass of huisache (0.1 f 0.01 g) exceeded (P I 0.10) 
spiny hackberry (0.02 f 0.004 g). Initial seedling mass, averaged 
across shrub species, could not be distinguished (P > 0.10) between 
interspace PPFD (0.06 * 0.03) and canopy PPFD (0.06 f 0.03). 

Relative leaf mass expansion rate, &, &, NAR, leaf area, leaf 
mass, root mass, stem mass, and total mass of spiny hackbeny 
seedlings were greater (P S 0.10) in unshaded than in shaded treat- 
ments (Table 2). Leaf area of spiny hackbeny more than doubled 
in sunlight compared to shade, whereas huisache leaf area did not 
differ (P = > 0.10) between the 2 treatments. Huisache had greater 
(P I 0.10) 5, K,,,, NAR, leaf mass, root mass, stem mass, and 
seedling mass in interspace PPFD, as predicted. 

For both species, LAP and LMP were greater (P 2 0.10) in 
canopy PPFD than in interspace PPFD. Relative growth rate of 
spiny hackberry and huisache was positively correlated with 
NAR (0.91, P i 0.10 and 0.89, P I 0.10, respectively) and nega- 
tively correlated with LAP (-0.90, P I 0.10 and -0.82, P I 0.10, 
respectively). 

Discussion 

Presence of spiny hackbeny beneath honey mesquite apparent- 
ly does not result from ability of the shrub to maintain maximum 
seedling growth at low light intensities. Possible factors underly- 
ing presence of spiny hackberry beneath mesquite that we did not 

w n 
Intempace Mean Maxinwrn 

JASONDJFMAMJJASONDJFMAMJJ 

1999 1991 1992 

Fig. 1. Monthly trends in mean daily maximum and mean maximum photosynthetic photon flux density (PPFD) 15 cm above the soil surface 
under Prosopis ghnduhu canopies and in interspaces (n = 4) dominated by herbaceous vegetation, Texas A&M University-Kingsville 
Range and Wildlife Research Area, Kleberg County, Texas, July 1990 - July 1992. 
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test in this study include greater soil nutrients and soil water 
beneath mesquite, amelioration of soil temperatures by mesquite 
canopies, and differential dissemination of seeds. France-Pizafia 
et al. (1996) rejected the hypotheses that greater soil nutrients and 
greater soil water beneath mesquite facilitate establishment of 
spiny hackberry. However, amelioration of soil temperatures by 
mesquite canopies is a possible factor in spiny hackberry estab- 
lishment. Fulbright et al. (1995) found that soil surface tempera- 
ture (45-50°C) beneath mesquite canopies during summer reduce 
seed dormancy, possibly by accelerating afte.r ripening. In addi- 
tion, honey mesquite appears to provide a perching structure for 
birds and serves as a focal point for seed dispersal by birds con- 
suming spiny hackberry fruits (Archer 1995). Based on these 
results and those of the current study, occurrence of spiny hack- 
berry beneath mesquite appears to result from mesquite canopy 
effects on soil temperatures and differential seed dissemination 
rather than from spiny hackberry functioning as a sciophyte. 

Huisache seedling growth was also reduced by shade. Low irra- 
diance may inhibit growth of huisache and spiny hackberry by 
reducing NAR. Patterson et al. (1978) also reported a positive 
correlation between NAR and K, in cotton (Gossypium hirsutum 
L.) and 3 weed species. In their study, low irradiance depressed 
K, and NAR but caused a simultaneous increase in LAP and the 
amount of leaf area per total amount of dry weight. 

Reduced seedling growth in shade does not explain absence of 
huisache beneath mesquite, since seedling mortality did not 
occur. In contrast to spiny hackberry, huisache seeds are not dis- 
persed by birds (Huebotter 1991). Lack of avian seed dispersal 

Table 2. Means and standard errors (n - 3) for growth indices of spiny 
h&berry and b&ache seedlings grown with PPFD similar to inter- 
spaces 6 = 1,893 f 149 rrn~l--~%*‘j or PPFD similar to under honey 
mesquite canopies (Z - 569 f 45 ~mol~“~s~‘). Values for leaf m leaf 
masqrootmass,andtotalseedlingmassarefortheAnalharvest. 

Species and Inters- 
seedling growth trait x SE ?=- SE P 

Spiny hackberry 
K, (cm2.wk-‘.cm-*) 
K, (g.wk-‘.g-‘) 
% (g.wk-‘.g-‘) 
Kw (g.w~‘.g-‘) 
LAP (cm*.wk-‘.g.wk) 
LMP (g.wk-‘.g-‘.wk) 
NAR (mg.wk-‘.cm‘2) 
Leaf area (cm2) 
Leafn’=sw 
Root mass (9) 
Stem mass (g) 
Total seedling mass (g) 

Huisache 
Ka (cm2.wk-‘.cmm2) 
K, (g.wl?.g-‘) 
K, (g.wk-‘.g-1) 
K, @wk.‘.g-‘) 
LAP (cm*.wk-‘.g-‘.wk) 
LMP (g.wk“.g-‘.wk) 
NAR (mg.wk-‘.cmm2) 
Leaf area (cm2) 
Leafm=Cs) 
Root mass (9) 
Stem mass (g) 

0.72 
0.80 
0.75 
0.83 
92 
0.52 
7.8 
336 
2.0 
1.0 
1.3 
4.3 

0.53 
0.64 
0.75 
0.73 
44 
0.35 
12.0 
223 
2.0 
2.2 
2.6 

Total seedling mass (g) 6.9 

0.02 
0.02 
0.02 
0.01 
0.5 
0.01 
0.1 
30 
0.2 
0.03 
0.07 
0.07 

0.03 
0.03 
0.03 
0.03 
1.3 
0.004 
0.9 
17 
0.1 
0.05 
0.1 
0.2 

0.65 0.03 0.139 
0.69 0.06 0.090 
0.59 0.03 0.057 
0.68 0.05 0.074 
158 6.8 0.011 
0.59 0.01 0.074 
4.2 0.4 0.007 
159 30 0.011 
0.7 0.1 O.WO4 
0.3 0.01 0.018 
0.3 0.09 0.023 
1.2 0.3 0.006 

0.55 
0.55 
0.60 
0.61 
93 
0.42 
5.9 
255 
1.2 
0.9 
1.2 
3.3 

0.04 0.666 
0.04 0.107 
0.05 0.039 
0.05 0.069 
4.8 0.007 
0.003 0.005 
0.6 0.014 
27 0.183 
0.1 0.004 
0.05 0.0003 
0.1 0.003 
0.2 o.ooo9 

may be one reason the shrub does not occur beneath mesquite. 
However, white-tailed deer (Odocoileus virginianus) consume 
huisache pods (Ruthven et al. 1994), and possibly disseminate 
seeds beneath mesquite while browsine nn cpiny hackberry and 
other understory shrubs. Further research is needed to determine 
why huisache does not occur in the understory of honey mesquite 
because reasons for its absence are unclear. 

Temperature and PPFD effects were possibly confounded in 
our experiment, since mean weekly maximum temperatures were 
greater in the sunlight treatment than in the shade treatment. 
However, we feel that treatment effects in our experiment primar- 
ily resulted from PPFD effects because seedling growth indices 
of spiny hackberry did not differ between 30-20°C (11 hours/day 
at the warmer temperature) and 40-20°C in an experiment con- 
ducted in a plant growth chamber (Fulbright et al. 1995). 
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Abstract 

Seed production of big sagebrush (Artemisia tridenhta Nutt.) 
plants established from containerized seedlings was compared to 
plants established by diit seeding. A garden of ‘Hobble Creek’ 
mountain big sagebrush (Artemisia tridentata ssp. vaseyana 
(Rydb.) Beetle) and a garden of Gordon Creek Wyoming big 
sagebrush (Artemisia tridentata ssp. wyomingensis Beetle 8z 
Young) were established in central Utah for thii study. Each gar- 
den consisted of 10 rows of plants. Seed-derived plants were 
established on odd-numbered rows and container-derived plants 
in even-numbered rows. Seed-derived plants produce more 
seeds, larger top growth, deeper roots, lateral roots nearer the 
soil surface, and heavier root systems than container-derived 
plants. Seed-derived plants also produced large prominent tap 
roots; the containerized plants did not. Seed-derived plants had a 
zero death rate for the 4 study years. Death rates for container- 
ized plants were 16% (‘Hobble Creek’) and 13% (Gordon 
Creek). To help meet seed demands, growers should establish 
seed-increase gardens with seed-derived plants. A cautionary 
note: It is unknown if the use of container-derived plants for 
adaptation trials might erroneously influence the results of such 
studies. However, the root development problems described in 
this study should cast some doubt. 

Key Words: Artemisia tridentatia, seed production, root growth, 
root development, mountain big sagebrush, Wyoming big sage- 
brush 

Big sagebrush (Artemisia tridentata Nutt.) provides food, nest- 
ing sites, or cover for numerous wildlife, arthropod, and fungi 
species (Braun et al. 1976, Green and Plinders 1980, Kufeld et al. 
1973, Martin et al. 1951, Medin 1990, 1992, Patterson 1952, 
Shaw and Monsen 1990, Smith and Beale 1980, Welch 1993, 
1994, Welch and Nelson 1995). The demand for big sagebrush 
seed for use in revegetation or restoration projects has increased 
significantly. Collecting from wildland stands is nearly the only 
source for big sagebrush seed. Unfortunately, demand seems to 
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Restimen 

La production de semillas de plantas de artemisia grande 
(Artemisia tridentata Nutt.) a partir de plantas germinadas en 
recipientes se compard con otras germinadas en un semillero. 
Para realii este estudio se crearon dos jar-dines en el Centro 
de1 Estado de Utah, E&ados Unidos; uno de plantas de artemisii 
grande de montaua ‘Hobble Creek’ (Artemisia tridentata ssp. 
vaseyna (Rydb.) Beetle) y otro de artemisia grande ‘Gordon 
Creek Wyoming’ (Artemisia tridenkata ssp. wyomingens& Beetle 
& Young). Cada jardm estaba formado por 10 hileras de plan- 
tas. Las plantas derivadas de1 semillero se colocaron en las 
hileras impares y las derivadas de 10s recipientes en las hileras 
pares; las primeras produjeron mris semilllas, fueron m&s tupi- 
das, con raices profundas y con m&s raices laterales superfi- 
ciales; el sistema de rakes fue m&s abundante que en las plantas 
desarrolladas en recipientes. Las plantas de1 semillero tambikn 
produjeron raices principales; las plantas de recipiente no. 
Durante 10s 4 a&s de estudio, el porcentaje de mortaiidad fue 
de1 0% en las plantas de semillero, de1 16% en ias plantas de 
recipiente de la variedad ‘Hobble Creek’ y de1 13% en las de la 
variedad Gordon Creek’. Para ayudar a satisfacer la demanda 
de semillas, 10s agricultores deberian cultivar granjas produc- 
toras de semillas usando plantas derivadas de semilleros. 

Notu de advertencia: Se desconoce si el uso de las phmtas de 
recipiente para pruebas de adaptation puede influenciar 
erroneamente en 10s resultados de tales estudios. Sii embargo, 
10s problemas de desarrollo de rakes descritos en este estudio 
deberian presentar ciertas dudas. 

be highest after a severe fire season, a time not conducive to big 
sagebrush seed production. 

To help overcome this problem, seed-increase gardens of released 
germplasms were established, and the feasibility for commercial 
production of seed determined (Welch et al. 1986, 1990, 1992). 
These gardens were established using containerized stock. This pro- 
cednre proved to be labor intensive and expensive. Volunteer big 
sagebrush plants in these gardens grew rapidly and produced seed 
the second year-just like their parents (Welch et al. 1990). This, 
plus the development of technology that allowed cleaning of big 
sagebrush seed to 95% pnrity (Booth et al. 1997, Shaw and Monsen 
1990, Welch 1995)-facilitating mechanical planting-led to the 
establishment of 2 gardens to study the performance of seed-derived 
versus container-derived big sagebrush plants. 
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The null hypothesis for this study was that seed production 
from seed-derived plants would not differ from container-derived 
plants. Alternate hypothesis was seed-derived plants would pro- 
duce more seed. 

Materials and Methods 

‘Hobble Creek’ Garden 
Containerized ‘Hobble Creek’ stock was started in May of 

1991. Tinus rootrainers (38 mm X 51 mm X 203 mm) from 
Spencer-Lemaire were used. These containers are designed with 
vertical grooves that prevent root spiralling and allows for air 
pruning of the developing root system (Harris 1992, Moore 
1985). The containers were filled to within 12 mm of the top with 
Fisons Sunshine Aggregate Plus No. 4 Mix containing Canadian 
sphagnum peat moss, perlite, major and minor nutrients, a wet- 
ting agent, and dolomitic lime. Filled rootrainers were saturated 
with tap water twice to settle the mixture. After settling, enough 
mixture was added to bring the growing medium to 12 mm of the 
top. Next, 10 ‘Hobble Creek’ seeds were placed in each cell and 
covered with about 2 mm of cleaned number 3 sandblasting grit. 
The containerized stock was grown outdoors on wooden pallets 
and watered as needed. After 3 months, each cell was thinned to 
1 seedling, and each cell received about 2 g of control-release fer- 
tilizer (14-14-14; 3 to 4 months). For wintering, the container- 
ized stock was covered to about 25 mm above the container top 
with sawdust 

The ‘Hobble Creek’ garden site was located 3 km south of 
Bluffdale, Ut., at The Point of the Mountain. Site preparation 
consisted of plowing and disking during spring and summer of 
1991 to remove all existing vegetation. A turf-roller was used in 
November 1991 to firm the soil. Next, 10 rows 2.2 m apart and 
45 m long were established in late November 1991, and 10 seeds 
were sown on the soil surface (Jacobson and Welch 1987) of a 4 
cm* spot every 2.2 m in the odd-numbered rows. Seed came from 
the same lot used to produce containerized stock. In February 
1992, a containerized plant was planted every 2.2 m in the even- 
numbered rows. The growing medium was covered with about 13 
mm of soil to prevent wicking of moisture from the medium. 

Elevation at this garden is 1,372 m. Native vegetation is bunch- 
grasses and big sagebrush. Annual precipitation is about 305 mm. 
Soil on the site is Bingham gravelly loam. The soil is deep, well- 
drained, and is derived from igneous and sedimentary rocks. 
About 100 mm of available water is held to a depth of 1.5 m. Soil 
pH ranges from 6.6 to 7.5. Rooting depth in this soil is less than 
50 to 76 cm. The average frost-free period is about 160 days. 
Permeability ranges from 102 to 160 mm per hour (Woodward et 
al. 1974). 

Gordon Creek Garden 
The Gordon Creek garden was established in the same manner 

as the ‘Hobble Creek’ garden, except on different soil types locat- 
ed 1.5 km east of the ‘Hobble Creek’ garden. 

Native vegetation is bunchgrasses, big sagebrush, and gambel 
oak (Quercus gumbelii Nutt.). Soil on the site is Wasatch loamy 
coarse sand. The soil is deep, well-drained, and is derived from 
quartz monzonite and quartzite. About 76 mm of available water 
is held to a depth of 1.5 m. Soil pH ranges from 6.5 to 7.8. 
Rooting depth in this soil is less than 101 to 127 cm. The average 
frost-free period is about 160 days. Permeability ranges from 160 
mm to 508 mm per hour (Woodward et al. 1974). 

Data Collected 
Data were collected on: grams of pure live seed per plant 1993, 

1994,1995, and death rate of plants for the same years plus 1992. 
During summer 1995, measurements were taken on air-dried 
weight of above-ground biomass, air-dried weight of root sys- 
tems, root depth, depth from soil surface to first lateral root, and 
the presence or absence of a tap root. 

Seed Production 
In November 1993, 10 seed-derived plants from each garden 

were randomly selected for furnish seed data. Seed-derived plants 
were paired with the nearest live container-derived plant on the 
seed-derived plant’s east side. These pairs were used for seed 
production measurements in 1993, 1994, and 1995. All test plants 
were surrounded by living big sagebrush plants. 

Inflorescences were harvested by use of a hand clipper before 
seed shattering and placed in plastic bags for transport and dry- 
ing. Bags were left open to dry in heated (22°C) laboratory. The 
inflorescences were hand stirred each day. When dried, inflores- 
cence stems were hand stripped of seeds, achenes, floral bra&s, 
fine stems, and leaves. A 14 X 1Cmesh screen was used to sepa- 
rate fine stems and intact leaves from seeds, achenes, floral 
bracts, and broken tine stems and leaves. The resulting material 
was rubbed on a finely serrated board to further free achene from 
the florets. Final cleaning was done with a small-lot, air-lift seed 
cleaner. 

Cleaned seed and achenes from each plant was weighed to the 
nearest 0.1 g. Seed purity was determined from a 0.3 g subsample 
by separating filled seeds or achenes from broken or aborted 
fruits and chaff. These 2 allotments were weighed to 0.00001 g 
and purity calculated. Viability was determined by using the 
tetrazolium staining test (Grabe 1970) as outlined by Meyer et al. 
(1987), except that the seeds were immersed in the buffered tetra- 
zolium solution for 24 hours instead of 6 hours. Seed lot weight, 
purity, and seed viability were used to calculate the amount of 
pure live seed produced by each plant. 

Vegetative Measurements 
In June 1995, five additional plant pairs from each garden were 

randomly selected to provide vegetative measurements. First, the 
above-ground portion of each plant was cut off at the soil line, 
placed in an open plastic garbage can, and air dried at ambient 
temperature in a storage building for 2 weeks. After air drying, 
the above-ground portions were weighed to the nearest gram. 
Next, root systems of the pairs were hydro-extracted from the soil 
by digging a trench about 3.7 m deep with a backhoe. The trench 
was within about 2 m of 1 side of each plant allowing the soil 
being washed away from the root systems to flow from the 
plants. Periodically, the trench had to be cleared of the washed 
soil. Washing of the root systems started at the base of the plants 
and moved to the outside. This approach allowed easy identifica- 
tion of sagebrush roots from roots of non-target plants. After 
extraction, the following measurements were taken: depth of 
deepest root (cm), depth from soil surface to first lateral root 
(mm) (for container-derived plants 13 mm was subtracted from 
this measurement to correct for the depth of soil covering the 
growing medium), and the presence or absence of a tap root was 
noted. All extracted root systems were placed in individual open 
plastic garbage cans and air dried at ambient temperature for 2 
weeks in a storage building. When dried, the root systems were 
weighed to the nearest gram. 
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Statistical Analysis 
Paired t-tests were used to test the null hypothesis. A normality 

test was performed on each data set to check the assumption that 
the differences, if any, were normally distributed (Hintze 1992). 

Results and Diiussion 

seed Pnlductio” 
All seed production data sets with the exception of ‘Hobble 

Creek’ 1993, showed that plants derived from seed produced sig- 
nificantly (p < 0.05) more seeds than plants derived from con- 
tainerized stock (Table 1 and 2). The most dramatic difference 

Tabk 1. Comparisow of 1993 to 1995 seed production rind vegetative 
measuremenLs of ‘Hobble Creek’ &4remish bide,,takz ssp. vaw~,,,,, 
plants established from dtrect seeding and from containerized stock, 
Data are expRssnl ss means f standard deviations. 

occurred during 1994. Seed-derived plants o”t performed con- 
tainer-derived plants by a factor of nearly 3.4 for ‘Hobble Creek 
and 3.8 for Gordon Creek. For 1993 and 1995, the superiority of 
seed-derived plants was less, ranging from 1.5 to 1.9 times 
greater. The growing seasons (April through September for 1993 
and 1995) were cooler and wetter than normal (1993-117% of 
normal precipitation and 1.7”C below normal temperatures: 1995 
-152% and 2.0°C below normal; NOAA 1993, 1995). These 2 
growing seasons contrast with the hot and dry growing season of 
1994 (68% of normal precipitation and 3.9”C above normal tem- 
pmhn-es. 7°C above normal for July; NOAA 1994). 

1993 (id 39t 16. 25 * 17h 
1994 (S) 34 * 17’ 9 * 6b 
1995 (gl 64t23’ 33 * IOh 

“cEetati”e meas- 
Above-gmund biomass (9) 2080 * 306’ 1531 *472b 
Rwt mass (g) 946e99’ 679 f 20P 
Root de@ (cm) 231*ll’ I91 +Ub 
rkp47 to fml mot (mm, 38 * rc 71 * 2ob 
Death rate (t!M-95%) v 13h 

‘Rmv Incans v/id? die same $“pcl?cripts are not rignineardy diffcrcnt (p 5 0.05) paired 6 
tesfs. 

Fig. 1. Upper porttons of the mot system of (A) P container-derived 
plant and (B) a seed-derived plant. Containerized plants (A) 
lacked the large and pmminent tap root of seed-derived plants(B). 
Lateral mats from seed derived plants were initiated fearer the 
soil surface whereas lateral mats from mot&erized plants were 
initiated much deeper (l/3 actual size). Arrow points to soil NT- 
face. 
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Seed yields of container-derived plants were 2.6 to 3.7 times 
greater during the 2 wetter years of 1993 and 1995 than the dry 
year of 1994. For seed-derived plants, seed yields were 1.1 to 1.9 
times greater in the 2 wetter years than the dry year. This sug- 
gests that supplementary irrigation may stimulate higher seed 
yields. 

Vegetative Measurements 
All variables were significantly greater for seed-derived plants 

than container-derived plants. Seed-derived plants produced 
greater above-ground biomass by a factor of 2.1 for ‘Hobble 
Creek’ and 1.4 for Gordon Creek produced 2.8 and 1.4 more root 
mass; produced 1.2 times deeper roots; produced lateral roots 
closer to soil surface; and plant death rate was 0 versus 16 and 
13%. AlI seed-derived plants produced a distinct tap root. None of 
the container-derived plants produced a distinct tap root (Fig. 1). 

Differences in root development between seed-derived and 
container-derived plants seem to be wide spread. Moore (1985) 
made this observation: “Indeed the root system of container- 
grown plants may never develop the same structure as the ‘nor- 
mal’ system of direct sown plants.” This study agrees with that 
observation and extends it to seed production. The differences 
appear to be developmental because all roots were inspected for 
signs and symptoms of disease and none were found. All root 
systems appeared to be healthy. 

Miscellaneous Observations 
Seven to 10 lateral roots grew downward from the plants at a 

30” angle for some 0.5 m to 1.0 m, where they turned directly 
downward until they nearly reached the depth of the tap roots. 
This was observed for both types of plants, although, the contain- 
er-derived plants had no tap root for depth comparisons. It is 
unknown if use of container-derived plants for adaptation trials 
might erroneously influence the results of such studies. However, 
the root development problems described in this study should cast 
some doubt. 

Conclusions 

Data collected during this study showed that plants derived 
from seed produced larger plants with deeper and more massive 
root systems, and greater seed yields while exhibiting a lower 
death rate than plants derived form containerized stock. The use 
of container-derived stock for adaptation trials might erroneously 
influence the results of such studies. I recommend that growers 
establish seed-increase gardens with seed rather than with con- 
tainerized stock. 
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Abstract 

We documented vegetation dynamics (April 1986-July 1989) as 
part of a larger study to understand botanical composition and 
nutritional components of cattle and deer diets under 2 grazing 
systems (continuous and short-duration), and 2 stocking rates 
(heavy and moderate) at tbe Welder Wildlife Refuge, Sinton, Tex. 
Objectives of tbe study were to examine initial vegetation bomo- 
geneity and floral changes over time in tbe plant community, and 
to determine pbytomass dynamics. Results indicated that grazing 
treatment had no impact on homogeneity of the plant community. 
Cattle grazing, regardless of treatment, increased diversity with 
time until drought conditions persisted and diversity declined. 
Shannon’s diversity index (H) hanged from a p-treatment value 
ofH= 2.41inApril1986,toH=3.08inApril1988,toH=2.61in 
April 1989. There was no diierence (P > 0.05) in diversity index 
between grazing treatments or replication witbin years. Stocking 
rates (heavy - 198 g/m’ differed (P < 0.05) from moderate - 258 
g/m3 bad a more significant impact on pbytomass tban grazing 
system (continuous = 225 g/m’; short-duration grazing = 231 glm’; 
P > 0.05) by tbe end of tbe study period. Precipitation was a deter- 
minant factor in tbe seasonal dynamics of pbytomass of the vari- 
ous forage classes. Pbytomass of forbs was unaffected by grazing 
system or stocking rate. Pbytomass of grasses and grass-like plants 
important to deer was lower (P < 0.05) under short-duration tban 
continuous grazing. Pbytomass of grasses and grass-lie plants 
preferred by deer was greater under moderate tban heavy stock- 
ing rates. We recommend continuous over short-duration grazing, 
and moderate over heavy stocking rates, when white-tailed deer 
habitat quality is a primary concern. Less intensive grazing sys- 
tems should be acceptable as well. 

Key Words: diversity, pbytomass, white-tailed deer, Odocoileus 
virginiunus, cattle, Coastal Bend of Texas, short-duration graz- 
ing, continuous grazing 

Documentation of the effects of grazing strategies on vegeta- 
tion is critical to determining whether these practices would result 
in improvement or deterioration of range condition of a particular 
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Reslimen 

Documentamos la dinhmica de la vegetacidn (Abril 1986 - 
Julio 1989) coma parte de un estudio mucbo mayor para tratar 
de entender la composicih bothica y 10s componentes nutri- 
cionales de la dieta de vacunos y ciervos de cola blanca bajo dos 
sistemas de pastoreo (continua y de corta duracih), y dos cargas 
animales (alta y moderada) en el Refugio de Vida Silvestre 
Welder, Sinton, Tex. Los objetivos de1 estudio fueron examinar 
la bomogeneidad initial de la vegetacih y 10s cambios de la flora 
a travhs del tiempo en la comunidad vegetal y a su vez determi- 
nar la din&mica de la fitomasa. Los resultados indican que 10s 
tratamientos de pastoreo no impactaron la bomogeneidad de la 
comunidad vegetal. El pastoreo por vacunos, independiente del 
tratamiento, aument6 la diversidad con el tiempo basta que la 
diver&lad baj6 debido a las condiciones de sequia. El indice de 
diversidad Shannon (H) cambi6 de un valor pre-tratamiento de 
2.41 en Abrill986, a H = 3.08 en Abril1988, a H = 2.61 en Abril 
1989. No bubo una diferencia significativa (P > 0.05) en el indice 
de diversidad entre 10s tratamientos o dplicas entre 10s aiios de 
muestreo. La carga animal (alta = 198 g/m* fuC diferente a la 
moderada = 258 g/m’) tuvo un impact0 signifcativo mayor en la 
fitomasa que el sistema de pastoreo (continua - 225 g/m*; corta 
duracih = 231 g/m? bacia fines de1 period0 de estudio. La pre- 
cipitacih fuC un factor determinante en la dinhmica estacional 
de la fitomasa de las diferentes clases de forraje. La fitomasa de 
bierbas no fuh afectada por el sistema de pastoreo o la carga ani- 
mal. La fitomasa de 10s pastos o plantas similares a pastos e 
importantes para 10s ciervos fuC menor (P < 0.05) bajo pastoreo 
de corta duracih que en pastoreo continua. La fitomasa de 10s 
pastas o plantas similares a pastos y preferidas por 10s ciervos 
fue mayor bajo cargas animales moderada que cargas altas. En 
cases de que la calidad de1 bhbitat para 10s ciervos de cola bhca 
sea de primordial importancia, recomendamos pastoreo contiuo 
en compare&h a corta duracih, y carga animal moderada en 
comparacih a carga ah. Sitemas de pastoreo menos intensivos 
son acceptables. 

range type or wildlife habitat. This is important when managing 
for more than 1 animal species, because, to obtain optimum ani- 
mal production, a balance between forage supply and herbivores 
should be maintained (Chamrad et al. 1978). 

The grazing system in which vegetation responses has been 
most frequently measured is continuous grazing. With the intro- 
duction of short-duration grazing, numerous studies have been 
conducted to compare, in terms of vegetation and animal perfor- 
mance, short-duration with continuous grazing using different 
stocking rates. 
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Short-duration grazing may reduce the biomass of all cate- 
gories of standing crop and litter (Heitschmidt et al. 1982) and 
forage availability may not be significantly different in either 
continuous or short-duration grazing systems (Jung et al. 1985). 
Heitschmidt et al. (1986) concluded that there was little evidence 
showing greater forage production under rotational grazing with 
higher than normal stocking rates than under continuous grazing 
with moderate stocking. Furthermore, they suggested that as 
stocking rate increased, herbaceous standing crop declined 
regardless of grazing system. Similar findings were reported by 
Ralphs et al. (1990). Evaluation of short-duration and continuous 
grazing in Mexico indicated that phytomass/animal unit was 80% 
greater under moderately stocked continuous grazing than twice 
the stocking rate under short-duration grazing (Soltero-Gardea 
1987). Pitts (1983), comparing variable stocked short-duration 
and continuous grazing stocked steadily for 4 years, found that 
standing crop biomass under short-duration during the last years 
of evaluation was 20% less than continuous grazing. 

Precipitation patterns and stocking rates have had a more sig- 
nificant impact on phytomass than grazing systems (Kothmann et 
al. 1978). Changes in species biomass have been more closely 
related to rainfall than grazing systems in Texas (Pitts 1983). Hart 
et al. (1988) suggested that differences in production among 
years in Wyoming were largely a result of differences in amount 
and timing of precipitation. Furthermore, range site, particularly 
soil type, can also influence the phytomass (Drawe 1988). 

This research was part of a larger study on cattle and deer feed- 
ing strategies in the Coastal Bend of Texas (Ortega 1991, Soltero- 
Gardea 1991). The objectives of the study were to examine initial 
vegetation homogeneity and floral changes over time in the plant 
community, and to determine phytomass dynamics under 2 graz- 
ing systems, continuous and short-duration grazing, at 2 stocking 
rates, heavy and moderate. 

Materials And Methods 

Study Area 
The study was conducted at the Rob and Bessie Welder Wildlife 

Refuge (28” 6’ N, 97” 25’ W), San Patricia County, Tex. The 
3,157-ha refuge is located in the Coastal Bend region, a transition- 
al zone between the Gulf Prairies and Marshes and the South 
Texas Plains (Box et al. 1978) (Fig. 1). The climate is humid and 
subtropical, with hot summers and cool winters. The Welder 
Wildlife Refuge has an average yearly rainfall of 89.9 cm (range = 
375148.7 cm). Rainfall can occur any time of the year, but usu- 
ally peaks in late summer and fall. The vegetation of the area is 
not controlled by the average rainfall, but by the extremes. Plant 
growth can occur every month of the year if moisture is available 
(Box et al. 1978). On the study area, the Lagarto Tank area, aver- 
age annual rainfall from 1962 to 1988 was 95.3 cm. In 1987, rain- 
fall was 88.8 cm and most (41.7 cm) of it occurred during 
April-June. A drought occurred on the Coastal Bend during 1988, 
when rainfall was only 60.3 cm, most of which (32.3 cm) came 
during July-September. During 1989 the drought continued and 
the area received only 11.7 cm of rainfall in the first 6 months. 

Grazing treatments were established near the Lagarto tank area. 
This site was chosen based on homogeneity of the mesquite- 
mixed grass plant community. This community is found tbrough- 
out the region, on poorly drained Victoria clay soils (Drawe et al. 
1978). It is characterized by moderate stands of honey mesquite 
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Fig. 1. (a) Texas location of study area and (b) design and distribu- 
tion of treatment pastures and replications. Welder Wildlife 
Refuge, San Patricia Co., Texas, 1986-1989. 

(Prosopis glandulosa Torr.), interspersed with mottes of brasil 
(Condalia hookeri M.C. Johnst.) and Texas persimmon 
(Dyospiros texana Scheele.). Buffalograss (Buchloe aizctyloides 
(Nutt.) Engelm.), pink tridens (Tridens congestus (L.H. Dewey) 
Nash.), and bermudagrass (Cynodon dactylon (L.) Pets.) are the 
dominant grasses. Among the forbs, prairie coneflower (Ratibida 
columnaris Sims), western ragweed (Ambrosia psilostachya 
DC.), clay violet (Ruellia nudzjlora (Gray) Urban), and patches of 
wood-sorrel (Oxalis dillenii Jacq.) were dominant. Sumpweed 
(Zva annua L.) was a dominant annual forb, for a few months 
after heavy rains in June 1987. Botanical names and plant identi- 
fication follow taxonomy by Gould and Box (1965) and Jones 
(1982). 

Soils are vertisols of the Victoria series (tine, montmorillonitic, 
hyperthermic, Udic Pellustert), with slopes of O-l% and poorly 
drained. According to their texture, soils are classified as clayey 
(Drawe et al. 1978). 

Treatments 
The study area consisted of 48 ha divided into 4 study sites 

(Fig. 1). One site of 8 ha was a short-duration grazing with 2 
replications (4 ha/replicate) at a heavy stocking rate (1 AU/2.4 
ha/yr). A second site of 8 ha contained two 4 ha replicates of 
short-duration grazing at a moderate stocking rate (1 AU/4.9 
ha/yr). On a third adjacent (16 ha) site, we established a continu- 
ous grazing treatment with 2 replications of 8 ha each at heavy 
stocking (1 AU/2.4 ha/yr); whereas, the fourth site had 2 replica- 
tions (8 ha each) of continuous grazing with moderate stocking (1 
AUl4.9 ha/yr). 

Vegetation Measurements 
Data were collected from October 1987 to July 1989; a pre- 

treatment sampling was done in April 1986 prior to implementing 
the grazing treatments in March 1987. To better interpret season- 
al variation under the different treatments, monthly sampling 
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periods were grouped into seasons. October and November were 
considered to be the fall season; December, January, and 
February were the winter season; March and April were grouped 
into a spring season; and May through September were merged 
into the summer season. Summer season 1989 included only 
May, June, and July. Precipitation at the study site was recorded 
during 1987,1988, and 1989. 

We read fifty, 0.25-m’ randomly selected quadrats per treat- 
ment replication, for presence/absence of plant species (species 
frequency) to document changes in availability and floral diversi- 
ty. These data were collected each month in alJ treatment replica- 
tions 2 days before grazing the short-duration treatment. To mini- 
mize observer error, data collection was done by one observer. 

month (Cook and Stubbendieck 1986). Samples collected were 
frozen and later separated to obtain biomass by forage classes. 
Samples were sorted and oven dried for 72 hours at 55°C for air 
dry weight determinations. Eight forage classes were recognized: 
preferred grasses, non-preferred grasses, preferred forbs, non-pre- 
ferred forbs, preferred grass-like species, non-preferred grass-like 
species, litter, and total phytomass. Species were classified as 
preferred and non-preferred by deer, based upon previous 
research at the study site (Drawe 1968; Drawe and Box 1968; 
Chamrad et al. 1978). Total phytomass was calculated as the sum 
of all plant groups. 

The point-centered quarter method (Dix 1961) was used to esti- 
mate relative frequency of woody vegetation. Sampling was con- 
ducted from 8 to 14 August 1988. A total of 10 randomly selected 
line transects was sampled using 5 points in each line, totaling 50 
points per treatment replication. 

Shannon’s diversity index (H) (Magurran 1988) was calculated 
from frequency data to measure species richness and evenness of 
the study area. These diversity indices were calculated for April 
1986, prior to implementing grazing treatments, and again in 
April of 1988 and 1989. 

Statistical Analysis 
Phytomass dynamics were determined by hand-clipping 10 ran- 

domly located 0.25-m’ rectangular plots in each pasture every 
Data on phytomass of forage classes and species were analyzed 

using a General Linear Model (GLM) of Statistical Analysis 

Table 1. Seasonal availability (percent frequency) of forage in the continuous grazing treatment under heavy and moderate stocking rate. Only species 
with a relative frequency > 5 % in any 1 season are presented. 

H.%IW Moderate 
J3U.b1989 1987 1988 1989 

fall winter spring summer fall winter spring summer Mean fall winter spring summer fall winter spring smmner Mean 

9.8 7.6 5.0 3.1 3.1 2.7 0.5 5.1 11.1 8.0 6.0 5.4 
0.1 0.4 4.3 2.3 0.2 4.4 4.2 2.3 2.0 - 0.3 3.1 

2.9 
9.5 
- 

5.0 
5.5 
1.9 
4.6 

- 
1.4 
0.8 

- 0.3 - 1.0 
1.3 0.2 - 2.1 

0.3 0.2 - 0.3 2.3 
3.1 12.0 5.1 - 3.2 

4.8 5.0 3.9 2.9 

1.2 3.4 3.1 
2.8 6.0 1.6 
3.1 2.9 5.4 
1.4 1.4 3.9 
1.5 1.0 4.1 
8.3 4.5 0.2 

13.4 9.3 5.1 

2.9 4.9 0.6 0.8 

3.6 0.8 3.0 1.1 
1.4 2.4 - - 
3.9 5.4 1.8 0.5 
5.7 3.5 7.6 6.7 
3.7 4.2 2.2 1.6 

0.4 - - 
3.2 3.8 3.0 - 

2.2 
1.8 
2.9 
4.4 
3.5 
1.7 
5.4 

2.6 3.6 10.0 11.6 2.9 6.5 13.8 
12.8 12.4 15.0 14.2 8.7 20.8 15.1 

14.2 74.4 64.4 59.6 53.9 58.2 50.6 

7.6 

- 2.8 5.1 - 
- 9.7 7.7 - 

18.1 0.3 1 .o 1.1 
- - 3.1 0.7 

0.4 4.6 5.6 3.4 

2.2 2.1 2.2 4.2 
0.1 3.2 7.8 1.4 
0.2 2.3 3.1 6.2 
5.3 2.6 1.2 5.0 
1.5 1.9 1.1 3.7 
- 7.7 4.2 - 
5.3 11.7 8.3 5.5 

9.9 3.4 3.0 10.5 
15.1 12.8 12.2 13.9 

11.1 13.2 12.5 64.2 

12.0 1.9 16.5 17.9 

4.2 3.9 4.3 

17.3 24.1 13.3 41.7 

6.5 5.6 5.0 2.1 4.7 

8.9 9.3 5.8 12.5 

7.5 5.1 4.4 4.8 

- 6.3 - - - 2.9 - 
- - - - 

1.2 - - 6.1 - 
0.1 - 0.1 0.4 

1.7 

3.9 

0.1 

0.4 
5.1 

0.9 

1.0 
7.6 

0.7 3.9 0.1 - 
3.8 - - - 
2.6 9.6 17.8 0.6 
2.6 0.8 0.6 3.1 

0.9 
0.5 
4.0 
4.2 

- 1.7 - 0.6 
- - - 

- - 1.1 0.7 
10.4 6.2 7.0 9.8 

4.0 

25.8 

1.8 

25.6 

5.2 

35.7 

6.9 2.2 2.1 1.3 2.0 4.5 2.5 1.1 

40.4 46.1 41.8 49.4 28.9 26.8 21.5 35.8 

3.8 3.8 5.6 1.7 5.1 
2.1 - 4.6 4.1 2.1 

0.2 1.0 
0.1 1.9 0.5 - 2.5 
0.4 1.0 0.5 2.8 
1.0 8.2 4.4 2.2 

2.9 5.2 0.6 0.7 2.9 

3.5 1.9 1.6 2.0 2.5 
1.1 2.9 0.3 2.1 
4.4 6.6 2.8 1.2 3.4 
1.6 5.3 5.9 10.8 5.5 
4.3 2.1 2.6 4.9 2.8 

0.1 1.5 
5.2 6.6 4.2 5.9 

9.0 2.2 5.5 15.4 7.4 
13.0 7.6 17.6 14.7 

59.0 55.5 56.7 55.5 

17.1 19.6 10.6 31.1 14.4 

6.8 6.5 4.3 2.1 5.3 

- - 3.1 1.2 
0.2 0.5 0.6 0.2 

0.7 4.9 0.1 1.0 
5.3 0.3 0.2 0.7 
0.8 7.6 16.4 3.3 
2.3 2.3 3.5 7.4 6.1 

7.7 2.1 5.2 2.4 

41.0 44.5 43.3 44.5 

F&S 
Ambrosia psilostachya DC. 13.1 
Destttanthus virgahu 2.6 

(L.) Willd. 
Euphorbia spathulata Lam. - 

Geranium carolinianum L. - 
Iva amua L. 14.0 
Lesquerella lindheimeri 

(Gay) Wats. 
Lythtwm califomicum 0.2 

TOIT. and Gray 
Mar&a macropoda A. Et. 0.9 
Oetwthem speciosa Nun. 0.3 
O&is dilktdi Jacq. 0.4 
Phyk in&a Small 5.1 
Phyla twdifira C.L.) Greene 3.6 
Pyrrhopappur multicatdis DC. - 
Ratibida colum~ris (Sims) 5.0 

D. Don. 
Ruellia nodij7ora (Gray) Urban 9.7 
O&et Forb 15.5 

Total Fob 70.6 

Grasses and Grass-like 
Buchloe dactyloides 10.5 

(Nutt.) Engelm. 
Cypencp acumbtatus Torr. 5.9 

and Hook. 
Hordewtt purillum Nun. - 

Schizachyrium scoparium - 
l.Michx.) Nash 

Scirpus sarimontMur Fem. - 

Sporobohts aspcr (Michx) Kunth. - 
Stipa kucotricha Trin. and Rupr. - 
Tridens cottgesnts 9.6 

(L. H. Dew.) Nash. 
Other Grasses and Grass-lie 3.5 

Total Grasses and Grass-like 29.4 
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System (SAS 1985) through a completely randomized design, 
with a split-plot in time arrangement (Steel and Torrie 1980). 
Pastures within grazing systems (GS) and stocking rate (SR) were 
considered replications (Rep). Grazing systems and stocking rates 
were whole plots with seasons as the split-plot. The error term for 
testing significant effects of grazing systems and stocking rate 
was Rep X SR (GS). The error term used for testing season was 
Rep X GS X SR X Seasons. Differences between means were 
determined using Fisher’s protected least significant difference 
(LSD) procedure (alpha level = 0.05) (Ott 1988). 

Results and Discussion 

Study Area Homogeneity and Floral Changes 
Prior to initiation of grazing treatments, sampling of the herbage 

layer conducted in April 1986 showed a mean diversity index of H 
= 2.41 for all treatment pastures. There was no difference in diver- 
sity (P > 0.05) among treatment pastures, with diversity indices 
ranging from H = 1.95 to H = 2.63. However, there was an 

increase in diversity in all pastures by April 1988 (H = 3.08) and a 
decrease in diversity in April 1989 (H = 2.61). Diversity across all 
treatment pastures was similar (P > 0.05) in April 1986 and April 
1989, but it was different (P < 0.05) between these 2 dates and 
April 1988. There was no difference (P > 0.05) in diversity among 
pasture tmatments or replications within years. 

Grazing treatments did not affect species composition of the 
vegetation in the study area; species richness and evenness was 
maintained. Evidently, short-term (2 yr) changes in the vegetation 
composition did not occur because of grazing impacts or treat- 
ments. The increase of 1 perennial species, wood-sorrel, was 
directly related to opening the herbage canopy by grazing, 
drought of the second year, and moderate stocking rate. Soltero- 
Gardea (1991) confirmed the findings of several other studies 
where heavy stocking rates have more impact on biomass than 
grazing systems. 

Most species were affected in their availability by season (P < 0.05) 
(Tables 1 and 2). Some species were affected by the grazing system 
(i.e., western ragweed). While some were affected by grazing system, 
stocking rate, or seasonal intemctions. We observed an unexplainable 

Table 2. Seasonal availability (percent frequency) of forage in the short-duration grazing treatment under heavy and moderate stocking rate. Only 
species with a relative frequency > 5 5% in any 1 season are presented. 

H.%W MOd.%3te 
J.!XL-1989 l%U-1989 

fall winter spring summer fall winter spring summer Mean fall winter spring smnmer fall winter spring smnmex Mean 

Forhs 
Ambrosia psilostochya DC. 
Desmontbus virgahu 

(L.) Willd. 
Euphorbia spothulota lam. 
Geranium carolinionum L. 
Iva anntta L. 
ksquerello litt&eboeri 

C&Y) Wats. 
Lythrum colifomicum 

Torr. and Gray 
Marsilea macropoda A. Br. 
Oenothera speciosa NUU. 
Ox&s dillenii Jacq. 
Phyla in&a Small 
Phyla nodijlom (L..) Cimswz 
Pyrrhopoppur multicoulis DC. 
Ratibido co1 umnoris (Sims) 

D. Don. 
Rueilio nodt$&ra (Gray) Urban 
other Forbs 

15.5 11.7 9.6 9.0 
1.2 0.1 0.3 3.0 

0.2 7.8 5.0 3.7 

1.3 
0.6 
0.1 
4.0 

0.7 
1.9 

1.1 3.4 5.7 
3.0 5.3 1.9 
1.5 2.8 7.3 
0.7 1.1 3.4 
5.9 5.7 0.4 
0.4 0.4 1.5 

11.4 6.9 5.0 

6.2 2.2 2.2 7.6 
13.9 9.2 12.6 11.5 

Total For& 63.5 67.6 72.3 62.9 

Cirasscs and Grass-like 
Buchloe doctyloides 7.9 

(Nutt.) Engelm. 
Cypcnrr acuminatus Tort. 5.8 

and Hook. 
Hordeton purillum NUU. 
Schizachyrium scoporium 8.2 

(Michx.) Nash 
S&pus saxbnontonus Fem. - 
Sporobolw osper (Michx) Ku&. - 
Stipo leucotricho Trin. and Rupr. - 
Trident congeshts 10.1 

(L. H. Dew.) Nash. 
Other Grasses and Grass-like 4.5 

Total Grasses and Grass-like 36.5 

2.2 5.7 
10.1 7.5 
0.3 2.1 

1.8 

9.7 5.1 13.6 

6.8 4.0 

- 4.1 
5.4 3.5 

3.0 0.9 
- _ 

- 0.3 
5.9 7.6 

1.8 2.3 

32.4 27.8 

2.4 
0.5 

8.7 7.8 5.8 0.8 
1.8 - 4.0 4.9 

0.3 - - 
2.5 0.2 - 

1.0 0.3 0.6 - 
2.7 12.3 5.7 0.2 

4.3 5.4 0.5 1.2 

3.3 0.6 2.4 4.1 
2.0 5.0 1.1 - 
3.8 5.5 3.0 3.7 
6.2 4.0 6.6 7.7 
- - 0.1 1.5 
1.8 1.0 2.5 3.5 
3.8 3.5 4.2 0.4 

7.0 1.7 5.1 14.1 
12.1 7.0 19.1 15.9 

58.5 56.8 60.7 56.4 

3.6 

15.9 19.8 10.7 28.4 

4.9 5.4 4.0 2.8 

4.3 
- - 1.9 - 

4.4 5.4 2.4 6.8 

0.8 

0.6 
7.7 

1.1 5.5 0.2 - 
5.2 - - - 
0.4 4.0 13.8 0.1 
2.2 1.2 1.6 4.2 

6.5 7.5 2.0 4.7 1.3 

37.1 41.5 43.2 39.3 43.6 

8.6 
1.9 

1.0 
2.5 
3.1 
2.9 

3.5 

2.7 
2.4 
3.5 
4.2 

1.5 
4.6 

5.8 

13.9 

4.7 

0.8 
5.1 

1.4 
0.7 
2.4 
5.1 

14.7 11.0 8.8 9.1 
1.9 - 1.1 4.2 

- 2.2 4.7 - 
- 11.1 1.5 - 

19.2 0.1 1.6 2.9 
- - 1.9 0.4 

- 5.5 5.0 3.1 

1.5 1.6 3.3 5.4 
0.5 4.2 6.9 2.3 
0.3 1.4 2.8 6.2 
2.2 1.1 0.8 2.3 
5.7 5.9 0.2 - 
1.0 0.3 0.1 2.2 
1.8 10.8 6.8 4.2 

6.5 3.5 2.6 6.8 
14.8 11.0 14.5 12.3 

64.2 69.5 74.2 61.7 

6.3 8.1 4.5 11.6 

7.8 7.4 3.0 4.0 

- - 4.4 - 
4.2 3.6 2.6 3.0 

- 2.5 0.4 0.2 
-- - - 

- - 0.6 0.1 
12.6 6.2 8.7 11.5 

4.9 2.7 1.7 7.9 

35.8 30.5 25.8 38.3 

8.0 
2.0 

8.7 

1.0 
0.7 

0.5 
3.7 
0.9 
7.1 

3.1 3.8 

2.2 1.3 
1.3 5.6 

4.2 6.7 
4.4 2.5 

2.6 2.0 
2.5 6.0 

6.4 1.6 
14.4 6.5 

52.8 56.9 

14.5 16.3 

4.9 6.5 

3.1 3.7 

1.0 6.1 
8.2 1.0 
0.8 4.6 
3.7 3.3 

10.9 1.7 

47.2 43.1 

8.0 2.8 
3.6 5.6 

0.6 - 
0.3 - 
1.1 0.3 
3.0 - 

0.8 1.3 

2.8 4.3 
0.7 - 
1.9 2.2 
2.1 2.9 
- - 

1.4 3.8 
4.5 0.5 

4.6 12.5 
20.3 17.6 

55.5 53.9 

9.3 25.3 

3.6 3.7 

3.2 - 
1.2 3.8 

0.1 - 
- - 

16.7 0.5 
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12.0 

5.1 

1.0 
3.2 

1.3 
1.2 
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interaction grazing system X stocking mte X season for purple vetch 
(Vicia leavenworthii Torr. and Gray) and meadow dropseed 
(Spor0bolu.s asper @Ii&x.) Kunth.), an unexplainable interaction 
grazing system X stocking rate for rastyseed paspalum (Puspalum 
langei (Foum) Nash.), and an unexplainable interaction grazing sys- 
tem X season for pepperwort (Mursileu mucropodu A. Br.), pink 
evening primrose (Oenotheru speciosu Nutt.), and little barley 
(Hordeum pusillum Nutt.)(P < 0.05) (Tables 1 and 2). 

From the herbage layer, the response of some plant species fre- 
quently used by cattle and deer were highlighted to illustrate het- 
erogeneity of the treatments. Buffalograss increased (P < 0.05) on 
all treatments throughout the study. Pink tridens was more abun- 
dant in the moderate than the heavy treatments during fall 1987, 
winter 1988. and spring 1989 (P < 0.05). Texas wintergrass 
(Stipu feucothrichu Trin. and Rupr.) was available in greater pro- 
portions in the continuous grazing than short-duration grazing 
treatments during winter 1989 (P < 0.05) (Table 1 and 2). 

Among the forbs, bladderpod (Lesq~erelZu lindheimeri (Gray) 
Wats.) was more abundant under continuous grazing than short- 
duration grazing (P c 0.05) (Table 1 and 2). Prairie coneflower 
showed a steady decline throughout the study in all treatments 
starting in winter 1988 (P < 0.05) (Tables 1 and 2). We observed 
greater availability of wood-sorrel in the heavy compared to the 
moderate treatments in spring 1989 (P < 0.05) (Tables 1 and 2). 

Analysis of the browse layer showed that several species were 
similarly available throughout the area, regardless of grazing 
treatment. Mesquite was the most abundant brush species on the 
study area (65%; range = 62 - 67%), followed by huisache 
(Acuciufumesiunu Isely) (15%; range = 10 - 19%). 

Phytomass Dynamics 
No differences (P > 0.05) were found between grazing systems 

in total phytomass by the end of the study (Table 3). When forage 
classes were analyzed, we found differences (P c 0.05) between 
grazing systems for preferred grasses, grass-lie plants, and litter. 
Under continuous grazing, phytomass of preferred grasses was 
13% greater and grass-like plants was 56% greater, than under 
short-duration grazing. Litter, on the other hand, was 15% greater 
under short-duration grazing than under continuous grazing. In 
the short-duration grazing pastures, there was a slightly greater 
frequency of little bluestem (Schizuchyrium scopurium (Michx.) 

Table 3. Mean phytomass of plant groups (81~1~ p&erred aad non-pre- 
ferred by white-tailed deer, after 3 years of livestock use under differ- 
ent grazing systems aad stocking rates at the Welder Wildlife Refuge. 

S Stock&g Rate 
Plant Groups Continuous Short-duration HeavY Moderate 

- - _ _ - - - - - - - - - - - _ _ _ (&.g)- - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ 
Forbs 
Preferred 27.5 a’ 23.1 a 26.4 a 24.1 a 
Non-preferred 22.4 a 20.8 a 22.1 a 21.1 a 

Grasses 
Referred 58.5 a 50.6 b 45.7 b 63.8 a 
Non-preferred 0.8 a 0.4 a 0.4 a 0.7 a 

Grass-like 
Preferred 3.7 a 1.6b 2.0 b 3.3 a 
Non-preferred 0.2 a 0.2 a 0.1 a 0.2 a 

Litter 112.7 b 133.1 a 102.6 b 143.3 a 
Total 224.5 a 231.1 a 198.0 b 257.6 a 
‘Means with the same letter between grazing systems and behveen stocking rates arc not 
significantly different (P > 0.05). 

1%; Rainfall - Phytomass 
-I 

8:; Rainfall - Short Duration - Continuous 

~~p,.:.,:::::.::::i:‘:::::::~:.::.:~~:~:.::~.~.::: . . . . :;..::.j.:.: . . . . . :.:.::::;~..~~.)~:.~:.‘,..~,:.:.:~~” :..:;:: 

S~nmr Fall Winla Spring S~mnrr FI Winter SpnnS Sumxr 

;G. Rainfall -Heavy -Moderate 

1987 1988 -19i9 

Fii. 2. (a) Seasonal variation (P < 0.05) in total phytomass (g/m*) and 
seasonal rainfall (mm), means with the same letter among seasons 
are not significantly diierent (P > 0.05); (b) across grazing sys- 
tams, and (c) across stocking rates. Welder Wildlife Refuge, San 
Patricia Co., Texas, 1986-1989. 

Nash), a midgrass species, that produces large amounts of foliage 
and litter (Tables 1 and 2). This factor, combined with periodic 
rest of the pastures, may have contributed to an accumulation of 
litter, particularly under short-duration grazing. 

When we compared stocking rates, no differences (P > 0.05) 
were found between non-preferred plant forms (forbs, grasses, 
and grass-like) (Table 3). However, total phytomass was 14% 
greater under moderate than under heavy stocking rate. 
Phytomass of preferred grasses, preferred grass-like, and litter 
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was 28, 39, and 28% greater under moderate than under heavy 
stocking rate (Table 3). 

Differences (P c 0.05) among seasons were detected for all for- 
age classes. Two peaks were detected (P c 0.05) for total phy- 
tomass, both of them during fall seasons (Fig. 2a). These 2 peaks 
were preceded by summer rainfall that exceeded 400 mm. Total 
phytomass declined by approximately 60% from the beginning to 
the end of the study across all treatments (Fig. 2). 

Total phytomass was similar under both grazing systems (Fig. 
2b). An exception was spring 1988, in which total phytomass was 
39% greater under short-duration grazing than under continuous 
grazing. This resulted in a significant interaction (P c 0.05) 
between grazing systems and season, especially during spring 
1988 and summer 1989. Evidently, the combination of 60 mm of 
rain during March and April 1988 and 80 mm during May and 
June 1989 (Fig. 2b), and the rest periods of short-duration grazing 
contributed to increased grass biomass. In general, total phy- 
tomass declined from the beginning of the study to the end, by 
77% under continuous grazing and by 67% under short-duration 
grazing. 

Moderate stocking rate had consistently greater phytomass than 
heavy stocking rate (Fig. 2~). During fall 1987. and winter 
1987-1988, differences in total phytomass between stocking rates 
were small (about 5%). As time progressed, these differences 
increased up to 55% in favor of the moderate stocking rate. From 
the first period of evaluation to the last, total phytomass declined 
by 82% under heavy and by 62% under moderate, suggesting that 
even at moderate stocking rates, total phytomass can be negative- 
ly impacted when moisture is inadequate (Fig. 2~). 

Phytomass of preferred forbs changed significantly (P < 0.05) 
among seasons (Fig. 3); significant (P c 0.05) peaks were observed 
during the falJ of both years. Preferred forbs declined from fall to 
summer, a trend more noticeable during the second year, when 
phytomass declined by 90%, regardless of grazing strategy. 

Phytomass of preferred forbs fluctuated under both grazing sys- 
tems and stocking rates (Fig. 4a). This forage class was most 
affected by the lack of soil moisture regardless of the grazing 

$$ R&all - Rcfared Forbs - F’refad Grasses 
. 150 

S&r F;I 
I I 

W&k, Spm, Sum,,m 

1987 1988 1989 

Fig. 3. Seasonal variation (P < 0.05) of preferred forbs and grasses 
(g/m*) across grazing treatments and seasonal rainfall (mm). 
Means with the same letter among seasons for preferred forbs and 
preferred grasses are not significantly different (P > 0.05). Welder 
Wildlife Refuge, San Patricia Co., Texas, 1986-1989. 

1987 1988 1989 

Fig. 4. Seasonal variation of preferred forbs (a) across grazing sys- 
tems, aad (b) across stocking rates, and seasonal rainfall (mm). 
Welder Wildlife Refuge, Saa Patricia Co., Texas, 1986-1989. 

practice. Phytomass values reached a low of 6 g/m* during sum- 
mer 1989. Phytomass of preferred forbs was slightly greater 
under continuous grazing, particularly during fall (Fig. 4a). 

Phytomass of non-preferred forbs was extremely high during 
fall 1987. because of the high precipitation during May and June 
1987. Portions of the pastures flooded and promoted tremendous 
growth of sumpweed. After that, non-preferred forbs did not con- 
tribute significantly to total phytornass. 

Availability of preferred grasses declined by 67% from fall 
1987 to spring 1988 and increased by 58% from spring 1988 to 
summer 1988 as a result of the presence of cool-season grasses, 
mostly Texas wintergrass. In 1989, phytomass of preferred grass- 
es did not increase in spring because moisture was insufficient to 
promote growth of cool-season grasses. Phytomass of preferred 
grasses declined consistently during 1989, resulting in a 77% 
reduction from fall 1988 through summer 1989. 

Phytomass of preferred grasses followed a similar trend as pre- 
ferred forbs through all seasons under both grazing systems and 
both stocking rates (Fig. 5). Phytomass of preferred grasses 
increased in fall after summer precipitation. The seasonal trend 
on both grazing systems was similar; however, preferred grass 
phytomass was greater under continuous grazing than under 
short-duration grazing. Preferred grass phytomass declined by 
63% under continuous grazing and by only 48% under short- 
duration grazing from the first sampling period to the last. The 
periodic resting of the short-duration grazing pastures may 
explain such differences. Preferred grass phytomass was as much 
as 40% greater under the moderate than heavy stocking rate. 
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& 175 

Fii. 5. Seasonal variation of preferred grasses (a) across grazing sys- 
tems, and (b) across stoching rates, and seasonal rainfall (mm). 
Welder Wildlife Refuge, San Patricia Co., Texas, 1986-1989. 

Litter phytomass changed significantly (P < 0.05) across graz- 
ing systems and stocking rates. In general, litter peaked when 
plant species were mature (spring 1988 = 190 g/m*; winter 1988 
= 190 g/m*; winter 1989 = 140 g/m*). Moreover, litter was lowest 
when moisture was not available to promote plant growth (sum- 
mer 1988 = 79 g/m*; summer 1989 = 74 g/m’). 

These results confirmed the findings of several studies 
(Kothmann et al. 1978; Heitschmidt et al. 1986; Ralphs et al. 
1990) that stocking rates, particularly heavy rates, have a more 
significant impact on phytomass than grazing systems. 
Furthermore, precipitation proved to be the determining factor in 
the seasonal dynamics of phytomass of the various forage classes. 
Hart et al. (1988) stated that yearly differences in forage produc- 
tion were largely a result of the amount and distribution of pre- 
cipitation. However, the combination of heavy stocking rates and 
low, erratic precipitation could have a more negative impact on 
the availability of plant species that are important for both 
wildlife and livestock, especially for white-tailed deer, during 
critical summer and fall periods. 
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Abstract 

We studied resource partitioning between cattle and deer 
(Odocoikus virginiunus Boddaert) within replicated treatments 
of continuous and short-duration grazing at heavy and moderate 
stocking rates. We recorded food habits using the bite-count 
technique with tame white-tailed deer, and the esophageal fiitula 
technique with steers. Through use of canonical discriminant 
analysis, we found diets of cattle and deer to be distinct (P < 0.05) 
from each other in every treatment throughout the sampling 
period. Overall, deer used mostly forbs (72 %) whereas cattle pri- 
marily used grasses (69%) and forbs (39%). We also evaluated 
sensitivity to pasture conditions created by cattle grazing by 
comparing diets across treatments, especially during the summer 
months (May through September) and the second winter, which 
was affected by drought. Out of a possible 48 treatment combina- 
tions compared, deer selected different diets 21 times whereas 
cattle selected diierent diets 16 times. Deer were more sensitive 
than cattle to grazing treatments. Cattle were most sensitive to 
treatments during the first summer and second winter. Deer 
were the least sensitive to the grazing treatments during spring, 
when their diets were similar across all treatments. We recom- 
mend moderate stocking rates to reduce dietary overlap between 
cattle and deer and continuous grazing or less intensive grazing 
systems to create an environment where deer can select greater 
amounts of forbs. 

Key Words: white-tailed deer, Odocoileus virginianus, cattle, 
food habits, Coastal Bend of Texas, short-duration grazing, con- 
tinuous grazing 

Resrimen 

Estudiamos las partition de recursos entre el vacuno y el ciervo 
de cola blanca (Odocoileus virginianus Boddaert) usando 
tratamientos replicados de pastoreo continua y corta duration 
hajo carga animal alta y moderada. Para el registro de 10s tibitos 
alimenticios se uso la tktica de conteo de mordiios con los cier- 
vos, y con el vacuno se utilizaron novillos fistulados. A travks de1 
tuuilisii can6nico dkcriminatorio, encontramos que las dietas de1 
vacua0 y ciervos son distintas (P < 0.05) entre si en cada 
tratamiento a traves del period0 de muestreo. En general, 10s 
ciervos usaron mas hierbas (72%) en tanto que 10s vacunos 
usaron principahnente pastos (60 %) y hierbas (39 %). Evabuunos 
ademl, la sensibilidad de las condiciones de1 pa&ml, creadas 
por el pastoreo de 10s vacunos, basandonos en una comparacion 
de las dietas a traves de 10s tratamientos, especialmente durante 
10s meses de verano (mayo a septiembre) y durante el Segundo 
invierno, el cual fue afectado por la sequia. De las posibles 48 
combinaciones de la comparacion de tratamientos, 10s ciervos 
seleccionaron 21 veces dietas dierentes, en tanto que los vacunos 
seleccionaron un total de 16 veces dietas diierentes. Los ciervos 
fueron mas sensibles que 10s vacunos al pastoreo. Los vacunos 
fueron nuts sensibles a los tratamientos durante el primer verano 
y el Segundo invierno. Los ciervos fueron menos sensibles a 10s 
trstamientos de pastoreo durante la prhnavera, cuando sus dietas 
fueron similares a traves de todos 10s tratamientos. A modo de 
reducir la sobreposicion alhuenticia entre el vacuno y los ciervos, 
recomendamos usar una carga animal moderada y un pastoreo 
continua sistemas de pastoreo menos intensivo para crear un 
medio donde el ciervo pueda seleccionar mayores cantidades de 
hierbas. 

Animal species that share a common resource may use different 
strategies to exploit it. Environmental factors such as drought or 
wet periods, and animal characteristics such as mouth morpholo- 
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gy, gut morphology, and physiology, body size, and behavior are 
proximate factors that shape such strategies (Bryant 1981). 

Livestock management can affect the strategy used by wild 
ungulates to exploit resources. Factors such as grazing systems and 
stocking rates could increase the pressure on wild species for a 
rapid adaptation to the newly created environment. This may be the 
case when white-tailed deer (Odocoileus virginianus Boddaert) 
interact with cattle under grazing systems imposed by man. 

Continuous grazing has been the traditional practice for many 
years, until short-duration grazing was introduced in the U.S.A. 
(Savory and Parson 1980, Heitschmidt et al. 1982). The conflict 
between grazing methods arises when a rancher desires profits 
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from both wildlife and livestock without negatively affecting the 
wild species or rangeland health. 

Studies have been conducted in many regions to evaluate dif- 
ferent grazing systems and stocking rates, but little is known 
about how short-duration and continuous grazing under different 
stocking rates affect cattle or deer in the Texas Coastal Bend. The 
objectives of this study were to determine the botanical composi- 
tion of diets for cattle and deer under short-duration and continu- 
ous grazing, each under heavy and moderate stocking rates, and 
to compare the dietary resource partitioning between cattle and 
deer under these conditions. 

Materials And Methods 

The study was conducted at the Rob and Bessie Welder 
Wildlife Refuge, San Patricia County, Tex. Further discussion of 
the study site is found in Ortega et al. (1997a). 

Diet sampling was conducted with cattle and deer on 2 grazing 
systems (short-duration and continuous grazing) and 2 stocking 
rates (heavy and moderate) from October 1987 to July 1989. 
Treatments were replicated. Moderate stocking rates were set at 1 
ALV4.9 ha/yr, a stocking rate commonly used in the Coastal 
Bend. Pastures receiving heavy stocking rates were stocked at 
twice the moderate rates, 1 AU/ 2.4 ha/yr. 

Treatments and replications were located in areas with similar 
grazing histories since 1974. The short-duration grazing treat- 
ments were part of a pasture historically grazed under a l-herd, 
multi-pasture system similar to short-duration grazing (Drawe 
and Cox 1979), whereas the continuous treatment was located on 
an area historically grazed continuously. Short-duration and con- 
tinuous grazing pastures were stocked with cattle in March 1987. 
Replications of short-duration grazing treatment were subjected 
to a rigid rotation of 28 days of rest (no cattle grazing) and 4 days 
of grazing. Cattle that grazed the short-duration grazing treat- 
ments were rotated to a nearby pasture when the short-duration 
grazing pastures were being rested. Deer were held in an adjacent 
pasture until each foraging trial. The close proximity of the treat- 
ment to the holding pastures allowed the experimental animals 
(deer and cattle) to remain in the vicinity for access as well as for 
conditioning to seasonal changes of the flora. 

Cattle and Deer Diets 
We obtained cattle diet samples in each replication 2-days per 

month from 5 randomly selected, esophageally fistulated steers 
from a group of 12 animals. Fistulated steers were kept in the 
vicinity of the treatment pastures year-round. To increase 
appetite, steers were penned the night before sampling without 
food or water for at least 12 hours. Diet samples were collected in 
the early morning. Extmsa was collected in screen-bottom canvas 
bags. Steers were kept in the pasture treatments for at least 1 
hour. After sampling, the canvas bag was removed and the ani- 
mals were free to graze in a 1.7-ha adjacent pasture. Extmsa sam- 
ples were allowed to drain in the collection bag for at least 2 
hours. A subsample of the diet was preserved in ethyl alcohol and 
prepared for microhistological analysis according to Scott and 
Dahl(l980). A total of 708 samples was collected. An aliquot of 
each sample was mounted on 5 microscope slides (see Ortega et 
al. 1995). From each slide, 20 fields were read to identify plant 
species based on a reference collection of the plant specimens 

previously collected in the field. Botanical composition was 
determined at the Department of Range, Wildlife, and Fisheries 
Management, Texas Tech University. According to previous 
studies (Kie et al. 1980, Sanders et al. 1980) there was no need to 
correct for over- or under-estimation of the microhistological 
readings unless plants occurring in trace amounts occur dispro- 
portionately high in the diet. The few species that could have 
been over- or under-estimated, such as sida (Sidafilicaulis Tom 
and Gray), had a very low availability (< 2.0% frequency) and 
never comprised more than 2.0% of the diet of either ungulate. 

Tame deer were used to obtain information on deer diets. Only 
does were used in this experiment, which should provide sex- 
unbiased deer diet information (La Gory et al. 1991). Five does 
were born in 1986 and 5 in 1987, and all of them were under simi- 
lar physiological status. Detailed explanation on raising and care 
of deer used in this study are found in Ortega et al. (1990) and 
Ortega (1991). During non-sampling periods, the routine was for 
deer to be kept inside of a pen (784 m”) at night, whereas during 
the day for about 10 hours, they were allowed to roam and feed in 
a holding pasture (0.5 ha) of vegetation similar to the treatment 
pastures. Deer were supplemented with 750 g/deer/day of 16% 
protein pellets and 750 g/deer of alfalfa hay every other day. To 
increase the appetite of deer during morning foraging trials, alfalfa 
hay was not provided and the animals were allowed to stay in the 
holding pasture for only 4-5 hours the day before the sampling. 

Foraging trials were conducted in early morning from 0630 to 
0830 hours, lasting an average of 38 min. (range = 25-85 mm.). 
Observations were conducted by the same observer of 4 random- 
ly selected deer (from a total of 9 deer available for sampling) in 
each replication l-day per month for 22 months. On the day of 
each trial, 4 deer were taken to a predetermined treatment pas- 
ture (replication) by having the deer follow the observer. An 
assistant herded the deer toward the pastures to prevent feeding in 
transit. When in the pasture, deer were allowed to roam freely. 
The observer did not influence the direction deer traveled, except 
when a deer tried to move to another replication pasture. Deer 
were sequentially observed feeding for 25 bites to complete a 
minimum of 100 bites per deer. Bite-count data consisted of 
recording only plant species that the deer consumed; no data were 
recorded on plant parts consumed. Data were recorded on tape 
and transcribed to a computer the same day. A total of 68,239 
bites was recorded over the study period. Botanical names and 
plant identification follow taxonomy by Gould and Box (1965) 
and Jones (1982). 

Data Analysis 
Data were analyzed seasonally in order to interpret effect of 

treatment on ungulate diets. Seasons were established according 
to growing season of the vegetation and climatic patterns. They 
are as follows: for Year I, fall: October and November 1987; 
winter: December 1987, January and February 1988; spring: 
March and April 1988; summer: May, June, July, August, and 
September 1988; and for Year 2, fall: October and November 
1988; winter: December 1988, January and February 1989; 
spring: April and May 1989; and summer: June and July 1989. 

Cattle and deer diets were analyzed using canonical discrimi- 
nant analysis, a multivariate statistical technique that allows study 
of differences between 2 or more groups simultaneously (Klecka 
1980, Lindeman et al. 1980). This technique also has been used 
by Hanley and Hanley (1982) to study resource partitioning 
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among ungulates. Discriminant analysis permits the separation of 
deer and cattle diets under any of the treatments if they were eat- 
ing different plant species. In contrast, if deer or cattle diets under 
any of the treatments were eating similar forages, they would not 
be separated (Green 1971). 

Discriminant analysis was applied to the diet data pooled across 
all seasons, as well as within seasons. In both instances, plant 
species comprising less than 5% of the diet in any one of the 8 
groups (4 treatments X 2 ungulates) were not included. The most 
valuable plant species to discriminate between the diets of ungu- 
lates or the diets as affected by the treatments, were revealed by 
the discriminant function coefficients (Hartley and Hanley 1982). 
To test for statistical significance among groups, the F ratio for 
the Mahalanobis distance between each pair of groups was calcu- 
lated (Hanley and Hanley 1982, Lindeman et al. 1980). Separate 
analysis for deer and cattle diets using forage classes were ana- 
lyzed using the General Linear Model of Statistical Analysis 
System (SAS 1985) through a completely randomized design 
with a split-plot in time arrangement (Steel and Torrie 1980). 
Pastures within grazing systems (GS) and stocking rate (SR) were 
considered replications (Rep). Grazing systems and stocking rates 
were whole plots with seasons as the split-plot. The error term for 
testing significant effects of grazing systems and stocking rate 
was Rep X SR (GS). Error term used for testing season was Rep 
X GS X SR X Seasons. Differences between means were deter- 
mined using Fisher’s protected least significant difference (LSD) 
procedure (01 = 0.05) (Ott 1988). 

The Mot-i&a-Horn index (Magurran 1988) was used to deter- 
mine diet overlap between cattle and deer (Schwartz and Ellis 
1981). This index is recommended by Wolda (1981) to avoid the 
complex dealings with effects of sample size and diversity. 

Results 

Grazing Treatment Effects on Diets 
Through canonical discriminant analysis, we found cattle and 

deer diets to be distinct (P < 0.001) from each other in every 
treatment across the entire sampling period (Fig. 1). As indicated 
by the distances between the centroids, in most of the seasons, 
diets were similar in composition 32 out of 48 tests (67%), and 
comparing cattle versus cattle, 27 of 48 tests (56%) comparing 
deer versus deer under the numerous treatments (Table 1). 

Overall, disregarding treatments, cattle ate mostly grasses and 
forbs, whereas deer ate forbs (Table 2). Deer mostly consumed 
wood-sorrel (O.&is dillenii Jacq.), clay violet (Ruellia nodifora 
(Gray) Urban), and bundle flower (Desmanthus virgatus (L.) 
Wild.), whereas cattle primarily ate grasses: pink tridens (Tridens 
congestus (L.H. Dew.) Nash.), buffalograss (Buchloe dactyloides 
(Nutt.) Engelm.), and Texas wintergrass (Stipa leucotricha Trin. 
and Rupr.). These were the primary plant species separating deer 
diets from cattle diets. The second discriminant function explains 
the effects of grazing systems on diets. Consumption by deer of 
tropical dayflower (Commelina elegans H.B.K.), widow’s tear 
(C. erecta L.), prairie coneflower (Ratibida columnaris (Sims) 
D. Don), and western ragweed (A. psilostachya DC.), and con- 
sumption by cattle of little bluestem (Schizachyrium scoparium 
(Michx.) Nash.), and longtom (Paspalum lividum Trin.) were the 
key plants that separated cattle and deer diets when foraging in 
the continuous compared with short-duration grazing pastures. 

According to univariate analysis, neither the grazing system nor 

624 

4 

2 

z 

$0 

-2 

-4 I 
n = Continuous grazing. heavy stocking rate 

q = Continuous grazing. moderate stocking rate 

0 = Shotl-duration grazing. heavy stocking rate 

0 = Short-duration erazi 

8 q 

0 

0 

Deer . 
q 

0 
0 

-i 0 2 -4 
0. dillenii, R. nodiflora, D. virgatus 

D 
a T contwtus. B. dactvloides. S. leucott-icha 

AXIS I 

Fig. 1. Plot of canonical discriminant centroids of cattle and deer 
diets for each grazing treatment pooled across seasous. Diion 
of arrows bordering the axis indicates most valuable plant species 
for discriminating between the diet composition of the various 
groups. 

stocking rate affected (P > 0.05) the use of forbs, grasses, or 
browse (Table 3) by cattle and deer. However, data indicated that 
cattle and deer consumed more forbs and less grasses under con- 
tinuous than short-duration grazing, and cattle tended to consume 
greater amounts of forbs and less grasses under heavy than mod- 
erate stocking rates. We observed no trends for white-tailed deer 
in their response to stocking rates (Table 3). 

Multivariate statistics (Table l), revealed a more comprehensive 
index of deer sensitivity to grazing treatments. Cattle were highly 
sensitive to the vegetation conditions during the first summer of 
the study, in which they selected different diets (P c 0.005) for 
each treatment (Table 1). Deer were most sensitive to summer 
conditions during both years, because diets were generally differ- 
ent (P < 0.01) when deer grazed in the various treatment pastures. 
After the summer period, deer were most sensitive to grazing 
treatments in winter during the drought, followed by fall of the 
second year. Deer were least sensitive to treatment pastures during 
the spring both years (Table 1). 

Across seasons, cattle were less sensitive to the conditions cre- 
ated by continuous than short-duration grazing. Cattle foraging in 
continuously grazed pastures only had different diets in 2 out of 8 
seasons, whereas under short-duration grazing, cattle diets were 
different in 4 out of 8 seasons (Table 1). Deer were least sensitive 
to conditions created by stocking rates within grazing systems. 
For example, within continuous grazing deer were sensitive to 
stocking rate (diets were different between continuous heavy and 
moderate) in only 2 of 8 seasons (Table 1) Similarly, within 
short-duration grazing, deer were sensitive to stocking rate only 
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Table 1. Levels of significance for interactions using discriminant analysis to contrast cat&cattle and deer-deer diets under different treatments 
throughout the study period at the Welder Wildlife Refuge. 

YCXI Year2 
Contrasts Fall Winter Spring Summer Fall Winter Spring Summer 

Cattle-Cattle 
CM*CH’ ns2 ns ns ** ns *** ns ns 
SH*CH ns ns ns *** ns ns ns ns 
SH*CM ns ns ns *** ns ** ** IlS 

SM*CH ns ns ns *** ns ** * l * 

SM*CM Ills ns ns *** ** ns ns ns 
SM*SH ns ns ns *** ns ** ** * 

Deer-Deer 
CM*CH ns ns ns ns ns ** ns * 

SH*CH ns ** ns *** ns *** ns *** 

SMTH ns ** ns *** ns *** IIS *** 

SH*CM ns ** ns *** *t *** ns ** 

SM*CM ** ns ns *** ** *** ns ** 

SM*SH ns ns ns ns ns ** ns ns 

: C = continuous grazing, S = short-duration grazing, H = heavy stocking rate, M = moderate stocking rate. 
Astcrisb indicate signiticant difference between the groups when compared between 2 treatments within seasons: * = P < 0.01; ** = P < 0.005; *** = P < 0.001, as = not significant 

(P > 0.01). 

in winter of the second year. Deer were most sensitive to vegeta- 
tion conditions between grazing systems such as continuous mod- 
erate vs. short-duration moderate and continuous moderate vs. 
short-duration heavy. Diets were different in 10 of 16 compar- 
isons. In general, summer periods and winter drought intensified 
selectivity by both ungulates (Table 1). 

Diet composition by season varied between cattle and deer 
under the different treatments. However, diets of cattle and deer 
were different throughout the 22-month sampling period as indi- 
cated by the first discriminant function (Table 4). 

Year1 
During fall, cattle diets were similar across all treatments 

(Table 1 and 4; Fig. 2). Deer diets were similar in all treatments 
except between grazing systems at moderate stocking (Table 1 
and 4; Fig. 2). This dietary difference between grazing systems 
affected nutrient levels. Dietary crude protein for deer under 
short-duration was at the maintenance level (9.9%), whereas in 
the continuous grazing it was greater than maintenance (11.4%) 
(Soltero-Gardea 1991; Ortega et al. 1997b). During fall deer in 
the short-duration grazing used more grasses (40%) such as long- 
tom and only 30% forbs, whereas under continuous grazing deer 
used mainly forbs (50%), browse (mesquite beans [Prosupis 
gkzdulosu Torr.] ), and very little grass (Fig. 2). 

In winter, cattle diet composition under the different treatments 
was still similar, whereas deer diets were affected by grazing sys- 
tems, but not stocking rate (Table 1 and 4; Fig. 2). Deer used 
more forbs under continuous than short-duration grazing, which 

Table 2. Forage classes (dietary percent) used by deer and cattle 
throughout the study, 1987-1989 at the Welder Wildlife Refuge. 

Species Forbs GKiSSeS Browse 
-----------------(a)------------------- 

Cattle 39.1 59.9 1.0 
SE’ 0.6 0.6 0.1 

Deer 72.2 14.2 13.6 
SE 1.0 0.6 0.8 

l Standard error. 

resulted in high dietary crude protein (Range: 13.7 to 15.3% CP) 
(Soltero-Gardea 1991; Ortega et al. 1997b). Species such as 
prairie coneflower and fake dandelion (Pyrrhopappus multicaulis 
D.C.) were important to deer diets at this time. 

During spring, cattle diets were similar across all treatments, as 
were deer diets (Table 1; Fig. 2). Deer and cattle increased use of 
forbs from winter to spring (Fig. 2), but the dietary crude protein 
level dropped for deer (from 14.5 to 12.6%) but increased for cat- 
tle(from 8.0 to 9.2%) (Soltero-Gardea 1991; Ortega et al. 1997b). 
Diets differed so in botanical composition that we were unable to 
explain this phenomenon. 

In summer, both cattle and deer diets were sensitive to grazing 
systems, whereas cattle diets also were affected by the stocking 

Table 3. Forage classes (dietary percent) used by cattle and deer as influ- 
enced by grazing systems and stocking rates at the Welder Wildlife 
Refuge. 

Grazine Svstem ---___-______(%)--__--_______ 
Short-duration 36.2 63.2 0.6 

SE2 0.8 0.8 0.2 
Continuous 41.8 56.7 1.5 

SE 0.8 0.8 0.06 
&zkine Ra& 

H=vY 42.9 55.8 1.3 
SE 0.8 0.8 0.2 

Moderate 35.2 64.1 0.7 
SE 0.8 0.8 0.09 

Deer 

Short-duration 68.7 18.7 12.6 
SE 1.3 1.0 0.9 

Continuous 76.0 9.4 14.6 
SE 1.3 0.6 I.2 

Stocking Rate 
H=vY 71.8 14.4 13.8 

SE 1.3 0.8 1.1 
Moderate 72.7 14.0 13.3 

SE 1.3 0.9 1.1 
‘No difference (P > 0.05) were observed within animal species means for forage classes 
when comparisons between grazing systems or stocking rates were made. 
2standard error. 
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Fii. 2. Use of forbs, grasses, and browse by deer and cattle under continuous and short-duration grazing systems, and heavy and moderate 
stocking rates. Different letters indicate difference within season (P < 0.05). No letters indicate no difference within season. 

rates (Table 1 and 4; Fig. 2). By this time of the year, deer were 
concentrating heavily on patches of wood-sorrel, especially under 
moderate stocking rates. Deer diets under continuous grazing 
contained more tropical dayflower and widow’s tear than in the 
short-duration grazing treatments, whereas western ragweed, 
loosestrife (Lyrhrum califomicum Tot-r. & Gray) and longtom 
were used more by deer in the short-duration than in the continu- 
ous grazing treatments. False garlic (Nothoscordum bivalve (L.) 
Butt.), prairie coneflower, and clay violet were used by deer in 
greater proportion under heavy than in the moderate stocking 
rates. Buffalograss was used by deer more in the continuous than 
in the short-duration grazing, whereas the opposite was true for 
longtom. Cattle used wood-sorrel and sawtooth frogfruit (Phyla 
incisa Small) in greater proportions under continuous than in the 
short-duration grazing. Hall’s panicum (Panicum hallii Vasey), 
longtom and little bluestem were used by cattle mostly in the 
short-duration compared to continuous grazing treatments. 
Buffalograss and pink tridens were used by cattle in any of the 
treatments in higher proportion than any other grass species. 

whereas the opposite was true for sawtooth frogfruit. Some of the 
grasses used by cattle were buffalograss, little bluestem (especial- 
ly in the short-duration grazing treatments), Texas wintergrass 
(greater use in the continuous grazing treatments), and pink tri- 
dens. Deer diets were affected by short-duration grazing under 
both stocking rates compared with the continuous grazing moder- 
ate treatment (Table 1 and 4; Fig. 2). Forbs consumed by deer 
during this season were tropical dayflower, widow’s tear (mostly 
under continuous grazing), loosestrife (mostly in the short-dura- 
tion grazing moderate), and wood-sorrel (in every treatment, but 
lower in the continuous grazing moderate). 

Year 2 
During fall, cattle diets were different only between short-dura- 

tion and continuous grazing under moderate stocking (Table 1 
and 4; Fig. 2). Cattle used western ragweed in greater proportion 
in the short-duration treatments than in the continuous grazing, 

In winter, both grazing systems and stocking rates affected 
deer, whereas stocking rates affected cattle (Table 1 and 4; Fig. 
2), making their diet composition different. Once again deer fed 
heavily on the patches of wood-sotrel except in the short-duration 
grazing heavy treatment. Little bluestem was used by deer more 
in the short-duration than in the continuous grazing treatments, 
whereas the sedge tapeleaf flatsedge (Cyprus acuminatus Torr. 
and Hook.) was used more in the moderate than in the heavy 
treatments. In this season deer used less forbs and more browse 
than normal. From winter to the end of the study period, cattle 
used more grasses and less forbs under moderate compared to 
heavy stocking (Fig. 2). Cattle under the moderate stocking rate 
had a level of dietary crude protein below their maintenance level 
and 2% below crude protein values for cattle under heavy stock- 
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Table 4. Cent&d location of the different groups along the fti canonical axis’. 

Year 1 Year 2 
Groups Fall Winter Spring Summer Fall Winter Spring Summer 

Cattle under: 
Continuous 

Heavy 6.57 5.10 -4.09 -2.98 -3.9s 2.76 -2.67 4.28 
Moderate 8.09 5.17 -5.12 -3.83 -3.38 3.91 -4.18 4.27 

Short-duration 
Heavy 7.81 4.53 -4.15 -3.93 -3.07 2.91 -2.76 4.27 
Moderate 7.97 4.76 -3.39 -4.38 -3.21 3.54 -3.97 5.14 

Deer under: 
Continuous 

Heavy -10.56 -4.50 3.31 4.34 5.69 -3.88 4.21 -6.51 
Moderate -8.96 -4.02 2.41 4.34 4.45 -4.36 4.25 -6.07 

Short-duration 
H=Y -11.22 -3.85 3.37 4.08 3.60 -3.58 3.95 -5.44 
Moderate -9.35 -3.67 3.47 4.62 3.29 -4.03 4.56 -5.15 

Canonical Correlation 0.99 0.91 0.95 0.96 0.94 0.96 0.96 0.97 

Relative percentage of 
eigenvahte associated 
with the first 
discriminaut function 79.3 78.0 86.1 91.9 73.8 83.6 83.3 77.3 

‘Levels of signiticancc ate presented in Table 1. 

ing. This was attributed to greater consumption of buffalograss 
under moderate than heavy stocking, which was lower in crude 
protein than at any other time during the study (Soltero-Gardea 
1991; Ortega et al. 1997b). 

Crude protein in cattle diets increased during spring, but levels 
were still well under the maintenance level under moderate com- 
pared to heavy stocking (Soltero-Gardea 1991; Ortega et al. 
1997b). Cattle diets also were affected by grazing systems (Table 1 
and 4). Cattle consumed lower amounts of forbs, in all of the treat- 
ments, than the previous season (Fig. 2). By this time of the year 
the phytornass in general was very low in all treatments (Soltero- 
Gardea 1991; Ortega et al. 1997b). Deer diets were not affected by 
any treatment during the spring (Table 1 and 4, Fig. 2). However, 
deer increased their consumption of forbs from winter to spring. 

In summer, during the peak of the drought, phytomass was at 
the lowest level recorded during the study, but both deer and cat- 
tle had dietary crude protein above maintenance (Soltero-Gardea 
1991; Ortega et al. 1997b). Composition of deer diets was strong- 
ly affected by grazing systems and stocking rates (Table 1 and 4. 
Fig. 2). Deer decreased their use of forbs switching primarily to 
brasil (Condaliu ho&en’ MC. Johnst.) especially under continu- 
ous grazing compared to short-duration grazing. Wood-sorrel was 
practically gone by this season (Ortega et al. 1997a). The only 
readily available forb was bundleflower, which was eaten by 
deer. Buffalograss was an important item in cattle diets. 

Dietary Overlap 
Dietary overlap between cattle and deer was lowest in fall and 

summer regardless of treatment because deer used forbs and 
browse and cattle used grasses and forbs (Fig. 3). Greatest over- 
lap the first year between the diets of cattle and deer (approxi- 
mately 50%) occurred in winter and spring in all treatments, a 
time when both species were consuming similar plant species 
(forbs such as western ragweed, Carolina geranium (Geranium 
carolinianum L.). evening primrose (Oenotheru speciosa Nutt.), 
and wood-sorrel. The high degree of overlap (> 20%) occurred 
during winter and spring the second year in the heavy stocking 

rates compared to moderate stocking (Fig. 3). Bladderpod 
(Lesquerellu lindheimeri (Gray) Wats.), a forb highly used by 
both deer and cattle, probably accounted for this overlap. Each 
winter the greatest dietary overlap between cattle and deer was in 
the short-duration, heavy stocking treatments (Fig. 3). 
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Discussion 

Resource Partitioning 
The belief that deer and cattle compete for food resources in the 

Texas Coastal Bend under different grazing practices is a con- 
stant concern for ranchers and biologists. If cattle and deer were 
both at high densities so as to create exploitative competition, in 
which inhibitory effects occur from reduced availability of a 
common resource (Pianka 1983, Keddy 1989), deer would likely 
be the species to suffer the most. Most sympatric species partition 
their environmental resources (Franklin 1982, San Martin and 
Bryant 1987). This partitioning can be achieved in 3 basic ways: 
temporally, spatially, and trophically, which will reduce competi- 
tion allowing the coexistence of both species (Pianka 1973). In 
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the case of cattle and deer interactions in the Texas Coastal Bend, 
these 2 species partition the resource temporally by feeding at 
different times of the day. Cattle usually feed regularly through- 
out the day, whereas deer do most feeding in the early morning or 
evening. They also partition the resources spatially. It has been 
demonstrated that deer will move out when cattle are concentrat- 
ed into a short-duration grazing (Hyde 1987, Cohen et al. 1989a; 
1989b) or high-intensity low-frequency (HILF) paddock (Adams 
1978). 

The question we addressed in this study focused on trophic par- 
titioning. In short, are these 2 animal species able to partition 
food resources? According to discriminant analyses, the answer is 
a qualified yes. Drought and greater stocking rates impact deer by 
forcing greater dietary overlap for forbs between these ungulates. 
Cattle and deer have different adaptations to herbivory. Most 
large herbivores, such as cattle, are adapted to eat a variety of 
plants low in digestibility and crude protein. Their rumen mor- 
phology, relative to small herbivores, is better adapted to digest 
diets containing large amounts of fiber (i.e., grasses) (Bryant 
1981). Small-bodied ungulates, such as deer, require a greater 
concentration of digestible energy. They will select more nutri- 
tious and digestible diets than large ungulates (Nagy et al. 1969, 
Schwartz and Ellis 1981, Demmet and Van Soest 1983). White- 
tailed deer have been thus classified as a “concentrate. selector’ 
able to use plants with a greater content of crude protein (i.e., 
forbs, browse); whereas, cattle have been classified as a 
“roughage eater,” able to use plants with a greater concentration 
of fiber (i.e., grasses) (Demmet and Van Soest 1983, Hofmann 
1973; 1989). Our findings supported these classifications. Cattle 
ate plants found to be low in crude protein and digestibility, 
whereas deer used plants which were found to be high in crude 
protein and digestibility (Soltero-Gardea 1991; Ortega et al. 
1997b). 

Diet overlap ranged from 2 to 64%. Winter and spring were the 
times of greatest overlap, particularly during year 2 under heavy 
stocking rates. The greatest overlap (> 60%) was observed in 
winter under the short-duration heavy stocking treatment, during 
both years. 

The overlap between deer and cattle occurred when these ungu- 
lates were consuming western ragweed, Carolina geranium, 
evening primrose, wood-sorrel, and prairie coneflower. These are 
critical periods in which both domestic and wild ungulates tend to 
seek out new, rapidly growing plant species (Mackie 1978). 
During the second year, significant overlap (range = 4864%) 
occurred only on pastures heavily stocked by cattle. 

In forested pine-hardwood, in central Louisiana, diet overlap 
between deer and cattle went from 12% in summer up to 46% in 
winter (Thill 1984). Deer in Louisiana are browsers (65% browse 
in diet) and cattle are grazers (up to 74% grass in the diet); how- 
ever, cattle can shift to browse (up to 48%) which is the reason 
for the increased dietary overlap (Thill and Martin 1986, 1989). 
However, a high degree of trophic overlap is not sufficient evi- 
dence for competition. To demonstrate competition, data must be 
obtained showing diminished health or reproduction on one of the 
species involved in the interaction (Thill and Martin 1986). This 
aspect was outside the scope of our study. 

Use of Forage Classes 
Grass use by cattle in this study was lower than in previous 

studies carried out at the Welder Wildlife Refuge (Drawe 1967, 
Drawe and Box 1968, Drawe et al. 1988). Everitt et al. (1981) 

found that the year-round diet of cattle in the South Texas Plains 
(Hidalgo County) was comprised of 75% grasses and only 21% 
forbs. In the Edwards Plateau Region of Texas (Taylor et al. 
1980), north-central Texas (Sanders 1975) and in northern Mexico 
(Chavez 1986) grasses were the dominant forage (above 90%) for 
cattle, whereas forbs and browse were minor components. 

Higher forb use (39%) by cattle in this study should be of some 
concern since it is the main forage class for white-tailed deer in 
the area. In other studies, cattle used high amounts of forbs 
depending on the season (Launchbaugh et al. 1990) or the grazing 
system used (Pitts and Bryant 1987). In our study, the trend was 
for cattle to use more forbs and less grass under continuous than 
short-duration grazing 3 sampling periods. After that, there was 
no difference between continuous grazing and short-duration 
grazing in the use of forage classes by cattle. Similar findings 
were reported by Sanders (1975) when comparing continuous 
grazing and HILF grazing systems, or Taylor et al. (1980) when 
comparing short-duration grazing and Merrill grazing systems. 
Toward the last year of study, cattle tended to use more forbs and 
less grass under heavy than moderate stocking rates. 

We found a high use of forbs by deer (range = 30 to 80%, aver- 
age = 72%) depending on the season, but Kie et al. (1980), also 
working at Welder, found that deer used a greater percentage (up 
to 95%, average 81%) of forbs than in this study, although they 
found similar consumption of grasses. Drawe (1967) found that 
deer at Welder Wildlife Refuge used more forbs on sandy (92%) 
than on clay (69%) soils. Our study was conducted on clay soil, 
which may explain the lower relative forb consumption. 

Other deer diet studies have shown that deer are more browsers 
than grazers as in this study, but forb availability could have 
affected their results. Only 40 km northeast of Welder, at the 
Aransas National Wildlife Refuge, White (1973) determined that 
deer ate up to 67% browse and less than 30% forbs (most impor- 
tant use during mid-summer). By comparison, deer in the Rio 
Grande plains (Eve&t and Drawe 1974, Everitt and Gonzalez 
1979) used more browse (mostly cacti, up to 61%) than our deer 
in the Texas Coastal Bend. Edwards Plateau deer also used more 
browse (50 to 70%) than in the Rio Grande Plains or the Texas 
Coastal Bend (McMahan 1964, Bryant et al. 1979,1981; Waid 
1983, Warren and Krysl 1983). Jackley (1991) found that white- 
tailed deer in the Edwards Plateau Region used high amounts of 
forbs (up to 52%) when they were abundant. South-central 
Oklahoma deer shifted from a high use of forbs in spring and 
summer, to browse in the fall, to browse and grasses in winter 
(Van Vreede 1987). 

Deer were affected by the grazing systems during the first win- 
ter and the second summer, obtaining more forbs in the continu- 
ous than in the short-duration grazing pastures. During fall and 
winter of 1987 it is clear that the greater consumption of forbs by 
deer in the continuously grazed treatments resulted in them being 
able to maintain a dietary crude protein above the maintenance 
level (Soltero-Gardea 1991; Ortega et al. 1997b). We expected 
that deer in the short-duration grazing heavy would do better 
since many grass species are “renewed” more often than in the 
continuous grazing. Evidently, repeated heavy grazing followed 
by 34 weeks of rest did not “renew” plants to render them more 
nutritious. 

Use of Plant Species 
Deer in this study used a variety of plant species, depending 

upon the season and the treatment. Few species were consistently 
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used throughout the study period. Wood-sorrel was consistently 
used as it was available. However, the similar high use of wood- 
sorrel in every treatment may be a reflection of selection of famil- 
iar food, perhaps a physiological adaptation (i.e., gut flora, diges- 
tive efftciency) (Partridge 1981). McCullough (1985) found that 
the George Reserve (MI) deer ate a wide array of species in all 
forage classes, showing high variation by season and between 
years. This reinforces the axiom that habitat management for deer 
should be directed to managing for diversity of plant species. 
Deer have evolved the ability to select a mix of forages that bal- 
ance nutritional demands (Vangilder et al. 1982). 

Across all treatments and periods, most important species used 
by cattle were buffalograss, pink tridens, and Texas wintergrass. 
Most important species for deer were wood-sorrel, widow’s tears, 
and false dandelion. 

Other species were important depending upon the season and 
the treatment. Western ragweed, prairie coneflower, bladderpod, 
and Carolina geranium were important to cattle in different sea- 
sons under different treatments. Some of the species important to 
deer, depending on the season and treatment, were browse such 
as mesquite beans and brasil, grasses such as longtom and little 
bluestem and forbs such as clay violet, loosestrife, bladderpod, 
prairie coneflower, Carolina geranium and bundleflower. 

Seasonal Sensitivity 
Neither grazing systems nor stocking rates directly affected deer 

in this study. Fall deer diets were the same in most of the treat- 
ments. During the winter deer became more selective, especially 
in the second winter, as their diets were differentiahy affected by 
the treatments. In the spring, deer selected the same diet regardless 
of the treatment where they were feeding. Summer was critical for 
deer. Deer were extremely selective; their diets were different 
depending upon the treatment where they fed. In summary, deer 
tended to be more selective during the summer and during 
drought, except for the spring months. Cattle were not as selective 
as deer during the drought. With the exception of the first summer, 
cattle ate similar diets across all treatments within seasons. 

Management Implications 
The Texas Coastal Bend is an area with the potential to produce 

quality deer because of high habitat diversity. Periodic droughts 
complicate selection of a grazing scheme that will avoid deteriora- 
tion of the habitat for livestock and wildlife. Stocking rates should 
be carefully monitored during dry years because dietary overlap 
between cattle and deer was exacerbated under heavy stocking 
rates, particularly during winter, regardless of grazing system. 

White-tailed deer were more sensitive to grazing systems than 
to stocking rates, but the overall impact of grazing systems was 
negligible. Deer are adapted to survive and thrive under adverse 
situations in which many other species might be at risk. A perfect 
example of this is the Edwards Plateau Region which contains 1 
of the highest densities of white-tailed deer in the country 
(Jackley 1991) in spite of the diversity and pressure of livestock 
and exotic ungulates. Because greatest dietary overlap between 
cattle and deer occurred during winter under heavily stocked, 
short-duration pastures, ranchers should use moderate stocking 
and less intensive grazing systems during the winter. 

Planning a grazing system in the Texas Coastal Bend should 
take into consideration many factors, such as range operation, 
economic constraints, management goals, class and kind of live- 

stock, wildlife and habitat management (Drawe 1985), and the 
high probability of having a drought. On the areas where the seral 
stage is high, such as the Welder Wildlife Refuge, a continuous 
grazing system may be the best solution, because of lower input 
costs and fewer management decisions and because deer con- 
sume slightly more forbs than in short-duration grazing. 
Alternatively, less intensive systems (e.g. Merrill) should be 
acceptable to achieve range improvement goals. Only moderate 
stocking rates should be used where deer are the primary concern. 
This avoids overgrazing during the periods of minimal forage 
growth (Matches and Bums 1985). 

Most ungulate populations will survive even if their numbers 
are lowered because of a drought. Generally, they are able to 
adapt during critical periods by shifting their diets (Hansen and 
Reid 1975). White-tailed deer habitat should be managed to pro- 
vide the greatest variety of plant species (Vangilder et al. 1982), 
thus minimizing the impact of “critical periods.” 
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Abstract 

We studied cattle and deer diet quality within replicated graz- 
ing treatments of continuons and short-duration grazing at heavy 
and moderate stocking rates. The study was conducted at the 
Welder Wildlife Refuge, Siiton, Tex from October 1987 to July 
1989. We obtained cattle diet samples from esophageally fistulat- 
ed steers. Deer diets were reconstructed using data obtained 
through the bite-count technique. Digestibility (IVDOM) and 
crude protein (CP) of cattle diets were shnii between grazing 
systems and stoching rates. Digestibility of deer diets was affect- 
ed by both grazing systems and stocking rates. Dietary CP and 
IVDOM of deer and cattle diets both differed among seasons. 
Dietary CP levels met maintenance requirements for deer 
throughout the study. Also, CP levels were high enough to meet 
low- to mid-gestation requirements. Deer dietary protein 
requirements for growth and lactation were never met regardless 
of grazing strategy. Although protein content of cattle diets was 
relatively low, these values satisfied cattle maintenance needs. 
Nursing cows, however, would not have met their requirement in 
any season sampled regardless of grazing system or stocking 
rate. Continuous grazing and moderate stoclchrg rates may pro- 
vide white-tailed deer the opportunity for selecting diets contaht- 
ing more desirable forbs and greater nutrient concentration. 
Less intensive rotational grazing at moderate rates may be pre- 
ferred to maintain a relatively high seral stage. 

Key Words: crude protein, IVDOM, digestibility, Coastal Rend 
of Texas, short-duration grazing, continuous grazing, Odocoileus 
VitgitlianUS 

One of the most important components of deer and livestock 
management is nutrition which determines their productivity and 
survival rates (McMahan and Ramsey 1965; Teer et al. 1965; 
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Redmen 

Kstudiamos la calidad de la dieta de 10s ciervos de cola bhmca 
y vacnnos en tratamientos repgcados de pastoreo conthmo y de 
cotta duration bajo cargas animales ahas y moderadas. El estu- 
die fue Uevado a cabo entre octubre de 1987 y julio de 1989 en el 
Refugio de Vida Silvestre Welder, Sinton, Tex. Obtuvimos lap 
muestras de dieta de1 vacuno a travks de1 uso de novillos fistula- 
dos al es6fago. Las dietas de 10s ciervos fueron reconstitnidas a 
travC de1 use de datos obtenidos por la tkcnica de co&o de 
mot-discos. La digestibiidad (IVDOM) y la proteina cruda (CP) 
de la dieta de 10s vacunos fuC similar entre 10s sistemas de pas- 
toreo y las cargas anhuales. La digestibiidad de la dieta de cier- 
vos fue afcctada tanto por 10s sistemas de pastoreo coma por las 
cargas anhndes. Tanto la IVDOM coma la CP de las dietas de 
ciervo y vacuno fue diferente a lo huge de las estaciones de1 aiio. 
Los niveles de CP fueron suiicientemente alto para 10s requeri- 
mientos de mantenci6n de 10s ciervos a trav4s del estudio. MBS 
ain, 10s niveles de CP fueron suficientemente altos coma 10s 
requhhnientos de los niveles bajo a medio de 10s ciervos durante 
Is gestation. Los requerimientos de proteina para los ciervos no 
fueron suficientemente altos para el crecimiento y la lactation 
htdependiente de la estrategia de pastoreo. Aunque 10s niveles de 
proteina de la dieta de1 vacuno fue relativamente baja, fueron lo 
suficientemente altos coma para reunir la0 necesidades de man- 
tencion. Sin embargo, vacas durante el period0 de lactaci6n no 
podrian haber alcanzado estos requerimientos en ninguna 
estacion de1 aiio, independiente de1 sistema de pastoreo o de la 
carga animal. Un pastoreo continua con una carga moderada 
pudieran proveer al ciervo de cola blanca la oportunidad de 
seleccionar dietas que contengan hierbas deseables y con una 
mayor concentration de nutrientes. El pastoreo de rotation 
menos intensive con carga moderada deberian ser preferida a 
modo de mantener un estado de sucesion relativamente alto. 

Knowlton et al. 1978; Kie et al. 1980). Many factors contribute to 
change the composition and quality of cattle and deer diets, such 
as animal preference, forage availability, season, weather, range 
site, range condition, deer population density, stocking rate, graz- 
ing pressure, deer age, range improvements, and grazing manage- 
ment (Chant& et al. 1978; Holechek et al. 1982a, 1982b; Vavra 
et al. 1973). 

Research to determine the nutrition of grazing animals during 
phenological stages of vegetation and under different seasons is 
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necessary to identify periods of nutrient deficiency. Livestock 
management strategies can affect deer nutrition. Adjustments of 
stocking rate, grazing periods, pasture deferment, and even sup- 
plementation programs may be required to maintain a healthy and 
productive deer population. 

Studies of different sampling procedures, range conditions, sea- 
sons, and grazing systems have documented composition and 
nutritional value of cattle diets in the Texas Coat: 1: Bend (Drawe 
1967; Durham 1975; Frasure et al. 1978; Draw 988), or in the 
South Texas Plains (Eve&t et al. 1981). Howev,. T, studies of deer 
nutrition in South Texas have only been conducted under penned 
conditions (Drawe 1968; Everitt and Drawe 1974; Short 1971, 
1975; Chamrad et al. 1978; Arnold and Drawe 1979; Kie et al. 
1980). Little information on nutritional status of free-ranging 
white-tailed deer (Odocoileus virginianus Boddaert) is available 
in the Texas Coastal Bend. 

Bryant et al. (1979) found that a 4-pasture, 3-herd grazing sys- 
tem kept study pastures in good to excellent condition for cattle 
with increased availability of grass regrowth, which in turn con- 
tributed to a higher nutritive value of deer forage. Furthermore, 
white-tailed deer diets from pastures in excellent condition for 
cattle were higher in crude protein throughout the year than diets 
from poor condition range (Bryant et al. 1981). Warren and Krysl 
(1983) suggested that control of livestock grazing and big game 
numbers is necessary to maintain a high nutritional plane for 
white-tailed deer in central Texas. Meyer et al. (1984) determined 
the crude protein and energy content of white-tailed deer diets in 
the Texas Coastal Bend and concluded that the low quality of late 
summer diets could impact negatively white-tailed deer popula- 
tions. Soltero et al. (1994) suggested energy is a limiting factor 
for deer in the Texas Coastal Bend region. 

Despite information available on food habits and nutrition for 
white-tailed deer in general, no information is available on the 
effect of grazing systems and stocking rates on nutrition, particu- 
larly in the Texas Coastal Bend. Information is needed regarding 
the effect of intensive grazing strategies such as short-duration 
grazing. Our objectives were to determine the nutrient content of 
cattle and white-tailed deer diets under 2 grazing systems, contin- 
uous yearlong and short-duration, and under 2 stocking rates, 
heavy and moderate, in the Texas Coastal Bend; and to evaluate 
how season affects nutrient content of cattle and deer diets. 

Materials and Methods 

The study was conducted at the Rob and Bessie Welder 
Wildlife Foundation Refuge. The Welder refuge is located in the 
Coastal Bend Region about 35 miles northwest of Corpus Christi, 
Tex. A detailed discussion of the study site is found in Ortega et 
al. (1997a). 

Four treatments were evaluated to determine the effect of 
stocking rate and grazing system on the quality of deer and cattle 
diets. The grazing systems evaluated were short-duration and 
continuous-yearlong. Two different stocking rates were studied in 
each grazing system: a moderate rate (4.9 ha/AUY), which was 
designed to achieve 50% use of the vegetation, and a rate that 
was 2 times the moderate stocking rate (2.4 ha/AUY). The nor- 
mal or moderate stocking rate (4.9 ha/AU) was based on data 
from more than 25 years of study at the Welder Wildlife Refuge 
(Drawe and Cox 1978). All treatments were replicated twice and 
were assigned randomly within grazing systems. Short-duration 

replications were established to simulate the effects of grazing 1 
pasture in an 8-pasture system. 

Crazing history of each site was described by Drawe and Cox 
(1978). Grazing of the study pastures to achieve treatment condi- 
tions began in October 1987, and continued until July, 1989. 
Sampling periods were grouped into seasons and were estab- 
lished according to phenology of the vegetation and climatic pat- 
terns (Table 1). 

Table 1. Sampling periods established during the study. Welder Widlife 
Refuge, 1987-1989. 

Season Year 1 Year2 

Fall Oct. -Nov. 1987 Oct. -Nov. 1988 
Winter Dec. 1987-Feb. 1988 Dec. 1988-Feb. 1989 
Spring Mar.-Apr. 1988 Apr.-May 1989 
Summer May-Sep. 1988 Jun. -Jul. 1989 

The treatments were stocked with 2-yr old Hereford/Brahman 
heifers to accomplish the utilization desired on the study sites. 
Heifers at the continuous study sites remained there year-round, 
whereas, cattle under short-duration were moved every month 
from a pasture adjacent to the study sites. Each replication of 
short-duration was grazed 4 days and rested 28 days. 

Nutritional value of deer diets was determined by using 10 
tame does to observe their food habits. Five does were born in 
1986 and 5 in 1987, and all of them were under similar physio- 
logical status. Detailed explanation on raising and care of deer 
used in this study are found in Ortega et al. (1990) and Ortega 
(1991). The sampling scheme consisted of l-day sampling with 4 
tame deer on each replicate of each treatment. This sampling was 
conducted simultaneously in all treatments on a monthly basis 
and yielded 4 samples/replicate and 8 samples/treatment. Tame 
deer had grazed an adjacent enclosure to become familiar with 
vegetation changes throughout the year. 

Material representing plant species being consumed by deer 
was collected by hand plucking immediately after each day of 
sampling and, when possible, from the pasture or treatment being 
sampled. These plants were oven-dried at 55”C, ground through a 
l-mm screen in a Tecator mill, and mixed. A composite sample 
(50 g) of the species and their plant parts was prepared for each 
of the tame deer used in the study, based upon the percentage of 
each plant species in their diets. 

Nutritional value of cattle diets was determined by using 10 
esophageally fistulated steers. The sampling scheme consisted of 
a 2-day sampling period on each treatment and its replicates. 
Fistulated animals were kept in an adjacent area comparable to 
that of the study site for adaptation to the local vegetation 
changes. Esophageally fistulated steers were fasted overnight 
before each collection day. Sampling was conducted every month 
in all treatments concurrently. Steers were allowed to graze for 1 
hour in each replicate. Samples were obtained in screen-bottom 
collection bags, drained 1 to 2 hour, thoroughly hand-mixed, 
oven dried at 55°C and ground through a l-mm screen in a 
Wiley mill according to conventional procedures for laboratory 
analysis (AOAC 1990). Samples were cornposited by animal 
within collection periods. 

Samples of both deer and cattle diets were analyzed in dupli- 
cate and averaged for percent dry matter, organic matter, and per- 
cent nitrogen (expressed as CP) using the procedures described 
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by Galyean (1984). In vitro digestible organic matter (IVDOM) 
was estimated using the first stage of the in vitro technique (48- 
hour fermentation period) developed by Tilley and Terry (1963). 
Rumen fluid from a tistulated steer fed alfalfa hay was collected 
and used for digestibility analysis of deer and cattle samples. 
Inoculum from fistulated cattle to determine in vitro digestibility 
of deer diets has been used with positive results. Palmer et al. 
(1976) found that rumen fluid from cattle produced in vitro 
digestible dry matter (IVDDM) values that were less variable and 
more closely correlated with deer in vivo coefficients than those 
obtained with inoculum from fistulated deer. 

Tables of nutrient requirements of domestic animals published 
by the National Research Council (NRC 1984) were used to com- 
pare dietary protein of cattle with CP requirements for different 
physiological activities. Values used in this discussion assumed a 
cow weight of 450 kg and 3 physiological stages: maintenance 
(7% CP), which is also considered the requirement for a mature 
cow in the middle third of pregnancy; pregnancy (7.9% CP), for 
cows in the last third of pregnancy; and lactation (9.9% CP) for 
nursing cows (NRC 1984). Several values of CP requirements for 
deer from different authors were used to compare the results of 
deer dietary CP found in this study and those required at different 
deer ages or physiological conditions. This step was necessary 
given the fact that there are few studies in which the nutrient 
requirements of deer have been quantified (Verme and Ullrey 
1984). For instance, French et al. (1956) estimated that the pro- 
tein requirement for maintenance of mature deer was between 6 
to 10%. Murphy and Coates (1966) indicated that body weight 
and antler development of yearling and mature male deer were 
delayed when they were furnished with a 7% CP diet. White- 
tailed deer fawns could require 13 to 16% of CP for growth 
according to French et al. (1956). Ullrey et al. (1967), suggested 
that protein requirements for growth of fawns could range from 
14 to 22%. The latter percentages are thought to be adult does CP 
requirements for lactation (Verme and Ullrey 1984). These 
authors presumed that CP requirements for gestation and antler 
development were intermediate between those for growth and 
maintenance. Therefore, low and high limits of protein require- 
ments used in this study were the following: 6 to 10% for mainte- 
nance, 8 to 18% for gestation and antler development, and 14 to 
22% for growth and lactation. 

Digestible energy (DE) for cattle was estimated from digestible 
organic matter using the regression equation: DE, M&kg OM = 
0.039 (% OM digestibility) - 0.10, developed by Rittenhouse et 
al. (197 1). These values were compared to the NRC requirements 
for maintenance, pregnancy, and lactation by converting metabo- 
lizable energy (ME) to DE using the NRC conversion: DE, 
Meal/kg = ME X 1.22 (Rosiere et al. 1975). The DE requirement 
for maintenance was 2.37 Meal/kg, whereas the requirement for 
lactation was 2.54 Meal/kg. A requirement of 2.37 Meal/kg was 
estimated for dry pregnant cows in their last third of pregnancy. 
Digestible energy estimations for deer were determined using the 
same regression equation described previously. However, esti- 
mated DE values were compared to deer energy requirements 
cited by Moen (1973), which were determined using the energy 
requirement as a multiple of the basal metabolic rate (BMR). 
Body weights used were from data collected at the Welder 
Wildlife Refuge and were 45.4 kg for mature females and 20.4 kg 
for 4-month old fawns. Thus, DE requirement for lactation was 
estimated at 2.2 to 2.8 Meal/day, whereas DE for growth was 1.2 
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to 1.7 Mcallday. Maintenance and gestation DE requirements 
were estimated at 1.6 McaVday and 1.8 Meal/day, respectively. 

Data on diet quality of both deer and cattle were analyzed using 
the General Linear Model (GLM) of Statistical Analysis System 
(SAS 1985) through a completely randomized design with a split- 
plot in time arrangement (Steel and Tot-tie 1980). Pastures within 
grazing systems (GS) and stocking rates (SR) were considered 
replications (Rep). Grazing systems and stocking rates were 
whole plots with seasons as the split-plot. The error term for test- 
ing significant effects of grazing systems and stocking rate was 
Rep X SR (GS). Error term used for testing season was Rep X GS 
X SR X Seasons. Differences between means were determined 
using Fisher’s protected least significant difference (LSD) proce- 
dure (cx = 0.05) (Ott 1988). 

Results and Discussion 

Digestibility (IVDOM) of deer diets was affected (P < 0.05) by 
both grazing systems and stocking rates (Fig. 1). Deer IVDOM 
values under continuous grazing and heavy stocking rates were 
greater than those observed under short-duration grazing and 
moderate stocking rate. Dietary CP and IVDOM of cattle were 
similar (P > 0.05) between grazing systems and stocking rates 
(Fig. 1). 

a 

b 

Fig. 1. Crude protein (a) and In vitro digestible organic matter (b) of 
deer and cattle diets under 2 grazing systems and 2 stocking rates. 
Grazing systems and stocking rates with diierent letters are sig- 
nificantly different (P < 0.05). Treatments with no letter are simi- 
lar (P > 0.05). 

Differences (P < 0.05) among seasons were found for dietary 
CP and IVDOM for both deer and cattle (Fig. 2). In fall of Year 1, 
deer diets were relatively low in CP and IVDOM. This may be 



last 10 months of the study, precipitation was sporadic and below 
long-term monthly averages. 

Dietary CP levels for deer in this study were lower than those 
reported in other studies. For example, Kie et al. (1980) found 
protein values as high as 21% during spring and as low as 15% 
during winter. However, Kie et al. (1980) determined CP using 
rumen contents and microbial protein contributes to increase the 
CP estimated when using this method. 

Crude protein and IVDOM values of cattle diets were seasonal- 
ly different (P < O.OS)(Fig. 2). Both nutrient curves followed sim- 
ilar trends with low values during fall and winter and high values 
during spring and summer. Durham (1975) observed similar 
trends in winter diets of cattle in the Texas Gulf Coast. 
Furthermore, both curves changed with rainfall patterns, i.e., CP 
and IVDOM values paralleled the precipitation pattern (Fig. 2). 
Forage availability declined and vegetation matured resulting in a 
decline of CP and IVDOM (P < 0.05) from spring to summer 
and, in a predictable way, from summer to winter (Ortega et al. 
1997a). As plants mature they become more lignified, reducing 
the nutritional value of the various forb species (Jones and 
Wilson 1987). It is important to note that in general, CP and 
IVDOM values were low despite the fact that cattle diets com- 
prised a high proportion of forbs (25 to 55%; Ortega 1991, 

Summn Fall Winter Spdng Summer Fail Wioter Spring Summer Ortega et al. 1997b). 
Year I Year 2 An interaction (P < 0.05) was observed between grazing sys- 

Fii. 2. Crude protein (a) and In vitro digestible organic matter (b) of terns and seasons for deer dietary CP and IVDOM (Fig. 3). 
deer and cattle diets under 2 grazing systems and 2 stocking rates, During most of the seasons, continuous grazing provided higher 
and rainfall at the Welder Wildlife Refuge since the summer 1987 forage quality than short-duration grazing. A possible explanation 
to the summer of 1989. Diets with different letters within animal 
species are significantly diierent (P < 0.05). 

of this interaction is the lower consumption of grass by deer 
under short-duration grazing during spring in Year 2. Deer diets 

explained by advanced plant maturity and possibly by high 
browse consumption (39%). Forage availability, particularly that 
of forbs, was high at that time (Ortega et al. 1997b). 
Consequently, forage availability was not a factor that could have 
influenced the quality of deer diets during this season. An (P < 
0.05) increase of dietary CP and IVDOM however, was detected 
as winter progressed. This was attributed to the presence of cool- 
season plants such as Texas wintergrass (St&m leucotricha Trin & 
Rupr.) and forbs that responded positively to the moderate precipi- 
tation recorded during that period (Fig. 2). Moreover, as a direct 
result of increased winter forb availability, forbs increased in deer 
diets by 30% and browse dropped by 35% (Ortega 1991, Ortega 
et al. 1997b). The highest digestibility of deer diets occurred in 
spring of Year 1, coinciding with the highest forb content in deer 
diets (88%). However, dietary CP declined by 2%. During the 
summer of Year 1, dietary CP did not change but IVDOM 
declined (P < 0.05). Herbage biomass was very low during this 
period (162 g/m’) with approximately 22 g/m* of the total 
herbage biomass desirable forbs (Ortega et al. 1997a). Therefore, 
as availability of forbs declined deer were forced to consume 
browse which probably decreased diet digestibility. A similar 
phenomenon was observed during fall and winter of Year 2. Deer 
used about 55% forbs and 22% browse in winter (Ortega 1991, 
Ortega et al. 1997b). In spring and summer of Year 2, IVDOM 
coefficients were similar, yet CP values were different (P c 0.05) 
between both seasons. Also, these results were different than 
those found in Year 2. Apparently, reduced precipitation during 
Year 2 resulted in the lower nutritive values of the forage. Forage 
availability declined by approximately 64% from fall of Year 1 to 
summer of Year 2 (Ortega et al. 1997a). Additionally, during the 

Fig. 3. Deer dietary crude protein (a) and digestible energy (b) under 
2 grazing systems and 2 stocking rates compared with crude pro- 
tein and energy requirements at Welder Wildlife Refuge. Arrows 
represent gestation range requirements of CP in (a); and mainte- 
nance and gestation requirement of digestible energy in (b). 
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were 6% lower in grass than under continuous grazing (Ortega 
1991. Ortega et al. 1997b). Grasses were of lower digestibility 
than other forage classes available at that time (Soltero et al. 
1994). 

For cattle, interactions for dietary CP (P < 0.05) were found 
between grazing systems and seasons and between stocking rates 
and seasons. In general, cattle dietary CP was greater under con- 
tinuous grazing than short-duration grazing (Fig. 4a). The excep- 
tion was during spring of Year 1. Cattle CP was greater under 

(Ortega et al. 1997a), which could explain why cattle under the 
moderate rate were able to select a more nutritious diet. 

When quality of deer and cattle diets under the treatments and 
seasons were compared with the nutritional requirements for the 
diverse physiological stages of both animal species, CP levels 
met the maintenance requirements for deer throughout the entire 
study period when 7% CP was considered as the average mainte- 
nance value (Fig. 3a). These results agree with those found by 
Meyer et al. (1984), who determined deer dietary CP in the Texas 

heavy than under moderate stocking rate during most seasons Coastal Bend. Bryant et al. (1981) also reported that CP values 
except winter of Year 1 (Fig. 4a). It was not clear what produced from hand-plucked deer diet samples never fell below 7%. We 

observed that during fall of Year 1, and fall and winter of Year 2, 
these requirements were at the upper limits of maintenance 
requirements (10% CP) regardless of grazing system or stocking 
rate. Deer protein values under both grazing schemes and stock- 
ing rates were high enough to meet the low to mid limits of the 
gestation requirement. White-tailed deer dietary CP requirements 
for growth and lactation under both heavy or moderate stocking 
rates were never met during the study, always remaining below 
the 14% minimum limit (Fig. 3a). Under the conditions of this 
study, growing and lactating white-tailed deer did not have an 
adequate supply of CP regardless of the grazing strategy. 

Fig. 4. Cattle dietary crude protein (a) and digestible energy (b) 
under 2 grazing systems and 2 stocking rates compared with crude 
protein and energy requirements at Welder Wildlife Refuge. 
Arrows represent gestation, maintenance and gestation require- 
ment of CP in (a) and diiestible energy in (b). 

these interactions in either case. Cattle diets consisted of similar 
proportions of forbs and browse under both grazing systems dur- 
ing spring 1988, but cattle in short-duration grazing consumed 
7% more grass than under continuous grazing. Considering the 
CP content of grasses during winter (which was lower than forbs 

Although CP content of cattle diets was relatively low (Fig. 4a), 
especially during winter, these values satisfied cattle needs for 
most of the physiological stages and for almost the entire study. 
However, there were periods in which not even the requirements 
for maintenance were met, particularly under short-duration graz- 
ing and moderate stocking rate (2 and 3 seasons, respectively). 
Under continuous grazing, on the other hand, winter of Year 2 was 
the only period in which dietary protein for cattle was below 
maintenance (Fig. 4a). Lactating cows would not have met their 
requirements in any season sampled, regardless of the grazing 
strategy used. The requirements for cows in their last trimester of 
pregnancy was not met on any grazing treatment. When the effect 
of stocking rate on the level of dietary CP for cattle and its rela- 
tionship to CP requirements was examined, a similar trend was 
detected for grazing systems. Under heavy stocking, CP require- 
ments for maintenance were more readily met than at the moder- 
ate rate. Further, dietary CP for cattle under both stocking rates 
was not adequate to meet the lactation and pregnancy require- 
ments in any period when these activities took place. 

Deer DE values were high enough to satisfy the maintenance 
requirements during most of the seasons (Fig. 3b). However, the 
DE requirements for gestation were only met during spring of 
Year 1, whereas energy requirement for lactation was never met 
in any of the seasons sampled regardless of the grazing strategy. 
Growth requirements, on the other hand, were met during all sea- 
sons (Fig. 3b). Energy values estimated for cattle diets were rela- 

and browse), we expected cattle diets under continuous grazing tively low and were not adequate to meet any of the cattle needs 
would have had higher CP contents. Apparently grasses con- in any period regardless of the grazing system or stocking rate 
sumed under short-duration grazing were mostly cool-season (Fig. 4b). 
grasses, such as Texas wintergrass which are characterized by Our results suggest that a combination of continuous grazing 
their high CP content and are commonly found in cattle diets dur- and heavy stocking rate was the grazing strategy that produced 
ing this period. Drawe (1988) observed that Texas wintergrass the best forage quality for deer and cattle (Fig. 3). Dietary CP and 
peaked in cattle diets during December, January, and February. digestibility of deer diets were greatest under this grazing combi- 
Another possible explanation could be the difference in total phy- nation than in any other combination (Fig. 3) during 6 seasons, 
tomass between grazing systems. In spring of Year 1, total phy- from fall of Year 1 to winter of Year 2. However, this contention 
tomass availability was 39% higher under short-duration grazing only holds true as long as there is enough forage available to sat- 
than under continuous grazing. In terms of stocking rate, total isfy the energy requirements of both animal species. In our study, 
phytomass was higher under moderate than under heavy stocking this did not happen. Although we did not estimate this, it is ques- 
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tionable whether deer or cattle could have met their dry matter 
intake requirements, particularly during those periods in which 
forage availability declined significantly. Additionally, this situa- 
tion could worsen because of the erratic precipitation and the 
recurrent drought periods that are common in this area. 
Precipitation during the study period was below the long-term 
average, in 20 of 22 months (Welder Wildlife Refuge rainfall 
data). Thus, the effect on forage availability was more noticeable 
during the second year of study. 

Deer dietary CP levels and energy were generally low, particu- 
larly those during summer and fall. Energy values were especial- 
ly low for lactating females during the dry year of 1989. Forage 
values for growing fawns seemed to be adequate. This lack of 
nutrients for lactation could affect fawn mortality rate, which 
may be significant (Knowlton et al. 1978). Welder Wildlife 
Refuge data (Unpublished data, Drawe) shows that fawn:doe 
ratios of 15 fawns:100 does, 10 fawns:100 does, 5 fawns:100 
does, and 15 fawns:100 does during surveys made in 1987, 1988, 
1989, and 1990, respectively. The slight recovery of fawn:doe 
ratios in 1990 could be attributed to increased precipitation in the 
spring and summer that year, as well as the removal of all live- 
stock from tbe refuge by winter of 1990. Additionally, although 
CP content of deer diets was sufficient to satisfy the gestation 
requirements throughout the study, the low CP levels in summer 
and fall and the demands of lactation may prevent does from 
achieving estrous cycling, which in turn may result in low con- 
ception rates. Furthermore, malnutrition of does during the last 
stages of gestation will increase fawn mortality risks by affecting 
their immunological system (Sams et al. 1996). Teer et al. (1965) 
reported forage quality and availability as determinant factors 
influencing the reproductive performance of deer in the Llano 
Basin of Texas. Kie et al.( 1980) pointed to low reproductive rates 
and ultimately a decline in deer populations, resulting from a low 
nutritional plane. Data from our study suggest that low nutrient 
values could have influenced declining fawn:doe ratios observed 
at the Welder Wildlife Refuge. 

Conclusions 

To improve deer habitat, a continuous yearlong grazing with 
moderate stocking rate is an important management option in the 
mesquite-mixedgrass. This management plan may provide white- 
tailed deer the opportunity for selecting diets containing more 
desirable forbs and greater nutrient concentration. Rotational 
grazing systems at moderate rates could also be used to maintain 
a relatively high seral stage. Several additional options (e.g., 
Merrill) could be implemented to balance the need for producing 
desirable deer forbs and at the same time, maintain rangeland in 
good condition. These options include intense livestock grazing 
at strategic times of the year coupled with adequate rest periods 
to restore plant vigor. 
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Abstract 

Rotation grazing strategies have been proposed to increase 
stocking capacity, improve animal gains, and improve forage 
production and range condition. We compared continuous or 
season-long, 4-pasture rotationally deferred, and g-paddock 
time-controlled rotation grazing on mixed-grass rangeland near 
Cheyenne, Wyo. from 1982 through 1994. Stocking rates under 
light, moderate and heavy grazing averaged 21.6,47.0, and 62.7 
steer-day ha-‘; grazing pressures were 11.0 to 90.1 steer-day Mg-’ 
of forage dry matter produced. We estimated above- and below- 
ground biomass, botanical composition and basal cover. Bare 
ground and cover of warm-season grasses, forbs, and lichens 
were greater under heavy stocking; cover of litter, western 
wheatgrass, and total cool-season graminoids were greater under 
tight stocking. Stocking rate and grazing strategy had no effect 
on above-ground biomass and little effect on below-ground bio- 
mass. Under heavy stocking, percent of above-ground biomass 
contributed by forbs increased, especially under time-controlled 
rotation grazing, and that of western wheatgrass decreased. 
Otherwise+ effects of grazing strategy, level vs. slope, and north 
vs. south slope on vegetation were insignificant. Steer average 
daily gain decreased linearly as grazing pressure increased (3 = 
0.44); grazing strategies had no significant effect. When cattle 
prices are favorable, the stocking rates that are most profitable 
in the short run may be high enough to reduce range condition. 

Key Words: plant communities, mixed-grass ptirie, basal cover, 
weight gain, succession, rangeland 

Grazing strategies have evolved from a need to sustain efficient 
use of the forage resource by livestock over long periods of time 
(Heady 1975), but few research projects have tested strategies 
over a long period. Many research projects examining the effects 
of grazing strategies have been shortened, replications dropped, 
management altered, or ended altogether. With few exceptions, 
long-term grazing studies have suffered major shifts in manage- 
ment during their existence (Hickey 1969, Ashby et al. 1993). 

Time-controlled grazing strategies have been referred to as 
rapid rotation and cell grazing (Holechek et al. 1989), as well as 
short duration grazing (Savory 1978) and the Savory Grazing 
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Method or Holistic Resource Management (Savory 1983). 
Despite the many names, this is a form of rotational grazing 
which involves subdividing a pasture into a rather large number 
of paddocks and moving the cattle among paddocks relatively 
quickly, resulting in high stocking densities for short periods of 
time. When plants are growing quickly, cattle are moved fre- 
quently, and inversely, as growth slows, cattle are left on a partic- 
ular paddock for a longer period (Hart et al. 1988). The premise 
behind this grazing strategy is that even utilization of the forage 
is achieved by the cattle and forage production is increased 
(Savory 1978). 

In conjunction, cattle gains are expected to increase because 
animals are continually faced with younger and more nutritious 
forage throughout the growing season (Kothmann 1984). 
Additionally, the claim has been made that stocking rate can be 
increased, apparently due to the compensatory plant growth that 
occurs after the cattle are moved into the next paddock (Savory 
1983). However, because regrowth occurs for only a few weeks 
to a few months on semi-arid rangelands (Hart et al. 1993b), 
regrowth rarely has a significant effect on forage quality or quan- 
tity. Under time-controlled rotation grazing, a given plant or tiller 
is expected to be grazed only once during a particular rotation 
period. However, Hart et al. (1993b) determined that western 
wheatgrass and blue grama tillers are rarely grazed more than 
once or twice in an entire grazing season, regardless of grazing 
strategy. 

Many studies have failed to show the claimed benefits of time- 
controlled rotation grazing (Bryant et al. 1989; Dormaar et al. 
1989; Gamougoun et al. 1984; Gillen et al. 1991,1992; Hart et al. 
1988; Heitschmidt et al. 1982a, 1982b, 1985, 1987; Dahl 1986; 
Taylor 1993a, 1993b; Kirby et al. 1986; Malechek 1984; Walker 
et al. 1989; Weltz and Wood 1986; and Wood and Blackbum 
1984). However, Hart et al. (1988) confirmed that stocking rates 
can profitably be increased substantially above “govemment-pre- 
scribed stocking rates,” regardless of grazing strategy; their mod- 
erate and heavy stocking rates were 130% and 175% of the rates 
recommended by the Natural Resources Conservation Service 
(Stevenson et al. 1984). However, as grazing pressure or stocking 
rate increased, gains of cattle on rangeland declined, usually lin- 
early (Ashby et al. 1993; Bement 1974; Hart 1978; Hart et al. 
1988; Houston and Woodward 1966; Klipple and Costello 1960; 
Sarvis 1941; and Sims et al. 1976). 

Grazing pressure and/or stocking rate influences vegetative 
composition of mixed-grass rangelands, as well as the perfor- 
mance of grazing livestock. Under heavy grazing pressure, cover, 
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and biomass of western wheatgrass (Pascopyrum smithii (Rybd.) 
A. Love) and needleandthread (Stipa comata Trin. and Rupr.) 
decreased and that of blue grama (Bouteloua gracilis (H.B.K.) 
Lag. ex Steud.) and/or buffalograss (Buchloe dactyloides [Nutt.] 
Engelm.) increased in long-term grazing trials on mixed-grass 
prairie in Alberta, Canada (Smoliak et al. 1972, Smoliak 1974, 
Dormaar et al. 1994), in Montana (Reed and Peterson 1961, 
Houston and Woodward 1966), in South Dakota (Pace and 
Thilenius 1968), and in North Dakota (Rauzi 1963, Brand and 
Goetz 1986). However, little change occurred after only 4 years 
of grazing in Montana (Vogel and Van Dyne 1966) and North 
Dakota (Hofmann and Ries 1989), illustrating the need for long- 
term studies to measure grazing impacts. 

The 1993 and 1994 grazing seasons were the twelfth and thir- 
teenth seasons of a grazing study on northern mixed grass prairie, 
which examined the effects of 3 grazing strategies and 3 stocking 
rates on plant community composition, peak standing crop, and 
gains of yearling steers. Results of the first 6 years were reported 
by Hart et al. (1988). The overall objective of the study was to 
determine which grazing strategy and stocking rate were most 
beneficial for stocker steer production in the northern Great 
Plains of the United States. The objectives of the summers of 
1993 and 1994 were to continue monitoring: 1) basal cover of the 
plant community, 2) peak standing crop and changes in plant 
community composition, and 3) weights of steers. Peak standing 
crop had not been determined by category since the projects 
inception in 1982 and 1983. 

The null hypotheses were: 1) no differences in steer gains 
caused by grazing strategy will be detected, 2) steer gains will 
respond the same to stocking rate under all grazing strategies, and 
3) no difference in peak standing crop or basal cover will be 
caused by grazing strategy. 

Experimental Methods 

The High Plains Grasslands Research Station (HPGRS) is 
located about 10 km northwest of Cheyenne, Wyo. The study site 
is characterized by mixed grass prairie on rolling hills ranging in 
elevation from about 1,900 to 1,950 m. The climate is semi-arid, 
the average annual precipitation was 384 mm for 1971-1994. The 
bulk of precipitation occurs from April to September and often 
includes heavy snows in April and even in May. Precipitation 
during 1993 and 1994 was 122% and 76%, respectively, of the 
24-year average. The growing season averages 127 days, with 
wide variations in daily and seasonal temperatures. The area 
receives warming down-slope winds from the Laramie Range to 
the west, particularly in the spring and winter (Stevenson et al. 
1984). Soils are coarse and well drained, comprised mainly of 
Albinas, Ascalon, and Altvan loams (mixed mesic Aridic 
Argiustolls). Cascajo gravelly loam (mixed mesic Aridic 
Calciorthids) and Larim Variant gravelly loam (mixed mesic U- 
stollic Haplargie Stevenson et al. 1984). 

Until the current study began in 1982, the area had been lightly 
grazed by wildlife and occasionally by livestock. There is no 
year-round running water on the study site, which is serviced by a 
well and storage tank that supplies water to stock tanks in the var- 
ious pastures, during the grazing season only, 

Vegetation is predominantly grasses. Common cool-season 
graminoids are western wheatgrass, needleandthread, prairie 

junegrass (Koeleria cristata Pers.), and needleleaf sedge (Carex 
eleocharis Bailey). Warm season grasses are blue grama and 
small amounts of buffalograss. Forbs are dominated by fringed 
sage (Artemisia frigida Willd.), scarlet globemallow 
(Sphaeralcea coccinea (Pursh) Rybd.), and Hoods phlox (Phlox 
hoodii Rich.), but include many annual and perennial species. 

Stocking Rates and Grazing Strategies 
Treatment pastures were divided into 3 grazing strategies. The 

season-long treatments had no pasture subdivision. The rotation- 
ally deferred pastures were subdivided into 4 paddocks. A differ- 
ent paddock was deferred from use each year until the end of the 
growing season, about 1 September, while cattle grazed the other 
3 paddocks simultaneously. For the balance of the grazing sea- 
son, all 4 paddocks were grazed simultaneously. 

The time-controlled rotation treatments were subdivided into 8 
paddocks, with length of grazing on each paddock determined by 
estimated forage availability and rate of forage growth. These 
parameters were not actually measured, nor was any attempt 
made to develop mathematical guidelines, but when more forage 
was available or when forage growth slowed in a given paddock, 
steers grazed that paddock longer. 

Three stocking rates were applied: 1) light, 0.16 to 0.23 steers 
ha”; 2) moderate, 0.42 steers ha-‘; and 3) heavy, 0.56 steers ha’ 
(Table 1). Steer numbers varied under the season-long light treat- 
ment because this pasture included replacement steers which 
were moved to other pasture treatments as needed when steers 
originally assigned to those pastures became ill or died. Grazing 
pressure was determined each year by dividing the number of 
steer days ha-’ on each treatment by the mean PSC of forage in 
Mg (thousands of kg) ha-‘. 

Table 1. Grazing seasons, peak standing crop @‘SC), stmkiog rates, and 
grazing pressure, 1982-1994. 

Grazing season 
rate pRSSUR 

PSC Light Mod Hvy Light Mod Hvy 

(Steer-days 
0% ha’) (Steer-days ha’) Mg’ forage) 

24 Jun.-19 Oct. 82 1.180 - 38.5 51.4 - 32.6 43.6 
16 Jun.-27 Oct. 83 1,670 25.5 43.7 58.3 15.3 26.2 34.9 
12 Jun.- 2 Oct. 84 1,140 24.2 36.8 49.2 21.2 32.3 43.2 
29 May-16 Oct. 85 1,040 23.5 57.6 76.8 22.6 55.4 73.8 
10 Jun.- 8 Oct. 86 1,140 21.5 50.0 66.7 18.9 43.9 58.5 

3 Jun.-22 Oct. 87 870 23.7 58.8 78.4 27.2 67.5 90.1 
23 Jun.-12 Oct. 88 1,160 22.0 46.0 62.0 19.0 39.7 53.4 

6 Sep.-l 1 Oct. 89* 540 2.6 11.0 14.7 4.8 20.4 27.2 
4 Jun.-l0 Oct. 90 1,560 17.2 53.3 71.1 11.0 34.2 45.6 

13 Jun.-23 Oct. 91 1,740 29.5 52.9 70.6 17.0 30.4 40.6 
9 Jun.- 1 Oct. 92 840 17.5 47.5 63.3 20.8 56.5 75.4 
2 Jun.30 Sep. 93 930 20.7 50.0 66.7 22.3 53.8 71.7 
1 Jun.-l0 Aug. 94 700 12.7 28.8 38.3 18.3 41.4 55.1 

*Grated with dq cows; not all pastures were grad simultaneously. and cows were not 
W&h&l. 

The 7 treatments were: season-long under light, moderate, and 
heavy stocking; rotationally deferred under moderate and heavy 
stocking; and time-controlled rotation under moderate and heavy 
stocking. All treatments except season-long light were replicated 
twice. Replicate I was located primarily on north-facing O-15% 

JOURNAL OF RANGE MANAGEMENT 50(6), November 1997 639 



slopes, and Replicate II on south-facing O-6% slopes. The 
unreplicated season-long light pasture included both aspects and 
slopes. A map of the pasture layout was published by Hart et al. 
(1988). 

Yearling steers were used on the study, except in 1989 when 
lack of forage in other pastures made it necessary to use the study 
pastures for dry cows. However, the ratios among light, moder- 
ate, and heavy stocking rates were maintained the same as in 
other years. About half of the steers used each year were Here- 
fords produced at HPGRS. The other steers were predominantly 
English X English or English X Continental crossbreds purchased 
locally. 

All steers were backgrounded 30-60 days, vaccinated, weigh- 
ed, eartagged, and received Ralgro’ prior to the onset of the graz- 
ing study each year. Steers were divided into groups of 5 animals 
each based on weight; each group consisted of 2 or 3 station- 
raised steers with the balance being purchased steers. Steers were 
weighed every 28 days, after being held overnight without feed or 
water. All steers watered from similar float-controlled stock 
tanks, received the same free choice salt-mineral supplement, and 
were observed at least twice weekly. 

Forage Production and Species Composition 
During the last week of June 1993, basal cover was estimated 

on the continuous, rotationally deferred, and time-controlled 
grazing strategies at heavy stocking and the continuous strategy 
at light stocking. Two permanent 50-m transects were located in 
each pasture, 1 on a flat and 1 on a slope. A 50-m tape was 
stretched between 2 transect markers, and at l-m intervals a lo- 
point frame (Mueller-Dombois and Ellenberg 1974) was set per- 
pendicular to the transect line. Pins approached the ground at a 
60” angle. One thousand points were recorded per pasture. Hits 
were recorded manually by plant species (including grasses, 
sedges, forbs, and lichen [Purmelia sp.]), litter, or bare ground. 

In late July, peak standing crop (PSC) was determined inside 
four 1.5 m2 exclosures per pasture. Exclosures were moved each 
year in May, but remained on similar slope and soil series. 
Exclosures were opened and 2 readings were taken with a capaci- 
tance meter. In each season-long light and heavy, rotationally 
deferred heavy, and time-controlled heavy pasture, a 0.18 m* 
quadrat was placed over each placement of the capacitance meter, 
and vegetation in the quadrat was hand clipped to ground level. 
Current year’s forage was separated into blue grama, western 
wheatgrass, needleandthread, other grasses, sedges, and forbs, 
placed each category was placed into paper bags which were 
dried at 60°C and weighed. A regression equation was developed 
from quadrats which were both metered and clipped to estimate 
PSC in the remaining treatments (moderately-stocked season- 
long, rotationally deferred moderate, and time-controlled pas- 
tures) where PSC was estimated only with the capacitance meter. 

Residual forage was measured again in October, after steers 
were removed from the pastures, using a capacitance meter and 
clipping enough of the 0.18 m* quadrats to calculate a regression 
equation. Utilization was calculated by subtracting residual for- 
age from peak standing crop. 

In late July, 5 soil core samples were removed along each basal 
cover transect in the season-long light and heavy, rotationally 

’ Mention of a commercial product does not imply USDA-ARS endorsement of 
that product over similar products. 

deferred heavy, and time-controlled heavy pastures, and in 2 per- 
manently ungrazed exclosures, using a tractor-mounted hydraulic 
soil sampling machine. Cores were 10 cm across and 30 cm deep. 
They were divided into two 15-cm sections; roots were washed 
out manually (Lauenroth and Whitman 1971), dried at 6O”C, and 
weighed. 

Basal cover was recorded the first week in July in 1994. 
Because the summer of 1994 was considerably drier than the 
summer of 1993, PSC and residual forage were measured simul- 
taneously in mid August. In the rotationally deferred treatments, 
only 3 exclosures were clipped, eliminating the exclosure in the 
ungrazed paddock. 

Soil cores were taken in May to a depth of 60 cm and divided 
into O-15, 15-30, and 30-60 cm increments. During the manual 
washing process, roots were separated into blue grama. western 
wheatgrass, needleandthread, sedges, forbs, or unknown cate- 
gories, dried, and weighed. 

All data were subjected to ANOVA for incompletely replicated 
designs with the assistance of University of Wyoming PSIS sta- 
tistical services. When ANOVA indicated significant differences 
(P < 0.05), a highest significant difference (HSD; Tukey 1953) 
was calculated. The regressions of average daily gain on grazing 
pressure was computed using a discontinuous linear regression 
program developed by Hart (unpublished). Slopes and intercepts 
of regression lines under different strategies were compared by 
the methods of Steel and Torrie (1960). 

Results and Discussion 

Peak Standing Crop 
Peak standing crop (PSC) ranged from 540 to 1,740 kg ha-’ 

(Table 1, Fig. 1). In general, PSC was closely correlated with 
September-August precipitation, but 1987 and 1991 were excep- 
tions. Although precipitation was above the 1951-1995 average 
in 1987, PSC was slightly less than average; most of the excess 
precipitation fell in a single 46-mm rainstorm in May while pre- 
cipitation in the rest of May and in the other months was near 
average. In 1991, when PSC was higher than expected, yearly 
precipitation was 33% above average but May-August precipi- 
tation was 72% above average. 

Peak standing crop was not significantly affected by either 
grazing strategy or stocking rate (Fig. l), but there have been 
shifts in the botanical composition of PSC under heavy stocking 
rates. Under heavy grazing, western wheatgrass contributed about 
22% of PSC by weight in 1982-83, with no differences among 
strategies. The contribution of western wheatgrass under heavy 
grazing declined to about 12% of PSC in 1993-94, which was 
significantly less than that under season-long light grazing, but 
still there were no differences among grazing strategies under 
heavy grazing (Fig. 2). The season-long light treatment, which 
was clipped in 1993-94 only, contained 35% western wheatgrass. 

More blue grama was present in 1982-83 on the season-long 
heavy pastures, 55% of PSC by weight, than on the rotationally 
deferred or time-controlled rotation heavy pastures, where it 
made up 39% of PSC. In 1993-94, blue grama contributed a 
mean of 29% of PSC on all the pastures, with no differences 
among strategies or stocking rates. 

In 1982-83, other cool-season graminoids, primarily needle- 
andthread, prairie junegrass, and sedges, contributed less to PSC 
on the season-long heavy pasture than on the rotationally deferred 
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Fig. 1. Precipitation and peak standing crop (PSC) of above-ground biomass under 3 grazing strategies and light (1991-1994 only), moderate, 
and heavy stocking. 

or time-controlled rotation pastures, 12% vs. 23%. By 1993-94, 
mean contribution of other cool-season graminoids on all pas- 
tures was 2396, with no differences among treatments. Of this 
total, 6% was sedges, 8% was needleandthread, and 9% was other 
cool-season grasses. 

Under all grazing strategies at the heavy stocking rate, forbs 
appeared to increase from the mean of 13% in 1982-83. Under 
season-long and rotationally deferred heavy grazing, forbs con- 
tributed about 32% of PSC in 1993-94, vs. 48% under time-con- 
trolled heavy grazing. The season-long light treatment contained 
about 17% forbs in 1993-94. 

Fig. 2. Botanical composition of peak standing crop @‘SC) under sea- 
son-long light stocking (1993-94) and 3 grazing strategies with 
heavy otocking (198243 and 1993-94). Within years (1982433 or 
199344, percentages contributed by a species or species group 
diier significantly among treatments when labeled with different 
lettero. 
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Basal Cover 
Total plant cover, excluding lichens and mosses, decreased 

sharply in the first few years of grazing (Fig. 3), from 17% to 
22% in 1982 to a mean of 7% in 1984. This decrease showed the 
effects of resuming grazing on a plant community which had 
been essentially ungrazed for nearly 40 years. Basal cover main- 
tained this level until about 1989, after which it began to increase 
and reached approximately the initial level in 1994, ranging from 
15 to 18% across treatments. No significant differences among 
treatments were detected except in 1990 and 1993, when cover 
under the 2 season-long treatments tended to be less than cover 
under rotationally deferred or time-controlled heavy grazing. 

Percent bare ground (Fig. 3) covered a wide range in 1982, but 
was nearly the same under all 4 treatments estimated in 1983, 
averaging 17%. Bare ground decreased to very low levels under 
season-long light grazing, to less than 3% in 1985. and never 
exceeded 11% thereafter. Under heavy grazing, bare ground fluc- 
tuated from 9% to 27%. with significantly more bare ground 
under season-long heavy grazing than under rotationally deferred 
or time-controlled heavy grazing in 1985 and 1993. The narrow 
range of percent bare ground in 1994 on all 3 heavily-grazed 
treatments suggests the plant and litter cover is providing ade- 
quate protection from soil erosion. 

Dead vegetation and fecal material comprised the litter compo- 
nent of cover (Fig. 3). Litter cover was almost a mirror image of 
bare ground, varying considerably among treatments in 1982 but 
very little in 1983 when the mean was 69%. Thereafter litter 
increased under season-long light grazing to a maximum of 88% 
in 1987 and then decreased to 75% in 1994. The greater litter 
cover under light grazing probably reflects the very low levels of 
utilization (3% vs. 36% under moderate and 53% under heavy 
grazing, 1991-1994) and the consequent large amount of stand- 
ing dead biomass to be converted to litter. Litter cover was con- 
sistently less under heavy grazing, regardless of strategy, peaking 
at a mean of 74% in 1987 and decreasing to a mean of 60% in 
1994. Litter cover tended to be less under season-long heavy 
grazing than under the other heavily-grazed treatments, but the 
difference was significant only in 1985. 

Cover of perennial cool-season graminoids, which included 
perennial cool-season grasses and sedges, tended to increase 
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Fig. 3. Plant basal cover, litter cover, aad bare ground under season-long light stocking and 3 grazing strategies with heavy stocking, 
1982-1994. 
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slowly but steadily under heavy grazing from 1984 through 1994, 
with no differences among strategies (Fig. 3). Beginning in 1988, 
cool-season graminoids began to increase more under light than 
under heavy grazing; by 1989 the difference was significant. 
Under light grazing in 1992 and 1993, cover of cool-season 
graminoids decreased until it was no greater than under heavy 
grazing, but in 1994 it was again significantly higher. We could 
not identify any climatic or management variables to account for 
this fluctuation. 

Western wheatgrass cover (data not shown) followed the same 
pattern as cool-season graminoids in general. In 1982, cover of 
western wheatgrass was less than 1% under season-long light and 
heavy grazing, and between 1% and 2% under rotationally- 
deferred and time-controlled heavy grazing. Cover of western 
wheatgrass under season-long light grazing increased to over 2% 
in 1994, vs. less than 1% under all heavy grazing treatments, a 
significant difference. 

Perennial warm-season grasses were mostly blue grama, with 
buffalograss contributing less than 5% of total warm-season grass 
cover. Cover of warm-season grasses decreased sharply with the 
onset of grazing, dropping to about 6% in 1984, the third year of 
grazing (Fig. 3). Warm-season grass cover continued to decrease 
very slowly under season-long light grazing until it reached a 
minimum of less than 3% in 1991 through 1993, then increased 
sharply to 7% in 1994. Under heavy grazing, warm-season cover 
increased from about 5% in 1988 to 8% in 1994, with no differ- 
ences among strategies. 

Basal cover of forbs was between 0.5% and 1.5% in 1982, 
increased in 1983. and decreased to about 0.5% under all treat- 
ments in 1984 (Fig. 3). Forb cover was generally less under light 
than under heavy grazing, indicating grasses were more competi- 
tive under light grazing. In 6 of the 13 years, forb cover was sig- 
nificantly greater under 1 or more heavy grazing treatments than 
under season-long light grazing; this was true of all of the last 4 
years of the study. Forb cover fluctuated considerably with tim- 
ing and amount of precipitation. 

Lichens provided about 5% cover on the season-long light 
treatment in 1982 (data not shown). A low of 1% was reached in 
1987, followed by a gradual increase to 4% in 1994. From 1982 
through 1992, lichen cover under heavy grazing averaged 4 or 
more percentage units higher than that under light grazing. Then 
the difference increased to 8 and 9 percentage units in 1993 and 
1994, respectively. These differences may reflect the greater 
shading of the soil surface under light grazing. 

Stocking rate had significant impacts on basal cover in each of 
the 7 categories. At the heavy stocking rate more bare ground and 
greater cover of warm season grasses, forbs and lichens was pre- 
sent. Conversely, at the heavy stocking rate, there was less cover 
of litter, western wheatgrass, and total cool-season graminoids. 
Effects of grazing strategy, flat vs. slope, and replication (north 
vs. south slope) were minor and inconsistent. 

Root Biomass 
The root biomass portion of the grazing study has been incor- 

porated into a study examining the dynamics of carbon and nitro- 
gen cycling in rangeland soil under different grazing regimes, 
reported by Manley et al. (1995). The only significant differences 
detected among root biomass of the different treatments were at 
the 16-30 cm depth in July, 1993 (Table 2). Greater biomass was 
found on the heavily-grazed rotation deferred and time-controlled 

Table 2. Root biomass; effects of grazing treatments at 2 dates and 3 
depths. 

Grazing 
strategy 

stockiug 
rate 

July 1993; May 1994; 
Deoth. cm cm 

&15 16-30 O-15 16-30 31-61 

_______----__ (Rwtweight,kgha’)------------ 
Ungrazed Ungrazed 31,410 5.51Ob 12,880 2.260 1,620 
Continuous Light 21,650 6,960ab 10,370 2,270 1,780 

season-long HeavY 27,260 5,280b 11,410 1,600 1,160 
Rotationally 

deferred HeavY 22,090 8,650a 11,080 3,350 1,830 
Time-contmlled 

rotation H=vY 28.400 8,570a 13,370 1,920 650 
MWU 24,850Y 7.3601 11,5602 2.2802 1,410Z 
a,b Within a column. weights followed by the same lower case letter m not signiticaotly 
differcot. Means at the same depth, followed by the same upper case letter. are not sig- 
nificantly difrereut bchveen dates. 

pastures than in the exclosures; biomass did not differ among the 
exclosures and the season-long lightly and heavily-grazed pas- 
tures. Root biomass was smaller in May 1994 than in July 1993, 
because of the depletion of stored reserves and death and decom- 
position of roots during the winter. 

In May 1994,76%, 1546, and 9% of the roots in the top 61 cm 
of the profile were found in the O-15, 16-30, and 31-61 cm 
depths, respectively. Of the roots in the top 30 cm, 77% and 84% 
were found in the top 15 cm in July 1993 and May 1994, respec- 
tively. 

Average Daily Gain of Steers 
Average daily gain (ADG) of the steers decreased linearly as 

grazing pressure (GP) in steer-day Mg-’ PSC increased, regard- 
less of grazing strategy (Fig. 4). No evidence of constant gain at 
low stocking rates was detected. Slopes and intercepts of the 
regression equations did not differ significantly among strategies. 
Equations were: 

AU strategies: ADG = 1.06 - 0.00527 GP rz=o.44 
Continuous: ADG = 1.05 - 0.00477 GP P = 0.48 
Rotationally deferred: AJX = 1.07 - 0.00562 GP I= = 0.42 
Time-controlled: ADG = 0.97 - 0.00462 GP f = 0.29 

Mean ADG over 6 years was 0.96 kg/day under the light stock- 
ing, 0.83 kg/day under moderate stocking, and 0.67 kg/day under 
heavy stocking. 

Gain ha-‘; return ha-’ to land, labor, and management(R,&; 
and stocking rate at maximum RLLM can be calculated for any 
level of PSC and buying and selling prices by a modification of 
the method of Hart et al. (1988), or they can be calculated with 
the STEERISK spreadsheet (Hart 1991). The values in Table 3 
were calculated with STEERISK, assuming a 128&y grazing 
season, steers weighing 333 kg at the beginning of the season, 
11% interest rate, and miscellaneous costs of $0.25 steer’ day-‘. 

Prices and PSC determined the optimum stocking rate, defined 
as the stocking rate producing the greatest RLLM. As PSC de- 
creased from 1,445 to 624 kg ha’, RUM decreased 56%. Peak 
standing crop higher than 1,445 or lower than 624 kg-’ can each 
be expected about 1 year in 10 (Hart 1991). When prices declined 
from typical 1987 levels (steers bought for $1.76 kg-’ in the 
spring sold for $1.65 kg” in the fall) to 1996 levels (steers bought 
for $1.54 kg-’ in the spring are expected to sell for $1.32 kg” in 
the fall), RLLM declined 79%. 

JOURNAL OF RANGE MANAGEMENT 50(6), November 1997 643 



ADG, kg 
I.2 

. ADG = 1.056 - .00527 GP rz= 0.4 

n.4 +@A---- 
I , 1 1 I I 

50 50 70 !M 

Crazing pressure, Steer-days/big forage 
n Season-long + Rot. deferred 0 T-C Rotation 

Fig. 4. Grazing pressure and average daily gain (ADG) of steers 
under 3 grazing strategies. 

Although the regressions of ADG on grazing pressure (GP) did 
not differ significantly among strategies, it is interesting and pos- 
sibly informative to compare optimum stocking rates, gains, and 
RLLM among them. We made these comparisons only at the aver- 
age level of PSC, 1,034 kg ha-‘. Calculated RLLM from time-con- 
trolled rotation was 79% of that from season-long grazing at 1987 
prices and 61% at 1996 prices. This contradicts simulated results 
from the SMART model (Hart 1989). which predicts 4% higher 
gains and proportionately higher Rm from 8-paddock time-con- 
trolled rotation grazing. In SMART, rotation is based on com- 
plete knowledge of forage availability and growth rate in each 
paddock, which is not possible in real-time real-life applications 
of rotation grazing. The lack of sufficient knowledge to always 
rotate to the proper paddock at the proper time may explain part 
of the smaller 12 value for the regression of ADG on GP in time- 
controlled grazing. 

Regression of ADG on GP accounted for less than half the vari- 
ation in ADG; a number of factors contributed to the residual 
variation. These include inter-year variation in initial weight and 
condition of steers and length of grazing season, and inter-and 
intra-year variations in patterns of forage growth and quality. 

Research is underway to identify and quantify sources of varia- 
tion other than GP and to incorporate them into STEERISK. 

Management Implications 
Some rangeland managers have reported large increases in 

ADG of their livestock, in combination with a higher rangeland 
successional state, increased plant vigor, and greater forage pro- 
duction after a time-controlled rotation strategy had been imple- 
mented. These changes were not observed in this study, and are 
probably not a result of the grazing strategy, but are a by-product 
of an increased level of management (Lehnert 1985, Laycock 
1983). Cross-fencing and water development are important to 
achieve more nearly uniform utilization of forage and minimize 
energy costs of grazing (Hart et al. 1993a). However, the expense 
of extensive paddock development may be unwarranted unless 
the area to be subdivided is very large, on the order of several 
thousand hectares, and subdivision is complemented by adequate 
water development. 

Under heavy grazing, the observed changes in the botanical 
composition of peak standing crop were substantial. As stocking 
rate/grazing pressure increased, blue grama, western wheatgrass, 
and other graminoids decreased (Fig. 2). Forbs increased, par- 
ticularly on the time controlled rotation. This is not an improve- 
ment in successional state. The lower palatability of fringed sage 
and some other forbs and half-shrubs may make these species 
less desirable than the diminishing graminoid community as for- 
age for livestock. 

The optimum, i.e. the most immediately profitable, stocking 
rates in a year of favorable prices (Table 3) usually lay between 
the moderate and heavy stocking rates of this study (Table 1). This 
might suggest that cattle producers should resist the temptation to 
stock heavily in years of favorable prices to avoid possible perma- 
nent damage to rangeland plant communities. However, heavy 
stocking in the occasional year of favorable prices might not alter 
plant communities as much as heavy stocking every year. In years 
of average or unfavorable prices, optimum stocking rates approxi- 
mate or are lower than the moderate rates of this study. 

Management of the forage base, as well as the livestock, is the 
key to improved livestock performance. The methods chosen for 
monitoring vegetation do not have to be elaborate, as long as they 
are used consistently. The use of proper monitoring tools will 
allow the producer to adjust stocking rate, and time and length of 
grazing, to reflect the forage capabilities of that particular year. 

Table 3. Siiulated optimum stocking rates, steer gain ha-‘, and return IIS-’ to land, labor, and management; effects of levels of PSC, buying and selling 
price kg-‘, and grazing strategy. 

PSC 

P of 
greater 

PSC 

Favorable prices; Unfavorable prices; 
Buv at $1.76. sell at 51.65 Buy at $1.54. sell at $1.32 

Optimum Optimum 
stocking Gain Retmn 

ha-’ 
stocking Gain Return 

rate to LL&M rate ha-’ to LL&M 

&s ha? 
(Steer- 

days ha”) ($ ha-‘) (96) (kg) 624 90 All1 37.1 27.7 $19.23 

854 70 All 50.8 37.9 26.32 
1,034 50 All 61.5 45.9 31.87 

Season-long 70.3 51.0 37.58 
Rot. deferred 61.5 45.2 33.90 
T-C rotation 63.6 43.6 29.82 

1,215 30 All 72.3 54.0 37.45 
1,445 10 All 86.0 64.2 44.54 
‘Stocking rate, gains, and rehuns calculated from pooled regression pooling we.r all grazing strategies. 

(Stcer- 
days ha-‘) 

19.0 
26.0 
31.5 
37.7 
33.8 
30.0 
37.0 
44.1 

i?; (g$) 

23.4 5.54 
28.5 6.70 
33.0 8.65 
30.0 8.21 
5.1 5.30 

33.3 7.88 
39.6 9.37 
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Abstract 

In this study the impact of a rotation grazing system on the soil 
and vegetation of a St&u-Bouteloua-Agropyron community in the 
mixed prairie ecoregion was compared with the ungraxed treat- 
ment in exclosures. At a low stocking rate, grazing had no effect 
on the vegetation but did alter soil quality. Graxhtg pressure was 
so light in the rotational grazing treatment that recovery of pro- 
ductivity, as measured by standing crop and litter, was not signif- 
icantly different from the ungraxed treatment. Conversely, the 
species distribution was unchanged but was indicative of a lower 
send state for this mixed prairie. The effect of graxing on this 
community was indirect, possibly by altering the microenviron- 
ment. The relationships observed among forage production, soil 
chemistry, and species composition raise questions on the hnpor- 
tance of any one variable expressing range condition on the 
mixedprairie. 

Key Words: rest rotation, deferred rotational grazing, soil aualy- 
sis (chemical), soil transformation, reclamation, monosaccharides 

Livestock producers and land managers in the Northern Great 
Plains of Alberta, Canada, are interested in practices that restore 
range productivity. This interest has been stimulated with an 
increase in our understanding of the effects of grazing on the 
environment and with increasing concern for sustaining the range 
resources. 

Grazing systems are tools for improving range condition. They 
distribute the grazing impact chronologically and spatially among 
2 or more paddocks according to a prescription designed to 
achieve resource management goals. Most earlier studies have 
examined the effects of the grazing system on the plant commu- 
nity and animal (Clarke et al. 1947, Hubbard 1951, Smoliak 
1960) while more recent studies focused on the effects on physi- 
cal (Wood and Blackbum 1981, Warren et al. 1986, Abdel-Magid 
et al. 1987) and chemical (Dormaar et al. 1989, Dormaar et al. 
1994, Frank et. al. 1995) properties of soil. 

The study site was purchased by a consortium of wildlife agencies to demon- 
strate range management practices beneficial to livestock, wildlife, and the land. 
The help of Bonnie Tovell and Rebecca Baldwin in canying out the laboratory 
analysis is gratefully acknowledged. 

Lethbridge Research Centre Contribution No. 3879597. 
Manuscript accepted 8 Dec. 1996. 

Ret&men 

En este estudio se comparo el impact0 en el suelo y la veg- 
etacion de la comunidad Estipa-Bouteloua-Agropiro en la 
ecoregb de las praderas mixtas de un &ems de pastoreo rota- 
tivo con el tratamiento sin pastoreo. Con una baja carga animal, 
el pastoreo no afecto la vegetation pero si alter6 la calidad de1 
suelo. El efecto del pastoreo fue tan bajo en el tratamiento del 
pastoreo rotativo que la recuperation de production, medida por 
la cantidad de material en pie y 10s residuos vegetales acumula- 
dos en el suelo, no fue signifkativamente diierente de1 tratamien- 
to sht pastoreo. En forma similar, la diitribucion de las especies 
no cambio pen, &vi6 coma hrdicacion de un estado que no era el 
ideal para esta mexcla de pastos. El efecto del pastoreo en esta 
comunidad due indiicto, posiblemente debido a la alteration de1 
micro medio ambiente. La relation observada entra la produc- 
cion de forrajes, la quimica de1 suelo y la composition de las 
especies muestra la hnportancia de cualquiera de estas variables 
para detinir el estado de1 pa&al en la pradera mixta. 

The interest in the effect of grazing on soil is at least partly 
because of its vulnerability to degradation and the long-term 
impact this has on production. The character of the soil is a func- 
tion of the vegetation and climate and, as such, tends to follow 
trends in those variables. It is also a function of the direct impact 
of grazing animals on the soil through trampling and fouling 
without noticeably altering the plant community. Therefore, an 
assessment of only the plant community will not accurately 
reflect animal impact on the ecosystem. 

The period of rest from grazing incorporated into rotational 
grazing systems is designed to provide partial or a full year’s rest 
over 2 or more years. They are implemented assuming they will 
improve range condition while allowing grazing: however, 
impacts of such a system on soil parameters indicative of grazing 
pressure have not been examined. In this study, impact of a rota- 
tional grazing system on soil and vegetation was compared with 
an ungrazed treatment on range that was recovering from over- 
grazing. Therefore, the hypothesis tested was that rotational graz- 
ing, when stocked at levels designed to remove about 50% of 
standing crop, has no detrimental effect on soil and vegetation 
recovery of a mixed prairie community. 
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Materials and Methods 

Site Description 
The study site was at tbe Antelope Creek Ranch (50”37’N Lat, 

112”lO’W Long) 15 km west of Brooks, Alberta, Canada (Adams 
et al. 1994). The vegetation represents the Stipa-Bouteloua- 
Agropyron community of the mixed prairie ecoregion (Clarke et 
al. 1947; Coupland 1961). Annual precipitation averaged 335 mm 
with April to August precipitation averaging 206 mm. The soils 
identified on the study site were 2 closely related series differen- 
tiated mainly by slope position and included a Hemaruka Brown 
Solodized Solonetz (Aridic Natriboroll) clay loam to loam and a 
Cecil Solonetzic (Typic Haploboroll) clay loam to loam 
(Kjearsgaard et al. 1983). Around 30% of the area had eroded pits 
(i.e., areas of these soils often have patchy microrelief due to dif- 
ferential erosion, and the B horizon is exposed in some eroded 
pits; plant growth is usually very sparse) and the parent material 
is till. 

Grazing Management 
In 1987, 1,793 ha were cross-fenced to create 4 paddocks of 

approximately equal area. A single exclosure (50 X 50 m) was 
constructed in each paddock on sites modal to Cecil soils without 
eroded pits and within the Stipa-Bouteloua-Agropyron communi- 
ty. The soil and vegetation, on which the exclosures were con- 
structed, were representative of about 65% of each paddock. 

The initial grazing management program was inaugurated to 
demonstrate range improvement practices and involved a rest 
rotation grazing system with only 3 paddocks grazed in any year. 
This allowed each paddock to be rested 1 year in every 4 years. 
Grazing of the 3 paddocks followed a deferred rotational 
sequence with each grazed for 1 month beginning in mid-July. 
Because forage production increased, a deferred rotation grazing 
sequence was adopted in 1992 in which all 4 paddocks were 
grazed each year. The stocking rates averaged 0.32 animal-unit- 
months (AI-M) ha-’ until 1991 and 0.39 AUM ha-’ in 1991 and 
1992. The grazing pressure was light to moderate as the recom- 
mended stocking rate on poor range is 0.37 AUM ha-’ (Wroe et 
al. 1988)Prior to 1982, the whole area was grazed continuously 
at moderate stocking rates. From 1982 to 1986 grazing coincided 
with severe drought conditions resulting in heavy grazing pres- 
sure. Although the species mix did not change, plant vigour 
decreased and litter was eliminated. 

Vegetation Effects 
Prior to establishing the experiment in 1987, the range condi- 

tion was scored according to Wroe et al. (1988) and all areas sub- 
sequently utilized were similar (Adams, unpublished data). 
Vegetation was sampled inside and outside each exclosure in 
1988, 1990, and 1992. The basal area of vegetation was deter- 
mined at each location with point sampling using a 30-pin frame 
placed on 40 selected positions along each of 2 transects. A “hit” 
was recorded when the point of a pin touched plant material at 
ground level or the ground surface within the periphery of the 
plant crown. Basal area was expressed as a percent of hits using 
the formula: 

no. hits X 100, for each species. 
total no. pins 

Standing crop was estimated each year of the study. Ten, 0.5- 

mz plots were randomly located on the Cecil soil series inside and 
outside each exclosure. The soils had a fairly uniform texture. 
Generally they were clay loams while some were sandy clay 
loams. Portable exclosure cages (1.5 X 1.5 m) were used to pro- 
tect plots on grazed areas until August when they were harvested. 
This allowed the measurement of growth in grazed paddocks 
after 1 season of protection. Litter, consisting mostly of standing 
dead and fallen weathered herbage produced the previous years, 
was removed by hand and the standing crop was harvested near 
ground-level using hand-held shears. The material was oven- 
dried at 60°C and weighed. 

Soil Effects 
On 25 November, 1987, and 24 September, 1992, the Ah(= Al) 

horizon was sampled to a depth of 15 cm in 4 subplots inside and 
outside the exclosures. Samples from outside the exclosures were 
obtained 8 m from the fence, outside the zone of abnormal live- 
stock impact. 

Samples were hand-sieved through a 2-mm sieve the day they 
were collected. A portion of each sieved sample was stored in 
sealed, double polyethylene bags at 40°C; the remainder was 
dried and ground to pass a 0.5~mm sieve. At the time of sieving, 
roots and other debris were removed from the soil and discarded. 
Biological analyses were conducted on a moist soil. All other 
analyses were conducted on air-dried soils. 

Soil Analyses 
Enzymes accumulated in soil have biological significance 

(Dormaar et al. 1984) as they assist in the cycling of elements and 
thus play an important role in the initial phases of organic residue 
decomposition. Urease activity, which is important in urea 
decomposition, was determined at pH 9.0 by incubating 5 g soil 
with tris (hydroxymethyl)-aminomethane (THAM) buffer 
(O.O5M), urea solution, and toluene at 37°C for 2 hours, and mea- 
suring the ammonium (NH4-N) released after steam distillation 
(Tabatabai and Bremner 1972). 

The size distribution of individual particles in the soil samples 
was established on a portion of the dried samples by the hydrom- 
eter method as outlined by Gee and Bauder (1986). Soil pH was 
measured in O.OlM CaCl* (solution:soil ratio of 2:l). 
Mineralizable-N, as an index of biological N availability and 
autoclaveable-N, as an index of chemical-N availability, were 
determined as described by Keeney (1982). Total C and N were 
determined by dry combustion in a Carlo Erba NA 1500 
Analyzer. Nitrate-nitrogen (N03-N) and NH,-N were determined 
by KC1 extraction and steam distillation as per Keeney and 
Nelson (1982). NaHC03-soluble phosphorus (available P) was 
determined as described by Olsen et al. (1954). 

Acid hydrolysis of the samples was carried out essentially as 
outlined by Cheshire and Mundie (1966) and Cheshire (1979) 
except that the samples were first treated with 12M H$O4 for 16 
hours at room temperature, then diluted to 0.5M H,SO, and held 
at 100°C for 1 hour (Dormaar 1984). Monosaccharides were 
reduced and acetylated as described by Blakeney et al. (1983). D- 
allose was added as the internal standard. The alditol acetates 
were identified with a Hewlett Packard GC 5890 Series IIPlus 
equipped with a hydrogen flame ionization detector and a 30-m 
glass capillary column (0.25 mm i.d.) wall-coated with OV-225 
(50% cyanopropylJO% metbylphenylpolysiloxane) with helium 
as the carrier gas at a linear flow rate of 21 cm set’. Reference 
alditol acetates of rhamnose, fucose, ribose, arabinose, xylose, 
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allose, mannose, galactose, and glucose were used as standards 
and prepared as outlined by Blakeney et al. (1983). 
Polysaccharides were considered to be of plant origin if they con- 
tained substantial quantities of arabinose and xylose and of 
microbial origin if they contained mainly galactose and mannose. 

Statistical Analyses 
The grazing and year effects were analyzed by the GLM proce- 

dure (SAS Institute Inc. 1989) for a split plot design with “years” 
as the secondary effect while paired comparisons of “years” were 
made using a single degree of freedom contrast (Steel and Torrie 
1980). Individual paddocks were the replicates. Percentage data 
(plus 0.5) were subjected to the square-root transformation before 
analysis. The experimental error for the grazing effect was repre- 
sented by the interaction of replicate (paddock) X grazing treat- 
ment (exclosure vs grazed areas), while the error for the year 
effect was represented by the interaction of replicate X grazing X 
year. For most tests of soil variables, the interaction between year 
and grazing treatment was significant (P c 0.05), therefore, each 
year was analyzed separately. 

The rotational system consisted of 4 paddocks containing a sin- 
gle exclosure each. The exclosure and associated grazed area rep- 
resents a block with 2 treatments (grazed and ungrazed). The fact 
that the blocks were treated at different times does not negate 
their value as replicates, but, at the worst, would increase the 
experimental error in some unknown manner that is irrelevant to 
this study. 

Relationships of standing crop to year since implementing the 
grazing system and to precipitation (April to August, Table 1) 
were evaluated separately with linear regression analyses. 
Regression analysis is clearly the correct analysis considering the 
important effect that litter has on production (Willms et al. 1993). 
Furthermore, the effect is linear within the range of litter quantity 
found on the mixed prairie. Regression analyses were also used to 

Table 1. Estimates of standing crop and precipitation at the Antelope 
Creek Ranch, from 1988 to 1992, on ungraxed areas within exclosures 
and on gtnxed areas that were protected by cages for 1 year and har- 
vested at the end of the growing season. (Precipitation data taken 
from: Alberta Environment 1988, and Alberta Agriculture, Food, and 
Rural Development 1993). 

Rotation svste 
l,!ogiuu 3Iad-- 1 

Standing Standing precipitation 
crop Litter crop Litter (April to August) 

___________ (kgha-‘* 1SD) __________ --(mm)-- 
1988 314 53 241 59 165 

*xl i14 i86 5~26 
1989 369 68 479 59 161 

*82 i44 5~87 i23 
1990 383 81 396 96 151 

*86 i21 iS4 i36 
1991 323 100 401 112 294 

i87 i29 k22 *86 
1992 489 363 534 153 220 

558 i124 *I29 k94 

Average 316 133 413 96 198 
’ The overall effects of the rotation grazing system on the standing crop and litter do not 
differ t.P > 0.05) and the effect was similar among years. Standing crop and litter differed 
significantly (P < 0.05) between 1988 and 1992 and behveea 1991 sod 1992. All other 
paired comparisons were equivalent (P > 0.05). 

Table 2. Average area of major species, and total “hits” on live vegeta- 
tion, at the Antelope Creek Ranch study site. 

Species 1988 

Rotation 
Year effect 

1990 1992 m 

Bouteloua gracilis 
<o.OOl Stipa comaia 
Koeleria macrantha 
Agropyron dasystachyuml 
A. smithii 
Poa sandbergii 
Carex spp. 
Artemisiajiigida 
Phlox hoodii 
Selaginella densa 

_______ @basal aa) ______- 

1.2a’ 1.2a 4.Ob 
3.4a 4.Sb 3.7a 
1.4b 1.8b 0.9a 

1.2a 
O.Oa 
0.7a 
1.3b 
0.3b 
l.la 

1 .Oa 
0.2b 
3.2b 
0.8b 
0.2ab 

13.8h 

1.8b 
O.lb 
2.lb 
0.2a 
O.la 

lS.lb 

0.001 
0.025 

0.001 
0.011 

CO.001 
0.002 
0.099 

CO.001 

_ _ _ _ _ _ _ _ (no. “hits”) _ _ _ _ _ _ _ _ _ 

Total (maximum = 2,400) 289a 654b 721~ 4.001 

’ Means in row having the same letter do not differ significantly (P > 0.05) according to 
a single degree of freedom contrast test. The effect of grazing or its interaction with year 
were not significant (P > 0.05) for any species. The statistical tests were made on trans- 
formal data (square root) but the mans are calculated from unconverted data. 

assess the relationship of litter quantity with year and the rela- 
tionship between standing crop and litter quantity. 

Results 

Vegetation 
The basal area of each species was similar (P > 0.05) inside and 

outside the exclosure and the response was the same each year 
the vegetation was sampled (Table 2). Only year had a significant 
(P < 0.05) effect on the major species tested (Table 2). The stand- 
ing crop was greater on the grazed than the ungrazed treatments 
(Table 1). The standing crop on the grazed area varied from 247 
kg ha-’ in 1988 to 534 kg ha-’ in 1992. Litter reserve levels have 
gradually increased over time in the grazed area (Table 1). 

The relationship8 of standing crop to years since implementing 
the grazing system, precipitation (April to August), and litter can 
be expressed by regression equations (Table 3). Litter quantity 
and standing crop were both significantly related to years since 
implementing the grazing system, while standing crop was also 
significantly related to precipitation (Table 3). 

soils 
At the start of the grazing experiment in 1987, soil variables 

were similar (P > 0.05) inside and outside the exclosures. By 1992, 
soils had increased in total C, total N, biological index, chemical 
index, and hexoses; and decreased in NH4-N, N03-N, urease activ- 
ity, available P, monosaccharides, and pentoses (P < 0.05; Table 4). 

Table 3. Relationships of standing crop (kg ha-‘) to years since imple- 
menting the grazing system, precipitation (mm April to August), and 
titter quantity (kg ti’). 

Y x Regression 8 P n 

Standing crop Years y=273+4Ox 0.46 0.03 10 
Standing crop precipitation y = 358 +0.18x 0.75 0.01 10 
Standing crop Litter y = 33s + 0.52x 0.30 0.10 10 
Litter Years y=-20+45x 0.52 0.02 10 
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In 1992, grazed areas had less (P < 0.05) total C, total N, biological 
index, and chemical index, but more (P c 0.05) NH4-N, NOs-N, 
urease activity, available P, and monosaccharides than the 
ungrazed exclosures. The grazing effect was modified (P < 0.05) 
by year as would be expected because grazing was comparable 
across treatments in 1987 when the exclosures were constructed. 

Discussion 

Grazing had no effect on species composition of the plant com- 
munity but changed soil chemical properties. Therefore, changes 
in productivity of certain species among years were either the 
result of differences in weather or resulted from the inability to 
detect low-lying ground cover of blue grama [(Bouteloua gracilis 
(HBK.) Lag.] or club moss (Seluginellu densa Rydb.) (Table 2). 
The latter explanation is more likely since plants of these peren- 
nial species do not expand their basal areas very rapidly. 

The Stipa-Bouteloua-Agropyron community was resilient to 
changes in grazing impacts at these stocking rates over this 5- 
year period. This could be expected, because in another study 
(Wilhns et al.1990) removing about 80% available standing crop 
in the same type of plant community showed only small changes 
in range condition after 5 years and no significant (P > 0.05) 
effect on basal areas of blue grama or needle-and-thread (Stipu 
comutu Trin. & Rupr.). A lack of response over a short period 
supports the hypothesis that the grazing effect on the Stipa- 
Boutelow-Agropyron community is indirect, possibly by altering 
the growing environment as a result of changes in litter quantity 
and plant vigour (Smoliak et al. 1972). 

The plant microclimate is affected by litter through soil temper- 
ature buffering and soil moisture conservation. Where blue grama 
and needle-and-thread coexist, changes in the moisture status and 
temperature regime will affect their competitive relationship 
since blue grama has a C, carbon pathway while needle-and- 
thread has a C3 pathway. Even though litter increased from 1988 
to 1992, tire average basal area of little club moss also increased. 
Conversely, applying 67 Mg straw ha” to a Stipa-Bouteloua com- 

munity in southeastern Alberta reduced the basal area of little 
club moss from 8.0 to 0.2% after 8 years (Smoliak 1965) but had 
no significant (P > 0.05) effect on either blue grama or needle- 
and-thread. 

Despite the apparent absence of species change from 1988 to 
1992, forage production on the grazed treatment increased signif- 
icantly. Since precipitation during the growing season did not 
account for these increases, other factors must have affected pro- 
duction. These factors may include increased plant vigor, as mea- 
sured by standing crop, or an altered soil environment caused by 
litter accumulation. Litter quantity, which also increased over 
years, explained about 30% of variation in the standing crop yield 
(Table 3). Although the relationship suggests that each unit of lit- 
ter accounts for about one-half unit of standing crop, the relation- 
ship is affected by soil moisture available for growth (Wilhns et 
al. 1993). 

The most important effect was a trend toward greater produc- 
tion on the rotation-grazed area than on the exclosures (Table 1). 
This trend was maintained in successive years as total standing 
crop in 1993 and 1994 on the grazed area was 1,174 and 1,074 kg 
ha-l, respectively, and on the ungrazed area it was 750 and 1,015 
kg ha-‘, respectively (Adams, unpublished data). April to August 
precipitation in these years was 245 and 169 mm, respectively. 

How do the measured soil variables reflect quality or grazing 
impact? 

These dam may lead one to conclude that the soil quality has 
improved; however, we do not know the baseline composition of 
a bison/fire stabilized mixed prairie. Conversely, with increased 
grazing pressure the composition of the vegetation changes from 
predominantly needle-and-thread to predominantly blue grama, 
while the soil carbon increases concomitantly (Smoliak et al. 
1972). From a lower seral state, blue grama decreases while nee- 
dle-and-thread increases after 13 years of rest, while soil carbon 
decreases (Dormaar et al. 1994). 

The relationships among forage production, soil chemistry, and 
species composition raise questions on the importance of any 1 
variable expressing range condition on the mixed prairie. The 

Table 4. Effects of grazing and protection on some soil characteristics on a mixed prairie site at the Antelope Creek Ranch, Alberta, Canada. 

Comparisons 
1982 19p2 

Rotation CR1 RU RU 
Uqrazed (U) (n = 16) Grazed(G) (n= 16) 

1987 1992 1987 1992 

PH 5.5 5.6 5.6 5.6 
Total C (%) 2.34 3.34 2.21 2.74 
Total N (46) 0.220 0.286 0.219 0.250 
Mineralizable N (mg kg-‘) 

Biological index 48.1 67.4 48.5 55.0 
Chemical index 80.6 110.3 80.9 95.4 

Exchangeable N (mg kg-‘) 
NH4-N 8.03 3.31 7.90 4.96 
N03-N 3.99 0.22 3.96 1.22 

Urease activity1 220 15.2 218 166 
Available P (mg kg-‘) 3.17 1.13 3.24 2.32 
Monosaccharides (mg kg-‘) 6.06 4.66 5.99 5.03 

Deoxyhexoses (%) 5 5 5 5 
Pentoses (%) 45 41 45 40 
Hexoses (%) 50 54 50 55 

‘NHq-N released (mg kg-’ of dry soil he’). 
zLevel of significance (* = P < 0.05. ** = P < 0.01. NS = P > 0.05). 

IZ ii3 

NS NS 
NS **2 
NS ** 

NS ** 
NS ** 

NS ** 
NS ** 
NS ** 
NS ** 
NS * 

NS NS 
NS NS 
NS NS 

Graze 

NS 
** 
** 

** 
** 

** 
** 
* 
* 
NS 

NS 
NS 
NS 

RUvsG 
YCZU GxY 

NS NS 
** ** 
** * 

** ** 
** ** 

** ** 
** ** 
** NS 
** ** 
** NS 
NS NS 
** NS 
** NS 
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question arises if one should judge soil quality on its own merits 
(Manley et al. 1995) or combined with species composition of the 
vegetation. If the latter, we may have to re-evaluate the concept 
of “soil improvement”, since conclusions will then be based on 
productivity and not on species composition. For example, 
decreased grazing pressure did not change species composition 
but increased C content of the soil (Table 3). Yet, how valid is 
total C as a soil quality indicator when all we can say is that pro- 
duction has only improved witbin the same vegetation mix? By 
1993 the average composition of the 4 grazed paddocks was 49% 
needle-and-thread and 17% blue grama; this amount of blue 
grama represents a seral mixed prairie community (Adams, 
unpublished dam). There will certainly be a lag in the eventual 
decrease in soil carbon (Dormaar et al. 1994), since it takes time 
for soil microorganisms to mineralize root mass. 

Even though there was little difference in species composition 
of plant communities between ungrazed and grazed treatments, 
adding feces and urine to soil will certainly affect its chemistry 
and, therefore, its quality (e.g., urease activity as per Table 3). In 
this study, we measured soil quality under 2 grazing regimes, i.e. 
ungrazcd and rotation-grazing management. In addition, there is 
au ideal bison/fire affected baseline mixed prairie which is no 
longer available. To truly explore soil quality, other more sensi- 
tive parameters, such as organic acids based on differences in 
chemistry of root exudates between blue grama and needle-aud- 
thread, may have to be selected. This was not possible in this 
study, because, on the whole, the vegetation did not change. 

Soil improvement and soil quality parameters need to be linked 
with ecological parameters and sustained management. Herrick 
and Wbitford (1994) felt that soil-quality could serve as a useful 
integrated indicator of overall ecosystem condition. If so, quality 
and quantity of below ground biomass and root exudates should 
be included with aboveground composition of biomass. We cau- 
not look at raugelaud soil quality responses to grazing in isolation 
from the prairie vegetation. 
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Abstract 

Multiple fires conducted in spring (March-April) and summer 
(June-July) on blue grama (Bouteha gmdis [H. B. K. Lag.]) 
grassland near Corona, N.M. were used to relate broom snake- 
weed (Gutierreziu sarohrue [Pursb] Britt & Rusby) control to 
pre-burn vegetation, weather, and fire conditions. Spring fws 
moved faster and burned cooler than summer fires as indicated 
by measurements from thermocouples giving the fire’s rate of 
spread, temperature, and beat. In spring, broom snakeweed was 
in the bud stage with little green foliage and fves provided less 
average crown destruction (8 %) and shrub mortality (65 %) com- 
pared to summer fws (66% crown destruction, 92% mortality) 
when the shrub was growing actively. Air temperature and total 
fuel biomass positively influenced fire temperatures, and dura- 
tion of beat above 6O’C resulting in high broom snakeweed mor- 
tality. Conversely, as relative humidity, wind speed, and fuel 
moisture increased, fue beat decreased, resulting iu less broom 
snakeweed mortality. Attempts to conduct spring or summer 
fires over a 6-year period in central New Mexico were complicat- 
ed aud often unsuccessful because of unsuitable weather and fuel 
conditions. We concluded ideal weather conditions must con- 
verge before, during, and after a prescribed burning event in 
order to maximii broom snakeweed control and forage growth 
on these grasslands. 

Key Words: shortgrass prairie, fw temperature, fue beat, tber- 
mocouples, controlled burning, prescribed fire, weed control 

Blue grama (Bouteloua grucilis [Kunth in H.B.K.] Lag. ex 
Griff~ths) grasslands of New Mexico include varying densities of 
the native shrub, broom snakeweed (Gutierrezia sarothrae 
[Pursb] Britt. & Rusby). This low-growing (less than 0.5 m tall), 
suffrutescent plant is considered undesirable by many landowners 
because it suppresses growth of associated herbage, which serve 
as preferred livestock and wildlife forage (Pieper and McDaniel 
1989, McDaniel et al. 1993). Broom snakeweed, which is poiso- 
nous, is generally not grazed by sheep or cattle unless alternative 
forage is scarce (Smith and Flores-Rodriguez 1989). 
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Broom snakeweed control by aerial herbicide application has 
been a common practice in New Mexico, especially since the reg- 
istration of picloram (4-amino-3,5,6-trichloro-2-pyridinecar- 
boxylic acid) in the early 1980s (McDaniel and Duncan 1987, 
McDaniel 1989). Chemical control has been concentrated on 
areas with high broom snakeweed numbers because the expected 
increase in grass production is more likely to provide a favorable 
economic return than treating areas with a sparse plant density 
(Tore11 et al. 1989). Prescribed burning has been used in areas 
where broom snakeweed is widely scattered and sufficient fine 
fuel exists to carry the fire (Dwyer 1969). Fine-fuel biomass on 
blue grama rangeland consists mainly of graminoids, which 
become limited under low rainfall, excessive grazing, and inter- 
ference from broom snakeweed (McDaniel et al. 1993). 

Experience with fire, especially under research conditions, is 
limited for the blue grama grasslands of New Mexico. Wright and 
Bailey (1982) gave a general prescription for burning low-volatile 
fuels typical of shortgrass prairie. They suggested burning a head- 
fire with air temperatures from 21 to 27°C; relative humidity, 
2m%; wind speed, 3.6-6.5 m&c; and wind direction from the 
southwest. Rasmussen and Wright (1988) offered a broader pre- 
scription for burning low-volatile fuel with at least 1,700 kg/ha of 
broom snakeweed. They suggested air temperatures, 15-32°C; rel- 
ative humidity, 154%; and wind speed, 2.2- 8.8 m&c. Burning 
under these conditions may provide the best opportunity for a fire 
to move across these grasslands, but quantitative measurements 
describing fire temperatures and behavior are needed before 
effects on plants targeted for control can be explained (Rothermel 
and Deeming 1980, Wright and Bailey 1982). 

Burning literature often describes shortgrass prairie fire temper- 
atures as simply “cool” or “hot.” These qualitative expressions are 
ambiguous, however, for explaining effects during and after pre- 
scribed bums (Wright and Bailey 1982). Jacoby et al. (1992) 
described a technique for measuring prairie fire temperatures 
with thermocouples and a portable, programmable high-speed 
high-capacity data recorder. Data acquired can be used to deter- 
mine rate of fire spread, duration of heat, or residence time 
(Rothermel and Deeming 1980) above a given temperature, fire 
temperature, and degree-seconds of heat. According to Stinson 
and Wright (1969), heat duration above a given temperature 
should relate better to plant damage than total temperature, as 
only heat above a plant’s thermal threshold may be lethal (Hare 
1961). Wright and Bailey (1982) reported plant tissue death to be 
an exponential function between amount and duration of heat if 
moisture is constant. They gave 60°C as the thermal death point 
for most plants when exposed for approximately 10 minutes. 

Our research investigated broom snakeweed control from fires 
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burned under a range of air temperatures (635°C) and fuel bio- 
mass conditions (570-1,364 kg/ha) typically found in spring 
(March-April) or summer (June-July) on blue grama grasslands 
in central New Mexico. Our objective was to relate weather and 
fuel conditions with fire characteristics to develop a burning pre- 
scription for broom snakeweed control in this region. 

Materials and Methods 

Environmental Setting 
Studies were conducted at 2 locations about 10 km apart on the 

New Mexico State University Corona Ranch, which is located 23 
km northeast of Corona, N.M. Average annual precipitation is 397 
mm, with more than one-half the rainfall typically received during 
localized thunderstorms between July and September. 
Experiments were established on level terrain at an elevation of 
about 1,870 m. The soils at both sites are comprised of the Taipa- 
Dean loam association, which are shallow and underlain by a 
highly calcareous limestone bedrock. The Taipa loam is a fine- 
loamy, mixed, mesic, Ustollic Haplargid, and the Dean loam is a 
fine carbonatic, mesic Ustollic Calcioathid. Broom snakeweed 
was the dominant overstory plant and ranged from 15 to 45 cm in 
height, with an average density of 3 plants/m*. Other common 
plants beside blue grama and broom snakeweed included winterfat 
(Cerutoides lanatu [Eursh] J.T. Howell), cholla (Opuntiu imbricu- 
ru [Haw.] DC), wolftail (Lycurus phleoides [H.B.K.], sand 
dropseed (Sporobofus cryptundrus [Torr.] A. Gray), squirreltail 
(Elymus longifolius [Smith] Gould), and threeawns (Aristida spp.). 
Broadleaf herbs were relatively uncommon, with scarlet globe- 
mallow (Sphuerulceu coccineu [Nutt.] Rydb.), and verbena 
(Verbena bructeutu Lag. & Rodr.) most abundant. 

Burns were conducted from 1990 through 1993 as headtires to 
20-by-26.5-m plots placed within 8-ha fenced exclosures at each 
site. A 6.7-m buffer was installed around each plot using a grader 
to remove vegetation and create a mineral fire break. We burned 
plots in either early spring (between 20 March and 6 April) or 
early summer (between 25 June and 8 July). We had intended to 
burn in fall (October), but there was always a high proportion of 
green-to-dead blue grama leaf material during this time, and fires 
would not carry. Blue grama was the primary fine fuel and was 
largely quiescent with little green growth during both burning 
periods in 1990 and 1991. In spring 1992, as well as summer 
1992 and 1993, blue grama was actively growing and high plant 
moisture (above 25%) prevented us from burning. We planned to 
burn in 1994 and 1995, but attempts in both spring and summer 
were unsuccessful, again because of high blue grama moisture 
and unsuitable weather conditions. Blue grama in the study area 
usually remains winter quiescent until soil moisture is sufficient 
and minimum soil temperatures exceed about 10°C at a IO-cm 
depth Under these conditions, blue grama generally initiates leaf 
and tiller growth in mid-April and will remain green throughout 
the growing season unless soil water becomes limiting, at which 
time the plant becomes summer quiescent. This usually occurs 
when rainfall is below the 60-mm average normally received in 
May and June; thus a burning window is created until expected 
rainfall is received in July. When we burned in spring, broom 
snakeweed contained mostly woody and flower material pro- 
duced the previous year, with little green tissue except for pri- 
mordial buds located on lower stems. During summer bums, shoots 

and leaves were fully elongated, as the majority of the annual vege 
tative growth broom snakeweed produces was complete. 

In preparation for burning each plot, ten 31.5-by-61-cm 
quadrats were permanently marked with metal stakes and placed 
along each of 2 transects located diagonally across each plot. 
Bare ground, litter, grass, forb, and broom snakeweed cover was 
estimated in the permanent quadrats as a proportion of 100% sur- 
face cover. Fine fuel and broom snakeweed biomass was deter- 
mined using double sampling procedures (Bonham 1989) by 
placing the 31.5-bydl-cm sample frame adjacent to the perma- 
nently marked quadrats. Two of 10 sample frames were clipped 
0.5 cm above the surface. This material was weighed in the field, 
oven-dried, and reweighed to determine fine-fuel and broom 
snakeweed moisture. Estimated weights were corrected to a dry- 
weight basis using the clipped material and regression techniques 
(Bonham 1989). Gravimetric soil moisture to a lo-cm depth was 
determined before burning by placing 6 random soil core samples 
per plot in separate air-tight containers and weighing them fresh 
and after oven-drying. Air temperature, soil temperature at 10 and 
50 cm, relative humidity, wind speed, and direction were record- 
ed throughout the study by permanently installed CR-10 multi- 
port data loggers’ placed near the center of each exclosure. 

In 1990 we conducted 6 spring (3 at each site) and 6 summer 
fires and obtained weather and pre-bum vegetation data, but we 
did not have an operational thermocouple system to record cer- 
tain fire measurements (average maximum thermocouple temper- 
ature, rate of spread, duration of heat, degree-seconds, and frontal 
fire intensity). In 1991, the thermocouple system was operational 
and we conducted 25 spring fires and 14 summer fires. In 1993,6 
spring fires were completed and fire measurements were record- 
ed. Fii temperatures were obtained by placing temperature-sen- 
sitive tablets’ and thermocouples at the comers of a 13-by-17-m 
rectangle centered around a fifth location near the middle of each 
plot. The tablets, with melting points ranging from 66” to 204°C 
at 27.6”C intervals, were attached to heat-retardant (asbestos) 
cloth and placed on the soil surface beneath the thermocouples. 
The thermocouples were fused to 30-m lengths of 24 awg glass- 
insulated type K (Chromel-Alumel) wire over-braided with stain- 
less steel3 and were attached to small metal stakes lo-cm above 
the soil surface to coincide with the average maximum fuel bed 
height as recommended by Jacoby et al. (1992). Thermocouple 
readings were received at half-second intervals by a portable mul- 
tiport data logger and transferred directly to a storage module4 
arrayed to record the year, Julian day, hour, minute, second, ref- 
erence ambient temperature, and fire temperature for each ther- 
mocouple. Details for programing our CR-10 unit and terminolo- 
gy used for describing fire measurements are similar to those 
given by Jacoby et al. (1992). The maximum fire temperature 
was calculated as an average of peak temperatures recorded 
across the 5 thermocouple locations. The computer recorded the 
time a specific thermocouple was reached by the fire front and 
the time it took to reach a downwind thermocouple, indicating 
rate of fire spread. Duration of heat was calculated as the average 

‘Campbell Scientific model CR-10 data logger powered by a solar recharged 
battery system. 

?empilstik, Tempil Div., Big Three Industries, Inc., Hamilton Blvd., South 
Plainfield, NJ. 07090. 

)Thermocouple wire and junctions were made by Omega Technologies Co., 
Box 4047, Stamford, Coon. 06907. 

4Campbell Scientific model CR-10 data logger and SM 192 storage module. 
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time in seconds the 5 thermocouples remained above 60°C. 
Amount of heat, expressed as degree-seconds, was derived from 
time-temperature curves prepared for each thermocouple, and 
computed by summing temperatures above 60°C and dividing by 
2, because measurements were made at half-second intervals. We 
then calculated Bryam’s (1959) frontal fire intensity equation 
using procedures described by Alexander (1982). Numerically, 
frontal fire intensity (kW/m) is the product of available fuel 
(kg/m*). heat yield of the fuel (Kj/kg), and the forward rate of 
spread of the fire front (m/s) (Roberts et al. 1988). We did not 
measure the heat yield of fine-fuel from our study area, but 
assumed the net heat of combustion for blue grama fuel to be 
16,000 Kj/kg as suggested by Clark (1983). A reduction correc- 
tion was made on this heat yield estimate using fine-fuel moisture 
obtained for each fire (Alexander 1982). Fire events were also 
hand-timed from initiation to last flame across the entire plot and 
expressed as total burn time. 

Before burning each plot, broom snakeweed plants were count- 
ed in the permanent quadrats to determine density. A thin, col- 
ored (telephone) wire was secured to the base of each plant for 
future identification, and the number of basal stems, height, and 
canopy diameter were recorded on each marked plant. One month 
after each burn the marked plants were revisited and the crown 
was noted as completely burned to the ground or not burned to 
the ground (stems charred but standing). Plants were also classi- 
tied as having no growth, aerial growth (green growth apparent 
on standing stems), or basal growth (meaning top was killed but 
green growth was evident near the base). A final determination of 
broom snakeweed mortality was made near the end of the first 
growing season (October) by averaging estimates made by 3 
observers who evaluated plant control in burned plots compared 
to nonburned plots. 

Explanatory variables used to relate weather and pre-bum veg- 
etation conditions to fire measurements during the spring and 
summer burning seasons are defined in Table 1. The dependent 
fire-related variables included maximum average fire temperature 
recorded by the thermocouples and temperature-sensitive tablets, 
rate of spread, total burn time, duration of heat, and degree-sec- 
onds of heat. Additional regressions were conducted with broom 
snakeweed mortality as the dependent variable, and to avoid 
multi-collinearity, with selected fire, weather, and pre-burn vege- 
tation measurements as independent variables. Linear and nonlin- 
ear regression routines and stepwise discriminate analyses (SAS 
1984) as suggested by Britton and Wright (1971) were used to 
compare the relative importance of the independent variables in 
accounting for the variation in broom snakeweed mortality. 

Results and Discussion 

Pm-bum Conditions 
The range of weather variables under which plots were burned 

in spring were air temperature, 4.4-24.8”C; wind 3-10 m/s; and 
relative humidity 1345% (Table 2). Fine-fuel biomass (mostly 
grass) varied from 176 to 850 kg/ha and broom snakeweed bio- 
mass varied from 16 to 2,510 kg/ha. Spring fine-fuel moisture 
ranged from 4 to 16%; soil moisture from 2 to 11%; and soil tem- 
perature at IO-cm depth, from 4 to 20°C. In summer, air tempera- 
ture ranged from 20.6 to 35.3”C; wind 3-8 m/s; and relative 
humidity 9-39%. Fine-fuel biomass varied from 290 to 786 
kg/ha; broom snakeweed biomass ranged from 59 to 1,500 kg/ha. 
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Table 1. Variables used in dehing vegetation, weather, and fire values. 

FFCOV 
sccov 
LlTCOV 
BGCOV 
FFBIO 
SCBIO 
TOTBIO 
GUDEN 
FFMOS 
SCMOS 
TOTMOS 
ATBMP 
STBMF 
RH 
ws 
WD 
SMOS 
TCT 

Variables Variable description 
Fine-fuel cover (%) 
Broom snakeweed fuel cover (46) 
Litter cover (46) 
Bare ground cover (%) 
Fine-fuel biomass @@ha) 
Broom snakeweed biomass (kg/ha) 
Total fuel biomass (kg/ha) 
Broom snakeweed density (noAn2) 
Fine-fuel moisture (%) 
Broom snakeweed fuel moisture (%) 
Total fuel moisture (%) 
Air temperature (C) 
Soil temperature 16cm depth (C) 
Relative humidity (95) 
Wind speed (m/s) 
Wind direction 

TST 
TBT 
ROS 
DOH 
DSH 
FFI 

Soil moisture (96) 
Average maximum thermocouple temperature at ltl-cm 

above soil surface (C) 
Average maximum tablet temperature on soil surface (C) 
Total bum time (min) 
Rate of tire spread (m/s) 
Duration of heat above 60 s 
Degree seconds of heat 
Frontal fm intensity (kW/m) 

Summer fine-fuel moisture ranged from 9 to 12%; soil moisture, 
2 - 13%; and soil temperature at lo-cm, 21- 33°C. 

Burning Conditions 
Blue grama grasslands in central New Mexico are inherently dif- 

ficult to burn under prescribed conditions because of unpredictable 
climatic conditions and a generally inadequate fuel source (Wright 
and Bailey 1982). Dried fine fuels necessary to carry the fire are 
often lacking in amount and continuity, and when grasses are SUG 
culent they will not burn except under extreme circumstances. For 
example, after repeated ignition efforts we found fires failed to 
move across plots even under high temperatures and windy condi- 
tions when the primary fine-fuel source, blue grama, was green and 
its moisture content exceeded about 25%. The presence of broom 
snakeweed can further exacerbate problems with burning, because 
as canopy cover increases, grass growth diminishes dramatically 
beneath and near the shrub (McDaniel et al. 1993); thus areas with 
excessive amounts of broom snakeweed (> 500 kg/ha) and low 
fine-fuel biomass (< 350 kg/ha) are often precluded from pre- 
scribed burning and are probably better suited for other means of 
control, such as herbicide spraying (McDaniel and Duncan 1987). 

On our study areas, pre-bum vegetation conditions including 
biomass, cover, and broom snakeweed density were similar when 
averaged across sites (data not shown), but conditions varied 
among specific plots and burning periods (Table 2). Fine-fuel 
moisture was usually lower in spring than in summer, but this 
material was easily burned when moisture was less than 15%. As 
expected, air and soil temperatures were higher in summer than 
spring. Wind speed was variable, but averaged about 5 mlsec and 
prevailed mostly from the west in spring, and more from the 
south in summer. Fire temperatures as measured by the tempera- 
ture-sensitive tablets ranged from 56 to 154°C (average = 103°C) 
in spring, and from 37 to 204°C (average = 131°C) in summer 
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Table 2. Range of weather and fuel conditions associated with burning periods on blue grama grasslands on the New Mexico State University Corona 
Research Ranch. 

1990 1991 A593- 
Spring Summer Spring Summer Spring 

Air temperature (‘C) 4-24 23-26 6-25 
Soil temperature @ K&cm (‘C) 4-23 21-26 6-18 
Soil moisture (%) 7-l 1 11-13 2-11 
Relative humidity (S) 19-26 14-26 13-45 
Wind speed (m/s) 3-5 5-7 3-10 
Pine-fuel biomass (kg/ha) 176-392 290-633 386-850 
Broom snakeweed biomass (kg/ha) 484-985 763-1500 16-977 
Fine-fuel moistute (%) 5-16 9-12 7-8 
Broom snakeweed moisture (%) 15-29 7-30 27-32 
Finefuel cover (%) 51-66 35-64 43-84 
Broom snakeweed cover (46) 11-19 12-24 3-30 
Bare ground (W) 17-30 15-38 9-36 
Litter (46) 1-13 l-6 l-8 
Broom snakeweed density (no/m2) 4-11 3-7 l-11 
Number of completed bums 6 6 25 

21-35 18-25 
24-33 1 l-20 

2-13 4-10 
9-39 12-14 
3-8 3-6 

338-786 500-783 
59-1110 276-2.510 
lo-12 4-10 
25-26 16-27 
44-88 16-21 

2-37 7-22 
9-35 lo-45 
1-13 1-7 
l-13 2-5 
14 6 

(data not shown). These temperatures are comparable to those 
obtained burning buffalograss (Buchloe dacryloides [Nutt.] 
Engelm.) prairie in Texas where soil surface temperatures aver- 
aged 104°C (Heirman and Wright 1973). Fire temperature mea- 
surements made with thermocouples placed lo-cm above the soil 
surface recorded hotter temperatures from being exposed to direct 
flame than the heat-sensitive tablets on the soil surface (Table 3). 
This agrees with Engel et al. (1989), who reported higher thermo- 
couple temperatures above the soil surface (15cm) than at the 
surface level. Tablet and thermocouple temperatures were corre- 
lated (r = .75), but thermocouple temperatures averaged about 
60% higher than tablets. Stinson and Wright (1969) reported 
tablets averaged 10% lower temperatures than thermocouple esti- 
mates when both were placed together on the soil surface. It 
should be noted there are discrepancies when recording fire tem- 
peratures from the tablets, because determining the melting point 
is diffkult and can only be read at 27.6”C intervals. 

Most of the burns were conducted in 1991 (39 of 57). During 
these bums spring fires usually moved faster across plots and 
generated less heat relative to summer burns, as indicated by the 
rate of fire spread and thermocouple temperatures (Table 3). On 
average, rate of fire spread was twice as fast in spring compared 

to summer and largely influenced the calculation of frontal fiie 
intensity, which was 44% higher in spring than summer. Duration 
of heat above 60°C averaged 37 set in spring and 49 set in sum- 
mer, which is less than the average 63 set reported when burning 
tahgrass prairie in Oklahoma (Engle et al. 1989). As indicated by 
degree-seconds of heat, summer fires generated more heat than 
spring fires. 

Table 3. Fire measurements associated with 1991 burning periods on 
blue grams grasslands on the New Mexico State University Corona 
ResearchRanch. 

Influence of Spring Burning on Broom Snakeweed 
Fuel material on broom snakeweed in early spring consists of 

numerous dried flowers and their supporting branches grown the 
previous year from the plant’s perennial semi-woody base. This 
standing material lacks leaves, except for primordial buds, and is 
highly combustible and readily consumed by fire, provided there 
is sufficient understory fine fuel to move the fire from plant to 
plant. During spring, the fire front moved rapidly through the 
crown, removing smaller desiccated material, but larger support- 
ing branches were often only charred and most shrubs (92%) 
were not burned completely to the ground (Table 4). This pre- 
sents a problem, because if the plant is not exposed to enough 
heat to consume the entire crown, broom snakeweed may survive 
by producing shoots from undamaged primordial buds located on 
lower stems. Of plants that survived spring burning (averaged 
over years and sites), most (94%) produced shoots from the basal 
area at or near the surface rather than from the outer reaches of 

Average maximum temperature (‘C) 
Thermocouple at IO-cm height 
Tablet at O-cm height 

Fii movement 
Total burn time (min)4 
Rate of spread (m/s) 
Frontal fm intensity (kW/m) 

Fire heat 
Duration of heat(s) 
Degree seconds of heat (‘C x s) 

‘N = 25. 
‘N = 14. 
3Means with standard error in parenthesis. 
‘hot size = 20 x 26.5 m. 

Spring’ P 

250 (12)3 291 (32) 
101 (6) 132 (12) 

1.9 (0.2) 5.8 (1.2) 
0.6 (0.1) 0.3 (0.1) 
4503 (394) 2535 (778) 

37 (3) 49 (5) 
10,701 (893) 16,014 (2,141) 

Table 4. Average broom snakeweed cmwn destruction and survival after 
spring and summer fii in 1990,1991, and 1993 on blue grama grass- 
lands on the New Mexico State University Corona Research Ranch. 

. . urolnepenod 
Spring Summer 

-------------_ (% of t&al Plan&) ----_______ 
Crown destruction 

Bnrned to ground 8 66 
Not burned to ground 92 34 

Plant survival 
Aerial regrowth 2 7 
Basal regrowth 33 1 
No regrowth 65 92 
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standing stems. Neither broom snakeweed survival nor crown 
destruction was found to be related to shrub size, vigor, or prox- 
imity of a broom snakeweed plant to another shrub (data not 
shown, Hart 1992). 

Fires moved easily across the landscape when fine-fuel mois- 
ture was below 15% (rate of spread averaged 0.6 m/s) and usually 
required only 2 to 3 mitt to bum entirely across a plot. Total burn 
time decreased proportionally with higher air temperatures (r = - 
0.32, P = 0.10) and tine-fuel biomass (r = 0.37, P = O.lO), but 
fires were slowed with increased bare ground (r = 0.35, P = 0.05) 
(Table 5). The rate of spread model indicated the importance of 
wind speed, which agrees with several researchers who have 
reported a positive influence of wind on flame movement (B&ton 
and Wright 1971, Hare 1961, Heyward 1938). For safety reasons, 
we restricted fires to wind speeds below 10 m/s. Fii movement 
was reduced in certain plots having exceptionally high broom 
snakeweed numbers, but overall broom snakeweed biomass was 
significantly (P = 0.001) and positively correlated to maximum 
average thermocouple temperatures (r = 0.62), duration of heat 
(I= 0.49), and degree-seconds of heat (r = 0.76). 

Broom snakeweed mortality after burning 39 plots in spring 
averaged 65% across years and sites, and ranged from 28 to 97% 
(Table 4). Wind speed was the only independent weather variable 
to account for a significant (r = -0.37, P = 0.05) amount of varia- 
tion in broom snakeweed mortality. Under higher wind speeds 
(about > 8 m/s), we observed the fire front to move rapidly 
through the shrub’s crown resulting in less bum-down, and sub- 
sequently fewer plants killed. Britton and Wright (197 1) reported 
a proportional increase in mesquite stem ignition when wind 
speed and fine-fuel amounts increased. However, we speculate 
that high winds in spring negatively influence broom snakeweed 
control, because heat delivered to primordial buds on lower stems 
is insufficient to kill this tissue. This agrees, in part, with the 
spring predictive equations derived from fire measurements 
(Table 6), which suggest relatively slow, hot tires that create a 
longer duration of heat resulted in greater broom snakeweed mor- 
tality. Spring fires with average maximum thermocouple temper- 
atures below 300°C reduced snakeweed by 50%, whereas temper- 
atures above 350°C reduced broom snakeweed more than 80%. 
Fires with a duration of heat above 60°C longer than 45 set (the 

Table 5. Estimated equations defining t?re measurements to pFeborn vegetation and weather conditions during spring and summer burning periods on 
the New Mexico State University Corona Research Ranch. Variables are defined in Table 1. 

Dependent 
variables 

Ave. max. temperature 
Thermocouple 

Tablet 

Fire movement 
Total bum time 

Rate of spread 

Fii heat 
Duration of heat 

Degree seconds 
of heat 

Soring 
Equation 

= 1.42 - 10.50 GUDEN + 0.12 SCBIO + 24.70 SMOS 
(34.24)a (5.03) (0.02) (5.31) 

= 149.84 - 10.00 GUDEN + 0.05 SCBIO+ 3.09 ATEMP - 5.57 STEMP 
(21.99) (2.56) (0.01) (1.W mw 

= 3.28 - 0.65 ATEMP - 0.03 FFBIO + 0.04 BGCOV 
(0.74) (0.02) (0.001) (0.01) 

= -0.17 + 0.03 WS + 0.004 FFCOV + 0.001 TOTBIO 
(0.18) (0.02) (0.01) (0.001) 

= 51.18 + 2.19 LITCOV - 0.82 GUDBN - 0.39 TOTMOS 
(9.33) (1.09) (0.75) (0.22) 

= 4805.36 + 10.635 TOTBIO - 926.319 GUDEN 
(1541.78) (1.19) (283.70) 

R2 

.71 

.57 

.49 

.35 

A0 

.72 

Dependent Summer 
variables Equation 

Ave. max. temperature 
Thermocouple = -629.87 + 0.20 TOTBIO + 25.40 ATEMP 

(108.53) (0.W (3.40) 
Tablet = -92.09 - 13.95 LITCOV + 15.35 ATEMP - 6.84 STEMP 

(55.02) (4.94) (1.93) (1.W 
Fii movement 

Total bum time = 36.84 - 0.006 TOTBIO - 0.91 ATBMP + 0.36 FFMOS 
(4.91) (0.002) (34.60) (0.194) 

Rate of spread = -2.41 + 0.01 WD + 0.05 ATEMP 
(0.484) (0.002) (0.02) 

Fire heat 
Duration of heat = -35.18 + 5.73 LITCOV + 0.04 TOTBIO + 1.77 ATBMP - 0.76 RH 

(21.23) (1.83) (0.01) (0.88) (0.48) 
Degree seconds 

of heat = -52207.60 - 175.24 BG + 16.10 TOTBIO + 1723.38 ATEMP 
(6289.56) (85.02) (2.35) (172.79) 

‘Numbers in brackets are the standard error of the estimates. 

R’ 

.88 

.88 

.81 

.79 

.87 

.94 
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Table 6. Estimated equations defining broom snakeweed mortality to preburn vegetation, and weather, ftre, and combined conditions during spring 
and summer burning periods on the New Mexico State University Corona Researc h Ranch. Variables are defined in Table 1. 

Data 
SOlUCe Equation 

Spring 
R2 

Pm-burn 
vegetation 
and weather 

Fii 

Combined 

= 102.01-4.01 WS + 1.73 ATEMP - 0.35 BG - 1.06 TOTMOS .47 
(15.15) (1.41) (0.31) (0.13) (0.36) 

= 21.33 - 8.84 TBT + 0.27 TCT + 1.99 WH - 0.007 DSH .33 
(19.6) (3.59) (0.69) (0.53) (0.001) 

= 9.20 + 0.34 TOTCOV - 3.% WS + 1.69 ATEMP + 0.44 DGH .55 
(15.25) (0.12) (1.52) (0.37) (0.19) 

Data 
SOurCe 

Pre-bum 
vegetation 
and weather 

Fii 

Combined 

Summer 
Equation 

= 193.33 - 1.70 ‘IUl-MOS - 2.89 WS - 1.85 RH 
(20.50) (0.47) (1.43) (0.31) 

= 43.12 + 0.33 TST + 0.54 DOH - 0.002 DSH 
(7.18) (0.09) (0.27) (0.001) 

= 84.84 + 0.21 FFCOV - 4.05 WS - 1.13 RH + 0.54 DOH 
(23.57) (0.19) (1.43) (0.40) (0.17) 

R2 

.80 

34 

.90 

upper end of durations obtained) reduced broom snakeweed by at 
least 70%; those with durations shorter than 45 set gave highly 
variable results. Frontal fire intensities varied from 1,078 to 
13,093 Kw/m, but no significant correlation was found between 
this computation and broom snakeweed mortality. 

Inthence of Summer Burning on Broom Snakeweed 
Low fuel moisture conditions are a prerequisite for fire to move 

across blue grama grassland. This situation in summer, however, 
results from low soil moisture and grasses that are stressed. 
During summer quiescence, blue grama consists mainly of dead 
dried leaf and stem material, but the crown usually remains green 
near the soil surface. In contrast, broom snakeweed usually 
remains green and turgid unless soil water is exceptionally limit- 
ing, in which case the shrub will shed leaf and small stem materi- 
al (DePuit and Caldwell 1975). Under normal growing conditions 
in central New Mexico, most annual leaf and stem growth on 
broom snakeweed is complete by early June, and the shrub is eas- 
ily ignited. We observed that most plants (66%) immersed in 
flame burned completely to the ground and later died (92% aver- 
age mortality, Table 4). Surviving shrubs usually did not ignite 
totally and escaped complete crown bum-down. 

During summer bums thermocouple fire temperatures were 
particularly sensitive to the amount of total fuel available and air 
temperatures (Table 5). For example, on plots burned below 30°C 
having a total fuel biomass below 750 kg/ha, average maximum 
fire temperatures recorded by the thermocouples ranged from 
106” to 217’C (x= 145°C). By comparison, fire temperatures on 
plots burned above 30°C with more than 750 kg/ha total fuel bio- 
mass ranged from 385 to 519°C (x= 435°C). Regression models 
combining only air temperature and total fuel biomass accounted 
for more than 80% of the variation in thermocouple temperature, 
total bum time, duration of heat, and degree-seconds of heat. 
Bare ground negatively influenced heat produced when burning, 
and when combined with air temperature and total fuel biomass 
in a regression model, they collectively accounted for 94% of the 
variation in degree-seconds of heat (Table 5). 

On average, summer tires that generated average maximum soil 

surface (tablet) temperatures above 125°C and durations of heat 
above 60°C for longer than 45 set reduced broom snakeweed 
96% (Fig. 1). Combining these 2 fire measurements with degree- 
seconds of heat in a regression equation accounted for 84% of the 
variation for explaining broom snakeweed mortality (Table 6). As 
expected, relative humidity (r = -0.83, P c .Ol), wind speed (r = - 
0.21, P. < .05), and total fuel moisture (r = -0.16, P < .lO) nega- 
tively influenced broom snakeweed mortality during summer 
burning because they are negatively related to fire intensity 
(Scifres 1980). Conversely, the positive influence of fine-fuel 
cover (r = 0.25, P c 0.5) and air temperature (r = .72, P c 0.01) 
produced fires with a longer duration of heat (r = 0.75, P < 0.01) 
and greater broom snakeweed control. No significant correlations 
were found between broom snakeweed mortality and variables 
related to fire movement, including rate of spread, total bum 
time, and frontal fire intensity. We noted a trade off, however, 
with fires that killed all broom snakeweed but were probably too 
hot and resulted in grass damage the first and second growing 
season after burning (Hart 1992). A simple linear regression 
between average maximum thermocouple temperatures and post- 
burn grass biomass showed a negative relationship (r = -0.43, P < 
0.01) as fire temperatures recorded by the thermocouples above 
350°C particularly damaged blue grama (Hart 1992). 

Management Implications 

There are many potential drawbacks to conducting prescribed 
bums for broom snakeweed control on blue grama rangelands. 
Indeed, Wright and Bailey (1980) argued the use of fire does not 
produce major beneficial effects in this ecosystem, except in spe- 
cial situations where it is desirable to control shrubs, improve 
livestock distribution, or remove litter that has stagnated plant 
growth. 

When burning shortgrass prairie under prescribed conditions, 
Wright and Bailey (1982) recommended head fires be started 
when relative humidity is 20-40%, air temperature is 21-27°C 
and wind is 4-7 m/s. Over our 6-year study period (1990-1995). 
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Tablet Fire Temperature(C) 

401 
10 20 30 40 so 60 70 

Duration Of Heat (see) 

Fig. l.Relationship between average maximum temperature at 
ground level (a) and duration of beat (b), to percent broom snake- 
weed mortality during summer burning on the New Mexico State 
University Corona Research Ranch. 

we rarely experienced the ideal weather conditions provided for 
by this prescription. On our study area, spring air temperatures 
are rarely above 20°C and winds from tbe southwest often exceed 
10 m/s. In summer, air temperatures and relative humidity usually 
do not coincide witbin the prescribed range except at night. We 
did not attempt night burning, but for purposes of burning witbin 
the Wright and Bailey prescription, this possibility should be 
investigated. Burning was further complicated by the availability 
and continuity of fine fuel, and this material was often too moist 
to bum satisfactorily. Thus, an effective controlled fire must often 
be generated outside the Wright and Bailey prescription by com- 
pensating either with high wind speeds, reduced relative humidi- 
ty, or elevated air temperatures. While fire containment and safe- 
ty are major concerns when burning outside the prescription, 
there are biological problems as well. For example, burning under 
high wind speeds can move the headfm too rapidly through the 
shrub’s crown, especially in spring, to damage primordial buds 
on lower stems, thus a relatively high percentage of broom snake- 
weed plants will survive. As air temperatures elevate in summer, 
fire temperatures and duration of heat increase and result in a 
high percentage of broom snakeweed killed. However, if fires 
generate too much heat, then direct damage to grasses can be 
severe, especially if above normal precipitation does not occur 
after the fire (Hopkins et al. 1948, Launchbaugh 1972, Dwyer 
and Pieper 1967). Reducing post-burn plant cover exposes a 
higher percentage of bare soil, which enhances the probability of 
later broom snakeweed germination and establishment (Carroll 
1994, Wood et al. 1996). 

With the above considerations in mind, we recommend the pre- 
scription for burning blue grama grasslands for broom snakeweed 
control be modified so that air temperatures are from 22 to 28°C; 
relative humidity, lO-20%; soil moisture 3-10%; wind from the 
soutnwest, 3 - 8 m/set; and tine-fuel moisture below 15%. When 
blue grama grasslands are burned to control broom snakeweed, 
success is ultimately governed by heat generated during the bum- 
ing event, which is a product of weather and fuel conditions 
under which the fire is conducted (Wright and Bailey 1980). Fuel 
attributes that influence the rate of spread of a fire and heat pro- 
duced depend primarily on the quantity and uniformity of the fuel 
source, as well as the degree of fuel desiccation (Scifres 1980). 
Inherent limitations in both the quantity and consistency of the 
fine-fuel source presents a problem with burning blue grama 
grassland at any time of the year. In central New Mexico, prevail- 
ing southwest winds in spring have relatively warmer air temper- 
atures than from other directions, and as indicated by a positive 
relationship to maximum average thermocouple temperatures (r = 
0.60) and degree-seconds of heat (r = 0.41), are likely to produce 
hotter fires than with winds from another direction. While there 
are weather difficulties in producing spring fires with sufficient 
heat to bum and completely eliminate broom snakeweed, such 
limitations do not occur with summer burning. The major limita- 
tion we encountered when burning in summer was actively grow- 
ing blue grama that would not ignite. When this fuel was desic- 
cated (moisture below 15%) it was easily burned. 

Because of the problems enumerated above, we believe pre- 
scribed fire as an intervention tool for managing broom snake- 
weed on blue grama grasslands presents a risk that may be unac- 
ceptable to many. For example, a successful bum will probably 
require grazing deferment the growing season before and at least 
one season after the burning event (Wright and Bailey 1982). 
There is little certainty that weather will cooperate to produce the 
needed pre-bum fuel conditions. Just as important, weather may 
not meet prescribed conditions during the desired burning period. 
An uncontrollable factor of paramount importance is having suf- 
ficient precipitation after the burning event to promote herba- 
ceous growth. Thus, only when ideal weather events converge is 
fire likely to provide the desired outcome of controlling broom 
snakeweed and increasing wanted forage. 
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Book Reviews 

North American Range Plants. 5th edition. By James 
Stubbendieck, Stephan L. Hatch, and Charles H. Butterfield. 
1997. University of Nebraska Press, Lincoln. 501 p. 
US$45.00 cloth, 25.00 paper. ISBN o-8032-4260-3 cloth, 
8032-9243-o paper. 
As a one-time participant in the Society for Range 

Management’s annual Range Plant Contest, publication of a new 
edition of North American Range Plants invites taxonomic 
curiosity and curious nostalgia. The contest at the 1976 meeting 
in Omaha, in which I was a member of the University of Arizona 
team, pre-dates the first edition of this book by 5 years. Our 
source materials of choice at that time were Dr. Phil Ogden, who 
answered our incessant questions with patience and expert 
knowledge, and his loose aggregation of mostly legible mimeo- 
graph and pencil notes on the 200 contest plants of 1976. Our 
study herbarium lacked a couple of specimens, and we had only 2 
or 3 specimens of some other plants. These deficiencies would 
later serve as excuses which, at that time, we were too naive to 
know that we would later need. Surely it would have all been dif- 
ferent had we the benefit of the fifth edition of North American 
Range Plants, containing the first revision of the Society’s con- 
test plant list since 1992. 

Those familiar with the fourth edition will find few changes in 
format. The book begins with a list of the scientific names of the 
200 range plants, beginning with the grasses arranged alphabeti- 
cally by tribe, according to the classification system of Frank 
Gould’s Grasses of Texas, and continuing with the forbs and 
shrubs arranged alphabetically by family. A brief introduction 
summarizes the contents of the book, and mentions, only general- 
ly, some of the changes in the species chosen, and in their taxon- 
omy. A 23-page treatment of the basics of taxonomy and mor- 
phology follows, consisting mostly of drawings of the many vari- 
ations found in the arrangement of flowering and vegetative plant 
parts. Individual descriptions of the 200 plants follow, in the 
same order as in the list above. The individual plant descriptions 
are concise, mostly single words or brief phrases, not sentences. 
An individual description of a grass species includes its tribe, 
common name, life span, origin (native or introduced), and sea- 
son of growth (cool or warm). Inflorescence characteristics, 
including the type of inflorescence, and descriptions of spikelets, 
awns and glumes are next, followed by vegetative characteristics, 
including growth habits, culms, sheaths, blades and ligules. Brief 
phrases summarizing each species’ growth characteristics, forage 
value, and typical habitat complete each plant description. 

Following the individual plants, an appendix contains the offi- 
cial rules of the Society for Range Management Plant Contest, 
and a sample scoring sheet. A glossary of terms used in the plant 
descriptions follows, consisting mostly of morphological charac- 
teristics, but including some terms from general botany, and even 
a few related to poisonous plants and other matters of livestock 
management. A list of taxonomic authorities, arranged alphabeti- 
cally by their abbreviations, follows the glossary. It precedes a 
selected list of scientific plant name synonyms, allowing the 
reader to reconcile older scientific plant names with the new. An 
extensive list of general references, and a general index of plant 
taxa and common names complete the book. 

The taxonomy of the species retained from the 1992 edition 
shows few changes. As in past editions, the species chosen for the 
fifth edition were selected “because of their abundance, desir- 
ability, or noxious properties.” Accommodating increasing inter- 
est in riparian areas in recent years, about 10 species in the 1992 
edition have been replaced by riparian species presumably as 
abundant, desirable or noxious as the upland species they 
replaced, or more so. Three sedges, a rush, a fern, and 2 willows 
have been added, mostly at the expense of the Poaceae, which has 
seen a 5-species reduction. While not abuno!ant, these changes 
bring riparian species representation on the contest list to 10%; 
riparian interests will no doubt find these changes desirable, 
while 4-year returning contestants and plant team coaches whose 
herbaria lack the new species may find these changes noxious. 

Aside from its obvious use to those affiliated with the Society’s 
Range Plant Contest, North American Range Plants should be of 
interest to anyone interested in the North American rangeland 
flora. Its utility for participants in the plant contest is immense, 
and its uniform treatment of the chosen species contrasts with the 
earlier, less formal years of the contest. 

According to Dr. Grant Harris, Professor Emeritus at 
Washington State University, and a founding member of the then 
American Society of Range Management, the now International 
Range Plant Contest has its informal origin at the Billings meet- 
ing of the Society in the early 50’s, when some plants were 
brought to the meeting and an extemporaneous contest was con- 
ducted. Over the 45 years since then, the structure and materials 
the contest evolved steadily, but the publication of the first edi- 
tion of North American Range Plants in 1981 certainly began a 
new, more perfectionist era of the contest. So rather than relying 
on a patient, expert team coach and one’s own wits and research, 
today’s contestants can rely extensively on the new fifth edition 
of this immaculate book, where every species description is as cut 
and dried as an herbarium specimen. But as with any technical 
advance, something is lost when something is gained. Certainly if 
I were competing today, the availability of the fifth edition of 
North American Range Plants would make me hope our school 
herbarium still lacked a few plant specimens. Everyone except 
the winner will eventually need at least one good excuse.-David 
L. Scarnecchia, Washington State University, Pullman, 
Washington. 
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Beginning Shepherd’s Manual. 2nd edition. By Barbara 
Smith, Mark Aseltine, and Gerald Kennedy. 1997. Iowa 
State University Press, Ames. 207 p. US$24.95 paper. ISBN 
O-8 138-2799-X. 
The cover photograph of the second edition of the Beginning 

Shepherd’s Manual is of a retiree-like shepherd dropping feed 
pellets out of a bucket to his small flock. Such an image, com- 
bined with the book’s mid-western origins, raises few expecta- 
tions that the book will offer many approaches not found in other 
books of this breed. Still, interest in intensive grazing has infil- 
trated the psyche of farm-flock shepherds generally, and authors 
of books on sheep management have shown increasing interest 
recently in pasture management’s importance in sheep produc- 
tion. But like fine mutton, the flavor the Beginning Shepherd’s 
Manual is easy to discern. 

The eleven chapters begin with an introduction to the history of 
sheep, a description of the major kinds of sheep operations, and a 
sample budget sheet in Chapter 1. Next are chapters on buying 
sheep, shelters and equipment, breeds and breeding, and feeds 
and feeding. Chapters on health care, the lamb crop, and wool 
production follow. Chapter 9, Management, consists mostly of a 
monthly calendar of sheep management practices for both early 
lambing (Feb.-Mar.) and late lambing (Apr.-May) programs. 
Also, it contains examples of record-keeping charts. Chapter 10 is 
a succulent treatment of lamb cookery, with a small flock of 
eclectic lamb recipes from lamb calzones to jalapeno lamb chops. 
Interview comments of individuals managing specialized sheep 
operation either of special historical significance or in niche mar- 
kets are the content of Chapter 11, entitled On Location. The 

book has appendices of state extension service contacts, and 
sheep supply-catalog sources. The general index is adequate. 

Readers familiar with other introductory books on farm-flock 
sheep management will find little wild or wooly in this standard 
guide. Its strength is in its organized, structured approach to tradi- 
tional small flock management. It contains nothing about sheep- 
herding on the western ranges. And don’t bother looking for any- 
thing beyond On Location anecdotes about pasture management, 
let alone any innovative, integrative production systems involv- 
ing range, forage, or alternative feeds. The technical, instructional 
parts of the book describe traditional farm flock management; it 
is a labor/feed/capital intensive, if small scale, animal 
science/veterinary medicine treatment from horn to hoof. The 
general concept of a niche is of interest as an economic (market- 
ing) concept, but remains ecologically unexplored here. 

The book itself should find a considerable market niche among 
incipient farm-flock shepherds, a reliable lamb crop it seems. I 
don’t see many intermediate or advanced shepherd’s manuals 
being published. Such a book would need to be more analytical 
of the multiple efficiencies of integrated sheep production sys- 
tems. Whether for small flocks or larger range operations, it 
would, unlike this book, likely have some applications of com- 
puter technology. Even a introductory book addressing the ana- 
lytical challenges of integrated sheep production would look very 
different from the Beginning Shepherd’s Manual. For starters, the 
guy on the cover with the bucket of alfalfa pellets would have to 
go.-David L. Scarnecchia, Washington State University, 
Pulhnan, Washington. 
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