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‘“-“‘- Invited Synthesis Paper: 
Integrating genetic concepts 
planning rangeland seedings 

THOMAS A. JONES AND DOUGLAS A. JOHNSON 

Authors are research geneticist and plant physiologist, USDA-ARS Forage and Range 
Research Laboratory, Utah Stare University, Logan. Utah 84322-6300. 

Thomas A. Jones 

Abstract 

Choice of plant materials is a fundamental component of any 
rangeland rehabilitation, reclamation, or restoration project. 
We describe here an integrated approach for such decision- 
making. This approach considers site potential, desired land- 
scape, seeding objectives, conflicting land use philosophies, 
appropriate plant materials, weed invasion, community seral 
status, and economic limitations. Technical limitations are con- 
sidered in generating a plan that has the greatest potential for 
success. Determining whether native-site plant material is best 
depends on objectives, heterogeneity of the site’s envimnment, 
uniqueness of the site, plant population size, and biotic or abi- 
otic site disturbance. Fixation of alien genes into a population is 
referred to both as introgression, which may ensure mainte 
nance of genetic variation critical for adaptation to a changing 
environment, and as genetic pollution, with the potential for 
swamping native cross-pollinating annual or short-lived peren- 
nial gene pools. Precautionary procedures during seed increase 
minimize genetic shift, which may be reversible, but genetic 
drift could result in permanent loss of desirable genes. A vari- 
ety of germplasm classes, ranging from site-specific to widely 
adapted and varying in degrees of heterozygosity and hetero- 
geneity should be considered. Material originatiog from multi- 
ple sites may increase the opportunity for natural selection. An 
understanding of the magnitude and nature of a species’ genet- 
ic variation, its relationship to ecological adaptation, and its 
interaction with other ecosystem components contribute to 
informed decision-making. Though often unavailable, experi- 
ence is the best guide for predicting performance of materials 
on non-native sites. 

Key Words: genetic integrity, genetic pollution, introgression, 
natural selection, plant materials, polyplaidy, rangeland 
weeds, succession 
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Douglas A. Johnson 

Land managers now have more options for species, seed 
sources, and seeding equiment, and additional options will be 
available in the future. Nonetheless, difficulties may arise in bying 
to balance the desired result with the reality of available biologi- 
cal, abiotic. and economic resources. Although not all concerned 
constituency groups may endorse a decision, detailed objectives 
and a coordinated plan are essential for inclusion of various view- 
points. This paper presents an approach to integrate genetic con- 
cepts into the seeding recommendation process (Fig. 1). 

An improved understanding of rangeland species and their 
intraspecific genetic variation, i.e., ecotypes, biotypes, and chro- 
mosome races, should increase demand for a wider array of plant 
materials. Ultimately, ao understanding of the association between 
ecological adaptation and genetic variation is the key to the choice 
of appropriate plant materials and their wise use on the land. 

INITIAL STRATEGY 

Site Potential and Desired Zmakcape 
Site potential is influenced by climate, soil processes, fire fre 

quency, existing vegetation, and landscape featnres. Loss of soil by 
erosion, invasion by undesirable plants, and nnnatmal increases in 
tire frequency reduce site potential (Allen 1995). The Snake River 
plain and California grasslands exemplify how the combination of 
fire and weed invasion can lower site potential and limit land man- 
agement options. When options are limited, land managers must 
make choices that otherwise may not have been preferred. 

When topsoil has been removed, seedings of late successional 
species typically fail, especially if they are dependent on soil 
microbes such as mycorrhizae. Ectomycorrhizae are typically 
associated in an obligate manner with specific woody plant 
species, while arbnscnlar mycorrhizae associations are usually 
nonspecific with grasses and forbs (Allen 1996). Artificial inocu- 
lation is effective when undishlrbed topsoil from the native site 
serves as the source of inoculum. Inoculation is most necessary 
when the scale of disturbance is great, eliminating nearby sonrces 
of inoculum. Inoculum may be applied by topdressing, as is often 
done in mineland reclamation, or it may be shategically applied 
with plants throughout the site to form inoculated patches. The 
inocnlum may then spread throughout the site from the patches. 
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cx>-+ Initial Strategy pi%-) 

Fig. 1. Flowchart (Anonymous 1963) for making recommendations for rangeland seedings. 

Because semi-arid western U.S. soils are typically high in P, 
response to inoculum in the region may be more often due to 
improved water relations than to nutrient uptake. Response to infec- 
tion appears to be greater in warm-season than cool-season grasses. 

Managers must identify the combinations of desired life histo- 
ries required to create the desired ecosystem, i.e., the ecosystem 
of reference (Aronson et al. 1993). Sandy, gravelly, or rocky soils 
favor deep-rooted perennials, e.g., big sagebrush, while ephemer- 
als tend to dominate in medium-to-heavy-textured soils with low 
infiltration rates (Noy-Meir 1973). Grasses may be short-lived 
perennials, e.g., Indian ricegrass [Achnatherum hymenoides 
(Roem. & Schult.) Barkw. = Oryzopsis hymenoides (Roem. & 
Schult.) Ricker = Stipa hymenoides Roem. & Schult.], or long- 
lived perennials, e.g., crested wheatgrass (Agropyron spp.). While 
some species readily regenerate from seed without management 
precautions, e.g., squirreltail [Elymus elymoides (Raf.) Swezey = 
Sitanion hystrix (Nutt.) J.G. Smith], others typically have poor 
seedling recruitment when livestock or wildlife numbers are high, 
e.g., curl-leaf mountain mahogany (Cercocarpus ledifolius Nutt. 
in T. & G.). Some species are predominately vegetatively propa- 
gated, e.g., western wheatgrass [Pascopyrum smithii (Rydb.) A. 
Lijve = Agropyron smithii Rydb.]. Arrowleaf balsamroot 
[Balsamorhizu sagittutu (Pursh) Nutt.] is a summer-dormant forb 
with a large tap root and deep soil penetration (Kitchen 1994), 
characteristics that confer longevity. Alternatively, Palmer pen- 
stemon (Penstemon palmeri Gray) and globemallow 
(Sphaeralcea spp.) produce abundant seed during seasons of 
plentiful moisture, but mature plants exhibit high mortality the 

following year. Such species are opportunistic but individual 
plants are short-lived. 

Perennials low in productivity typically dominate the landscape 
of nutrient-poor habitats (Aerts and van der Peijl 1993) such as 
are found in the Intermountain Region. Highly productive peren- 
nials are typically absent in such environments because of their 
need for high nutrient turnover. In contrast, perennials with low 
productivity can maintain a high biomass equilibrium by conserv- 
ing nutrients. Resources in these landscapes may become avail- 
able in a “pulse-and-reserve” fashion (Noy-Meir 1973). For 
example, a rainfall event (pulse) may trigger buildup of a seed 
bank (reserve), which slowly declines until the next pulse. 

Many researchers have investigated the “patchy” structure of 
natural ecosystems and its influence on ecosystem function. A 
cyclical pattern of shrub and grass establishment and mortality 
has been documented in the arid steppe of southern Argentina 
(Soriano et al. 1994). Several bunchgrass and shrub species dis- 
played a chronological sequence as follows: initial shrub estab- 
lishment, development of a bunchgrass ring surrounding and 
facilitated by the shrub, mortality of the shrub, and disintegration 
of the ring resulting from inter-grass competition. 

Tongway and Ludwig (1990) described a landscape in eastern 
Australia consisting of a woodland community alternating along 
an elevational gradient with an intergrove community consisting 
of 2 distinct savannas. An Eragrostis savanna was present on 
gentle slopes above a Monachather savanna on level ground 
which, in turn, lies upslope from an Acacia grove. Hydrological 
flow concentrated nutrient ions, organic C, organic N, and avail- 
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able N in the woodland soil from the upslope Eragrostis savanna 
soil with the Monachather savanna soil intermediate. On a small- 
er scale, Ludwig and Tongway (1995) described nutrient patches 
associated with individual trees, logs, shrubs, and bunchgrasses 
built by fluvial and aeolian processes. Charley and West (1975) 
reported a “redistribution of capital” by shrubs in Utah. Soil 
beneath Artemisia, Atriplex, and Cofeogyne shrubs was higher in 
total N, organic C, organic P, and often electrical conductivity 
than in bare interspaces. 

Sharma and Tongway (1973) described how leaf fall and evap- 
orative loss beneath canopies of 2 Atriplex species increased soil 
salinity and pH near the soil surface (accumulation zone), while 
salts were depleted in the rhizosphere directly beneath shrubs 
(depletion zone). In the compensation zone, situated vertically 
between the accumulation and depletion zones, the 2 forces were 
balanced and salt concentration was similar beneath and between 
shrubs. This ecosystem function has been termed “ion-pumping” 
(Tongway and Ludwig 1990). Richards and Caldwell (1987) 
described a similar phenomenon for water termed “hydraulic 
lift”. When stomata were closed at night and on cloudy days, big 
sagebrush shrubs removed water from deeper moist soil, where 
roots were sparse, and released it in shallower dry soil, where 
roots were prolific. This makes deep soil moisture available to 
shallow-rooted species. 

Tongway (1991) considers stable fertile patches prerequisite for 
proper function of the nutrient cycle and defines “degradation” as 
the breakdown of patch-maintaining processes. His proposed 
management goal is to maintain a full range of patches from 
small to large, providing sustainable production (Tongway 1991) 
and favorable habitat for vertebrate and invertebrate fauna 
(Ludwig and Tongway 1995). Tongway and Ludwig (1996) 
placed Acacia branches along the contour of a slope to intercept 
water, soil, and litter and create microsites for vegetation. This 
treatment increased soil N, organic C, infiltration rate, and respi- 
ration. Numbers of ants and perennial grass and shrub cover were 
also stimulated in the microsite environment. 

When potential is heterogeneous within a site, the sculptured 
seeding approach is appropriate (Jacobson et al. 1994). 
Contrasting soil colors resulting from variation for soil type, 
topography, or moisture-holding capacity may delineate areas for 
separate seed mixtures or transplanting operations. Natural plant 
community boundaries often correspond to these variables. When 
arid ecosystems are poor in resources overall with fertility con- 
centrated in patches, homogenization of the landscape, e.g., culti- 
vation for seeding, is not advised (Whisenant 1995). Mechanical 
destruction of the patches may reduce soil nutrients, organic mat- 
ter, and water availability throughout the landscape to a level 
below the establishment threshold for desirable plants. In these 
situations, confining seeding efforts to the fertile patches through- 
out the landscape is a better option than seeding the entire land- 
scape. The restored patches may then serve as donor sites to adja- 
cent untreated areas, stimulating autogenic succession. 

Microbiotic soil crusts, a nonvascular component of the land- 
scape, are considered pioneer life forms on degraded soils 
(Eldridge and Greene 1994). Crust composition may include 
mosses, liverworts, algae, lichens, fungi, bacteria, and cyanobac- 
teria. They are found on soils ranging from high to tow in bulk 
density (West 1990), but they are less stable on sands than on 
heavy-textured soils (Skujins 1984). 

Nutrient cycling and soil stabilization functions are often attrib- 
uted to crusts (Ladyman and Muldavin 1997), but additional 

empirical evidence must be gathered before their role in ecosys- 
tem function can be described and quantified (West 1990). 
Because crust composition varies greatly with constituent organ- 
isms and environment, broad generalizations regarding crust 
function are not useful (West 1990). Crusts may increase land- 
scape stability by inhibiting wind and water erosion and enhance 
soil aggregates through the action of mucilaginous secretions 
(Eldridge and Greene 1994). Crusts also may contribute the 
majority of external N to desert and semi-desert ecosystems 
through the nitrogen-fixing ability of cyanobacteria (Ladyman 
and Muldavin 1997). Invertebrates may utilize crusts for food and 
habitat (West 1990). 

Microbiota are alternatively viewed as competitors or facilita- 
tors of vascular plants (West 1990). Because crusts are easily 
destroyed by fire or overgrazing, interest in restoration by inocula- 
tion is high (Ladyman and Muldavin 1997). Growth and applica- 
tion of inoculants should be an important aspect of future research. 

Seeding Objective 
Reclamation 
If natural regeneration following land disturbance, e.g., fire or 

mining, is anticipated to be insufficient to avoid erosion and weed 
invasion, quick coverage of the soil surface with vegetation is 
required. The Surface Mine Control and Reclamation Act of 1977 
requires revegetation of minelands with species native to the site, 
but this requirement may not be compatible with the larger goal 
of matching plant materials with site condition. Bengson (1986) 
indicated that the soundest approach to mineland rehabilitation 
should involve a mix of native and introduced species. More 
important than the origin of the plant material is its seral status. 
Severely disturbed sites are often classified as early seral and are 
most appropriately seeded with early-seral species, either native 
or introduced. On oil shale disturbances in western Colorado, 6 
years after seeding, Redente et al. (1984) found species composi- 
tion of seeded mined lands was more affected by species compo- 
sition of the initial seed mix than fertilization, irrigation, seeding 
method, or even ratios of lifeforms in the mix. In Montana, 3 
mixtures of native species were seeded in early spring on coal 
surface-mined lands, chisel-plowed to a depth of 30 cm, and fer- 
tilized with 29.6 kg/ha N and 16.3 kg/ha P (DePuit et al. 1980). 
Species diversity declined through time, and after 2 years the 
most vigorous species dominated. 

Restoration 
When restoration is the goal, the emerging principles of 

restoration ecology must be considered. The Society for 
Ecological Restoration defines restoration as “the intentional 
alteration of a site to establish a defined indigenous, historic 
ecosystem” (Aronson et al. 1993). For reasons of morality, aes- 
thetics, economics, and ecosystem function or “services”, a pris- 
tine aesthetic state without evidence of man’s interference may 
have maximal intrinsic value (West 1993). This view assumes 
that each species has a specific and unique role (Ehrlich and 
Ehrlich 1981). Restoration of arid or semi-arid lands usually is 
not economically feasible when the system has changed beyond 
the “threshold of irreversibility” (Aronson et al. 1993). 

Ecological restoration efforts typically are initially concerned 
with particular species in the system including flagship, keystone, 
umbrella, and vulnerable species (Noss 1991). Flagship species 
attract particular attention because of their visibility. Keystone 
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species are hypothesized to maintain community diversity 
through a pivotal role in ecosystem structure or function. 
Umbrella species, which have large area requirements, provide 
habitat protection for a wide array of additional species. 
Vulnerable, i.e., “threatened or endangered”, species demand dis- 
proportionate attention because of their high risk of extinction. 
Ecological indicator species are used in programs to monitor sys- 
tem health (Landres et al. 1988). Noss (1991) emphasized the 
need to preserve ecological processes that transcend individual 
species, which has now become a concept of ecosystem manage- 
ment. This approach emphasizes conservation of species collec- 
tively rather than individually. 

An alternative approach to restoration considers the ecological 
validity of functionally and structurally stable systems without 
emphasizing species composition per se (Johnson and Mayeux 
1992, Walker 1992, West 1993). Citing examples including cre- 
osotebush [Larrea trident&x (Ses. & Mot. ex DC.) Cov.] and 
blackbrush (Coleogyne ramosissima J. Torr.), Johnson and 
Mayeux (1992) argue that constant reassembling of species is the 
norm in natural ecosystems, i.e., species composition is inherent- 
ly unstable. This approach assumes that species can be added to 
or removed from an ecosystem without necessarily changing 
ecosystem structure or function. Species may substitute for one 
another because of biological redundancy (Westman 1990, 
Walker 1992). Proponents of this theory presume that introduced 
species can fill ecological gaps left by native species that have 
been lost from the system. They dispute the claim that native and 
introduced species play fundamentally different roles in ecosys- 
tems. While many taxonomically similar species exist for North 
American natives in the Old World or South America, their func- 
tional ecological equivalency remains hypothetical until tested. 

Desired Plant Communitv 
Recently, the concept of “Desired Plant Community” has been 

proposed (Task Group on Unity in Concepts and Terminology 
1995a,b). Desired Plant Community refers to any managed plant 
community in which management does not accelerate soil erosion 
above a level considered “normal” for the site. Because soil ero- 
sion is difficult to measure directly, measurable site-specific 
attributes related to erosion such as canopy cover, plant basal 
area, plant density, plant lifeform, plant species, biomass produc- 
tion, or soil surface characteristics are determined instead. This 
concept for evaluating range condition does not categorize vege- 
tation as to native or introduced. The concept originated with the 
Bureau of Land Management and has been adopted by the 
Society for Range Management with recommendations for imple- 
mentation of a national rangeland inventory and assessment, 
adoption of educational programs to ensure understanding of the 
pertinent principles, and research to more correctly apply the con- 
cept. Pickett and Parker (1994) refer to the Desired Plant 
Community as the concept of “contingency” and suggest that it is 
encompassed within the goals of restoration. Direct and indirect 
human effects are considered elements of contingency (Pickett 
and Parker 1994, Jackson et al. 1995). 

Genetic Integrity 
The third consideration in assembling an initial strategy 

involves the philosophy of the individual, organization, or society 
concerning the genetic material for the site. Potential problems 

include invasion of adjacent communities, poor long-term sur- 
vival of the material used, and lack of resilience to invasion by 
exotics. Belnap (1995) asserts that restoration is more than just 
vascular plant establishment. Intraspecific genetic variation for 
plant traits affecting the plants’ compatibility with bacteria, fungi, 
nematodes, protozoa, invertebrates, and vertebrates, both above- 
and below-ground is likely important, but is poorly understood. 

Genetic shift during plant propagation may lead to intentional 
or inadvertent selection of genotypes with lower levels of seed 
dormancy, less complex seed dormancy mechanisms, or larger 
seed size (Meyer and Monsen 1993). Meyer and Monsen (1993) 
propose that any shift of gene frequencies in the population may 
be unwise because the genetic basis for population persistence is 
not well understood. Genetic shift could conceivably lead to 
unadapted genotypes and eventually to seed bank depletion. 
However, in genetically heterogeneous material, some genetic 
shift is inevitable during seed production, harvesting, condition- 
ing, and seedling establishment. Genetic shift can be minimized 
during seed increase by reducing plant mortality, harvesting 
across multiple dates, choosing an increase site similar to the tar- 
get site, minimizing the number of years the nursery is harvested, 
replanting the nursery with original seed (Knapp and Rice 1994), 
harvesting equal amounts of seed per plant, harvesting seed only 
in moderate to heavy seed production years (Kitzmiller 1990). 
and maximizing the breaking of seed dormancy (Kitzmiller 1990, 
Meyer and Monsen 1993). 

Despite the concerns of genetic shift discussed above, genetic 
shift may not always be undesirable, as it may improve adapta- 
tion. Gene frequencies may shift to a site-adapted equilibrium if 
seed production and seedling recruitment occur on the site. A 
mixture of seed from environments similar to the target environ- 
ment would favor genetic shifts driven by natural selection 
(Knapp and Rice 1994). 

Some argue that selection of an appropriate seed source for a 
restoration site can be made by matching plant communities, 
which presumably reflect the particular combination of climatic, 
microclimatic, topographic, and edaphic variables (Millar and 
Libby 1989, Meyer and Monsen 1993). Linhart (1995) advocates 
collection within areas of genetic similarity, e.g., no further than 
100 m from the site for herbs and 1 km from the site for woody 
plants. Zones of genetic similarity would be expected to be nar- 
rower in self-pollinated than cross-pollinated species, particularly 
if habitats are fragmented. 

Because of the risk of genetic pollution, i.e., the introduction of 
alien genes disruptive to site-specific adaptation, Linhart (1995) 
considers the use of plant materials from distant sites the worst 
option despite similarity of environment. Such genetic disruption 
has been termed “outbreeding depression”. Millar and Libby 
(1989) expressed concern that the irreversible contamination of 
the native gene pool, which occurs when native and non-native 
site materials intermate, may affect dynamics at the community 
level, including coevolutionary processes. They also consider 
introduction of non-native site material a bigger risk than intro- 
duction of exotics because only the latter can be easily identified 
for eradication. 

If planned before disturbance, native-site seed can be collected 
for future projects (Beavers 1995). As of 1995, the National Park 
Service had contracted with the Natural Resources Conservation 
Service (NRCS) for seed production of about 400 indigenous 
populations of “known genetics” collected within park bound- 
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aries. After seed increase off-site at NRCS locations with similar 
elevation and climate, the seed is returned to the park for revege- 
tation of sites disturbed by highway construction. When sites in 
need of rehabilitation, reclamation, or restoration have been per- 
manently altered in 1 or more aspects, native-site plant material 
may no longer be best adapted or available. If so, a seed source 
with proven adaptation to the disturbance may be better adapted 
than that collected on-site prior to disturbance. 

The loss of low-frequency genes as a result of genetic pollution 
through the mechanism of genetic drift, which involves stochastic 
fluctuations in gene frequency in small populations, may occur 
when pollen of non-native material “swamps” remnant native 
material of a reduced scale (Knapp and Rice 1994). Swamping 
may also lower population fitness by breaking up adaptive gene 
complexes. While recognizing the risks of genetic pollution, 
Knapp and Rice (1994) argue that collecting seed within a given 
radius of the planting site ignores environmental patchiness. 
Instead, they subscribe to Kitzmiller’s (1990) concept of restrict- 
ing planting of seed to that collected within the same “seed 
zone”. Kitzmiller (1990) utilized 84 seed zones for conifers in 
California based on broad ecological and geographical features. 
Seed certification procedures for providing native-site verifica- 
tion for native rangeland grasses, forbs, shrubs, and trees are dis- 
cussed under Germplasm Class. 

Genetic pollution is synonymous with introgression, which 
involves hybridization followed by backcrossing and fixation of 
backcrossing types. Introgression has been recognized as an 
important evolutionary mechanism for nearly 50 years (Anderson 
1949). Plants primarily derived from 1 taxon but with intro- 
gressed alien genetic material are more likely than F, hybrids to 
be fertile and adapted to some ecological niche. Introgression is 
widespread within rangeland species. Natural selection generates 
new adapted gene complexes from the novel genetic variation 
created by introgression. 

Desert bitterbrush (Purshia glandulosa Curran) is reportedly 
derived from the introduction of alleles from Stansbury cliffrose 
[Purshia mexicana var. stansburiana (Tot-r.) Welsh = Cowania 
stunsburiana Torr.] into antelope bitterbrush [Purshia tridentuta 
(Pursh) DC.] and is found in California, Nevada, Arizona, and 
Utah in areas where the parents occur sympatrically (McArthur et 
al. 1983). These species easily hybridize in nature to the extent 
that McArthur et al. (1983) believe Stansbury cliffrose genes 
have introgressed into all antelope bitterbrush populations, even 
those outside of cliffrose’s range. Stansbury cliffrose is often 
found on south and west-facing slopes, antelope bitterbrush 
occurs on north and east-facing slopes, and highly fertile hybrid 
populations are found along ridgetops. 

In the northern part of its range, tetraploid fourwing saltbush 
[Atriplex cunescens (Pursh) Nutt.] hybridizes with Gardner’s salt- 
bush [Atriplex gurdneri (Moq.) D. Dietr.], which has resulted in 
speciation of Atriplex upteru Nelson, common on clay soils of 
Missouri River tributaries from Alberta to Nebraska (Stutz and 
Sanderson 1979). Similarly, in its southern extension, fourwing 
saltbush frequently hybridizes with A. polycarpa (Torr.) Watson, 
giving rise to A. linearis, common in western Mexico, southern 
California, and southern Arizona. 

Numerous hybrids between populations of Indian ricegrass and 
various needlegrasses (Stipa spp.) also have been reported. While 
many of these hybrid populations are small, sterile, and endemic 
(Johnson 1945, 1960, 1962a, 1962b, 1963, Weber 1957), a sponta- 

neously chromosome-doubled hybrid named Mandan ricegrass is 
highly fertile (Johnson and Rogler 1943, Nielsen and Rogler 1952). 

Natural hybridization has led to new species through hybridiza- 
tion followed by chromosome doubling, e.g., Achnatherum 
lutiglume (Swallen) Barkw. (= Stipu latiglumis Swallen) and A. 
nevadense (B.L. Johnson) Barkw. (= Stipa nevudensis B.L. 
Johnson). Achnutherum latiglume is a rare endemic found in sandy 
or rocky soils at the foot of talus slopes in the Yosemite Valley, 
Calif. (Pohl 1954). This new species (2n = 70) arose from hybridiza- 
tion of A. occidentale (Thurber) Barkw. ssp. pubescens (Vasey) 
Barkw. (= S. elmeri Piper & Brodie ex Scribn.) (2n = 36) and 
Lemmon needlegrass [A. lemmonii (Vasey) Barkw. = S. lemmonii 
(Vasey) Scribn.] (2n = 34). A. occidentale occupies the sandy alluvi- 
um of the valley floor, and A. lemmonii occupies the talus above the 
valley floor. The endemic, formed in a “hybrid zone”, is intermediate 
in habitat preference and morphology between the 2 parents. It arose 
by hybridization between 2 species, followed by spontaneous chro- 
mosome doubling from 35 to 70, permitting the new species to 
reproduce sexually. A. nevadense (2n = 68), found along the eastern 
slope of the Sierra Nevada mountains and eastward across Nevada, 
arose from sterile hybrids of Letterman needlegrass [A. lettermanii 
(Vasey) Barkw. = Stipa lettermunii Vasey] (2n = 32) with western 
needlegrass [A. occidentale (Thurber) Barkw. = Stipa occidentalis 
Thurber] (2n = 36), with fertility restored by spontaneous chromo- 
some doubling (Johnson 1962a). 

Western wheatgrass (2n = 56) an allooctoploid, was probably 
generated by the hybridization of 2 tetraploids, beardless wildrye 
[Leymustriticoides (Buckl.) Pilger] (2n = 28) and thickspike 
wheatgrass [Elymus lunceolatus (Scribn. & J.G. Smith) Gould] 
(2n = 28) (Dewey 1975). These species are the only known 
species that have the chromosome content, morphological traits, 
habitat adaptation, germination characteristics, and reproductive 
systems required to generate western wheatgrass when 
hybridized. 

New species may also arise from hybridization followed by 
backcrossing. Schechter and Johnson (1968) reported that A. con- 
tractum (B.L. Johnson) Barkw. [= Otyzopsis contracta (B.L. 
Johnson) Schechter] (2n = 48), a species limited to the Big 
Hollow region of southern Wyoming was sympatric with Indian 
ricegrass (2n = 48) and Piptatherum micrunthum (Trin. & Rupr.) 
Barkw. [= Otyzopsis micranthu (Trin. & Rupr.) Thurb.] (2n = 
22). Achnatherum contractum arose from hybridization between 
these 2 species followed by backcrossing to Indian ricegrass and 
additional generations of selfing. Apparently, large P. micran- 
thum chromosome segments were incorporated in the new 
species, reproductively isolating it from Indian ricegrass despite 
their common chromosome number. Hybrids between these 2 
species were found, but all were sterile. 

Natural hybridization has been important in the differentiation 
and success of the Artemisia subgenus Tridentatae (McArthur et 
al. 1988). McArthur et al. (1988) demonstrated the presence of a 
hybrid swarm located at the ecotone of 2 diploid populations of 
big sagebrush (A. tridentata Nutt.). Mountain big sagebrush [A. 
tridentata ssp. vaseyanu (Rydb.) Beetle] was present at the top of 
a slope on a residual soil, and basin big sagebrush (A. tridentatu 
ssp. tridentutu) was present beneath the slope on an alluvial soil. 
Coumarin and monoterpenoid data indicated the plants occupying 
the colluvium site on the slope itself were of hybrid origin. Stable 
zones of hybrids between diploid mountain big sagebrush and 
basin big sagebrush can be found in a narrow elevational zone 
along Utah’s Wasatch Front (Freeman et al. 1991, Graham et al. 
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1995). Measurements of many morphological traits indicated a 
consistent linear change in hybrid index value along an elevation- 
al gradient (Freeman et al. 1991). 

Considerable hybridization and introgression have been 
observed between the bunchgrass basin wildrye [Leymus cinereus 
(Scribn. & Merr.) A. Love = Efymus cinereus Scribn. & Merr.] 
and the rhizomatous beardless wildrye where they are sympatric 
in the northern Great Basin, despite sterility of artificial hybrids 
(Dewey 197Oa). Another bunchgrass, giant wildrye [L. condensa- 
tus (Presl.) A. Love = E. condensatus Presl.], naturally hybridizes 
with beardless wildrye in California (Stebbins and Walters 1949). 
Though artificial hybrids proved sterile, the natural hybrid and its 
introgressed derivatives are common from the San Francisco Bay 
area south to Monterey County. The success of this natural hybrid 
is attributed to its combination of rhizomatous spread, vigor, 
longevity, a low fertility level, and human disturbance. This natu- 
rally occurring complex has proliferated in environments where 
neither parent is found. 

Based on comparisons of artificial hybrids and field material, 
introgression of bluebunch wheatgrass [Pseudoroegneria spicata 
(Pursh) A. Love = Agropyron spicatum Pursh.] into thickspike 
wheatgrass [A. dasystachyum (Hooker) Scribn. var. dasystachyum 
= Elymus lanceolatus (Scribn. & J.G. Smith) Gould ssp. lanceo- 
latus] and streambank wheatgrass [A. riparium Scribn. & J.G. 
Smith = E. lanceolatus (Scribn. & J.G. Smith) Gould ssp. lanceo- 
latus var. riparium (Scribn. & J.G. Smith) Bowden] has led to the 
development of the awned grasses A. albicans Scribn. & J.G. 
Smith (= E. lanceolatus ssp. albicans Scribn. & J.G. Smith var. 
albicans) and A. grtflthsii Scribn. and J.G. Smith ex. Piper [= E. 
Zanceolatus ssp. albicans var. griflthsii (Scribn. & J.G. Smith) 
A.A. Beetle], respectively (Dewey 197Ob). Repeated backcross- 
ing to thickspike or streambank wheatgrass is likely responsible 
for increased fertility of the hybrid derivatives. The presence or 
absence of lemma awns and pubescence distinguishes these 4 
taxa (Dewey 1969). Dewey (1970b) also presented evidence sup- 
porting the introgression of thickspike wheatgrass into bluebunch 
wheatgrass as the causal mechanism for introduction of rhizomes 
into some populations of this species. 

These examples indicate that hybridization between taxa, com- 
pilation of taxa, and introgression into taxa have been and will 
continue to be important, naturally occurring mechanisms for 
generating new genetic material in rangeland plant populations, 
sometimes leading to speciation. Introgression ensures mainte- 
nance of genetic variability, which may be critical in adaptation 
to changing biotic or abiotic conditions. 

Often hybridization leads to an evolutionary dead end. The 
species Agropyron saxicola (Scribn. & J.G. Smith) Piper was 
determined to be a sterile triploid hybrid, which commonly forms 
between bluebunch wheatgrass (2n = 14) and bottlebrush squir- 
reltail (2n = 28) (Dewey 1964). Slender wheatgrass [Elymus tra- 
chycaulus (Link) Gould ex Shinners = A. trachycaulum (Link) 
Malte] X foxtail barley (Hordeum jubatum L.) (Boyle and 
Holmgren 1955), slender wheatgrass X spreading wheatgrass [E. 
scribneri (Vasey) M.E. Jones = A. scribneri Vasey] (Dewey 1963), 
blue wildrye (E. glaucus Buckl.) X big squirreltail (Sitanion juba- 
turn J.G. Smith) and blue wildrye X bottlebrush squirreltail 
(Stebbins et al. 1946, Stebbins and Vaarama 1954), and basin 
wildrye X bottlebrush squirreltail (Dewey and Holmgren 1962) 
also commonly occur naturally, but are sterile hybrids. 

Genetic pollution is more frequent in predominantly cross-pol- 
linating than self-pollinating or apomictic taxa because of the for- 
mer’s greater gene exchange. While hybridization between 
native-site and nonnative-site genotypes can occur, resultant 
seedlings will be competitively disadvantaged compared to 
native-site seedlings unless the hybrids are more fit, the reverse 
of Linhart’s (1995) outbreeding depression. However, hybrids 
well adapted in the short-term may not be well adapted in the 
long-term. Physical displacement by aggressive introductions of 
species not present on the native-site has been termed “biological 
pollution” (Howarth 1983). Native-site populations of long-lived 
perennials will not be displaced merely by introduction of nonna- 
tive-site material. The native-site population has the competitive 
advantage of being well-established, whereas the nonnative-site 
material must establish from seed. Therefore, the issue of genetic 
or biological pollution is most important for cross-pollinating 
annuals or short-lived perennials. 

Some surprising situations with released plant materials have 
arisen in western North America. ‘Appar’ “Lewis flax” (Linum 
perenne) (Pendleton et al. 1993) and ‘Shoshone’ “beardless 
wildrye” [Leymus multicaulis (Kir. & Kar.) Tzvelev] (Asay and 
Jensen 1996) are not natives, as first thought, but are members of 
corollary introduced species instead. These introduced materials, 
recollected in the New World, performed so well in seeding trials 
compared to their native relatives that they were released as culti- 
vars. Johnson and Mayeux (1992) refer to an alien species that 
functions as part of the natural vegetation as a “new native”. 

Obviously many viewpoints exist concerning the genetic 
integrity issue. As is common in science, collection of data may 
be straightforward, but their interpretation may stir controversy. 
The issue of genetic integrity is one that has been interpreted dif- 
ferently by various scientists and has been shaped by personal 
opinion as much as scientific interpretation. Both science and 
personal opinion are important in decision-making; thus, land 
managers should try to understand how these arenas interface 
rather than emphasizing one at the expense of the other. 

FEASIBILITY FACTORS 

Community Seral Status 
After an initial strategy is identified, it must be interfaced with 

practical matters of feasibility (Fig. 1). The traditional 
Clementsian model of plant succession presumes a series of plant 
communities that replace each other, beginning with a pioneer 
community and ultimately reaching a stable climax community 
(Clements 1916). This model views the ecosystem as a “balance 
of nature”, the so-called “equilibrium paradigm” (Pickett et al. 
1992), and presumes that the ecosystem is closed, internally regu- 
lated, climatically equilibrated, generally devoid of human activi- 
ty, and relatively static unless disturbed (Jackson et al. 1995). The 
contrasting “flux-of-nature” view (Johnson and Mayeux 1992, 
Jackson et al. 1995) or “nonequilibrium paradigm” (Pickett et al. 
1992) presumes that ecosystems are open, greatly influenced by 
outside forces, capable of movement via a variety of multiple 
pathways, and inclusive of human activity, which is considered to 
be simply another natural disturbance. Emphasis is on the process 
rather than the end point, as in Clementsian thinking. Equilibrium 
may be included in this paradigm as a special case. 
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The state-and-transition model as applied to rangelands 
(Westoby et al. 1989, Friedel 1991, Laycock 1991) presents an 
alternate viewpoint of plant community changes, namely that 
environmental changes may be cataclysmic rather than gradual 
and that improvement from a degraded state requires crossing a 
threshold, not easily accomplished. Transitions may be induced 
naturally or by man and may represent favorable opportunities or 
undesirable hazards (Westoby et al. 1989). A state-and-transition 
model is used to explain why some abused rangelands do not 
recover following cessation of livestock grazing. Application of 
state-and-transition models to arid and semi-arid lands is gaining 
acceptance (Box 1992, Borman and Pyke 1994). 

The seral position of revegetation species should be identified 
and considered in decision-making. For example, slender wheat- 
grass, blue wildrye (Elymus gluucus Buck].), Canada wildrye (E. 
canadensis L.), and mountain brome (Bromus marginatus Nees) 
are short-lived perennials that typically do not persist in seedings 
on semi-arid sites. Successional position of semi-arid species is 
believed to be related to how they cycle N and P (Redente et al. 
1992, McLendon and Redente 1994). Early-seral species, such as 
bottlebrush squirreltail, typically take less time following estab- 
lishment to produce seed, while late-seral species, such as basin 
wildrye, may take several years to reach reproductive maturity. 
Many late-seral grasses, such as western and thickspike wheat- 
grasses and beardless wildrye, rely mostly on vegetative propaga- 
tion and produce decreasing amounts of seed as stands age. 
Crested wheatgrass stands are extremely stable (Marlette and 
Anderson 1986), and seedling recruitment on undisturbed sites is 
believed to be minimal in the Columbia River Basin (Harrison et 
al. 1996). Some introduced species such as crested wheatgrass 
and smooth bromegrass (Bromus inermis Leyss.) may be consid- 
ered “too competitive”, but this probably is a reflection of their 
late-seral status. If a monoculture is undesirable on a late-seral 
site, multiple late-seral species of diffferent lifeforms should be 
seeded or transplanted. 

Weed Invasion 
A second feasibility factor is the potential for weed invasion or 

a pre-existing infestation (Fig. 1). A weed is “a generally unwant- 
ed organism that thrives in habitats disturbed by man” (Harlan 
and deWet 1965). Effective reproductive systems and seed dis- 
persal mechanisms are 2 traits common to successful weedy colo- 
nizers (Baker 1965). High phenotypic plasticity and interspecific 
competition are also characteristics of successful weeds 
(Lewontin 1965). 

We commonly think of weeds as being introduced. West 
(1993) emphasized that introduced species are not inherently 
threatening, but that their acceptability depends on how they fit 
into the ecosystem. Native species can also become weeds as a 
result of anthropogenic perturbation of ecosystems. The irony of 
these native weeds is that they were part of the ecosystem long 
before they became weedy. Predicting which species will become 
a weed and where is an almost impossible task. 

Weed control alone is inadequate to curb large-scale infesta- 
tions (Sheley et al. 1996). The objective should be to shift ecosys- 
tem dynamics toward a healthy and diverse plant community that 
will be weed-resistant because most niches are occupied. Such a 
community could be the “desired plant community” previously 
discussed. Sheley et al. (1996) term this ecological approach a 
“successional weed management system”. It requires an under- 
standing of disturbance, colonization, and differential species per- 

formance. Weeds often gain a foothold in patches created by dis- 
turbance, including roadsides. To guide succession in the desired 
direction, management techniques such as herbicide treatment, 
grazing, burning, prevention of weed seed introduction, biocon- 
trol, manipulation of soil nutrients, and seeding may be 
employed. For example, introduction of ephemeral, early-seral 
species may influence soil properties to favor desired late-seral 
species. 

Economic Limitations 
The third feasibility factor involves an economic consideration 

of costs and benefits resulting from action or inaction (Fig. 1). 
Assuming restoration is technically feasible, the extent to which 
it can be accomplished depends on availability of funds, especial- 
ly when competing with less-expensive projects. Restorationists, 
in particular, must think in terms of economic as well as ecologi- 
cal sustainability. 

Rangeland seedings are expensive and are usually implemented 
only when other management options are unable to improve land 
condition. Moreover, the probability for failure is high on some 
sites with consequences that may be less desirable than if no 
action were taken. This is the primary reason why many range- 
land rehabilitation and revegetation efforts have emphasized low- 
risk introduced species. Whether limited funds are to be dis- 
bursed to a few highly visible projects or to general efforts direct- 
ed at controlling aggressive weeds, for example, is a matter of 
public policy. Many important projects are overlooked because of 
limited funding, while less critical projects are implemented 
because an agency has appropriated substantial funding for spe- 
cific projects within its jurisdiction. 

The size of a project and availability of plant material generally 
determine whether restoration is realistic (Belnap 1995). 
Ambitious restoration efforts may be expended on small-scale 
projects if local seed sources are available. For large-scale pro- 
jects, especially for regions where the original flora is no longer 
present, restoration efforts may not be possible. The magnitude of 
financial investment required for large-scale projects usually dis- 
courages their implementation in favor of smaller, more manage- 
able projects. In these large-scale efforts, use of introduced plant 
materials or generally available native-species cultivars may be 
the only feasible option when seeding is necessary. Monsen and 
McArthur (1995) advocate the use of the most effective rehabili- 
tation species regardless of origin on sites where potential has 
been reduced by disturbance. Alternatively, for sites with intact 
soil topography and hydrologic function, they argue the manage- 
ment objective should be restoration to a natural state. 

Following reconciliation of the initial strategy with feasibility 
factors, a desired community species array should be assembled 
(Fig. 1). To effectively implement an integrated approach for 
choosing plant materials, the ecological adaptation/genetic varia- 
tion of the species available should be considered (Fig. 1). 

ECOLOGICAL ADAPTATION AND GENETIC 
VARIATION 

Ecotypes and Biotypes 
The distribution of a species and its genetic variation depend on 

many variables. Edaphic features such as soil texture, fertility, 
and drainage are important. Average growing season temperature, 
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temperature extremes, and length of growing season also are 
important and are related to latitude, altitude, and topography. In 
addition, the average and extreme amounts and seasonal distribu- 
tion of precipitation are critical and vary across the North 
American West, particularly with altitude and between coastal, 
Intermountain, and Great Plains regions. A species is considered 
ecotypic when its populations, termed ecotypes, tend to be adapt- 
ed specifically to local conditions (Odum 1971) instead of 
exhibiting general adaptation throughout the species’ range. 

Some species display inherently more genetic variation than 
others (Knapp and Rice 1994). The presumption that a genotype 
will not perform well in an environment different from its native 
site is not as good a guide as experience. For example, Indian 
ricegrass is highly ecotypic, e.g., while typically found in areas of 
low precipitation, it also grows in saturated soils at the edge of 
Lesser Slave Lake, Alta. (pers. obs.). However, green needlegrass 
[Nussellu viriduZu (Trin.) Barkw. = Stipa viridulu Trin.], a rela- 
tive of Indian ricegrass distributed throughout the Great Plains 
from Alberta to New Mexico, exhibits remarkably little genetic 
variation throughout much of its range (pers. comm., John G. 
Scheetz). Likewise, Apache plume [Fullugiu puradoxu (D. Don) 
Endl.] shows minimal variation despite ranging from central 
Nevada and California to northern Mexico and west Texas 
(McArthur et al. 1983). Considerable genetic variation in western 
wheatgrass across latitude and longitude has led to the release of 
varieties from Kansas, Colorado, New Mexico, Nebraska, North 
Dakota, Montana, and Alberta (Asay 1995). Tall, erect, non- 
sprouting populations of antelope bitterbrush are not adapted to 
environments where fire is a factor, but short, decumbent popula- 
tions may resprout following fire (Blauer et al. 1975). Lewis flax 
(Linum lewisii Pursh) populations differ greatly for longevity and 
seed dormancy (Kitchen 1994). Shadscale [Atriplex confertifoliu 
(Torr. & Frem.) Wats.] from the cold desert regions exhibits mul- 
tiple seed dormancy mechanisms, while warm-desert populations 
germinate more easily (Sanderson et al. 1990). 

Ecologically distinct biotypes, genetically fixed variation with- 
in a population of a species, may broaden the population’s adap- 
tation to local conditions. For example, Indian ricegrass displays 
intrapopulation genetic variation for seed size, which is correlated 
with seed dormancy (Young and Evans 1984, Jones and Nielson 
1996). We have found populations of squirreltail var. longifolium 
with early and late-maturing biotypes, also under genetic control, 
near Almont, Colo. and Colmor, N.M. (unpub. data). While the 
Neotyphodium endophytic fungus is present in most plants of 
most populations of robust needlegrass [Achnatherum robusturn 
(Vasey) Barkw. = Stipu robusta (Vasey) Scribn.], some popula- 
tions are predominantly uninfected (unpub. data). 

In general, genetic variation varies only gradually across a 
species’ geographical distribution in cases where the species 
exhibits traits such as cross-pollination, a continuous range, a 
long-lived perennial life history, or early-successional seral status 
(Millar and Libby 1989). Genetic variation among populations is 
greater in species that exhibit self-pollination, disjunct distribu- 
tions, an annual or short-lived perennial life history, or a late-suc- 
cessional seral status. Gymnosperms often exhibit greater genetic 
variation among populations than angiosperms. 

Chromosome Races 
Chromosome races, results of either chromosomal rearrange- 

ments or polyploid increases in chromosome number, exist in 
several rangeland species and usually correspond to different 
ranges or habitats. Knowledge of the chromosome race adapted 
to the site can help identify preferred material for seeding. 
Standard tetraploid crested wheatgrass [Agropyron desertorum 
(Fisch. ex Link) Schult.] arose by natural hybridization between 2 
diploids, A. mongolicum Keng from the more arid lands of west- 
ern Inner Mongolia and the “fairway” type, A. cristutum (L.) 
Gaertn., from the more mesic lands of eastern Inner Mongolia 
(Asay et al. 1992). Hsiao et al. (1989) demonstrated that these 
diploid species differed by a chromosome translocation, a structural 
rearrangement in which 2 chromosomes have exchanged segments. 

Bluebunch wheatgrass may be diploid or autotetraploid, with 
the less common tetraploids adapted to mesic ponderosa pine 
(Pinus ponderosu Lawson) woodlands or shrubby grasslands in 
eastern Washington, northern Idaho, or southern British 
Columbia (Dewey 1984, Carlson 1986). Basin wildrye may be 
tetraploid or octoploid (Dewey 1984). Octoploids of basin 
wildrye, e.g., ‘Magnar’, are predominantly glaucous (blue), while 
tetraploids, e.g., ‘Trailhead’, are non-glaucous (green). 
Octoploids of basin wildrye predominate in southern British 
Columbia, eastern Washington, and northeastern Oregon, while 
tetraploids occur elsewhere in the species’ distribution. Salina 
wildrye [Leymus sulinus (M.E. Jones) A. Love] may also be 
tetraploid or octoploid, but the distribution of the 2 races is 
unknown (pers. comm., Kevin B. Jensen). 

Ecotypes of switchgrass (Punicum virgutum L.) are correlated 
with chromosome number and chloroplast genome. Lowland eco- 
types are tetraploid (2n = 4x = 36) and upland ecotypes are most- 
ly octoploid (2n = 8x = 72) (Hopkins et al. 1996), though both 
chromosome races were found together in 17 of 28 upland eco- 
type sites in 7 midwestem states (Hultquist et al. 1997). Lowland 
and upland ecotypes can also be distinguished by cytotype, desig- 
nated as ‘L’ and ‘U’, respectively, as differentiated by restriction 
fragment length polymorphisms of chloroplast DNA (Hultquist et 
al. 1996). Upland plants are fine-stemmed, semi-decumbent, and 
with a spreading base. Lowland plants may be taller and are 
coarse-stemmed, erect, and bunched. 

Keeler et al. (1987) reported hexaploid and octoploid plants of 
big bluestem (Andropogon gerardii Vitman) coexist, yet remain 
reproductively isolated. The 2 chromosome races were not dis- 
tributed in any ecological pattern within a site (Keeler et al. 1987) 
and may be considered “functionally equivalent” (Keeler 1992). 
Populations with high frequencies of individuals greater than 6x 
were more common at the extremities of the species’ range (e.g., 
Nebraska, Kansas, and Florida) than near its center (e.g., Iowa, 
Missouri, Illinois, and Ohio) (Keeler 1990, 1992). 

Similar information for shrub species has been summarized by 
McArthur (1989) and Sanderson et al. (1989). Shadscale is an 
autoploid series ranging from diploid to decaploid, with 
tetraploids most common (Stutz and Sanderson 1983, Sanderson 
et al. 1989, Sanderson et al. 1990). Decaploids are tallest, fol- 
lowed by diploids, then tetraploids and octoploids; hexaploids are 
shortest. Diploid seedlings are shorter and more broad-leaved 
than polyploid seedlings. Diploids are often stratified above poly- 
ploids at the same site, which may correspond to levels above and 
below the surface of Pleistocene lakes. Polyploids are generally 
adapted to more xeric environments than diploids, and hexaploid 
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and higher races are adapted to more saline environments than 
diploids or tetraploids. 

Creosotebush is diploid with a low-growing, broad, compact 
growth habit in the Chihuahuan Desert; tetraploid with a tall, 
slender, open-growth habit in the Sonoran Desert; and hexaploid 
with an intermediate growth habit in the Mojave Desert (Yang 
1970). Yang (1970) hypothesized that the hexaploid race arose 
from hybrids between diploids and tetraploids. The North 
American tetraploid was hypothesized to have arisen from 
hybrids between the North American diploid and a diploid from 
northern Argentina. 

Douglas rabbitbrush [Chrysathamnus viscidiflorus (Hook.) 
Nutt.] is widely distributed in North America as an autoploid 
series of diploids, tetraploids, and hexaploids. In this species, 
however, chromosome number does not correlate closely with 
geographic variables among its 5 subspecies. Subspecies viscidi- 
frorus may be found at all 3 ploidy levels, ssp. lanceolatus and 
ssp. puberulus are diploid or tetraploid, and ssp. axillaris and ssp. 
planifolius are strictly diploid (Anderson 1986). When they occur 
together, diploid populations of ssp. viscidiflorus are prevalent at 
cooler, wetter, higher-elevation sites than hexaploids with 
tetraploids intermediate. A similar relationship is present for ssp. 
lanceolatus with diploid populations occurring at higher eleva- 
tions than tetraploids. Subspecies puberulus tetraploids, however, 
are found at higher altitudes than diploids, but this may be partly 
compensated by their increased frequency at lower latitudes. The 
diploid ssp. axillaris and planifolius are found in the warmer, 
drier portions of the species’ range. 

Fourwing saltbush is another widely distributed shrub in North 
America. While the most common var. occidentalis (Torr. & 
Frem.) Welsh & Stutz is autotetraploid, diploid and autoploid 
populations at 6x, 12r, 14x, and 20x levels occur (Sanderson and 
Stutz 1994). Polyploids are woodier, slower growing, and smaller 
statured than the diploid populations from which they are derived 
(Stutz and Sanderson 1979). Ploidy level has been correlated with 
soil texture in adjacent portions of southern New Mexico and 
west Texas (Dunford 1984). Diploids are found on sandy dunes, 
hexaploids occur in the medium to fine-textured soils of the Rio 
Grande flood plain, and the most common tetraploids are present 
in sandy dunes and heavier-textured mesa soils. 

Big sagebrush (Artemisia tridentata Nutt.), the most abundant 
shrub in North America, has 5 major subspecies that are adapted 
to various combinations of precipitation level, altitude, and soil 
depth (McArthur 1994). Diploids are generally larger and faster 
growing than tetraploids (McArthur and Welch 1982). Populations 
of basin and mountain big sagebrush may be diploid or tetraploid, 
while Wyoming (ssp. wyomingensis Beetle & A. Young) big sage- 
brush is tetraploid with occasional hexaploid plants. Snowbank 
[ssp. spiczformis (Osterh.) Goodrich & McArthur] big sagebrush is 
diploid (pers. comm., E. Durant MeArthur). 

Broom snakeweed [Gutierrezia sarothrae (Pursh) Britt. & 
Rusby] may be diploid or less commonly tetraploid, but the 2 
races occupy the same sites, range across a common distribution, 
and are not easily morphologically separated (Solbrig 1971). 
Despite their overall similarity, tetraploids display larger morpho- 
logical features when compared with diploids from which they 
were derived. 

Diploid and autotetraploid races of hopsage [Zuckia brandegei 
(Gray) Welsh & Stutz = Grayia brandegei Gray] can be distin- 
guished phenotypically (Stutz et al. 1987). Diploids are primarily 
restricted to south-central Utah and northeastern Arizona, while the 
larger-statured tetraploids are found to the east, west, and north. 

Germplasm Class 
When deciding on a final seeding recommendation, the 

germplasm class of plant materials must be considered in concert 
with their adaptation. Seed of released cultivars has been most 
commonly used in the past because of its availability and reason- 
able cost. Several other options are available, however, for 
increasing intraspecific genetic diversity. 

If the best match of plant material and site cannot be predicted, 
a seed mixture with a broad genetic base provides opportunity for 
on-site natural selection (Kitzmiller 1990). To increase genetic 
variation for self-pollinated species, seed from various genetical- 
ly heterogeneous sources may be purchased and blended together 
in bulk mixture (Munda and Smith 1995). Seeding of defined, 
multiple biotypes may be sensible based on the characteristics of 
the ecosystem you are trying to emulate (Jones and Nielson 
1996). For cross-pollinated species increased variation may be 
accomplished through the use of a multiple-origin polycross, the 
product of random intermating among genotypes from defined 
geographical areas (Millar and Libby 1989). Munda and Smith 
(1995) adapted the convergent-divergent plant breeding improve- 
ment scheme of Lonnquist et al. (1979) designed for maize (Zea 
mays L.). Populations from throughout the targeted range are 
intermated into 1 population at the single convergent location, 
Then this population is increased at several divergent locations 
simultaneously and equal amounts of seed of surviving plants are 
bulked between and within locations and intermated at the con- 
vergent location. This cycle may be repeated as many times as 
desired. The objective of this breeding scheme is to augment 
genetic variation and widen adaptation. 

The use of local seed sources has been championed recently; 
while an expensive option, it is technically feasible (Beavers 1995). 
If the species is cross-pollinated and the stand is sparse, however, 
the few seeds that can be collected from distant plants will be 
mostly self-pollinated and suffer from inbreeding depression. 
When screened for allozymes across 14 polymorphic loci, the 
heavy seed fraction in a Scats pine (Pinus sylvestris L.) population 
from northern Sweden exhibited more heterozygosity than the light 
seed fraction (Szmidt 1987). He concluded that culling light seed 
would effectively reduce homozygosity in the population. 

Cultivar release of material with a minimum of genetic manipu- 
lation following lengthy collection of supportive data is a long- 
standing practice with native species in the United States, 
Alternatives include any of 3 “fast-track” germplasm classes 
(source-identified, selected, and tested) of non-genetically manip- 
ulated certified seed. This certification process verifies county 
and elevation of a native-site collection that has not undergone 
genetic manipulation (Young 1994, 1995). Thus, this approach is 
of great relevance when a local seed source is desired. 

The 3 germplasm classes range from low stringency (source- 
identified) to high stringency (tested). The source-identified class 
is not compared with other collections of the same species. The 
selected class is compared with other collections, and data are 
compiled. The tested class is progeny tested to assure that the 
desired traits that are observed are heritable. Most rangeland 
germplasms currently being released for commercial use are 
native grasses of the selected class. Release of materials as 
source-identified, selected, or tested germplasm is preferred com- 
pared to a traditional variety release when commercial seed 
sources are inadequate, specific ecotypes for restoration are need- 
ed, a high potential for immediate use is present, or commercial 
potential is limited to a small number of sites. Information 
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regarding these germplasms is available through seed dealers spe- 
cializing in native seed, state seed certification officials, or the 
USDA-NRCS Plant Materials Centers. 

Ducks Unlimited Canada has adopted the “ecovar” (ecological 
variety) concept for development of native plant materials for 
revegetation (Wark et al. 1995). In recognition that seed yield, 
shattering, and dormancy are important for practical reasons, 
equal emphasis is placed on maintenance of a broad genetic base 
and improvement of seed-related characteristics. Ecovar develop- 
ment avoids rigid selection for genetic uniformity in favor of 
retention of a broad range of genetic potential. 

Overview and Future Directions 

Rehabilitation, reclamation, or restoration of rangeland may be 
required because of unwise resource use or disturbance due to 
fire, highway construction, mining, or erosion. Important compo- 
nents of the initial strategy include site potential, desired land- 
scape, seeding objectives, and genetic integrity of the plant mate- 
rial that could be used in the seeding. Each aspect should be con- 
sidered individually and in combination. Feasibility factors, 
including the potential for weed invasion, seral status of the exist- 
ing plant community, and economic limitations, necessarily may 
limit certain aspects of the initial strategy. After the needs of the 
project have been interfaced with biotic, abiotic, and economic 
realities, appropriate plant materials should be identified. An 
understanding of the association between ecological adaptation 
and genetic variation of species targeted in the desired communi- 
ty species array should be considered in choosing appropriate 
plant materials. Released cultivars as well as bulks of genotypes, 
multiple-origin polycrosses, multiple biotypes, local seed sources, 
source-identified seed, and ecovars should all be considered when 
selecting plant materials. 

Site-specific planning of seedings is important and should be 
encouraged. For this planning to be successful, however, it will 
need to meet the intended uses of the land, work within a realistic 
ecological framework, and recognize biological and economic 
realities, both opportunities and limitations. After an array of 
plant materials is assembled, technology to restore the site to the 
desired landscape should then be applied. 

The concern that finely tuned genetic complexes may be dis- 
rupted by material collected distant from the site has been termed 
“genetic pollution”. Hybridization and backcrossing among relat- 
ed cross-pollinating taxa, however, has long been recognized as a 
component of the naturally occurring evolutionary mechanism of 
introgression. Introgression between related cross-pollinating 
plant taxa generates novel genetic material, which natural selec- 
tion can either mold into adapted gene complexes or discard. 
Alternatively, genetic pollution may have deleterious conse- 
quences, particularly with annual or short-lived perennial cross- 
pollinating species. For self-pollinating or apomictic plants, 
hybridization with off-site material will be less frequent. Native- 
site, long-lived perennials will generally persist in situ upon 
introduction of off-site material of the same species, regardless of 
mode of reproduction. 

Genetic issues are important because seeded material must not 
become weedy; must be able to reproduce, recruit seedlings, and 
survive environmental fluctuations; and must be compatible with 
other ecosystem components, i.e., soil biota and terrestrial fauna 
(Belnap 1995). Degree of genetic variation varies greatly among 

species. Germplasm of some species is adapted across a wide 
range while that of others is much more site specific. When bio- 
types occur, their presence provides an argument for maintenance 
of fundamentally different genotypes on the same site. If chromo- 
some races exist, their geographical distribution and site adapta- 
tion should be considered. Future research should be directed 
towards an improved understanding of the ecological adaptation 
of genetic variation in rangeland species and its interaction with 
other ecosystem components. 

For seeding recommendations in the future, a multiplicity of 
materials featuring a variety of germplasm classes should be pro- 
vided. However, lack of sustained demand for these products may 
limit their development. Demand will be influenced by project 
size and cost (Belnap 1995). These products must be profitable 
enough to attract the seed and nursery industry. If this occurs, we 
anticipate that the industry will continue to specialize in order to 
deliver many of the low-volume plant materials needed. 
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Abstract 

We investigated the effects of winter controlled burning on the 
breeding habitat of the Pyrenean gray partridge (Per&.x per& his- 
puniensis Reich.). Floristic composition and vegetation structure 
were sampled on 198 sites, including 64 recently used by hens for 
nesting or rearing of broods, 80 within partridge habitat burned 
under dry conditions, and 44 burned under wet conditions. 

During the early breeding season, birds selected shrubhmds of 
broom (Cytius purgans (L.) Boiss.) with an average canopy cov- 
erage of 60% and an average height of 0.50 m. Birds avoided 
sites where shrub cover was more than 80% or less than 20%. 

The most critical effect of burning on gray partridge brood 
habitat was the reduction of the cover in the 2 vegetation layers 
providing protection against predators (0.05-0.25 m, and 
0.25-0.50 m). In the case of “dry burning”, the recovery of suit- 
able habitat took more than 8 years for nesting hens and flight- 
less chicks, but only 5-6 years for broods older than 3 weeks. 
Data obtained by radio-tracking eight broods indicated that “wet 
burns” (mean size = 4 ha) were better than “dry burns” (mean 
size = 15 ha) for maintaining good brood habitat. For the “dry 
burns”, we recommend that burned patches be equal to or less 
than 5 ha and separated by unburned patches of lo-15 ha. In 
both cases, the frequency of fms should not exceed once every 
15-20 years. 

Key Words: Pyrenean gray partridge (Perdix perdix hispunien- 
sis), broods, winter burns, Pyrenees, France 

In Europe, the gray partridge lives in both lowland and moun- 
tain habitats. The latter are to be found in the southern parts of 
the species’ distribution range i.e. the French Massif Central, the 
Cantabrics and the Pyrenees. The habitat of the Pyrenean par- 
tridge (Perdix perdix hispaniensis Reich.) is characterized by 
high elevations (1,200 - 2,300 m) and by lack of cultivated areas 
(Lescourret 1988). In the past, this partridge habitat in the 
Pyrenees was kept open by burning and grazing (Braun Blanquet 
1948). In the eastern Pyrenees, the decline of grazing during the 
last 20 years has resulted in a subsequent increase of broom 
(Cytisus purguns (L.) Boiss.) and for this reason controlled bum- 
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Resumen 

Investigamos el efecto de1 fuego invernal controlado sobre el 
habitat de cria de la perdii pardiBa de1 Phineo (Perdii perdix his- 
paniensis). Se tomaron muestras de la composiciin floristica y 
estructura de la vegetation en 188 localidades, las cm&s inch&m 
64 usadas recientemente por hembras para anidar o criar, 80 situ- 
adas en el habitat de la perdii quemado bajo condiciones secas y 
44 en el habitat de la perdii quemado bajo condiciones htimedas. 

Durante la Cpoca de cria temprana, las aves seleccionaron 
matorral de Mama (Cytirrs purgans) con una cobertura media 
de1 60% y una altura media de 0,50 m. Las aves evitaron locali- 
dades donde el recubrimiento de matorral era mayor de1 80% y 
menor de1 20%. El efecto m&s critic0 de1 fuego sobre el habitat 
de nidhicacion de la perdix pardilla, fue la reduction de la cober- 
tura de dos estratos de vegetation que ofrecen protection frente 
a 10s depredadores (O,OS-0,25 m y 0,25-0,50 m). En el case de1 
‘quemado seco” la recuperation de un habitat adecuado para 
hembras ponedoras y pollos no-volanderos tardo 8 adios, aunque 
para nidadas de mL de 3 semanas tardo solo 5-6 adios. Los datos 
obtenidos a partir 8 nidadas radio-marcadas OS indicarou que 10s 
“quemados humedos” (tamaiio medio = 4 ha) fueron mejores 
que 10s “quemados secos” (tamaiio medio = 15 ha) para manten- 
er un buen habitat de cria. Para 10s ‘quemados secos” recomen- 
damos que las manchas quemadas sean igual o inferiores a las 5 
ha y separadas por manchas no quemadas de lo-15 ha. En 
ambos cases, la frecuencia de fuegos no deberia exceder de una 
cada 15-20 aiios. 

ing is practiced by cattlemen to limit the invasion of grasslands 
by shrubs. This burning is usually done in winter, when the 
snowy or wet conditions reduce the danger of a wildfire and limit 
the impact of fire on grasses and forbs. Moreover, woody plants, 
especially broom, are more flammable during the colder months 
(Lambert and Parmain 1990). 

Although burnings are generally considered to be harmful to 
the gray partridge (Lucia et al.1992), the relationships between 
fire and partridge populations have rarely been studied, unlike for 
other upland game birds such as quail or grouse. Most of the 
authors reviewing these questions have emphasized the impor- 
tance of the type of fire. For example, large fires (e.g. burning 
under dry meteorological conditions) generally decrease the 
availability of nesting cover for upland birds (Bendell 1974, Peek 
i986). Conversely, low-intensity controlled burning (e.g. burning 



under wet conditions) can improve edge and interspersion (Payne 
and Bryant 1994). The effects of burning on quantity and quality 
of food resources are more complex, and the benefits are more 
evident for ungulates than for upland birds (Payne and Bryant 
1994). Nevertheless, burning can improve habitats of birds by 
increasing production of seeds and insects, and by making food 
more accessible (Koerth et a1.1986, Prodon and Pons 1993). 

The present paper addresses the following questions concerning 
the effect of fire on brood habitats of gray partridge. What is the 
impact of controlled burning on the structure and floristic compo- 
sition of vegetation? How long is the recovery period before the 
return of suitable brood habitats? Does the impact of burning dif- 
fer for wet and dry conditions? 

Study Area 

The study was conducted on 3 areas of the eastern French 
Pyrenees (l”54’ - 2”29 E, 42”3 1’ - 42”42’ N). Two of them 
(Barbet and Carlit) were very similar, and typical of the open 
subalpine zone. Their altitude ranged from 1,700 to 2,300 m on 
south-facing slopes, and vegetation was dominated by a mosaic 
of shrubs (Cytisus purgans, Juniperus communis L., 
Arctostaphylos uva-ursi (L.) Spreng.), grasslands (Festuca rubra 
L., F. eskia Ramond, F. panicdata (L.) Schinz et Thell.) and pine 
woods (Pinus uncinata Ramond). The third study area, situated at 
a lower elevation (1,400 - 1,850 m), was a typical montane zone. 
The main difference from the previous areas was the prevalence 
of heather (Calluna vulgaris (L.) Hull) and bilberry (Vaccinium 
myrtillus L.). 

The climate of the 3 areas is continental (Izard et al. 198.5). At 
1,700 m, mean annual temperature is 6°C and mean annual pre- 
cipitation is 820 mm, with winters being relatively dry. On all 3 
study areas, cattle grazing was limited to June through October, 
and the grazing pressure varied between 0.5 and 1.4 AUM per ha. 

Methods 

Sampling Design 
Pointing dogs and radio-tracking were used to locate birds. 

From 1989 to 1996, 64 reproductive sites (6 nests, 36 broods less 
than 3 weeks old, 22 broods more than 3 weeks old) were found 
on the 3 study areas. Because nest sites were always included in 
the home ranges of broods, the 6 nest sites were grouped with the 
sites of broods less than 3 weeks old. 

Twenty-two controlled burnings were carried out on the 3 study 
areas between 1989 and 1995 to improve grasslands (Table 1). 
These bums were considered to be potential reproductive habitat, 
because broods were observed on them before burning. The con- 
trolled burns were mainly headiires carried out in winter, from 
November to March, under either dry meteorological conditions 
or under wet conditions (ground partly covered by snow or 
atmospheric humidity high). These conditions largely determined 
the size and distribution of burned patches. 

Within these 22 bums, we selected 134 sites at random: 90 in 
“dry bums” and 44 in “wet bums” where vegetation samplings 
were carried out from 1993 to 1996 (Table 1). The vegetation 
sampling of each of the 64 brood sites was made shortly after 
broods were located on the sites (i.e. within a month). 

Plant species were listed within a 25-m radius area around each 
site, and the elevation was recorded. The habitat structure was 
described in 3 ways: 
(I) The percentage cover of trees (>1.5 m tall) and shrubs (< 1.5 

m tall), and that of herbaceous plants and bare ground (4 vari- 
ables), were estimated by comparison with a reference chart 
(Prodon and Lebreton 1981). The average height of shrubs 
and herbaceous plants (2 variables) was also measured. 

(2) The vegetation was sampled along two 50-m lines that 
crossed perpendicularly on the center of the site (Bernard 
1982) (Fig. 1). Every 2 meters, the presence/absence of vege- 

Table-l. Chronology of vegetation samplings on burning sites according to meteorological conditions, size and age of controlled burnings. 

n” conditions size date 1 

Chronolgy of vegetation samplings ( l ) 
(I = first summer after burning...) 

3 4 5 6 7 8 

I Dry 
2 “ 
3 .‘ 
4 “ 
5 “ 
6 L‘ 
7 “ 
8 “ 
9 “ 
10 “ 
II ‘L 
12 “ 
13 “ 
14 “ 

(ha) (month/year) 
22 Ol/89 
9 01/89 
9 02189 
12 01/9l 
I7 02/91 
34 01/92 
11 02192 
32 01/93 
I9 1 l/93 
13 03194 
4 03194 
I6 03194 
7 02195 
4 02/95 

. . 

. . 

15 
16 
17 
18 
19 
20 
21 
22 

Wet 
‘C 
‘L 
L‘ 
“ 
“ 
“ 
“ 

I 0219 I 
2.5 02192 

3 01/93 
I1 I l/93 

4.5 12193 
6 03194 
2 03194 
3 02195 
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tation was noted within five layers: 0 - 0.05 m, 0.05 - 0.25 
m, 0.25 - 0.50 m, 0.50 - 1 m, 1 - 2 m. A cover index was 
calculated for each layer (5 variables) by adding together the 
number of contacts recorded. A global index of foliage vol- 
ume was then obtained by summation of products of the 
height of each layer times its cover index (Fig. 1). 

(3) At the center of each site, 2 measurements (2 variables) of the 
concealment offered by the vegetation were made using a 
cover board, viewed from a 45” angle above the ground and 
from ground level or 0’ (Jones 1968, Bernard 1982). 

To evaluate the effects of size of bums on brood habitat, we 
needed information on the extent of home ranges used by the 
birds. We employed a core convex polygon model with 95% of 
radio fixes (Kenward 1987) to calculate the area of home ranges 
of 8 gray partridges radio-tracked from egg-laying (early June) to 
the third week after hatching (early or mid-August). 

Statistical Analysis 
The floristic composition of brood and burned sites (198 sites 

X 125 plant species) was analyzed by Correspondence Analysis 
(C.A.), using Biomeco Software (Lebreton et al. 1990). The 
floristic composition of the different categories of sites was esti- 
mated by calculating their mean scores on the Fl -axis. The floris- 
tic diversity of each site was estimated by calculating the vari- 
ance of plant scores on the first factor of the C.A. (Chessel et al. 
1982, Thioulouse and Chessel 1992). These mean scores and 
variances were then compared (one-way ANOVA) to test 
whether both floristic composition and floristic diversity were 
different from brood to burned sites on the one hand, and accord- 
ing to the wet or dry conditions of burning on the other hand. 

Another approach was to extract, from the 14 quantitative vari- 
ables describing the elevation and the habitat structure, a habitat 
description over a reduced space, on which the different cate- 
gories of sites could be plotted (Rotenberry and Wiens 1980). 
Thus, the matrix of the 14 variables X 198 sites was analyzed by 

LAYERS 

l-2m 

O.S- 1 m 

0.25- 0.5 m 

0.05 -0.25 m 

0 - 0.05 m 

’ 2m ‘- 
l 

.  

0x100 

2x 50 

3x 25 

4x 20 

1x 5 

r = .._ 

Fig. 1. Procedure for sampling vegetation cover around a brood or 
burned site. The presence/absence of vegetation is noted in five dif- 
ferent layers, every 2 meters, along two 50-m perpendicular lines 
(52 points). 
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Principal Components Analysis (P.C.A.), and the main factors 
were interpreted by examining their correlations with the vari- 
ables. We only plotted the sites when the sum of cosines squared 
on Fl and F2 axes was greater than 0.10 (see Fenelon 1981). 

Independently of these 2 multivariate analyses, the elevations 
of brood and burned sites were compared using a Kolmogorov- 
Smimov two-sample test (Sokal and Rohlf 1981). 

Results 

Changes in fioristic composition 
The correspondence analysis showed that floristic composition 

differed between brood and burned sites. The mean score of 
brood sites on the Fl-axis differed from that of burned sites (F = 
41.04, d.f. = 1, 196, P c 0.001) and the factorial diversity (i.e. 
floristic diversity) of the brood sites (n = 64) was significantly 
higher than that of the burned sites (n = 134) (one-way ANOVA 
F= 4.99, d.f. = 1, 196, P = 0.03). Nevertheless, the mean Fl- 
scores and the factorial diversity did not differ between “wet 
bums” (n = 44) and “dry bums” (n = 90) (one-way ANOVA, F = 
0.20,d.f.=1,132,P=0.65,andF=0.21,d.f.=1,132,P=0.65, 
respectively). 

As controlled burning is not practiced so much in high altitude 
and/or damp sites, some plant species characteristic of these situa- 
tions were not recorded in burned sites. This leads us to think that 
the greater floristic diversity of the brood sites compared to burned 
sites is related more to their distribution over a wide range of alti- 
tudes than to an actual reduction of floristic diversity after burning. 

We noted, however, that the frequency of occurrence of 28 of 
116 plant species recorded within the same altitude range differed 
between brood and burned sites (Table 2). Some plants important 
for food and/or cover in autumn such as Arctostaphylos uva-ursi, 
Calluna vulgaris, Festuca paniculata, Trifolium sp. and 
Vaccinium myrtillus had a lower frequency in the burned sites. 
Conversely the higher frequency of Anthoxanthum odoratum, 
Agrostis capillaris, Festuca ovina, and Galium pumilum in the 
burned sites might improve winter food resources. 

Changes in vegetation structure after burning 
The elevation of burned site ranged from 1,590 m to 2,200 m, 

differing only slightly from that of the brood sites (1,500 to 2,290 
m) (Kolmogorov-Smirnov test, D = 0.227 > DO.05 = 0.205). 
However, this difference did not affect the results of the P.C.A., 
owing to the low contribution of this variable (Fig. 2). 

The main changes in brood habitat occurring after burning con- 
cerned the vegetation structure. To illustrate this process, we dis- 
tributed sites in post-fire age classes and plotted separately each 
category of sites on the Fl-F2 plane of the P.C.A. (Figs. 3, 4). 
The most important feature .was the postfire decrease of woody 
plant height and cover (0.05-0.25 m and 0.25-0.50 m layers), 
indicated by a shift of the sites along Fl axis. The concealment 
offered by vegetation (i.e. protection against predators) was also 
correlated with Fl. 

Another important feature was the increase of grass and forb 
cover the first years after burning (5 1% after 1 - 4 years vs. 34% 
for the brood sites), marked by a shift along F2 axis. Thus the dis- 
crimination between the groups of sites clearly appeared on the 
Fl-F2 plane, the postfire modifications being more marked for 
the “dry bums” (Figs. 3,4). 
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Table 2. Frequency of occurrence (96) of 28 plants on the gray partridge 
brood sites (n = 64) and on the burned sites [dry conditions (n = 90) or 
wet conditions (n = 44)]. The frequencies of the other plant species (n = 
88) did not vary between burned and unburned sites. 

Species ~--- ~- 
&n&s 
Arcrostnphylos uva-ursi 
Calluna vulgaris 
Juniperus communis 
Genisra pitosa 
Vaccinium myrtillus 
Rosa canina 

Grasses 
Deschampsin coespitosa 
Festuca paniculata 
Anthoxantum odoratum 
Agrostis capillaris 
Festuca ovina 

&l&s 
Bupleurum ranunculofdes 
Epilobium angustifolium 
Trifolium nlpinum 
Trifolium pratense 
Trifolium repens 
Biscutella laevigata 
Cirsium sp. 
Euphorbia cyparissias 
Galeopsis Pyrenaica 
G&urn pumilum 
Jflsione perennis 
Linnria striata 
Rhinanthus minor 
Senecio ndonidifolius 
Scnbiosa columbaria 
Verbascum thopsus 
Viola sp. 

Brood 
habitat 

Controlled burning 

DV Wet 
conditions conditions 

(%) (%) 
20 10 
59 26 
61 12 
6 1 

41 16 
23 51 

6 2 
36 22 
9 20 

41 72 
22 37 

6 1 
17 9 
20 2 
6 0 

14 4 
2 13 
16 31 
9 26 
14 39 
5 19 
2 17 
11 47 
3 21 

22 49 
5 14 
6 13 
11 16 

Trend 

(%) 
11 \ 
25 . 
43 \ 
0 ‘r 
16 x 
39 E 

0 -a 
11 . 
20 # 
89 P 
52 C 

2 -a 
0 \ 

11 k 
0 \ 
7 I 

18 P 
34 , 
18 , 
25 r 
11 J 
25 r’ 
25 c 
9 E 

39 # 
30 E 
18 fl 
34 # 

On the 42 sites of broods less than 3 weeks old, the shrub cov- 
ers ranged from 50 to 80% on 28 of the sites. Shrub cover was 
superior to that of grasses plus forbs (57% * 3 SE vs. 34% r 3 
SE). On the 22 sites of broods more than 3 weeks old, shrub 
cover and herbaceous plant cover tended to be equal (44% + 5 SE 
vs. 46% f 5 SE). The shrub canopy height did not vary between 
the 2 categories of broods (0.50 m. + 0.02 vs. 0.46 m. f 0.03). 
Thus, the cover requirement of young broods, unable to fly, 
appeared to be more important than for older broods. Older 
broods tended to use more open and herbaceous lands. The con- 
cealment indices obtained with the board viewed at 45” and 0” 
were 24% and 55% respectively on the burned sites vs. 60% and 
86% on the brood sites. The low concealment index of the herba- 
ceous cover was due to the fact that the height of grasses and 
forbs averaged only 0.25m. 

Vegetation recovery 
Data from different age classes of postfire sites showed a grad- 

ual return of cover, more evident on F2 than on F1 axes. The 
recovery of suitable conditions for the broods older than 3 weeks 
required an average of 5-6 years after burning, vs. more than 8 
years for non-flying broods (Fig. 3), as confirmed by the varia- 
tions of the foliage volume index (Fig. 5). In the case of “dry 
burns”, 8 years after burning the average cover and height of 

shrubs reached respectively 37% and 0.43 m. Thus, a minimum 
of about 10 years seems to be necessary for the regrowth of good 
brood habitat (see Fig. 5). The persistence of a suitable vegetation 
cover appears to be better in “wet bums”, even 1 or 2 years after 
burning (Fig. 4). 

Discussion and Management implications 

The full extent of the effects of controlled burning on floristic 
composition of shrublands and consequently on food resources 

F2+ 

1 : Elevation 
2 : Cover of bare ground ( %) 
3 : Cover of trees ( %) 
4 : Cover of shrubs (%) 
5 : Cover of grasses and forba ( %) 
6 : Height of shrubs 
7 : Height of grasses and forba 
8 : Cover index 0 - 0.05 m 
9 : Cover index 0.05 - 0.25 m 

10 : Cover index 0.25 - 0.50 m 
11 : Cover index 0.50 - 1 m 
lZ:Coverindexl-2m 
13 : Concealment index at 0” 
14 : Concealment index at 45’ 

#’ 
,/ 

6 I3 

14 --- ,, -~ 

10 
2 

Fl+ 

F3+ 

Fig. 2. Correlation plots of the 14 variables with the Fl X F2 and F3 
X F4 planes of the Principal Components Analysis. [Contributions 
of axes : F1(32.3%), F2 (13.2%), F3 (11.3%), F4 (lo%)]. 
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Fig. 3. Recovery of the brood habitat of the gray partridge after controlled burning under dry conditions. Projection of 6 site categories on 
the Fl-F2 plane of the P.C.A.: brood sites (2 categories) and burned sites (4 categories). (n = number of sites plotted). 

for gray partridges was difficult to assess in our study. The floris- 
tic diversity of the burned sites was lower than that of brood sites, 
mainly because of the narrow altitude range of burned sites. 
Nevertheless, this floristic diversity may also have been reduced 
by the recurrence of fires throughout the first half of the century 
(Fridlender 1991). 

One possible conclusion concerning food resources would be 
that the decrease of some important food plants could be bal- 
anced by an increase in other species, such as grasses for winter 
and spring food (for a review, see Birkan 1970). One positive 
effect of fire on food resources could be that, in the aftermath of 
fires, the new growth could furnish a high protein diet just before 
egg-laying. Fire has this beneficial effect on red grouse (Lugopus 
1. scoticus) on heather moorlands (Moss et al. 1972). The effect 
of fire on insect fauna, the main food resource of young chicks, 
remains to be investigated. 

The importance of cover for successful nesting and rearing of 
broods has been emphasized for numerous game birds (Bernard 
1982, Rands 1988, Ricci et al. 1990, Riley et al. 1992). Good 
nesting cover promotes both nest success and high chick survival, 
2 key factors of gray partridge demography (Potts and Aebischer 
1994). The density of cover reduces prey vulnerability (Bendell 
1974). Very heavy and very light cover likely increases the vul- 
nerability of partridge to both mammalian predators and raptors. 
As a result, a woody plant cover of about 60% is an important 
feature of the breeding habitat of the Pyrenean gray partridge, 
which seems to avoid sites where the canopy coverage in the 
shrub layer is more than 80% or less than 20%. A preference for 
moderate woody plant cover has been previously reported for the 
Pyrenean gray partridge (Lescourret and GCnard 1993). In north- 
em Spain, Lucia et al. (1996) also found a predilection for shrub- 
lands of Genista obtusiramea, G. jlorida, Cytisus purgans and C. 

scoparius, with an average cover of 70%. 
The most negative effect of burning on brood habitat is the 

reduction of shrub cover. Suitable habitat for broods is more like- 
ly to remain following “wet burns” than “dry bums”. A major 
factor in wildlife response is the extent of fire (Peek 1986). In 
Spain, large fires reduce the carrying capacity of a landscape for 
gray partridge (Lucia et al. 1992). In the French Pyrenees, fires 
set in winter under moist conditions lead to smaller bums (mean 
= 4 ha) than do those set under dry conditions (mean = 15 ha). 
“Wet burns” therefore favor a fine-grained mosaic of grassy 
openings, with some bare ground, interspersed within the 
unburned shrubland. Such a fine-grained habitat is also recom- 
mended for improving red grouse habitat in the Scottish heather 
moorlands (Picozzi 1968, Moss 1989). Large fires create an unfa- 
vorable coarse-grained habitat for both gray partridge and red 
grouse. Large clearcuts in Scandinavian forests have a similar 
negative effect on capercaillie (Tetruo urogallus) (Rolstad and 
Wegge 1987). The definition of grain size of habitats obviously 
depends on the requirements of the species studied. Using the 
ruffed grouse (Bonasa umbellus) as an example, Gullion (1972) 
proposed that home range size is an indicator of size of clearcuts 
or bums most suitable for a species. For the Pyrenean gray par- 
tridge, home range size during the breeding period ranged from 4 
to 23 ha (mean = 12 ha). Hence, the minimum requirement for 
maintaining suitable breeding conditions would be to leave 
unburned areas of 10-15 ha between the burned patches. Bums 
should not be larger than 5 ha, though it is difficult to control 
such fires precisely under dry conditions. 

After burning under dry conditions, the recovery of a foliage 
volume comparable with that of brood sites less than 3 weeks old 
requires about 10 years. In the Massif Central of France, the 
canopy coverage of broom in shrublands situated below 1,600 m 
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Fig. 4. Recovery of the brood habitat of the gray partridge after controlled burning under wet conditions. Projection of 4 site categories on 
the Fl-F2 plane of the P.C.A.: brood sites ( 2 categories) and burned sites (2 categories). (n = number of sites plotted). 

reaches 100% only 10 years following burning (Debussche 
1978). The high elevation of our sites probably explains the long 
recovery period. Other factors such as precipitation following 
burning (Peek 1986) and grazing pressure could affect vegeta- 
tional response to fire, as well as the recovery period. In all cases, 
the frequency of fires should not be more than once every 15-20 
years. Only 2 of 42 broods less than 3 weeks old were found in 
areas burned under dry conditions: one brood 2 years after bum- 
ing, the other 6 years after burning. Older broods apparently 
require less dense cover than do young broods. Four of 22 broods 
more than 3 weeks old were found in areas burned under dry con- 
ditions, one of them in the first summer after burning. The colo- 
nization of burns by gray partridges seems to be slower than that 
in red-legged partridges, which readily breed in burns 2 or 3 
years old (Prodon 1987, Ricci et al. 1990). 

The invasion by shrubs following a decrease in grazing pres- 
sure seems to be rather favorable in the short term for gray par- 
tridge brood habitat (see also Lescourret and Gtnard 1993). At 
this successional stage, diversity of the vegetation structure of the 
shrubland is highest (Debussche 1978, Lucia et al. 1996). 
However, in the long term, the woody/herbaceous plant ratio 
tends to decrease (Dumas 1995), and the natural vegetation 
dynamics will lead to the progressive replacement of broom 
shrublands by pine-woods of Pinus uncinata. In the eastern 
Pyrenees, grazing pressure is currently not heavy enough to pre- 
vent this natural vegetation succession. 

Thus, the long-term persistence of open landscapes for gray 
partridge in the Pyrenees, as well as for red grouse in Scotland 
(Moss 1989, Hudson 1992) and bobwhite quail (Colinus virgini- 
anus) in North America (Roseberry and Klimstra 1984) depends 
on controlled burning. Some measures can be taken to limit the 
negative impact of fire on gray partridge brood habitat in broom 
communities. Ideally, burning should be done when the ground is 
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partly covered by snow and/or the atmosphere is damp. However, 
these meteorological conditions are not always present. Moreover 
burning under wet conditions is very time-consuming, and so is 
less frequently practiced. If burning must be done under dry con- 
ditions, the conservation of gray partridge habitat requires the 
burning of broom in patches smaller than 5 ha, while leaving 
unburned adjoining patches of IO-15 ha. Because recovery of 
partridge habitat after fire is slow, the rotation period of burning 
should be about 15-20 years. 
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Fig. 5. Vegetation recovery in a broom-juniper shrubland after win- 
ter controlled burning in dry conditions. (Index of foliage volume 
= sum of the products of the heights of each layer by their relative 
cover indices). 
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Abstract Resumen 

Leafy spurge (Euphorbia esula L.), a noxious weed infests some 
of the 1.2 million hectares of Conservation Reserve Program 
(CRP) land in North Dakota. Once established a leafy spurge 
monoculture will reduce expected CRP benefits and impact 
returns to some post-CRP land uses. The study estimated 
statewide direct economic impacts of about $351,000 on post-CRP 
land maintained in vegetative cover, $1.118 million on post-CRP 
grazing land, and negligible (assumed $0) on post-CRP cropland, 
for a total of $1.469 million. Total annual direct and secondary 
economic impacts to North Dakota’s economy were estimated to 
be $4.665 million, which would support about 57 jobs. 

Key Words: CRP, economic impact, Euphorbiu esula, grazing, 
North Dakota, noxious weed, vegetative cover 

La lechetrezna frondosa (titimalo, Grtago, euphorbia esula 
L.), una yerba perniciosa, infecta una parte de 10s 1,Z millones de 
hectareas de1 terreno perteneciente al Programa de Preservacien 
y Reserva (Conservation Reserve Program o CRP) de IaDakota 
de1 Norte. Una vez establecida, una monocultura de Lechetrezna 
frondosa disminuirh 10s benificios anticipados de1 CRP, y reper- 
cutit- en su devoluci6n al uso posterior previsto. El estudio 
pronostic6 un impact0 econ6mico direct0 de aproximadamente 
$351,000 en las tierras mantenidas posteriormente con veg- 
etacibn, $1.118 millones en las destinadas posteriormente al 
pasto, e insignificante (d conjeturar SO) en tierras sembradas 
posteriormente, sumandose a una cifra total de $1.469 millones. 
El impact0 anual econ6mico, tanto direct0 coma secundario, a la 
economia de IaDakota del Norte se calculd a $4.665 millones, fon- 
dos que sostendrian unos 57 empleos. 

Leafy spurge (Euphorbia esula L.) is widely established in 
North Dakota, infesting about 300,000 ha in the state in 1990 
(personal commun., Dean A. Bangsund, research associate, 
Dept. Agr. Econ., N.D. State Univ., Fargo, N.D. 199.5). Leafy 
spurge can withstand all but the most intensive eradication 
attempts and spreads easily through grazing land, doubling the 
size of an infestation every 10 years when left uncontrolled 
(Leitch et al. 1994). The state’s grazing lands are not the only 
lands impacted by the expansion of leafy spurge. Other untilled 
lands, such as road ditches, recreation areas, and wildlife areas, 
are also infested (Messersmith and Lym 1990). Rangeland 
experts, local weed control boards, and landowners have con- 
firmed the presence of leafy spurge on Conservation Reserve 
Program (CRP) land (personal commun., Donald A. Kirby, pro- 
fessor, Dept. Anim. and Range Sci., N.D. State Univ., Fargo, 
N.D. 1995, and Russell J. Lorenz, soil scientist, Mandan, N.D., 
1995). 

The Impact of Leafy Spurge on CRP Land 

The soil and water conservation benefits and the wildlife habi- 
tat values of the CRP are well-known, although not weIl-mea- 
sured. In addition, the potential for lower crop surpluses, 
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Service through the Cooperative State Research Service of the U.S. Department of 
Agriculture and the North Dakota Agricultural Experiment Station, Fargo, N.D. 
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increased commodity prices, and income support made the CRP 
popular with farmers and agriculture policymakers (Council for 
Agricultural Science and Technology 1995). North Dakota 
accounts for about 1.2 million hectares of the almost 15 million 
hectares enrolled in the CRP nationwide. In spite of its benefits 
and popularity, the CRP had the unforeseen and unintended con- 
sequence of facilitating the spread of some noxious weeds, 
including leafy spurge. Leafy spurge is kept under control by reg- 
ular tillage, but it spreads easily in untilled land such as CRP 
land. Once established, leafy spurge will displace desirable 
replanted grasses and convert CRP’s diverse cover of vegetation 
to a leafy spurge monoculture. 

As vegetative cover changes from more diverse (CRP) to less 
diverse (a monoculture of leafy spurge), increased soil erosion 
will result. A monoculture of leafy spurge also reduces wildlife 
habitat benefits of CRP land, affecting the kinds and numbers of 
animals the land can support (Wallace 1991). 

Leafy spurge infestations also impact the returns to income 
generating land uses after the CRP contract expires. For example, 
if converted to grazing, leafy spurge infestations would limit 
grazing land carrying capacities, thereby reducing land values 
and limiting cattle production and incomes from grazing. 

The relatively high cost of chemicals to provide long-term leafy 
spurge control, coupled with the public’s growing concern that 
chemicals are harmful to the environment, may force re-evalua- 
tion of chemical control practices. Without chemical control, 
however, leafy spurge will spread in many areas (Bangsund and 
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Leistritz 1991). Concern over leafy spurge is further heightened 
because biological controls are still being developed and cultural 
practices, such as tillage of high erodible lands, will not be appro- 
priate for some CRP land when the program ends. 

The purpose of this study was (1) to assess the role of CRP in 
the expansion of leafy spurge and (2) to estimate the potential 
economic impact of leafy spurge on alternative uses for CRP land 
in North Dakota after the program ends. 

Leafy Spurge Control 

Leafy spurge, a perennial native to Europe and Asia, was first 
observed in New England in 1827 and in North Dakota in 1909 
(Lym et al. 1993). In the years since leafy spurge was first sight- 
ed in North Dakota, it has spread to each of the state’s 53 coun- 
ties. LaMoure County in southeastern North Dakota is an exam- 
ple of the spread of leafy spurge. The county reported 6 ha of 
leafy spurge in 1937 and about 2,800 ha in 1994 (Wallace 1991). 

Leafy spurge control is a long-term management problem (Lym 
et al. 1993). The most common forms of control are chemical 
applications and tillage practices, however, biological controls are 
gaining support. The use of herbicides to control and limit the 
spread of leafy spurge is the most widely used control practice 
(Alley and Messersmith 1985). Herbicides have been only partial- 
ly effective, and costs of treatment usually outweigh the benefits 
of control if infestations are widespread in range- or pastureland 
(Bangsund et al. 1996). Present and future concerns over ground- 
water quality may lead to regulations that restrict the use of many 
herbicides now used to control leafy spurge (Fox et al. 1991). 

Insects used for biological control of leafy spurge have been the 
focus of ongoing research. Four species of Apthona L. flea beetles 
have been studied in greenhouse trials and were introduced to the 
field in 1986 (Lym et al. 1993). Adult flea beetles lay eggs at the 
base of the stem. The larvae feed on roots. 

Leafy spurge is not grazed by cattle, although sheep and goats 
will graze young plants of leafy spurge (Derscheid et al. 1985). 
Sheep grazing continuously on leafy spurge will slow its spread 
and stop seed production. Grazing with Angora goats reduces 
leafy spurge cover while grasses, forbs, and shrubs in the grazed 
area are generally unaffected or increased (Hanson 1994). 

Cultural controls, such as mowing and cultivation, are used to 
control leafy spurge on cultivated land and in pasture. By making 
the plant regenerate its top growth, both practices reduce its under- 
ground nutrient reserves (Derscheid et al. 1985). 

No-till cultivation minimizes soil erosion on erodible land, but 
does not completely destroy leafy spurge roots buried deeper in 
the soil. Deep tillage (e.g., using a moldboard plow) can effective- 
ly destroy the leafy spurge root system; but increased soil erosion 
may result from deep plowing erodible land. This raises issues 
over the effectiveness of cultivation to control leafy spurge in 
highly erodible cropland previously enrolled in CRP. Even though 
no-till cultural practices are not as effective as moldboard plowing 
for leafy spurge control, the Natural Resources Conservation 
Service (NRCS) may require no-till cultivation on certain uses of 
post-CRP land (U.S. General Accounting Office 1995). At the 
same time, the use of the moldboard plow is discouraged in NRCS 
conservation plans for highly erodible cropland. 

Potential Economic Impact of Leafy Spurge on Post- 
CW Lands 

To estimate the economic impact of leafy spurge, possible alt- 
nerative uses for land enrolled in CRP were identified. Alternative 
uses for post-CRP land include 

l maintain post-CRP land in vegetative cover similar to the cur- 
rent CRP, 

l convert post-CRP to grazing land, or 
l return post-CRP land to cropland. 
Direct economic impacts of leafy spurge on alternative post- 

CRP land uses were estimated. Direct impacts included the values 
of lost forage and foregone production in the grazing industry, 
reduced wildlife-associated recreation activity, and reduced soil 
and water conservation benefits. The direct impacts were applied 
to an input-output model to estimate secondary economic effects 
of leafy spurge on other sectors of the state’s economy. 

Assumptions 

To estimate the economic impact of leafy spurge on CRP land 
in North Dakota now and in the future, in the absence of actual 
data, assumptions were made about (1) the portion of land allocat- 
ed to each alternative post-CRP land use and (2) the number of 
leafy spurge infested hectares on each alternative land use. For the 
economic impact analysis, an assumption was made that l/3 ofthe 
1.2 million ha of CRP land, about 400,000 ha, will be allocated to 
each alternative use when the program ends. The analysis also 
assumes the leafy spurge infestation rate in CRP land after 10 
years of the program is about 4.2%, the current infestation rate in 
North Dakota’s grazing land, or about 16,800 infested ha on each 
alternative use (personal commun., Dean A. Bangsund, research 
associate, Dept. Agr. Econ., N.D. State Univ., Fargo, N.D. 1985). 
In this study, all infested hectares are assumed to be a leafy 
spurge monoculture. 

Results are sensitive to these assumptions. However, readers can 
easily modify the first 2 assumptions to align with their percep- 
tions of some of the unknown values. The assumption regarding a 
leafy spurge monoculture is necessary to avoid introducing a very 
complex infestation-level function. See Bangsund et al. (1996) for 
more on this issue. 

Economic Impact of Maintaining Vegetative Cover 

The impacts of leafy spurge on post-CRP land maintained in 
vegetative cover result from the difficulty to control or eradicate 
leafy spurge and from the plant’s ability to choke out replanted 
grasses and other vegetation. Reduced plant diversity on infested 
post-CRP land will lower its value as wildlife habitat as well as its 
water and soil conservation benefits. 

Impacts on wildlife-associated recreation 
Because of the similarity of land in CRP to wildland, an impact 

function for estimating the relationship between leafy spurge 
infestations and the wildlife habitat value of North Dakota’s wild- 
lands (Wallace 1991) was used to describe the relationship 
between leafy spurge and the habitat value of post-CRP land 
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remaining in vegetative cover (Fig. 1). Wildland is land not clas- 
sified as urban or built-up industrial, forest, range, cropland, OT 
recreation areas. 

The estimated impact of reduced wildlife habitat value from 
leafy spurge infestations on CRP land was used to estimate tbe eco- 
nomic impact of leafy spurge on wildlife-associated recreation in 
North Dakota. Direct economic impacts from changes in wildlife- 
associated recreation activity are tbe result of changes in expeuedi- 
tures that impact suppliers of recreational goods and services. 

Wallace (1991) expressed the reduction in expenditures (R) 
from weed infestations as 

R=(E*C)(H*W)(S) (1) 
where 

R = the change in wildlife-associated expenditures due to 
leafy spurge infestations in post-CRP land maintained 
as vegetative cover, 

E = the total statewide annual wildlife-associated recreation 
expenditures. 

C = a spcciesAand use coefticient, 
H = the percentage reduction in wildlife habitat value from 

infested wildland, 
W = percentage of post-CRP land maintained as vegetative 

cover that is infested with leafy spurge, and 
S = percentage of expenditures lost to the state’s economy. 

Statewide hunting expenditures (E) were about $220 million in 
1990. The estimated reduction in wildlife habitat value (H) 
caused by an infestation was 80% due to the assumed leafy 
spurge monoculture on infested post-CRP land uses (see Figure 
1). The leafy spurge infestation rate (W) for wildland. the per- 
centage of total wildland infested, is 4.2% (about 16,800 infested 
ha of 400,OOil ha of post-CRP maintained as vegetative cover). 

The speciesiIand use coefficient, developed by Leitch (1978) 
and Wallace (1991), represents tbe relative importance of differ- 
ent land uses in supporting wildlife populations. The species/land 

use coefficient for all CRP lands is 0.24, which means 24% of 
North Dakota’s wildlife populations are produced and maintained 
on CRP land. If 113 of CRP lands remains in vegetative cover 
after contracts expire, the species/land use coefficient (C) would 
be about 88, assuming a linear relationship and no change in 
overall wildlife populations. Multiplying the reduction in post- 
CRP’s wildlife habitat value, (H * W), by wildlife-associated 
expenditures attributable to wildlaud, (E * C), gives an estimate 
of the reduction in wildlife-associated expenditures from leafy 
spurge infesting post-CRP vegetative cover. 

If wildlife-associated recreation opportunities within the state 
decrease, some expenditures previously used for wildlife-assoc- 
ated recreation would be reallocated to other in-state activities; 
but some may be spent in other states, representing a loss to the 
economy. The wildlife-expenditure coefficient (S) is the percent- 
age of spending lost to the state’s economy because of reduced 
wildlife-associated recreation opportunities. For North Dakota, 
the expenditure coefficient value is 0.42, which means 42% of 
North Dakota recreationists would pursue their recreation activi- 
ties in other states if they were not available in North Dakota. 
Combining these factors into the equation, the direct economic 
impact of reduced wildlife-associated recreation due to leafy 
spurge infestations on post-CRP vegetative cover was estimated 
to be about $283,@30 (Table 1). 

An infestation will change the composition of vegetation on 
CRP, which may reduce the soil and water conservation benefits. 
No research or case study data describing a functional relation- 
ship between leafy spurge and water runoff and soil erosion exist, 
so an assumption was made by others (Leistritz et al. 1993) to 
quantify the overall effect. A leafy spurge monoculture would 
conservatively reduce the soil and water conservation benefits of 
past-CRP vegetative cover by 25% (L&t&z et al. 1993). 

Direct economic impacts from changes in post-CRP soil and 
water conservation benefits are the changes in defensive expendi- 

loo tures to mitigate damages from water nmoff and soil erosion. An 
increase in the amount of water treatment, for example, repro- 

90 sents the cost of decreased water quality. Based on a USDA study 

80 by Ribaudo (1989), the annual emsion control benefits of CRP 
e land were estimated to be $14.50 tw hectare in the Northern 

Plains region in 1990 (Leistritz et al. 1993). Applying the 
assumed 25% reduction in CRP erosion control benefits due to 
leafy spurge infestations to the $14.50 ha-’ value gives an esti- 
mate of $3.63 per ha-’ reduction in soil and water conservation 
benefits. Multiplying the $3.63 ha-’ reduction in benefits by 
16,800 ha (4.2% of 400,000 ha) of leafy spurge-infested post- 
CRP resulted in about $68,L?OO in annual damages when adjusted 
to 1994 dollars (Table 1). 

Total direct impacts of leafy spurge on post-CRP land remain- 
ing in vegetative cover are the sum of (1) the reduced wildlife- 
associated recreation expenditures ($283,ooO) and (2) the lost soil 
and water conservation benefits ($68.000). The total direct 

LeaysrxrpcWrn(%) impacts of leafy spurge infestations on post-CRP land in vegeta- 

Shadingalong*ehm~‘mindi~~~whhthe-mcd~~~b 
tive cover are about $351,ooO annually (Table 1). The impacts 
were about $2 1.15 ha? infested or about $0.88 ha” if averaged 
across the 400,000 ha of post-CRP vegetative cover. 

Fig. 1. Estimates of reduced wildland habitat value caused by vari- 
ous lea& spurge infestation rates. Source: L&t&z et al. (1993). 
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Economic Impact of Grazing Post-CRP Land 

Because leafy spurge spreads easily in untilled land, post-CRP 
land used for grazing domestic livestock can facilitate the expan- 
sion of leafy spurge in North Dakota. Because cattle avoid gnu- 
ing leafy spurge, direct economic impacts of leafy spurge infesta- 
tions affect North Dakota’s grazing industry, specitically ranch- 
ers, landowners, businessess supplying livestock production 
inputs, and communities that rely on ranching as an economic 
base. Direct impacts are the sum of (1) the value of lost forage 
resulting from reduced grazing land output and (2) foregone sales 
of livestock production inputs associated with herd reductions. 
Reduced carrying capacity also lowers grazing land values, ape- 
cially in the absence of alternative uses. 

VaIueoflostforage 
To estimate the value of lost grazing on land once in CRP, the 

amount of forage lost due to a leafy spurge infestation must be 
estimated. 

The value of forage, which was $18.33 AUM-’ in 1994, was 
estimated using average grazing land rental rates ($/ha) and car- 
rying capacities (AUMslha) for grazing land in each North 
Dakota county. Following the method of Thompson (Leitch et al. 
1994). the value of forage was used to estimate the potential 
reduction in stock growers’ net incomes resulting fmm reduced 
forage output in infested post-CRP used for grazing land. We 
assumed neither demand nor supply of forage or livestock were 
effected by these changes. 

Carrying capachy reduction model 
A carrying capacity reduction model (CCRM) developed by 

Thompson @itch et al. 1994) was used to estimate the amount 
of lost forage from leafy spurge infestations. Leafy spurge 
reduces carrying capacity in 2 ways: (1) forage production is 
reduced due to competition horn leafy spurge and (2) additional 
useful forage is lost because cattle partially or totally avoid 
infested sites. Tbe CCRM estimates the potential carrying capaci- 
ty (AUMslha) for leafy spurge infested grazingland and is 
approximated by the function: 
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RCC = CC * [l -(I.25 * PVlOO)] 

where 
RCC = reduced carrying capacity (AUMs/ba), 
CC = normal carrying capacity (AUMs/ha), and 
PI = percent of infestation in post-CRP land used as 

grazing. 

A leafy spurge infestation covering 80% or more of a pasture 
would reduce its forage output to 0 from a range management 
standpoint (Fig. 2). 

Economic impact of reduced grazing 
The 40X03 ha of post-CRP grazing land would produce about 

478,CCO AUMs of forage based on an estimate of average carrying 
capacity (1.21 AUMs ha-‘) for Noah Dakota. If the percent of leafy 
spurge infestation was 4.2% (about 16,800 of 400,000 grazing ha), 
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Table 2. Combined (direct plus secondary) economic impacts of leafy spurge on post-CRP land in North Dakota. 

Business sector Grazing 

Post-CRP Land Use 
Permanent Cover 

Wildlife Soil & water Totals 
associated conservation 

benefits benefits 

Ag. livestock 154,000 
Ag. crops 449,c!Oo 
Nonmetal mining ~,~ 
Construction 83,ooo 
Transportation 38,000 
Communication, public utilities 117,ooo 
Ag. processing, misc. manufacturing 126,ooo 
Retail trade 931,ooo 
Finance, insurance, real estate 205,ooo 
Business, personal service 79,000 
Households 80,000 
Government 1,222,ooo 
Coal Mining 107,aoo 
Electrical generation 0 
Petroleum exploration, extraction 0 
Petroleum refining 0 
Recreation, tourism 0 

__________ (&,llm) ___.._.______ 

22,000 
54,ooa 

Loot’ 
15,ooo 
4,m 

25,ooo 
143,ooo 
121,ooo 

30,ooo 
16,ooo 
13,000 

191,ooo 
20,ooo 

0 
0 
0 

283,000 

l,CQO 177,000 
21,ooo 524,000 

0 7,ooo 
w33 100,CQO 

0 42,000 
2mo 144,000 
3@30 272,ooO 

16,000 1,068,OOO 
3,ot-Jo 238,000 
Loo0 96,000 
l,ooO 94,ooo 

19,ooo 1,423,OOO 
50,oGO 177,000 

0 0 
0 0 
0 0 
0 283,ooo 

Total 3,597,ooo 938,000 120,ooo 4,655,OOO 
Secondary FTE Jobs 43 10 4 57 

the reduction in forage output would be over 21,OOU AUMs. 
Direct impacts of leafy spurge on land once in CRP, but con- 

verted to grazing land, include foregone income from reduced 
grazing capacity and reduced livestock production expenditures. 
The value of lost grazing capacity was estimated by multiplying 
the value of lost grazing ($18.33 AUM-‘) by the number of 
AUMs of lost forage (21,000 AUMs). The result, about 
$385,000, represented the direct economic impact of leafy spurge 
on ranchers and landowners from lost grazing capacity on the l/3 
of post-CRP land assumed to be used as grazing land. The 
amount of forage lost to leafy spurge infestations in post-CRP 
grazing land would support a herd of 2,100 cows, requiring about 
$733,000 in annual production expenditures. 

ing chemical costs for leafy spurge control were assumed. 
Therefore, the economic impact of leafy spurge infestation on 
post-CRP land returned to cropland is negligible compared to the 
other alternative land uses. 

Combined Impacts of Leafy Spurge Infestations 

Potential total direct impacts can be summed from (1) the value 
of forage lost by ranchers and landowners ($385,000) and (2) 
decreased livestock production and outlays (a lost opportunity) 
associated with lost grazing capacity ($733,000). The estimated 
potential direct impacts of leafy spurge infestations in post-CRP 
grazing land were about $1.118 million (Table 1). The impacts 
were about $66.55 ha-’ infested or about $2.80 ha-’ if averaged 
across the 400,000 ha of post-CRP land assumed to become graz- 
ing land. 

The majority of the impacts (direct plus secondary) of reduced 
wildlife-associated expenditures affected the recreation and 
tourism, household, manufacturing, and retail sectors of the 
state’s economy. The impacts of reduced soil and water conserva- 
tion mainly affected the government, agricultural crops, and 
household sectors of the economy. The impacts were estimated 
using the North Dakota Input-Output Model, a closed model with 
respect to households (Coon et al. 1990). Total combined impacts 
for post-CRP vegetative cover were just over $1 million annually. 
The reduction in business activity could have supported about 14 
full-time equivalent (FTE) jobs in the state’s economy (Table 2). 

Returning Land Once in CRP to Cropland 

The impacts of reduced grazing capacity on the state’s economy 
affected the household, retail, and agricultural crops sectors. The 
potential direct plus secondary impacts for post-CRP grazing land 
is about $3.6 million annually. The reduction in business activity 
would support about 43 FTE jobs in the state’s economy (Table 2). 

Leafy spurge in cultivated land occurs most frequently where 
infested land has been recently broken for crop production. Roots 
scattered by cultivation produce new plants in addition to those 
established by seeds. However, leafy spurge can be suppressed 
with a combination of “low-till” farming practices and chemical 
applications (personal commun., Russell J. Lorenz, soil scientist, 
Mandan, N.D., 1995). Although 1 or 2 growing seasons may 
require more intensive pesticide applications, no additional ongo- 

Conclusions 

Leafy spurge is present on CRP land in North Dakota. 
Considering the potential of leafy spurge to spread in untilled 
lands like CRP, individual producers and the state’s economy 
face potential adverse economic impacts if the problem is not 
adequately addressed before or when CRP contracts expire. 

The potential economic impact estimate was based on previous 
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Economic Impact of LeafySpurge 

1 on Alternative P;tZRP Land Uses 

1 Leafy Spurge Infestations 1 

Direct Impacts 
l Reduced personal 

Income 
s4es.oea 

l Lost Cash Outlaw 
due to reduced 
livestock 
s133,ow 

Total Direct Impacti 
S1.11Smillion 

Direct Impacts 
l Reduced wildlife arsoclated 

recreation 
S2S3,ooS 

l Reduced roll &water 
conrewatlon 

ToEEect Impacts 
S.Wl.WS 

, 

1 

I 
Direct 8 Secondary 
Economic Impacts 

$3.597 million 

I 
Direct 8 Secondary 
Economic Impacts 

$1 .O!% million 

I/ 
Total Direct 8 Secondary 
Annual Economic Impacts 

$4.665 million 

Fig. 3. Economic impact of leafy spurge on alternative post-CRP land uses. 

Direct Impacts 
l Negllglble 

l&wlm sol 

grazing and wildland studies. Results indicate leafy spurge has 
the largest direct impact on livestock producers, but infestations 
would also impact other groups like water users, hunters, and out- 
door recreationists. The direct economic impacts, about $1.469 
million annually, result in secondary impacts to other sectors of 
North Dakota’s economy. Direct plus secondary impacts of leafy 
spurge infestations on alternative post-CRP land uses total about 
$4.655 million annually, could support 57 FTE jobs in the state’s 
economy (Fig. 3). 

The results of this analysis are sensitive to the following condi- 
tions: 

l A leafy spurge monoculture exists on infested post-CRP grazing 
land and on land maintained in vegetative cover. 

l All land once in CRP, but used as grazing land, is grazed at full 
potential; and none is idle. 

l The biophysical relationships used in this study are plausible 
approximations of actual conditions. 

l Values used for the species/land coefficient, the wildlife 
expenditure coefficient, and in the cattle budget are appropri- 
ate for broad policy analysis. 

This study is sensitive to its assumptions, models, and parameter 
values. If others are used, the results will be somewhat different, 
but the policy implications should hold. 

Implications 

Implications for both policymakers and scientists can be drawn 
from this estimate of the economic impacts of leafy spurge on land 
formerly in CRP. First, policymakers should consider the negative 
consequences of programs similar to the CRP and develop and 
enforce provisions to deal with them. If CRP land facilitates the 
spread of leafy spurge, the benefits of the program have been 
overstated. Second, economists depend heavily on inputs from 
others to accurately assess impacts. Scientists and policymakers 
alerted to the information shortcomings in the impact estimation 
process may be encouraged to refine the components of the eco- 
nomic impact models. Additional information that would help 
refine the impact estimate includes: 

l more precise inventories of leafy spurge infestations, 
l a better model of the biophysical relationships between leafy 

spurge infestations and soil erosion caused by surface water 
runoff, and 

l a better model of the biophysical relationships between leafy 
spurge and wildlife habitat functions. 

This additional knowledge would sharpen the statewide economic 
impact estimate and may allow for estimates at sub-state levels. 

The potential overstatement or understatement of economic 
impacts is of concern because: 
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l Actual ha for each alternative post-CRP land use are unknown 
(e.g., how many hectares of CRP will be returned to cropland 
or converted to grazing land after the program ends). 

l The study assumes post-CRP grazing lands are grazed at full 
capacity. If used at less than full capacity, impacts to the graz- 
ing industry would be overstated. 

l Leafy spurge may provide some conservation benefits on lands 
maintained as vegetative cover, which, if not accounted for in 
the analysis, would overstate adverse impacts. 

Nevertheless, considering the past and potential future expan- 
sion rates of leafy spurge in North Dakota, continued attention to 
the threat from invasive. noxious weeds is warranted. 

Literature Cited 

Alley, Harold P. and Calvin G. Messersmith. 1985. Chemical control of 
leafy spurge, p. 57-64. In: A.K. Watson (ed.), Leafy Spurge. Weed Sci. 
Sot. of Amer., Champaign, Ill. 

Bangsund, Dean A. and F. Larry Leistritz. 1991. Economic impact of 
leafy spurge in Montana, South Dakota, and Wyoming. Agr. Econ. Rep. 
275. Agr. Exp. Sta., N.D. State Univ., Fargo, N.D. 

Bangsund, Dean A., Jay A. Leitch, and F. Larry Leistritz. 1996. 
Economics of herbicide control of leafy spurge (Euphoribu esulu L.). J. 
of Agr. and Resource Econ. 2 1(2):38 l-395. 

Council for Agricultural Science and Technology. 1995. The 
Conservation Reserve: A survey of research and interest groups. Spec. 
Pub. No. 119. CAST, Ames, Iowa. 

Coon, Randal C., Theresa K. Golz, and Jay A. Leitch. 1990. 
Expanding the North Dakota Input-Output Model to include recreation 
and tourism. Agr. Econ. Rep. 225. Agr. Exp. Sta., N.D. State Univ., 
Fargo, N.D. 

Derscheid, Lyle A., Leon J. Wrage, and W.E. Arnold. 1985. Cultural 
control of leafy spurge, p. 57-64. In: A.K. Watson (ed.), Leafy spurge. 
Weed Sci. Sot. of Amer., Champaign, Ill. 

Fox, Dean, Don Kirby, Rodney G. Lym, Joel Caton, and Kelly 
Krabenhoft. 1991. Chemical composition of leafy spurge and alfalfa. 
N.D. Farm Res. 48(6):7-g. 

Hanson, Thomas P. 1994. Leafy spurge control, using angora goats. M.S. 
thesis, N.D. State Univ., Fargo, N.D. 

Leistritz, F.L., Dean A. Bangsund, Nancy M. Wallace, and Jay A. 
Leitch. 1993. Economic impact of leafy spurge on grazing land and 
wildland in North Dakota. Great Plains Res. 3( 1):21-37. 

Leitch, Jay A. 1978. A Model to estimate the changes in sportsmen 
expenditures due to land use changes in a five county area of North 
Dakota. Agr. Econ. Paper 78003. Dept. Agr. &on., N.D. State Univ., 
Fargo, N.D. 

Leitch, Jay A., F. Larry Leistritz, and Dean A. Bangsund. 1994. 
Economic effect of leafy spurge in the upper Great Plains: methods, 
models, and results. Agr. Econ. Rep. 316. Agr. Exp. Sta., N.D. State 
Univ., Fargo, N.D. 

Lym, Rodney G., Calvin G. Messersmith, and Richard Zollinger. 
1993. Leafy spurge, identification and control. Ext. Ser. Rep. W-765 
(Rev.). N.D. State Univ., Fargo, N.D. 

Messersmith, Calvin G. and Rodney G. Lym. 1990. Leafy spurge con- 
trol: 10 years of research enhancement. N.D. Farm Res. 47(6):3-6. 

Ribaudo, Marc 0. 1989. Water quality benefits from the Conservation 
Reserve Program. Agr. Econ. Rep. 606, Resources and Technology 
Div., Econ. Res. Ser. U.S. Dept. Agr., Washington, D.C. 

U.S. General Accounting O&e. 1995. Conservation Reserve Program: 
Alternatives are available for managing environmentally sensitive crop- 
land. GAO/RECD-95-42, Rep. to the Committee on Agr., Nutr. and 
Forest., U.S. Senate, Washington, D.C. 

Wallace, Nancy. 1991. Economic impact of leafy spurge on North 
Dakota wildland. M.S. thesis, N.D. State Univ., Fargo, N.D. 

JOURNAL OF RANGE MANAGEMENT 51(6), November 1996 



J. Range Manage. 
51:621-624 

Grassland fire effects on barbed wire 

D.M. ENGLE, J.R. WEIR, D.L. GAY, AND B.P. DUGAN 

Authors are professor, experiment station superintendent, and former agriculttuist, respectively. Plant and Soil Sciences, Oklahoma State 
University, Stillwater, Okla. 74078, and technical service manager, Zinc Corp. of America, Monaca, Penn., 15061. 

Abstract 

Fiie and its effects on rangeland plants, animals, soils, habitats, 
and watersheds has been studied extensively. Few studies have 
been devoted to fire effects on rangeland developments and no 
studies to our knowledge have been done on the effects of fire on 
barbed wire. From fire records and a known fence age at the 
Cross Timbers Experimental Range near Stillwater, Okla., we 
were able to determine the effect of varying fire frequencies on 
the breaking strength and zinc coating of traditional Z-point, 
double-stranded barbed wire. Samples from 4 burning frequency 
treatments, 8 locations each, of either 4 or S-wire fencing were 
collected and stripped of their zinc coating for mass determina- 
tion. Weight of zinc coating remaining on the wire was deter- 
mined after being subjected to OX, 1X, 2X, or 6X burn treat- 
ments over a 14-year period. A subset of 4 wires from 1X, 2X, 
and 6X burn treatments was tested for breaking strength. 
Photomicrographs and coating thickness measurements were 
also taken on samples from 1X, 2X, and 6X bum treatments. All 
tests were compared with unused wire of the same lot that had 
been in storage since fence installation. For the 6X burn treat- 
ment, breaking strength of 5,160 Newtons (N) and zinc coating 
thickness of 18.5 urn were equivalent to unused wire breaking 
strength and zinc coating (5,160 N, 16.6 pm respectively). It 
appeared that repeated fires did not adversely affect the corro- 
sion resistance or breaking strength, and therefore service life of 
relatively new barbed wire fence. 

Key Words: range developments, fence, fencing, fire effects 

The effects of fire on rangelands have been studied extensively. 
The results of numerous studies are available from throughout 
North America and elsewhere on the response to fire of plants, 
animals, soils, habitats, and watersheds. Still, few studies have 
been published on the effects of fire on rangeland developments. 
Fencing is a rangeland development exposed to fire for which lit- 
tle is known except for the effects of fire on preservative-treated 
wood fence posts (e.g., McCarthy et al. 1972, Evans et al. 1994). 

Most rangeland fence is constructed of 2-point or 4-point, dou- 
ble-stranded, zinc-coated barbed wire that is labeled and market- 
ed according to quality standards specified by the American 
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Steel, L.P. of Pueblo, Colorado for testing wire for breaking strength. 
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Society for Testing and Materials (ASTM 1995a). The American 
Society for Testing and Materials has published 12 and 20 year 
long-term studies of the effects of various environments and cli- 
mates on barbed wire (Reinhart 1961, Kelly 1975), but not the 
effects of fire on barbed wire. No formal studies to our knowledge 
have been conducted previously on rangeland fire effects on wire. 
A common perception is that fire, either by reducing the strength 
or by removing the corrosion-resistant zinc coating, reduces the 
life of wire. Because we had records of fence materials and fire 
events on the Cross Timbers Experimental Range (CTER) west of 
Stillwater, Okla., we were provided the opportunity to investigate 
the effect of grassland fire on barbed wire in the same manner as 
other long-term environmental effects studies. Specifically, we 
determined the influence of varying fire frequencies on both the 
breaking strength and zinc coating on wire. 

Methods and Materials 

We collected 60-cm sections of 12 l/2-guage, 2-point, double- 
stranded barbed wire manufactured by CF&I Steel Company, 
Pueblo, Colo. (Table 1). Wire age was about 14 years. Wire sam- 
ples were collected in September 1996 from 32 locations on 
CTER of fence constructed in late 1982 and early 1983. We col- 
lected a sample of each wire from 4 and 5-wire fences and 
recorded the wire number (with the top wire noted as number 1) 
and the distance of the wire from the ground. Four additional 
wire samples were obtained from each of 3 stored, unused rolls of 
the same lot of wire. 

Treatments were unused wire, and wire from fences subjected 
to 0, 1, 2, and 6 bums (unused, OX, 1X, 2X, and 6X respectively) 
(Table 1). Fences subjected to fire were located in tallgrass 
prairie fuels and burned in the late dormant season (February to 
early April). The 1X treatment was a wildfire and the first fire of 
the 2X treatment was a wildfire. All other tires were prescribed 
tires. Each fire crossed the fence after the grass fuel was ignited 
at least 3 m from the fence. Fire behavior and fuel loading were 
not measured, but fuel loading and fire behavior in these grazed 
pastures were comparable to fires on nearby tallgrass prairies 
burned in the late dormant season (Bidwell and Engle 1992). 

We subjected the wire to 2 standard quality tests for newly 
manufactured wire according to ASTM A 12 1-92a (ASTM 
1995a). A 30-cm subset (4 wires each of unused, 1X, 2X, and 
6X) of the samples was tested as double-stranded wire for break- 
ing strength by the Quality Assurance and Technical Services 
laboratory of the Wire Mill, CF&I Steel, L.P. in Pueblo, Colo. 
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Table 1. Samples taken in September 1996 from fence constructed in 
1982 and 1983 on the Cross Timbers Experimental Range near 
Stillwater, Okla. for testing breaking strength and zinc coating. 

Sample I.D.’ 

unused2 
ox 
1X 

2x 
6X 

Number of tires Years of fires 

0 __ 
0 __ 

1 1996 
2 1991, 1996 
6 1985, 1986, 1987 

1990, 1993, 1996 

‘Samples from 2 independent fence locations. 
%Jnused wire was uninstalled wire in storage since fence installation, and OX refers to 
wire. installed and in use but never subjected to fire 

We separated the double-stranded wire and tested single strands 
of wire (unused, OX, 1X, 2X, and 6X) with barbs removed for 
mass of zinc coating following the procedure outlined in ASTM 
A 90/A 90M-93 (ASTM 1995a). Zinc coating was determined as 
the difference in mass of single-strand sections before and after 
zinc was removed in a bath of hydrochloric acid. 

Several outlier samples with higher than normal zinc coating 
values appeared in all but the 6X fire treatment. We removed any 
sample value which was greater than 180 g m-2, roughly twice the 
ASTM standard. Our justification was that some of these samples 
might represent Class III wire, which in contrast to our Class I 
wire, has a minimum ASTM standard zinc coating of 245 g m-2. 
When wire was purchased for CTER, > 145 km of barbed wire 
strands were installed. It is possible that in order for the company 
to fill our Class I wire order, it was necessary to add some Class 
III wire in the shipment. It is also a common practice with wire 

200 

N- 150 
E 

3 100 

is 

q 50 

0 

OX Burn 

- - ASTM 

0 50 100 150 

200 r 
2X Burn 

- -- 150 0 
E 

2 100 - 

is 
__.___ 

q 50. 0 

01 . I 1 

0 50 100 150 

HEIGHT (cm) 

Table 2. Breaking strength of double-stranded, 2-point barbed wire COI- 
lected on the Cross Timbers Experimental Range near Stillwater, 
Okla. subjected to different grassland fire treatments (n = 4; values in 
parentheses are standard errors). 

Number of fires Breaking strength 

(N 
unused 5160 (13)l 

1 5030 (71) 
2 4980 (116) 
6 5160 (31) 

‘Means of wire did not differ (P = 0.21) in breaking strength. ASTM minimum standard 
for breaking strength of new, Class 1 wire is 4230 N 

manufacturers as a whole, to sell any wire that falls below the 
Class III minimum standards as Class I wire (R. Davison, 
Keystone Steel & Wire Co., Peoria, Ill., personal communica- 
tion). This may explain several high values near the Class III 
standard while the majority were near the Class I standard. 

To determine the effects of fire on alloying, we characterized 
the coating structure of unused wire with wire subjected to fire 
(i.e., 2 rolls of unused wire and the bottom 2 wires from 1X, 2X, 
and 6X bum treatments). The double-stranded wires were seperat- 
ed and each single strand sample was cut, mounted, and polished 
for metallographic examination of the coating cross section as out- 
lined in ASTM E 3-95 (ASTM 1995b). Two photomicrographs, 
one of the thinnest and one of the thickest coated area were taken 
of each wire. All photomicrographs were at a magnification of 
500X. Optical coating thickness was measured using a calibrated 
eyepiece on a microscope. Average thickness was determined 
from IO locations around the circumference of each sample. 
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Fig. 1. Zinc coating remaining on double-stranded, 2-point barbed wire collected on the Cross Timbers Experimental Range near Stillwater, 
Okra. subjected to different grassland fire treatments. Horizontal dashed line is the ASTM standard for Class 1 wire (85 g III-~ ). Equation 
for the 2X fitted curve is, y = 42.16 + 1.56x-0.01x2. 
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Strength data were subjected to analysis of variance with tire 
treatment (i.e., unused and number of fires [1X, 2X, and 6X]) 
arranged as a completely randomized design. The null hypothesis 
was that win from fences subjected to different fire treatments on 
CTER did not differ in breaking strength. Zinc coating data were. 
subjected to analysis of variance with wire height nested witbin 
tire treatment (i.e., number of tires) ammged as a completely mn- 
domized design. Tbe null hypothesis was that wire from fences 
subjected to different fire treatments on CTER did not differ in 
mass of zinc coating from wire in the OX tire treatment. In the 
presence of a significant interaction of fire treatment and wire 
height on zinc coating, we used polynomials in multiple rcgres- 
sion as a means to model zinc coating in response to height of 
wire above the ground within the 1X, 2X, and 6X tire treatments. 
These models were used to test the null hypothesis that height 
within and above the flames had no influence on mass of zinc 
coating. Optical coating thickness data were also subjected to 
analysis of variance with fire treatment (i.e., number of fires) 
arranged as a completely randomized design. The null hypothesis 
was that wire from fences subjected to different tire treatments on 
CTER did not differ in optical coating thickness. In the presence 
of a significant F-test (P 5 0.05). means were scparatcd by LSD 
at the 0.05 level. 

Results and Discussion 

Wire subjected to 1,2, or 6 bums had no difference in braking 
strength (P = 0.21) than unused wire (Table 2). In addition. 
breaking strength of wire subjected to all fire treatments was 
greater than the minimum standard for Class I wire of 4,230 N 
(ASTM 1995a). These results indicated that repeated grassland 
fire has no influence cm wire breaking strength. 

For zinc coating, fire treatment interacted (P -z 0.0001) with 
height of wire, so we attempted to tit polynomial regressions of 
zinc coating as a function of height of wire (Fig. 1). The only sig- 
nificant model among the 1X, 2X, and 6X fire trcatmcnts was for 
the 2X treatment. Figure 1 suggests the zinc coating on tbc 
barbed wire not exposed to fire (OX) may corrode more quickly 
than wire that has been subjected to periodic tire. Zinc coating on 
wire from unburned fences ranged from 53 to 159 g m-2 with 
most samples across heights below the ASTM standard of 85 g 
m-2 More sample points lie above tbe ASTM standard with tire 
applied than without. Only 3 of 32 samples of wire subjected to 6 
tires tested below the ASTM standard. 

Figure 2a represents a photomicmgraph of various iron-zinc 
alloy layers possible in a hot dip galvanized coating. Not all hot 
dip galvanized coatings contain all the layers shown. nor do the 
layers exist necessarily in these relative proportions. Coating 

Fig. 2. Photomicrograpbs (500X) of a) the variws kwn4oe alloy byem possible ia a hot dip galwnipal folltiag, b) thinnest s&too of wire 
burned 6 times, c) thickest section of wire burned 6 times, and a) unused wire. 
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Table 3. Average optical coating thickness of single strands of barbed different effect. However. there is no reason to believe that older 
wire collected on the Cross Timbers Experimental Range near 
Stillwater, Okla. subjected to different fire treatments (n = 20; values 

wire with intact zinc coating, even though of less mass than 

in parentheses are standard errors). 
younger wire, would be more adversely affected by fire than wire 
with more zinc coating. 

Number of tires 

unused 

Optical coating thickness 
(pm) 

16.6 (0.5)al 
Literature Cited 

1 24.7 (3.7)bc 
2 28.7 (2.3)~ 
6 18.5 (1.4)ab 

‘Values with different letters are different at P = 0.001. 

thickness and structure are influenced by a number of factors 
including steel chemistry and galvanizing process variables. 
Samples from wire subjected to the 6X fire treatment (Fig. 2b and 
2c) exhibited a microstructure of a blocky delta layer overlaying 
the steel substrate covered by a columnar growth of zeta crystals. 
These iron-zinc intermetallic layers were covered by a layer of 
pure zinc. The coating microstructure for the unused wire (Fig. 
2d) exhibited a full-alloy development with only a very thin layer 
of pure zinc on the outer surface. This examination suggested that 
the zinc coating is unchanged in spite of being subjected to 6 
fires. All samples exhibited good adherence of the zinc coating to 
the steel substrate, indicating fire did not adversely affect the 
metallurgical bond of the galvanized coating. 

As is commonly observed in wire from burned rangelands, 
some of the wires exhibited staining or discoloration of the galva- 
nized surface. This should not be interpreted as coating failure. 
As shown in Figure 2a, the galvanized coating consists of a series 
of iron-zinc alloy layers covered by a layer of pure zinc. The 
alloy layers contain varying amounts of iron depending on their 
structure. Normal environmental exposure of the galvanized 
product will cause corrosion of the pure zinc layer, thereby 
exposing the underlying iron-zinc alloy layers. These iron-con- 
taining layers can stain, which can be interpreted erroneously as 
coating failure. Red rust indicates total coating failure and corro- 
sion of the underlying steel. The discoloration we noted occured 
in the iron-zinc intermetallic layers within the coating. 

Optical coating thickness varied, but most fire treatments had 
greater thickness than unused wire (Table 3). The variation in coat- 
ing thickness observed around the circumference of these wires is 
typical for galvanized wire products. Galvanized wire is produced 
in a continuous manner whereby the individual wire strands are 
pulled through the processing line. As the freshly galvanized strand 
exits the molten zinc bath, the zinc flows to the underside of the 
wire resulting in a “drip line.” Most galvanized wire exhibits this 
accumulation of zinc on the underside of the product. 

Conclusions 

Grass fires did not adversely affect the breaking strength or 
zinc coating of Class one 12 l/2 gauge barbed wire under the 
field conditions of this study. We conclude that subjecting zinc- 
coated barbed wire to grassland fire will not reduce its service life 
or its corrosion resistance. 

The effect of fire on wire older than the wire of this study is not 
known. Because normal environmental exposure causes corrosion 
of the zinc layer, thereby exposing the underlying iron-zinc alloy 
layers and eventually the steel, heating of older wire may have a 
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Abstract 

Changing social values and advances in ecological knowledge 
determine native seed policy for revegetating range and forest 
lands. Natural resource managers are shifting from seeding intro 
duced species for their widespread adaptability to reestablishing 
native species in order to maintain or restore the genetic and eco- 
logical integrity of native ecosystems. Addressing the problems of 
reestablishing native plants on a site-specific basis has been 
increasingly recognized as an integral part of ecosystem manage- 
ment of large landscapes. We review the formation and imple- 
mentation of native seed policy for fire rehabilitation and mining 
reclamation by the major federal land management agencies in 
the United States, the Department of Interior’s Bureau of Land 
Management (BLM) and the Department of Agriculture’s Forest 
Service. We then examine native seed policy implementation on 
specific land revegetation projects over the past 10 years for 4 
BLM districts in the state of Nevada. We conclude with an analy- 
sis of native seed policy in principle versus practice and suggest 
implications for future policy review and implementation. 

Key Words: fire rehabilitation, mine reclamation, seed mixtures, 
policy development and implementation 

Native seed policy for rangeland revegetation is based on 
changing social values and policy shifts as well as advances in 
ecological knowledge (Rbundy et al. 1995, Johnson 1986, 
Hoberg 1997). Early revegetation efforts throughout the western 
U.S. focused either on abandoned croplands or rangelands that 
had been severely degraded by livestock grazing. The primary 
objectives of these early efforts were watershed protection 
through soil stabilization and forage production. Much progress 
has been made in selecting adapted plant materials and develop- 
ing revegetation technology since these early seedings in the 
1930s. However, most revegetation projects since the 1950s have 
emphasized native cultivars or introduced grass species like crest- 
ed wheatgrass (Agropyron cristutum [L.] Gaertner) that have 
been selected or bred for adaptability to a wide range of site con- 
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ditions (Pellant and Monsen 1993). These species are often easy 
to establish even after major soil disturbances. In addition, they 
often compete successfully with the spread of invasive weeds and 
nonnative annual grasses and provide additional livestock forage 
(Sherrets 1987, Pellant and Monsen 1993, Lesica and DeLuca 
1996). While the importance of reestablishing native shrubs to 
improve wildlife habitat was recognized as early as the 1930s and 
written into various policies in the 1960s the low-cost availabili- 
ty and general adaptability of introduced grasses have maintained 
their popularity. Since 1984, supplemental, emergency tire reha- 
bilitation funds have been available to revegetate burned range- 
lands to control erosion after wildfire. The preeminent species of 
choice have been introduced grasses like crested wheatgrass 
(Lesica and DeLuca 1996). Seeding introduced grasses has result- 
ed in the widespread use of nonnative species on extensive areas 
of western range and forest lands and has discouraged the use of 
less easily established, more expensive, and less widely adapted 
species of native shrubs, grasses, and forbs (Pellant and Monsen 
1993, Lesica and DeLuca 1996). Because of their competitive 
nature, these introduced species are effectively preempting estab- 
lishment of native species on many of the sites on which they 
have been seeded (Chambers et al. 1994, Walker 1997). 

Since the 198Os, the widespread use of introduced species in 
revegetation projects has been debated both scientifically and 
politically. Many natural resource managers have gradually rec- 
ognized that while introduced species may be useful in those situ- 
ations where rapid establishment is desirable, native species are 
critical to maintaining and restoring the genetic and ecological 
integrity of western native ecosystems. With policy shifts in the 
last 30 years from commodity production to multiple uses, biodi- 
versity, and ecosystem management, federal land managers are 
having to address the scale-associated problems of reestablishing 
native plants not only on site-specific projects but as part of the 
management of large landscapes. Although tremendous strides 
have been made in developing the technology for using native 
plants to restore disturbed ecosystems, the lack of methods for 
many important species continues to restrict their use. Also, the 
requirements for using locally adapted seed sources and specific 
seeding techniques are often viewed as barriers to using native 
plants by land managers. 

Here, we review the formation and implementation of native 
seed policy for fire rehabilitation and mining reclamation projects 
of the major federal land management agencies in the United 
States, the Bureau of Land Management (BLM) and the Forest 
Service. We define native plants as naturally occurring species 
that evolved with or migrated naturally to a particular environ- 
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ment or region and that were not introduced directly or indirectly 
according to historical record or scientific analysis. Our review of 
the use of native plants on federal lands is based on interviews 
with agency personnel and analysis of existing statutes, formal 
policies, and rules and regulations. As a case study, we also 
examine native seed policy implementation on specific land 
revegetation projects over the past 10 years for 4 BLM districts in 
the state of Nevada. We conclude with an analysis of native seed 
policy in principle versus practice and suggest implications for 
future policy review and implementation. 

Introduced versus Native Species Use: Problem Definitions 
In recent years, resource managers have increasingly encoun- 

tered the question of when and where native plant material, pri- 
marily seed, should be used to revegetate, rehabilitate, restore, 
and/or reclaim’ natural ecosystems on public lands. Federal poli- 
cy on the use of native plant material on public lands has been 
shaped by the emerging social and scientific definitions of how 
best to revegetate disturbed ecosystems. Definitions of the reveg- 
etation problem have often revolved around the preservation of 
threatened or endangered plants and animals and their critical 
habitats, the control of introduced weeds, and the maintenance or 
restoration of native ecosystems in the context of range and forest 
landscapes. These problem definitions continue to be debated, 
and the statutory and rule-making mechanisms of legitimizing 
native plant policy definitions have only recently emerged. The 
statutory authorizations providing the management framework 
for seeding federal lands with native plant material have only 
appeared in the last 30 years, and field level native plant policies 
and manuals have only materialized in the last 5 years. 

The economic and ecological tradeoffs of native plant policy 
implementation have been even more controversial. Native plant 
policy has been implemented erratically on federal lands because 
of the shifting political power of different interest group con- 
stituencies supporting or opposing the use of native plant materi- 
als, the vaguely specified legislative statutes, the threat of legal 
challenges and statutory interpretation by the courts, and the dis- 
cretionary ability of managers to interpret existing policy statutes 
and rules. At the field level, agencies are constrained in policy 
implementation by both limited budgets and finite expertise. 
While the general policy framework governing the use of native 
and nonnative plant species is still emerging for the resource 
manager, effectively implementing specific management plans at 
the field level requires his or her understanding of the ongoing 
debate defining the revegetation problem and the policy tradeoffs 
associated with it. 

The Policy Framework Governing Native Plant Use 
The governing acts for native plant use on federal lands otigi- 

nate from Congress and are administered through the President. 
The President may issue executive orders expanding or constrain- 

‘In this paper, we are using these revegetation and related terms as follows: 
revegetate refers to the establishment of vegetation following land disturbance; 
rehabilitate refers to producing an alternative ecosystem that is consistent with 
existing land uses but that has a different structure and function from the original 
system. such as pastures and croplands; restore refers to the manipulation of natur- 
al processes of ecological succession to create self-organizing native ecosystems as 
they exist before land disturbance, and reclaim refers to creating ecosystems that 
are self-organizing and exhibit a high degree of similarity to the original or undis- 
turbed ecosystem but may include introduced species that respond like the organ- 
isms they replace (National Academy of Sciences 1974). 

ing Congressional Acts. Since the U.S. government is a federal 
system that relies on the relative autonomy of the nation and its 
separate states, Congress delegates its legislative authority to the 
federal and state agencies to interpret and enforce. The federal 
agencies make rules and regulations to follow Congress’ policy 
intents and purposes within the scope of the Administrative 
Procedure Act of 1946. Specific decisions on when and where to 
use native plants are made at the field office level of the agencies 
by following manual rules and policy direction. Because chal- 
lenges to federal or state legislative authority may be presented to 
the courts, field level revegetation decisions may be legally chal- 
lenged, particularly on procedural grounds based on the statutes 
and rules. While court challenges have not been common in the 
past, increasing public interest in preserving natural landscapes 
while living with larger ecological disturbances is increasing the 
likelihood that revegetation plans will be legally contested in the 
future. Thus, an effective resource manager can achieve revegeta- 
tion policy goals only by recognizing substantive policy direction 
and developing procedurally sound land management plans. 

Native Plant Policy for the Forest Service and BLM 
While many agencies may be involved in revegetation activi- 

ties, the primary responsibility for managing and revegetating 
federal range and forest land, excluding national parks, is gener- 
ally that of the 2 major land management agencies, the Forest 
Service and the BLM. Since the beginning of the National Forest 
system with the Organic Act of 1897, the Forest Service has been 
charged with conserving and protecting the timber and water- 
sheds of federal forests. The BLM public lands originated from 
those lands remaining in the General Land Office, which includ- 
ed the federal mineral leasing program, and the early Grazing 
Service (Clawson 1983). In historical terms, the Forest Service 
has been the nation’s fire manager and the BLM has been the fed- 
eral minerals and grazing supervisor (Loomis 1993). In reality, 
both agencies have fire, mining, and grazing related duties. To 
provide for wildlife species, the two agencies often share those 
resource management duties with the U.S. Fish and Wildlife 
Service (USFWS) and with state fish and game departments. 
These duties are often complex and interlocking and are central 
to understanding native plant policy and implementation at the 
field level. 

In the last 3 decades, various environmental acts have provided 
the basic policy framework dictating the use of native plant mate- 
rials in revegetating range and forest ecosystems on federal lands. 
The first major environmental laws affecting seeding activity on 
Forest Service and BLM lands were the Multiple Use Sustained 
Yield Act (MUSY) of 1960 and the Classification and Multiple 
Use Act (CMUA) of 1964 (which expired in 1970). MUSY and 
CMUA reflected Congress’ recognition of increasing public con- 
cern for environmental changes on Forest Service and BLM lands 
and mandated the agencies to manage not only for consumptive 
resource uses but for wildlife habitat and recreational purposes as 
well (Clawson 1983, Loomis 1993). These 2 statutes provided the 
first policy shift from planting better livestock forage, often in the 
form of crested wheatgrass, to revegetating critical wildlife habi- 
tat areas with native shrubs, forbs, and grasses. Special manage- 
ment provisions for multiple use in designated wilderness areas 
followed in the Wilderness Act of 1964, for the Forest Service 
and later in 1976 for the BLM, and generally strengthened the 
policy direction for revegetating federal lands with native species. 
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In 1969, Congress acknowledged the growing interest of the 
American public to participate directly in addressing environmen- 
tal issues by passing the National Environmental Policy Act 
(NEPA). NEPA not only directed all federal agencies to consider 
the environmental impacts of ecosystem disturbance but to initi- 
ate environmental assessments and public participation in miti- 
gating disturbance (Buck 1991). The degree to which NEPA pro- 
cedures are to be followed is authorized by the Council on 
Environmental Quality (CEQ) whose members are appointed by 
the President. NEPA not only provides statutory protection of 
natural ecosystems on federal lands but also offers the public the 
opportunity to consider the environmental implications of revege- 
tating federal landscapes with introduced versus native plants. 

The framework for planning how to manage for ecosystem dis- 
turbance on federal lands followed with the Forest and Rangeland 
Renewable Resources Planning Act (RPA) of 1974. The 2 main 
purposes of the RPA were to require federal agencies to conduct 
a national assessment of the demand and supply of natural 
resources on all lands in federal ownership and to develop a spe- 
cific program for management direction of national forests in par- 
ticular (Clawson 1983, Loomis 1993). This RPA planning man- 
date was followed in 1976 by the National Forest Management 
Act (NFMA) that required the Forest Service to submit individual 
national forest plans every 5 years. In the same year, the Federal 
Land Policy and Management Act (FLPMA) replaced the expired 
CUSA and specified how the BLM should respond to national 
RPA land assessment direction (Davis 1997a). Through FLMPA , 
the BLM was authorized to plan and manage for amenity and bio- 
diversity values, make BLM lands eligible for wilderness desig- 
nation, and control the extraction of locatable minerals on federal 
lands (Loomis 1993). 

Finally, the passage of the Endangered Species Act of 1973, 
which was amended in 1978, recognized the public’s interest in 
rare plants and animals and shifted responsibility for those 
species from state to federal control. In addition, the Endangered 
Species Act required all the federal agencies to conserve rare 
plants and animals at population levels that would remove them 
from danger of extinction and to restore their habitats. As the pri- 
mary caretaker of endangered wildlife species, the USFWS is the 
lead agency in administering the Endangered Species Act . Thus, 
revegetation efforts involving threatened or endangered plant or 
animal species on Forest Service or BLM lands are subject to 
USFWS oversight (Loomis 1993). 

Forest Service and BLM Policies for Fire Rehabilitation 
and Mine Reclamation 

In practice, native plant policy can best be understood in terms 
of not only the federal agency that administers it, but the purpos- 
es for which the policy was designed to serve. These purposes 
can range from riparian improvement to roadside stabilization. 
Here we focus on the 2 largest revegetation efforts, wildfire reha- 
bilitation and mining reclamation projects. Fire rehabilitation pro- 
jects are primarily aimed at immediate watershed protection with 
secondary goals of enhancing wildlife habitat, increasing forage 
production, and preventing the spread of invasive plant species. 
Because fire rehabilitation projects are generally designed to tem- 
porarily or permanently reestablish only a part of the general 
plant community, often the grass component, the long-term 
effects on ecosystem dynamics resulting from these watershed 
protection efforts are seldom considered. In contrast, mining 

reclamation projects aim to stabilize a disturbed site and establish a 
productive vegetative community based on the applicable land use 
plan and designated post-mining land uses. Usually, this means a 
native ecosystem capable of natural successional processes. 

Although both fire rehabilitation and mining reclamation pro- 
jects have been viewed as relatively small-scale, site-specific 
efforts, fire rehabilitation has become increasingly a landscape 
level problem because of the large number of acres burned in 
recent years (Pellant and Monsen 1993). For example, in Nevada 
alone, there were 5 years from 1951 to 1996 when over 40,468 ha 
of BLM land burned. Four of these years occurred between 1984 
and 1996, and the record year was 1996 when 314,488 ha burned 
(BLM fire statistics 1997, ~mpublished). 

Native Seed Policy in Fire Rehabilitation Projects 
Although the BLM and the Forest Service address the use of 

prescribed tire in resource management plans through FLMPA 
and NFMA, respectively, most fire rehabilitation projects result 
from wildfires and are uncertain events in the land management 
planning process. Because wildfires cause unpredictable environ- 
mental impacts, they are treated, although somewhat differently, 
as NEPA emergencies by both agencies. Since wildfires arguably 
cause the greatest ecosystem change on a large landscape scale 
for most western public lands, the supplemental funding restric- 
tions that limit native plant revegetation following wildfire have 
impacts far beyond their narrow intent only to protect watersheds 
from erosion. 

While the National Forest Management Act, as reinforced by 
Title 36 of the Federal Code, directs the Forest Service to con- 
serve biological diversity including “endemics and desirable nat- 
uralized plant and animal species,” emergency fire funding 
restrictions dictate reseeding for watershed protection and “pro- 
tection of life and property” and do not allow for wildlife habitat 
improvement or other ecosystem functions. Where emergency 
watershed conditions follow a wildfire and threaten life, property, 
and other downstream values, a multidisciplinary team of the 
Forest Service develops Burned Area Emergency Rehabilitation 
(BAER) plans within 3 days after the fire has been declared con- 
trolled. The team develops a series of alternative actions, one of 
which is recommended by the team for the BAER lead forest 
supervisor’s approval. Funding for the BAER evaluation and 
implementation is provided by emergency fire suppression funds. 
In contrast, long-term Forest Service fire recovery projects are 
planned and executed by the national forest resource staff and 
funded from annual operating budgets. In both short and long- 
term fire recovery efforts, Forest Service manual policies, partic- 
ularly those formally developed in the Pacific Northwest, Pacific 
Southwest, and Northern Regions, encourage the use of native 
seed where it is feasible, practical, and affordable. 

Historically, the Forest Service has not sought NEPA oversight 
from the CEQ since significant environmental impacts resulting 
from wildfire rehabilitation actions have been viewed by the 
agency as emergency actions. However, because of the intensive 
treatments (e.g., contour trenching) that were recommended for 
watershed protection following the Boise National Forest fires of 
1996, the Forest Service is currently classifying BAER treatments 
as those that will be either exempt or nonexempt from CEQ 
approval in the future. These treatment classifications will then be 
considered in future national forest plan revisions under NFMA. 

In contrast to the Forest Service, the BLM develops an 
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Emergency Management Rehabilitation (EMR) plan for each 
major wildfire as a NEPA environmental assessment on a particu- 
lar resource area. Each EMR plan includes various fire rehabilita- 
tion treatment actions. An interdisciplinary BLM team recom- 
mends a particular action alternative to the area manager who in 
turn issues a decision memo prescribing the chosen alternative. 
For policy guidance on EMR decision memos, BLM area man- 
agers rely on FLMPA and an Executive Order from President 
Jimmy Carter in 1977 that mandates the Secretary of the Interior, 
in consultation with the Secretary of Agriculture, to restrict intro- 
duced species and encourage the use of native species. Because 
of FLMPA, the BLM is directed to reseed burned areas with 
species that will produce wildlife habitat as well as control soil 
erosion. These species should include native plants, particularly 
shrubs. The Presidential order primarily guides the BLM national 
rules set forth in Manual 1745 (1992) that require the site-specific 
evaluation of the use of nonnative plants in all activity plans, 
including both normal and emergency fire rehabilitation projects, 
and site-specific environmental assessments unless waived by the 
state BLM director. This evaluation is also guided by BLM 
Manual 1742 (1985) that describes fire rehabilitation procedures. 
The California state BLM office has recently reinforced national 
BLM directives with a 1996 state policy that not only requires the 
evaluation of the use of nonnative species but “strongly pro- 
motes”’ the use of native plants and the “preservation of local 
adaptation” in the native gene pool. Similarly, state BLM policy 
in Idaho has encouraged the use of native plants in fire rehabilita- 
tion projects since 1995. 

Native Seed Policy in Mining Reclamation Projects 
Although mining reclamation projects do not typically involve 

as many acres as fire rehabilitation efforts, current mining explo- 
ration and extraction methods result in much larger reclamation 
projects than in the past. In addition, reclamation projects involve 
more complex agency jurisdiction than fire rehabilitation efforts 
since both state and federal laws may apply. Prior to 1873, all 
valuable minerals could be located under the Mining Law of 
1872. In 1873, a separate surface mining system was established 
by Congress for coal deposits and in 1920, the Mineral Leasing 
Act created a leasing system for fossil fuels (oil, gas, and oil 
shale) and fertilizer minerals (potassium, sodium, and phosphate) 
under federal supervision (MacDonnell 1993). As a result, regu- 
latory statutes for mining reclamation projects are based on the 
mining designation of locatable, leasable, or surface mineral 
deposits and the amount of acreage involved (R-4 Reclamation 
Field Guide, n. d.). 

Under the 1872 Mining Law, locatuble (hardrock) mineral 
deposits on open federal lands are available for exploration and 
purchase. Monitoring of locatable mineral mining operations on 
federal lands has generally been authorized through the multiple 
use statutes, MUSY and NFMA for the Forest Service and 
FLMPA for the BLM. 

The Mineral Leasing Act of 1920 authorized the BLM to issue 
leases for leasable minerals (generally, phosphate, sodium, oil, 
and natural gas) on all public lands, including national forests. 
Lease plans are approved through FLMPA, which requires the 
leasee to file environmental assessments with the BLM. 
Regulations governing locatable and leasable minerals are speci- 
fied in Title 43, Code of Federal Regulations, and are adminis- 
tered by the BLM. 

Mining rights for surface mineral deposits on national forests 
have been protected under the Organic Administration Act of 
1897, which has also given the Forest Service the authority to 
administer surface as well as locatable mineral operations on 
national forests. This authority is reinforced by the Multiple-Use 
Mining Act of 1955 that authorizes Forest Service and BLM 
management of surface resources on mining claims without inter- 
fering with the claimant’s rights. In addition, FLMPA and Title 
43 reinforce BLM authorization to monitor surface mining opera- 
tions on BLM lands. In general, reclamation is required once 
mining operations cease and include revegetation and protection 
of surface water resources (MacDonnell 1993). 

Surface coal mine as well as abandoned mine operations on 
national forests or BLM lands are regulated through the 
Department of Interior’s Office of Surface Mining Reclamation 
and Enforcement (OSM) and the individual states, whose regula- 
tions must meet or exceed the federal laws, but with Forest 
Service or BLM concurrent approval. Monitoring authority for 
reclamation projects following surface coal and abandoned mine 
operations on national forest or BLM land falls to the respective 
land management agency and the state (Davis 1997b). In this 
case, both the Forest Service and the BLM are directed by the 
Surface Mining Control and Reclamation Act (SMCRA) of 1977 
to require that a “diverse, effective, and permanent vegetative 
cover of the same seasonal variety native to the area of land to be 
affected and capable of self-regeneration and plant succession” 
be established. 

Under the various statutes and titles, the reclamation plan is 
developed as part of the mining operation plan by the operator 
with input from the surface administrator and consistent with 
NEPA environmental assessment requirements. Depending on the 
nature of the mineral resource and the location of the mine, the 
Forest Service, the BLM, or both may have responsibility for 
review, recommendation, approval, and monitoring of these 
plans. The plan must describe in detail the anticipated mitigation 
of the operation’s impacts on the site and how the land will be 
reclaimed to a productive state consistent with the long-term 
management objectives of the agency (R-4 Reclamation Field 
Guide, n. d.). 

Native Plant Practice: A Case Study 
Although general policy direction for both the Forest Service 

and the BLM clearly emphasizes the use of native plants in tire 
rehabilitation and mining reclamation projects, specific policy 
objectives and project scale differ by agency and revegetation 
purpose. In contrast to mining reclamation efforts, fire rehabilita- 
tion projects generally aim to provide short-term watershed pro- 
tection rather than long-term ecosystem biodiversity. While fire 
rehabilitation projects typically involve thousands of burned 
acres, mining reclamation efforts usually affect hundreds of 
acres. To determine the degree to which different policy objec- 
tives and project scales affect patterns of reclamation in actual 
native plant policy implementation, we examined the types and 
numbers of species included in seed mixtures used or recom- 
mended by the BLM in the state of Nevada on mine reclamation 
vs. tire rehabilitation projects. 

Seed mixture data were collected from 4 BLM districts (Battle 
Mountain, Elko, Ely, and Winnemucca) for 26 different mine 
reclamation projects and 50 different fire rehabilitation treat- 
ments. All available data were obtained. Information from the 
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mine reclamation plans included seed mixtures that had been 
used on 32 different mined sites with 5 to 10 sites for each of the 
four districts. Information from the fire rehabilitation treatments 
included 5 to 28 sites for each of the four districts. The seed mix- 
tures for the mined sites were used during the period from 1988 
through 1996 while those for the fire sites were used from 1984 
through 1996. The plant community types included for the mine 
reclamation and fire rehabilitation sites ranged from mountain 
brush to salt desert shrub, but different naming conventions and 
the lack of information on plant community types for most sites 
made it impossible to provide a synthesis of this information. The 
nomenclature used for individual species follows Cronquist et al. 
1977, Welch et al. 1993, and Hickman 1993. Nomenclature of the 
Triticeae follows Barkworth and Dewey 1985 and M. E. 
Barkworth, personal communication. 

Two-way analysis of variance was conducted to examine the 
differences between seed mixtures used on mined sites versus fire 
sites and among districts. Mean comparisons were conducted 
using Fisher’s Protected Least Significant Differences (LSDs). 
The variables examined included the overall total number of 
species, the total number of grass, forb, and shrub species, and 
the total number of native and introduced species. To evaluate 
which species were most commonly used in the seed mixtures, 
species frequencies were calculated for all mined and fire sites. 

Case Study Results 
More species of grasses, forbs, and shrubs were seeded onto 

mined sites than onto fire sites (Fig. 1). Although an average of 
12 species were seeded onto mined sites, only 4 species were 

,* _ Grasses 
, 

‘* 1 Shrubs 

B 

seeded on fire sites. The maximum number of species seeded 
onto mined sites was 2 1 and on fire sites was 8, and the minimum 
number of species were 5 and 1, respectively. Lower numbers of 
forb and shrub species than grass species were seeded onto both 
mined and fire sites (p c 0.05). Few differences existed among 
BLM districts in the numbers of species seeded for grasses, forbs, 
or shrubs on either mined or fire sites. Only the numbers of 
shrubs seeded on mined sites differed among districts, with the 
Battle Mountain District seeding fewer species of shrubs than any 
of the other districts. 

The majority of species (10 of 12) seeded onto mined sites 
were natives (Fig. 2). In contrast, slightly less than half (1.7 out 
of 4) of the few species seeded onto fire sites were natives. 
Although the numbers of introduced species seeded onto fire sites 
were similar, the proportion of introduced species seeded on fire 
sites was much higher than on mined sites because of the differ- 
ences in the total number of seeded species. 

While a total of 71 species were seeded onto the mined sites, 
only 32 species were seeded onto the fire sites (Table 1). Almost 
all of the species that were seeded on tire sites were also seeded 
on mined sites. The species most frequently seeded on tire sites 
tended to be introduced, commercially available, and relatively 
inexpensive species such as crested wheatgrass, Siberian wheat- 
grass (Agropyron fragile [Roth] Candargy), alfalfa (Medicago 
sativa L.), and small bumet (Sanguisorba minor Stop.). Most of 
the species used on fire sites were broadly adapted. In contrast, 
the species most frequently used on mined sites were native 
species that are reasonably available and moderately priced, 
including western wheatgrass (Pascopyron smithii [Rydb.] Love), 

'* 1 Forbs 
* 
.a, 1 A x 97 

24 1 Total 

El 

Mine Fire Mine Fire 
Fig. 1. The total number of species and the number of grasses, forbs, and shrubs used in seed mixes on mine vs. tire sites on four BLM dis- 

tricts in Nevada. Values are mean f standard error. Unlike upper case letters indicate significant differences (P IO.05) between mine and 
fire sites. Unlike lower case letters indicate significant differences (P 20.05) among BLM districts where present. 
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Natives introduced 

A A 

Mine Fire Mine Fire 

Fig. 2. The number of native and introduced species used in seed mixes on mine vs. fire sites on four BLM districts in Nevada. Values are 
mean f standard error. Unlike upper case letters indicate significant differences (I’ 5 0.05) between mine and fire sites. 

bluebunch wheatgrass (Pseudoroegneria spicatu [Pursh] Love), 
Great Basin wildrye (Leymus cinereus [Scribn. & Merr.] A. 
Love), Indian rice grass (Achnatherum hymenoides [R. & S.] 
Barkworth), blue flax (Linum lewisii Pursh), fourwing saltbush 
(Atriplex canescenr [Pursh] Nutt.), and antelope bitterbrush 
(Purshia tridentutu [Pursh] DC.). Many of the species seeded on 
the mined sites were adapted to specific precipitation regimes or 
site conditions such as Idaho fescue (Festucu iduhoensis Elmer), 
sand dropseed (Sporobolus cryptundrus [Torr.] Gray), desert 
globemallow (Sphaerulceu umbigua Gray), black sagebrush 
(Artemisia nova A. Nels.), and winterfat (Cerutoides lunata 
[Pursh] J.T. Howell). 

had broad ecological amplitudes. Fire rehabilitation projects, 
arguably the largest reclamation efforts to restore native ecosys- 
tems, do not yet reflect recent field level policy shifts to native 
plant use. 

Conclusions 

Because of limited information on seeding rates, our data set 
did not include the kilograms or numbers of seeds per hectare 
used for the individual species in the various seed mixtures. 
However, it is likely that because of the higher seed cost of native 
species and the widespread use of introduced species for water- 
shed protection that natives were seeded at much lower rates than 
the introduced grasses and forbs. 

This case study provides information on how different policy 
objectives and constraints may affect the degree to which native 
seed is actually used in different rehabilitation/reclamation efforts 
depending on the purpose of the project. Clearly, grasses are an 
important component of both types of reclamation efforts. The 
relative lower frequency and number of shrubs and forbs on both 
mined and fire sites may reflect the perceived importance of 
watershed protection goals. Many grass species rapidly establish 
on disturbed sites providing a high ground cover and stabilizing 
the soil surface. Biodiversity policy goals may be secondary to 
those of watershed protection in actual practice. The short-term 
policy objective of minimizing soil erosion, even at the expense 
of maintaining wildlife habitat, is reflected in the fire rehabilita- 
tion projects that we examined. These projects had significantly 
lower numbers and fewer species of native plants than mine 
reclamation sites in the same districts. While it can be argued that 
native species regeneration following fire should result in higher 
biodiversity, this doesn’t explain the abundance of introduced 
species in the seeding mixes. Although the native species on the 
mined sites were specially adapted to the conditions that charac- 
teristize individual sites, the introduced species on the fire sites 

Many observers have noted the widespread changes in western 
U.S. ecosystems as a result of weed and nonnative annual grass 
invasions, more frequent and extensive wildfires, and the contin- 
ued use of introduced grasses and forbs to reclaim degraded 
rangelands following disturbance (Pellant and Monsen 1993; 
Lesica and DeLuca 1996). Although a policy framework autho- 
rizing the federal land management agencies to use native species 
has emerged in recent years, numerous problem definitions and 
practical constraints limit the degree to which the BLM and the 
Forest Service can implement native plant policy objectives. 
These include multiple land management objectives such as 
watershed protection and ecosystem biodiversity that may not be 
possible to achieve simultaneously. In terms of fire rehabilitation, 
these also include funding restrictions that limit the agency’s 
capability to purchase, store and successfully establish native 
seed. This lack of flexibility is exacerbated by the limited supply, 
and frequently high cost, of native seed when demand, particular- 
ly following large wildfires, exceeds supply. In addition, many 
agency personnel note that the agency bears the costs when 
responding to wildfire with supplemental, publicly funded, emer- 
gency treatments. In contrast, the costs are transferred by the 
agency to the corporation in response to mining reclamation 
needs with approved, privately funded, long-term actions. 

The implications of these findings suggest that overriding 
short-term policy objectives, supplemental funding restrictions, 
and free-market supply and demand economic cycles may be crit- 
ical factors inhibiting native plant policy implementation on 
western rangelands. Agency changes are needed to establish more 
consistency between native plant policy and practice. Policy 
directives need to be developed that are consistent within both the 
BLM and Forest Service and that are similar and clearly stated 
for all administrative levels. Current Forest Service national 
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Table 1. The native and introduced (TV/I) species seeded on BLM mine reclamation (n = 32) and fire rehabilitation (n = 50) sites in Nevada and the per- 
centage of sites on which each species was seeded. 

Species N/I Mine Fire 

Gl-il.Sm 
Achnatherum hymenoides - Indian ricegrass 
Achnatherum thrrrberianum -Thurber’s needlegrass 
Agropyron cristatum - crested wheatgrass 
Agropyron cristatum x desertorum - Hycrest crested wheatgrass 
Agropyron desertorum - desert crested wheatgrass 
Agropyron fragile - Siberian wheatgrass 
Agropyron spp. - wheatgrass 
Bouteloua curtipendula - sideoats gramma 
Bromus inermis - smooth brome 
Elymus elymoides - squirreltail 
Elymus lanceolatus* - streambank wheatgrass 
Elymus lanceolatus* - thickspike wheatgrass 
Elymus trachycaulus - slender wheatgrass 
Festuca idahoensis -Idaho fescue 
Festuca ovina - sheep fescue 
Hesperostipa comata - needle and thread grass 
Pleuraphis jamesii - galleta 
Leymus cinereus - Great Basin wildrye 
Secale cereale - annual rye 
Pascopyrum smithii - western wheatgrass 
Poa canbyi - Canby bluegrass 
Pea sect&a - Sandberg bluegrass 
Poa spp. -bluegrass 
Psathyrostachys juncea - Russian wildtye 
Pseadoroegneria spicata - bluebunch wheatgrass 
Sporobolus cryptandms - sand dropseed 
Sporobolus giganteus - giant dropseed 
Thinopyrum intermedium* - pubescent wheatgrass 
Thinopyrum intermedium* - intermediate wheatgrass 
Thinopymm ponticum - tall wheatgrass 
Forbs 

(%) -(%I 
N 81 6 
N 
I 202 328 
I a 6 
I 6 20 
I 3 36 

N 12 6 
N 3 0 
I 

N 20 8 
N 16 6 
N 19 8 
N 6 2 
N 9 0 
N 6 
N 22 ; 
N 3 
N 62 204 

Ii 
3 0 

41 6 
N 6 2 
N 41 0 
N 3 0 
I 3 6 

ii 
53 12 

N : i 
I 9 14 

: 
6 10 
3 6 

Achilles millefolium lanufosa - western yarrow 
Aster scopulomm - crag aster 
Astragalus cicer - Cicer milkvetch 
Balsamorhiza sagittata - balsam-root 
Castilleja chromosa - desert paintbrush 
Eriogonum fasciculatum - flat top buckwheat 
Eschscholzia califomica - California poppy 
Eriastrum diffusum - desert giha 
Hedysarum boreale -northern sweetvetch 
Kochia prostrata - prostrate kochia 
Kochia scoparia - summer-cyprus 
Linum lewisii - blue flax 
L.upinus orbustus - spur lupine 
Lupinus caudatus - tailcup lupine 
Medicago sativa - alfalfa 
Melilotus oficinolis - yellow sweetclover 
Oenothera caespitosa - fragrant evening primrose 
Onobrychis viciifolia - sainfoin 
Pensreman palmeri -Palmer penstemon 
Sanguisorba minor - garden bumet 
Sphaeralcea ambigua - apricot globemallow 
Sphoeralcea grossulariifolia - gooseberry-leaf globemallow 
Wyethia amplexicaulis - mules ears 
Shrubs 

N 19 2 
N 
I 205 

2 
0 

: 
28 0 
3 0 

N 3 0 
N 3 0 
N 3 0 
N 22 0 
I 31 16 

p: 
3 0 

50 16 
N 19 0 
N 3 0 
I 38 32 
I 19 12 

N 3 0 
I 16 16 

N 38 0 
I 50 50 

N 19 0 
N 12 0 
N 16 0 

Amelanchier utahensis - Utah serviceberry 
Artemisia nova -black sagebrush 
Alfemisia tridentato tridentata -basin bie sagebrush 
Arfemisia tridentata wyomingensis - Wyomiig big sagebrush 
Atriolex confertifolia - shadscale 

Cercocarpus ledtfolius - curl-leaf mountain mahogany 
Chrvsothamnus nauseosus - rubber rabbitbrush 
Chr&othamnus spp. - rabbitbrush 
Chrysothamnus viscidiflorus - yellow rabbitbrush 
Ephedra nevadensis - Nevada ephedra 
Grayia spinosa - spiny hopsage 
Purshia me.ricana - cliffrose 
Purshia tridentata - bitterbmsh 
Ribes velutinum - plateau gooseberry 
Rosa woodsii - Wood’s rose 
Shepherdia argentea - buffaloberry 
Symphoricorpos albus - common snowbetry 
Symphoricarpos oreophilus - mountain snowberry 

N 
N 
N 
N 

Cerktoides ianaia - winterfat 
N 
N 
N 
N 
N 
N 
N 
N 
N 
N 

: 
N 
N 
N 

*Current synonymy combines these species. They are listed separately in BLM seed mixes. 

6 0 
12 0 
9 0 

22 8 
28 2 
41 0 
12 0 
22 0 

0 
i 

16 : 
9 2 

12 0 
41 6 

: : 
3 0 
3 0 
3 0 
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office efforts to develop a national native plant policy for all 
regions and current BLM national office efforts to review the fire 
rehabilitation manual are steps toward this action. 

Funds need to be provided specifically to encourage the pro- 
duction, stockpiling and use of native seeds. This is particularly 
important for tire rehabilitation projects where the costs of recla- 
mation are borne by the taxpayers rather than private corpora- 
tions. Funded native seed production and storage would not only 
avoid the unpredictability of emergency funding constraints, but 
contribute to stabilizing the supply and demand economic cycle 
that often makes it difficult to use native seeds. The native seed 
production and storage models in use or under development by 
various agencies such as the National Interagency Fire Center, 
the Utah Division of Wildlife Resources, and the Manti-LaSal 
National Forest are good working examples of the benefits of this 
recommendation at several administrative levels. 

Another avenue available to both the Forest Service and BLM 
for increasing native seed availability is to encourage harvesting 
native seeds on federal lands by developing consistent seed har- 
vesting permit systems (Richards 1995). These systems would 
allow areas with the capacity for seed production of specific 
species to be identified. Once these areas had been identified, 
they could be managed specifically for native seed production. 

Finally, increased emphasis needs to be placed on developing 
the ecological and technical knowledge necessary for increasing 
native seed availability at reasonably local levels. Although main- 
taining the genetic integrity of native species is of increasing con- 
cern, the scale at which the genetic integrity of native ecosys- 
tems is compromised by using distant seed sources has yet to be 
examined and needs to be determined (Rice 1995). At the same 
time, methods that are developed for increasing native seed avail- 
ability need to be economically viable in terms of market forces. 
Research and development efforts need to be conducted in coop- 
eration among the native seed industry, the universities, and the 
federal and state agencies. These efforts need to be politically 
supported by national policy direction and by separate funding. 
Collaboration by the USFS, Rocky Mountain Research Station’s 
Shrub Sciences Laboratory and native seed producers in the 
region to develop methods for harvesting a wide variety of native 
species is but one example of the ways in which constraints on 
policy implementation can be overcome in practice. 
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Abstract 

Ashe juniper (Juniperus ashei Buchh.) is increasing in den- 
sity and area1 coverage on the Edwards Plateau of Texas. 
This is causing changes in community leaf area that could 
impact the ecosystem water balance through increased tran- 
spiration and interception of precipitation. Our objective was 
to estimate leaf area of selected trees and shoots in a range of 
size and age classes using nondestructive methods. We har- 
vested all leaf material from 9 trees ranging in height from 
0.8 to 4.8 m and recorded tree height and canopy diameter. 
We divided each tree into 6 sections based on 3 horizontal 
strata and 2 vertical hemispheres. Projected leaf area of sub- 
samples, collected from each section, was multiplied by n: to 
give full cylinder leaf area which was used to calculate specif- 
ic leaf area (cm2 g-t). Dried leaf biomass for each stratum, 
hemisphere, and tree was multiplied by the specific leaf area 
to determine the leaf area. We harvested leaf biomass from 
shoots and measured in situ stem diameters, dried the leaf 
biomass, and multiplied it by the specific leaf area to deter- 
mine shoot leaf area. There was no significant effect of stra- 
tum or hemisphere on specific leaf area or of hemisphere on 
leaf area. The middle stratum had a significantly greater per- 
centage of total leaf area (52%). Total tree leaf area was best 
predicted (r2 = 0.97) by canopy area. Shoot leaf area was best 
predicted (r2 = 0.93) by stem area. Canopy and stem area 
measurements are rapid, nondestructive means of accurately 
estimating Ashe juniper tree and shoot leaf area, respectively. 

Key Words: Juniperus ashei, specitic leaf area, canopy area, 
stem area, tree height 

Density and area1 coverage of Ashe juniper (Jlmiperus ashei 
Buchh.) have increased on Texas rangelands (Smeins et al. 1994). 
Removal of this species can increase the fraction of precipitation 
available for runoff and soil moisture recharge (Dugas et 
a1.1998). Because Ashe juniper leaf area affects transpiration 
(Dugas et al. 1998, Owens 1996) and precipitation interception 
(Thurow and Carlson 1994), estimates of its leaf area are useful 
for understanding the impacts on ecosystem water balance. 

This work was supported in part by USDA-NRCS Grant No. 68-7442-O-91. 
Manuscript accepted 11 Jan. 1998. 
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Resumen 

La densidad y area cobierta por Ashe juniper (Juniperus 
ashei Buchh.) esta aumentando en la regidn de Edwards 
Plateau en Texas. Esto estP produciendo cambios de area 
foliar en la comunidad vegetal, lo cual podria afectar el bal- 
ance hidrico de1 ecosistema cambiando 10s procesos de tran- 
spiraeidn e interception de Buvia. Nuestro objetivo fue esti- 
mar el area foliar de Brboles y de ramas utilizando muestreo 
no destructive. Para tal efecto, 10s arboles fueron clasificados 
de acuerdo al tamaiio y edad. Colectamos todo el material 
foliar de 9 Brboles entre 0.8 y 4.8 m de altura y registramos 
alturas y diimetros de copa de 10s Brboles. Cada copa de 
iirbol fue separada en 6 secciones que resultaron de 3 estratos 
horizontales y 2 hemisferios verticales. El area foliar proyec- 
tada de las submuestras, eoleetadas de cada seccibn, fue mul- 
tiplicada por II para obtener el area foliar cilindrica, que fue 
posteriormente usada para calcular el area foliar especifica 
(cm2 g-1). La materia seca de cada estrato, hemisferio, y arbol 
fue multiplicada por el area foliar especifica para determinar 
el area foliar respectiva. Sacamos todo el material foliar de 
las ramas y registramos el diametro de1 tronco de la rama in 
situ. El material vegetal fuC secado y su masa fue multiplica- 
da por el area foliar especifica para determinar el area foliar 
de la rama. No hubo efecto significativo de estrato o de hem- 
isferio en el area foliar especifica, ni de hemisferio en el area 
foliar. El estrato intermedio present6 un porcentaje de area 
foliar (52%) significativamente superior con respect0 a 10s 
otros dos estratos. El area foliar total para el Brbol fue mejor 
estimada por el area de la copa proyectada en el suelo. El 
area foliar total para las ramas fuC mejor estimada por el 
area de1 tronco de la rama. Determinaciones del area de la 
copa y de1 tronco de las ramas no son destructivas y pueden 
efectuarse rapidamente para la obtencion del area foliar del 
Lbol y de las ramas de Ashe juniper. 

Direct measurement of whole tree leaf area is difficult and, 
therefore, various methods of estimating it have been developed 
(Miller et al. 1987). Smith et al. (1991), Cower and Norman 
(1991), and DeBlonde et al. (1994) showed that allometric meth- 
ods yielded better estimates of conifer leaf area than light inter- 
ception or plant canopy analyzer measurements. 
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Commonly-used allometric measurements relate whole-tree 
leaf area to tree or canopy height, trunk diameter or sapwood 
area, and specific leaf area and leaf biomass (White 1983, Miller 
et al. 1987, Vertessy et al. 1995). Trunk diameter and sapwood 
area are not easily obtained for Ashe juniper because it often has 
numerous main shoots that emerge from a short, furrowed trunk, 
and it often has a broad globular or open, irregular crown (Correll 
and Johnston 1970). Mason and Hutchings (1967) determined 
that canopy diameter measurements produced accurate estimates 
of foliage yield in Juniperus osteosperma. 

Leaf area has been shown to differ from one part of a canopy to 
another due to microenvironmental factors (Hager and Sterba 
1984, Borghetti et al. 1986, Chapman and Gower 1991, McCrady 
and Jokela 1996). This can affect the accuracy of whole-tree leaf 
area estimates based on specific leaf area and biomass. 

No studies have been reported that provide a method for esti- 
mating whole tree Ashe juniper leaf area. The objective of this 
study was to assess the use of allometric measurements to estimate 
leaf area for trees and shoots in a range of size and age classes. 
We quantified the relationships between 1) specific leaf area and 
canopy position, 2) leaf area and canopy position, 3) tree leaf area 
and tree height, canopy diameter and canopy area, and 4) shoot 
leaf area and stem diameter and stem area. Our results were used 
to interpret energy balance studies (Dugas et al. 1998) and hydro- 
logic modeling efforts (Muttiah et al. 1996) at the same site. 

Materials and Methods 

Study Site 
This study was conducted about 70 km west of San Antonio, 

Tex., U.S.A., in the northeast comer of Uvalde County (29”35’N 
99”27’W). The site was at an elevation of about 450 m on a south 
facing slope of about 10%. Soils belong to the Rockland-Real- 
E&rant association (Lithic Haplustolls and Typic Calciustolls) 
(USDA- SCS and TAES 1970). They are shallow to very shal- 
low; gravelly, loamy and clayey with 35 to 85% coarse frag- 
ments; and underlain at 0.1 to 0.5 m by indurated, fractured, lime- 
stone bedrock. 

Average annual precipitation is about 750 mm with maxima in 
May and September. The average minimum January temperature 
is 2” C and the average maximum August temperature is 35” C. 
The freeze-free period, about 230 days, begins about 25 March 
(NOAA 1978 and 1985). 

Vegetation 
About 90% of the approximately 1,000 trees ha-t at the site 

were Ashe juniper (Dugas et al. 1998) that ranged from less than 
1 to about 5 m in height (average = 2.7 m) and had multiple 
shoots rising from an irregular, basal crown. Based on visual 
observations, about half of the Ashe juniper trees at the site were 
individual trees. Although about half of the total Ashe juniper 
trees at the site had medium density foliage, only about half of 
these were individual trees. Historical land management practices 
indicate the sample trees were less than 40 years old. 

Procedures 
Nine trees were harvested from February through September 

1995 (Table l), ranging from 0.8 to 4.8 m in height. This sample, 
which spanned the range of size and age classes of trees at the 
site, was small due to the time and labor constraints of removing 
and processing all the leaf material from each tree. Trees were 
selected that had medium density foliage (Mason and Hutchings 
1967) and no neighbors within 1.5 m that could affect the canopy. 
This was done to limit the between-tree variability in leaf and 
canopy area and to facilitate our ability to assess the relationship 
of the allometric measurements to leaf area. Tree height (which 
was equal to canopy height) and canopy diameter were recorded 
for each tree. Tree height was measured from the soil surface to 
the tallest point of the tree. Canopy diameter was estimated as the 
average of 2 perpendicular directions, with one being the widest 
part of the tree. Canopy area was calculated assuming the canopy 
was circular. This assumption was valid since the average differ- 
ence between the 2 diameters per tree was only 11% (Table 1) 
and’ calculating the canopy area using an equation for an ellipse 
changed the canopy area by less than 2% for each tree. 

Many plants exhibit differences in specific leaf area for shade 
vs. sun leaves, which can cause differences in leaf area between 
canopy positions (Hager and Sterba 1984, Borghetti et al. 1986, 
Chapman and Gower 1991, McCrady and Jokela 1996). 
Therefore, each tree was divided into 6 sections based on 3 hori- 
zontal strata and 2 vertical hemispheres. The 3 strata were top, 
middle, and bottom, with the height of each stratum being l/3 of 
total tree height. Hemispheres were defined by a northeast to 
southwest vertical plane through the canopy center (Owens 1996). 

Juniper “leaves” were defined to be the groups of scale leaves 
arranged in whorls around a twig in “needle-like clumps” as 
described by Miller et al. (1987) and Cregg (1992). One fresh 
subsample (10 to 40 g dry mass) was collected from each section 

Table 1. Asbe juniper trees harvested in 1995 for specific leaf area, leaf area, and canopy leaf area index. Canopy leaf area index is the leaf area (m2) 
over the area of soil surface (m2) covered by the canopy. 

Tree Harvest 
number Date 

1 3 Feb. 
2 3 Feb. 
3 3 Feb. 
4 16 Mar. 
5 6 Apr. 
6 2 May 
7 12 Jul. 
8 2 Aug. 
9 6 Sep. 

Tree Canopy Canopy 
Height Diameter 1 Diameter 2 

Cm) (m) Cm) 
I.15 I .05 1.05 
0.80 0.65 0.50 
1.25 I .50 1.25 
4.35 4.40 4.20 
3.05 3.70 3.60 
4.80 6.10 4.70 
2.50 2.80 2.50 
3.15 3.90 3.60 
2.15 2.85 2.60 

Mean Specific 
Leaf Areaktd 

(cm2 g-t) 
5712.4 
62112.5 
5912.2 
5 112.9 
5210.7 
4912.1 
60/l 1 .O 
52t1.4 
4413.5 

Total Canopy Leaf 
Leaf Area Area Index 

(m2) (m2 me2) 
4.9 5.6 
0.6 2.5 
4.9 3.3 

159.8 11.0 
96.0 9.2 

290.0 12.7 
48.7 8.8 
89.0 8.1 
44.1 7.5 
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per tree for calculating specific leaf area (cm2 g-t). We did not 
differentiate current year foliage from prior year foliage because 
there was no distinct generation or senescence period (Owens and 
Schreiber 1992). Each subsample, therefore, included multi-aged 
leaf material suggesting that season of harvest should have less 
effect on specific leaf area. 

Specific leaf area was determined by dissecting the clumps on 
each twig to individual, needle-like units to reduce error of pro- 
jected leaf area. Projected leaf area of the fresh subsamples was 
measured with an area meter (LiCor LI3000, Lincoln, Nebr.) and 
multiplied by x to obtain the cylindrical area. We have termed 
this “full cylinder leaf area”. This method is reported to underes- 
timate leaf area by 3 to IO%, but corrects for the cylindrical 
nature of the juniper leaf (Miller et al. 1987, Gregg 1992) and 
accounts for the nonrandom distribution and orientation of 
conifer leaves (Sprugel 1989, Gower and Norman 1991). The 
subsamples were dried and weighed, and specific leaf area was 
calculated. 

Leaf area in each tree section was determined by removing all 
stems and attached leaves, drying at 60” C for about 7 days, and 
separating stems from leaves. Leaf biomass was then dried for 5 
days, weighed, and multiplied by the average specific leaf area, 
which was constant across trees (Table 1) and sections (Table 2) to 
determine section leaf area. Leaf areas from sections were summed 
to calculate leaf area for the stratum, hemisphere and tree. 

The relationship between stem area and shoot leaf area was 
estimated by selecting shoots (n=97) from both hemispheres of 
trees with medium density foliage. Two perpendicular measure- 
ments of in situ stem diameter, including the bark, were made 
with calipers at a point where the stem was not deformed by 
branching. The distance from this point to the next distal branch 
ranged from 10 to 150 mm. Stem area was calculated using the 
average stem diameter assuming the stem was circular. All leaf 
biomass and twigs distal to the measurement point were removed 
from the shoot, dried, separated, and re-dried. To determine shoot 
leaf area, leaf biomass was weighed and multiplied by the aver- 
age specific leaf area previously estimated for trees. 

Statistical Analyses 
Analysis of variance using the Least Significant Difference 

method was used to compare the mean specific leaf area across 
sections, strata, hemispheres, and trees. For a given tree or sec- 
tion of tree, leaf area was a function of tree size. Therefore, the 
percentage of total tree leaf area in each stratum and hemisphere 
was used in the analysis of variance with the Least Significant 
Difference method to compare leaf area across strata and hemi- 
spheres. Regression equations for the relationships between leaf 
area and plant measurements were developed using linear least 
squares regression. The Shapiro- Wilk statistic and scatterplots of 
residuals were used to test normality and random distribution of 
residuals, respectively (SAS 1988). 

Results and Discussion 

Specific Leaf Area 
Specific leaf area was similar (P > 0.05) for all sections of the 9 

trees that were sampled (Table 2). Specific leaf area was also 
similar (P > 0.05) when compared across strata or hemispheres 
(results not shown). Spatially-uniform specific leaf area within 

Table 2. Average specific leaf area (SLA) for different sections of 9 Ashe 
juniper trees. Sample standard deviation is shown in parentheses. 

Section 

Northwest-Top 
Northwest-Middle 
Northwest-Bottom 
Southeast-Top 
Southeast-Middle 
Southeast-Bottom 
Average 

SLA 

(cm2 g-l) 
54.9 (4.7) 
52.7 (8.5) 
53.5 (4.9) 
56.1 (1 1.8) 
51.9 (4.1) 
56.3 (10.6) 
54.3 (7.9) 

the canopy and across trees is unusual (Hager and Sterba 1984, 
Borghetti et al. 1986, Chapman and Gower 1991, Gregg 1992, 
Vertessy et al. 1995, McCrady and Jokela 1996). This result like- 
ly occurred in this study due to the inclusion of multi-aged leaf 
material. 

Our average specific leaf area (Table 2) is similar to the specif- 
ic leaf area of J. occidentalis (63 cmz g-1) (Miller et al. 1987) and 
J. pinchotii (56 cm2 g-t) (Ansley, personal communication), but is 
lower than that reported for J. scopulorum and J. virginiana (115 
cm2 g-l) (Cregg 1992). Our juniper leaves included the structural 
tissues of the twig, which decreased the specific leaf area. The 
potential for methodological differences between studies exists 
because there is no clearly defined physical point at which the 
leaf begins or ends. 

Canopy Section Leaf Area 
Leaf areas on the southeast and northwest sides of the trees 

were similar (P = 0.67) with 5 1% in the southeast hemisphere and 
49% in the northwest hemisphere (Fig. 1). This equality of leaf 
area in each hemisphere for trees from a range of size classes dif- 
fers slightly from the results of Owens (1996) who estimated for 
3 mature Ashe juniper trees, the southeast side had 7% more leaf 
area than the northwest side. 

Leaf area was almost always greatest in the middle stratum and 
increased nonlinearly as a function of tree height (Fig. 2). When 
compared as a percentage of tree leaf area, the middle stratum 
leaf area was significantly (P = 0.0001) greater (52%, SD = 7) 
than that in the bottom and top strata (19%, SD =13 and 29%, SD 
= 12, respectively), which were not significantly different. Owens 
(1996) also found that 54% of total Ashe juniper leaf area was in 
the middle stratum and there was no significant difference in the 
bottom and top strata. McCrady and Jokela (1996) found more 
than 60% of total leaf area in the middle stratum of the canopy of 
loblolly pine trees. 

The greater proportion of leaf area in the middle stratum result- 
ed from the broadly globular broadly globular growth form. 
Although we did not consider tree shape when selecting the trees, 
the longest diameter of most of our study trees occurred within 
the middle canopy stratum. 

Total Tree Leaf Area 
Total tree leaf area was related linearly to canopy area(r2=0.97) 

(Fig. 3). Our results (Fig. 3) are supported by those of Johnson 
(unpublished data). Total tree leaf area was nonlinearly related to 
tree height (Table 1 and Fig. 2) and canopy diameter (Table 1). 
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0 50 100 150 200 0 1 2 3 4 5 

Northwest Leaf Area (m2 ) Tree Height(m) 

Fig. 1. Leaf area (full cylinder) in the northwest and southeast hemi- 
spheres of nine Ashe juniper trees. The 1:l line is shown. 

Therefore, for Ashe juniper trees similar to those we selected, 
total tree leaf area can be easily and accurately estimated from 
canopy area that could, for example, be measured from aerial 
photographs. 

Canopy leaf area index was related linearly to tree height 
(Table 1). Owens (1996) reported canopy leaf area index ranging 
from 12 to 17 for 2.5 to 3.5 m tall trees. 

300 

IO 20 
Tree Canopy Area (m2 ) 

30 

Fig. 3. Total leaf area (full cylinder) for nine Ashe juniper trees as a 
function of canopy area. The linear regression equation (9 = 0.97) 
is tree leaf area (m2) = -18.5 (m2) + 12.4 (m2 mm2) * canopy area 
(mz). The intercept was not significantly different from 0.0 (P = 
0.08). Data from Johnson (unpublished) are also shown. 

1 T;pM%deBottom] 

n 

n 

Fig. 2. Leaf area (full cylinder) in the top, middle, and bottom strata 
of nine Ashe juniper trees as a function of tree height. 

Shoot Leaf Area 
Shoot leaf area was related linearly to stem area (r2=0.93) (Fig. 

4). Several studies have found that sapwood area is a good pre- 
dictor of leaf area (r2 = 0.70 to 0.95) (Borghetti et al. 1986, Coyea 
and Margolis 1992, Callaway et al. 1994), while others have used 
stem diameter or circumference (r* = 0.78 to 0.99) (Gower et 
al.1987, Miller et al. 1987). The linear relationship of shoot leaf 
area to stem area in this study allows easy and accurate estima- 
tion of total shoot leaf area from nondestructive, stem diameter 
measurements. 

r- 

0 
0.004 0.008 

Stem Area (m 2, 

Fig. 4. Shoot leaf area (full cylinder) for 97 Ashe juniper stems as a 
function of stem area. The linear regression equation (r2 = 0.93) is 
shoot leaf area (m2) = 0.338 (m2) + 4073 (m2 mS2) * stem area (m2). 
Inset shows detail at low values. 
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Conclusions 

Total tree leaf area was best estimated by canopy area and 
shoot leaf area was best estimated by stem area. Accurate esti- 
mates of total tree leaf area and shoot leaf area can be made from 
rapid, nondestructive measurements of canopy and stem diame- 
ter, respectively. 

This study demonstrated that measurements available from 
remote sensing techniques can produce accurate estimates of 
Ashe juniper tree leaf area. We believe, based on similarity of 
tree shape, that canopy area and stem area will produce accurate 
leaf area estimates for other species of Juniperus (e.g. J. virgini- 
ana, J. osteosperma, and J. pinchotii), but may not be appropriate 
for very mature trees whose canopy shape may change consider- 
ably or for trees whose canopy is significantly affected by nearby 
vegetation. 

Ashe juniper trees also exhibit sparse, medium and dense 
foliage canopies similar to Utah juniper whose biomass yield was 
shown to vary two fold by Mason and Hutchings (1967). 
Therefore, further studies to validate these relationships for 
groups of contiguous trees and for a range of foliage densities 
would be useful. Further development of the canopy area to leaf 
area relationship will assist remote sensing and modeling efforts. 
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Abstract 

Previous work demonstrated that burrows of Townsend’s 
ground squirrels (Spermophilus townsendii Merriam) in cool 
deserts increased the amount of spring recharge of soil moisture 
compared to areas without burrows. The objective of this study 
was to test the hypothesis that this additional soil moisture would 
enhance plant productivity. I compared productivity of western 
wheatgrass (Agropyron smithii Rydb.) and big sagebrush 
(Artemisiu tridentata Nutt.) plants adjacent to burrows to plants in 
areas lacking burrows. Grass productivity was estimated within 
an experimental grid containing cells of either 0,2,4, or 6 artifi- 
cial burrows and was based on measures of annual above ground 
biomass production and number of seed heads produced. For 
sagebrush, productivity was estimated from hushes without bur- 
rows (controls) and ones having a natural burrow near their base. 
Sagebrush productivity was based on average length of new annu- 
al terminal growth of vegetative stems. The mean annual esti- 
mates of grass biomass (50.0 g m-2 year-l, SE = 11.8) was signiti- 
cantly higher in test grid cells with the highest number of artifi- 
cial burrows than controls (42.6 g m-2 year-l, SE = 11.4). The 
mean of annual estimates of sagebrush stem growth for bushes 
adjacent to burrows was a significant 0.6 cm (SE = 0.11) longer 
than bushes without burrows. I conclude that the added moisture 
from spring recharge at ground squirrel burrows can increase 
plant productivity in a cool desert environment. 

Key Words: ground squirrel, plant productivity, sagebrush, 
Idaho, cool desert 

Small mammals via their burrowing activity, can alter a variety 
of soil characteristics including ion exchange capacity, water 
holding capacity, organic matter, and inorganic nutrient levels 
(Greene and Reynard 1932, Taylor 1935, Thorp 1949, Turner et 
al. 1973 Grant 1974, Chew 1978 Huntly and Inouye 1988, Inouye 
et al. 1987). Additionally, in arid environments, burrows of small 
mammals enhance water infiltration and increase the amount of 
moisture stored in the soil profile (Turner et al. 1973, Laundre 
1993) especially during spring snow melt. Infiltration of water 
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during this spring “recharge” provides the most significant addi- 
tion of moisture to this zone (Anderson et al. 1987). 

In arid environments, it has been demonstrated that the amount 
of moisture available within the rooting zone limits biomass and 
seed productivity of plants (Bamberg et al. 1976, Lane et al. 
1984). Consequently, it would be predicted that the added soil 
moisture from the presence of burrows should significantly 
increase plant productivity. This prediction, however, has yet to be 
tested. Here, I propose to test the hypothesis that the presence of 
small mammal burrows enhances biomass productivity by com- 
paring productivity measurements of sagebrush (Artemisiu triden- 
tata NW.) and western wheatgrass (Agropyron smithii Rydb.) in 
areas adjacent to burrows of Townsend’s ground squirrels 
(Spermophilus townsendii Merriam) to non burrow control areas. 

Testing of the hypothesis of burrows affecting plant productivi- 
ty is contingent on the initial hypothesis that the productivity 
measurements to be used for the 2 species are positively affected 
by increasing soil moisture levels. Biomass production in a vari- 
ety of grass species has been shown to be directly related to soil 
moisture (Rogler and Haas 1947, Sneva and Hyder 1962, Currie 
and Peterson 1966, Shiflet and Dietz -1974) but not for the species 
used here. Regarding biomass production in sagebrush, Bamberg 
et al. (1976) found that a 4 times difference in precipitation 
between 2 growing seasons resulted in a 3.5 to 900 times higher 
amount of stem biomass for 4 shrub species, not including sage- 
brush, in the Mojave Desert. However, Evans and Black (1993) 
found no difference in nonreproductive biomass for sagebrush 
under 2 different moisture regimes within the same year. Because 
of the lack of data for western wheatgrass and the conflicting data 
for shrubs, before testing the main hypothesis, I first had to test 
the initial hypothesis that increased soil moisture increased the 
productivity measurements for these 2 species. 

Methods 

Study area 
The study was conducted between 1986 and 1993 on the Idaho 

National Engineering and Environmental Laboratory (INEEL). 
The INEEL is a 2,300 km* National Environmental Research 
Park operated by the U.S. Department of Energy and is located 
approximately 65 km northwest of Pocatello, Ida. Vegetation on 
the INEEL is a mixture of sagebrush and native grasses typical of 
the Columbia and Snake River Plains (Anderson and Holte 
1981). Annual precipitation on the INEEL during the study aver- 
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aged 22 cm with approximately 50% falling in the months of added to the soil profile from spring recharge was calculated as 
September to March. Precipitation in these months prior to the 8 the difference between soil moisture levels immediately after 
summers in which productivity was measured ranged from 4.6 snow melt and moisture levels in the profile the previous fali, 
cm to 14.5 cm. September/October (Laundre 1993). 

Experimental designs Statistical designs 
Two experimental designs were used to test the main hypothe- 

sis. In the first, productivity of individual sagebrush plants within 
30 cm of single, natural Townsend’s ground squirrel burrows 
(treatment) was compared to productivity of sagebrush without 
burrows (controls). There were a total of 15 pairs (replicates) of 
controls and treatments located in 2 sites separated by approxi- 
mately 3 kilometers and representative of sagebrush steppe. In 
the second design, productivity of western wheatgrass was com- 
pared among 1 m* plots containing either 0, 2, 4, or 6 artificial 
ground squirrel burrows. The plots were within a uniform stand 
of western wheatgrass located at the Environmental Science and 
Research Foundation Experimental Field Station. The artificial 
burrows were dug with a standard soil sampling auger. 
Dimensions of the burrows were similar to average Townsend’s 
ground squirrel burrows: 5.0 cm in diameter, 30 cm deep, and 
slanted at a 45” angle (Laundre 1993). Each plot was a cell in a 
grid with a 2.0- m buffer separating adjacent cells (Laundre 
1993). There were 8 replicates per treatment. Each treatment 
replicate was randomly assigned within the 4 X 8 cell experimen- 
tal grid. Densities of burrows of Townsend’s ground squirrels 
likey do not reach those of the higher density plots. However, 
they were included in this study to determine possible effects of 
highly colonial species or species which construct multiple open- 
ings to their burrows. 

To avoid pseudo-replication, all estimates for the replicates 
within a given category, e.g. 15 estimates for sagebrush control or 
8 estimates for wheatgrass control, for a given year, were aver- 
aged to yield single annual mean estimates for each of the study 
years under natuml precipitation. These annual mean estimates 
were used for all calculations. For the sagebrush experiment there 
were 6 annual estimates (1987-91 & 1993); no average estimate 
was available for 1992 because of the lack of sagebrush growth. 
For the wheatgrass design there were 7 annual estimates 
(1986-90 & 1992-93). 

Estimates of productivity in sagebrush were based on length of 
annual terminal tip growth (cm/year) of vegetative stems. At the 
end of the growing season (August/September) lengths of 10 ran- 
domly chosen terminal branches per plant were measured and 
averaged. Productivity of wheatgrass was assessed by clipping 
and weighing above ground biomass in August/September. I also 
counted the number of seed heads produced by the end of the 
growing season as an index of reproductive productivity. Above 
ground biomass was subsampled from 10 randomly chosen 100 
cm2 (10 cm X 10 cm) cells (10% of total area) within each 1 .O m* 
test grid cell. The subsamples were air dried 2 months and then 
weighed (g), averaged, and multiplied by 100 to obtain an esti- 
mate of the biomass (g m-2 year-‘) of the test grids. Seed head 
production (# m-* year’) within each 1 .O m* grid cell was calcu- 
lated by counting all heads present within the grid cells at the 
time of biomass sampling. The experimental grid cells were 
mowed each year in late February prior to the beginning of the 
growing season to remove above ground biomass left from the 
previous year. 

I tested the initial relationship between increased soil moisture 
and the productivity measurements recorded with a simple linear 
regression design. For each regression, the annual mean estimate 
of a productivity measurement (above ground biomass, seed head 
production, and terminal vegetative stem growth) was the depen- 
dent variable and corresponding annual mean recharge estimates 
(cm of soil moisture) the independent variable. These tests were 
to initially determine if and to what extent increases in soil mois- 
ture had an effect on the various plant productivity measure- 
ments. To reduce any complicating affects that burrows may have 
on plant productivity, only annual mean productivity and mois- 
ture recharge data from controls, no burrows, for the sample 
years under natural precipitation were used for these analyses. In 
February 1991, snow pack levels were augmented with a snow 
making machine on the grass test grid and on several of the sage- 
brush pairs. The snow levels were uneven and within the same 
year provided differing moisture recharge levels. Individual 
moisture recharge and productivity estimates, rather than means, 
for 7 of the controls in the grass and 4 of the controls in the sage- 
brush areas from that year were included with annual means in 
the appropriate analyses. For sagebrush, these 4 individual esti- 
mates were not included in calculating the annual mean of that 
year because of their extremely high values. The hypothesis test- 
ed was that increased soil moisture resulted in higher plant pro- 
ductivity; consequently a one-tailed rejection level was used to 
test the null regression hypothesis of p 20.0. 

A neutron probe (Campbell Nuclear Pacific Corp., Pacheco, 
Calif, USA) was used to estimate soil moisture. Access tubes for 
the probe were placed within 10 cm of burrows and/or sagebrush 
and centered within each grid cell of the wheatgrass grid 
(Laundre 1993). Probe readings were taken at 20 cm intervals to 
a depth of 180 cm. Percent moisture (by volume) estimates were 
based on a field derived calibration equation. The fractional 
counterparts of percent moisture were multiplied by 20 to obtain 
estimates of the amount of moisture in the soil in the interval 10 
cm above to 10 cm below a sample point. All estimates were 
summed to calculate the total moisture in the profile. Moisture 

For the main hypothesis to be tested, estimates of annual mean 
vegetative stem growth of sagebrush were compared between 
burrow sites and sites without burrows with a one-tailed, paired-t 
statistical design. As the hypothesis tested stem growth of the 
treatment is longer than the control, the null hypothesis was the 
mean difference between treatment minus control was I 0.0. The 
annual mean estimates among the control and three treatments for 
above ground wheatgrass biomass and seed head production were 
individually compared with a repeated measures one way analy- 
sis of variance design. The Student-Neumann-Kuels multiple 
range test was used to isolate groups when the null hypothesis of 
equal means was rejected. The P I 0.05 rejection level was used 
and all tests were conducted with the use of the Sigmastat statisti- 
cal package (Fox et al. 1995). 

Although it has been shown that natural burrows on average, 
significantly increased moisture recharge (Laundre 1993), 
amount of moisture added to the soil at some burrows in some 
years were found to be lower then controls. Differences in snow 
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pack levels, snow melt patterns, micro topography, etc can affect 
the impact of individual burrows on recharge amounts for a given 
spring. The main purpose of the sagebrush experimental design 
was to determine if increased soil moisture at burrow sites 
enhanced plant productivity. Including productivity measure- 
ments from a data pair where moisture levels were higher for the 
control could affect the ability to critically test the desired 
hypothesis and delineate the total impact of burrows on produc- 
tivity. Consequently, after first comparing productivity levels at 
control and treatments of all data pairs of sagebrush, I separated 
out the data pairs in which recharge levels were higher for treat- 
ments than controls and re-compared productivity estimates for 
this subset. For the remaining pairs, where recharge amounts 
were higher at controls, it would be predicted that plant produc- 
tivity would also be higher. I tested this ancillary hypothesis by 
comparing productivity within this subset (one-tailed paired-t). 

Significant differences in productivity between treatments and 
controls for both designs need not be the sole result of the higher 
soil moisture from spring recharge. Other factors, such as 
increased soil aeration or nutrient cycling at burrow sites, might 
produce similar effects. If, however, productivity differences are 
related to soil moisture alone, i.e. the main hypothesis is support- 
ed, a significant positive regression should exist for the differ- 
ences between annual mean treatment and control values of that 
productivity measurement and corresponding differences between 
annual mean treatment and control measurements of moisture 
recharge levels. To test this, I subtracted control productivity val- 
ues from their corresponding treatment values for each sample 
year. I did the same for the corresponding soil moisture recharge 
values. This produced a set of paired differences between treat- 
ment and control for a given productivity measurement (e.g. bio- 
mass) and soil moisture for each sample year. I then regressed the 
differences in productivity (dependent variable) to the paired dif- 
ference in soil moisture (independent variable). As a significant 
positive regression is being predicted, a one-tailed rejection level 
was used to test the null of a slope (p) of zero or less. 

Adequacy of sample sizes 
The adequacy of the subsample size (100 cm’) and number of 

subsamples (10) used to accurately estimate above ground bio- 
mass of grass within the 1 m* plots was determined in the first 
year of the study (1986). I subsampled 20 such cells (20% of total 
area) per test plot for 16 plots and then analyzed the running 
mean (Briggs and Knapp 1991) to determine at what sample size 
the resulting curve began to stabilize. I conducted a similar analy- 
sis for the sagebrush subsamples. 

To determine the minimum number of replicates per treatment 
needed to discern a statistical difference among treatments in 
both experiments, I again conducted an analysis of the running 
mean and, in addition, of the standard error (Briggs and Knapp 
1991). In the first year of the study, I estimated grass biomass 
production from 16 plots without artificial burrows and sagebrush 

, growth from 15 control sites. I then randomly selected the order 
in which these plots/sites would be added to calculations of the 
running mean and standard error. I replicated this procedure 5 
times, obtaining 5 estimates of the running mean and standard 
error for each experimental design. 

Results 

Sample size adequacy 
For the estimate of subsample adequacy in the wheatgrass 

experiment, the curve for the running average deflected and 
began to stabilize at 10 subsamples. The biomass estimates at this 
number of subsamples for the 16 plots was compared with the 
estimates from 20 subsamples (paired-t) and the difference 
between the means was not significant (Xi, = 74.2 g m-2 year’, 
SE = 3.27, n = 16, X2, = 71.9 g m-2 year-t, SE = 2.67, Xdtndiff = 
2.3 g m-2 year-l, f = 0.941). It was concluded that 10, 100 cm* sub- 
samples per test plot were sufficient to estimate biomass produc- 
tion of a whole 1 rn2 plot. A similar analysis for 11 sagebrush indi- 
viduals indicated a deflection in the curve at 8 measurements of 
terminal stem growth and there was no significant difference 
between the means for 8 and 10 measurements 6s = 1.4 cm year-t, 
SE = 0.17, Xte = 1.5 cm yeart, SE = 0.17, -pi,= 0.03, SE = 0.02, I 
= 1.33, P = 0.21). Consequently, 10 measurements of terminal stem 
growth were considered adequate to assess the average for a given 
sagebrush individual. 

With regard to the adequacy of plot replicates, for the grass 
plots, the point of inflection in the curves for the running mean 
occurred at 7-8 plots and the standard error became c 10% of the 
mean at 8 plots fis = 71.0, SE = 6.94, X,, = 70.4, SE = 5.62). 
The point of inflection in the running mean for sagebrush esti- 
mates occurred at 12 sagebrush samples but the standard error 
was not consistently ~10% of the mean for the 5 random runs 
until 15 samples Gt2 = 3.36 cm year-t, SE = 0.34, X,, = 3.28 cm 
year-t, SE = 0.29). This analysis indicated that 8 plots per treat- 
ment for grasses and 15 replicates for sagebrush should be suffi- 
cient to detect at least a 20% (Briggs and Knapp 1991) difference 
in productivity among treatments. 

Productivity and soil moisture 
Vegetative stem growth in sagebrush and above ground biomass 

in wheatgrass at controls increased significantly with spring 
recharge amounts (Fig. 1). No significant dependence of seed head 
production on soil moisture was found. However, seed head pro- 
duction increased significantly with higher biomass production (Y 
= 11.6 + 0.3X, r* = 0.34, [ = 2.50, &,05(1),12 = 1.78, P < 0.025). 

Productivity and burrows 
When all sample pairs were used, the mean of the 6 average 

annual terminal growth estimates for sagebrush near burrows was 
a significant 0.6 (SE = 0.11) cm year-t longer than controls 
(Fig.2a). When the data sets were separated, in the group where 
recharge levels were higher for treatments, the mean stem growth 
of sage at burrows was still significantly longer (1 .O, SE = 0.15 
cm year-i) than controls (Fig. 2a). In the subset where spring 
recharge levels were higher at controls, stem growth did not sig- 
nificantly differ between treatment and control (Fig. 2a). For the 
grass experiment, there was a significant difference among the 
means of the annual average biomass and seed head (Fig. 2b) 
production for the control and three treatment levels for the 7 
years under natural precipitation. Multiple range testing indicated 
significantly higher biomass in the 6 burrow treatment (50.0 g m- 
* year-t, SE = 11.8) over the control (42.6 g m-2 year-i, SE = 
11.4) but could not detect differences among categories for seed 
head production. 
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Fig. 1. Regression (with 95% confidence intervals) of stem growth 
(a) and biomass production (b) on the INEEL against the amount 
of spring moisture recharge added to the soil profile. Only data 
from control sites were used and are 6 annual mean (& SE indicat- 
ed) estimates (1987-91 & 1993) and 4 individual estimates of stem 
growth (la) and 7 annual mean (+ SE indicated) estimates (1986- 
90 & 1992-93) and 7 individual estimates of biomass (lb). 
Individual estimates are from the 1991 growing season when snow 
pack was augmented unevenly on those control sites. 

Because productivity between the control and treatments dif- 
fered, I regressed the differences between the treatment values 
and controls with the corresponding differences in soil moisture. 
The only resulting regression equation that was significant and 
positive was for biomass production in the 6 burrow treatment vs 
control of the grass grid (Fig. 3). 

Discussion 

Numerous studies have demonstrated that productivity in a 
variety of plant species is directly related to precipitation amounts 

(Sneva and Hyder 1962, Currie and Peterson 1966, Shiflet and 
Dietz 1974, Bamberg et al. 1976) and soil moisture (Rogler and 
Haas 1947). The results of this study indicate that for western 
wheatgrass and sagebrush in the semiarid shrub steppe, soil mois- 
ture levels at the beginning of the growing season can account for 
57 to 60% of the variation in seasonal biomass productivity, 
respectively. For sagebrush, these findings differ from those of 
Evans and Black (1993) who found no effect of added moisture 
on biomass assimilation of vegetative stems. However, they did 
not add supplemental water until late spring (9 June) and early 
summer (4 July). Most of the vegetative stem growth in sage- 
brush is in early spring (Evans and Black 1993; personal observa- 
tion) and would have already occurred by the time of their water 
treatments. Consequently, I concluded that the results I obtained 
represent the impact of spring moisture recharge differences on 
vegetative stem growth. These measures of productivity for both 
species could then be used to test if the increased soil moisture 
resulting from the presence of small mammal burrows and simu- 
lated burrows was sufficient to enhance plant productivity. 

Comparisons of productivity between areas with and without 
burrows indicate that burrows do enhance productivity of sage- 
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Fig. 2. Means (+ SE indicated) of annual average estimates of sage- 
brush growth (Za), biomass (2b), seed head production (2b) and 
soil moisture recharge levels of controls (without burrows) and 
burrow treatments in the INEEL. Data for sagebrush are from 6 
years of the study (1987-91 & 1993). Means for grass are of data 
for 7 years (1986-90 & 1992-93). Unequal moisture recharge 
amounts on the grass grid from artificial snow pack efforts in 1991 
precluded the use of data from that year. An asterisk indicates a 
treatment significantly different from other treatments. 
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Fig. 3. Regression (with 95% confidence intervals) of differences in 
mean biomass estimates from the INEEL between control grid 
cells and six hole treatments in the wheatgrass experiment against 
the corresponding differences in mean moisture recharge 
amounts. 

brush. This especially became evident when sagebrush pairs 
where moisture was higher at burrows were analyzed separately. 
Sagebrush at burrows in these pairs produced terminal stems on 
average 1 .O cm year’ longer than their nonburrow neighbors. In 
the study area where terminal stem growth rarely exceeds 5.0 cm 
year-*, this much additional growth can make a substantial differ- 
ence in biomass production and possibly survival. It is of interest 
that in the subset where spring recharge levels were significantly 
higher at controls, sagebrush at burrows grew equally as well as 
controls but with less water available. Evidently, the other factors 
related to burrows, e.g. fecal and plant material deposition 
(Greene and Reynard 1932, Taylor 1935, Thorp 1949, Turner et 
al. 1973), soil mixing (Abaturov 1972, Hole 1981), and soil aera- 
tion (Inouye et al. 1987) are imparting advantages to associated 
plants which can produce similar increases with lower soil mois- 
ture. This would explain why the differences in stem growth of 
sagebrush from burrow areas over controls was not related in a 
predictable way to differences in soil moisture between treatment 
and control areas. 

Productivity in western wheatgrass was also found to be 
enhanced by burrows, but only at the highest burrow density 
treatment. The higher productivity at this treatment was also 
directly related to the difference in soil moisture, above controls, 
added to the soil profile at the time of spring recharge. Relative to 
soil moisture in the artificial burrow experiment, the 2 hole artifi- 
cial burrow treatment functioned similar to a single opening nat- 
ural burrow system (Laundre 1993). However, in the absence of 
the other benefits of real burrows, the amount of increased mois- 
ture received in this treatment was evidently insufficient to 
enhance productivity. In the 4 hole treatment, there was a greater 
variability in spring recharge amounts than at the 6 hole level 
(Laundre 1993). At this lower density of burrows, other factors 
such as micro topography may affect pooling patterns and subse- 
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quently the amount of moisture added to the soil and thus the cor- 
responding summer productivity. This higher variability could 
mask any effect on productivity. Only at the highest burrow den- 
sity did sufficiently more soil moisture consistently enter the soil 
to produce an observable effect. An alternate explanation is that 
the lack of predictable effects of increased soil moisture on pro- 
ductivity from lower density burrows may indicate that for west- 
em wheatgrass higher densities of burrow openings, e.g. colonial 
ground squirrels or species that construct multiple openings, may 
be required before an effect on productivity via increased spring 
recharge is seen. 

In conclusion, the results support the hypothesis that burrows 
of Townsend’s ground squirrels can enhance plant productivity in 
the cool desert environment of the Intermountain West. This 
enhancement is primarily through the burrows increasing spring 
recharge of moisture to the soil profile, but is likely augmented 
by the variety of other benefits derived from the presence of a 
burrow or its use by the animal. Townsend’s ground squirrels pri- 
marily build their burrows adjacent to sagebrush plants on the 
INEEL (personal observation). This suggests a mutualistic inter- 
action between the squirrels and their vegetal environment. 
Squirrels use live sagebrush for a burrow site and the presence of 
the burrow enhances the productivity of the individual bush. It is 
unknown at this time why animals select these sites and what 
impact the burrows might have on long term survival of the bush- 
es. However, because their burrows can enhance growth and 
reproduction in plants, ground squirrels likely play a subtle role 
in community productivity and structure of semi-arid areas. 
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Abstract 

In continuous grazing systems the amount of herhage and its 
quaiity is a matter of primary concern. However, at moderate 
stocking, cattle grazing usually leads to the generation of patches 
differing in forage quality and quantity even in virtually mono- 
specific pastures. This patchiness influences subsequent vegeta- 
tion and animal responses. We analyzed the heterogeneity creat- 
ed and sustained by cattle grazing in a tall fescue (Festucu urund- 
inacea Schreb.) pasture at stocking densities ranging from 1.8 to 
4.1 animals ha-1 over 2 years. Cattle grazing created and main- 
tained a mosaic of areas with different degrees of utilization. 
Heavily utilized patches had less biomass per unit surface, but 
their live biomass was more dense and had a higher nitrogen 
concentration. Patch boundaries fluctuated throughout the year 
at all stocking densities. Patch locations were more stable at the 
lower stocking densities, where cattle repeatedly returned to 
heavily utilized patches even though they represented less than 
30% of the total surface. This reinforces the idea that, at low and 
moderate stocking densities, cattle can obtain a nutritional bene- 
fit by patch grazing. The percentage of heavily utilized patches 
reached a maximum value at an instantaneous grazing pressure 
of approximately 0.0016 animal units kg forage-r. When this 
threshold is passed, animal selection between patches could be 
conditioned by the presence of feces or thistles, and pasture con- 
dition affected by overgrazing of the heavily utilized patches. 

Key Words: patch grazing, Festuca arundinacea Schreb., 
Argentina 

Cattle graze selectively even in virtually monospecific pastures 
creating vegetation mosaics in which heavily utilized patches 
alternate with others that are lightly grazed (Gibb and Ridout 
1986, Illius et al. 1987). The regrowth of the heavily utilized 
areas is more digestible than that of the surrounding vegetation 
suggesting a nutritional facilitation (McNaughton 1984, Illius et 
al. 1987). As a result, patches with different biomass quantity and 
quality coexist in the same paddock and this drives the subse- 
quent use of patches. 
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Resumen 

En sistemas de pastoreo continua, la cantidad y la calidad de1 
forraje son aspectos basicos a considerar. Sin embargo, a cargas 
moderadas y sun en pasturas virtualmente monoespecificas, el 
pastoreo de bovinos determina la generacicin de areas que 
difieren en calidad y en cantidad de forraje. Esta heterogeneidad 
en la vegetation influencia su us0 posterior y la respuesta animal. 
Nosotros analiiamos durante dos adios la heterogeneidad creada y 
mantenida por el pastoreo de vacunos en una pastura de festuca 
alta (Festuca arzmdinacea Schreb.) en un rango de densidades de 
carga de 1.8 a 4.1 animales ha-l. El pastoreo de vacunos cre6 y 
mantuvo un mosaic0 de areas con diferente nivel de utilization. 
Las areas intensamente utilizadas tuvieron menos biomasa por 
unidad de supeticie, pero su biomasa viva fue msis densa y con 
mayor concentration de nitrogeno. Los bordes de las areas fluc- 
tuaron a traves de1 aiio en todas las densidades de carga. La ubi- 
cation de las areas fue mas e&able a las menores densidades de 
carga, ya que 10s animates retornaron repetidamente a las areas 
intensamente utilizadas aun cuando ellas representaban menos 
de1 30% de1 total de la superftcie. Esto refuerza la idea de que, a 
bajas y moderadas densidades de carga, 10s vacunos pueden 
obtener un beneficio nutritional pastoreando en manchones. El 
porcentaje de areas intensamente utiliiadas alcanzo un maxim0 a 
una presibn de pastoreo instantanea de aproximadamente 0.0016 
unidades animales kg forraje-l. En la proximidad de este valor, la 
seieccion animal entre areas podria estar condicionada por la 
presencia de heces o cardos; mb alla de este umbra& la condition 
de Ia pastura podria verse afectada por sobrepastoreo de las 
areas intensamente utilizadas. 

Generation and maintenance of the vegetation mosaic depend 
upon the relationship between herbivore intake and pasture 
growth rates (Shiyomi et al. 1983). The relative proportions of 
patches with different utilization levels change according to sea- 
son, grazing system and stocking density. 

In Argentina, perennial temperate pastures are used with vary- 
ing grazing systems and stocking densities according to produc- 
tion goals (Cascardo et al. 1991). In these pastures, patch grazing 
under continuous grazing in moderate stocked systems is fre- 
quently recognized although it has not been evaluated. In addi- 
tion, the effect of different stocking densities upon the hetero- 
geneity of the herbage available has not been considered. The 
purposes of this work were: (1) to determine whether cattle graz- 
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ing generates patchiness in Festuca arundinacea pastures stocked 
at different rates, (2) to assess the effect of stocking density on 
patchiness, (3) to compare the structure and the nitrogen concen- 
tration of the induced patches, and (4) to monitor seasonal and 
annual changes in patch locations. 

sidered as heavily utilized patches. On the contrary those 
ungrazed or with signs of light defoliation were considered as 
lightly utilized patches (Ring et al. 1985). 

Materials and Methods 

The study was conducted in the south east of the Buenos Aires 
province, Argentina (37”45’S, 58’18’W; 130 m above sea level) 
during 1987 and 1988 in a 12 ha pasture dominated by Festuca 
arundinacea Schreb., and with Dactylis glomerata L. and 
Paspalum dilatatum Poir. as the most important minor compo- 
nents. Mean annual temperature and rainfall in the region are 
13.7”C and 900 mm, respectively. Annual precipitation (959 and 
859 mm in 1987 and 1988, respectively), as well as the amounts 
registered in the experimental period, were similar to the long- 
term median. The pasture had been under continuous grazing at 4 
stocking densities from March to December since 1983 (Mezzadra 
et al. 1992). It was divided by electric fences into 8 small pad- 
docks of variable area according to the corresponding stocking 
density. Each year, at mid summer, the pasture was mechanically 
cut to a uniform canopy height. The paddocks were grazed by 
Aberdeen Angus steers (8 months of age and weighing 200 kg in 
March) from early March to late December at 4 stocking densities 
and 2 replicates. Stocking densities were 2.3, 2.9, 3.5, and 4.1 ani- 
mals per ha in 1987 and 1.8, 2.3, 2.8, and 3.3 animals per ha in 
1988. All the treatments were implemented with the same number 
of animals each year (5 and 4 in 1987 and 1988, respectively). 

Vegetation was sampled in September and December each 
year. Vegetation height and area of patches showing different 
degrees of utilization were estimated along 3 20 m transects in 
each paddock at each sampling date. Areas with nearly all avail- 
able forage consumed and signs of recent defoliation were con- 

The relative percentage of each type of patch was estimated 
from its length along the transects (Illius et al. 1987). To deter- 
mine whether the percentage of heavily utilized patches was inde- 
pendent of year and sampling date, it was related to instantaneous 
grazing pressure, expressed as animal units kg forage-t (Forage 
and Grazing Terminology Committee 1992). Animal live weights 
for 1987 and 1988 were obtained from Mezzadra et al. 1992 and 
Mezzadra (unpublished data), who weighed the animals every 14 
days from May to January both years. 

Total aboveground biomass within each patch type was esti- 
mated by clipping ten 0.1 m* frames in each paddock. Plots were 
randomly located within patch type. Total biomass was sorted 
into live and dead components; live biomass was later separated 
in grasses, legumes, and forbs. Samples were oven-dried at 60°C 
and weighed. We estimated total and live biomass density (g DM 
m-2 cm-l) from biomass and plant height. Nitrogen concentration 
in live biomass was determined from 3 samples per paddock by 
the micro-Kjeldahl procedure (AOAC 1965). Total forage avail- 
ability in each treatment was computed from the percentage of 
each patch type and its biomass. 

Data were statistically analyzed with a split-split plot in space 
and time design, with stocking density as plot and patch type as 
sub-plot. The three-way interactions were not significant (p > 0.1) 
and were pooled with the residual error term. Vegetation responses 
to the different stocking densities were analyzed using orthogonal 
polynomials for significant linear and quadratic responses (Steele 
and Torrie 1980). Because different stocking densities were used in 
1987 and 1988, data from each year were analyzed separately. 

Seasonal and annual variation in patch location were monitored 
over three 2 X 3 m permanent areas per paddock, randomly locat- 
ed. At each sampling date heavily and lightly utilized patches 
were delimited with plastic strips and photographed from a height 

Stocking 
Density 1.8 2.3 2.8 3.3 

(anim ha-‘) 

+ 
lm 

Fig. 1. Heavily and lightly utilized patches in six 3 X 2 m quadrats in tall fescue paddocks continuously grazed by cattle at 4 stocking densi- 
ties. Balcarce, Argentina, December of 1988. Black = lightly utilized patches, white = heavily utilized patches. 
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Fig. 2. Height of heavily and lightly utilized patches in a tall fescue 
pasture continuously grazed by cattle at different stocking densi- 
ties. Balcarce, Argentina, September and December, 1987-88. 

of 3 m. Maps of the pasture heterogeneity were obtained from the 
pictures and compared to determine changes in patch position 
within and between years. Stable and unstable (heavily utilized 
patches + lightly utilized patches, lightly utilized patches + 
heavily utilized patches) areas were determined by the overlap of 
360 points systematically located over each replicate map 
(Bakker et al. 1983, Willms et al. 1988). Mosaic fixation was 
quantified by the Kappa index (Fleiss 1981). The Kappa index is 
an estimator of the area that remains without change beyond the 
amount expected by chance alone. A Kappa index = 1 indicates 
complete agreement in overlap and therefore perfect stability, 
while a Kappa index between 0 and 1 values indicates more than 
chance agreement, and different degrees of stability. A Kappa 
index < 0 indicates instability. The z value (z=Kappa/SEC,,,,,) 
for each comparison was used to determine the statistical signifi- 
cance of Kappa index. As Kappa values are normally distributed 
we compared them by a test of normal mean differences. We 
used a global significance level of 0.05 that was adapted to each 
comparison by the total number of mean compared according to 
Bonferroni criteria (Miller 1966). 

‘Wl 

10 

0 
o.ooo1 omm O.WlC O.W24 0.0062 o.oo4o 

GRAZING FRlS6URE 
I- lm~ kp f=wP1) 

Fig. 3. Relationship between instantaneous grazing pressure and 
percentage of heavily utilized patches in a tall fescue pasture con- 
tinuously grazed by cattle. Balcarce, Argentina, September and 
December, 1987-88. 

Canopy height of heavily utilized patches was less than that of 
lightly utilized patches (p c 0.05) under all stocking densities in 
both years, indicating that cattle grazing created and sustained 
pasture structural heterogeneity through a broad stocking density 
gradient (Fig. 1). The increase in canopy height from September 
to December, averaged over stocking densities, was higher in 
lightly utilized patches. While the average seasonal increase in 
lightly utilized patches was around 8 cm it was only 2 cm in heav- 
ily utilized patches. The response of height to increasing stocking 
density differed between patches. The decrease in height of lightly 
utilized patches with increasing stocking density was linear (Fig. 
2). In September 1987, the height of the heavily utilized patches 
was not affected by stocking density, remaining stable at 4.5 cm. 
In December the response was quadratic and height exceeded 5 
cm only at the lowest stocking density. In 1988 height decreased 
linearly in the heavily utilized patches and at a lower rate than in 
the lightly utilized patches. The average percentage of heavily uti- 
lized patches increased (p < 0.01) as stocking density increased, 
varying from 19.0 to 90.3% and from 21.5 to 82.9% in 1987 and 

: PATCH uTIl.L?**ION LlcwT SEP. - HEAVY SEP. . . - - 
DEC.. _ _ DEC.. _ _ _ 
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2.3 2.0 3.6 4.1 

t I ‘ 

1.9 2.3 2.8 3.2 

I  1 1 I  (  

1.0 2.3 2.0 3.2 

STOCKING DENSITY (anim ha-l) 

Fig. 4. Dead (a), and live (b) biomass (g DM rnm2) in heavily and 
lightly utilized patches in a tall fescue pasture continuously grazed 
by cattle at different stocking densities. Balcarce, Argentina, 
September and December, 1987-88. 
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Fig. 5. Total biomass and biomass coming from heavily utilized 
patches in a tall fescue pasture at different stocking densities. 
Total biomass was computed from the percentage of surface of 
heavily and lightly utilized patches, and their biomass by unit sur- 
face. Balcarce, 1987-1988. 

1988, respectively (Fig. 1). The area of heavily utilized patches 
stabilized when the instantaneous grazing pressure reached 0.0016 
animal units kg forage-*, independent of date and year (% heavily 
utilized patches = 92.4*( l-l .002 e-1599.2x); p < 0.001, r2 = 0.83) 
(Fig. 3). 

As expected, heavily utilized patches had less (p c 0.05) total, 
live and dead biomass in both years; however in 1987 they had 
higher live biomass percentage (31 vs 26%; p = 0.065). In 1987, 
dead biomass declined linearly as stocking density increased. The 
rate of decline was higher in lightly utilized patches (Fig. 4a). On 
the contrary, increasing stocking density reduced dead biomass at 
the same rate in both types of patches in 1988. In September of 
both years, the live biomass of heavily utilized patches was simi- 
lar at all stocking densities, remaining around 50 g m-z. In 
December the decline of live biomass as stocking density increased 
was lower than that of the lightly utilized patches (Fig. 4b). 

Legumes and other dicotyledons were minor components of the 
vegetation, never representing more than 20 g DM m-2. Heavily 
utilized patches had higher legume biomass in 1988 (1987: 0.3 vs 
0.1; 1988: 9 vs 2 g DM m-2; p < 0.05). Biomass of other dicotyle- 
dons was higher in heavily utilized patches in 1987 (1987: 4 vs 1; 
1988: 5 vs 6 g DM m-2; p < 0.01) when overall stocking densities 
were higher. 

As stocking density increased, a greater amount of the forage 
available came from the heavily utilized patches (Fig. 5). This 
was a result of the differences between patches in biomass per 
unit surface (Fig . 4a,b), and in surface percentage per paddocks 
(Figs. 1 and 3). 

Stocking density affected neither live biomass nitrogen concen- 
tration nor biomass density. Live biomass nitrogen concentration 
differed between patches and dates in both years. It was 26% 
higher in the heavily utilized patches than in the lightly utilized 
patches (p < 0.01; Fig. 6a) and decreased around 35% from 
September (1987 = 2.8, 1988 = 2.4%) to December (1987 = 1.8 
and 1988 = 1.6%; p c 0.01). Average total biomass density did 

a 1987 1988 

qz ___ ** 

HEAW LIGHT HEAW LIGHT 

b 
1987 

HEAW LIGHT HEAW LIGHT 
PATCH UTILIZATION 

Fig. 6. Average live biomass nitrogen percentage (a) and density (b) 
in heavily and lightly utilized patches in a tall fescue pasture con- 
tinuously grazed by cattle at different stocking densities. Balcarce, 
Argentina. 1987-88. 

not differ between patches in 1987 (heavily utilized patches 30.7 
+ 15.6 vs lightly utilized patches 27.9 f 13.2%; p > 0.05), but in 
1988 it was 43% higher in heavily utilized patches (35.4 k 9.0 vs 
24.8 + 6.3%; p c 0.05). Furthermore, in both years live biomass 
density was higher in heavily utilized patches (Fig. 6b). 

Patch location changed from 1 year to the next (Kappa values IO) 
but was fixed to some degree within each year (Table 1). Patch 
location was more stable at the lower stocking density; around 45% 
of the heavily utilized patches recorded in September remained 
without change until December. At the highest stocking densities, 
although 80% of the heavily utilized patches did not change loca- 

Fig. 7. Changes in percentages of heavily and lightly utilized patches 
from September to December in a tall fescue pasture continuously 
grazed by cattle at different stocking densities. Balcarce, 
Argentina. 1987-88. 
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Table 1. Seasonal (a) and annual (b) stability of the vegetation mosaic of patches with different degree of utilization in a tall fescue pasture grazed by 
cattle at different stocking densities. Balcarce, Argentina, 1987-1988. 

(a) Seasonal 
(Sep. to Dec.) 
Paddock (#I) 

1987 1988 
1 2 3 4 I 2 3 4 

Stocking h&sity 
(anim ha -1) 

Kappa index 

2.3 2.9 3.5 4.1 I.8 2.3 2.8 3.2 

0.33**a 0.21**b 0.21**b 0.11**c 0.26**a O.l6**b 0.19**b -o.o7**c 

SE 0.008 0.013 0.013 0.01 I 0.010 0.013 0.013 0.013 

(b) Annuals 
(Dec. 87 to Dec. 88) 

Paddock (#) 1 2 3 4 

Kappa index -0.Olb -0.11 ++a -O.O5++b -O.O4++b 
SE 0.011 0.013 0.013 0.012 

The smtial distribution of differentlv utilized rmtches is stable (**, D < 0.01) or unskble (++, p < 0.01). 
For each year Kappa values with different let&s differ (p < 0.05). - 

tion, only 28% of the lightly utilized patches remained stable (Fig. 
7). The percentage fixed beyond chance changed from 33 to -7% 
according to stocking density and year, and was always higher at 
low stocking densities. Stability of pasture at the same stocking den- 
sity was higher in 1987 than in 1988 (Table 1). 

7 cm by cattle grazing. After the first month of grazing the mean 
height of the frequently grazed patches reached a fairly constant 
value of approximately 3 cm on both swards. 

Discussion 

In pastures dominated by tall fescue continuously grazed, cattle 
used the forage unevenly over a broad range of stocking densi- 
ties. Cattle grazing created a mosaic of patches with different lev- 
els of utilization. Live biomass of highly utilized patches had 
higher nitrogen concentration and density than that of lightly uti- 
lized patches. This agrees with findings of previous studies that 
showed higher density and digestibility of biomass in shorter 
patches in ryegrass pastures heavily stocked during short grazing 
periods (Illius et al. 1987). 

Heavily utilized patches were shorter and had less total and live 
biomass, but they had higher nitrogen concentration and were 
more dense. Higher nitrogen concentration in heavily utilized 
patches may result from a combination of causes. Concentrated 
grazing maintains vegetation in a shorter and more juvenile stage 
(Hodgson et al. 1994), and younger leaves have lower C:N ratios 
(Jameson 1964, Kamstra et al. 1968). In addition, defoliation may 
increase nitrogen uptake and allocation of nitrogen to leaves 
(Reuss et al. 1983, Jaramillo and Detling 1988, Polley and 
Detling 1988). 

At the paddock level, patchiness occurs as result of selective 
grazing caused by forage differences between microsites (Bakker 
et al. 1983); once patches have been formed they may govern the 
grazing pattern. Later, the regrowth of highly utilized patches is 
preferred over the more mature vegetation (Shiyomi et al. 1983, 
Willms et al. 1988). In our study, as stocking density increased, 
the percentage of surface occupied by highly utilized patches and 
their degree of utilization also increased. However, the percent- 
age of highly utilized patches reached a maximum value at a 
grazing pressure of approximately 0.0016 animal units per kg for- 
age biomass. When this value is reached, selection between 
patches seems to be related to the presence or absence of feces or 
thistle plants in lightly utilized patches. Beyond that value, ani- 
mal gains and pasture condition could be affected by overgrazing 
of heavily utilized patches. Stocking density principally affected 
the height of lightly utilized patches, while the highly utilized 
patches remained fairly constant at a height of approximately 5 
cm. Thus, most of the structural differences due to stocking den- 
sity were the relative proportion of both types of patches and the 
height of the lightly utilized patches. Gibb and Ridout (1986) 
found a similar stocking density effect on Lolium perenne L. and 
Trijdium repens L. pastures maintained at mean heights of 3 and 

In virtually monospecific swards, where factors such as taste, 
palatability, and nitrogen content are highly correlated with 
digestibility, the main influence on preference is likely to be the 
potential rate of herbage intake (Illius et al. 1987). Cattle prefer to 
graze repeatedly in heavily utilized patches if their height does 
not constrain the rate of intake or if the animals compensate bite 
size reduction by increasing biting rate. At the lowest stocking 
densities cattle repeatedly used the highly utilized patches. 
Although they represented less than 30% of the paddocks in 
September, around 40% of this area remained in the same loca- 
tion in December, a value that exceed that expected by chance 
alone. At high stocking densities, where the vegetation mosaic 
was unstable or only slightly stable, patchiness could be the result 
of animals avoidance of forage near feces (Jones and Ratcliff 
1983, Haynes and Williams 1993) or thistles (Oswald 1985, 
Brizuela and Cid 1991). Cattle refuse the forage near feces for a 
short period of time but thereafter prefer it because of its higher 
biomass availability. Thus, a high proportion of the highly uti- 
lized patches would change their location in a short time, result- 
ing in lower stability. 

If cattle grazing maintains patches of dense and nutritious for- 
age and animals are able to compensate for possible constraints 
imposed by height to their rate of intake, similar individual ani- 
mal gains should be expected under grazing pressure lower than 
0.0016 animal units kg forage-l. Mean daily gains from 
September to December for 1987 (Mezzadra et al. 1992), and 
1988 (Mezzadra unpublished data) support this idea. In spite of 
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large differences in forage availability between treatments, mean 
individual gains did not differ (p > 0.05) as stocking density 
increased in 1987 (0.540, 0.521, 0.530, 0.415 kg animal-l day-l) 
and in 1988 (0.491, 0.483, 0.553 and 0.438 kg animal-1 day-*). 
The lowest absolute value at the highest stocking density in 1987 
could be related to a limitation imposed on the animals in 
December, when grazing pressure was higher than 0.0016, and 
forage availability was below 1,000 kg DM ha-t. At this point a 
critical stocking rate (Hart 1978) could be exceeded and individ- 
ual animal performance would decline. However, in the southeast 
of Buenos Aires province, pastures based on fescue are usually 
rested between December and February. Thus, the occasional 
shortage of fescue pasture availability in December has no major 
impact upon cattle gains because cattle are usually allocated to 
warm season pastures based on alfalfa or red clover with higher 
quality. The conceptual model of the effects of stocking rate on 
livestock production remains continually under revision 
(Heitschmidt and Taylor 1991). The patch grazing approach is 
useful for explaining similar weight gains at less than the critical 
stocking rate. However, because the effects of different grazing 
systems on livestock production vary widely over time and space, 
possible interactions of seasonality (Hart 1978) and grazing sys- 
tem (Heitschmidt and Taylor 1991) should be considered. 

Our results suggest that patch grazing is nutritionally beneficial 
for cattle. However, when a grazing pressure threshold is passed, 
animal selection between patches could be conditioned by the 
presence of feces or thistles, animal gain reduced, and pasture 
condition affected by overgrazing of the heavily utilized patches. 
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Abstract 

Two small-plot grazing trials were conducted in the spring of 
1996 and the winter of 1997 to determine whether sheep would 
differentially graze fourwing salthush [Atriplex cune~cen~ (Pursh) 
Nutt.] on the basis of shrub sex in a uniform garden. 
Consumption was determined using an Australian method of leaf 
tagging in conjunction with the Adelaide Technique of biomass 
estimation. The results confirmed anecdotal field observations 
that herbivores prefer to graze the male shrub during late 
spring. No sex based preference was apparent during winter. We 
suggest that differences in physiological vigor and/or chemistry 
may influence relative palatability of the sexes through time. 
Results of these experiments contrast with those for an 
Australian member of the genus (A. vesicariu Hew. ex Benth.), 
for which it was found that the female was the preferred pheno- 
type throughout the year. 

Key Words: Atriplex conescens (Pursh) Nutt., sex phenotypes, 
seasonal variation 

Fourwing saltbush [Atriplex canescens (Pursh) Nutt.] is a wide- 
spread, subdioecious chenopod species of the western rangelands 
of North America (Freeman et al. 1993). It is a useful cover 
species and forage source for game and livestock, and has been 
described as a preferred forage shrub in all seasons (Plummer et 
al. 1966, McArthur et al. 1983,McArthur et al. 1984). Field 
observations suggest that there may be palatability variation with- 
in fourwing saltbush. It is thought that male plants are generally 
preferred by both game and livestock (Plummer et al. 1966). 
Cibils et al. (1997) recently reported, however, that a fourwing 
saltbush population that had been protected from cattle grazing 
had a female sex ratio bias compared to an adjacent grazed popu- 
lation. Cibils et al. (1997) suggested that sex-based grazing may 
account for this bias. Plummer et al. (1966) noted that when pre- 
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Resumen 

Durante la primavera de 1996 y el invierno de 1997 tuvo lugar 
el apacentamiento experimental de dos peqlueiias parcelas para 
determinar si las ovejas diferenciaban en sus habitos de apacen- 
tar el arbusto fourwing saltbush [Atrfiplex canescens (Pursh) 
Nutt] de acuerdo al sexo de1 arbusto, en un huerto uniforme. Se 
determind el consumo usando un metodo australiano de marcar 
las hojas, junto con la Tknica Adelaide de calcular la biomasa. 
Los resultados confirmaron las observaciones acecdbticas de que 
10s hervivoros pretieren apacentar el arbusto macho en la tiltima 
parte de la primavera. Hacia la liltima parte de1 invierno, no 
parece haber una preferencia determinada. Se sugiere que las 
diferencias en el vigor BsioMgico y la quimica pueden influir en 
el sabor relativo de 10s arbustos de diferente sexo a traves de1 
tiempo. El resultado de estos experimentos contrasta con aquel- 
10s realizados con uno de 10s miembros australianos de1 gknero 
(A. vesicariu Hew. ex Benth.), en el que se comprob6 que el 
gCnero femenino era fenotipe preferido durante todo el aiio. 

sent, the seed utricles (borne on the female shrubs) are sought out 
by grazing animals. Thus, the information to date suggests that 
there may be temporal variability in the acceptance of male vs 
female fourwing saltbush shrubs. 

It is possible that the sex phenotypes of fourwing saltbush do 
differ in their palatability, for they are known to differ in a num- 
ber of other respects. Differences have been demonstrated for 
height and crown diameter (McArthur et al. 1992), leaf biomass 
(Freeman et al. 1993). branch length, number of flowers, inflores- 
cence length (Pendleton et al. 1992) and plant longevity 
(Freeman et al. 1984). Furthermore, Tiedemann et a1.(1987) 
reported that concentrations of various metabolites differed 
between the sexes at certain times of the year. 

Given the known differences between the sexes and the appar- 
ent temporal variability, we decided to determine if sheep selec- 
tively graze the sexes of fourwing saltbush in a uniform garden. 
The null hypothesis in both trials was that biomass consumption 
from the sexes would not be disproportional to availability. 
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Materials and Methods Table 2. Reproductive categories used for founving saltbush shrubs. 

Study Area 
The experiments were conducted in a fourwing saltbush garden 

at Snow Field Station,immediately north-east of Ephraim 
(Sanpete County) Ut. The Field Station, which has been convert- 
ed to agricultural use, is a former basin big sagebrush site on 
Woodrow silty clay loam soil (Swenson et al. 1981). It is 2 km 
west of the base of the monoclinal front of the Wasatch Plateau, 
at an elevation of 1,700 m. Annual precipitation at the Station 
averages 270 mm, with about 45% received as winter snow. 

The fourwing saltbush garden was established in 1985 using 
clonally propagated ramets of known genetic origin (McArthur et 
al. 1992). The species is subdioecious, monoecious and labile 
plants were excluded to produce a garden consisting of male and 
female plants only. The garden was set up as a grid of 9 rows 
with shrubs separated by 1.3 m. Since establishment, the garden 
has received minimal cultural care and has not been grazed by 
livestock or wildlife. 

Experimental Plots 
The grazing trials were conducted in late spring (8-14 June) 

1996 and late winter (23-26 March) 1997. During spring 1996 a 
section of the garden was divided and fenced into 3 equal-sized 
plots. Each plot (10 m X 30 m) was fenced with fine mesh to 
exclude herbivores. Three new plots were built in another section 
of the garden for the late-winter trial. The number of female and 
male shrubs within the plots differed because the garden was 
originally designed as a seed orchard and some shrubs had died 
before the experiments began (Table 1) . 

Table 1. Number and distribution of fourwing saltbush shrubs in the 
experimental plots. 

Seasonal &g &&s Females 
___ _--________ (no.) .--------- ___ 

SDrine. A 6 17 
B 12 14 
C 7 16 

D 5 14 
E 5 22 
F 7 17 

Shrub Characteristics 
Before the experiments, several features were measured to 

characterize the shrubs in the garden. The maximum height and 
width of living foliage was measured to the nearest centimeter, 
and the percentage of branches with current season’s flowers 
and/or utricles was used to assign a “reproductive” category to 
each shrub (Table 2). In spring, both females and males were 
assigned a category on the basis of flowering. In late winter, 
females were assigned a category on the basis of residual utricles. 
For the males, the winter category was based on the percentage of 
branches with residual flowers from the previous spring. 

The total biomass of each shrub was estimated once before each 
trial using a modification of the Adelaide Technique (Andrew et 
al. 1979). This non-destructive biomass estimation method, devel- 
oped for use with chenopod shrubs in Australia, was readily adapt- 

Category Percentage of branches with 
flowers &/or utricles 

(%) 
1 l-20 
2 21-40 
3 41-60 
4 61-80 
5 81-100 

ed to fourwing saltbush. A branch with a foliage span of about 25 
cm was picked from a non-experimental shrub and weighed 
immediately (this branch is called a Hand Held Unit, or HHU). 
The number of HHU equivalents which approximated the leaf and 
stem biomass of each experimental shrub was visually estimated. 
The HHU was taken back to the laboratory after all estimations 
were completed, and the leaves and young stems were stripped 
off. The woody remainder was weighed and subtracted from the 
initial fresh weight to provide an estimate of the fresh weight of 
the leaves and non-woody stems. This final weight was then mul- 
tiplied by the HHU estimations to produce fresh weight estimates 
of the leaf and stem biomass for each shrub. 

Estimation of Biomass Consumption 
Biomass consumption was estimated using the microdot 

method (Lange 1984). A water-based acrylic paint was used to 
mark small (2 mm) dots on a sample of external leaves on each 
experimental shrub. Marked leaves were used to represent the 
consumable foliage of each shrub. This representation is valid if 
the dots are distributed evenly (with respect to foliage density) 
over the accessible biomass (Lange 1984). At the end of each 
grazing period, the dots remaining on the shrubs were counted. 
Thus, the microdot method and the non-destructive biomass tech- 
nique were used together to estimate the amount of fourwing salt- 
bush biomass consumed by the sheep. 

We used an approximate guide of 1 marked leaf per hand-sized 
area of foliage for the fourwing saltbushes in the garden. 
Variations in foliage density required some adjustment to this 
guide. Dots were only applied to living, animal-accessible 
foliage. To aid relocation, the dots were a bright color and were 
placed on terminal leaves. It has been shown that small colored 
dots of this nature do not influence the grazing behavior of sheep 
(Lange 1984). To identify the branches with marked leaves, a 
small paint slash was applied near the base of the stem. In the 
spring experiment, microdot application and biomass estimation 
were restricted to 1.5 m. However, we found that the sheep could 
only reach to 1.2 m, so the numbers of non-accessible dots and 
the weights of non-accessible biomass were subtracted from the 
totals to provide estimates of what was available to the sheep. For 
this reason, biomass estimation and microdot application in the 
winter trials were limited to 1.2 m in height. 

Animals 
Once surveying, biomass estimation and microdot application 

were completed, sheep were introduced to the plots. For spring 
trials, 10 yearling ewes were borrowed from a farm in Sanpete 
Valley near Ephraim. The sheep had not experienced fourwing 
saltbush before, but had been grazing on greasewood [Sarcobarus 
vermicularus (Hook.) Torr.], trident saltbush [Atriplex tridentata 
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Table 3. Comparison of shrub characteristics (k + SE) for the sexes of fomwing saltbush prior to grazing. 

Characteristic 
Shrub Sex 

Male Female Significance 

Swine 1996 
Height (cm) 
Width (cm) 
Fresh Weight(g) 

I.546 
247i15 

540.4 i74.7 

1474 P>kl=0.38 
249i.11 p>IzI=o.83 

622.9254.4 P>IZI=O.29 

Winter 1997 
Height (cm) 
Width (cm) 
Fresh Weight (g) 

148k9 139+5 P>1t1=0.34 
255+2 1 258il2 bIZkO.85 

311.5k87.7 674.7k49.7 p>IzI=0.001 

Kuntze], and shadscale [A. confertifolia (Torr. & Frem.) S. 
Wats.]. To overcome any potential lack of experience, the sheep 
were allowed to graze on fourwing saltbush shrubs in a holding 
yard adjacent to the experimental plots for I2 hours before the 
first replicate of each trial. 

Spring Trials 
The sheep were put into Plot A at 0800 on Day 0 and left to 

graze with access to water for about 23 hours. On the morning of 
Day 1 the sheep were quietly mustered into the holding yard, and 
the number of microdots remaining on the shrubs was counted. 
Marked leaves which had been broken from the shrubs and not 
eaten (due to rejection or trampling), were discarded and subtract- 
ed from the calculations of consumption and subsequent availabil- 
ity. After counting was completed, the sheep were returned to Plot 
A for another day. This pattern was repeated for Plots B and C. 
Since 10 sheep depleted the biomass of the shrubs in Plot A very 
quickly, we halved the flock to 5 sheep for Plots B and C. 

Winter Trials 
The trials were conducted soon after the snow had melted at the 

Field Station. The shrubs did not have any new growth, but the 
leaves from the previous year were still present. Three of the 5 sheep 
used in the spring trials were relocated for the winter trials. 
Unfortunately, not all 5 could be found and the remaining 2 were 
taken from the larger flock that provided the initial sheep. The 
methodology used in the spring trials was repeated for the winter tri- 
als, except that the sheep spent 24 hours in each of the 3 winter plots. 

Analyses 
As the same sheep were not used in both trials and the grazing 

duration differed between the plots, the results of the spring and 
winter trials were analyzed separately. Linear regression was 
used to compare the number of microdots with the amount of bio- 
mass available for consumption for each experiment. The initial 
height, width, and biomass of the male and female shrubs were 
compared using Student’s t-tests or thewilcox on two-samples 
tests, The latter was used when Shapiro-Wilk W tests detected 
serious departures from normality that could not be rectified 
using data transformations. The consumption of the sexes was 
compared by analysis of covariance, using the amount of biomass 
consumed from each plant as the response variable and initial 
biomass as the covariate. All analyses were performed using the 
JMP program (SAS Institute Inc. 1989). 
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Results 

Available Biomass 
Linear regressions confirmed a significant relationship between 

the number of microdots applied to the shrubs and their initial 
biomass for both trials (spring r2 = 0.84, P < 0.01, winter r2 = 
0.86, P < 0.01). The regressions confirmed that microdot applica- 
tion was highly consistent with shrubs receiving a suite of dots in 
proportion to the biomass available for consumption. The 
microdot and biomass estimation methods were adaptable for use 
with fourwing saltbush in these experiments. 

Spring 1996 Trial 
There was no significant difference in height, width, or biomass 

between female and male fourwing saltbush shrubs before graz- 
ing (Table 3). Flowering was advanced for both female and male 
shrubs, however male shrubs tended to have more branches with 
flowers than females (Fig. 1). Most of the male flowers were in 
the process of dehiscing. The consumption of male biomass was 
significantly higher than female biomass (P < 0.001). A compari- 
son of the proportion of initial biomass consumed from the 
shrubs on a per plot basis (Fig. 2) confumed that the sheep con- 
sistently preferred to consume male fourwing saltbushes. The 
covariate (initial biomass) was also significant (P < 0.001). To 
investigate the effect of the covariate, biomass consumption was 
regressed with initial biomass for each sex. The resulting linear 
regressions were highly significant (female r2 = 0.72, P < 0.001, 
male r2 = 0.81, P < O.OOl), and showed that shrubs of low bio- 
mass were grazed less than shrubs of high biomass. 

Winter 1997 Trial 
There were no significant differences in either initial height or 

width between male and female fourwing saltbush shrubs in late 
winter (Table 3). The average initial biomass of female shrubs 
was significantly higher than male shrubs (P < 0.001). Male 
shrubs tended to have a lower percentage of branches with flow- 
ers compared to the shrubs used in the spring trials. This suggests 
that the shrubs used in the winter trials either did not flower as 
much as the shrubs used in the spring experiment or, more likely, 
that some of the spent flowers fell from the shrubs. The utricle 
histogram for the females in winter shows a similar pattern to that 
for flowers in the spring trials, with most female shrubs possess- 
ing a moderate percentage of branches with utricles. Analysis of 
covariance was not used to compare the consumption of the sexes 
in the winter trial because the initial biomass of the sexes was 
significantly different (thus precluding the use of initial biomass 
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Spring 1996 

Winter 1997 

0.7 
0.6 h 

8 0.5 

B ;-; 
& * 0.2 

0.1 

I 
j- 
t -c .rl. -1 l-l 

La- 0 
1 2 : 3 4 5 

Category 
Fig. 1. Frequency histograms showing fiower/utricle categories on 

the basis of sex for both trials (See Table 2 for definition of cate- 
gories). Open columns represent females, closed columns repre- 
sent males. 

as a covariate). Instead, the proportion of biomass consumed 
from each shrub was used as the response variable in an analysis 
of variance. There was no significant difference in the relative 
consumption of biomass from male and female shrubs in the win- 
ter trial (P > 0.57). Unfortunately, the design of the winter trial 
was relatively unbalanced, with many more female plants than 
male plants. Ideally, more male shrubs should have been included 
in the winter trials to provide similar sample sizes, but this was 
not possible due to the layout of the garden. 

Conclusions and Management Implications 

There were no measurable differences in either height, width, 
or biomass (with the exception of biomass in the winter trial) 
between the sexes. The lack of differences in height and biomass 
(spring only) contrasts with the findings of McArthur et al. 

I 
0.9 

0.8 
l d ; 0.7 

A B C 

Plot 
Fig. 2. Proportion of initial biomass consumed (x + SE) from the 

shrubs in each experimental plot in the spring trials. Open 
columns represent females, closed columns represent males. 

(1992) and Freeman et al. (1993) and may reflect the fact that the 
shrubs in the garden had not been previously grazed. Freeman et 
al. (1993) found that female plants had more leaf biomass than 
male plants in both spring and fall. Our finding that male plants 
had less biomass than female plants in the winter supports that 
trend. The similar physical structure of the sexes, combined with 
the lack of previous grazing, provided a standard basis from 
which to compare the palatability of the sexes in our study. 

The sheep consistently discriminated between the sexes of 
fourwing saltbush during late spring 1996 by preferentially graz- 
ing male shrubs. Given that there were fewer males than females 
in every plot, the results suggest that the sheep sought out the 
male shrubs. The sheep curtailed their consumption of the more 
abundant female biomass in order to preferentially consume male 
material. This preference for male shrubs is consistent with 
observations made by the authors in pastures in Sanpete County. 
Autecological information may explain why male shrubs may be 
preferred by sheep during spring. Tiedemann et al. (1987) found 
that in late spring, the physiological vigor of male fourwing salt- 
bush plants was higher than either female or sexually labile 
plants. This suggests that male plants may be relatively more 
active in their growth in late spring compared to the other pheno- 
types. If this is true, then males may be grazed heavily at this 
time because herbivores prefer green, succulent, young growth 
over mature growth (Vallentine 1990). Interestingly, Tiedemann 
et al. (1987) found no significant differences in physiological 
vigor between the sexes at any other time of the year, and we 
found no significant difference in the consumption of the sexes in 
the winter trials. As our only aim was to determine whether the 
sheep would selectively graze the sexes of fourwing saltbush in 
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the garden, underlying nutrient and chemical differences were 
beyond the scope of our study. 

It is interesting to note that the sex phenotypes of an Australian 
saltbush (A. vesicariu Hew. ex Benth.) are also grazed differen- 
tially. In contrast to the results found here, the female plant is the 
preferred phenotype (Graetz 1978, Williams et al. 1978). 
Furthermore, the selectivity is maintained throughout the year 
regardless of season or phenological stage (Maywald, unpub- 
lished). The continuous, and preferential consumption of the 
female phenotype limits seed production and has serious implica- 
tions for population dynamics in A. vesicaria (Maywald, unpub- 
lished). Although seasonal grazing of the male phenotype in A. 
canescens may not significantly alter the seed output of grazed 
populations, other management implications (if any) remain 
unknown. Palatability variation within A. vesicaria appears to be 
related to chemical differences, even though the genus is regard- 
ed as relatively benign in terms of defenses (M. Ralphs, pers. 
comm.). Pearson et al. (1990) suggested that palatability variation 
in A. vesicaria was related to sodium levels in the foliage, with 
higher sodium biotypes being relatively less palatable to sheep. 
Our results, and those of Tiedemann et al. (1987), suggest consid- 
erable scope for investigating the role of nutrients and/or sec- 
ondary chemistry in palatability variation for fourwing saltbush. 
In the meantime, we believe that grazing experiments need to be 
conducted in natural populations of fourwing saltbush to confirm 
the findings of the garden trials reported in this paper. 
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Abstract 

The epidermal remains of 4 poisonous plant species that pro- 
duce acute intoxication in ruminants were quantified by micro- 
histological analysis in the gastro-intestinal content of sheep 
experimentally poisoned. These species were ‘romerillo’ or ‘mio 
mio’ (Boccharis coridifolia DC); ‘duraznillo negro’ (Cestrum par- 
qui L’Hbrit.); ‘poison hemlock’ (Conium maculutum L.), and 
‘sunchillo’ (Wedeliu glaucu (Ott.) Hoff.). All of these species pro- 
duce important economic losses of livestock in the Flooding 
Pampa, Buenos Aires, Argentina. The plants used for intoxica- 
tion were at the vegetative stage of growth. Results indicate that 
the microhistological technique can he used to confirm the diag- 
nosis of ruminant intoxication by duraznillo negro, romerillo, 
and sunchillo, but not by poison hemlock because digestion 
degrades its fragments beyond recognition. It would be conve- 
nient to sample the final sections of the digestive tract to confirm 
romerillo and sunchillo ingestion, because their fragments tend 
to concentrate there. The uniformity of duraznillo negro frag- 
ment distribution would allow identification of this species from 
any section of the digestive tract. However, the considerable vari- 
ability in fragment distribution found among animals poisoned 
with the same plant species makes it necessary to sample more 
than 1 digestive region if only 1 animal is available for necropsy. 

Key Words: toxic plants, Baccharis coridifolia, Cestrum parqui, 
Conium maculatum, Wedelia glauca 

Poisonous plants are a major cause of economic losses to live- 
stock production around the world (Nielsen 1978, James et al. 
1980, Everist 1981). For diagnostic purposes, it would be desir- 
able to confirm the ingestion of poisonous plants by ruminants 
through the detection of their epidermal remains in the gastro- 
intestinal contents (Panter et al. 1987). The microhistological 
analysis quantifies the botanical composition of herbivore diets 
by the identification of the epidermal characters of the ingested 
species (Sparks and Malechek 1968, Holechek et al. 1982). 
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Resumen 

Los restos epidermicos de cuatro especies toxicas que pro- 
ducen intoxication aguda en rumiantes se cuantificaron por 
analisis microhistologico en el contenido gastrointestinal de ovi- 
nos intoxicados experimentalmente. Estas especies fueron 
‘romerillo’o ‘mio mio” (Buccharis corid$oZia DC); ‘duraznillo 
negro” (Cestrum parqui L’Herit.); ‘cicuta (Conium macukatum 
L.), y ‘sunchillo’(Wedeliu gluuca (Ort.)Hoff.); todas ellas pro- 
ducen importantes perdidas economicas de ganado en la Pampa 
Deprimida, Buenos Aires, Argentina. Las plantas usadas para 
las intoxicaciones se encontraban en estado vegetativo. Los resul- 
tados indicaron que la tecnica microhistologica puede ser usada 
para confirmar el diagnostico de ingestion de duraznillo negro, 
romerillo y sunchillo por rumiantes, per-o no la de cicuta ya que 
la digestion degrada sus fragmentos hasta imposibilitar su 
reconocimiento. Se encontro suficiente muestrear las regiones 
finales de1 tract0 digestivo para contirmar la ingestion tanto de 
romerillo coma la de sunchillo, ya que 10s fragmentos de estas 
especies tienden a concentrarse alli. La uniformidad en la dis- 
tribucion de 10s fragmentos de duraznillo negro permitiria la 
identification de esta especie en muestras de cualquier region de1 
tract0 digestivo. Sin embargo, la considerable variabilidad en la 
distribution de fragmentos encontrada entre 10s animales intoxi- 
cados con 1 misma especie hate conveniente muestrear m&s de 
una region si se dispone de solo un animal para reallzar necrop- 
sia. 

‘Romerillo’ or ‘mio mio’ (Baccharis coridifolia DC), ‘duraznil- 
lo negro’ (Cestrum parqui L’HCrit.), ‘poison hemlock’ (Conium 
maculutum L.) and ‘sunchillo’ (Wedelia gluucu (Ort.)Hoff.) are 
species poisonous to livestock (Ragonese and Milan0 1984) and 
of great economic impact (T.Lopez; unpublished data) in the 
Salado River Basin, Buenos Aires province, Argentina, where 
20% of the country’s livestock graze (Rearte 1996). Their lethal 
doses in sheep range from 1 to 10 gDM kg-tLW. These species 
are primarily eaten during early vegetative stages, but some cases 
have been observed in which animals fed from them at later 
growth stages, (when other forages was scarce, or when the poiso- 
nous species were the only green plant material available). The 
purpose of this study was to assess whether microhistological 
analysis of the gastro-intestinal content of ruminants can confirm 
their ingestion. 

Specific objectives of this study were to determine: (1) the dis- 
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(2) the number of points to sample in the rumen + reticulum; and 
(3) the effect of digestion upon the recognition of the epidermal 
fragments of the poisonous species. 

Materials and Methods 

Plants of the 4 above mentioned poisonous species were col- 
lected from different farms where cases of intoxication had previ- 
ously been recorded. The collected material consisted of young 
shoots and fully developed leaves obtained from plants at the 
vegetative stage of growth. Dry matter percentage was estimated 
for each species in order to determine the amount of fresh plant 
material to be administered to the experimental animals. Three 
Corriedale ewes (average weight = 41.6 f 4.7 kg) were randomly 
assigned to each poisonous species (Table 1). Sheep were provid- 
ed by the Balcarce Experiment Station, Instituto National de 
Tecnologia Agropecuaria (INTA), Argentina. 

Sheep were housed in separate, roofed pens and fed with a half 
ration of oat-ryegrass hay during 72 hours prior to intoxication. 
Forage availability was restricted to simulate the conditions in 
which animals frequently ingest poisonous plants (Merril and 
Schuster 1978, James et al. 1980, Everist 1981). Water was offered 
ad libitum. The following doses were administered: duraznillo 
negro 10 g kg:’ LW (Mpez et al. 1978); sunchillo 1.5 g kg.-1 LW 
(Platonow and L6pez 1978); and poison hemlock and romerillo 1 .O 
g kg.-’ LW (T. L6pez and G. Pinilla, unpublished data). 

We used 2 procedures to administer the poisonous species to 
the sheep. Poison hemlock (as fresh plant material) was adminis- 
tered as a small bolus, which were introduced by hand in the 
sheep’s mouths, and the sheep were allowed to chew it. The other 
3 species were partially dried (60°C for 30 min), blended in a 
commercial blender (0.5 cm diameter), mixed in a warm water 
slurry and gavaged by stomach tube. Plant material mixed with 
the smallest amount of water required to provide the thickest slur- 
ry that flowed through the cannula. 

Due to the large volume of plant material requited for the dumznillo 
negm(lOgkgtlethaJdose),asplitdosewasused-Sheep1 wasgiventhe 
full lethal dose, but the full lethal dose would have exceeded the mminal 
capacities of the other 2 sheep. Therefore, doses of dumznillo negro were 
l/3ofthelethaJdosesfotsheep2and3.Twentyfourhoutslater,sheep1 
dosed with dumznillo negro died, and sheep 2 and 3 showed the signs of 
poisoning usually produced by non-lethal doses of this species (lack of 
appetite, ataxia, lack of reaction to external stimuli, and recumbency). Both 
animals were sacrificed by electric shock. The animals dosed with the 
other species died withii 24 hours after dosing. 

The necropsies of the animals were performed, and digesta 
were taken from different sections of the digestive tract: 
rumen+reticulum, omasum + abomasum, duodenum, jejunum, 
ileum, cecum, colon, and rectum. Fecal samples were not collect- 
ed because retention time of forage in sheep is greater than 24 
hours (Faichney 1993). Except for the rumen + reticulum sec- 
tions, the entire content of each of the other sections was collect- 
ed as a single sample from each animal. The rumen + reticulum 
contents were sampled as follows. Excess water was removed by 
pressing the digesta over a 35 mesh sieve screen, the contents 
were weighed (Table I), and 3 composite samples were obtained 
from each animal by sampling at random 15, 30, and 50 points. 
Previous analysis of rumen + reticulum contents of animals fatal- 
ly poisoned under natural conditions had shown that samples of 
these sections taken at 10 or less points (20 g each) produced 
variable quantifications of the poisonous species fragments (C. 
Yagueddu, unpublished results). 

All the samples were individually washed with tap water over a 
200 mesh sieve screen to remove soluble substances which can 
coagulate and render a compact mass unsuitable for further pro- 
cessing. After drying for 24 hours in a forced air oven at 60” C, 
the samples were ground over a 1 mm (16 mesh) sieve screen. A 
representative amount of each sample was soaked in full strength 
household bleach to clear the material (30 to 60 set). Each sub- 
sample was then washed over a 200 mesh sieve screen to remove 
the bleach and very small fragments (Sparks and Malechek 
1968). A small portion of each sample was spread evenly and 
mounted on 5 microscope slides using gelatine: glycerine (1:7). 

Table 1. Experimental feeding of poisonous species that produce acute intoxication in sheep. 

Sheep No. Live Weight Rumen+reticulum Digestive tract Poisonous species 
Net content Net content fed 

Fresh Dried 
(kg) ------------- --(g)--------------- 

Baccharis coridifolia (romerillo) 
Sheep 1 37.0 857 1224 91 37 
Sheep 2 38.9 588 840 93 38 
Sheep 3 42.0 777 1110 103 42 

Cestrum parqui (duraznillo negro) 
Sheep 1 38.0 3650 5214 2077 380 
Sheep 2 (*) 40.0 2750 3928 751 138 
Sheep 3 (*) 50.0 4000 5714 909 166 
Conium macularurn (poison hemlock) 
Sheep 1 39 3144 449 I 153.5 39 
Sheep 2 43 2940 4200 169.3 43 
Sheep 3 49 3904 5571 192.9 49 

Wedelia glartca (sunchillo) 
Sheep 1 33.5 2955 4221 288.8 50 
Sheep 2 35.0 3791 5416 301.7 53 
Sheep 3 33.0 3417 4881 284.5 50 

Expected poisonous 
fragment percentages 

assuming uniform 
distribution. 

(%) 

3.0 
4.5 
3.8 

7.3 
3.5 
2.9 

0.9 
1.0 

0.9 

1.2 
1.0 
1.0 

(*)I/3 lethal dose administered. 
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Table 2 .Dry matter percentages (x?SD) of 4 poisonous species estimated by microhistological analysis, and the expected percentages assuming a uni- 
form fragment distribution of fragments throughout the entire digestive tract. 

R + R(H) R + R(30) R + R(50) O+A D .I I Ce co Re 

-(Estimated%) (Expected%) 
Baccharis coridifolia (romerillo) 
2.6kO.7 1.3il.O 3.6rt2.9 3.5*4.1 2.9k2.0 5.8k4.4 16.2_+99.9 6.9~5.3 15.1+15.9 O.O( 1) 3.8M.8 

Cesrrum parqrri (duraznillo negro) 
Sheeplflethal dose administered) 
8.6(2) 5.2 6.4 3.1 13.3 11.3 13.0 4.3 11.3 I.9 I.3 
Sheep 2 and 3 (0.33 lethal dose administered) 
1.05~0.6 0.9il.l 0.7io.3 0.9HI.6 NC 1.4k1.7 0.8~0.7 1.7e1.8 3.2k4.2 0.3(2) 3.2d.4 

Wedelia glauca (sunchillo) 
1.7+1.9 0.6ti.4 0.8k1.2 5.8k6.9 0.9+1.0 7.Ok8.4 2.2k2.2 8.7+7.5 9.929.8 8.3~5.7 l.l~.l 

Conium macularwn (poison hemlock) 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9ti.l 

R + R = rumen + reticulum (in parenthes is the number of points sampled for the composite), 0 + A = cnnasum + abomasum, 
D = duodenum, J = jejunum, I = ileum. Ce = cecum, Co = colon. Re = rectum. 
NC = No content. 
When SD is not presented, it means that (I) for this section there was content only in 1 sheep, (2) the sample size was 1 sheep, (3) the toxic species percentage was the same in 3 
sheep. 

poisonous species and hay fragments were recorded. One of the 
basic assumptions of the microhistological technique outlined by 
Sparks and Malechek (1968) is that a 1 to 1 relationship exists 
between relative density and percent dry weight of identifiable 
fragments ground to a uniform size through a 1 mm screen. 
Accordingly, we recorded hay and poisonous species fragment 
density as an estimation of their relative dry weight (estimated 
percentages, EST %). 

Samples of hay and various proportions of each poisonous plant 
were mixed by hand, processed and analyzed to evaluate the 
operator accuracy, as suggested by Holecheck and Gross (1982). 

We calculated the expected percentage (EXP %) of poisonous 
species, based on the amount of poisonous plant administered and 
the estimated weight of the total gastrointestinal content, assum- 
ing a uniform distribution of the fragments throughout the diges- 
tive tract (Table 1). We registered the weight of R + R contents 
after removing water, but we did not register the net weight of the 
remaining sections of the digestive tract. The net contents of the 
entire digestive tracts were estimated considering that the rumi- 
no-reticular content is 70% of the total (Jarrige 198 1). 

For each poisonous species and sheep, we calculated the differ- 
ences between the EST% for each digestive region and EXP%. 
This difference gives an indication of the species concentration in 
each section. If EST%-EXP% is greater than 0, the fragments of 
the poisonous species tend to concentrate in that section. 
Differences between EST% and EXP% were examined by the X* 
test for each animal, section of the digestive tract, and sample 
size in the rumen + reticulum. 

To determine how ruminal digestion of plant fragments affect- 
ed their subsequent identification, we estimated the percentages 
of cell wall by the neutral detergent fiber procedure (NDF) 
(Goering and Van Soest 1970) of the hay and of the poisonous 
species before and after a 24 hour in vitro digestion with rumen 
microbes. We stopped digestion at 24 hours because the poiso- 
nous species cause death within this time. Three samples of 
species and 3 samples of the oat-ryegrass hay were dried for 24 
hours at 60” C, ground in a Wiiley mill with a 1 mm sieve screen, 
and divided in 2 subsamples for analysis of NDF and percentage 
of recognizable fragments before and after digestion. In vitro 
digestibilities were determined by a modified Tilley and Terry 
(1963) procedure, with a reduced incubation time with rumen 
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microbes from 48 to 24 hours, and omitting the incubation with 
pepsin. After the 24 hours microbial digestion, the subsamples 
residues were recovered by filtration, dried, and weighed to cal- 
culate DM losses. 

Variability among poisonous species and hay in dry matter 
digestibility, and percentages of the recognized fragments and 
cell wall before and after digestion, was estimated by ANOVA 
with a completely ramdomized design. Differences among means 
were determined by Tukey test. For each poisonous species and 
for the hay, the percentages of recognizable fragments and of cell 
wall before and after digestion were compared by ANOVA. 

Results 

Fragments of duraznillo negro, sunchillo, and romerillo were 
identified in several regions of the digestive tract of all the intoxi- 
cated sheep (Fig. 1, Table 2). However, poison hemlock frag- 
ments were not found in any section of the digestive tract of any 
of the 3 poisoned sheep. 

Fragment distribution throughout the digestive tract and its 
variability among animals differed according to plant species. 
Romerillo fragments tended to concentrate in the gut regions. 
Duraznillo negro fragments had a rather uniform distribution in 2 
sheep (sheep 1 and 2), and tended to have higher concentration in 
the last sections of the gut in the third one (Fig. 1). The distribu- 
tion of sunchillo fragments had the highest variability among ani- 
mals, showing peaks in omasum + abomasum and jejunum 
(sheep l), cecum and colon (sheep 2), and colon (sheep 3) (Fig. 
1). The increase in the number of points sampled in the 
rumen+reticulum compartment (from 15 to 50) did not produce a 
clear improvement in the fragment estimation for any of the 3 
detectable species. Sampling from 15 points in the rumen + retic- 
ulum provides a representative sample. 

The percentage of fragments recognized before in vitro diges- 
tion ranged from 20 to 50% for hay and duraznillo negro, respec- 
tively. Poison hemlock had the highest digestibility and was the 
species with the highest percentage of cell wall loss by digestion 
(Table 3). In this species, digestion impeded fragment recognition 
almost entirely, because the majority of the fragments remaining 
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after digestion were secondary cell walls of xylem cell vessels 
and cuticles. Digestion of the cell wall strongly reduced fragment 
recognition in duraznillo negro, but did not affect the recognition 
of the fragments of romerillo, sunchillo, and hay. In these 3 
species cell wall loss by digestion was lower than 25% (Table 3). 

Discussion 

In cases of acute intoxications, affected animals are usually 
either found dead, or too late to initiate supportive treatment 
(Lopez et al. 1991). Pathological, histological, and biochemical 
determinations do not always successfully diagnose plants 

Baccharis coridifolia 
(romerillo) 

responsible for deaths, since many poisonous species do not pro- 
duce unequivocal pathological or histological signs. In other 
species the toxic compound is unknown. In addition, the chemical 
structure of the toxic compounds and tissue lesions can be altered 
if the poisoned animal has been dead for too long before the post 
mortem examination. 

The microanalysis of feces has been used to quantify the poiso- 
nous plant ingestion by cattle and jackrabbits (Alipayou et al. 
1993). However, this technique has seldom been used to confirm 
poisonous plant ingestion from digestive tracts of dead domestic 
herbivores. Panter et al. (1987) estimated percentages of ‘death 
camas’ (Z~~gadenzts panicdatus) ranging from 8 to 17% in the 
rumen content of sheep intoxicated in the field, and other sheep 

Fd SHEEP 1 
0 SHEEP 2 
0 SHEEP 3 

RROAD J I CeCoRe RR OA D J I Ce Co Re RROA D J I CeCoRe 

Cestrum parqui 
(duraznillo negro) 

RROAD J I CeCoRe RROA D J I Ce Co Re RROA 0 J I Ce Co Re 

Wedelia glauca 
(sunchillo) 

RR OA D J I Ce Co Re RR OA D J I Ce Co Re RR OA D J I Ce Co Re 

Fig. 1. Estimated percentages of species that produce acute intoxieation in different sections of the digestive tract of experimentally poisoned 
sheep. RR = rumen + reticulum, OA = omasum + abomasum, D = duodenum, J = jejunum, I = ileum, Ce = cecum, Co = colon, Re = rectum, 
nc = no content. Percentages in R + R were obtained from 50 point samples. Horizontal lines indicate the expected percentages assuming a 
uniform distribution of the fragments throughout the digestive tract. Percentage of fragments estimated by microhistological analysis dif- 
fers from the expected *(p < O.OS), **(p < 0.01). 
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Table 3. Dry matter digestibility and digestion effect on fragment recognition by microhistological analysis, and on cell wall percentages in 4 poisonous 
species that produce acute intoxication, and on oat-ryegrass hay (x f. SD) (n=3). 

Dry Matter Cell Wall 
Recoenized Fraements Cell Wall Digestibility Digested 

Before After Before After 
Digestion Digestion Digestion Digestion 

- (%) - (%NDF)--- (%) 
Bacchnris coridifolia 28.5~ I .9b 23.2+ 5.0ab 26.8*1.3b ** 39.5&.9b 45.8H.4b 20.5*5.6b 

(romerillo) 

Cestnrm parqui 49.3*1 l.6a ** lO.li4.5bc 23.4ti.l~ ** 37.3,2.6b 52.5+0.8b 24.li5.9b 
(duraznillo negro) 

Conium maculatum 40.3515.9a * I .5i 2.7~ 15.5+0.7d ** 30.4?l.lC 68.5+2.8a 38.2i6.0a 
(poison hemlock) 

Wedelia glauca 32.6+ 9.0b 30.3+1 I .2a 26.9+0.Ib ** 39.&0.9b 48.2+2. I b 23.3+3.2b 
(sunchillo) 

Oat+Ryegrass hay 19.8% 0.5c 16.1*3.3abc 66.9+1.8a * 75.5*3.la 3O.Oi5.2~ 21.5i4.7b 

* ** Means of each species differ before and after digestion * (p<O.OS), ** (p<O.Ol) 
Means followed by different letters differ among species (~~0.05) 

experimentally poisoned via stomach tube with doses ranging 
from 1.8 to 6.6 g DM kg-1LW . 

We did not oven-dry the net content of the rumen + reticulum 
sections before weighing them. The excess water was removed 
by pressing the content over a sieve screen. We may have under- 
estimated the expected percentage of the poisonous species 
assuming a uniform distribution of their fragments throughout the 
digestive tract. 

Degradation of epidermal fragments from digestion varies great- 
ly among plant species. In general, grass epidermis resist digestion 
better than that of forbs and shrubs. Forbs and shrubs are usually 
highly digestible; as a result they can be underestimated by micro- 
histological analysis (Leslie et al. 1983). Digestion reduced by 
almost 40% the amount of cell wall in poison hemlock. Epidermal 
cell walls before digestion were thin and they were almost com- 
pletely degraded by digestion. After digestion only xylem sec- 
ondary cell walls and cuticles remained, but these fragments do 
not allow species identification. Thus, the microanalysis of the 
digestive content can not confirm poison hemlock ingestion, at 
least when ingested at the vegetative stage of growth. 

Digestion of cell wall in the other 3 species and in the hay was 
lower, ranging from 20 to 24%. Duraznillo negro fragments were 
recognized in different sections of the digestive tract, however 
the percentages of recognized fragments after digestion were low. 
Although the microanalysis of the digestive content would con- 
firm duraznillo negro ingestion, the percentage of this species 
was probably underestimated. Cell wall from romerillo, sunchil- 
lo, and hay were more resistant to digestion than that of poison 
hemlock. The effect of digestion on romerillo, sunchillo, and hay 
fragment recognition was similar, however the percentage of sun- 
chill0 recognizable fragments before and after digestion was 
almost twice that of the hay, which suggests that this species may 
have been overestimated. 

Species quantification by microanalysis is influenced by the 
effect of digestion on the percentage of recognizable fragments 
by species. Epidermis is covered by indigestible cutin that 
inhibits digestion, protecting cell walls of microbes attack. 
Cutinization increases with stage of growth (Wilson 1976) and 
aridity (Martin and Juniper 1970). Thus, it is possible that the 
percentage of recognizable fragments increases as plants develop. 
Variation in the resistance of epidermal fragments to digestion at 

different growth stages can be important in the detection of poi- 
son hemlock ingestion. The alkaloid concentration in the leaves 
of this species decreases in the reproductive stages of growth (de 
la Terre et al. 1997), which would increase the lethal dose. At 
those stages the epidermal resistance to digestion may be higher 
and in consequence, the possibility of this species fragment 
detection would increase. In the experimental conditions of our 
study the entire lethal dose of poison hemlock was administered 
in a short period. However, under field conditions it is possible 
that the animals ingest the plant material during longer periods, 
and they can be still consuming it when they die. This would 
result in fragments in the first sections of the digestive tract not 
altered by digestion. 

Poisonous plants fragment distribution throughout the digestive 
tract showed different trends indicating that the regions of the 
digestive tract to be sampled in dead animals would depend on 
the poisonous species suspected to have produced the intoxica- 
tion. In addition, for a given plant species there were individual 
variation among animals, which were more pronounced with 
romerillo and sunchillo. This implies that it would require sam- 
pling more than 1 poisoned animal in cases of suspected poison- 
ing with these species. Although the fragments of the 3 species 
which were recognized tended to concentrate in duodenum and 
ileum, the actual volume or these sections is low, and might be 
void at the time of sampling under field conditions. If only 1 ani- 
mal is necropsied and only 1 section is sampled, it would be pos- 
sible that the poisonous plant fragments were not detected even 
though the species had been ingested. For this reason, we recom- 
mend that more than 1 region of the digestive tract be sampled if 
only 1 animal is available for necropsy. Quantification of sunchil- 
lo fragments in different regions of the digestive tract of a steer 
fatally poisoned in the field confirms the tendency of the frag- 
ments of this species to concentrate in the gut regions found in 
our experimental sheep for this plant species. In this case, the per- 
centages of sunchillo estimated by microanalysis were ~0.1, 1.5, 
2.1 , and 2.8% in R + R, duodenum, jejunum and colon, respec- 
tively. 

It is true that the R+R section is the easiest place to sample. 
However, although the duraznillo negro fragments were found in 
the R + R of the 3 sheep poisoned in our experiment, those of 
romerillo were found in the R + R of 2 sheep, and those of sunchil- 
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lo in the R + R of just 1 sheep. This indicates that if only R + R is 
going to be sampled, more than 1 animal should be sampled. In a 
field case of death by romerillo ingestion we analyzed the R + R of 
2 steers, but we only found fragments of this species in 1 animal. 

Our results indicate that the microhistological analysis of the 
gastro-intestinal content can be used to confirm the ingestion of 
some poisonous species that produce acute intoxication in ntmi- 
nants, but not others in which digestion can make fragment iden- 
tification impossible. In fact, the method has contributed to the 
diagnosis of 16 local plant poisoning cases since it was made 
available here (Balcarce Animal Health Group records; unpub- 
lished data). 
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Abstract 

A key was used to classify articles about livestock influences on 
riparian zones and fish habitat into 3 classes: papers that con- 
tained original data, those that were commentary, and reports 
about methodology such as classification systems, policies, and 
monitoring criteria. Four hundred and twenty-eight of the total 
articles were directly related to grazing impacts on riparian 
zones and fish habitat. Only 89 of these grazing impact articles 
were classified as experimental, where treatments were replicat- 
ed and results were statistically valid. This analysis revealed sev- 
eral limitations of riparian grazing studies that included: (1) 
inadequate description of grazing management practices or 
treatments, (2) weak study designs, and (3) lack of pre-treatment 
data. More long-term, replicated treatment studies are needed in 
the future. 

Key Words: riparian areas, grazing impacts, streams, bibliogra- 
phy, experimental design 

Resumen 

Utilizando un sistema de clasificaci6n, fueron identificados 
articulos sobre 10s efectos de la ganaderia en zonas ribereiias y el 
habitat acuitico. Las clasificaciones son tres: 1) obras de investi- 
gaci6n original (datos originales); 2) obras que son comentarios; 
3) informes sobre metodologia, tal coma 10s sistemas de clasifi- 
cacibn, de reglamento o aspectos legales, y 10s criterios para con- 
trolar el experimento. Cuatro cientos veintiocho del total de 10s 
articulos revisados tratan directamente con 10s impactos a las 
zonas ribereiias y acuScas ocasionados por el pastar de ganada. 
De estas obras, solo ochenta y nueve se podian considerar 
“experimenfal,” donde se llevaron a cabo en duplicado 10s 
tratamientos, dando resultados estadisticamente vrilidos. Este 
anllisis revel6 varias limitaciones de las investigaciones sobre el 
pastar de ganado en zonas riberefias: 1) descripciones inade- 
cuades de modas de manejo de1 pasto o tratamientos, 2) modelos 
estadisticos inadecuados, y 3) falta de datos “pre-tratamiento.” 
Hacen falta msis investigaciones a larga plazo, con reduplicaci6n 
de 10s tratamientos. 

Livestock impact on riparian areas, stream systems, and fish 
habitat is a contentious issue throughout the western United 
States. While there is a wealth of literature that focuses on this 
issue, citations from a small group of reports are common (e.g., 
Gunderson 1968; Keller and Burnham 1979; Keller et al. 1979; 
Duff 1979, 1983; Platts 1979, Platts et al. 1983; Platts and Nelson 
1985a, 1985b; Kauffman and Krueger 1984). This is given as 
general evidence of the widespread and acute impact of livestock 
on riparian areas and stream systems. Our initial impression of 
this literature was that there was a great deal of personal opinion 
and commentary interspersed with a little scientifically valid 
experimentation. In 1993, we began to review and evaluate the 
quality of the literature related to the influences of livestock on 
fish habitat, riparian zones, and streams. More than 1,500 articles 
were collected and analyzed from 1993 through 1996. These 
were synthesized and are reported in this paper 
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Methods 

Literature was identified using bibliographies, computer litera- 
ture searches, and routine library research. We attempted to find all 
literature that related grazing impacts with fish habitat, riparian 
zones, or stream systems. Sufficient fish habitat literature was 
acquired only to define key habitat requirements. During the 
search, literature that related to other riparian parameters, not 
exclusively related to grazing, was also cataloged. This included 
literature that described field methods, classification systems, mod- 
els, monitoring criteria, management policies, and other literature 
that related riparian zones with their associated stream systems. 

Literature citations were entered into the Pro-Cite@ biblio- 
graphic database. These citations were classified following the 
key in Figure 1. Levels 1 and 2 were categories that were used to 
classify the literature. Levels 3, 4, and 5 in the key are keywords 
for the articles. Level 1 segregated literature into 3 categories: 
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1 Data-literature containing original data, 
2. Commentary-literature classified as commentary, 
3. Methods-literature that describes methods, classification 

systems, policies, etc. 
Literature that was classified as data in Level 1 was further classi- 
fied as experimental, documented case history, observational, 
abstract or poster at Level 2. Literature was classified experimen- 
tal if there were 2 or more replications subjected to statistical 
analysis (i.e., p values, r* values, confidence intervals, or varia- 
tion given). Documented case histories are studies that were not 
replicated but contained temporal or spatial comparisons or were 
replicated but were not subjected to statistical analysis. Some 
photo studies were included as documented case histories if the 
photos were paired temporal or spatial comparisons. Studies clas- 
sified as observational reported original data from unreplicated 
studies and did not present temporal or spatial comparisons, and 
were not associated with a statistical analysis. Photo studies that 
were not paired comparisons were included as observational. 
Abstracts and posters containing original data but lacking enough 
information to classify as experimental, documented case history 
or observation were included. Literature that was classified as 
commentary at Level 1, was further segregated into review, opin- 
ion, position or textbook in level 2. The data and commentary 
classes were further separated using descriptive keywords listed 
in Level 3: fish, grazing, bird, wildlife, ecology, geomorphology, 
economics, logging, fire, riparian, recreation, or mining. 
Literature classified as fish or grazing in level 3, whether it was 
data or commentary in level 1, was further segregated using the 
keywords in levels 4 and 5 of the key (Fig. 1). 

Results and Discussion 

This bibliography consisted of 1,521 articles, with 428 articles 
that related directly to grazing impacts on riparian zones and fish 
habitat. These 428 articles included 248 articles that contained 
original data and 168 classified as commentary. Of those classi- 
fied as containing data, 89 were experimental, 76 were document- 
ed case histories, 66 were based on observations, and 29 were 
abstracts or posters. Papers were classified as experimental if 
they were replicated and statistically valid, avoiding pseudo- 
replication. Pseudo replication has been reviewed by Hurlbert 
(1984) and Brown and Waller (1986). The use of subsamples 
from unreplicated treatments as replications in the analysis of 
variance is a form of pseudo-replication found in the studies 
reviewed here. The experimentally-based papers, though well 
replicated and statistically valid, usually lacked pre-treatment 
data and covered short time frames, often less than 4 years. Of 
the papers classified as experimental with the keyword grazing, 
31 were grazing studies, 21 were water quality studies, 19 were 
hydrology studies, and 18 were studies of riparian or stream char- 
acteristics. 

A review of the 428 papers that were related to grazing and 
riparian zones or fish habitat exposed several problems: (1) inad- 
equate description of grazing management practices or treat- 
ments, (2) weak study designs, and (3) lack of pre-treatment data. 

Grazing treatments were often described as grazed versus 
ungrazed, or described so vaguely it was impossible to recon- 
struct the grazing practices used in the study. To assess and inter- 
pret the impacts of grazing treatments or other treatments applied 

Fig 1. Key used to classify literature in the bibliography of livestock influences on riparian zones and fmh habitat. 

Level 1. DATA 
Level 2. Experimental, Documented Case History, Observation or Abstract 

Level 3. Keywords: fish, grazing, bird, wildlife, ecology, geomorphology, economics, logging, tire, riparian, recreation, 
mining. 

Level 1. COMMENTARY 
Level 2. Review, Opinion, Position, Textbook 

Level 3. Keywords: fish, grazing, bird, wildlife, ecology, geomorphology, economics, logging, fire, riparian, recreation, 
mining. 

If Level 3 Keyword isfish then the following keywords were added in Level 4: temperature, sediment, cover, flow, 
nutrient, do, spawning, food, benthos, habitat, population, competition, growth, migration. 
If Level 3 Keyword is grazing then Level 4 is grazing strategies, water quality, hydrologic, or riparian stream 
communities. 

If Level 4 is grazing strategies then the following keywords are added at Level 5: grazing management system, 
distribution, behavior, utilization, exclusion. 
If Level 4 is water quality then the following keywords are added at level 5: sediment, temp, bacterial, nutrient, 
protozoa, pathogens. 
If Level 4 is hydrologic then the following keywords are added at level 5: infiltration, runoff, erosion, protection, 
compaction, ice. 
If Level 4 is ripzrian stream communities then the following keywords are added at level 5: range plant community, 
morphology, fish habitat, streambank, restoration, fish population, bufferstrip, impact, cover, willows. 

Level 1. METHODS (measures, methods, criteria, management, modeling, bibliography, definitions, classification, policy, research). 
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where livestock are grazing, researchers and managers must be 
provided with quantitative information about: (1) grazing intensi- 
ty (stocking rate, utilization, or residual dry matter); (2) frequen- 
cy of grazing (length of graze periods and rest periods); and (3) 
season of grazing (related to plant growth stage). Light, moder- 
ate, or heavy grazing terminology is inadequate unless accompa- 
nied by quantitative measures of grazing intensity. Where 
impacts on streams or riparian corridors were measured, the num- 
ber of livestock per linear measure of accessible stream or corri- 
dor would be more useful than stocking rate for interpreting graz- 
ing impacts (Kauffman et al. 1983). 

Inadequate or improper replication of treatments on non-ran- 
dom and non-uniform experimental units weakened the statistical 
designs in many studies. Platts (1991) reported that most avail- 
able information on effects of livestock grazing on stream/ripari- 
an systems was the product of unreplicated exclosure compar- 
isons. These studies frequently suffer from lack of replication, 
pseudo-replication, and nonrandom placement of experimental 
units (Knapp and Matthews 1996). Hurlbert (1984) and Rinne 
(1985) previously discussed the short comings inherent in exclo- 
sure studies. 

While unreplicated exclosure comparisons have shown that rest 
from grazing often improves riparian and fishery values (e.g., 
Gunderson 1968; Van Velson 1979; Keller and Burnham 1982; 
Keller et al. 1979; Duff 1979, 1983; Platts et al. 1983; Platts and 
Nelson 1985a; Stuber 1985; Hubert et al. 1985; Knapp and 
Matthews 1996), they have not provided management solutions to 
grazing impacts other than exclusion and lease termination. The 
only conclusion that can be made from these studies is that whatev- 
er the prevailing grazing practice in the study, it adversely affected 
the riparianlstream system. Without testing alternative grazing 
regimes natural resource managers never acquire the information 
that would facilitate riparian improvement while continuing to 
graze. Instead these comparisons are often the end of investigation, 
leaving hypotheses unstated and untested and questions unan- 
swered. What has been lacking is the development of hypotheses 
from observation of these grazed and ungrazed comparisons. 
Experimentation to test hypotheses developed from exclosure com- 
parisons has been the exception rather than the rule (Buckhouse et. 
al. 1981, Kauffman et al. 1983, Platts and Nelson 1985a). Platts 
(1984) recognized the need to conduct research to determine those 
grazing strategies compatible with each of the riparian/stream habi- 
tat types. He stated 8 research questions that needed answers. Our 
review of this literature suggests that after 14 years we have made 
little progress toward answering these questions. 

Ecosystems rarely provide researchers with uniform experi- 
mental units. For example, the “stream segment” is a common 
experimental unit to which grazing treatments are applied. 
Because riparian ecosystems are complex and produce stream 
segments that differ greatly in physical and biological character- 
istics and response potential, large experimental errors are com- 
mon. In addition, results from 1 segment of a stream or riparian 
system may differ from another segment when treated similarly, 
resulting in no statistically significant differences. Only a careful- 
ly designed experiment can minimize these problems. 

Small sample size is a common problem in many riparian stud- 
ies. There is a relationship between sample size and reliability of 
the estimate for a parameter. In general, an increase in sample 
size helps reduce the standard error of an estimated parameter 
and increases the statistical power of comparisons among treat- 

ments. A small sample size increases the chances of a Type II 
error; the finding of no significant difference when a true differ- 
ence exists. However, an increase in sample size is seldom possi- 
ble because of time and funding constraints. Consequently, real 
differences may not be revealed because sampling was inade- 
quate to segregate natural variation from treatment differences. 
Replicated or multiple location pre-treatment and post-treatment 
comparisons can help to increase sample size, reduce the chances 
of a Type II error and improve the scientific credibility of riparian 
and stream system studies. 

Pre-treatment data that describes the size and nature of a water- 
shed, current and historic grazing, and other land use practices in 
the watershed is crucial to interpret experimental results but are 
seldom explained. Several studies (e.g., Gunderson 1968; Van 
Velson 1979; Keller and Bumham 1982; Keller et al. 1979; Duff 
1979, 1983; Platts et al. 1983; Platts and Nelson 1985a, 1985b; 
Stuber 1985; Hubert et al. 1985; Knapp and Matthews 1996) have 
reported improved fish habitat or fish population parameters in 
grazing exclosures when compared with adjacent grazed areas. 
However historic grazing intensity, season of use, and frequency 
of use prior to construction of the exclosure or exclosures are not 
adequately quantified for the reader. Consequently, the reader 
cannot know the nature of the cumulative grazing treatment 
effects that caused the fishery impairment. If the management 
objective is to reduce or remove grazing from riparian areas, as 
Knapp and Matthews (1996) suggested, then we know all that is 
needed. However, if the objective is to properly manage these 
lands for a variety of goods, services, and values, then we should 
understand what caused the impacts before we consider steps to 
reduce them. Furthermore, if the objective is to contribute to the 
scientific knowledge base, grazing treatments must be described 
in specific terms so that other scientists might attempt to dupli- 
cate the study and verify results. 

Complexities of the interacting physical and biological compo- 
nents in the ecosystem make it very difficult to link effects of 
management or natural phenomena to changes in fisheries 
(MacDonald et al. 1991). Cause and effect are often separated in 
time and space, concealing linkages in a complex series of physi- 
cal and biological interactions. Consequently, it is often difficult 
to: 1) clearly link land use or management effects to environmen- 
tal impacts and 2) separate man caused impacts from those that 
result from natural phenomena. Discreet uniform experimental 
units are difficult to identify on the landscape because of natural- 
ly occurring biological and physical complexity. Additionally, 
episodic natural phenomena on instantaneous to geologic time 
scales cause experimental units to change in ways that cannot be 
attributed to applied treatments. Monitoring of soil, water table, 
vegetation and channel morphology over periods exceeding 2 or 
3 years may provide the opportunity to objectively evaluate the 
effects of grazing on riparian ecosystems. 

Long-term studies are rare, but they offer the best solution for 
clarifying linkages between land use and environmental impacts. 
Long-term studies will allow comparison of treatments and con- 
trols over a long period, and under a variety of weather and 
hydrologic conditions. Well replicated studies on a variety of 
stream and riparian systems will allow determination of the toler- 
ance of various ecosystems to natural and man caused perturba- 
tions. This will allow managers and an informed public to make 
objective decisions about grazing in riparian areas. It is time for 
researchers who have a stake in these issues to deveIop common 
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strategies and to apply replicated experimental designs in numer- 
ous riparian systems throughout the West. It is time for interstate, 
interagency, and interdisciplinary coordination of research activi- 
ties. Funding agencies, including USDA and EPA, should 
embrace and fund long-term studies. 

Conclusion 

The base of the commonly accepted body of knowledge on 
livestock influences on riparian zones and fish habitat is made up 
of many unrefereed, nonexperimental reports. Only a few papers 
have been the product of the scientific method and can be relied 
on for an objective evaluation of the management strategy under 
review. A high percentage of the work we surveyed did not meet 
our standard of being experimentally or statistically adequate. 
Often data were reported with no measure of variability or statis- 
tical analysis. Review and commentary papers repetitively 
referred to the same few experiments and case histories to sup- 
port their points. Unfortunately, regulatory agencies, as well as 
the general public and sometimes scientists, frequently do not 
recognize the difference between science and non-science based 
literature. Many of the opinion papers and nonexperimental 
reports were cited by others as science. 

A few broad generalizations can be gleaned from this review: 
1) It is clear that livestock or big game can and do co-exist within 
sustainable riparian systems. Likewise, ungulates can and some- 
times do change riparian vegetation structure in undesirable 
ways. 2) Vegetation responses are highly site specific. 
Consequently, every grazing strategy won’t work somewhere. 
There is no formula or template that can be used to guarantee 
success in all situations. 3) Ecosystems are highly variable in 
space and time. Most driving forces that change ecosystems seem 
to result from interactions of factors, and seemingly obvious and 
simple relationships can be relatively unimportant in directing 
long-term changes. Therefore, careful evaluation of riparian zone 
potentials, forces (interacting factors) driving change, desired 
future vegetation structure, and how ungulates interact with the 
system should be the foundation of any practical grazing manage- 
ment strategy or restoration effort. 

In late 1996, this database was also transferred to ASCII text, 
WordPerfect@ 5.1, Microsoft@Word , and Papyrus@ formats. All 
of these formats are available from Oregon State University 
Extension Service (Publication EM 8660). 
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Abstract 

Spotted knapweed (Centaurea maculosa Lam.) is a non-indige- 
nous weed infesting large areas of rangeland in western North 
America. Life history models have been used to identify key 
processes regulating weed population dynamics and may be valu- 
able in developing and testing integrated weed management 
strategies. Our objective was to characterize the life history of 
spotted knapweed. Demographic attributes were monitored 
monthly during snow free periods beginning August 1994 
through October 1996 on 2 sites. Data were arranged into life 
history tables, and sensitivity analysis was performed to deter- 
mine key transition phases affecting seed output. Spotted knap- 
weed seed production ranged from 998 to 7815 viable seeds/m2 at 
both sites during the study. Seeds reaching the soil averaged 41 
and 50% of seed output at sites 1 and 2, respectively. Less than 
6% of seeds reaching the soil germinated in the fall at both sites. 
Recruitment peaked in April at 36 % and in June at 20 % of seeds 
reaching the soil on sites 1 and 2, respectively. Spotted knapweed 
juvenile density peaked August 1995 and June 1996 at both sites. 
Peaks corresponded with the beginning of the summer dry peri- 
od. Plants bolted beginning June 1995 and May 1996. Sensitivity 
analysis identified early-summer juvenile survivorship, late-sum- 
mer adult survivorship, transition from juvenile to adult, and 
seeds produced per adult as critical stages for spotted knapweed 
seed output. Management strategies that reduce spotted knap- 
weed populations at these stages are likely to have the greatest 
impact on spotted knapweed population growth and spread. A 
weed population dynamics model using the life history demo- 
graphic data was developed and can be used to design and test 
integrated spotted knapweed strategies. 

Key Words: noxious weed, weed demography, weed popula- 
tion dynamics, simulation model 

Spotted knapweed (Centaurea maculosa Lam.) is a deeply tap- 
rooted Eurasian perennial weed invading rangeland in the west- 
ern United States and Canada. It is currently reported in 326 
counties within 15 western states, including every county in 
Washington, Idaho, Wyoming and Montana (Sheley et al. 1998). 
Large-scale monotypic infestations of spotted knapweed can 
reduce livestock and wildlife forage (Watson and Renney 1974), 
reduce plant diversity (Tyser and Key 1988), and increase surface 
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Resumen 

Knapweed manchado (Centaurea maculosa Lam.) es una 
maleza no -indigena que infesta grandes zonas de praderas en el 
oeste de Norte-america. Modelos del ciclo de vida se han usado 
para identificar 10s procesos claves que regulan las dinamicas de 
la poblacion de esta maleza, y 10s modelos pueden ser utiles para 
desarrollar y poner a prueba estrategias integradas de control de 
esta maleza. Nuestro objetivo fue caracterizar el ciclo la vida de1 
knapweed manchado. Atributos demograficos fueron anotados 
mensualmente en dos sitios durante las epocas sin nieve 
empezando en Agosto de 1994, hasta Octubre de 1996. Los datos 
fueron arreglados en tablas representando el ciclo de vida y se 
ejecuto un analisis de sensibilidad para determinar las fases 
claves de transition que influyen en la production de semillas. 
La producchin de semillas de1 kna weed manchado vario entre 
998 hasta 7815 semillas viables/m 4 en 10s dos sitios durante el 
estudio. Las semillas que llegaron hasta el suelo fueron de un 
promedio de 41% y de 50% de la production total en 10s sitios 1 y 
2 respectivamente. Menos de 6% de las semillas que llegaron al 
suelo germino en el otoiio, en ambos sitios. El establecimiento 
alcanzo el punto m&s alto en Abril a 36% y en Junio a 20% de 
las semillas llegando al suelo en 10s sitios 1 y 2 respectivamente. 
La densidad de Las plantas juveniles del knapweed manchado 
Ileg al punto mas alto en Agosto de 1995 y en Junio de 1996 en 
ambos sitios. Los puntos m&s altos correspondieron con et princi- 
pio de la Cpoca seca estival. Las plantas produjeron tallos flori- 
dos empezando en Junio de 1995 y en Mayo de 1996. El analisis 
de sensibilidad identifico coma etapas criticas para la production 
de las semillas de1 knapweed manchado: la sobrevivencia juvenil 
del verano-temprano, la sobrevivencia adulta del verano tardio, 
la transicidn de juvenil a adult0 y las semillas producidas por 10s 
adultos. Es probable que las estrategias de control que reduzcan 
las poblaciones de1 knapweed manchado en estas etapas tengan 
el impact0 mas fuerte en el crecimiento y difusidn de la poblacio 
n de1 knapweed manchado. Un modelo de las din&micas de la 
poblacion de la maleza se desarrollo usando 10s datos demogdfi- 
cos de1 ciclo de vida y se puede usar para disetiar y poner a prue- 
ba estrategias integradas de control del knapweed manchado. 

water run-off, soil erosion, and stream sedimentation (Lacey et al. 
1989). High seed output and seed longevity make long-term con- 
trol of spotted knapweed difficult and expensive because 
seedlings emerge after herbicides dissipate or leach into the soil 
(Shit-man 1981, Griffith and Lacey 1991, Davis et al. 1993). 

To minimize arbitrary weed management decisions, rangeland 
managers need to develop conceptual models of weed manage- 
ment that predict plant community composition based on the 
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existing plant community and the weed management strategy 
(Sheley et al. 1996). Cropping systems ecologists use bioeconom- 
ic models to calculate economic thresholds based on crop/weed 
interference and empirically-derived demographic data from life 
history studies (Barton et al. 1992, Maxwell 1993, Dunan et al. 
1994, Swinton and King 1994, Lindquist et al. 1995). Life history 
data from Sheley and Larson (1994) were used to develop a 
model to predict the population dynamics of yellow stat-thistle 
(Centuurea solstitialis L.)(Maxwell and Sheley 1997). Life histo- 
ry data have also been the basis of a model used to identify key 
processes of vegetation change and to calculate probabilities and 
timespans for transitions between vegetation stages in manage- 
ment of semiarid plant communities (Wiegand and Milton 1996). 

Whether evaluating economic and environmental costs of con- 
ventional chemical weed control, assessing various unconven- 
tional alternatives, or developing and investigating the feasibility 
of integrated noxious weed management strategies, the need for 
ecologically-based, realistic, predictive models is substantial and 
unmet. The objective of this study was to use the method devel- 
oped by Sagar and Mortimer (1976) to characterize the life histo- 
ry of spotted knapweed. Sensitivity analysis was conducted on 
the life history model to determine key processes related to seed 
output, and population and community regulation. Data were 
used to reparameterize the life history model developed by 
Maxwell and Sheley (1997). 

Materials and Methods 

Study Site and Sampling Procedures 
The study was conducted on 2 sites, each with 10 randomly 

placed 2 m* permanent sampling plots. Both sites lie within an 
Idaho fescue (Festuca iduhoensis Elmer)-bluebunch wheatgrass 
(Agropyron spicutum (Pursh) Scribn. & Smith) habitat type 
(Muegller and Stewart 1980) dominated by spotted knapweed. 
Site 1 was 10 km west of Bozeman, Mont. (111” 5’ 36” W, 45” 
36’ 26” N) on an abandoned hay meadow. The soil was a complex 
consisting of 70% Beaverton cobbly loam (Loamy-skeletal over 
sandy-skeletal, mixed, Typic Argiborolls) and 30% Hylite loam 
(Fine-loamy, mixed, Typic Argiborolls). The residual grass 
understory consisted of Kentucky bluegrass (Pou prutensis L.), 
smooth bromegrass (Bromus inermis Leys), and timothy (Phleum 
prutense L.). It had a zero slope and an elevation of 1,340 m. 
Neither Idaho fescue nor bluebunch wheatgrass were present. 
Average annual (60 year) precipitation is 350 mm with a bimodal 
distribution with peaks in autumn and spring (NOAA 1994, 1995, 
and 1996). Temperatures range from 36” to -35” C with a frost 
free season of 90 days. 

Site 2 was located 15 km northwest of Bozeman, Mont. The 
soil, a Bavdark loam (Fine-loamy, mixed Argic Pachic 
Cryoboroll) had a 10 to 20% northwesterly slope and 1,400 m 
elevation. Residual understory grasses were predominantly Idaho 
fescue with some bluebunch wheatgrass, onespike oatgrass 
(Dunthoniu unispicutu (Thurb.) Munro ex Macoun) and timothy. 
Average annual (60 year) precipitation is 450 mm with a bimodal 
distribution with peaks in autumn and spring (NOAA 1994, 1995, 
and 1996). Temperatures range from 35” to -31” C with a frost 
free season of 60 days. Temperature and precipitation were moni- 
tored daily at 2 weather stations, 1 near each site, and summa- 
rized for each month. 

The life history of spotted knapweed was monitored during 
snow-free periods from August 1994 to October 1996 at monthly 
intervals. This included 3 seed-producing generations. At each 
sampling date, data were collected and characterized as seed out- 
put/m*, monthly seed rain/m* upon the soil surface, accumulated 
seed rain/m2 upon the soil surface, seedlings/m* (l-5 leaves), 
juveniles/m* (6 leaves to initiation of flower head), and adults/m* 
(initiation of flower head to maturity). 

Soil seed bank was estimated in 1994 and 1995 by sifting (2- 
mm sieve) 50 randomly located soil samples collected from 
around the permanent plots before seed drop. Each sample con- 
tained 221 cm3 soil from the top 80 mm of the soil profile. All 
intact spotted knapweed seeds were counted and tested for viabil- 
ity using tetrazolium staining (Garbe 1970). Deteriorated and 
unfilled seeds were recorded. 

Seed rain upon the soil surface was estimated using a variation 
of the sticky trap discussed by Huenneke and Graham (1987). 
Fifty wooden traps (38 mm X 100 mm) were coated with a 
smooth surface of lithium-based grease and randomly placed 
flush on the soil surface within and around the permanent plots. 
Spotted knapweed seeds were counted at each sampling to esti- 
mate seed rain. Traps were then cleaned and grease was reap- 
plied. Accumulated seed rain was calculated by summing prior 
seed rain counts. 

Densities of spotted knapweed seedlings, juveniles, and adults 
were determined by counting individuals in 1 m X 1 m frames 
located within each permanent plot at each site. Grass densities 
were determined by counting tillers in each frame. 

Spotted knapweed seed production was estimated by counting 
the number of seed heads on 5 individual adults randomly select- 
ed within each permanent plot. Fifty seed heads were randomly 
collected from plants growing within an area with a 100 cm 
radius from the outer edge of each permanent plot so as not to 
affect the seed rain within the plot. The number of seeds per head 
was counted. Seed production per plant was calculated by multi- 
plying the number of seeds per head by the number of seed heads 
per plant. Seed viability was tested using tetrazolium staining 
(Garbe 1970). 

Analysis 
A 95% confidence interval for the mean of each demographic 

parameter at each sampling date was calculated using the stan- 
dard error about the mean. Models were developed by arranging 
data into life history tables (Sagar and Mortimer 1976). Each 
transition parameter was calculated as the percent change from 
one sampling date and/or life history stage to the next. It was 
assumed that during periods of population decline, transitions 
from one growth stage to the next did not occur, and that mortali- 
ty constituted the decline. Conversely, it was assumed that during 
periods of population increase that all individuals within a stage 
survived to the next sampling date. These assumptions are sup- 
ported by the observations of Sheley and Larson (1994) for yel- 
low starthistle populations. 

A 10% sensitivity analysis was calculated on the life history 
model (Maxwell et al. 1988). Transitions with the highest sensi- 
tivity values have the greatest effect on determining seed output 
(Sheley and Larson 1994). Processes associated with the transi- 
tion parameters with the highest sensitivity values were consid- 
ered most important. The effect of 10% reductions on seed output 
was defined as: 
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Sensitivity value = A seed outout , A transition uarameter 
Seed output Transition parameter 

Model Development 
Life history data from each site and year were averaged and 

used to reparameterize the demographic data in the noxious weed 
population dynamics model developed by Maxwell and Sheley 
(1997) (Table 1). Reparameterization involved changing the life 
history stages (state variables) of spring and fall seed banks, 
spring and fall seedlings, rosettes, flowering plants, and seeds 
produced which return to the fall seed bank (Fig. 1). 
Reparameterization of the demographic processes which regulate 
the rate of transition between state variables over a 1 year period 
included: fall and spring germination, summer and winter mortal- 
ity and transition to flowering plants, flowering plant seed pro- 
duction and winter mortality, and seed migration away from the 
population. The model is capable of including density dependent 
population regulation, stochastic variation, biological control 
impacts, and impacts of a seeded competitive grass (Maxwell and 

1 1 

1 Seeds Produced 1 1 Rosettes I-1 0.483 L 
0.!;8 

I 0.068 

grmf 

Of3’ 

grms 

O.1 46 

Sheley 1997), however only density dependent population regula- 
tion was used to predict the spotted knapweed rosette and adult Fig. 1. Life history model of a spotted knapweed population showing 

population dynamics for 20 generations. 
states (boxes) and transitions (arrows) throughout its life history 
for each population. Processes are described in Table 2. 

Results 

Temperature and Precipitation 
Monthly precipitation at both sites in 1994 showed a typical 

bimodal distribution with peaks in spring and fall (Table 2). May 
precipitation was below average by about 50 mm, and above aver- 
age in July by about 35 mm. In 1995, precipitation was below 
average in May (40 mm) and June (13 mm) and above average 
during July by about 35 mm, and August by about 30 mm at each 
site. In 1996, May precipitation was also above average by about 
30 mm, but was below average during June, July, August, and 
September by average of 30 mm per month at each site. 

Life History 
At Site 1 in 1994, there were 99 aduits/m*, which produced 21 

seeds per individual, 60% of which were viable, for an approxi- 
mate viable seed output of 1,237 seeds/m* (Fig. 2). In 199.5, the 
adult spotted knapweed population was 10 individuals/m*. Adults 

Table 1. Model parameter descriptions and spotted knapweed values 
used for reparameterization. 

Parameter Description Value 

Fall seed bank (SBf) 4260 
Spring germination rate (grms) 0.146 
Fall germination rate (grmf) 0.03 1 
Seed mortality rate over winter (smw) 0.13 
Seedling mortality rate during spring (sdms) 0.068 
Seedling mortality rate during fall (sdmf) 0.725 
Rosette mortality rate over winter (rm) 0.483 
Rosette to flowering plant transition rate (flw) 0.267 
Mature (flowering plant) mortality over winter (mpm) 0.455 
Seed produced per pIant (sppw) 62 
Proportion of seed rain that migrates away (mr) 0.568 
Max. seed produced/plant with no interference (spmaxw) 8000 

produced 140 seeds per individual, of which 7 1% were viable, for 
an approximate viable seed output of 998/m*. The 1996 spotted 
knapweed population produced 54 adults/m2. Adults produced 61 
seeds per individual, of which 79% were viable, for an estimated 
viable seed output of 2617 seeds/m*. 

At Site 2 in 1994 there were 177 adults/m* each with 62 seeds 
per individual, 71% of which were viable, for an approximate 
viable seed output of 7,815 seeds/m* (Fig. 3). In 1995, 151 
adults/m* produced 55 seeds per individual with 82% viability, 
for an approximate viable seed output of 6,986 seeds/m*. In 1996, 
89 adults/m2 produced 5 1 seeds per individual for an approximate 
viable seed output of 3,529 seeds/mz. 

The spotted knapweed seed bank at Site 1 was 5 1,850 f 30,600 
seeds/m2 in 1994 and 47,000 f 7,900 seeds/m2 in 1995. Based on 
tetrazolium tests, the number of viable seeds were 3,825 f 1,285 
seeds/m2 and 34 f 43 seeds/m2 in 1994 and 1995, respectively, 
indicating that most seeds collected were either unfilled or 
decomposed. At Site 2, the spotted knapweed seed bank was 
60,690 + 13,133 seeds/m* in 1994 and 60,350 f 13,023 seeds/m* 
in 1995. Based on tetrazolium tests, the numbers of viable seeds 
were 8,466 + 3,060 seeds/m2 and 646 + 850 seeds/m2 in 1994 
and 1995, respectively. 

Seed rain at both sites occurred during August and September. 
By October at Site 1, 46% (573 seeds/m?), 47% (480 seeds/mz), 
and 30% (600 seeds/m*) of the seeds produced reached the soil 
surface of the plots in 1994, 1995, and 1996, respectively. At Site 
2, 56% (4,414 seeds/m2), 62% (4,355 seeds/m2), and 33% (1,155 
seeds/m*) of the seed produced reached the soil surface by 
October 1994, 1995, and 1996, respectively. 

Fall seedling recruitment at Site 1 was observed by October 
each year. Less than 1% and 3% of the seed rain produced 
seedlings in the fall of 1994 and 1995, respectively. In 1995, 
seedling recruitment peaked at 201 seedlings/m2 by April and 
continued through June. Thirty-six percent of the seed rain was 
recruited into the seedling population that year. In 1996, seedling 
recruitment peaked by June at 92 seedlings/m*. There was no 
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Table 2. Temperature and precipitation from 2 weather stations near the 2 spotted knapweed life history sites. M denotes missing data. 

Month-year 
Site 1 

Precio AveraPe Min Max 
Site 2 Site 1 Site 2 Site1 Site 2 Site1 Site 

Jan. 94 5 
Feb. 94 11 
Mar. 94 22 
Ap.r 94 38 
May 94 37 
Jun. 94 84 
Jul. 94 58 
Aug. 94 13 
Sep. 94 4 
Oct. 94 59 
Nov.94 24 
Dec.94 16 

(mm) 
9 

23 
21 
3.5 
37 
89 
72 
15 
25 
74 
43 
18 

0.3 0.3 
4.2 -3.9 

3.7 4.3 
7.1 7.8 

12.9 13.5 
15.2 16.2 
18.2 19.7 
19.5 20.6 
14.9 16.3 

6.4 6.9 
-5.0 -2.1 
-4.0 -2.8 

03 
-18.3 -16.7 12.2 12.8 
-29.5 -28.9 13.9 13.9 
-12.8 -10.6 22.8 22.2 

-8.9 -12.8 27.2 26.1 
0.6 a.6 27.8 27.2 

-0.6 0.6 32.2 31.1 
2.2 4.4 33.9 33.9 
4.4 5.0 35.0 35.0 

-2.2 0.6 33.9 32.8 
-8.32 -7.2 23.4 22.2 
-23.4 -18.3 13.9 13.9 
-20.0 -17.8 10.0 11.1 

Jan. 95 32 51 -4.7 A.3 -27.2 -25 12.8 11.12 
Feb. 95 56 11 0.4 0.16 -25.0 -23.4 17.8 17.2 
Mar. 95 44 55 0.9 1.2 -20.6 -17.8 16.1 17.2 
Apr. 95 41 70 4.9 5.5 4.7 -6.7 20.6 2.6 
May 95 16 68 9.7 9.9 -3.3 -5.6 26.7 25.6 
Jun. 95 43 47 13.8 15.1 -1.1 0.00 30.0 31.1 
Jul. 95 62 72 18.0 19.5 3.9 5.6 34.5 35.0 
Aug. 95 67 67 17.4 19.6 1.7 3.3 33.4 34.5 
Sep. 95 27 M 12.8 M -5.6 M 32.2 M 
Oct. 95 39 6 5.8 M -11.1 -9.5 22.2 21.1 
Nov.95 22 31 2.7 2.8 -16.7 -15.6 17.2 15.6 
Dec. 95 19 15 -2.7 -2.3 -25.0 -13.4 15.6 15.36 

Jan. 96 13 20 -6.8 -6.3 -31.7 -28.9 11.7 12.8 
Feb. 96 25 26 -2.9 -2.9 -35 -31.1 14.5 15.0 
Mar. 96 12 18 -1.3 -13.3 -21.7 -20.6 15.6 16.7 
Apr. 96 31 43 7.6 7.4 A.4 -3.9 25.6 25.0 
May 96 115 112 8.6 8.7 4.4 -2.2 21.7 21.1 
Jun. 96 21 26 16.1 16.7 -1.1 0.6 31.7 20.6 
Jul. 96 2 a 19.8 19.9 6.1 7.2 36.1 34.5 
Aug. 96 3 18 18.9 20.2 0.6 4.4 35.6 34.5 
Sep. 96 28 27 11.8 13.2 -3.3 -3.3 30.0 31.1 

recruitment after the first of June in 1996. Forty-two percent of 
the seed rain was recruited into the seedling population in 1996. 
At Site 2, fall seedling recruitment was observed by October in 
1994 and by September in 1995. Less than 1% and 6% of the 
seed rain produced seedlings in the falls of 1994 and 1995, 
respectively. Seedling recruitment peaked at 901 seedlings/m* by 
June 1995. Twenty percent of the seed rain was recruited into the 
seedling population in 1995. In 1996, seedling recruitment 
peaked by May at 1,293 seedlings/m*. There was no seedling 
recruitment after May 1996. Thirty percent of the seed rain was 
recruited into the seedling population in 1996. Seedling mortality 
occurred from June through August 1995 and May through 
September 1996. 

Spotted knapweed adults developed in late-June 1995 and late- 
May 1996 at Site 1. Most adults survived to produce seeds. 
Mortality was observed during September (20%) 1995 and July 
(10%) 1996. Spotted knapweed adults developed by late-June 
1995 and late-May 1996 at site 2. No adult mortality occurred dur- 
ing the growing season of 1995, whereas 20% of the adult spotted 
knapweed population died during July and August in 1996. 

At Site 1,22 and 97 spotted knapweed juveniles had developed 
from root crowns by April 1995 and 1996, respectively. In 1995, 
11% of the previous year’s juveniles and adults survived to form 
juveniles, while 97% survived in 1996. Juvenile populations 
peaked in August 1995 (193 juveniles/mz) and in June 1996 (202 
juveniles/mz). At Site 2, 146 and 278 spotted knapweed juveniles 
had developed from root crowns by April 1995 and 1996, respec- 
tively. In 1995, 61% of the previous year’s juveniles and adults 
survived the winter as root crowns to form juveniles, while 48% 
survived in 1996. Juvenile populations peaked in August (603 
juveniles/m*) and June (692 juveniles/m2) in 1995 and 1996, 
respectively. 

The grass population at Site 1 began with 34 tillers/m* in April 
and peaked at 138 tillers/m2 in October in 1995 (Fig. 4). In 1996, 
grass tiller numbers peaked in April at 243 tillers/m* and 
decreased to 121 tillers/m* in September. Grass tillers/m2 in 
April, May, and June were greater than in July, August, and 
September. At Site 2, the grass population began with 582 
tillers/m* in April and peaked at 890 tillers/m2 in June 1995 (Fig. 
4). In 1996, grass tiller numbers in April were 736 tillers/m2 and 
peaked at 867 tillers/m* in May. Number of grass tillers 
decreased 442 tillers/m* between May and August. 

Sensitivity Analysis 
Maximum sensitivity values for spotted knapweed occurred 

with 10% reductions in the juvenile transition to adult, over-winter 
survivorship, juvenile and adult survivorship, and seed production 
in 1995 and 1996 at site 1 (Table 3) and site 2 (Table 4). A 10% 
reduction in seeds produced per adult decreased production by 106 
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Date 

Aug 94 

Sep 94 

Apr 95 

May 95 

Jun 95 

Jul95 

Aug 96 

Sep 95 

Apr 96 

May 9f 

Jun 96 

Jul 46 

Aug 96 

Sep Qi 

Seedlings Juveniles Seed Aceumula& 
rain seed rain 

145t30 H 145 

428+34’3H 573 

Fig. 2. Life history of spotted knapweed (Au 
5 

ust 1994-September 1996) at Site 1. Large boxes represent the means (n = 10) with 95% confi- 
dence values for each stage (population/m ) at each sampling date. Small boxes indicate the population fraction transferred to the next 
sampling date (vertical) or life history stage (diagonal or horizontal lines). 

seeds/m2 in 1995 and 264 seeds/m2 in 1996 at Site 1, and by 707 reduced by 10%. Early-season (June) transition from juvenile to 
seeds/m2 in 1995 and 359 seeds/m2 in 1996 at Site 2. Survivorship adult was critical to spotted knapweed seed production in 1995, 
of adults was a critical stage for spotted knapweed populations at whereas late-season transition (July) was critical in 1996. Juvenile 
both sites. Seed production was decreased by 60 seeds/m2 in 1995 survivorship was important in April and May 1995, and May and 
and 264 seeds/m2 in 1996 at Site 1 and 673 seeds/m2 in 1995 and June 1996 at Site 1. At Site 2, juvenile survivorship was important 
359 seeds/m* in 1996 at Site 2 when adult survivorship was in May and June in both years. Reductions in adult survivorship 

had low sensitivity values in June 1996 and high sensitivity values 
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Date 

Aug 94 

Sep 94 

Apr 95 

May 95 

Jull95 

Jul95 

Aug 95 

Sep 95 

Ott 95 

Apr 96 

May 96 

Jun 96 

Jul 96 

Aug 96 

Sep 96 

Fig. 3. Life I 
values of I 
pling date 

i 
Seedlings Juveniles Adults seeds 

Produced 
Seed As~c.rnuI$e 

rain 

146*47 

“$yg’ ;‘z 1 .o 

177*40 
I 

I 

story of spotted knapweed (August 1994September 1996) at Site 2. Large boxes represent means (n = 10) with 95% confidence 
b history stages (population/m2) at each sampling date. Small boxes indicate the population fraction transferred to the next sam- 
vertical lines) or life history stage (horizontal and diagonal lines). 
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Table 3. Sensitivity values (-10%) calculated for spotted knapweed transitions at Site 1. 

Date Seed Accumulated 
rain seed rain 

Seedling 
recruitment 

Seedling 
survivorship 

Seeding 
to juvenile 

Juvenile 
survivorship 

Juvenile 
to adult 

Adult 
survivorship 

Seed 
output 

1994 
Aug. 
Sep. 

1995 
Apr. 
May 
Jun. 
JUl. 

Aug. 

19% 
Apr. 
May 
Jun. 
Jul. 
Aug. 

0.050 0.050 
0.158 0.158 0.282 0.057 

0.05 1 0.05 1 

0.192 0.215 
0.015 0.091 

0.284 

0.158 0.158 0.206 
0.210 

0.09 
0 

0.452 

0.124 0.454 
0.246 0.578 
0.299 0.159 0.542 

0.093 0.096 0.542 
0.363 0.637 0.99 

0.493 
0.296 0.495 
0.210 0.604 0.186 0.186 

0.814 1.0 
1.0 1.0 

in July and August in 1995 and 1996. Spotted knapweed seed and 
seedling stages and transitions had low (<0.4) sensitivity values. 
Seed rain and accumulated seed rain had the lowest sensitivity 
values (with few exceptions). 

Simulation Model 
Simulations of average spotted knapweed populations began 

with a fall seed bank of 4,260 seeds/m* and 0 plants/m2 (Fig. 5). 
Rosette and adult populations increased exponentially for 2 years 
before density-dependent regulation reduced population growth 
rate. Rosettes peaked at 218/m2 after 7 generations and adults 
peaked and stabilized at 174/m2 after 10 generations. 

Discussion 

Sensitivity analysis allows identification of critical life history 
stages, transitions and key processes associated with those transi- 
tions (Sagar and Mortimer 1976, Maxwell et al. 1988, Sheley and 
Larson 1994). Our analysis identified juvenile and adult survivor- 
ship, and the transition from juvenile to adult, as critical phases in 

the life history of spotted knapweed. Our results are similar to 
those of Sheley and Larson (1994) for yellow starthistle. Key 
processes associated with these stages are competition, growth 
rate, duration of growth, and reproductive allocation (Radosevich 
and Roush 1990). Understanding these processes appears essen- 
tial to future regulation of species dominance and the establish- 
ment of functional communities on degraded grassland 
(MacMahon 1987, Allen 1988, Call and Roundy 1991, Sheley 
and Jacobs 1997). It is possible that desired plant communities 
could be designed to maximize niche occupation by establishing 
species which compete intensely, grow rapidly, and grow during 
much of the season (Sheley et al. 1996). 

Throughout the study, variation between sites and among years 
was high. Higher precipitation and the northwestern aspect 
enhanced available soil moisture on site 2 which may have 
accounted for greater seed production and viable seedbank on 
that site than on Site 1 in 1994 and 1995. Shirman (1981) consis- 
tently found 2 to 10 times the seed production on sites that 
received nearly 2 times the annual precipitation as our study sites. 
Low seed production could also reflect the impact of seed head 
feeding insects on seed production. Shirman’s (1981) data were 
collected from 1973 through 1976, about the same time as initial 

Table 4. Sensitivity values (-10%) calculated for spotted knapweed transitions at Site 2. 

Date 

1994 

Seed 
rain 

Accumulated 
seed rain 

Seedling 
recruitment 

Seedling 
survivorship 

Seeding Juvenile Juvenile Adult Seed 
to juvenile survivorship to adult survivorship output 

Aug. 0.144 0.039 
Sep. 0.105 0.105 0.090 0.100 0.670 

1995 
Apr. 0.039 0.127 0.130 
May 0.105 0.020 0.046 0.728 
Jun. 0.041 0.304 0.634 
Jul. 0.007 0.319 0.634 
Aug. 0.073 0.073 0.048 0.953 

1996 
Apr. 0.204 0.204 0.314 0.409 
May 0.277 0.093 0.221 0.409 
Jun. 0.370 0.583 0.047 0.047 
Jul. 0.953 1.0 
Aug. 1.0 1.0 

1.001 
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Date 

Aug 94 

Sep 94 

Apr 95 

May 96 

Jun 95 

Jul95 

Sep 95 

Apr 96 

Jun 96 

Jut 96 

Aug 96 

Sep 96 

Sits 1 Tillers Site 2 Tillers 

248k83 

228k76 

Fig. 4. Mean (n = 10) grass tillers/m2 with 95% confidence value at 
each sampling date (August 1994September 1996) for Site 1 and 
Site 2. Large boxes represent tiller population at a sampling date 
and small boxes represent the fraction of the population that 
transferred to the next sampling date. 
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Fig. 5. Simulations of average spotted knapweed rosette and adult 
populations over 20 generations. Fall seed bank started with 4,260 
seeds/m2 and the rosette and adult populations started at 0 
plants/m2. 

release of Vrophora affinis (Frauenfeld) and V. quadrifasciata 
(Meigen) in Montana (Story et al. 1987). Larva of these insects 
were observed in 90% of the seed heads collected from our sites. 

On the dryer site (Site 1), adult density appears sensitive to low 
spring precipitation. We speculate that juvenile mortality is 
enhanced because only dominant individuals possess enough root 
system for continued resource uptake and completion of their life 
cycle under dry conditions. These conclusions are consistent with 
those for yellow starthistle populations (Sheley and Larson 1994). 

Plant population models that predict plant community composi- 
tion based on the existing plant community and the weed man- 
agement strategy are important tools for rangeland managers 
(Maxwell et al. 1988, Sheley et al. 1996). Our life history model 
provides baseline simulations needed for predicting spotted knap- 
weed population dynamics (Figs 1 and 5). The use of models as 
decision-making tools will depend on understanding life histories 
of key species within the community, rather than simply that of 
spotted knapweed (Wiegand and Milton 1996). Future research 
needs to focus on collecting life history data for associated desir- 
able species and incorporating that data into the model. 

Models can be used to compile the various components of inte- 
grated management into a user-friendly predictive bioeconomic 
model that will aid in making decisions for managing spotted 
knapweed infested rangeland (Maxwell et al. 1988, Maxwell and 
Sheley 1997). The functions developed from all relevant research 
can be integrated into the bioeconomic model to predict and test 
the long-term effects of integrated spotted knapweed manage- 
ment on the plant community. Our results suggest that the high 
site to site and year to year variation in spotted knapweed popula- 
tion dynamics will make these models difficult to use as manage- 
ment tools. We believe probabilities of community dynamics 
derived from variation in data may be more useful in making 
weed management decisions. In this case, land managers can use 
the probability that a management program will result in a 
desired plant community as a basis for decision-making. 
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Abstract 

An understanding of overstory-understory relationships in 
southwestern oak woodlands is important for predicting 
response of these systems to disturbance or manipulation. The 
objective of this study was to evaluate the response of herbaceous 
plants to removal of the overstory in evergreen oak woodlands. 
Overstory plants were removed from 30 X 30 m plots in January 
1993 and January 1994, and the response of herbaceous plants in 
these plots was compared to untreated controls for 5 and 4 years, 
respectively. The C4 graminoid and total biomass increased after 
overstory removal to as much as 10 times greater than controls, 
remained at elevated levels the second year, declined in subse- 
quent years to 3-7 times the production of controls, and 
increased slightly during the final year of the study (1997). 
Overstory removal was necessary but not sufficient to affect 
herbaceous dicot biomass, which increased relative to controls 
during years with above-average winter precipitation. The C3 
graminoids did not respond to overstory removal. 

Key Words: encinal, forage, overstory-understory relations. 

Oak woodlands occupy several million hectares of arid and 
semi-arid lands in the southwestern United States and northern 
Mexico (McPherson 1992). These evergreen oak woodlands are 
subject to a variety of uses, including livestock grazing, recre- 
ation, and fuelwood harvest. Despite the area1 extent and ecologi- 
cal and economic importance of this vegetation type, it has been 
characterized by little research (Ffolliott et al. 1992). The paucity 
of ecological information about southwesrem oak woodlands rep- 
resents an important gap in understanding and managing these 
systems (McPherson 1992, McClaran and McPherson in press). 

Data on overstory-understory relationships in southwestern oak 
woodlands are particularly scarce, despite the importance of these 
data for predicting response to disturbance or manipulation. 
Furthermore, research on overstory removal in other woodlands 
provides a poor basis for comparison because of differences 
between systems and because previous studies have not been 
replicated in space and time. Most previous research in oak 
woodlands has been conducted in regions dominated by winter 
rainfall (e.g., Heady and Pitt 1979, Jansen 1987, Kay 1987, 
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Gavin Lawson, Rena Ann Abolt, Paulette Ford, and Laurie Abbott for assistance 
with data collection. Bob Steidl provided insightful statistical advice. 

Manuscript accepted 30 Nov. 1997. 

674 

Resumen 

Una comprensi6n de las relaci6nes de 10s estratos superior y 
inferior en 10s bosques de encino del suroeste es importante para 
estimar las respuestas de estas sistemas a perturbacibn o tima- 
nipulaci6n. El objet0 de este estudio fue evaluar la respuesta de 
plantas herhaceas a remoci6n de1 estrato superior en 10s bosques 
de encino siempre Verde. Plantas del estrato superior fueron 
removida de parcelas experimentales, del tamano 30 x 30 m, en 
Enero 1993 y Enero 1994. La respuesta de las plantas herhaceas 
en estas parcelas fueron comparados a parcelas control sin 
tratamiento para 5 adios (estrato superior removida 1993) y 4 
adios (estrata superior removida 1994). En total, grama de C4 y 
biomasa incrementaron despues6 de remoci6n de1 estrato superi- 
or coma 10 veces mayor que parcelas sin tratamiento. Biomasa 
de 10s grupos quedo elevado el Segundo aiio despues de remocibn 
de cobertura de follaje, y bajo en aiio subsecuente a 3-7 veces el 
producci6n de parcelas control sin tratamiento. En fin, biomasa 
increment0 solamente un poquito durante el Gltimo aiio de1 estu- 
dio (1997). Remoci6n del estrato superior fue necessario, pero 
insuficiente a afectar biomasa de dicotiledoneas herbaceas, 10s 
que incrementaron relative a parcelas control durante adios con 
precipitacbn de invierno arriba medio. Gramas de C3 no 
respondieron a remocidn de estrato superior. 

Bartolome et al. 1994). In contrast, southwestern oak woodlands 
are characterized by substantial summer precipitation 
(McPherson 1997). In addition, most previous studies confound 
site and canopy effects, as discussed by Bartolome et al. (1994). 

Overstory-understory relationships have potentially important 
implications for management goals focused on wildlife habitat, 
watershed values, biological diversity, livestock production, and 
recreation. However, the paucity of research on overstory-under- 
story interactions in southwestern oak woodlands severely con- 
strains the ability to address any of these important issues. For 
example, the rudimentary issue of herbaceous response to canopy 
removal remains unknown. If grasslands are constrained by 
edaphic or climatic factors, then the presence of an overstory 
canopy may not interfere with herb production and removal of 
the canopy may not facilitate herb production (sensu Bartolome 
et al. 1994). Conversely, if overstory plants occupy sites that 
could be occupied by grasses, then removal of the canopy could 
enhance herb production. The virtual absence of understory herbs 
beneath the canopy of oaks implies that the response of understo- 
ry herbs to canopy removal may be negligible. 
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The objective of this study was to determine the response of 
herbaceous plants to removal of the overstory in closed-canopy 
oak woodlands, and to determine if this response changed with 
time since overstory removal. 

Study Site 

Research was conducted on a 6-ha study site in southeastern 
Arizona, USA. The site is located at the mouth of Blacktail 
Canyon (31” 35’ N, 111” 35’ W) on Fort Huachuca Military 
Reservation (FHMR). Livestock have been excluded from FHMR 
since about 1950 (Haworth and McPherson 1994). The site is 
1,570 m elevation on a 10% slope with a northern aspect. Soil is 
mapped as a complex of Terrarossa (fine, mixed, thermic Aridic 
Paleustalfs), Blacktail (fine, mixed, thermic Aridic Argiustolls), 
and Pyeatt soils (coarse-loamy, mixed, thermic Aridic 
Calciustolls) (U.S. Department of Agriculture Soil Conservation 
Service 1994). 

The climate is semi-arid, with an average annual temperature of 
14.2”C. Annual precipitation is bi-modal, with about 60% of the 
452-mm average annual precipitation occurring in summer and 
20% in winter (long-term data based on Canelo Hills, Arizona 
station, National Oceanic and Atmospheric Administration 1995). 
The region is characterized by an absence of precipitation 
between late March and early July during nearly all years. 

Vegetation is southwestern encinal, or evergreen oak wood- 
land, and is near the lower-elevation boundary of evergreen oak 
woodland. Vegetation was typical with respect to other south- 
western oak woodlands in the United States (McPherson 1997, 
McClaran and McPherson in press). For example, overstory tree 
cover was visually estimated at 75% before application of treat- 
ments. Overstory cover consisted almost entirely of the evergreen 
Emory oak (Quercus emoryi Torr.), the typical dominant species 
in southwestern oak woodlands (Mehlert and McPherson 1996). 
Understory herbaceous cover was sparse. Taxa present included 
the C, perennial bunchgrasses sideoats grama [BoLlteloua cur- 
tipendula (Michx.) Torr.], Texas bluestem (Adropogon cirratus 
Hack.), green sprangletop [(Leptochloa dubia (H.B.K.) Nees.], 
plains lovegrass (Eragrostis intermedia Hitchc.), and three-awns 
(Aristida L. spp.) and very few C, perennial graminoids [ pinyon 
ricegrass [Piptochaetium fimbriatum (H.B.K.) Hitchc.], bottle- 
brush squirreltail (Sitanion hystrix J.G. Smith), sedges [Cyperus 
(Tourn.) L. spp.]) and herbaceous dicots [star-glory (Ipomoea 
coccinea L.), cudweed (Gnaphalium chilense Spreng.)]. 

Methods 

Nine homogeneous, 30 X 30 m plots were located and perma- 
nently marked in autumn 1992. One of 3 treatments was assigned 
at random to each plot: overstory removal in 1993, overstory 
removal in 1994, or control (overstory intact). This completely 
randomized design was employed because of the perceived over- 
all homogeneity of the study site and because a block design 
would have required canopy removal over a larger area, which 
was not feasible. Similarly, logistical constraints precluded use of 
more replicates. Overstory removal treatments were initiated in 
January of each year and were maintained by cutting recently 
established woody plants and oak sprouts several times each year 
with axes. 

We clipped herbaceous biomass from 15, 0.5-m2 quadrats ran- 
domly located within the center 20 X 20 m of each plot to mini- 
mize edge effects in late October from 1993 to 1997. Quadrats 
were re-located if they coincided with woody plant stumps or 
previously clipped quadrats. Plants were clipped to a 2-cm stub- 
ble height, removed immediately, and separated into the follow- 
ing categories: C, graminoids, C, graminoids, and herbaceous 
dicots. Biomass was dried at 50°C for 4 days and weighed to the 
nearest 0.1 g. The size and number of quadrats was based on the 
variability of herbaceous biomass at a nearby savanna (Haworth 
and McPherson 1994). 

Biomass data were tested for normality with the Shapiro-Wilk 
W-statistic (Shapiro and Wilk 1965) and for homogeneous vari- 
ances with Hartley’s (1950) test. Data were not normally-distrib- 
uted (P < 0.05), so were log-transformed. Log-transformed data 
were distributed normally and had homogeneous variances, so we 
used profile analysis to analyze these repeated-measures data 
with multivariate analysis of variance (MANOVA) (a = 0.05) 
(von Ende 1993). Because not all treatments were present during 
each year (i.e., the 1994 overstory-removal treatment had not 
been applied when herbaceous biomass was sampled in 1993), 
we used 2 models, one with MANOVA on the 2 treatments pre- 
sent between 1993 and 1997 (overstory removal in 1993, oversto- 
ry intact), and a second MANOVA with all 3 treatments present 
in 1994 through 1997. Because MANOVA does not enable 
detailed comparisons within treatments or years, we used analysis 
of variance (ANOVA) to compare treatments within years, and 
paired t-tests to compare years (i.e., time since overstory 
removal) within treatments. Fisher’s LSD (Fisher 1960) a poste- 
riori mean separation tests were conducted when MANOVA and 
ANOVA revealed differences (P c 0.05). Quadrats were treated 
as subsamples in all analyses. 

Results 

Biomass of C, graminoids was not affected by main or interac- 
tive effects of overstory treatment and time-since-treatment (P > 
0.14) for either MANOVA model (canopy removed in 1993, or 
1994). C, graminoids, which were represented by an approxi- 
mately equal mix of grasses (predominantly pinyon ricegrass and 
bottlebrush squirreltail) and sedges, accounted for little biomass 
(mean + SE = 1.3 f 0.5 gm2). 

An interaction between treatment and time-since-treatment was 
evident for C, graminoid, herbaceous dicot, and total herbaceous 
biomass for both MANOVA models. Beneath intact canopies, Cd 
graminoid, herbaceous dicot, and total herbaceous biomass did 
not vary through time (Table 1); C4 graminoids dominated these 
sparse communities (20.0 f 3.2 g.m-2), and contributed nearly 
90% to total herbaceous biomass (23.3 a 3.4 g.m-2). 

Overstory removal increased C, graminoids relative to controls 
in all years (Table 1). The magnitude of the response to overstory 
removal depended on time since canopy removal for the first 3 
years (Fig. l), regardless of which year the canopy was removed: 
C4 graminoids increased in the first year after clearing, remained 
elevated for the second year after overstory removal, and then 
decreased in the third year (P < 0.05). Thereafter, the response of 
C4 graminoids in the cleared treatments was year-dependent: bio- 
mass decreased in 1996, then increased in 1997 (P c 0.05). After 
removal of the canopy, C4 graminoids that were dominant includ- 
ed taxa present before treatments were applied (see Study Site). 
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Table 1. Mean (? SE) herbaceous biomass &mm2) during 5 years in southeastern Arizona, USA. Experimental plots were left intact or were 
subjected to removal of the tree canopy in 1993 or 1994 (n = 3). 

Year Treatment* C4 graminoid C3 graminoid Dicots Total 

---__________---_------------ &Jmz ISE)----------------------------- 

1993 Control 27.0 (9.3 0.3 (0.2) 2.2 (1.2) 29.4 (10.6) 

CR 1993 145.0 (7.0) 1.4 (0.8) 14.0 (3.8) 160.5 (8.2) 

1994 Control 18.9 (5.5) 0.9 (0.5) 0.6 (0.4) 20.4 (6.2) 
CR 1993 207.8 (27.1) 4.4 (1.2) 5.7 (1.6) 218.0 (25.8) 
CR 1994 121.3 (13.6) 2.5 (2.2) 8.6 (3.7) 132.4 (13.7) 

1995 Control 19.0 (4.2) 0.4 (0.2) 1.7 (1.1) 21.1 (4.8) 
CR 1993 87.7 (9.0) 5.2 (5.1) 107.2 (34.9) 200.1 (48.9) 
CR 1994 158.7 (26.4) 1.4 (0.8) 80.8 (21.2) 240.9 (26.8) 

1996 Control 16.7 (I.3 0.0 W) 4.5 (2.0) 21.2 (1.8) 
CR 1993 55.5 (6.3 0.2 (0.1) 54.9 (3.5) 110.6 (8.2) 
CR 1994 112.3 (19.1) 0.5 (0.4) 36.8 (14.6) 149.6 (5.8) 

1997 Control 18.3 (13.5) 0.1 (0.1) 5.8 (2.0) 24.2 (13.8) 
CR 1993 102.2 (34.3) 0.4 (0.3) 23.1 (4.7) 125.6 (39.9) 
CR 1994 151.6 (27.6) 0.0 (0.0) 32.6 (13.6) 184.2 (17.1) 

tContro1 = canopy not manipulated; CR 1993 = canopy removed in January 1993; CR 1994 = canopy removed in January 1994. 

Response of total herbaceous biomass mirrored response of C, 
graminoid biomass for all treatments and years (P < 0.05). The 
magnitude of the difference between intact and overstory- 
removed plots varied from about 3-fold (C4 graminoids, 1996) to 
over lo-fold (total herbaceous biomass, 1995) (Table 1). 

Herbaceous dicots were poorly represented in both canopy- 
removal treatments in 1993 and 1994 (Table 1). However, dicots 
increased markedly during 1995 and 1996 in both treatments, then 
declined slightly in 1997 (P < 0.05). Camphorweed [Heterotheca 
subaxillari (Lam.) B&ton & Rusby], sunflower (Helianthus petio- 
lark Nutt.), and cudweed were locally abundant in disturbed plots, 
but remained absent from intact woodlands. 

1993 1994199519961997 

Year 
Fig. 1. Mean biomass of Cd graminoids, herbaceous dicots, and all 

herbaceous plants (total = sum of C, graminoids, C3 graminoids, 
and herbaceous dicots) after removal of evergreen oak woodland 
overstory in southeastern Arizona. Solid lines and broken lines 
indicate overstory removal in January 1993 and January 1994, 
respectively. Herbaceous biomass in uncleared (control) treat- 
ments and biomass of CJ graminoids was uniformly sparse in all 
treatments (Table l), and therefore is not shown. 
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Discussion 

Emory oak trees in the current study occupied sites capable of 
considerable herbaceous biomass production. The presence of 
mature Emory oak trees clearly interferes with production of both 
C3 dicots and Cd graminoids. This finding is consistent with stud- 
ies of interactions between these life-forms at earlier life-history 
stages, when Emory oak seedlings compete with seedlings for 
soil resources (McPherson 1993, Weltzin and McPherson 1997, 
McClaran and McPherson in press). In addition, the response of 
herbaceous biomass after canopy removal of Emory oak is simi- 
lar to that observed after removal of blue oak (Quercus douglasii 
H. & A.) on mesic sites in northern California (400-500 mm 
average annual precipitation) (Heady and Pitt 1979, Jansen 1987, 
Kay 1987). 

The sharp increase in herbaceous biomass after removal of the 
overstory parallels comparative research in a nearby savanna, 
where herbaceous standing crop was about 40% lower beneath 
isolated Emory oak trees than in interstitial zones during 2 suc- 
cessive years (Haworth and McPherson 1994). Because trees in 
the savanna were isolated, solar radiation incident to the under- 
story zones depended on solar zenith angle and time of day, and 
belowground interference may have been restricted to the imme- 
diate subcanopy area. Differences in solar radiation and/or below- 
ground interference thus likely contributed to differences in 
herbaceous production between the savanna study (40% reduc- 
tion beneath trees) and the current study @O-90% reduction). 
However, comparative studies of subcanopy understories with 
adjacent canopy gaps confound microsite and canopy effects 
(Bartolome et al. 1994). For example, soils beneath woody plants 
often exhibit greater concentrations of nutrients than do adjacent 
grassland zones (Garcia-Moya and McKell 1970, Schlesinger et 
al. 1990, McPherson 1997). Thus, comparative studies represent 
poor analogs for determination of the effects of overstory 
removal on herbaceous response. 
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overstory removal, in association with increased availability of 
precipitation during the cool season (possibly in association with 
increased nutrient availability), apparently provided conditions 
both necessary and sufficient for abundant growth of herbaceous 
dicots. Similar to C4 graminoids, the drought that preceded the 
1996 sample date likely contributed to the observed decline in 
dicot production. 

Neither overstory removal nor increased winter precipitation 
experienced in the current study were sufficient to elicit a 
response from C, graminoids. These plants were uncommon in 
all treatments and years. 

Implications for management of southwestern oak woodlands are 
relatively clear. Removal of the Emory oak overstory produces a 
substantial increase in biomass of CA graminoids, but no increase 

Year in C, graminoids. Given sufficient growing-season precipitation, 

Fig. 2. Departures from long-term average seasonal precipitation at 
C4 biomass can remain elevated for several years after overstory 

the southeastern Arizona study site. 
removal. A positive response of herbaceous dicots is dependent on 
overstory removal and above-average winter precipitation. 

Response of C4 graminoids and total herbaceous biomass 
appeared to be unrelated to seasonal or total precipitation during 
the first 3 years of the current study. The C4 biomass and total 
herbaceous biomass increased sharply in response to overstory 
removal, then remained elevated during the second year after the 
overstory was removed. Elevated levels of biomass during the sec- 
ond year after overstory removal occurred despite below-average 
summer precipitation in 1994 and 1995 (Fig. 2). Biomass of C, 
graminoids declined substantially during 1996 in both overstory- 
removal treatments, presumably because growing-season and 
annual precipitation were markedly below the long-term average. 
The C, biomass and total herbaceous biomass recovered slightly 
in the final year of the study, coincident with a slight increase in 
precipitation relative to 1996. Overstory removal apparently is 
necessary and sufficient to stimulate a response of C, graminoids 
(hence, total herbaceous biomass) if summer precipitation does 
not drop below about 60% of the long-term average. 

We propose 2 hypotheses for the l-year delay between oversto- 
ry removal and maximum response of C4 graminoids. First, at 
least I year may be required for complete colonization of the 
understory by bunchgrasses. Second, there may be a lag between 
overstory removal and increased nutrient availability: nutrients 
likely increase in cleared plots as a result of increased soil tem- 
peratures and/or decomposition of oak leaver and fine roots. The 
hypothesized nutrient “pulse” is short-lived, or dependent on pre- 
cipitation during the growing season, as indicated by declines in 
herbaceous biomass 3 years after removal of the overstory. These 
hypotheses, or their potentially likely interaction, have not been 
tested in southwestern woodlands. 

when the overstory was removed, as evidenced by the lack of 
response in uncleared plots. Thus, increased light associated with 

Unlike the response of C4 graminoids, overstory removal was 
necessary but not sufficient to produce significant increases in 
biomass of herbaceous dicots. In addition to removal of the over- 
story, response of herbaceous dicots probably depended on cool- 
season precipitation, as suggested by the increase in dicots in 
1995 when precipitation during the previous autumn and winter 
substantially exceeded the long-term average. Increased produc- 
tion of herbaceous dicots in 1995 was partially sustained through 
1996 and 1997, despite the relative lack of precipitation in the 
autumn and winter of 1995-96 and 1996-97. Increased winter 
precipitation stimulated production of herbaceous dicots only 

Objective and comprehensive evaluation of overstory removal 
depends on site-specific management objectives and several fac- 
tors not evaluated by this research (e.g., species composition, 
species diversity, infiltration, runoff, erosion, wildlife habitat). 
However, the substantial increase in production of perennial 
grasses associated with overstory removal suggests that manage- 
ment goals that depend on herbaceous production may be facili- 
tated by overstory removal in these woodlands. 
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Abstract 

Many desert plants germinate and establish from seed caches 
made by granivorous rodents. As a preliminary test of the feasi- 
bility of using rodent seed-caching activities to enhance seedling 
emergence of native desert plants, we tested desert heteromyid 
rodents for preferential consumption and/or caching of native 
(“target”) seeds versus a commercial (“decoy”) seed. The 
target/decoy seed concept relies on rodents caching both seeds, 
and preferentially consuming an inexpensive decoy seed as a sac- 
rifice to reduce consumption of less preferred target seeds. We 
used cafeteria-style, paired seed choice trials to test 2 potential 
target seeds known to germinate from rodent scatterhoard caches 
(Indian ricegrass, Achnatherum hymenoides [R. & S.] Barkworth, 
and four-wing saltbush, Atriplex cunescens [Pursh] Nutt.) against 
a potential decoy seed (millet, P&cum miliaceum L.). Millet was 
highly preferred to saltbush, and may indeed be a useful decoy 
seed when saltbush is the target of range restoration. Also consis- 
tent with the target/decoy seed concept, more Indian ricegrass 
than millet seeds were cached in laboratory trials, and all seeds 
were cached in scatterhoards more than in larderhoards, where 
the probability of seedling emergence is negligible. However, mil- 
let seed may not always be a good candidate for a decoy seed, as it 
was not preferred to Indian ricegrass and was cached more fre 
quently than saltbush. Overall, we fmd results of these choice tests 
to be encouraging for applying the target/decoy seed idea. We 
consider the relative merits of this idea versus traditional revege- 
tation techniques. 

Key Words: Achtuztherum hymenoides, Atriplex canescens, kan- 
garoo rats, pocket mice, seed caching 

North American deserts harbor a diverse array of animals that 
specialize to various degrees on diets of seeds. Among 3 dis- 
parate taxa-ants, birds, and rodents that constitute major con- 
sumers of desert plants’ seeds, rodents are distinguished by: (1) 
ability to detect and dig considerable depths for buried seeds, (2) 
having cheek pouches for carrying large quantities of seeds at a 
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Resumen 

Muchas plantas de1 desierto crecen y se desarrollan a traves de 
semillas que han sido almacendas por 10s roedores granivoros. Se 
puso a pruba la posibilidad de usar las semillas almacenadas, 
con el fin de aumentar la aparicion de plantas originarias de1 
desierto. Pusimos a prueba a 10s roedores de1 desierto (het- 
eromyid) que se alimentan preferentemente de las semillas, cuyo 
objetivo es la germination de plantas deserticas, o bien, estas 
semillas solo son almacenadas por tales roedores. Pars esta prue- 
ba usamos las semillas originarias de1 desierto y las semillas com- 
erciales usadas coma setiuelo. En esta prueba se usaron 10s dos 
tipos de semillas: la destinada a la germination y la que fue 
usada coma seiiuelo. Esta prueba consiste en que 10s roedores 
almacenan ambos tipos de semillas y curiosamente consumen las 
semillas que son usadas coma sefiuelo, las cuales no son caras. 
Esto a su vez, permite que 10s roedores no consuman las semillas 
destinadas a la germination de las plantas de1 desierto. Para Ile- 
var a cabo este concept0 de objetivo/seiiuelo, usamos el estilo 
cafeteria, es decir pusimos en pares semillas a prueba de selec- 
cion para probar dos posibles objetivos de semillas destinadas a 
la germination, las cuales han sido dispersadas y escondidas por 
10s roedores, (estas semillas son de1 tipo de arroz zacate Hindu, 
Achnatherum hymenoides [R&S] Barkworth, y semillas de arbus- 
tos alcalinos de 4 alas, Atriplex canescens [Pursh] Nutt.). Esta 
semillas fueron colocadas en oposicion a las semillas usadas 
coma seiiuelo (mijo, Punicum miliuceum L.). El mijo fue alta- 
mente preferido al arbusto alcalino y a su vez efectivo de ser 
usado coma semilla de seiiuelo, mientras tanto, se preserva la 
recuperation de1 arbusto alcalino. Tambien un hecho consistente 
en el concept0 de la semilla objetivo/sefiuelo, es que se almace- 
naron mris semillas de arroz zacate Hindu que semillas de mijo, 
ambas clases de semillas fueron almacenadas en el laboratorio, 
las cuales fueron dispersadas y escondidas, en vez de ponerlas en 
una almacena, donde la posibilidad de brotes es inexistente. Sin 
embargo la semilla de1 mijo no siempre puede ser una buena 
posibilidad de ser usada coma semilla de sefiuelo, tampoco, la 
semilla de arroz zacate Hindu, el cual fue almacenado con mas 
frecuencia que el arbusto alcalino. La impresion general obteni- 
da de 10s resultados de estas pruebas de selection son alentado- 
ras para la aplicacion de1 concept0 objetivo/seiiuelo. Debemos 
comparar 10s pros y 10s Contras de esta idea en oposicion a las 
tecnicas tradicionales de recultivo. 
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time, (3) year-round foraging for seeds (in non-hibernating ferred by various heteromyid species (McAdoo et al. 1983, 
species), uninterrupted by dormancy (as in ants) or by seasonal Kelrick et al. 1986, Henderson 1990). Millet seeds (167 seeds/g) 
migration or diet switching (as in many granivorous birds), and are larger than Indian ricegrass seeds (243 seeds/g) and substan- 
(4) burial of seeds in shallow, scattered caches (scatterhoarding), tially smaller than saltbush seeds (86 seeds/g). Seedlings of the 2 
as well as in centrally located granaries, such as burrows (i.e., latter species commonly emerge from rodent scatterhoards at our 
larderhoarding, which is practiced by both rodents and seed har- field site. We conducted both a field and a laboratory experiment 
vester ants). Thus, rodents have the greatest potential among designed to address the same primary question: Do desert het- 
these granivores to affect species composition and distributional eromyid rodents prefer millet over the targeted native seeds, such 
patterns of desert plant communities. For example, a long-term that millet would be useful as a decoy seed? The laboratory 
study in the Chihuahuan Desert utilizing plots that selectively experiment also addressed 2 additional questions relevant to the 
excluded different granivores revealed that only long-term exclu- use of decoy seeds to enhance recruitment of target seedlings: (I) 
sion of a group of rodents, kangaroo rats (Dipodomys spp.), yield- Do rodents exhibit preferences during trials for scatterhoarding 
ed wholesale shifts in the species composition and physiognomy native versus commercial seeds?; (2) Do relative proportions of 
of the plant community (Brown and Heske 1990). native seeds cached in scatterhoards versus larderhoards differ? 

Among the world’s desert ecosystems, only in North America 
has a diverse rodent fauna evolved around a dietary theme of 
granivory (Mares 1993, Kelt et al. 1996). Rodents can remove 2 
90% of the local, annual seed production of a given desert plant 
(Chew and Chew 1970, Soholt 1973). Such plant species might 
exhibit adaptations selected for by intense granivory. Indeed, 
desert plant seeds are often endowed with mechanical or chemi- 
cal defenses to deter granivores (Janzen 1971). Alternatively, 
plants may evolve means of tolerating or even capitalizing on 
granivores for dispersal of seeds. Seeds of many desert plant 
species germinate and establish from scatterhoards made by 
desert rodents of the families Heteromyidae (kangaroo rats, kan- 
garoo mice, and pocket mice) and Sciuridae (chipmunks and 
ground squirrels) (Vander Wall 1990, Longland 1995, Pendleton 
et al. 1995). This occurs when rodents fail to recover all of the 
seeds in a scatterhoard for consumption or relocation at a later 
time. At a western Nevada site, > 99% of seedling recruitment in 
antelope bitterbrush (Purshia tridentutu [Pursh] DC) was due to 
scatterhoards of a chipmunk species (Vander Wall 1994). 

The essential role of rodents for seedling recruitment of at least 
some range plant species suggests interesting applications for 
range improvement. For example, with sufficient knowledge of 
effects of various rodent species on different plant species assem- 
blages, one could predict how vegetation in an area will recover 
from a disturbance based on taxonomic composition of the local 
rodent community. It may also be possible to actively accelerate 
vegetation recovery following disturbance by either encouraging 
the making of and/or discouraging recovery of rodent scatter- 
hoards containing seeds of desirable plant species-the targets of 
a remediation effort. For example, when such a “target” seed 
species is stored by a scatterhoarding rodent, but is not a pre- 
ferred food item, models predict that recovery of these caches 
would be low so long as preferred seed types remain available 
(Smith and Reichman 1984). Because certain commercial seeds 
are highly preferred by desert rodents (Price 1983), one could 
theoretically reduce recovery of target seed scatterhoards by 
rodents by offering a sufficient quantity of a preferred commer- 
cial seed as a sacrifice or decoy that would be consumed first. 

Materials and Methods 

We conducted field tests from 10 June to 17 August 1994 at the 
Hot Springs Mountains, 65 km E of Reno, Nev. in the Carson 
Desert. This site has sand substrate and is characterized by peren- 
nial shrubs (Sarcobatus baileyi [Cov.] Jepson, Atriplex cunescens 
[Pursh] Nutt., A. confertifoliu [Torrey & Fremont] S. Watson, 
Psorothamnus polydenius [S. Watson] Rydb., Tetrudymiu spin- 
osa Hook. & Am., T. tefrumeres [S.F. Blake] Strother, and 
Kochiu americana S. Watson) and Indian ricegrass (Achnutherum 
hymenoides). Three, 3-night trapping sessions (total of 5,400 trap 
nights) indicated that D. merriumi represented > 75% of the 
rodent community at this site during summer 1994. Other het- 
eromyid species included Chuetodipus formosus, Dipodomys 
deserti, Microdipodops pallidus, and Perognathus longimembris. 

To test the feasibility of using “decoy” seeds to increase 
recruitment of target seedlings from rodent scatterhoards, we 
compared use by heteromyid rodents of a native plant seed, either 
Indian ricegrass (Achnatherum hymenoides [R. & S.] Barkworth) 
or four-wing saltbush (Atriplex canescenr [Pursh] Nutt.), with 
white millet (Punicum miliuceum L.). Millet is a commercial seed 
that is highly preferred by Dipodomys merriumi (Frye and 
Rosenzweig 1980, Price 1983), the most abundant species at our 
field site. Among native seeds, Indian ricegrass is also highly pre- 

We used a 25-station line transect to compare removal of millet 
and Indian ricegrass seeds in 10 separate field trials. Adjacent sta- 
tions were separated by 25 m, which is generally sufficient dis- 
tance to prevent a single animal from visiting multiple stations. 
Each station consisted of a pair of plastic trays (20 by 20 by 6 cm 
deep) placed within 10 cm of one another. We filled paired trays 
with sieved sand and thoroughly mixed 3 g of millet seeds into 
one tray and 3 g of Indian ricegrass seeds into the other. Our 
seeds were inaccessible to ants, because of the depth of the trays 
and mixing of seeds and sand, but were readily accessible to 
rodents. Seed trays were left overnight. The following morning 
we sieved sand in the trays to collect remaining seeds for weigh- 
ing. Transects were moved between trials to avoid repeated seed 
harvesting by the same individual animals on different nights. 
Using the same technique, we compared removal of saltbush and 
millet in 10 trials. Indian ricegrass and saltbush seeds for both 
this experiment and the laboratory experiment described below 
came from a commercial supplier of native plant seeds, but both 
are common at our field site. 

Mean masses of millet and native seeds removed per trial night 
were compared across trials using paired comparisons t-tests. We 
included data for any given seed tray station only if > 0.25 g of 
seeds were missing from at least 1 tray. Thus, if I 2.75 g of the 
original 3.0 g of seeds remained in both trays at a station, we 
assumed that it was not foraged by rodents and that the small loss 
of mass was due to seed spillage and/or water loss from seeds. 
There was a substantial gap between masses of seeds remaining 
in those trays considered foraged versus unforaged; maximum 
mass of seeds remaining in a foraged tray was 2.31 g, and most 
had < 1.0 g remaining. We also used paired r-tests to compare 
numbers of trays foraged nightly between native seeds and millet. 
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We conducted a total of 20 trials at the University of Nevada, 
Reno to test for seed preferences between Indian ricegrass and 
millet using 4 Chaerodi~us formosus (ranging between 16-23 g), 
8 D. merriami (3644 g), 4 D. panamintinus (65-82 g), and 4 P. 
longimembris (7-10 g) individuals. We also ran 19 trials to test 
for preferences between millet and saltbush using the same num- 
ber of animals of the former 3 species, but only 3 P. longimem- 
bris. Many of the same animals were used in both sets of trials. 
Although one species included in the lab experiment, D. panam- 
inlinus, does not occur at our Hot Springs Mountains field site, it 
is not uncommon for this species to co-occur with Indian rice- 
grass and saltbush. Experimental animals were captured at vari- 
ous locations within 80 km of Reno, Nev. When not involved in 
trials, animals were individually housed in plexiglass cages lined 
with mixed sand and chinchilla dust and maintained at 22” C on a 
14L: 10D light cycle regime. Animals were fed wild bird seed, lab 
animal chow, mealworms, and lettuce. Although trials were con- 
ducted from October 1994 to August 1995, individual animals 
had been housed in the laboratory < 3 months when they were 
used in the experiment. 

For each trial, we placed a single animal in a plywood arena 
(234 by 118 cm with 122-cm walls) linked to an outer plywood 
nestbox (26 by 24 by 13 cm). Approximately 2 cm of sand cov- 
ered the arena floor. A pair of seed trays, identical to those in field 
experiments, was placed at the end of the arena opposite the nest- 
box. We filled each tray with sand and thoroughly mixed 5 g of 
millet seeds into one tray and 5 g of the native seed type being 
tested into the other. Because heteromyid rodents generally initiate 
activity shortly after nightfall, trials began at the onset of the dark 
period in the animal housing facility. A test animal was placed in 
the arena for 8 hours, then removed. Following each trial, we care- 
fully searched the arena sand for caches and weighed the seeds in 
each cache. Seeds remaining in trays were also weighed to deter- 
mine mass eaten. Numbers of seeds cached and eaten were esti- 
mated by multiplying mass by numbers of each seed type per 
gram given above. Our rationale for analyzing data in terms of 
both seed masses and seed numbers is as follows. Seed mass is the 
relevant variable for testing for foraging preferences of rodents, 
since size (i.e, mass) differences among different seed types would 
make seed numbers a poor reflection of relative amounts eaten or 
cached. By contrast, it is relative numbers of seeds eaten and 
cached that are potentially important in determining how rodent 
foraging activities may affect plant productivity. 

Laboratory results for both the Indian ricegrass and saltbush 
experiments were first analyzed using factorial 2-way analyses of 
variance (ANOVA) with seed type and rodent species as main 
effects. Dependent variables were mass of seeds removed from 
trays, number of caches made, mass and number of cached seeds, 
and mass and number of eaten seeds. In most analyses the seed 
type X rodent species interaction was not significant (P > 0.05); 
we reanalyzed these cases using 2-way main effects models. To 
test for species-specific preferences for caching or eating native 
seeds versus millet, lab data were also analyzed separately for 
each species using paired t-tests. Finally, we used paired t-tests 
on data for each rodent species to determine if greater proportions 
of native seeds were cached in scatterhoards or in larderhoards 
[i.e., (g scatterhoarded - g larderhoarded)/(g scatterhoarded + g 
larderhoarded)]. 

Results 

Using mass of seeds removed from trays as an index of prefer- 
ence, the heteromyid rodent community at our field experiment 
site strongly preferred millet seeds (mean seed removal/night + 1 
SD = 2.78 + 0.40 g) over four-wing saltbush (1.49 f 0.28 g) (t = 
9.50, d$ = 9, P < O.OOOl), but there was no preference between 
millet (2.83 f 0.24 g) versus Indian ricegrass (2.81 of: 0.23 g) (t = 
0.36, d$ = 9, P = 0.73). Similarly, rodents foraged in significantly 
more trays with millet seeds (mean number of trays foraged/tran- 
sect/night + 1 SD = 16.1 f 7.2) than in trays with saltbush (12.1 + 
6.2 trays) (t = 3.91, d.$ = 9, P < O.OOS), but numbers of paired 
trays foraged containing millet (9.4 + 6.7) versus Indian ricegrass 
(9.5 + 6.6) did not differ (t = 1.00, d.f = 9, P = 0.34). 

Laboratory results were in general agreement with this (Table 
1). As a whole, the 4 rodent species tested in the laboratory pre- 
ferred millet over saltbush when comparing masses of seeds har- 
vested from trays as well as masses eaten, but there was no pref- 
erence between millet and Indian ricegrass (Table 2). However, 
in the analyses of the Indian ricegrass experiment, rodent species 
and the species X seed type interaction had significant effects on 
masses of seeds harvested from trays and nearly significant 
effects on masses of seeds eaten; these results are largely attribut- 
able to the 2 kangaroo rat species consuming more seeds overall 
than the smaller pocket mice, and to D. panamintinus harvesting 
and consuming relatively more millet than Indian ricegrass, while 
the other rodents harvested and ate more Indian ricegrass. 

When seed mass is converted to numbers, significantly more 
Indian ricegrass seeds were consumed than millet, while the sig- 
nificantly greater consumption of millet relative to saltbush 
remained (Tables 1 and 2). Results for individual rodent species 
were not as clear. D. merriami did eat significantly greater num- 
bers of Indian ricegrass than millet seeds (t = 2.56, d.J = 7, P = 
0.038; Table 1). Each of the 4 rodent species significantly pre- 
ferred millet over four-wing saltbush based on mass eaten (C. for- 
mosus: I = 4.93, d.f. = 3, P = 0.016; D. merriami: t = 2.77, d.f. = 
7, P = 0.028; D. panamintinus: t = 3.99, d.f. = 3, P = 0.028; and 
P. longimembris: r = 6.15, d.jI = 2, P = 0.025). 

In the lab experiment, we also tested for differences between 
seed types and among rodent species in number of scatterhoard 
caches as well as masses and numbers of seeds scatterhoarded. 
Number of caches and total mass of cached seeds did not differ 
between millet and Indian ricegrass, but a significantly greater 
number of Indian ricegrass seeds was cached. In the millet/salt- 
bush experiment, number of millet caches and the mass of millet 
seeds cached were significantly greater than for saltbush. 

Animals seldom larderhoarded in the nestbox, and there were a 
few cases in which all animals of a given species cached no seeds 
in the nestbox (Table 1). It was not possible to conduct paired r- 
tests in the latter cases, because all of the individuals that made 
caches placed the same proportion (1 .O) of cached seeds in scatter- 
hoards, SD was therefore 0, and SE (which is necessary to calcu- 
late t) was undefined. Nevertheless, we consider such results to 
clearly reflect a preference for scatterhoarding in the arena rather 
than larderhoarding in the nestbox. Individuals of 3 of the 4 species 
tested stored greater proportions of Indian ricegrass seeds in scat- 
terhoards compared with larderhoards (C. formosus: proportion 
scatterhoarded = 1 .O; P. longimembris: proportion scatterhoarded = 
1 .O; D. merriami: t = 4.15, d.jI = 6, P = 0.006; D. panaminlinus: t = 
0.49, d.jI = 2, P = 0.675). Because animals seldom cached saltbush 
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Table 1. Mean (k 1 SD) amounts of millet versus Indian ricegrass (IRG) and millet versus saltbush (SB) seeds harvested, eaten, cached (i.e., scatter- 
hoarded in arena), and placed in nestbox (i.e., larderhoarded) by 4 heteromyid rodent species in laboratory experiments. Number of animals tested of 
each species is given below species names. 

Dipodomys 
panamintinus 

Rodent suecies 
Dipodomys Chaerodipus Perognathus 

merriami fonnosus longimembris 

Body mass range (g) 
Indian ricearass exwriment: 

Mass harvested (g) 

Mass eaten (g) 

No. seeds eaten 

No. caches 

Mass of caches (g) 

No. seeds cached 

Mass seeds stored 
in nestbox (g) 

Saltbush exoeriment: 

Mass harvested (g) 

Mass eaten (g) 

No. seeds eaten 

No. caches 

Mass of caches (g) 

No. seeds cached 

Mass seeds stored 
in nestbox (g) 

Seed tvpe 

IRG 1.68 (1.45) 
millet 4.08 (0.44) 

IRG 1.08 (0.63) 
millet 2.49 (1.03) 

IRG 261 (153) 
millet 416 (172) 
IRG 1.00 (1.15) 
millet 1.25 (0.96) 

IRG 0.56 (0.86) 
millet 1.07 (1.22) 

IRG 136 (209 
millet 178 (203) 

IRG 0.04 (0.08) 
millet 0.52 (0.60) 

Seed tvoe 
SB 
millet 

SB 
millet 

SB 
millet 

SB 
millet 

SB 
millet 

SB 
millet 

SB 
millet 

0.26 (0.21) 
5.06 (0.24) 

0.21 (0.12) 
2.99 (1.35) 

18 (11) 
499 (225) 

0.50 (0.58) 
1.75 (0.50) 

0.06 (0.10) 
2.07 (1.43) 

34: (kz, 

0 (0) 
0 (0) 

(4) 
65-82 

(8) 
36-44 

3.85 (1.65) 
2.69 (2.27) 

1.68 (1.62) 
0.91 (0.71) 

407 (393) 
152 (118) 

4.25 (3.15) 
2.75 (2.43) 

1.76 (1.54) 
1.78 (1.89) 

430 (374) 
297 (316) 

0.41 (0.76) 
0.04 (0.12) 

0.39 (0.41) 
2.85 (1.91) 

0.29 (0.26) 
1.55 (1.16) 

2:; $2) 

0.75 (0.89) 
1.37 (1.92) 

0.10 (O.i7) 
1.11 (1.71) 

18; ::8;) 

0 (0) 
0.19 (0.52) 

(4) 
16-23 

2.77 ( 1.66) 
0.50 (0.38) 

0.74 (0.53) 
0.41 (0.34) 

180 (128) 

2.;: (L%) 
0.75 (0.50) 

2.03 (1.29) 
0.09 (0.11) 

494 (314) 
14 (19) 

0 (0) 
0 (0) 

0.57 (0.40) 
3.41 (1.39) 

0.15 (0.21) 
1.88 (0.59) 

13 (18) 
315 (99) 

1.00 (1.15) 
2.00 (1.41) 

0.27 (0.37) 
1.53 (1.06) 

23 (32) 
255 (177) 

0.16 (0.31) 
0 (0) 

(4) 
7-10 

2.09 (1.53) 
0.44 (0.22) 

1.22 (0.66) 
0.35 (0.14) 

296 (160) 
58 (2% 

1.50 (1.W 
0.75 (0.50) 

0.70 (0.62) 
0.08 (0.08) 

170 (150) 
13 (13) 

0.17 (0.34) 
0 (0) 

0.04 (0.02) 
2.34 (0.85) 

0.04 (0.02) 
1.22 (0.34) 

3 (2) 
204 (57) 

0 (0) 
0.33 (0.58) 

0 (0) 
0.67 (1.15) 

0 (0) 
111 (193) 

0 (0) 
0.46 (0.80) 

seeds in either the arena or nestbox, evidence of a cache-type 
preference for this seed was not as clear (C. formosus: t = 0.50, 
d.jI = 2, P = 0.667; P. longimembris: no saltbush cached; D. mer- 
riami: proportion scatterhoarded = 1 .O; D. panamintinus: propor- 
tion scatterhoarded = I .O). 

Discussion 

Millet seed was eaten in preference to four-wing saltbush by 
heteromyid rodents in both field and laboratory studies. Because 
the idea of using decoy seeds to increase seedling recruitment of 
a target, native plant species requires that a commercial decoy 
seed is consumed preferentially to the target seed, millet may be a 
useful decoy seed to enhance recruitment of saltbush. However, 
contrary to our expectations, preferred millet seeds were also 
cached in significantly greater quantities than native saltbush 
seeds in laboratory experiments. We suspect that the latter result 
is an artifact of having ample seeds available during the short 

duration of our experimental trials. We used 5.0 g each of native 
seeds and millet in trials-about 1.5 g more than the mean total 
mass of seeds consumed by individuals of even the largest rodent 
species tested, D. panamintinus. Animals thus had sufficient 
quantities of each seed type to express a preference for both eat- 
ing and caching only the preferred seed, while virtually ignoring 
the less desirable seed. Moreover, laboratory animals were in 
very good condition, because, except during trials, they had food 
available ad libitum; this may have depressed their usual motiva- 
tion to maximize amounts of seed cached. 

In contrast to the clear preference we found in the saltbush/mil- 
let experiment, rodents did not prefer millet to Indian ricegrass 
seeds. Seed mass harvested in the field and consumed in the labo- 
ratory did not differ between Indian ricegrass and millet. If our 
data provide any indication of a preference between these 2 seed 
types, it is a preference for the native seed. More Indian ricegrass 
was eaten by 3 of the 4 rodent species (Table l), and there was 
nearly a significant preference for Indian ricegrass in terms of 
numbers of seeds eaten (Table 2). 
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Table 2. Results of 2-way ANOVAs testing effects of seed type and rodent species on amounts of seeds harvested, eaten, and cached in laboratory seed 
choice experiments. 

Variable Source of variation 
Indian riceerass exoeriment Saltbush exoeriment 

d.f. ss F P d.f. ss F P 

Mass harvested 

Mass eaten 

No. seeds eaten 

No. caches 

Mass of caches 

No. seeds cached 

Seed type 
Rodent species 
Seed X species type 

Seed type 
Rodent species 
Seed X species type 

Seed type 
Rodent species 

Seed type 
Rodent species 

Seed type 
Rodent species 

Seed type 
Rodent species 

1,32 4.113 1.69 ,203 1.33 86.119 66.04 .OOOl 
3.32 28.799 3.95 .017 3,33 8.913 2.28 ,098 
3.32 26.825 3.68 .022 - - - NS 

1,32 0.170 0.19 .666 I,33 26.558 43.08 .OOOl 
3.32 7.213 2.68 .064 3.33 3.743 2.02 .130 
3,32 7.415 2.75 ,059 - - - NS 

1.35 199043 4.04 ,052 1.33 829188 49.40 .OOOl 
3,35 240400 1.63 ,201 3,33 101173 2.01 ,132 

1.35 10.000 2.70 ,110 1.33 5.921 4.37 .044 
3.35 49.350 4.44 ,010 3.33 6.328 1.56 ,219 

1.35 1.648 0.93 ,340 1,33 14.126 13.20 .ooo9 
3.35 11.756 2.22 .103 3.33 2.322 0.72 .545 

1.35 293831 3.98 ,054 1.33 4297 16 14.58 SKI06 
3,35 472547 2.13 ,114 3,33 6048 1 0.68 ,568 

Although the lack of preference for millet implies that it would 
not be a useful decoy seed when Indian ricegrass is the target of 
restoration, laboratory data yielded 2 promising results for apply- 
ing the target/decoy seed concept. First, in both laboratory experi- 
ments, but especially the Indian ricegrass experiment, rodents 
cached significantly more seeds in scatterhoards than in larder- 
hoards. If this also occurs in the field, it is encouraging, because 
only scatterhoarding permits seedling recruitment. Second, sig- 
nificantly greater numbers of Indian ricegrass seeds were scatter- 
hoarded in the arena than millet seeds, so a preferred seed such as 
ricegrass may encourage more immediate and rapid scatterhoard- 
ing than we witnessed with saltbush seeds. While we have dis- 
cussed the concept of preference in terms of a dichotomy, 
because our experiments used paired seed choice tests, it is more 
appropriate to consider food preferences as a continuum. Thus, 
even though our experiments and previous studies (Kelrick et al. 
1986, Henderson 1990) have found Indian ricegrass to be a “pre- 
ferred” seed, a more highly preferred commercial decoy seed that 
would be consumed first could be deployed together with Indian 
ricegrass as a target seed, and both seeds would be rapidly 
cached. Because Indian ricegrass is well adapted to dispersal by 
scatterhoarding rodents (McAdoo et al. 1983, Longland 1995, 
McMurray et al. 1997), we believe that the target/decoy seed idea 
is particularly viable for this grass species, and we are testing 
other commercial seeds as potential decoys that may be preferred 
to Indian ricegrass. 

Our laboratory animals probably had previous experience with 
both native seed types before we captured them and experienced 
millet in their lab diet. The preference for millet over saltbush but 
lack of preference between millet and Indian ricegrass exhibited by 
these animals were similar to results of field experiments, which 
tested animals for which millet seed should have been novel. Thus, 
these preferences seem to be independent of prior experience. 

The target/decoy seed concept could be applied to reduce con- 
sumption of native seed caches already made, or to increase the 
scatterhoarding rate and decrease subsequent consumption of tar- 
get seeds that are broadcast together with decoys. In the former 
case, the ideal time to offer decoy seeds would be either shortly 
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after a given target plant species or a set of target plant species 
have set and shed seeds. Rodents would then preferentially con- 
sume the decoy seed, and thus consume fewer native seed caches. 
Various strategies need to be tested when both seed types are to 
be supplied artificially, including simultaneous presentation of 
target and decoy seeds and sequential presentation. In the case of 
sequential presentation, it would be better to deploy target seeds 
before decoys, especially if rodents exhibit a strong preference 
for the decoy seed. If a large quantity of a preferred decoy seed 
was presented and cached first, rodents may be less motivated to 
harvest and cache a much less desirable target seed that is pre- 
sented subsequently. 

In addition to the need for pilot tests of the target/decoy seed 
concept, we foresee some potential limitations. First, as with 
Indian ricegrass, some native seeds may be so highly preferred by 
rodents that it is difficult to identify a commercial seed as a use- 
ful decoy. Second, many desert plants have such infrequent 
seedling recruitment that the idea is impractical, because we lack 
knowledge of appropriate environmental conditions favoring ger- 
mination in a given year. Third, heteromyid rodents vary in 
propensities to cache seeds in scatterhoards versus larderhoards 
(Jenkins et al. 1995, Jenkins 1997). so the local species composi- 
tion of a rodent community may affect the success of the 
target/decoy seed concept. Fourth, in selecting decoy seeds, seed 
types should be avoided that could potentially establish yet anoth- 
er exotic plant species on rangelands. 

We believe such limitations can be circumvented, and that uti- 
lization of target and decoy seeds in arid land remediation is a 
viable alternative or compliment to traditional revegetation tech- 
nology, which indeed has its own limitations. For example, the 
third point above could be overcome with sufficient study of 
interspecific variability in caching propensity together with 
knowledge of rodent species composition in an area intended for 
remediation; and the limiting effect of the second point (inability 
to predict appropriate conditions for seedling establishment) is 
equally problematic using traditional seeding methods. Those that 
may be opposed to the idea of feeding rodents as suggested by 
the target/decoy concept should be aware that they are also being 



fed with traditional seeding methods, except that they are being 
fed exclusively on expensive, native (target) seeds. Granivorous 
rodents and birds quickly learn about the bonanza of food avail- 
able in the furrowed rows created by traditional seeding equip- 
ment, and they use these rows as if they were buffet lines. 
Moreover, seeding equipment severely disturbs soils and intact 
vegetation, and is therefore most useful in areas denuded of vege- 
tation. By contrast, digging and seed caching activities of rodents 
cause much smaller-scale disturbances that do not affect estab- 
lished vegetation. Finally, the target/decoy seed concept does not 
require expensive seeding equipment-only broadcast seeding and 
the natural seed foraging and caching activities of desert rodents. 
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Abstract 

Invasion of pristine grasslands by calden (Prosopis caldenia 
Burkart), and increased densities of this species in savannas are 
well-known vegetation changes in the semiarid region of central 
Argentina although little is known about its rates and patterns. 
In this paper we studied the relationship between dynamics of 2 
representative P. caldenia populations and factors that could 
control the invasion process such as range management, fire 
events and precipitation regimes. Rates of implantation and spa- 
tial patterns are quantified using the present age distribution and 
dendroecological techniques. The pristine landscapes of the 2 
study sites were grassland plains with (Site 2) and without trees 
(Site 1). The present density of the calden is 586 and 1,259 
shrubs/ha in Site 1 and 2, respectively. No evidence of clustering 
was found at the spatial scale of the study (p = 0.52, Site 1 and p 
= 0.08, Site 2 for n = 112). The ages of sampled individuals 
ranged from 3 to 65 years in site 1 and 8 to 55 years in Site 2 
(only trees with diameter lower than 30 cm were sampled in Site 
2). The importance of cattle as an effective disperser of calden 
seeds was confirmed, as changes in measured establishment rates 
coincided fairly well with changes in cattle management. 
Establishment rates during the period of sheep grazing were 0.99 
plant/ha/yr (16 years) in Site 1 and 10 plant/ha/yr (15 years) in 
Site 2. However, 10 years after the introduction of cattle these 
values reach 12.7 plant/ha/yr and 48.5 plant/ha/yr, respectively. 
One fire event occurred at each site (1980 in Site 1 and 1964 at 
Site 2). This factor did not change the density trend at Site 1, and 
at Site 2 it coincided with cattle introduction and caused an 
impressive increase in tree establishment. Fire was not an effec- 
tive means of controlling P. caldenia populations. No relationship 
was found between population dynamics and available precipita- 
tion data. 

Key Words: age structure, woody invasion, population dynamics, 
dendroecology, resprouting, recruitment, woodland, Prosopis sp. 

Semi-arid savannas are distributed in several parts of the world. 
This term includes systems with different structure and function, 
produced by different rainfall, soil, fire, and herbivory regimes 
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Resumen 

Los cambios m&s importantes registrados en la distribucibn de1 
calden (Prosopis caMeha Burkart) en la regi6n semiarida central 
de Argentina, incluyen el aumento de la densidad de esta especie y 
la invasi6n de pastizales naturales. Los factores causales y la 
dinrimica de estos cambios no han sido detalladamente estudiados. 
En este trabajo se relaciona la dinamica de dos poblaciones de 
calden con factores tales coma manejo, fuego y precipitaciones. Se 
eligieron coma Breas de estudios una planicie cuya vegetaci6n 
original era un pastizal (Sitio 1) y un bosque de calden que origi- 
nalmente fue una sabana (Sitio 2). En cada Sitio se determinaron 
10s patrones espaciales en base a transectas y las tasas de 
implantaci6n las cuales fueron inferidas por dendroecologia. Las 
densidades estimadas fueron 586 y 1259 plantas/ha, para el Sitio 1 
y 2 respectivamente. No se encontraron evidencias de agru- 
pamiento para la escala espacial de este estudio (p = 0.52, Sitio 1 y 
p = 0.08, Sitio 2 para n = 112). Las edades de 10s individuos 
muestreados comprendieron un rango de 3 a 65 aiios en el Sitio 1 y 
de 8 a 55 adios en el Sitio 2 (en este sitio 2 solo fueron muestreadas 
las plantas con diametro menor de 30 cm). Primariamente 10s dos 
sitios fueron utilizados para cria de ovinos; durante ese periodo, 
las tasas de establecimiento fueron 0.99 plantas/ha/aiio (16 aiios) 
en el Sitio 1, y 10 plantas/ha/aiio (15 adios) en el sitio 2. 
Posteriormente luego de diez aiios desde la introduce& de1 gana- 
do vacuno, las tasas ascendieron a 12.7 y 48.5 plantas/ha/aiio 
respectivamente. Un evento de fuego fue registrado en cada Sitio 
(1980 en el Sitio 1 y 1964 en el Sitio 2) per0 este factor no alter6 la 
tendencia ascendente de la densidad. En el Sitio 2 el incendio fue 
contempor&neo con la introduccibn de1 ganado y coincide a su vez 
eon un importante increment0 en el estabfecimiento. No se encon- 
tr6 relaci6n entre la dinamica de la poblaci6n de calden y las fluc- 
tuaciones en la precipitacibn anual 0 estacional. Las variaciones 
registradas en las tasas de establecimiento coincidieron con cam- 
bios en el manejo ganadero, confirmando la importancia del gana- 
do en la dispersibn de las semillas de calden. 

within different time frames (Skarpe 1992). African and Asian 
savannas have developed under a long and continuous history of 
large herbivore foraging whereas Australian and South American 
savannas lost most of their large herbivores during the last ca. 
50,000 years (Skarpe 1992). In all these areas, however, savannas 
have undergone remarkably similar changes in vegetation struc- 
ture and composition since the late 1800’s (Walker et al. 1981, 
McNaugthon 1992) following the introduction of domestic cattle 
or sheep (Walker et al. 1981). The most common change has 
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been the transformation of open grassland into stable woodland 
or shrubland vegetation. This process has been recorded and stud- 
ied in different parts of the world and especially in the USA 
where mesquite has taken over large areas of grasslands (Archer 
1995, Bahre and Shelton 1993). Woody weed encroachment has 
also occurred in Africa, Australia, and South America (Archer 
1989,1995, Skarpe 1992). 

Similar vegetation changes have also occurred in the phytogeo- 
graphic District of the Caldenal (Cabrera and Willink 1973) in 
central Argentine. This area of about 40,000 km* was originally 
covered by open forests dominated by Prosopis caldenia Burkart 
(calden), concentrated mostly in valleys, and by grasslands on 
dunes and plateaux (Cano et al. 1980). When farming began in 
the early 20th century, the landscape was covered with stands of 
large or medium sized calden trees surrounded by a matrix of 
shortgrasses (W.C. Hickey and O.A. Knudtsen, unpublished 
data). Areas with high densities of young calden trees, or impene- 
trable jungles with high densities of calden and other brushes 
such as Condalia microphylla Cav., Schinus fasciculatus 
(Griseb.) Johnston and Geoffrea decorticans (Gillex Hook. et 
Arnott) Burkart were unknown. These vegetation types now fre- 
quently replace the formerly forested areas as well as the neigh- 
boring grassy plain or undulating dunes which were once void of 
woody plants. In this study we examined the disturbances associ- 
ated with these changes in the specific case of 2 P. caldenia pop- 
ulations in La Pampa. 

The role of different disturbances that could favor the transition 
from savanna grassland to shrubland or woodland has been stud- 
ied in La Pampa (Pelaez et al. 1992, Peinetti et al. 1993, Llorens 
1995), as well as in other semi-arid savannas (Westoby et al. 
1989, McNaugthon 1992, Skarpe 1992, Bahre and Shelton 1993, 
Archer 1995). The current structure of most semi-arid savannas, 
particularly the mixture of herbaceous and trees or shrub layers, 
is normally explained as a function of changes in climate (specifi- 
cally water regime), soil nutrients, fire, and herbivory. However, 
little evidence is available to demonstrate these processes by 
direct assessment of vegetational changes taking into account the 
dynamics of woody population (Archer 1990). The past dynamics 
of a woody plant population can be inferred from its age structure 
using dendrological techniques (Harper 1990). 

P. caldenia fits well to this methodology since its age can be 
determined by its annual growth rings (Peinetti et al. 1994) as in 
other species of the genus (Villalba 1985, Flinn et al. 1994). 
Resprouting is a common feature of P. caldenia, and disturbances 
not only lead to changes in tree density but also alter the structur- 
al features of the whole population through a shift in the modular 
growth of the individuals. This has been observed in P. caldenia 
when the main stem dies and the bud crown around the stem base 
sprouts following disturbance such as clearing or fire (Llorens 
1995). The age of the stump sprouts may differ from the age of 
the genets. The age structure of such regrowth should reflect the 
disturbance history of the population. Consequently, we consid- 
ered the ages of both genets and resprouts in assessing vegetation 
changes in our study. 

The objective of the experiment reported in this paper was to 
determine the temporal patterns of densities of both genets and 
resprouts of 2 populations of P. caldenia, and their association 
with factors of disturbance such as management, fire events, and 
precipitation variations. 

Materials and Methods 

Calden population dynamics was studied at 2 sites with con- 
trasting characteristics (Table 1) even though both of them pre- 
sented high percentages of young P. caldenia plants. The major 
difference between the 2 sites was that at Site I, P. caldenia colo- 
nized a previously unoccupied area, whereas at Site 2 there was 
enhanced recruitment of the species. Sampling was carried out in 
a 42 ha area at Site 1 and 44 ha at Site 2, during the months of 
August to September 1993, before the beginning of P. caldenia 
cambial activity. Sixteen transects, each 150 m, were randomly 
placed in each site, and 7 sampling points were randomly located 
along each transect. A minimum separation of 8 m between 
points was imposed to avoid double sampling of the same indi- 
vidual. At all points, 4 individuals were chosen using the point 
centered quarter method (Cottam and Curtis 1956), to determine 
the density of living individuals, and the percentage of dead and 
resprouting plants. Mean densities calculated from each transect 
within a site were compared using a 1 way ANOVA random 
effects model, and significant differences were interpreted as a 
sign of clustering. 

Age distribution was inferred by sampling the individual near- 
est to the quarter center in each sampling point (n = 112). 
Individuals were cut at the crown level to obtain a 2-5 cm thick 
section that was returned to the laboratory for crossdating. An 
additional section was extracted from the base of the thickest 
stem in the case of resprouting individuals, to record it as the old- 
est regrowth. A sampling restriction was imposed in Site 2 
because of the presence of old individuals with basal diameter 
greater than 30 cm. These individuals were not sampled for cross- 
dating but were recorded as the oldest individual at the site. Cross 
sections >I cm in diameter were flattened with a jack plane, and 
sanded using an electric sander with successively finer grained 
sandpaper (80 through 600 grit). Dust was regularly removed 
from vessel cells with a vacuum cleaner. After sanding, rings 
were counted under a Stereo Wild Mtr 22 magnifier (0.9 to 4X) 
by 2 independent observers in the same 2-3 radii per cross sec- 
tion, to rectify for false or missing rings. When differences 
among ring counts between radii could not be resolved because 
of fire scars or anomalous wood near the pith or branching zones, 
an average number of rings of 2-3 radii was used. Mounts pre- 
pared with cross sections < 1 cm diameter were dated with the 
help of an ANIOL ring-count computerized device, which 
includes a chronology program for data processing. 

The temporal pattern of plant establishment at each site was 
constructed with the crossdating data registered at the crown 
level, considering each age as the age of the genet. This method 
assumed that it is possible to quantify the total numbers of indi- 
viduals present, and the way these numbers varied with time, 
without quantifying patterns of birth and death. This limited the 
scope of the study, but not its usefulness (see Begon et al. 1990). 
The temporal changes in plant establishment were visually con- 
trasted with the history of management, fire records and precipi- 
tation data to look for simultaneous events. An additional pattern 
of age distribution was constructed at each site by considering the 
age of the aerial part that included the age taken at crown level, 
when the sample was not resprouting, and the ages of the thickest 
stem in the other cases. Differences between the age of establish- 
ment and age of aerial part pattern were taken as evidence of dis- 
turbances. 
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Table 1. Characteristics of the 2 study sites. 

Location 

Physiographic Sub-Regions(*) 

Climate (**) 

Vegetation(***) 

Site 1 

37”09’ s, 64”49’ w 
30 km W from Quehue - La Pampa 

upland plain surrounded by valleys 
altitude 300m 

Dry continental 
average annual temperature: 16°C 
annual precipitation: 550-600 mm 
frost-free period: 170 days 
water deficit: 250-300 mm 

Shrub Layer (< 5m): dominated by 
Prosopis caldenia Burkart but also 
contains Prosopisjexuosa DC. 
Condalia microphylla Cav. 
Herbaceous layer: dominated by 
Siipa eriostachya H.B.K., Stipa 
tenuissima Trin., Hyalis argentea Don. 

Site 2 

36”12’S, 64”51’ W 
20 km E from Luan Toro - La Pampa 

gently rolling terrain surrounded by hills 
and sandy accumulations, altitude 250 m 

Dry continental 
average annual temperature: 16°C 
annual precipitation: 550-600 mm 
frost-free period: 200 days 
water deficit: 250-300 mm 

Tree layer (> 5m): Prosopis caldenia Burkart 
Shrub layer (c 5m): dominated by 
Prosopis caldenia Burkhart but also 
contains Prosopisgexuosa D.C. 
Condalia microphylla Cav, Lycium 
chilense Miers. 
Herhaceous layer: Stipa tenuissima 
Trin., S. eriostachya H.B.K., 
S. brachychaeta Godr., Poa ligularis Nees ap. 
Steud., Piptochaetium naposiaense (Speg) 
Hack, Baccharis gilliesii A. Gray. 

Soil(***) Entic haplustol 
sandy texture 
little organic matter 
excessive permeability 
petrocalcic horizon at about 0.5 m 
water table: 85m 

Entic haplustol 
sandy to silty clay loam texture 
moderate organic matter 
well drained 
petrocalcic horizon at 1 to 1.5 m 
water table: 75m 

(*) Salazar Lea Plaza, J.C. (1980) 
(**) Casagrande, G. and H.A. Conti (1980) 
(***) registered in each study site 

The population density for each age class was inferred using 
frequency for each age class, and present total density (Harper 
1990, Young and Evans 1981). The historical events of the 2 
study sites were determined by interviewing land-owners and old 
timers that lived there before. We used precipitation data from 
meteorological stations of the “Direcci6n de estadisticas y censos 
- Gobierno de la provincia de La Pampa - Argentina”, Quehue 
station (located 30 km from Site l), and Tte. Gral. Emilio Mitre 
(situated 10 km from Site 2). The growing season data of P. 
caldenia were analyzed following the amount of precipitation 
received during the 6 month growing season (October to March). 
Drought and wet periods were defined by comparing IO-year run- 
ning means with the mean of the whole period (Bahre and 
Shelton 1993). 

Results 

(2,500 ha), including part of the forested valley (distance of 1 
km). About 5,000 sheep plus a few (20-40) cows and horses were 
grazed in the area up until 1949, when the lessee family became 
owner of the field and shifted from sheep to cattle ranching. The 
site was heavily grazed which is evident by the present vegeta- 
tion. Statistics suggest that it has been usually stocked with about 
1 bovine Livestock Unit (L.U.)/5 ha, whereas local agronomists 
assess proper use for these fields at no more than 1 L.U./lO ha. In 
1962, as a result of ownership division, the upland fields were 
fenced and cattle were no longer allowed to move between the 
valley and our research site. Only one fire event (in summer 
1980) is mentioned in the records of the “Direccibn de Defensa 
Civil Provincial”, as well as by old-timers. This was an important 
fire because 41% of individuals > 13 years-old showed fire marks 
on their main stem for that year. Wood clearing was never done 
in this place, except for some exploitation for fuel by the present 
owner’s family. 

Historical Events 
Management History 

Site 1 was a pristine grassland plain without trees, dominated 
by the valuable grasses Stipa tenuis Phil. and Piptochaetium 
napostaense (Speg.) Hack. (flechillas), and surrounded by valleys 
which supported mature calden forests. This upland site was first 
colonized, about 90 years ago, for wheat monoculture in small 
areas (about 50 ha), until the drought period and economic crisis 
of the 1930’s (Fig. 1 A). After the last tilling, which occurred 
about 1933, livestock were brought to the site. The sampling site 
was located in a field previously managed as a single enclosure 

Site 2 was a pristine savanna parkland, supporting a grassy 
matrix dominated by Poa ligularis Nees ap. Steud. and 
Piptochaetium napostaense (Speg.) Hack., which surrounded the 
large but scarce P. caldenia plants. Today, a dense woody stand 
covers nearly a 100% of the site. Two logging periods were 
recorded for this site, 1914-1915 and 1945-1950 (Fig 1 B), but 
no data of logging intensity are available other than that sawmill 
activities were high. As agriculture was forbidden by law in this 
region, stems had to be cut at 60 cm aboveground. Light exploita- 
tion for the production of fencing posts (about 6ka) has been car- 
ried out every 10 years since 1975. In addition to these logging 
activities, sheep were grazed at high stocking rates from 1945 to 
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Fig. 1. General scheme comparing historical events, P. cuMeniu populations dynamics and precipitation of the 2 study sites. (A) Site 1, (B) Site 2. 

1960. Cattle raising began at Site 2 between 1968 and 1980 with 
stocking rates as high as 1 bovine L.U./2 ha recorded. This is 3 
times the proper use suggested by local expert advice (Nazar 
Anchorena 1988). From 1985 until 1992, the area was managed 
using a rotation grazing scheme. A stocking rate close to 1 L.U/5 
ha was maintained, especially during the calden pod shedding 
period in late summer (March-April). The herd was wintered on 
grass in other fields. Since 1993, cattle have been excluded from 
the site. Old timers remember a very big fire in 1964. 

Precipitation 
At both research sites, a relatively dry period lasted from the 

beginning of the 1930’s, until the end of the 1960’s. The amount 
of precipitation per growing season has increased gradually since 
then (Fig 1A and 1B). 

Population Features 
Density and Spatial Distribution 

Density of living individuals was lower in Site 1 (586 f 34 
shrub/ha) than in Site 2 (1259 f 129 shrub/ha). Establishment and 
resprouting stimuli, such as seed dispersal by cattle or fire, appear 
to have acted homogeneously at both sites as distribution of indi- 

viduals in space showed no evidence of clustering at either site (p 
= 0.52, site 1 and p = 0.08, site 2; n = 112 in both cases; Bartlett’s 
tests for heteroscedacity were not significant). Although there 
were site differences, patterns of spatial distribution coincide at 
the scale of the study (Kershaw 1973). While the sampling design 
used was more suited to determining age structures than spatial 
distributions (Matteucci and Colma 1982), strong clustering 
should have been detected by the method used if present. High 
percentages of resprouting were found mainly at site 1 where val- 
ues reached 66% + 4.9%, compared to 36% + 4.5% at Site 2 (n = 
112). The percentages of dead individuals were low at both sites 
(5.2% and 1. l%, respectively). 

Age Distribution 
The age distribution of sampled individuals ranged from 3 to 

65 years at Site 1 and from 8 to 55 years at Site 2, for trees with 
stem basal diameter < 30 cm. Trees larger than this were not sam- 
pled. No evidence of age distribution clustering was found at 
either site by comparing mean establishment age of individuals 
between transects (p = 0.09, for Site 1 and p = 0.40, for Site 2). 
The age distribution pattern of the genets showed that recruitment 
was common after the 1950’s at Site 1 and the 1960’s at Site 2 
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Fig. 2. Density (line) and frequency (bars) of age of establishment (A) 
and age of aerial part (B) of Site 1. 

(Fig 2A and 3A). A noticeable absence of the younger cohorts at 
both sites could be a consequence of sampling error caused by the 
timing of the sampling. Sampling was carried out during winter 
when the calden is dormant, and winter forbs and tall grasses 
made it difficult to find juvenile P. caldenia plants. 

The most important inflections in the density curves were used 
to determine periods of recruitment. Based on this criterion, we 
differentiated 5 periods of recruitment at each site (Fig. 2A and 
3A). For Site 1, a period that lasted until 1949 is characterized by 
low recruitment (0.96 plant/ha/yr) and coincided with the periods 
of agriculture and sheep farming (Fig 1 A). A second recruitment 
period occurred when cattle were introduced (13 plant/ha/yr 
between 1950 to 1960). The relative decrease in recruitment reg- 
istered afterwards (4.3 plant/ha/yr, between 1961 to 1971) coin- 
cided almost exactly with the fencing of the site, which prevented 
cattle from grazing calden pods in the forested neighboring val- 
ley. Another invading phase started in 1972 and lasted until 1990 
(with a mean of 19.7 plant/ha/yr). This was followed by a period 

(1991 to 1994) with no recruitment. We did not register any dis- 
turbances associated with these 2 periods. The 1980 fire scars 
were found in 4 1% of the samples individuals > 13 years of age. 

Similar periods of recruitment were defined for Site 2, but with 
a temporal displacement associated with differences in manage- 
ment (Fig. IB). A low recruitment was observed in the first peri- 
od, which coincided with logging activities and the heavy grazing 
by sheep (7.5 plant/ha/yr between 1939 to 1961). The second 
period included an impressive recruitment increase (95.3 
plant/ha/yr between 1962 to 1965), which coincided with the 
extremely high cattle stocking rate at this site. Recruitment 
decreased again, but remained higher than in the first period (16.2 
plant/ha/yr during 1966-1975). As at Site 1, the fourth period 
was characterized by enhanced recruitment (50.8 plant/ha/yr, 
between 1976 to 1985), and was followed by a period with no 
recruitment that corresponded with the introduction of rotational 
grazing practices (1986 to 1994). 

The age structure of aerial parts at Site 1 showed a remarkable 
increase in the frequency of the younger classes, compared with 
the age of genets (Fig. 2A and 2B). We suggest that this change 
was driven by fire disturbances, because 90% of the vegetative 
regeneration registered occurred after the 1980 fire event. At Site 
2, resprouting stimuli such as fire or clearing also appear to have 
rejuvenated the stand though not as strongly as at Site 1. In this 
case, no peak of resprouting appeared but the frequency of 
younger age classes was slightly greater compared with the ages 
of genets (Fig. 3A and 3B). 

Disturbances and Population Dynamics 
Recruitment showed variability between years, which enabled 

inferences to be made about the probable relationship between 
population dynamics and landscape disturbance (Fig. 1). Changes 
in recruitment coincided fairly well with management practices in 
both fields, particularly with the shift between sheep and cattle 
raising, which affected seed dissemination. Because the sampling 
method used does not quantify mortality rates directly, it was dif- 
ficult to evaluate the effect of fire in wood clearing. Results sug- 
gested, however, that fire did not have a negative effect on 
seedling establishment. Recruitment at Site 1 showed no decrease 
(17.1 and 28.3 plant/ha/yr respectively) in 7 year periods before 
and after the 1980 fire event. The concordance between fire and 
changes in the structural pattern of calden population through 
increased stem sprouting was evident at this site. At Site 2, the 
fire in 1964 coincided with the introduction of cattle, and pro- 
duced an impressive peak of recruitment. However, the structural 
pattern was affected by logging activity. We found old trees, with 
stumps cut aboveground as required by former local laws. These 
had vigorous sprouts regeneration, generated around the time of 
tree felling. 

In spite of marked variations between yearly values of precipi- 
tation on both sites, no relationships were found between annual 
or seasonal precipitation and population dynamics. 

Discussion 

The retrospective approach used in this study proved to be 
accurate enough to relate patterns and processes in P. caldenia 
populations. Even if the concordance found between population 
pattern and disturbance does not imply causal relationship in all 
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Fig. 3. Density (line) and frequency (bars) of age of establishment (A) 
and age of aerial part (B) of Site 2. 

cases, it provides strong evidence to support some hypotheses. 
Retrospective studies are useful to examine the effects of infre- 
quent events and slow processes, which cannot be assessed after 
then by costly long-term ecological studies. Further, retrospective 
studies support short-term experimentals by enabling sensible 
interpretation of the mechanistic studies to be made and model- 
ling to be undertaken (Glenn-Lewin and Van Der Maarel 1992, 
Davis 1987). 

The method we applied assumed that mortality produced no 
significant changes in the relative proportion of each cohort, and 
that recruitment was the major event determining the age struc- 
ture of populations. The low number of dead in situ individuals 
and the high percentages of resprouting plants registered at both 
sites were taken as evidence of low tree mortality. Nevertheless, 
it should be noted that calden seedlings suffer high mortality rates 
a few weeks after emergence (Pelaez et al. 1992). This agrees 
with our 2 years of observations on calden seedlings survival that 
had naturally established in the forest (R. Peinetti et al., unpub- 

lished data). P. caldenia seedling emergence is clearly a much 
more frequent event than survival until the next growing season. 

An important change in the semiarid Pampean region occurred 
with the introduction of livestock. This region had not been 
grazed by large herbivores since the end of the Pleistocene period 
(Bucher 1987). The history of range management is quite similar 
across the entire region (Colombato 1995), and particularly at the 
2 sites chosen for the study. Sheep grazing was pervasive during 
the first half of this century in the calden forest and neighboring 
landscapes, and was later replaced by cattle grazing, due to local 
economy factors. This was the case at both sampled sites, with 
some temporal displacement in range management decisions. 
Despite that, woody population dynamics followed the changes in 
range management in a similar way at both sites. While sheep 
farming was not associated with increases in calden densities, 
high recruitment of calden occurred following the introduction of 
cattle. A similar response was inferred by Fisher (1959, as cited 
in Bahre and Shelton 1993) for velvet mesquite, in Texas, from 
feeding ewes and yearling steers with mesquite pods. He found 
that sheep effectively dispersed only 4% of the consumed seeds, 
whereas cattle dispersed 55% of them. Similar differences in 
plant establishment could have also occurred in our study. Old 
timers report that sheep are more likely to eat young seedlings 
than cattle. The reason cattle disperse more P. caldenia seeds 
than sheep is due to the greater consumption of fruits which are a 
highly palatable, valuable livestock forage (Menvielle and 
Hernandez 1985). When fruits are not consumed, seeds remain 
inside the indehiscent endocarp, which delays germination at the 
imbibition phase because of the endocarp and the hard seed coat 
(Peinetti et al. 1992). However, when ingested by cattle, germina- 
tion is increased because the seeds are both separated from the 
endocarps and scarified when excreted (Peinetti et al. 1993). 
Effects of increased longevity in the soil bank have also been 
hypothesized, as livestock may disperse consumed seeds to 
places where they would otherwise be unlikely to arrive, e.g. 
away from host-specific predators harbored by parent plants 
(Lerner and Peinetti 1996). Indirect effects of cattle grazing by 
reducing grass competition may also aid woody weed invasions. 
However, evidence of these effects was not found in calden 
(Pelaez et al. 1992), nor in Texas honey mesquite, although 
seedling emergence was 7 to 8 times greater with defoliation of 
herbaceous vegetation regardless of grazing history, for this latter 
species (Brown and Archer 1989). 

Fire is an important disturbance factor that regulates the bal- 
ance between herbaceous and woody plants in many semi-arid 
savannas (Westoby et al. 1989, Bahre and Shelton 1993) through 
2 separated effects on the woody population: (1) the control of 
population density, and (2) changes in structural patterns of 
growth. Fire may stimulate implantation rates by triggering dor- 
mant seed germination or by reducing competition within the 
community (Keeley 1987). Changes in structural pattern of 
growth occur when fire does not remove the individuals but only 
kills the woody topgrowth, thereby stimulating regrowth from 
stem bases. Fires are a common event in the caldenal forest and 
adjacent areas, arising from thunderstorms (lightening) or, more 
commonly, from poorly controlled fires. Controlled fires are used 
in La Pampa as a management practice to enhance palatable 
shortgrass productivity, and/or to control woody plants. However, 
the effect of fire on the dynamics of woody plant populations is 
not wholly understood. It is generally accepted that fire changes 
the structural characteristics of the P. caldenia population from 
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woodland to shrubland but does not have a significant effect on 
mortality rate because of the capacity of individual plants to 
resprout when aerial parts die (Llorens 1995). On the other hand, 
the encroachment of P. caldenia over its current geographical 
range is partially explained as a consequence of a decrease in the 
frequency and intensity of fires (Distel and Boo 1995). A similar 
hypothesis was made to explain the ingress of P. velurina into 
grasslands (Bahre and Shelton 1993). This is not supported by the 
results shown in this paper, where fire did not reduce the estab- 
lishment rate at either site. 

Most savannas (particularly those in Africa) owe their exis- 
tence more to the impact of fire and large herbivores than to cli- 
mate (Skarpe 1992). However changes in the level of precipita- 
tion, with dry and wet periods, are included among possible caus- 
es of shifts from savanna grasslands to woodlands (Westoby et al. 
1989, Archer 1990, Bahre and Shelton 1993). Germination and 
seedling establishment are the most fragile stages of the calden 
life cycle and both processes are thought to depend, at least part- 
ly, on a combination of micro-scale climatic events. In our study, 
however, no relationship was found between plant establishment 
and precipitation. It is possible that our precipitation data are not 
an adequate measure of the moisture conditions encountered in 
the study site. Similar results were found with velvet mesquite in 
Southeastern Arizona: mesquite increases showed no clear rela- 
tionship with variation in either annual or seasonal precipitation 
(Bahre and Shelton 1993). Archer (1989) found, however, that 
the development of woody plant communities dominated by 
honey mesquite, in a field grazed by cattle in the Rio Grande 
plains of Texas, was highly punctuated by wet and dry periods, 
occurring over a 20 year span. 

The results showed that livestock grazing was the most impor- 
tant determinant of succession from a grassland or a savanna to a 
woodland, among the analyzed factors. This study therefore 
showed in a direct way the role of management practices, which 
are sometimes inferred by experimental trials at much lower tem- 
poral scales. 
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Abstract 

Japanese brome (Bromus japonicus Tbunb.) and downy brome 
(Bromus tectorum L.), introduced annuals, have invaded many 
northern mixed-prairie plant communities. This study deter- 
mined the effect of removing Japanese brome and clipping west- 
ern wheatgrass [Pascopyrum smithii Rydb. (Love)] on above- 
ground forage production of a western wheatgrass dominated 
northern mixed-prairie community. During early spring 1993, a 
wet year, and 1995, a drier year, western wheatgrass tillers were 
clipped to ground level in May or June and Japanese brome 
seedlings were left undisturbed or removed in circular, l-m2 
plots on a clay-pan field site. Western wheatgrass standing crop 
and tiller densities were estimated by clipping and counting in 
May and June, and these plus community standing crops were 
estimated in all plots after Japanese brome matured in mid July. 
Year effects were significant for standing crop and tiller density 
due to annual variation in amount and distribution of fan, 
spring, and early summer precipitation. Conditions were most 
favorable for tiller initiation of western wheatgrass and germina- 
tion of annual brome seed in fall 1994 and for herbage produc- 
tion in 1993. Clipping western wheatgrass tillers reduced accu- 
mulated standing crop 230 to 350 kg ha-l and reduced tiller 
weight by 17 to 58%. Standing crop of western wheatgrass was 
increased 102 kg ha-l with removal of Japanese brome, while 
total standing crop was reduced 284 kg ha-l with brome removal. 
Increased standing crop of western wheatgrass appeared to 
result from increased tiller density rather than increased tiller 
weight. Removal of Japanese brome from northern mixed- 
prairie plant communities may increase production of associated 
perennial grasses, but managers should also expect a short-term 
decrease in total standing crop. 

Key Words: Bromus japonicus, Pascopyrum smithii, Northern 
Great Plains, competition, defoliation, Agropyron smithii 
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Japanese brome (Bromus japonicus Thunb.) and downy brome 
(Bromus tectorum L.), both introduced weedy grasses, have 
invaded thousands of hectares of Northern Great Plains rangeland 
over the past 30 years (Hewlett et al. 1981, Whisenant 1990, 
Haferkamp et al. 1993). Management of rangelands dominated by 
annual grasses is difficult because annual plants avoid drought in 
the seed stage, and annual forage production fluctuates greatly 
from year to year with variations in precipitation (Gartner et al. 
1986, Haferkamp et al. 1993) and soil nitrogen (Cline and 
Rickard 1973, McLendon and Redente 1994). The forage quality 
of annua1 grasses is comparable to perennial grasses at similar 
phenological stages. Because annual bromes mature earlier than 
perennial grasses, their presence can alter seasonal patterns of 
forage production and quality (Haferkamp et al. 1994), and man- 
date management changes for efficient use of infested rangelands. 

Annual bromes reduce forage production of associated perenni- 
als, such as western wheatgrass (Pascopyrum smithii Rydb. 
[Love]). Competition from downy brome reduced plant height, 
number of tillers, foliage weight, root weight, and root length of 
western wheatgrass transplants (Rummell 1946). Presence of 
Japanese brome reduced standing crop of western wheatgrass 
through a reduction in tiller density in a northern mixed-prairie 
community in Montana (Haferkamp et al. 1997). Competition 
may also influence growth following defoliation to an equal or 
greater extent than the direct effects of defoliation (Briske and 
Richards 1995). 

Many studies have shown forage production of western wheat- 
grass is decreased by heavy stocking (Hart and Balla 1982) and 
clipping (Whitman and Helgeson 1946, Branson 1956, Everson 
1966, Buwai and Trlica 1977, Santos and Trlica 1978, Holderman 
and Goetz 1981). Although studies with other plant species have 
shown defoliation reduces the competitive ability of plants by 
reducing the effectiveness of resource acquisition, similar research 
has not been conducted with western wheatgrass and annual 
bromes. The objective of this research was to determine if clipping 
western wheatgrass tillers to ground level on key dates when live- 
stock are put on rangelands (mid-May or mid-June) in the north- 
em mixed prairie affected standing crop, tiller density, and tiller 
weight of western wheatgrass growing with Japanese brome. 

Materials and Methods 

Study Site 
Research was conducted on the Fort Keogh Livestock and 

Range Research Laboratory (46”22’N lOY5’W) near Miles City, 
Mont. Regional topography ranges from rolling hills to broken 
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badlands with small intersecting ephemeral streams flowing into 
large rivers located in broad, nearly level valleys. Indigenous 
vegetation on the 22,500-ha research station is a grama-needle- 
grass-wheatgrass (Boureloua-Sripa-Agropyron) mix (Kuchler 
1964). Annual precipitation averages 343 mm, with about 60% 
received from April through September (Fig. 1). Daily tempera- 
ture extremes range from > 38” C during summer to <-40” C dur- 
ing winter. The average frost-free growing season is 150 days. 

Soils at the site are a composite of Absher heavy clays (fine, 
montmorillonitic, Borollic Natrargids) and Gerdrum clay pans 
(Borollic Natrargids). Topography is gently sloping (< 2%). 
Vegetation is dominated by western wheatgrass, blue grama 
(Bouteloua grucilis [H.B.K.] Lag. ex Griffiths), Sandberg’s blue- 
grass (Poa secunda Presl.), sand dropseed (Sporobolus cryptan- 
drus [Torr.] Gray), and Japanese brome. 

The study was conducted during the 1993 and 1995 growing 
seasons when Japanese brome was abundant due to favorable pre- 
study fall and spring growing conditions. Fall precipitation (1 
September through 30 November) is an important variable affect- 
ing abundance of annual bromes during the next growing season 
(Haferkamp et al. 1994). For example, fall precipitation in 1992 
and 1994 was 12 and 20% (77 and 83 mm), respectively, above 
the long-term 69 mm average (Fig. 2), and Japanese brome was 
abundant in spring 1993 and 1995. This is in contrast to spring 
1994 when annual bromes were sparse, following 40% below 
average rainfall (41 mm) in fall 1993. Although the rainfall totals 
were similar in 1992 and 1994, distribution was not. In 1992, 
about 40% of the total precipitation fell during 2 events spanning; 
a 3-day period in September and a 4-day period in October, 
whereas in 1994, about 75% of the total fell during 3 events span- 
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Fig. 1. Climate diagram for Miles City, Montana; mean monthly 
precipitation (mm) and temperature (‘C) for 96-year period indi- 
cate mesic spring, early summer, and fall periods interrupted by 
late summer and early fall drought (stippling). Mean annual tem- 
perature is 7.7-C, and mean annual precipitation is 343 mm. 
Winter precipitation occurs as snow. Months shaded in black 
have average minimum temperatures < O’C. Those with diagonal 
lines have absolute minimum temperatures < 0-C. Figure follows 
standard form of Walter (1985). 
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Fig. 2. (A) Monthly precipitation (bars) and 96-year average (solid 
line) and (B) average monthly temperature (bars) and long-term 
average (solid line) at the Frank Wiley Airfield (NOAA 1992-95) 
located about 11 km from the study plots. 

ning; a 6-day period in September, and 3- and 1 l-day periods in 
October. Precipitation from 1 April through mid-July totaled 283 
mm in 1993 and 211 mm in 1995 compared to the long-term 164- 
mm average (NOAA 1992-1995). Precipitation during the sam- 
pling intervals of 1 April to mid-May, mid-May to mid-June, and 
mid-June to mid-July totaled 76,98, and 109 mm in 1993 and 45, 
85, and 81 mm in 1995. 

Japanese brome seedlings were abundant by March 1993 and 
1995. Inflorescences emerged in May, and seeds ripened in mid- 
June. Most plants were senesced by early to mid-July. Western 
wheatgrass tillers began emerging in March and April. Tillers 
remained in the 4- to 6-leaf stage throughout the growing season, 
but few produced inflorescences. 

Experimental Design and Methods 
A new study location was selected within a common site each 

spring. Selection was based on presence of a uniform residual 
standing crop and emerging shoots of Japanese brome and western 
wheatgrass as determined by ocular estimate. Experimental design 
was a randomized complete-block with 6 treatments randomly 
assigned in a factorial arrangement in each of 10 blocks. Each 
block was located within a uniform stand of Japanese brome and 
western wheatgrass. Treatments applied in circular, l-m* plots 
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Table 1. Degrees of freedom (df), mean square (MS), and significance levels for analysis of variance models used to statistically analyze western wbeat- 
grass variables at the initial, final, and accumulated harvests. 

Initial harvest Final harvest Accumulated harvests’ 
Standing Tiller Weight/ Standing Tiller Weight/ Standing Weight/ 

crop density tiller crop density tiller crop tiller 

Model df 

Year(Y) 1 
Block (Year) 18 
Clip (C) 2 
y*c 2 
Removal (R) 1 
Y*R 1 
C*R 2 
Y*C*R 2 
Error 90 

MS MS MS MS MS MS MS MS 

113 228,290** 0.0764** 1 3,921 0.0026 71 0.0316** 
39 19,369 0.0016 79 6,887 0.0008 239 0.0011 

3,458** 5,181 0.1015** 7,625** 185,634** 0.1285** 850** 0.1011** 
43 14,635* 0.0017 39 34,555** 0.0274** 5 0.0092** 

197* 8,738* 0.0003 234* 26,463** 0.0000 409** 0.0003 
70 4,966 0.0001 3 90 0.0001 46 0.0000 
53 1,929 0.0018 76 6,926 0.0027 23 0.0018 

2 1,238 0.0009 25 2,323 0.0008 16 0.0012 
41 2,163 0.0008 44 2,445 0.0010 48 0.0008 

‘P 50.05. 
**p 5 0.01. 
1 Sum of initial (May or June) and end of seasm (July) standing crops. 

included 3 western wheatgrass clipping treatments with 2 levels by a prior F-test (P 5 0.05) was used for comparing treatment 
of Japanese brome. Western wheatgrass tillers were clipped at means. All differences discussed are significant at the P 5 0.05 
ground level initially in either mid-May or mid-June. Regrowth level unless otherwise noted. 
was clipped in these plots in mid-July. Control plots were clipped 
only at final harvest of all plots in mid-July. Japanese brome 
treatments were undisturbed or emerging seedlings were removed Results 
by hand several times from mid-April to mid-May in both years. 

Standing crop and tiller density of western wheatgrass were 
estimated by clipping and counting in mid-May, mid-June, and 

Western Wheatgrass Response 

mid-July. Western wheatgrass standing crop was at peak and 
Year 

Japanese brome was matured by the July date. Herbage was 
Because amounts and distribution of fall and spring precipita- 

clipped at ground level by species in a circular, 0.25m2 subplot tion varied between years (Fig. 2), year effects were significant 

located at the center of each circular, l-m2 treatment plot. 
for various plant responses. Tiller densities at the initial and final 

Herbage was oven-dried for 48 hours at 60” C before weighing. harvest were greater in 1995 than in 1993, except for final harvest 
of the June clip treatment (Table 3). Weight per tiller was greater 

Statistical Analyses 
in 1993 (150 mg) than in 1995 (100 mg). Pre-harvest tiller densi- 

Analysis of variance was used to test the effect of years, clip- 
ties were similar in May and June 1993 and increased in July, 

ping, and absence and presence of Japanese brome on standing 
whereas, densities were greater in May than June but similar in 

crops and western wheatgrass tiller weights and densities. Effects 
July 1995. Standing crop at the initial or final harvests or the sum 

of years was tested with the residual variation between blocks 
of initial and final harvests were not significantly affected by year 

within year; effects of clipping, brome, and all interaction were 
(Table 1). 

tested with residual intra-block variation (Tables 1 and 2). The 
Least Significant Difference (LSD) method (P 5 0.05) protected 

Table 2. Degrees of freedom (dfj, mean square (MS), and significance levels for analysis of variance models used to statistically analyze standing 
crops for 2 years, 3 clipping treatments, and 2 brome removal treatments. 

Total 
Total 

minus brome 

Standine crops 
Japanese 

brome 
Annual grass 
minus brome 

Perennial grass minus 
western wheatgrass Forbs 

Model 

Year(Y) 
Block (Year) 
Clip (C) 
y*c 
Removal (R) 
Y*R 
C*R 
Y*C*R 
Error 
*P 5 0.05. 
**P10.01. 

df MS MS MS MS MS MS 

1 2,515** 4,845** 182* 36** 3,360** 402** 
18 131 173 30 1 113 38 

2 645** 393** 61 3 31 38 
2 119 123 2 3 36 34 
1 1,516** 1,092** 4,419** 30** 77 16 
1 20 117 99* 28** 57 101 
2 103 46 29 2 36 34 
2 3 1 7 3 7 34 

90 64 66 21 2 24 29 
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Table 3. Western wbeatgrass tiller densities (no. m-2) at initial and final Table 5. Western wheatgrass standing crop (kg ha-l) and tiller densities 
harvests dates in 1993 and 1995 averaged across brome removal treat- (no. m-2) on date of initial or tinal harvests and accumulated (initial + 
ments. regrowth) standing crop averaged across years and clipping treatments. 

Harvest 

Initial 

Final (July) 

Year 

1993 
1995 

1993 
1995 

Initial cliouing date 
Control 

May June July* 
._ _____-- (no.m-2)--- ------ 
412d’ 492d 609~ 
935a 781b 845ab 

438d 1OOe 609~ 
571c 69f 845a 

‘Means within a harvest followed by same letter are not significantly different (P > 
0.05). 
2Con~rol plots were clipped only in July. Thus, initial equals final harvest values for con- 
trol plots. 

Clipping 
Western wheatgrass standing crop averaged across years and 

brome removal treatments was 435 kg ha-l in May, 819 kg ha-l in 
June, and 1,179 kg ha-l in July, whereas weight per tiller was 80 
mg, 140 mg, and 180 mg, respectively (data not shown). Western 
wheatgrass regrowth measured in July was greater in May (379 kg 
ha-l) than June (119 kg ha-l) clipped plots (P 5 0.05) (data not 
shown). At the final harvest, western wheatgrass tiller densities 
were greatest on control plots and least on plots clipped in June 
(Table 3). Trends for accumulated western wheatgrass standing 
crop and weight per tiller were similar (Table 4). Both were great- 
est on controls, least on May clipped plots, and intermediate on 
June clipped plots. Weight per tiller, however, varied in magni- 
tude between years for the May and July clipping dates. 

Table 4. Western wheatgrass weight/tiller (mg) and standing crop (kg ha-l) 
accumulated over the first and final harvests in 1993 and 1995. 

Variable Year 

Initial cliooitw date 
Control 

May June July2 

Weight/tiller (mg) 1993 90d 12Oc 206a 
1995 60e 12Oc 144h 

Standing crop 814~’ 947b 1,179a 
(kg ha-l) 
‘Means within a variable followed by same. letter are not significantly different (P t 

0.05). 
*Standing crop determined in mid-July. 

Brome Removal 
Removal of Japanese brome increased the first and final harvest 

standing crop of western wheatgrass, as well as, accumulated 
standing crop (Table 5). Likewise tiller density was consistently 
greatest with brome removal at both the initial and final harvest 
dates (Table 5). However, presence or absence of brome did not 
affect tiller weight (Table 1). No significant interaction occurred 
between clipping treatment and presence or absence of brome for 
any western wheatgrass characteristic (Table 1). 

Community Response 
Averaged across clipping and brome removal treatments, stand- 

ing crop of total vegetation, total vegetation minus Japanese 
brome, perennial grasses minus western wheatgrass, and forbs 
were greater in 1993 than 1995 (Table 6). Standing crop of 

Variable 

Standing crop 
Initial harvest 
Final harvest 
Accumulated harvests 

Tiller density 
Initial harvest 

Japanese brome 
Not removed Removed 

- _ _ _ _ _ _ _ _ _ (kg ha-l) _ _ _ _ _ _ _ _ _ 
763b’ 865a 
503b 615a 
906b 1,064a 

___ _______ (no. m-2) _ _ _ _ _ _ _ _ _ _ 

645b 713a 
Final harvest 413b 532a 

‘Means within a row followed by same letter are not significantly different (P> 0.05). 

Japanese brome (600 vs. 429 kg ha-l) and other annual grasses 
(84 vs. 2 kg ha-l) were greater in 1995 than in 1993 on the undis- 
turbed plots, but standing crop of brome averaged less than 30 kg 
ha-l, on plots where most brome was removed (data not shown). 
Clipping western wheatgrass in May or June reduced standing 
crop of total vegetation and total vegetation minus Japanese 
brome compared to controls (Table 7). Removing brome reduced 
standing crop of total vegetation but produced the greatest stand- 
ing crop of total vegetation minus Japanese brome (Table 8). No 
significant interactions were detected between clipping and 
brome removal for any measurement (Table 2). 

Discussion 

Year 
Significant main effects of year and interaction effects with clip- 

ping and brome removal resulted largely from annual variation in 
amount and distribution of fall, spring, and early summer precipi- 
tation (Fig. 2). Generally, the fall precipitation pattern was more 
favorable for initiation of western wheatgrass tillers and germina- 
tion of annual brome seed in 1994 than in 1992. A dry May and 
wet June and July 1993 were reflected in an increase in western 
wheatgrass tiller density between June and July 1993. A wet May 
and June and drier July 1995 resulted in similar tiller densities 
from May through July 1995. Warmer spring temperatures, 
greater precipitation, and cooler temperatures during the growing 
season were more favorable for perennial herbage production and 
regrowth of May defoliated tillers in 1993 than in 1995. The 

Table 6. Herbage standing crop (kg ha-l) in 1993 and 1995 averaged 
across clipping and brome removal treatments. 

Standing crop 1993 
Year 

1995 

_ _ _ - - _ _ _ _ _ (kg ha-l) _ _ _ _ _ _ _ _ _ _ 

Total vegetation* 1,983a2 1,617b 
Total vegetation minus 
Japanese bromel 1,759a 1,251b 

Perennial grasses minus 
Western wheatgrass 560a 136b 

Forbs 250a 104b 
lIncludes western wheatgrass accumulated standing crop (initial + final harvest) and 
standing crop of other species collected at final harvest in July. 
*Means within a row followed by same letter are not significantly different (P > 0.05). 
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Table 7. Herbage standing crop (kg ha-t) for initial western wheatgrass 
clipping dates averaged across years and brome removal treatments. 

Standing crop May 

Initial cliooitw date 
Control 

June July 

Total vegetation’ 
Total vegetation minus 

Japanese bromel 
Japanese brome 

_ _ _ _ _ _ _ _ (kg ha-l) _ _ _ _ _ _ _ 
1 ,752b3 1,668b 1,979a 

1,424b 1,442b 1,650a 
304a 215b 297a 

‘Includes western wheatgrass accumulated standing crop (initial + tinal harvest) and 
standing crop of other species collected at final harvest in July. 
2Means within a row followed by same letters are not significantly different (P 2 0.05). 

al. 1981), or hand plucking (Haferkamp et al. 1997) were used, 
and similar results have been reported for other species. For 
example, tiller recruitment of little bluestem (Schizachyrium sco- 
parium [Michx.] Nash) increased 57% after removal of neighbor- 
ing plants and 7 1% after removal of about one-half of the existing 
tillers within plants (Briske and Butler 1989). 

With Japanese brome removed, the 250 kg ha-l increase in total 
standing crop did not entirely compensate for the lost brome pro- 
duction. Japanese brome standing crop was reduced 500 to 1,100 
kg ha-t in earlier studies (Haferkamp et al. 1997) and 500 kg ha-l 
in the current study. Lack of compensation may have been a short- 
term phenomena. Greater resource acquisition that might result 
from an increase in total root or rhizome volume of western wheat- 

observed positive relationship between production of perennial grass might not be immediately apparent (Eissenstat and Caldwell 

and annual cool-season grasses and amounts of fall and spring 1989). The extent of western wheatgrass rhizome and root growth 
precipitation has been reported by others (Sneva 1982, Smoliak into areas previously occupied by Japanese brome was not deter- 
1986, White 1985, Whisenant 1990, Haferkamp et al. 1993). mined in either of our studies (Haferkamp et al. 1997). Mueller 

(1941), however, reported that new rhizomes of western wheat- 

Clipping 
grass form concurrently with the shoots, provided there are ade- 

Differences in tiller densities and standing crons between har- 
quate resources (e.g. carbohydrates, water, etc.) for growth. 

vest dates reflect the interval .between clipping-events and the 
environmental conditions during the initial growth and regrowth Clipping Date(s) by Brome Removal Interaction 

intervals. Clipping tillers earlier allowed plants to replace leaf The lack of interaction of brome removal with clipping was 
area sooner; delaying clipping gave plants a longer period of contrary to findings from other studies with other species. Severe 
uninterrupted growth. After clipping, tillers had little leaf tissue clipping of Idaho fescue (Festuca iduhoensis [L.] Villars) and 
with which to manufacture tiller tissue. As leaf area increases, bluebunch wheatgrass (Pseudoroegneria spicata [Pursh.] A. 

rate of photosynthesis and growth increase, assuming environ- Love) combined with reduced competition did not decrease pro- 
mental conditions are adequate for growth. Reduction in standing duction during the treatment year (Mueggler 1975). Idaho fescue 
crop of western wheatgrass with clipping, reflected in standing withstood clipping well when competing vegetation was clipped. 
crop of total vegetation agrees with findings of Buwai and Trlica In contrast, Mueggler found vigor of bluebunch wheatgrass 
(1977), Santos and Trlica (1978), and Holderman and Goetz declined the second growing season as competing vegetation 

(1981). In contrast, Lauenroth et al. (1985) found no reduction in recovered. Archer and Detling (1984) found stembase biomass of 

tiller density or biomass production of western wheatgrass mea- defoliated tillers of big bluestem (Andropogon gerurdii Vitt) 
sured on 15 August 1979 when a single light or heavy defoliation decreased with full and reduced competition, but leaf biomass 

was applied on 20 May 1979 compared to an undefoliated con- was less with full competition. Defoliated tillers of threadleaf 

trol. Environmental conditions were not reported for that study, sedge (Curexfilifolia Nutt.) growing with full competition pro- 
but must have been good to allow this type of compensatory duced significantly less leaf biomass than tillers growing with 
growth. Hart and Balla (1982), however, showed that severity of reduced levels of competition. Plants in that study were measured 

tiller removal with grazing is often much less than that imposed in the year of treatment. 
in clipping treatments like those used in our study, and cautioned The relative effects of competition and herbivory on plant 

that plant responses to clipping treatments may be over-stated growth tend to increase on more productive sites. Herbivory has 

(over-estimated). less effect than competition on plant growth on sites with low 
levels of productivity (Bonser and Reader 1995). In our study 

Brome Removal 
Increases in standing crop of other herbage with removal of 

Japanese brome agrees with findings of others whether burning 
(Gartner et al. 1978, 1986), spraying with herbicides (Hewlett et 

Table 8. Herbage standing crop (kg ha-l) with and without brome aver- 
aged across years and western wheatgrass clipping dates. 

Standing crop’ 
Jaoanese brome 

Not removed Removed 
_____. ----..(kgha-I)------.----- 

Total vegetation 
Total vegetation minus 

Japanese brome 

1,942a1 

1,384b 

1.658b 

1,626a 

‘Includes western wheatgrass accumulared standing crop (initial + tinal harvest) and 
standing crop of other species collected at tinal harvest in July. 
2Means within a row followed by same letters an not significantly different (P > 0.05). 

standing crop of vegetation, excluding western wheatgrass anh 
Japanese brome averaged 572 kg ha-* when brome was removed 
and 478 kg ha-t where brome was undisturbed. This amount of 
herbage may have masked the interaction between clipping and 
Japanese brome removal. In other studies biomass of competing 
species was much less when plots were treated with tillage or 
clipping (Mueggler 1975, Archer and Detling 1984). 

One might speculate the strongly-rhizomatous nature of west- 
ern wheatgrass might also affect interaction responses between 
clipping and removal of Japanese brome. Bonham and Mack 
(1990) suggest the asexual reproductive strategy of western 
wheatgrass, where roots and rhizomes were distributed both verti- 
cally and laterally, enabled it to minimize detrimental effects of 
its association with winterfat (Eurotia lanatu [Pursh] Moq.). 
Differences in herbivory tolerance between rhizomatous grasses 
and bunchgrasses, and among species within each group, is large- 
ly a function of meristem availability at the time of defoliation 
(Briske and Richards 1995). Rhizomatous species frequently pos- 
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sess many active meristems throughout the growing season. 
These active shoot sinks rapidly sequester available carbon and 
nitrogen within the plant, increasing the relative rate of shoot 
growth after defoliation. Hull (1987) reported rhizomatous 
species are most severely impacted by defoliation when tilfer 
densities are at a seasonal low. Few reports, however, exist in the 
literature describing long-term responses of western wheatgrass 
rhizomes to herbivory or competition. After grazing was exclud- 
ed from their study area, Lauenroth et al. (1985) interpreted sig- 
nificant year-to-year increase in western wheatgrass rhizome 
weight, as an indication of recovery from grazing. Schuman et al. 
(1986) also suggested an increase in basal cover on a grazed 
western wheatgrass pasture may have been due to stimulation of 
rhizome production by grazing, but they also found an increase in 
basal cover on ungrazed control pastures. 

Conclusions and Management Implications 

Delaying grazing until July may improve herbage production, 
increase vigor of tillers, and sustain range health, but will proba- 
bly compromise the well-being of grazing animals. Forage quali- 
ty of herbage removed by early harvests would have been greater 
than with the late harvest. Heitschmidt et al. (1995) clearly 
showed that forage quality from clay pan and silty range sites was 
controlled by the age of plant tissue. 

Standing crop of western wheatgrass increased 148 kg ha-t with 
removal of Japanese brome. The increase in forage appeared to 
result from an increase in tiller density and not an increase in 
weight per tiller. Tiller density increased as fall precipitation 
increased and with removal of Japanese brome. Together these 
could have increased availability of spring soil moisture. Tiller 
weight increased with increasing growing-season precipitation. 
The increase in western wheatgrass standing crop and reduction 
of total standing crop agrees with findings of Haferkamp et al. 
(1997). These increases occurred regardless of variation in asso- 
ciated species. 

Although removal of Japanese brome from northern mixed- 
prairie rangelands will increase production of associated perenni- 
al grasses, it will also produce at least a short-term reduction in 
total forage production. Grazing management tactics and varia- 
tions in climatic and site conditions will probably also influence 
this relationship. Further research is needed to determine costs, 
benefits, and longevity of Japanese brome removal. 
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Abstract 

The objective of this study was to investigate relationships 
between seed size, time of germination, and seedling growth in 
winterfat (Cerutoides lanata (Pursh) J. T. Howell) and silver sage- 
brush (Artenzisia cuna Pursh). Individual seeds of winterfat were 
placed into 6 weight classes ranging from 1.5-2.0 to Z- 4.0 mg 
seed-l while silver sagebrush seeds were separated into 7 classes 
ranging from 0.53 to 0.83 mg seed-l. Seeds were incubated at 
U°C, seedlings with radicles < 3.0 mm were removed at 1, 2,3, 
4-5 and 6-12 day intervals, grown 5 days in darkness at 18oC, 
and axial length measured. Total germination of winterfat 
increased 5.5% mg-l increase in seed weight, but germination 
rate was similar among weight classes, averaging 53.1% day-l. 
Seed weight and time of germination interactively influenced 
growth of winterfat seedlings. Seedling length of winterfat was 
more than 2-fold greater in the > 4.0 than the 1.5-2.0 mg seed-l 
class while lengths of seedlings in the > 2.0-2.5 through > 3.5 to 
4.0 mg seed-l weight classes were intermediate. Seedling length 
decreased 0.9 to 3.3 mm for each day that germination was 
delayed from 1 to 12 days with the least and greatest reductions 
occurring for lightest and medium weight seeds, respectively. 
Total germination for silver sagebrush initially increased with 
seed Fight, but declined at weights greater than about 0.57 mg 
seed- ; germination rate was similar (57.1% day-l) among 
weight classes. Seedling length of silver sagebrush increased 0.3 
mm mg-l increase in seed weight whereas length decreased 
curvilinearly as time to germination was delayed. When winter- 
fat is used for restoration, relatively heavy seeds should be used 
because they have the greatest germination and produce large 
seedlings. Because seedling length of silver sagebrush increased 
with increasing seed weight it is also desirable to select heavier 
seeds; however, reduced germination in heavier seeds may neces- 
sitate increasing seeding rates. 

Key Words: Artemisia cana Pursh., Ceratoides Ianata (Pursh) J. 
T. Howell, Eurotia lanata (Pursh) Moq., Krascheninnikovia Ianata 
Gueldenstaedt, restoration, seed vigor, seedling vigor, silver sage- 
brush, winterfat. 

Seed size and germination behavior affect early seedling per- 
formance (Harper and Obeid 1967, Stanton 1984, Morse and 
Schmitt 1985, Banovetz and Scheiner 1994). Typically, seed size 
is positively correlated with seedling vigor (Harper and Obeid 
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1967, Morse and Schmitt 1985). Large and medium size seeds of 
winterfat (Ceratoides lunatu (Pursh) J. T. Howell, syn. Eurotiu 
lanata (Pursh) Moq., syn. Krascheninnikovia lanata 
Gueldenstaedt) germinate faster and in higher numbers than small 
seeds (Springfield 1973). Although high seedling vigor may not 
necessarily translate into superior performance in adult plants 
(Harper and Obeid 1967), it may enhance seedling survival under 
natural conditions (Her&ix 1984, Morse and Schmitt 1985). 

Total germination and germination rate influence dynamics of 
seedling populations in natural habitats. Studies have related seed 
size to total germination and germination rate. For example, with- 
in species larger seeds often have greater germination than small- 
er ones (Hendrix 1984, Morse and Schmitt 1985, Prinzie and 
Chmielewski 1994, Andersson 1996). Smaller seeds germinate 
more rapidly than larger seeds in Pastinaca sativa (Hendrix 
1984), but a reversed situation occurs in Erodium brachycarpum 
(Stamp 1990) and Pogogyne abramsii (Zammit and Zedler 1990). 

Germination rate has been used as a measure of seed vigor (see 
Steiner 1990). Seed vigor is, however, not necessarily equivalent 
to seedling vigor because the former describes seed germination 
while the latter applies to post-germination growth. The ecologi- 
cal significance of germination rate has been discussed in terms 
of competitive advantage and risk-spreading (Hendrix 1984, 
Venable and Brown 1988, Zammit and Zedler 1990). Only 1 
reported study was found (Booth and Morgan 1993) that explored 
effects of germination rate on seedling vigor. Post-germination 
growth in Artemisia tridentata Nutt., Cercocarpus ledifolius 
Nutt., and Pinus ponderosa Dougl. was negatively correlated 
with time-to-germination (later germinating seeds produced slow- 
er growing seedlings) while seed germination and seedling 
growth in Purshiu tridentutu (Pursh) DC. were positively related. 

The objective of this study was to investigate relationships 
between seed size, germination rate and seediing vigor in winter- 
fat and silver sagebrush (Artemisia cana Pursh.), native shrubs of 
Northern Mixed Prairie of North America (Coupland 1950). 
These shrubs were chosen because they are excellent candidate 
species for ecological restoration, but information on their germi- 
nation ecology is incomplete. By separating seeds according to 
weight, possible confounding effects of seed size and germination 
rate on seedling vigor might be eliminated. 

Materials and Methods 

Winterfat diaspores were collected in late September 1995 at 
the University of Saskatchewan, Matador Research Station 
(50°420 N, 107”43” W, elevation 685 m). A description of this 
site was provided by Romo et al. (1995). Winterfat diaspores 
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were dried in the laboratory for about 1 month, and then stored in 
paper bags at -15°C. Before experiments, diaspore bracts were 
manually removed, and seeds were left at room temperature for 2 
months to allow after-ripening (Springfield 1972). Individual 
seeds were weighed and classified into classes of 1.5-2.0, 
>2.0-2.5, > 2.5-3.0, > 3.0-3.5, > 3.54.0, and > 4.0 mg seed-t. 

Silver sagebrush seeds (achenes) were collected in late October 
1995 near Outlook, Saskatchewan (51”29” N, 107”03” W, eleva- 
tion 520 m). The collection site was a steep, naturally-revegetated 
roadcut dominated by silver sagebrush, western wheatgrass 
(Agropyron smithii Rydb.), and needle-and-thread (Stipa comata 
Trin. & Rupr.). These seeds were dried in the laboratory for 4 
weeks, cleaned by hand, and stored in paper bags at 4°C until use. 
Seeds were separated into 7 classes with a South Dakota seed 
blower, and weight of 100 seeds was determined from 5 repli- 
cates for each class. The 7 weight classes were (mean + SE) 0.53 
f 0.014, 0.56 + 0.012, 0.60 + 0.011, 0.63 f 0.007, 0.68 f 0.007, 
0.74 f 0.010, and 0.83 f 0.013 mg seed-l. 

Seeds were dusted with Captan (N-[(trichloromethyl)-thio]-4- 
cyclohexene-1,Zdicarboximide) and 4 replicates of 50 seeds for 
each weight class were imbibed in 100 X 15 mm Petri dishes 
lined with 2 layers of No. 1 Whatman filter paper moistened with 
4 ml distilled water. Petri dishes were placed in 32 X 21 X 7 cm 
plastic germination boxes lined with wet paper towels and incu- 
bated at 18” C in darkness. At 6 days of incubation, 0.5 ml water 
was added to each Petri dish. Germination was checked every day 
for 12 days. Seeds with visible, protruded radicles were consid- 
ered germinated, and seedlings were transferred to germination 
boxes lined with 6 layers of germination paper moistened with 
120 ml distilled water. A few seedlings had radicles > 3 mm; they 
were discarded to ensure seedlings were uniform in size. The 
boxes were placed in an incubator at 18” C in darkness, and after 
5 days axial length of seedlings was measured by hand to the 
nearest millimeter. 

During experiments with silver sagebrush, relatively low ger- 
mination of seeds was observed for the heaviest seed class. To 
test if dormancy was involved in germination, 3 replicates of 40 
seeds (0.83, SE = 0.013 mg seed-l) each were imbibed in 0.1 mm 
gibberellic acid (GA3) and incubated in conditions as described 
above for 12 days. Seeds that did not germinate were pricked and 
further imbibed in a 0.5% solution of tetrazolium chloride for 18 
hours to test seed viability (Moore 1962). 

Germination rate was calculated from: C(Ni/Ti)/TG, where Ni = 
is the number of seeds that germinated on day i after imbibition, 
Ti = day i after imbibition, and TG = total germination (Evetts 
and Burnside 1972). A randomized-complete-block design was 
used for germination tests; an unbalanced randomized-complete- 
block design was used for tests of seedling length (Snedecor and 
Cochran 1980). All experiments were repeated. Arcsin transfor- 
mation was applied to germination data, and all data were sub- 
jected to analysis of variance. Since few or no seedlings were 
obtained in the late germination periods for some seed weight 
classes, seedling length data were pooled to give 5 levels of time- 
to-germination effects on seedling growth, i.e. 1, 2, 3, 4-5, and 
6-12 days after imbibition. In regression analyses the mid-point 
of seed weight classes or day of germination was used to scale 
independent variables. An exception to this scaling approach was 
the use of 4.0 as the mid-point for the class of > 4.0 mg seed-* in 
winterfat. Best fit regression equations were selected (Snedecor 
and Cochran 1980). In all cases statistical significance was 
assumed at P I 0.05. 
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Results and Discussion 

Germination 
Total germination of winterfat seeds increased 5.5% mg-1 

increase in weight (Fig. l), but germination rate was not affected 
by seed weight (P = 0.103), averaging 51.3% day-l (SE = 0.6). 
Total germination for silver sagebrush initially increased with 
seed weight, but then declined at weights greater than about 0.57 
mg seed-t (Fig. 2). Germination rate was similar (P = 0.058) 
among weight classes, averaging 57.1% day-1 (SE = 1.3). These 
findings agree with Booth and Haferkamp’s (1995) assertion that 
seed size does not have a strong influence on germination rate. 

The tetrazolium chloride test indicated 63% viability of non- 
germinating seeds in the heaviest class for silver sagebrush, sug- 
gesting most seeds were dormant. After treating seeds of the 
heaviest class with GA,, total germination averaged 56.7% (SE = 
3.9), but was not significantly (P > 0.05) different from 49.2% 
(SE = 3.2) germination in control. These results do not prove dor- 
mancy contributed to low germination of large silver sagebrush 
seeds. Failure of GA3 to promote germination does not necessari- 
ly rule out existence of dormancy because dormancy mechanisms 
vary among species, and this chemical is not always effective in 
breaking it (Simpson 1990). Seed dormancy occurs in some sub- 
species and populations of big sagebrush (Artemisia tridentata 
Nutt.) (Meyer and Monsen 1992, Booth et al. 1997, Bai et al. 
1997). Although dormancy is more often associated with small 
than large seeds (Andersson 1996), a higher proportion of dor- 
mancy in large than small seeds also exists in Erodium brachy- 
carpum (Stamp 1990) and Coreopsis lanceolata (Banovetz and 
Scheiner 1994). 

Seedling Growth 
Growth of winterfat seedlings was interactively affected by 

seed size and day of germination. Seedling length was more than 
2-fold greater in the > 4.0 than the 1.5-2.0 mg seed-l class while 
lengths of seedlings in the > 2.0-2.5 through > 3.5-4.0 mg seed-l 

b 
‘i; Y=69.1 +5.5X, RZ =0.85 

([I 

f 50 t 

o - I I I I 
1 2 3 4 

Seed weight (mg seed-’ 1 
Fig. 1. Predicted regression line for total germination of winterfat 

seeds with different weights. Seeds were incubated at 18“C in 
darkness for 12 days. Each point is the mean for 8 replicates of 50 
seeds each. 
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Fig. 2. Predicted regression line for total germination of silver sage- 
brush seeds with different weights. Seeds were incubated at 18’ C 
in darkness for 12 days. Each point is the mean for 8 replicates of 
50 seeds each. 

weight classes were intermediate (Table 1, Fig. 3). Seedling 
length decreased 0.9 to 3.3 mm for each day that germination was 
delayed from 1 to 6-12 days with the least and greatest reduc- 
tions (slopes of regression equations) occurring for lightest and 
the > 3.0-3.5 mg seed-l weight classes, respectively. High coeffi- 
cients of determination within seed weight classes imply growth 
of seedlings was strongly controlled by time of germination. 

Seedling length of silver sagebrush was positively correlated 
with seed weight and negatively correlated with day of germina- 
tion. Over the 0.53 to 0.83 mg seed-l weight range, seedling 
length increased 34 mm mg-’ increase in seed weight (Fig. 4). 
Seedling length decreased curvilinearly as the day of germination 

80 
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Table 1. Regression equations for relationships between seedling length 
(mm) (Y) and day of germination (X) for winterfat. Seedlings were 
grown at 18OC in darkness for 5 days. 

Seed weight 

(mg seed-‘) 
1.5-2.0 

>2.0-2.5 
>2.5-3.0 
>3.0-3.5 

>3.5-4.0 
Wt.0 

Regression equation R2 P 

Y = 31.8-0.9X 0.71 0.047 
Y = 43.9-1.7x 0.99 <o.ool 

Y = 51.6-2.4X 0.97 0.001 
Y = 63.4-3.3X 0.90 0.009 

Y = 66.3-3.1X 0.98 0.001 
Y = 69.6-2.7X 0.94 0.004 

was delayed: seedlings germinating on days 6-12 were about 
15% shorter than those germinating on the first day of incubation 
(Fig. 5). Seedlings of big sagebrush were also smaller from seeds 
that germinated later; however, confounding effects of seed size 
were not isolated (Booth and Morgan 1993). Germination rate 
and total germination of Wyoming big sagebrush (Artemisiu tri- 
dentutu Nutt. ssp. wyomingensis) were also greater in seed lots 
with heavier seed weights (Bai et al. 1997). 

Large seeds often have greater emergence from deep burial 
than small seeds and produce larger seedlings (Harper and Obeid 
1967, Curtis and McKersie 1984, Morse and Schmitt 1985, 
Banovetz and Scheiner 1994). In agreement with these observa- 
tions, the present study demonstrated positive relationships 
between seed weight and seedling size in winterfat and silver 
sagebrush. Under natural conditions winterfat and Ar&misia 
species usually germinate on the soil surface or at shallow depths 
in the field (Booth 1989, Young and Evans 1989), but during arti- 
ficial seeding they are often buried. Fast growing seedlings may 
have the advantage of rooting in the soil where water 
(Waddington and Shoop 1995) and mineral supplies are more 
reliable. Seedling establishment may therefore be superior for 
large than small seeds (see Booth and Haferkamp 1995). 

40 , 

>4.0 mg 

> 2.5-3.0 mg 

Y=8.6+34X, R2 =0.95 

Time of germination (days) 
-I 

0.5 07 08 0.9 
Sefi’weigh; (mg sekd -’ ) Fig. 3. Predicted regression lines for relationships between time of 

germination and length of winterfat seedlings for 6 seed weight 
classes. Each point is the mean length of 13-48 seedlings. 

Fig. 4. Predicted regression line for seedling length in different seed 

Regression equations are presented in Table 1. 
weights of silver sagebrush. Each point is the mean of 141-317 
seedlings. 
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ly under drought stress compared to seedlings emerging early 
(Waddington and Shoop 1995), and seedlings of winterfat from 
early germinating seeds are more desiccation tolerant than those 
germinating later (Hou et al. 1999). Early emergence is also 
advantageous for silver sagebrush because early emerging 
seedlings are more tolerant of freezing temperatures than later 
emerging ones (Hou and Romo 1998). 

When winterfat is used for restoration, relatively heavy seeds 
should be used for they are expected to have the greatest germi- 
nation and produce large seedlings. Since winterfat seedlings are 
more vigorous and germination is greater for heavier than lighter 
seeds, it may be possible to reduce seeding rates. That seedling 
growth of silver sagebrush increased with increasing seed weight 
suggests it may also be desirable select heavier seeds. Reduced 
germination in heavier seeds of silver sagebrush may necessitate 
increased seeding rates. 

20 i 
1 4 7 10 Literature Cited 
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Early seedling growth is largely supported by seed reserves 
(Harper et al. 1970, Curtis and McKersie 1984). Loss of reserves 
from seeds during imbibition may have also decreased seedling 
growth in late-germinating seeds; mineral losses also occur in 
hydrated seeds (Senaratna and McKersie 1983, Ptasznik and 
Khan 1993, Debaene-Gill et al. 1994). Winterfat and silver sage- 
brush seeds are relatively small with large surface to volume 
ratios, and may be particularly prone to leakage losses. Seed 
reserves available for seedling growth can also be reduced 
through respiratory consumption before germination (Hilton and 
Owen 1985, Adkins et al. 1988). Winterfat seeds have a relatively 
small perisperm (Booth 1988), and sagebrush seeds have only 
residual endosperm (Booth and Morgan 1993). On the other 
hand, Curtis and McKersie (1984) indicated that reduced sink 
size (axis) in small seeds, rather than supply of nutrients, was 
responsible for limited seedling growth. The present study com- 
pared effects of germination rate on seedling growth within seed 
weight classes, and the initial axis size should have been similar. 
Axes of late germinating seeds may, however, have weak growth 
potentials, and be unable to transport and use reserves efficiently. 

In summary, establishment of winterfat and silver sagebrush is 
likely influenced by seed size and time of germination since both 
affected vigor of seedlings. Seedlings from early germinating 
seeds can gain a competitive advantage in plant communities 
(Hendrix 1984). They also capture the earliest opportunity for 
seedling establishment in a growing season, though this is proba- 
bly a trade-off of risk-spreading (Venable and Brown 1988, 
Zammit and Zedler 1990). This study and that of Booth and 
Morgan (1993) indicate that early germinating seeds may also 
have greater survival because they produce more vigorous 
seedlings than late germinating seeds. This conclusion is at least 
partially supported by the fact that survival in the field was great- 
est for winterfat seedlings emerging in May and poorer for those 
emerging in June, July, or August (Zabek and Romo unpub. 
data). Late emerging seedlings of winterfat also established poor- 
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Abstract 

Silver sagebrush (Artemisia cuna Pursh), a common shrub on 
Northern Mixed Prairie in Canada, is an excellent species to con- 
sider for ecological restoration. On the Canadian Prairies, freez- 
ing temperatures can occur during April and early May, months 
when most silver sagebrush seedlings emerge. Decreasing temper- 
atures in autumn or exposure to freezing temperatures through 
winter may also be lethal to seedlings of this long-lived shrub. The 
purpose of this study was to characterize freezing tolerance in sil- 
ver sagebrush seedlings because low temperatures may reduce 
establishment. Seedlings were grown from 1 week to 1 full grow- 
ing season, exposed to freezing temperatures under controlled 
conditions, and lethal temperatures for 50 and 95% mortality 
(LT50 and LT& were determined. Averaged across l- to 6-week- 
old seedlings, LTso and LT95 were -7.7 and -ll.l’C, respectively. 
Changes in mortality with temperature variations were more 
gradual in younger than older seedlings, and mean LT95 was 
2.8’C lower in l- and 2-week than 4- and 6-week-old seedlings. 
Within age groups, death after freezing was greater in non-accli- 
mated than acclimated seedlings. Virtually no non-acclimated 
seedlings survived -14’C, while mortality of acclimated seedlings 
was nearly nil in most cases. Only 6.9% (SE = 5.5) of seedlings 
grown under field conditions died in November after exposure to 
-39OC. Freezing tolerance of field-grown seedlings remained high 
over winter; seedling mortality after exposure to -39 and -45oC 
averaged 5.6% (SE = 4.1) in March. No seedlings survived tem- 
peratures lower than -1S’C in April, and predicted LTso and 
LTg5 averaged -15.6 and -19.3OC, respectively. Increased mortal- 
ity after freezing in April indicates seedlings de-acclimated as 
temperatures rose and day length increased in spring. Since the 
potential of developing freezing tolerance is greater in older than 
younger seedlings, silver sagebrush seedlings that germinate early 
in growing season may survive the winter better than those ger- 
minating later. Under normal circumstances, temperatures on the 
Canadian Prairies should not threaten survival of silver sage- 
brush seedlings during their first winter. 

Key Words: acclimation, Artemisiu cana Pursh., freezing toler- 
ance, Northern Great Plains, Mixed Prairie, preconditioning, 
restoration, seedbed ecology, seedling vigor. 

Sagebrush (Artemisia) taxa are widely distributed on Northern 
Mixed Prairie (Coupland 1950, White and Cut-tie 1983), but are 
considered undesirable in some areas because they may reduce 
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production of associated grasses and forbs (White and Currie 
1983, Young and Evans 1989). Sagebrush, however, is an impor- 
tant component of prairie ecosystems (Howard et al. 1976). Silver 
sagebrush (Artemisia cuna Pursh) is palatable, providing browse 
for wild animals (Clarke 1930, Mitchell and Smoliak 1971, Barrett 
1979). Silver sagebrush contributes to the structural diversity of 
prairie, and like other shrubs, provides cover for small animals, and 
improves snow accumulation and water infiltration (Howard et al. 
1976, Young and Evans 1989, Pyke and Archer 1991). 

Northern Mixed Prairie in Canada is characterized by a short 
growing season and severe, cold winters (Coupland 1950). Plants 
in this region must adapt to unseasonable frost and extremely low 
temperatures (Gusta and Chen 1987). Adult sagebrush plants 
apparently can withstand very low temperatures (Walser et al. 
1990), but information on freezing tolerance of silver sagebrush 
seedlings is not available. Silver sagebrush is widespread on 
Northern Mixed Prairie in Canada (Coupland 1950, Mitchell and 
Smoliak 197 l), and is an excellent species to consider for ecolog- 
ical restoration. The ability to cope with freezing temperatures in 
young seedlings might be different because freezing tolerance in 
plants changes with plant age and varying environmental condi- 
tions (Gusta and Chen 1987, Hou and Romo 1997). The purpose 
of this study was to determine freezing tolerance in silver sage- 
brush seedlings because freezing temperatures may limit estab- 
lishment of this shrub. Cold-hardiness of silver sagebrush 
seedlings grown in containers for 1 week to 1 full growing season 
was determined. 

Materials and Methods 

Seed Collection 
Silver sagebrush seeds (achenes) were collected in late October 

1995 near Outlook, Saskatchewan (51”29’ N, lO7”03’ W, eleva- 
tion 5 18 m). The collection site was a naturally-revegetated road- 
cut dominated by silver sagebrush, western wheatgrass 
(Agropyron smithii Rydb.), and needle-and-thread (Stipu comutu 
Trin. & Rupr.). These seeds were dried 4 weeks in the laboratory, 
cleaned by hand, and stored in paper bags at 4°C until use. 

Freezing Tests on l- to 6-Week-Old Seedlings 
Seedlings in this test were grown under environmental condi- 

tions that simulated spring temperatures in southern 
Saskatchewan (Environment Canada 1982). Fifty seeds were 
sown on the surface of wet “Redi-earth” (W.R. Grace and Co. 
Ltd., Ajax, Ontario) media in 125 X 100 mm pots and then cov- 
ered with a thin layer of the media. Pots were placed in a growth 
chamber under l6-hours light (220 pmol m-* sect) at 2O/lO”C 
day/night for 2 days to allow germination. Thirty to 40 seedlings 
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were obtained in each pot. Temperatures were then set at 12/-2°C 
for the first week, and changed weekly to W-2, 18/- 1, 2 l/O, 24/l, 
and 27/2”C to simulate spring warming. The light period was 
12.5 hours for the first week, and increased each week thereafter 
by one-half hour. Seedlings were watered every 3 days, and the 
day before freezing tests. 

Seedlings of 1-, 2-, 4-, and 6-weeks of age were subjected to 
freezing tests. Before freezing, pots were placed in an environ- 
mental chamber at 4°C for 4 hours to prevent temperature shock. 
They were then transferred to a programmable freezing system 
described by Gusta et al. (1978), and held at -2°C for 18 hours to 
allow the freezing process to reach equilibrium. The temperature 
was then decreased at 2°C hour-t. Temperatures were measured 
with 5 thermocouples placed 1 cm below the media surface in 
pots. Seedlings were removed at -2, -4, -6, -8, -10, -12, and 
-14”C, transferred to 4” C for 24 hours, grown 3 weeks at 
20/15”C with a 12-hour light period, and mortality determined. 
Control seedlings were kept at 4°C in darkness for the period of 
freezing test, but otherwise were treated the same as test 
seedlings. Four replicates were used for each freezing tempera- 
ture, and the experiment was repeated. 

Freezing tests on 8- to 14-week-old seedlings 
Twenty-five seedlings pot-l were grown in a greenhouse 

(20-25’(Z) as described above. After 6, 8, 10, or 12 weeks of 
growth, one-half of the pots were randomly selected and trans- 
ferred to a growth chamber for 2 weeks of acclimation. The 
remaining one-half of seedlings were grown in the greenhouse. 
Acclimation temperatures were 15/8”C for the first 3 days, then 
10/5”C for 4 days, and 8/3”C for 7 days; light periods of 220 pmol 
me2 set-1 were 11, 10.5, and 10 hours, respectively. Seeds were 
planted on different dates so seedlings of different ages were sub- 
jected to freezing tests, as described above, at the same time. 
Freezing temperatures of -6, -10, and -14°C were applied to 3 
replicates for each treatment, and the experiment was repeated. 

Another experiment was conducted to determine effects of 
acclimation on lethal temperatures for 50 and 95% seedling mor- 
tality (LT,, and LT,&. Seedlings were grown in a greenhouse for 
10 weeks and then one-half of them were acclimated as described 
above. Acclimated and non-acclimated seedlings were exposed to 
freezing temperatures of -6, -8, -10, -12, -14, -16, -18, -20, 
and -22°C as in the previous experiment. 

Freezing test of field-grown seedlings 
Silver sagebrush was seeded into cells of 2 X 2.2 X lo-cm root 

trainers (Spencer-Lemaire Industries Ltd, Edmonton, Alberta) 
filled with moist “Redi-earth” media on 9 May 1996. These 
seedlings were grown in the greenhouse until 4 June 1996, and 

were thinned to 1 cell-l. Seedlings were watered with a 3% solu- 
tion of 20-20-20 fertilizer and then placed in a lo-cm deep pit on 
the campus of the University of Saskatchewan. Seedlings were 
watered throughout the summer when necessary. Seedlings were 
exposed to mean monthly temperatures ranging from 18.1 to 
-21.2”C, with absolute maximum and minimum temperatures of 
34.9 and Al.O”C, respectively (Table 1). 

Freezing tests were conducted on 7 November 1996, 3 March 
1997, and 21 April 1997. Dates in November and March were 
selected because they correspond with critical times of change in 
cold-hardiness of plants under field conditions in Saskatchewan 
(Gusta and Chen 1987, Kowalenko and Romo 1998). The test in 
April was included because plants often begin to grow then, and 
also are exposed to freezing temperatures (Hou and Romo 1997). 
Freezing tests basically followed the same procedures described 
above, except that seedlings in November and March tests were 
transferred directly from the field into the freezing system. In 
April, seedlings were placed in an environmental chamber at 4°C 
for 4 hours before transferring them to the freeze chamber. 
Temperature in the freeze chamber was decreased at 4” C hour-l. 
Freezing temperatures for November and April tests were -9, 
-15, -21, -33, and -39”C, whereas in March they were -15, -21, 
-27, -33, -39, and -45°C. Three replicates, each with 12 
seedlings were used for each freezing temperature, and each test 
was repeated 3 days apart. 

Data analysis 
Experiments were conducted in a randomized-complete-block 

design (Snedecor and Cochran 1980). For 8- to 14-week-old 
seedlings, arcsin transformation and then factorial analysis of 
variance (P I 0.05) were applied to mortality data; Tukey’s hon- 
estly significant difference (HSD) was used to separate means (P 
I 0.05) (Snedecor and Cochran 1980). Untransformed data are 
presented. For all other tests, mortality data were subjected to 
probit analysis (Finney 1971, SAS Institute Inc. 1990) when 
applicable. Model fit was determined by Pearson Chi-square and 
L. R. Chi-square tests (P > O.lO)(SAS Institute Inc. 1990). Lethal 
temperatures for 50 and 95% mortality (LTso and LT,,) along 
with 95% fiducial limits were determined from the model esti- 
mates. Values without overlapping fiducial limits were consid- 
ered significantly (P 20.05) different. 

Results 

Freezing tolerance of l- to 6-week-old seedlings 
Average LT,, and LT,, was -7.7 and -11.1 “C, respectively for 

1- to B-week-old seedlings (Table 2). Two-week-old seedlings 

Table 1. Monthly mean, mean daily minimum, mean daily maximum, and extreme minimum and maximum temperatures to which seedlings of silver 
sagebrush seedlings were exposed when grown in the tield from May 1% through April 1997 on the campus at the University of Saskatchewan. 

Temperature 

Monthly mean 
Mean daily minimum 
Extreme minimum 
Mean daily maximum 
Extreme maximum 

Month 
May Jun. Jul. Aug. Sep. Oct. Nov. DC Jan. Feb. Mar. Apr. 

----------------.----------..----------.--(”c)-.----------------.---------~----~-~--.~-- 

8.4 15.9 17.6 18.1 10.2 2.4 -12.6 -19.5 -21.2 -11.3 -9.8 2.2 
2.5 9.4 11.3 9.7 4.4 -4.4 -17.6 -24.5 -27.9 -16.6 -15.6 -3.4 

-7.1 1.9 6.6 3.1 -5.8 -18.9 -34.3 -39.1 -41.0 -26.4 -31.4 -15.2 
14.2 22.3 23.9 26.4 15.9 9.2 -7.5 -14.2 -14.5 -6.0 -3.9 7.8 
24.4 33.0 32.1 34.9 24.4 22.7 9.1 -1.1 4.5 3.3 11.6 22.0 
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Table 2. Mean lethal temperatures (“C) for 50 (LT50) and 95% mortality 
(LT9g) of silver sagebrush seedlings that were l-, 2-, 4, or 6-weeks old 
and exposed to freezing temperatures. Means are values predicted 
from ptobit analysis; values in parentheses are 95% fiducial limits. 
Growth conditions are described in the text. 

Seedling age LTSO LT95 
(Weeks) _ _ _ _ _ _ _ _ _ _ _ _ _ Temperature (‘C) _ _ _ _ _ _ _ _ - - - . . 
1 -7.5 (-6.9 to -8.0) -12.0 (-10.9 to -13.9) 
2 -8.7 (-8.2 to -9.2) -12.9 (-11.9 to -14.5) 
4 -6.9 (-6.5 to -7.3) -9.2 (-8.6 to -10.2) 
6 -7.7 (-7.3 to -8.1) -10.2 (-9.5 to -11.4) 

Mean -7.7 -11.1 

had the lowest LT,,, but among other ages, LTSo was not differ- 
ent (P > 0.05) as indicated by overlapping fiducial limits. On 
average LT9, was 2.8”C lower in l- and 2-week than 4- and 6- 
week-old seedlings. Changes in mortality with temperature were 
more gradual in younger than older seedlings, as indicated by 
slopes of fitted curves from probit analysis (Fig. 1). Estimated 
slopes and fiducial limits in the probit scale for l-, 2-, 4-, and 6- 
week-old seedlings were 7.9 + 0.9,9.8 + 1.1, 13.5 f 1.9, and 13.4 
f 1.8, respectively. 

Freezing tolerance of S- to 14-week-old seedlings 
Mortality of silver sagebrush was influenced by the interacting 

effects of seedling age, acclimation, and freezing temperatures. 
Death of seedlings under the same growing and freezing condi- 
tions was greater (P c 0.05) in younger than older seedlings 
(Table 3); mortality was generally greater in non-acclimated ver- 
sus cold acclimated seedlings (Table 3). For example, mortality 
after exposure to -10°C was 100% in 8-week-old seedlings, but 
29.3% in 14-week-old seedlings that were acclimated. Exposure 
of acclimated, 8-week-old seedlings to -14°C killed 54.7% of the 
plants, compared to nearly no mortality in older seedlings that 
were acclimated. Except for 8-week-old seedlings, virtually no 
non-acclimated seedlings survived -14’C, while death of accli- 
mated seedlings was nearly nil. 

In the separate experiment using 12-week-old seedlings, LTso 
and LTgg for greenhouse-grown seedlings were -8.6 and -11.5” 
C (95% fiducial limits are -8.1 to -9.1 and -10.6 to -13.0” C, 
respectively) compared to -17.1 and -19.8”C (-16.5 to -17.6 and 
-19.1 to -2l.O”C, respectively) for acclimated seedlings (Fig. 2). 

Freezing tolerance of field-grown seedlings 
On 7 November 1996, only 6.9 + 5.5% of seedlings died after 

exposure to -39°C the lowest temperature used on this date (Fig. 
3). Freezing tolerance of seedlings remained high over winter; 
seedling mortality after exposure to -39 and -45°C averaged 5.6 
+ 4.1% on 3 March 1997. In November 1996 and March 1997, 
LT50 and LT9, could not be determined because seedling sur- 
vival over the range of freezing temperatures was high. By com- 
parison, cold-hardiness of seedlings dropped sharply through 
March and April, and no seedlings survived temperatures lower 
than -15°C on 21 April 1997. In April LTSo and LTgg averaged 
-15.6 and -19.3”C (95% fiducial limits are -13.5 to -21.9 and 
-17.0 to <-45.O”C, respectively). 

lOOf 

75' 

1 
1 

5Oj 

-2 -6 -10 -14 

Freezing temperature (“C) 
Fig. 1. Mortality of silver sagebrush seedlings after exposure to 

freezing temperatures at l-, 2-, 4-, or 6-weeks of age. Growth con- 
ditions are described in the text. Each point is the mean + SE of 8 
replicates. Where vertical bars are tacking, the standard error is 
smaller than the symbol. Lines are predicted responses based on 
probit analyses. 

l Greenhouse l Greenhouse 
0 Acclimation 0 Acclimation 

T’ 

-6 -10 -14 -18 -22 

Freezing temperature (“C) 
Fig. 2. Effect of cold acclimation on mortality of 12-week old silver 

sagebrush seedlings that were exposed to freezing temperatures. 
Growth conditions are described in the text. Each point is the 
mean f SE of 6 replicates. Where vertical bars are lacking, the 
standard error is smaller than the symbol. Lines are predicted 
responses based on prohit analyses. 
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Table 3. Effect of cold acclimation on mortality (%) of & to 1Cweek old silver sagebrush seedlings after exposure to freezing temperatures. Growth 
conditions are described in the text. Each value is the mean of 6 replicates. Means with similar letters are not significantly different using Tukey’s 
HSD (P 50.05). 

Seedling age 

Control 

Cold acclimated 
Freezine temuerature PJ 

-6 -10 -14 Control 

Non-acclimated 
Freezinp. temDerature 021 

-6 -10 -14 

(weeks) ________..._____________________________--------------- Seedling mortality (%) ________________________________________-~------- 
8 O.Oa O.Oa 8.0b 54.7f O.Oa 45.3e lOO.Oh 
10 O.Oa O.Oa 0.7a 1.3a O.Oa I .3a 70.7g 
12 O.Oa O.Oa O.Oa 0.7a O.Oa O.Oa 38.6d 
14 O.Oa O.Oa O.Oa O.Oa O.Oa O.Oa 29.3~ 

lOO.Oh 
lOO.Oh 
lOO.Oh 

98.711 

Discussion 

Freezing tolerance of temperate, perennial plants usually 
increases after a period of exposure to low temperatures (Levitt 
1980, Gusta and Chen 1987, Guy 1990). This study demonstrated 
an increase of more than 8°C in freezing tolerance of lZweek- 
old silver sagebrush seedlings following cold acclimation for 2- 
weeks. Additional acclimation can further increase freezing toler- 
ance, as indicated by low seedling mortality after freezing tests in 
November and March. Increased mortality during freezing tests 
in April indicates seedlings lost cold-hardiness rapidly as temper- 
atures rose and day length increased in spring. 

Adjustment of freezing tolerance during cold acclimation in sil- 
ver sagebrush is also apparently related to seedling age. After 
similar acclimation conditions, more than 50% of g-week-old 
seedlings died following exposure to -14°C compared to near 
0% in older ones. Higher freezing tolerance was found in younger 

l 7 Nov. 1996 

o 3 Mar. 1997 

0 21 Apr. 1997 

-21 

4 
Freezing temperature (O C) 

Fig. 3. Mortality of silver sagebrush seedlings that were grown in the 
field and then exposed to freezing temperatures. Growth condi- 
tions are described in the text. Seedling mortality values on 7 
November and 3 March overlap at -9, -15, -21, -27, and -33“C. 
Each point is the mean f SE of 6 replicates. Where vertical bars 
are lacking, the standard error is smaller than tbe symbol. Lines 
are predicted responses based on probit analyses. 
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than older seedlings in winterfat Ceruroides lanatu (Rursh) J. T. 
Howell) that were 1 to 4 weeks of age (Hou and Romo 1997). As 
seedlings grow, they develop differentiated vascular vessels that 
hold free water. Formation of ice crystals in the vessels may dam- 
age tissues (Olien 1964, Gusta and Chen 1987), which partly 
explains greater mortality in older than younger seedlings after 
freezing. In this study, LT,o for l- to 6-week-old seedlings of sil- 
ver sagebrush did not show a clear association of freezing toler- 
ance with seedling age and temperatures during growth. 
However, some evidence indicates greater freezing tolerance may 
exist in younger than older silver sagebrush seedlings as shown 
for winterfat (Hou and Romo 1997). First, LT95 for l- and 2- 
week-old seedlings was 2°C lower than 4- to 6-week-old 
seedlings, implying younger seedlings may survive exposure to 
temperatures -10°C or lower better than older ones. Second, 
changes in mortality with temperature were more gradual in 
younger than older seedlings. Younger seedlings might consist of 
individuals at slightly different stages of tissue differentiation. 
Some seedlings with small undifferentiated cells might be more 
freezing tolerant, compared to those with vascular vessels, 
because they might escape injury caused by ice formation (Olien 
1964, Gusta and Chen 1987). For older seedlings, a single event 
that freezes free water in the veins, may be responsible for near- 
synchronous mortality. 

In 8- to lCweek-old seedlings, freezing tolerance increased as 
plants grew. Increased freezing tolerance may be attributed to lig- 
nification of cell walls and development of lateral meristematic 
regions (Levitt 1980, Gusta and Chen 1987, Guy 1990). Lignified 
cell walls may increase the ability of plant tissues to withstand 
pressure from growing ice crystals. Lateral meristematic regions 
produce lateral buds and roots, assisting recovery of plants from 
freezing damage. 

Changing freezing tolerance with seedling growth is likely not 
straightforward in silver sagebrush. Newly germinated seedlings 
with undifferentiated cells may have relatively high freezing tol- 
erance. Freezing tolerance may decrease as tissues differentiate, 
then increase as lignification and lateral meristematic regions 
develop. Further increases in freezing tolerance are not expected 
without cold acclimation, but as shown the increase in cold-hardi- 
ness was substantial with acclimation. 

In conclusion, LTso and LT9, for l- to 6-week-old seedlings 
indicate that young silver sagebrush plants can be damaged or 
killed when temperatures drop to about -7 and - 13”C, respective- 
ly. On the Canadian Prairies temperatures within this range often 
occur during April and early May (Environment Canada 1982, 
see Hou and Romo 1997), months when most silver sagebrush 
seedlings emerge (Romo unpub. data). Sudden reduction of tem- 
peratures in autumn may also damage seedlings, as evidenced by 
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LT5u of -8.6”C and LT95 of -11.5” C for 12-week-old seedlings 
that were not cold acclimated. Since the potential of developing 
freezing tolerance is greater in older than younger seedlings, sil- 
ver sagebrush seedlings that germinate early in growing season 
may survive winter better than those germinating later. Under 
normal circumstances, temperatures on the Canadian Prairies 
may not threaten survival of silver sagebrush seedlings experi- 
encing their first winter, as winter temperatures seldom get below 
the lowest temperatures (-39 and -45°C) tested in this study 
(Environment Canada 1982, Gusta and Chen 1987), especially 
under snow. Poor emergence (Romo unpub. data) and other fac- 
tors are likely more important in controlling establishment of sil- 
ver sagebrush seedlings than freezing temperatures. 
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Abstract 

Diaspores of winterfat (Eurotia Ianata (Pursh) Moq.) collected 
from 2 locations in the USA and 1 in Canada were imbibed at 10“ 
C and grown to 4 different developmental stages (2,3, 6, and 14 
days of incubation), then subjected to cooling temperatures as 
low as -3O’C. Differential thermal analysis was used to detect 
exotherms associated with ice crystal formation in germinants. 
The temperature at which exotherms occurred was recorded, 
and the subsequent growth and mortality of germinants were 
determined. Only 1 exotherm was observed, and that occurred in 
the low-temperature exotherm range (usually <-10°C). Changes 
in the freezing tolerance of germinants from seed to seedling was 
a gradual process as indicated by increases in exothermic tem- 
perature and mortality with increasing developmental stage. 
Whether the exotherm indicated a lethal event depended on the 
developmental stage of the germinant. Germinant survival was 
also affected by cooling below the exotherm temperature. 

Key Words: Euro&a hata, seedbed ecology, exotherm, freez- 
ing tolerance. 

Winterfat,(Eurotia lanatu (Pursh) Moq.) is a common half- 
shrub in the Mixed Prairie of North America (Coupland 1950). 
This species provides excellent forage to livestock and wildlife in 
this region, and is being used for wildlife habitat reclamation. 
One problem associated with the revegetation of this species is 
the high mortality of first year seedlings (Hodgkinson 1975, J.T. 
Romo, personal observation). Because winterfat seeds are capa- 
ble of germinating near 0°C in the fall or spring (Hilton 1941, 
Woodmansee and Potter 197 1, Booth 1992), freezing events after 
seed germination may contribute to high seedling mortality. 

Two distinct freezing events may occur during the cooling of 
plant tissues. As freezing is an exothermic reaction, these events 
can be detected by the released heat of fusion which causes a 
sharp temperature rise (Burke et al. 1976, Ashworth 1982). The 
initial temperature rise (high temperature exotherm) usually 
occurs at temperatures between 0 and -10°C with the second rise 
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(low temperature exotherm) at temperatures below -10°C. 
Freezing stress reduces germination rate and seedling vigor of 
hydrated winterfat seeds, but total seed germination is not affect- 
ed even after the occurrence of a low temperature exotherm (Bai 
et al. 1998). Seedlings from germinated seeds incubated at lY5”C 
up to 28 days were sensitive to cooling temperatures as high as 
-65°C (Hou and Romo 1997). However, the freezing tolerance 
of winterfat at stages between radicle emergence and seedling 
establishment remains unknown. 

Stushnoff and Junttila (1978) reported that the low temperature 
exotherm for lettuce (Luctucu sutivu L.) seeds disappears after 
radicle emergence, and the high temperature exotherm represents 
the killing point of the seed. The moisture content, cell size, and 
the rate of physiological activities of germinating seeds increase 
gradually after radicle emergence (Booth 1989, Wesley-Smith et 
al. 1995). Ice crystal formation in cells is related to their moisture 
content (Stushnoff and Junttila 1978). We hypothesized that 
decreased freezing tolerance of winterfat germinants during 
development is a gradual process, and that this decrease con- 
tributes to the death of young seedlings in the field. Specific 
objectives were to determine: 1) temperatures at which exotherms 
occur; 2) the relationship between exotherm occurrence and the 
survival and growth of winterfat germinants after cooling; and 3), 
how freezing tolerance is related to developmental stage. 

Materials and Methods 

Seed Sources and Habitats 
Winterfat diaspores (seed-containing dispersal units) were 

hand-collected in October, 1994, from Matador, Saskatchewan, 
Canada; Sterling, Colo., USA and Pine Bluffs, Wyo., USA. The 
first 2 sites are located in the Mixed Prairie while the third is 
located in Shortgrass Prairie (Tetlyanova et al. 1990). The 
Matador site is located approximately 70 km north of Swift 
Current, Saskatchewan within a glacial lake near the northern 
edge of the Mixed Prairie (Coupland 1950). The soils are Rego 
Brown and Calcareous Brown (Coupland et al. 1974). The cli- 
mate is cold and semiarid, and soil moisture is the limiting factor 
for plant growth (Fig. 1). Annual mean temperature is 3” C with 
precipitation totalling 327 mm. The Sterling, Colo., site is 
approximately I55 km east of Fort Collins, Cola., and Pine 
Bluffs, Wyo., is approximately 63 km east of Cheyenne, Wyo. 
The climate is semiarid with the high elevation and dry air con- 
tributing to the wide seasonal and diurnal variation in temperature 
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(Stevenson et al. 1983, Fig. 1). The soil is Brown and Dark 
Brown. Annual precipitation averages 411 and 414 mm and the 
annual mean temperature is 9.5 and 7.9”C for Sterling and Pine 
Bluffs, respectively. Diaspores were stored in paper bags at room 
temperature until June 1995. Hand-cleaned seeds were used in all 
experiments. 

of the experiment and the growth after cooling was calculated as 
the difference in seedling length before and after incubation. The 
mortality of germinants was visually determined at the end of the 
experiment. 

Data Analysis 

Moisture Content of Germinants in Relation to 
Developmental Stage 

Threshed seeds from the 3 collections were placed on moistened 
germination paper (Anchor Paper Co., St. Paul, Minn.) over plas- 
tic slant-boards, and covered with one layer of cellulose tissue 
(Jones and Cobb 1963). Slant-boards were then placed in closed 
germination boxes (25 X 40 X 20 cm), which were filled with dis- 
tilled water to a 3-cm depth. These boxes were placed in incuba- 
tors at IO” C under 12 hour light and seeds were incubated for 2, 
3, 6, or 14 days to obtain germinants of different developmental 
stages. The experimental design was a randomized complete block 
with 4 replicates arranged over time by l-day intervals. 

The analysis of variance was first carried out using the General 
Linear Model (GLM) (Snedecor and Cochran 1980) over the 3 
seed collections, and then within each collection because of the 
interaction between seed collection and treatment. Data were fur- 
ther analyzed separately for imbibition temperature or cooling 
temperature. Statistical significance was assumed at P I 0.05 and 
means were separated by using LSD. A normal approximation 
was used to calculate the confidence limits for percentage mortal- 
ity (Steel and Torrie 1980). 

100 

Germinants of different stages were defined for this study as 
follows: Stage 1: 2 days of incubation (DI) with radicles 2 to 5 
mm long; Stage 2: 3 DI with radicles 10 to 15 mm long and 
cotyledons folded in seed coats; Stage 3: 6 DI with cotyledons 
unfolded; and, Stage 4: 14 DI with growth beyond Stage 3 but the 
first true leaf not emerged. 

s 15 Matador ,' 
,T 

Ten germinants, as an experimental unit, were retrieved from 
incubators after 2, 3, 6, and 14 DI. After surface water was blot- 
ted away with tissue paper, germinants were sealed in 0.25-m] tin 
capsules (Leco Co., St. Joseph, Mich.) and weighed. Germinants 
were then dried at 80°C for 24 hours and the dry weight deter- 
mined. Weighing was done with a 6-place digital micro-balance. 
The moisture content of germinants was expressed on a dry 
weight basis. 

-15 
1 2 3 4 5 6 7 8 9 10 11 12 

25 100 

Differential Thermal Analysis 
Ten germinants from each developmental stage were retrieved 

from an incubator and surface water was blotted away with tissue 
paper. Germinants were then sealed in a tin capsule with a ther- 
mocouple contacting the germinant surface and another thermo- 
couple placed outside the capsule. These germinants were placed 
in an incubator at 0°C for 1 hour before being moved into a freez- 
er which was programmed at a cooling rate of 2.5”C hour-* from 
0 to -30°C over a 12 hour period. A randomized complete block 
design with 4 replicates arranged over time was used. 
Temperatures of germinants and the air inside the freezer were 
recorded with a CR7 Campbell Scientific datalogger at l-minute 
intervals. Temperatures at which exotherms occurred were 
obtained by comparing the difference in temperatures inside and 
outside the capsules. The cumulative percentage of germinants 
with exotherms occurring between 0 and -6°C 0 and -10°C and 
0 and -30°C were calculated. 

80 +i? 
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Subsequent Growth and Mortality of Germinants after 
Cooling 

Twenty germinants, as an experimental unit, were retrieved 
from the freezer at 0, -6, -10 and -30°C and put into an incubator 
at 0°C for 24 hours. Seedling axial length was then obtained 
using a digitizing tablet (Booth and Griffith 1994) and the germi- 
nants were subsequently incubated at 10°C under 12 hour light 
for 7 days. Seedling axial length was measured again at the end 

1 2 3 4 5 6 7 8 '9 'IO 11 12 
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0 

100 

80 -2 
c. 

60 s 
'S 
OJ 40 5 
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Fig. 1. The long-term monthly precipitation (bar) and mean air tem- 
perature (line) at Matador, Saskatchewan; Sterling, Colo.; and 
Pine Bluffs, Wyo. (based on data of Owenby and EzeB 1992a, 
1992b; and Environment Canada 1982). 
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Results Table 2. Growth of winterfat germinants incubated at lo’ C for 2 to 14 
days after different cooling treatments. Note that WC does not cause 

Axial Length and Moisture Content of Germinants in 
Relation to Developmental Stage 

The axial length of germinants was significantly different 
among developmental stages, averaging 4.3 + 0.2, 11.3 f 0.5, 
28.8 f 0.8, and 45.3 f 2.2 mm for germinants of 2, 3, 6, and 14 
DI, respectively (mean f SE). The moisture content increased 
with DI, averaging 185 & 7, 290 f 11, 709 -I- 29 and 1650 f 921 
for germinants of the 4 developmental stages. There were no dif- 
ferences among seed collections in seedling length or moisture 
content within any developmental stage. 

freezing stress. 

Days of incubation 
Seed collection/ 2 3 6 14 
cooling temperature 

c-3 --.--------.-----(mm)----------------- 
Matador: 

0 36.6aA1 30.5aB 8.3aC I .8aD 
4 41.2aA 22.2aB 7.6aC 0.7aD 

-10 37.2aA 23.8aB 7.9aC 2.0aD 
-30 31.6aA 2.9bB ___ ___ 

Sterling: 

Exotherm Distribution by Cooling Regime and -6” 30.2aA 17.9aB 9.5aB 1.6aC 

Developmental Stage 
26SaA 18.4aB 7.6aC 0.3aD 

Only 1 exotherm was observed for each germinant. There were 
-10 26.6aA 15.8aB 6.6aC l.laD 

___ ___ ___ 
no differences in exotherm temperature among seed collections 

-30 26.la 

within any developmental stage, therefore, data were pooled 
Pine Bluffs: 

(Table 1). All germinants exhibited exotherms before tempera- 4 26.8aA 18.4aB 8.9aC l.laD 

tures dropped to -30°C. Temperatures at which the exotherm 
33.3aA 16.7aB 6.5bC 0.9aD 

-10 29.4aA 18.7aB 6.3bC O.OaD 
occurred increased with DI, from an average of -13.3 to -7.6”C. -30 27.2a __- -._ 

‘Means with the same lower case letter within a column (days of of incubation) or those 

Growth of Germinants after Cooling with the same capitalized letter within a row (cooling temperature) are not significantly 

Growth of germinants after cooling was affected by the interac- 
different at P 2 0.05 

tion of seed collection, developmental stage, and degree of cool- 
ing. Within any seed collection and cooling temperature, growth vived after -30°C. The mortality of germinants after 14 DI was 

decreased with DI (Table 2). Growth of germinants at 2 and 14 high and similar among treatments, though the Matador collec- 

DI were not affected by cooling temperature in any seed collec- tion had less mortality after cooling to -6 and -1OOC than 

tion (Table 2). Germinants were killed or growth was reduced occurred in other treatments. 

after -30°C for all collections at 3 and 6 DI. The only other dif- 
ference was that germinants of the Pine Bluff collection at 6 DI 
had greater growth at 0°C than at other temperatures. 

Discussion 

Germinant Mortality after Cooling 
Mortality of germinants after cooling was interactively influ- 

enced by seed collection, developmental stage, and cooling tem- 
perature. Most germinants at 2 DI survived cooling to -3O”C, 
except for the Pine Bluffs collection, which had a higher mortali- 
ty rate at -30°C than at other temperatures [Table 3). In all col- 
lections, the survival of germinants at 3 and 6 DI was not affected 
by cooling temperatures as low as -lOOC, but few, if any, sur- 

Table 1. Cumulative percentage of exotherm occurrence at different 
cooling intervals and, mean exotherm temperature for winterfat ger- 
minants incubated at 10’ C for 2 to 14 days then cooled between 0 and 
-30’ c. 

Days of incubation 
Colling intercal 2 3 6 14 

03 
o- 0 0.0 0.0 0.0 0.0 
o- -6 5.6b’ 5.lb 5.lb 22.2a 
o--to 24.8~ 41.3b 43.0b 88.0a 
o--30 100.0 100.0 100.0 100.0 

.--------.--.---(“C)-------------.-- 
Mean exotherm 
temperature -13.3d -I 1.5c -10.7b -7.6a 

‘Means wirh the same letter within a cooling interval or exotherm temperature are not 
significantly different at P -< 0.05. Means with no letter are not different among days of 
incubation. 

Sakai and Larcher (1987) reported that the resistance of dor- 
mant seeds to freezing is rapidly lost at the beginning of germina- 
tion. Both a high and a low temperature exotherm occurred in 
hydrated lettuce seed, but only one exotherm, in the high temper- 
ature exotherm range, was observed after radicle emergence 
(Stushnoff and Junttila 1978). Hydrated winterfat diaspores also 
exhibited high and low temperature exotherms and these occurred 
between -4 to -5 and -14 to -19”C, respectively (Bai et al. 
1998). Results from the current study show only 1 exotherm after 
radicle emergence. This exotherm was not the result of a merging 
of high and low temperature exotherms because it fell in the low 
temperature exotherm range. The high temperature exothenn in 
hydrated winterfat seeds is the result of ice formation between 
pericarp and seed, as evident by the single exotherm from seed 
with pericarp removed (Bai et al. 1998). 

The low temperature exotherm is thought to represent ice for- 
mation within embryo cells. In this study, the temperatures at 
which the exotherm occurred gradually increased with the devel- 
opmental stage of germinants from -13.3 to -7.6”C, indicating a 
gradual process of changes in freezing susceptible characteristics 
as development proceeds from seed to seedling. Booth (1989) 
suggested that changes in freezing tolerance of winterfat at differ- 
ent developmental stages were associated with increasing cell 
size, increasing development of vascular cylinder, and the devel- 
opment of root hairs. As a cell grows, the surface area of the plas- 
ma membrane increases by the square of cell diameter, but the 
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Table 3. Percentage mortality of winterfat germinants incubated at 10-C 
for 2 to 14 days after different cooling treatments. The confidence 
limit* for the 50% mortality point is 30 to 70%. Treatments are signif- 
icantly different from 50% if the mortality percentage falls outside this 
range. 

Days of incubation 
Seed collection/ 2 3 6 14 

cooling temperature 

CC) -------------.----(“)-------...-------- 

Matador: 
0 0.0 0.0 2.5 76.5 

4 0.0 0.0 2.5 55.0 
-10 0.0 0.0 5.0 52.5 

-30 0.0 90.3 100.0 100.0 
Sterling: 

0 0.0 4.2 0.0 70.0 

4 0.0 0.0 2.7 81.7 

-10 7.8 0.0 15.7 95.0 
-30 0.0 100.0 100.0 100.0 

Pine Bluffs: 
0 0.0 2.5 2.5 60.0 

4 2.7 0.0 0.0 90.5 
-10 0.0 0.0 2.5 95.0 
-30 20.0 100.0 100.0 100.0 

‘Calculated using the normal approximation for a percentage (Steel and Tonic 1980) 
and a sample size of 20. 

cell volume increases cubically. If the permeability of the plasma 
membrane remains constant, the larger cell has less capacity to 
dehydrate and is more at risk to damage from intracellular ice as 
the temperature decreases. 

The freezing resistance of seedlings usually decreases gradually 
in early stages until the cotyledons develop, such as in silver fir 
(Abies &a) (unpublished data of G. Bendetta as cited in Larcher 
1985). This resistance increases after the lignified xylem devel- 
ops. For common beet (Beta vulqaris), frost resistance decreased 
after seed germination, and increased after cotyledons were 
exposed to light and the first 2 leaves developed (from Gary 1975 
as cited in Sakai and Larcher 1987). The freezing tolerance of 
winterfat germinants decreased with development before the first 
true leaves emerged (the current study), and continuously 
decreased in seedlings grown at 15/5”C up to 28 days (Hou and 
Romo 1997). Therefore, despite its high freezing tolerance in the 
seed stage (Bai et al. 1998), winterfat is vulnerable to freezing 
after radicle emergence and before lignification. 

Freezing damage, measured by subsequent growth and mortali- 
ty of germinants after cooling, increased with developmental 
stage. However, the occurrence of an exotherm was not always 
lethal to winterfat germinants. A majority of early stage germi- 
nants survived the ice crystal formation implied by exotherm 
occurrence. Some late stage germinants also had post-freezing 
survival, but low light levels in growth chambers and germination 
boxes may have restricted post-cooling growth. High mortality (> 
50%) of seedlings that were not cooled below O”C, and the con- 
sistent decrease in growth with DI suggest that data for germi- 
nants at 14 DI (Tables 2 and 3) may reflect light limitations more 
than the effects of cooling. 

An increase in germinant mortality was also found where tem- 
peratures were reduced below the exotherm temperature, indicat- 
ing that the low temperature exotherm is not the single critical 
measure for freezing damage in winterfat germinants. Events that 

happen at lower temperatures may reduce their survival, possibly 
due to freezing desiccation. For species with deep cooling mecha- 
nisms, such as maple (Acer rubrum L.) and white ash (Fraxinus 
americans L.) (Lindstrom et al. 1995), southern magnolia 
(Magnolia grandiflora) and evergreen azaleas (Rhododendron 
spp.)(Anisko and Lindstrom 1995), the lowest survival tempera- 
ture was higher than the low temperature exotherm, indicating 
that damage may have occurred at a higher temperature. 
Therefore, the relation between the low temperature exotherm 
and plant survival is species specific. 

In conclusion, we accept our hypothesis that freezing tolerance 
of winterfat germinants decreases as the development progresses. 
Warm temperatures increase the rate of plant development, lead- 
ing to increases in plant size and water content. These changes 
also increase the probability that plants will be injured by a sub- 
sequent freezing event. Thus, freezing events preceeded by 
extended periods of warm temperatures will likely reduce winter- 
fat recruitment. There are conditions, yet to be studied, which 
may affect application of our current findings to winterfat revege- 
tation and population ecology. For example, seed germination 
and germinant development under a diurnal cycle that includes 
regular exposure to freezing conditions, may produce seedlings 
that are more tolerant of freezing. 
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Rangelands and Pastoral Development in the Hindu 
Kush-Himalayas. Edited by Daniel J. Miller and Sienna 
R. Craig, with numerous text contributors. 1997. 
International Centre for Integrated Mountain 
Development (ICIMOD), GPO Box 3226, Kathmandu, 
Nepal. 268 p. US$20.00 paper. ISBN 92-9 115 158-O. 
From the land of the yefi comes this published Proceedings 

of a Regional Experts’ Meeting, held Nov. 5-7, 1996 in 
Kathmandu, the goal of which was to elevate awareness of 
regional rangeland management, biodiversity conservation, 
forage improvement and socio-pastoral development. The 
meeting involved participants from 8 countries of the Hindu 
Kush-Himalayan (HKH) region, from Afghanistan to China. 

The book can be divided into 3 main sections. The first 7 
technical papers are separated from the last 11 by an go-page 
photo essay by the senior editor. The technical papers include 
introductory and summary papers by Mr. Miller, and a variety 
of papers from the contributors. In content, the papers range 
from semi-technical to general, and cover topics from biodiver- 
sity conservation to livestock production systems to forage 
improvement. Some papers include informative tables and fig- 
ures. Photographs, all black and white, are restricted to the 
photo essay. Some of the photographs are technically good, 
some are grainy, but nearly all are interesting, picturing indige- 
nous people, regional livestock (sheep, goats, yaks, etc.), and 
spectacular Himalayan plateaus. Some of the technical papers 
have local or national maps, but a general map of the region is 
unfortunately absent, perhaps wisely replaced by the editors 
with a disclaimer concerning any implications of the legal sta- 
tus of any territorial boundaries. Considering the China-Tibet 
situation, and other less extensive matters of opinion, regional 
maps in the HKH are in poor taste. 

The writing in Rangelands and Pastoral Development in the 
Hindu Kush-Himalayas is as uneven as the Tibetan skyline, 
but the effect isn’t as pleasing. Some of the papers, such as 
one by the junior editor entitled Pasture Management, 
Indigenous Veterinary Care, and the Role of the Horse in 
Mustang, Nepal, read well, while others are fragmented, read- 
ing more like overlong abstracts, suggesting haste in prepara- 
tion. Even beyond the uneven narrative, the editing is rough, 
like a yak’s coat, not so much in its typographical carelessness 
as in its tolerance of repetition in the narrative which might 
invite somnolence or arouse irritation, depending on the read- 
er’s disposition. This repetition of ideas begins early, in the 
opening addresses and introduction, and with the absence of 
proper citations, the reader will have trouble determining who 
is quoting whom. The concluding paper is internally repetitive 
as well, and the problem occurs throughout much of the book, 
including Mr. Miller’s photo essay. Maybe the editors had 
larger problems assembling these diverse papers from their 
diverse contributors. Or maybe the time unspent on these edi- 
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torial matters was spent addressing one of the serious regional 
pastoral problems. In any case, the spectacular rangeland ecol- 
ogy and colorful pastoral history of the region described in the 
book inevitably compensate the reader for some of these tech- 
nical limitations. 

Despite the physical elevations involved, the publication 
mostly avoids lofty, strategic philosophizing about land use 
and social politics, preferring a lower level tactical enumera- 
tion of problems and possible remedies. Considering the 
abominable environmental degradation occurring in much of 
the HKH, some papers involve discussions and problems that 
are, by U.S. standards, strongly production oriented. Some 
guiding values are involved in the senior editor’s introductory 
and concluding discussions, such as recognition of the inher- 
ent efficiencies and wisdom of many historical practices and 
production systems, and the proven resilience of the region’s 
natural rangelands. And regional trends, such as burgeoning 
tourism and encroaching technology are noted. But rather than 
serving as the basis for any focused analyses to address the 
region’s problems, these observations become part of a fabric 
of obvious, albeit repetitive, sociological group-yak about the 
need to involve pastoral peoples in any communal develop- 
ment process. The region’s problems are mercilessly many, 
and lengthily listed, but ultimately remain fragments, unad- 
dressed in the absence of any systematic model or protocol for 
coherently addressing them. Maybe, as the editors suggest, 
knowledge in the region is still too limited to expect coherent 
approaches. But with all of the urgency that this book 
describes, the regional experts had better start developing 
some coherent, working socio-environmental models or proto- 
cols if the region’s natural resources are to be saved. The con- 
vergence of demographic pressures and technological changes 
suggest that scientifically-based approaches must be imple- 
mented immediately. Evidently, they are already late. 

As Mr. Miller and others repeatedly emphasize, addressing 
the pastoral problems of the HKH will require the design of 
solutions which involve and accomodate indigenous peoples. 
But with the rapidly accelerating changes occurring in the 
region, saving the imminently threatened rangelands will also 
likely depend on the resourceful adaptability of the Himalayan 
people, best captured in a photograph from Mr. Miller’s photo 
essay. In that photograph, a Tibetan woman is perched in an 
open-air market, wearing a Russian-style fur shapka-ushanka 
(hat) guaranteed to catch any tourist’s eye, and selling Tibetan 
antelope horns and a stack of Indiana Jones-style fedoras. She 
may well have ancestry of simple nomadic pastoralists, but 
her intelligent and confident look, and her eclectic inventory, 
suggest that she is more than able to deal with anything, new 
or not, that might come along.-David L. Scarnecchia, 
Washington State University, Pullman, Washington. 

723 


	Table Of Contents: Vol.51, No.6, November 1998
	Articles
	Integrating genetic concepts into planning rangeland seedings
	Changes in reproductive habitat of gray partridge after burning
	Impact of leafy spurge on post-Conservation Reserve Program land
	Grassland fire effects on barbed wire
	Use of native plants on federal lands: Policy and practice
	Estimating ashe juniper leaf area from tree and stem characteristics
	Effect of ground squirrel burrows on plant productivity in a cool desert environment
	Heterogeneity in tall fescue pastures created and sustained by cattle grazing
	Experimental evidence for sex-based palatability variation in fourwing saltbush
	Microhistological analysis of sheep gastro-intestinal content to confirm poisonous plant ingestion
	Viewpoint: Livestock influences on riparian zones and fish habitat: Literature classification
	Observation: Life history spotted knapweed
	Herbaceous response to canopy removal in southwestern oak woodlands
	Implications of desert rodent seed preferences for range remediation
	Long term dynamics of 2 populations of Prosopis caldenia Burkart
	Clipping and Japanese brome reduce western wheatgrass standing crop
	Seed weight and germination time affect growth of 2 shrubs 
	Cold-hardiness of silver sagebrush seedlings
	Developmental stages of winterfat germinants related to survival after freezing

	Book Reviews
	Rangelands and Pastoral Development in the Hindu Kush-Himalayas


	Authors
	Bai, Y.
	Barrington, Mack R.
	Bateman, Sheryl L.
	Booth, D.T.
	Brizuela, Miguel A.
	Buckhouse, John C.
	Chambers, Jeanne C.
	Cid, Maria Silvia
	Cid, Maria Silvia
	Dugan, B.P.
	Dugas, W.A.
	Dumas, Samuel
	Dussart, Esteban
	Engle, D.M. 
	Gay, D.L.
	George, Melvin R.
	Haferkamp, Marshall R.
	Heitschmidt, R.K.
	Hicks, R.A.
	Hirsch, Steven A.
	Hou, Junqiang
	Hou, Junqiang
	Jacobs, James S.
	Johnson, Doulgas A.
	Jones, Thomas A.
	Jorgensen, Gary L.
	Karl, Michael G.
	Krueger, William C.
	Larsen, Royce E.
	Laundre, John W.
	Leitch, Jay A.
	Lerner, Pamela
	Longland, William S.
	Lopez, Tomas
	Maywald, Dionne
	McArthur, Durant E.
	McPherson, Guy R.
	Novoa, Claude
	Peinetti, Raul
	Prodon, Roger
	Richards, Rebecca T.
	Romo, J.T.
	Romo, J.T.
	Romo, J.T.
	Ross, Christopher
	Sheley, Roger L.
	Stevens, Richard
	Walker, Scott C.
	Weir, J.R.
	Weltzin, Jake F.
	Yagueddu, Cristina


