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Abstract
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The 51 papersin this proceedings include an introductory keynote paper on ecotones and hybrid zones and a final paper describing
the mid-symposium field trip as well as collections of papers on ecotones and hybrid zones (15), population biology (6), community
ecology (19), and community rehabilitation and restoration (9). All of the papers focus on wildland shrub ecosystems; 14 of the papers
deal with one aspect or another of sagebrush (subgenus 7ridentataeof Artemisia) ecosystems. The field trip consisted of descriptions
of biology, ecology, and geology of a big sagebrush (Arfemisia tridentata) hybrid zone between two subspecies (A. fridentata ssp.
Iridentataand A. t ssp. vaseyana) in Salt Creek Canyon, Wasatch Mountains, Uinta National Forest, Utah, and the ecotonal or clinal
vegetation gradient of the Great Basin Experimental Range, Manti-La Sal National Forest, Utah, together with its historical
significance. The papers were presented at the 10th Wildland Shrub Symposium: Shrubland Ecotones, at Snow College, Ephraim,
UT, August 12—14, 1998.
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Ecotones: Introduction, Scale, and
Big Sagebrush Example

E. Durant McArthur

Stewart C. Sanderson

Abstract—Ecotones and other boundary concepts are important in
biological processes. The scale of biological boundaries is enormous
(from molecular and cellular to landscape and biome). Boundaries
offer the opportunity for interaction at these many different scales.
Traditionally, ecotones have been considered junction zones be-
tween two or more communities where the processes of exchange or
competition between neighboring communities or subunits of com-
munities occur. Depending on scale, climate, topography, soil char-
acteristics, species interactions, physiological parameters, and popu-
lation genetics are important considerations at ecotonal boundaries.
Hybridization between compatible taxa often occurs at ecotones.
Members of the big sagebrush (Artemisia tridentata) species com-
plex (subgenus Tridentatae of Artemisia) often meet at ecotones
affording opportunities for hybridization. Some taxa form hybrid
zones at such sites and others do not. Data from sagebrush hybrid
zones favor the bounded superiority hybrid zone model. Stable
hybrid zones with their array of genetic recombinants afford the
opportunity for evolutionary radiation when dynamic climatic pro-
cesses change habitats and should be considered for management
purposes.

Ecotones and other boundary concepts are important in
biological processes and systems. Many fundamental pro-
cesses and functions occur at biological boundaries of vari-
ous scales. Whereas ecotones are generally considered to be
tied to plant community boundaries, the scale of biological
boundaries is enormous, from molecular and cellular to
landscapes and biomes. Boundaries offer the opportunity for
interaction between and among cells and cellular compo-
nents, organs, organisms, populations of organisms, com-
munities, groups of communities or landscapes, and biomes
(large landscapes with a characteristic late seral dominant
vegetation type, for example, grasslands). The interactions
may be in the nature of exchange of organisms through
migration or invasion or of exchange of organismic charac-
teristics by hybridization or introgression, or of displace-
ment of organisms and modification of habitats by invasion
or competition from other organisms. This paper presents an
introduction to the symposium by examining ecotonal con-
cept history, ecotone definition, the general properties of
ecotones, and other biological boundaries in smaller and
larger scale than traditional community ecotones. Special

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.

E. Durant McArthur is Project Leader and Research Geneticist, and
Stewart C. Sanderson is Research Geneticist (Professional), Shrub Sciences
Laboratory, Rocky Mountain Research Station, Provo, UT 84606.
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attention will be paid to hybridization in sagebrush (subge-
nus Tridentatae of Artemisia) and hybrid zones between
subspecies of big sagebrush (A. tridentata).

Ecotones

Ecotone Definition

Pioneering American plant ecologist Frederic Clements
(1905) defined an ecotone as a “junction zone between two
communities, where the processes of exchange or competi-
tion between neighboring formations might be readily ob-
served.” Clements (1905) further described ecotones as ten-
sion zones where principal species from adjacent communities
meet their limits. Eugene Odum, perhaps the pre-eminent
American ecologist of the last half-century, described an
ecotone as “a transition between two or more diverse com-
munities.... The ecotonal community commonly contains
many of the organisms of each of the overlapping
communities...and organisms characteristic (or) restricted
to the ecotone” (Odum 1971).

A more recent and formal definition is that of the SCOPE/
MAB working group (Holland (1988): “zone of transition
between adjacent ecological systems, having a set of charac-
teristics uniquely defined by space and time scales and by
the strength of the interactions between adjacent ecological
systems.” In this definition the term “ecological system”
includes such commonly described hierarchical entities such
as demes, populations, communities, ecosystems, landscapes,
and biomes (Gosz 1991; Holland 1988). In this definition
ecotones are interpreted as biological boundaries of various
scales. It is important to remember that boundaries are
identifiable and meaningful only relative to specific ques-
tions and points of reference. An ecotone at one spacial scale
may be seen as a collection of patches on a finer scale (Gosz
1991).

Scale of Ecotones

Gosz (1993) presented ecotonal hierarchies (table 1). In
the table, ecotones and their possible constraints are listed
from the biome to population levels. Biological boundaries at
smaller scales have analogous properties to the classically
understood organismic and community ecotones (Wiens and
others 1985). The analogy is that boundaries between ele-
ments in a community or landscape function at a different
scale or level than those in organismal or physical systems.
Like cellular membranes, ecotonal boundaries vary in their
permeability or resistance to flows. The currency of flow is
contrasting, that is, from organisms to genes to chemicals.
The variation is a consequence of characteristics of the



Table 1—Ecotone hierarchy for biome transition area. The range of
constraints and interactions at each level in the ecotone
hierarchy is given; x symbolizes interactions between
constraints (from Gosz 1993).

Ecotone hierarchy Probable constraints

Biome ecotone Climate (weather) x topography

Landscape ecotone
(mosaic pattern)

Weather x topography x soil characteristics

Patch ecotone Soil characteristics x biological vectors x
species interactions x microtopography x

microclimatology

Population ecotone
(plant pattern)

Interspecies interactions x intraspecies
interactions x physiological controls x
population genetics x microtopography x
microclimatology

boundary, for example, its thickness, the degrees to which
the separated patches, organisms, cells, and cellular compo-
nent differ and their responses of different materials, organ-
isms, or abiotic factors to the boundary (Gosz 1991).

We conclude this brief discussion on scale by citing some
cellular ecotone examples that demonstrate boundary ex-
change phenomena:

* Chloroplasts are more homologous to blue-green algae
RNA (47 percent) than they are to cytoplasmic RNA
from their same cells (~1 percent) (Schwemmler 1989).

* Mitochondrial ribosomes are more similar to bacteria
than they are to cytoplasmic ribosomes (Schwemmler
1989).

® The sagebrush (Artemisia subgenus Tridentatae) chlo-
roplast genome has been captured by sand sage (Artemi-
sia filifolia of subgenus Dracunculus) (Kornkven 1997).

Traditional Views of Ecotones

After Clements’ (1905) clarion call about ecotones being a
junction zone between plant communities, scientists and
resource managers began to study ecotones. By the 1930’s
three spacial scales of ecotones with attendant scientific and
managementimplications had developed (Risser 1995). These
were:

e Wildlife biologists awareness of the value of local edges
or margins for habitat, cover, and food for many game
and nongame species.

* Scientists began studying conspicuous transitional ar-
eas at mountain and tundra tree lines including explor-
ing adaptations that enable plants to survive in those
locations.

* Scientists were interested in the broad transitional
areas between continental-scale biomes, for example,
Arctic tundra and boreal forest, North American de-
ciduous forest, and central plains grassland.

Currently, ecotones are studied over broader scales than
these traditional areas, but these areas remain topical
(Holland and others 1991; Levin 1995; Risser 1995; Unwin
and Watson 1997). Risser (1995) in his review of the study of

ecotones suggests that the most important current ecotonal
studies are the dynamic impact of ecotones on an active
landscape, ecotones significant roles in supporting a high
level of biological diversity, ecotones role as a source of high
levels of primary and secondary productivity (ecotones fre-
quently intensify or concentrate the flows of water, nutri-
ents, and other materials, as well as the movement of
organisms across the landscape), ecotones provision of im-
portant components of wildlife habitat, and ecotones acting
as sensitive indicators of global change. As an example of
shifting ecotonal boundaries, one of Risser’s (1995) impor-
tant areas of current ecotonal study, Walker and others
(1996) presented data showing changes in the principal
cover types on the Great Basin Experimental Range (see
field trip report—McArthur and others, this proceedings)
from 1937 to 1991, wherein quaking aspen (Populus tremu-
loides) cover types declined from 40 percent to 22 percent,
Gambel oak (Quercus gambelii) cover types increased from
16 to 27 percent, and spruce-fir (Picea spp.—Abies ssp.)
increased from 13 to 22 percent). We also comment briefly on
another of Risser’s (1995) important areas of current study,
that of the importance of ecotones to biological diversity. Not
only do ecotones function as an area of concentration of
higher numbers of species through the accommodation of a
higher number of species (= species diversity) than the
adjacent more traditional communities, but they may also
be areas of greater genetic diversity of individual species or
serve as bridges of gene flow between species populations
(Levin 1995; McArthur 1989). Ecotones in time can be
considered not only as species and community migration in
response to changing conditions but also on a particular site
as succession occurs.

Two conditions favor the formation of traditional commu-
nity ecotones (Gosz 1992; Risser 1995): (1) Steep gradients in
physical environmental variables, for example, topography
and climate, that directly affect key ecological processes and
the distribution of organisms; (2) Threshold or nonlinear
responses to gradual gradients in the physical environment
that cause large changes in ecosystem dynamics and the
distributions of dominant species. Population ecotones
(table 1) are facilitated by the traditional community eco-
tones because it is often at the traditional community eco-
tones that interspecific and intraspecific contact occurs so
that interactions can occur.

Hybridization and Hybrid Zones ____

For the balance of this paper we discuss population eco-
tones or plant patterns (table 1) using the sagebrush (subge-
nus Tridentatae of Artemisia) example.

Introgression and Hybridization in
Sagebrush

Big sagebrush (Artemisia tridentata) in particular and
sagebrush (subgenus Tridentatae) in general have appar-
ently gained their landscape-dominant, broad-niche-filling
status through a reticulate, hybridizing, evolutionary path-
way (McArthur and others 1981, 1988; Ward 1953; Winward
and McArthur 1995). Several extant taxa are thought to
be the product of hybridization events, some involving
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polyploidization as well (table 2). We believe that ecotonal
boundaries created as sagebrush and other plant species
moved across the landscape in response to past climatic and
geological changes facilitated contact between sagebrush
taxa (McArthur and Plummer 1978; McArthur and others
1981; Thompson 1991). Given the opportunity, sagebrush
taxa will hybridize. Such opportunities are documented in
table 3 where tightly parapatric or sympatric populations of
several sagebrush taxa are listed. Hybrids resulting from
populations of different taxa in close proximity are probably
incidental and not significant in the long run (Beetle 1970).
However, some have resulted in new adaptative forms,
formally described or otherwise (table 2). We believe that
hybrid zones (see next section) form a stable reservoir of
adapted plants available to migrate into areas that become
available with changing environmental conditions, for ex-
ample, climate and geology.

Sagebrush Hybrid Zones

Several papers in this proceedings, that is Graham and
others, Freeman and others, Smith and others, Young and
Clements, and Goodrich and others, report the results of
research in sagebrush hybrid zones or ecotones. Hybrid zone
theory is an area of considerable current interest by evolu-
tionary ecologists (Arnold 1997; Harrison 1993). Why is this
so? It is because of the dilemma posed by the number and
stability of hybrid zones despite the dogma of the biological
species concept that hybrids inherently have a reduced
fitness in respect to their parents (Arnold 1997; Freeman
and others, this proceedings; Graham and others, this pro-
ceedings; Harrison 1993; and references cited therein).

Table 3—Sympatric and tightly parapatric distributions of sagebrush
(subgenus T7ridentatae of Artermnisia) taxa (data from
McArthur and Sanderson, in press).

. fridentala ssp. tridentata and A. tridentata ssp. vaseyana

. fridentala ssp. tridentata and A. tridentata ssp. wyomingensis
. arbuscula ssp. arbuscula and A. tridentata ssp. wyomingensis
. tridentala ssp. vaseyana and A. cana ssp. viscidula

. fridentala ssp. vaseyana and A. tridentata ssp. spiciformis
arbuscula ssp. arbuscula and A. tridentata ssp. vaseyana
canassp. canaand A. tfridentalta ssp. wyomingensis

. tridentata ssp. wyomingensis and A. trjpartiia ssp. tripartiia

. tridentata ssp. wyomingensis and A. nova

. novaand A. arbuscula ssp. arbuscula

L NI O N N O NI N N N N

There are three principal hypotheses that address the
stability of hybrid zones. Two of these accept the reduced
fitness of hybrids: (1) the dynamic equilibrium model is built
on the premise that stability is maintained by a counterbal-
ance of gene flow across the hybrid zone offset by reduced
hybrid fitness (Barton and Hewitt 1985)—with this model
the hybrid zone is independent of the environment and
would not necessarily occur at a ecotone; (2) the mosaic
hybrid zone model is built on the premise that hybrid zones
occur in ecotones that are a mosaic of two habitats with each
parental type adapted to different elements of the mosaics
and with unfit hybrids not adapted to either mosaic element
(Harrison and Rand 1989). The third model, the bounded
hybrid superiority model (Moore 1977),is built on the premise
that hybrids are of superior fitness but only in the hybrid
zone that occupies an ecotone between parental habitats.

Table 2—Described and undescribed hybrid taxa or populations in sagebrush (subgenus 7ridentatae of Artemisia).

Taxon or population

Putative parents

References

Winward and McArthur 1995; McArthur
and Sanderson, in press

A. arbuscula ssp. longicaulis A. arbuscula ssp. arbuscula x
A. tridentata ssp. wyomingenis
A. argillosa A. cana ssp. visiciaula x
A. longiloba
A. tridentata ssp. spiciformis A. tridentata ssp. vaseyana x
A. cana ssp. visiclaula
A. tridentata ssp. xericensis A. tridentata ssp. tridentata x
A. tridentata ssp. vaseyana
A. tridentata ssp. wyomingensis A. tridentata ssp. tridentata x
A. tridentata ssp. vaseyana with
perhaps some involvement with
A. nova as well
“Introgressed Wyoming big sagebrush” A. tridentata ssp. wyomingenis x
A. tridentata ssp. vaseyana
“Dubois sagebrush” A. trppartitax
A. tridentata ssp. wyomingenis
“Gosiute sagebrush” A. tridentata ssp. wyomingenis x
A. longiloba
“Big sagebrush hybrid zone” A. tridentala ssp. tridentata x
A. tridentata ssp. vaseyana

Beetle 1959

Beetle 1959; Goodrich and others 1985;
McArthur and Goodrich 1986; Gunawardena 1994

Winward 1970; Rosentretter and Kelsey 1991;
McArthur and Sanderson, in press

Beetle and Young 1965; Winward 1975;
McArthur 1983; McArthur and others 1998b,c

Winward, personal communication; McArthur and
Sanderson, in press; discussion, this paper

Winward, personal communication;
discussion, this paper

Winward, personal communication;
discussion, this paper

Hybrid zone papers in table 4, those footnoted?
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A series of studies in natural hybrid zones and in gardens
comprised of parental and natural and synthesized hybrids
have led us and our colleagues (principally Carl Freeman,
John Graham, and Han Wang) to support the validity of the
bounded superiority hybrid zone model for the sagebrush
system (table 4). These studies have involved plant morphol-
ogy, growth rates, plant chemistry, selection gradients and
fitness, developmental instability, insect relationships, soils,
mineral uptake, plant community dynamics, and respira-
tion and water potential. Whereas each study may not
clearly distinguish among the validity of the three principal
hybrid zone models, taken in toto, the studies strongly
support the bounded hybrid superiority model.

Consequences of Sagebrush
Hybridization and Hybrid Zones

We believe that there are important evolutionary and
management considerations for fit hybrids in a stable hybrid
zone. Such zones may be narrow as in the case of the Salt
Creek Hybrid Zone (see Field Trip report—McArthur and
others, this proceedings, and the narrow hybrid zone papers
of table 4) but also broad. Our colleague, Alma Winward
(personal communication, August 1998, and on other occa-
sions), has suggested that at least three sagebrush forms,
which have not been formally described, may be stabilized
hybrids (see table 2 for summary of described and non-
described hybrid taxa or populations). The first is a plant
that has intermediate characteristics between mountain
(Artemisia tridentata ssp. vaseyana) and Wyoming (A. ¢. ssp.
wyomingensis) big sagebrush. It is widespread in a broad
ecotone, generally just below or within the pinyon-juniper
(Pinus edulis-Juniperus osteosperma) belt, in Utah and
neighboring States (see Goodrich and others, this proceed-
ings for many locations) above typical Wyoming big sage-
brush habitat and below typical mountain big sagebrush
habitat. This plant is most like Wyoming big sagebrush but
occurs in more mesic habitats than typical Wyoming big

Table 4—Publications on sagebrush hybrid zones or parental and
hybrid plants grown in common gardens.

Noller and McArthur 1986

McArthur and others 1988

Freeman and others 19912

Weber and others 1994

Freeman and others 19952

Graham and others 19952

Messina and others 1996

Wang and others 19972

McArthur and others 1998a2
McArthur and others 1998b

Wang and others 19982

Byrd and others 19992

Freeman an others in 19992

Wang and others, in press?

Graham and others, in review?
Freeman and others, this proceedings?
Graham and others, this proceedings
Smith and others, this proceedings

aThese papers are part of the series “Narrow hybrid zone between two
subspecies of big sagebrush (Artemisia tridentata: Asteraceae).”

sagebrush and shares its habitats with some other shrub
species that are not usual for Wyoming big sagebrush, for
example, bitterbrush (Purshia tridentata), Gambel oak (Quer-
cus gambelii), and Martin ceanothus (Ceanothus martinii).
Its stands also have a richer forb and grass understory than
do typical Wyoming big sagebrush stands. It is tetraploid
like Wyoming big sagebrush but shares some distinctive
chemical characteristics with Wyoming big sagebrush (the
bitter methacrolein smell) and mountain big sagebrush
(some of the water soluble, ultraviolet light visible cou-
marins). We suspect that it is best treated, until more
definitive studies are conducted, as Wyoming big sagebrush
that has been introgressed by tetraploid mountain big sage-
brush or by unreduced pollen from diploid mountain big
sagebrush (McArthur and Sanderson, in press).

The second plant may also best be considered as a variant
of Wyoming big sagebrush until definitive studies are per-
formed. It occurs in the area of ancient Tertiary Lake
Gosiute in the Upper Green River drainage of Sublette
County, WY. Dr. Winward believes that it may be a stabi-
lized hybrid between Wyoming big sagebrush and alkali
sagebrush (A. longiloba). It has a tendency to layer, a trait
absent in typical Wyoming big sagebrush but present in
alkali sagebrush; otherwise it is much like Wyoming big
sagebrush (Winward, personal communication, February
1996 and August 1998). Large stands of typical Wyoming big
sagebrush, typical alkali sagebrush, and the undescribed
plant occur in the area. This suggests that an adapted,
stabilized hybrid may have developed at a ecotone in the
distant past. Its history may be somewhat analogous to
Lahontan low sagebrush (A. arbuscula ssp. longicaulis).
Winward and McArthur (1995) formally described this taxon
and suggested that it is a stabilized hybrid between low
sagebrush (A. arbuscula ssp. arbuscula) and Wyoming big
sagebrush. It occurs in the area of Pleistocene Lake
Lahontan. It shares traits inherent in both low sagebrush
and Wyoming big sagebrush. Lahontan low sagebrush is a
hexaploid. Neighboring populations of low sagebrush are
diploid, and Wyoming big sagebrush are tetraploid (McArthur
and Sanderson, in press).

The third undescribed plant occurs in the upper Snake
River Plain centered near Dubois, ID. Like the previous
examples, it involves Wyoming big sagebrush. In this case
the new plant is quite similar to three-tip sagebrush (A.
tripartita) but also has some similarities to Wyoming big
sagebrush (Winward, personal communication, August 1998).
The undescribed plant incorporates the drought tolerance of
Wyoming big sagebrush and has less dramatic leaf indenta-
tions than does typical three-tip sagebrush. In the general
area of its occurrence, both putative parental taxa are
tetraploid (McArthur and others 1998b; McArthur and
Sanderson, in press). Until the definitive taxonomic work is
performed, we suggest that this plant be referred to as
three-tip sagebrush.

We believe that stable hybrid zones serve as a reservoir of
fit hybrid plants that are available for exploitation of new
habitats. In the past, we believe, this has led to differentia-
tion and new taxa formation. It is a dynamic process;
incipient new forms are available for niches as they develop.
The tools of molecular genetics allow for the testing of the
hypotheses that we have suggested. We believe the results
of such research would be interesting.
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Ecological Analysis of the Big Sagebrush

Hybrid Zone

John H. Graham
D. Carl Freeman
Han Wang

E. Durant McArthur

Abstract—The big sagebrush hybrid zone at Salt Creek, Utah,
occupies an ecotone between two plant communities on the lower
slopes of Mount Nebo. Nevertheless, the ecotone containing the
hybrid zone is not simply intermediate to that of the parental zones.
Soils in the hybrid zone are distinct, and exhibit more spatial
heterogeneity than do soils in the parental zones. Moreover, trans-
planted hybrids in the hybrid zone have higher fitness than do
transplanted parental taxa. What is the ecological mechanism of
this hybrid superiority? Hybrids in the hybrid garden do not have
significantly greater respiration rates, lower water potential, greater
developmental stability, or lesser gall and herbivore loads. Only
nutrient uptake exhibits a significant genotype by environment
interaction that could account for the hybrid superiority in the
hybrid zone. Itis likely that the genetically variable hybrids are able
to adapt to the distinct and heterogeneous soils in the hybrid zone.

Hybrid zones are windows on the evolutionary process
(Harrison 1990; Hewitt 1988). For many years, it was be-
lieved that they represented populations in the process of
evolving reproductive isolation. But many hybrid zones are
stable, in clear violation of classic speciation theory, which
predicts that hybridizing taxa should either evolve repro-
ductive isolation or fuse together. Moreover, there is little or
no evidence that reproductive isolation is reinforced in
hybrid zones (Howard 1993). The unexpected stability of
hybrid zones has been attributed to both hybrid inferiority
(Barton and Hewitt 1985; Harrison and Rand 1989) and
hybrid superiority (Moore 1977). Although most authors
have assumed hybrids to be less fit than their parents, very
few studies have rigorously tested predictions of hybrid zone
theory. Using reciprocal transplant gardens that span the
big sagebrush hybrid zone, we have previously examined
hybrid viability and fertility and have shown that hybrid big
sagebrush (Artemisia tridentata ssp. tridentata X ssp.
vaseyana) are more fit than either parental taxon in the

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
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Rocky Mountain Research Station.

John H. Graham is Associate Professor of Biology, Department of Biology,
Berry College, Mount Berry, GA 30149-0446; D. Carl Freeman is Professor of
Biology, Department of Biological Sciences, Wayne State University, Detroit,
MI 48202; Han Wang is Research Associate, Institute of Neuroscience,
University of Oregon, Eugene, OR 97403; and E. Durant McArthur is
Supervisory Research Geneticist, Shrub Sciences Laboratory, Rocky Moun-
tain Research Station, Forest Service, U.S. Department of Agriculture, Provo,
UT 84606.

USDA Forest Service Proceedings RMRS-P-11. 1999

hybrid zone (Wang and others 1997). Here, we review the
studies of hybrid big sagebrush at Salt Creek, Utah, and
suggest that the superiority of hybrids appears to be due to
more successful uptake of nutrients by hybrids in a hetero-
geneous ecotone.

Big sagebrush (Artemisia tridentata Nutt.) is a wide-
spread species complex (McArthur and others 1988), com-
posed of at least five subspecies. The two most widespread
subspecies are basin big sagebrush (A. ¢. ssp. tridentata) and
mountain big sagebrush (A. ¢. ssp. vaseyana), which differ in
habitat, height, root length, branching pattern, leaf mor-
phology and arrangement, flowers per head, coumarin and
monoterpenoid composition, and DNA markers (Byrd and
others 1999; Freeman and others 1991; McArthur and oth-
ers 1979, 1988, 1998b; Welch and Jacobson 1988).

Hybrid Zone Theory

Three hypotheses have been proposed to explain the
apparent stability of hybrid zones. Two of these hypotheses
accept the inferiority of hybrids. The dynamic equilibrium
model (Barton and Hewitt 1985) suggests that hybrid zones
are stabilized by a combination of hybrid inferiority and
gene flow across the hybrid zone. Accordingly, one expects
such hybrid zones to be independent of the environment, and
not necessarily associated with ecotones. The mosaic hybrid
zone model (Harrison and Rand 1989) suggests that hybrid
zones occur in ecotones that are a mosaic of two habitats.
According to this model, each parental taxon is adapted to a
different element of the mosaic. Because there are only two
elements in the mosaic, the hybrids are not adapted to either
habitat, and so are inferior with respect to fitness. Only one
hypothesis accepts the superiority of hybrids. According to
the bounded hybrid superiority model (Moore 1977), hybrids
have superior fitness, but only in the hybrid zone, which
occupies an ecotone between the parental habitats.

The different models make different predictions regard-
ing hybrid fitness and the relationship between the hybrid
zone and environment. The dynamic equilibrium and mo-
saic models predict that hybrids are less fit than parental
taxa in all environments. The dynamic equilibrium model
alone predicts that the hybrid zone is independent of envi-
ronmental variation. The mosaic and bounded hybrid supe-
riority models predict that the hybrid zone is dependent on
environmental variation. The bounded hybrid superiority
model alone predicts that hybrids have superior fitness in
the hybrid zone.
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The Big Sagebrush Hybrid Zone ____

Basin and mountain big sagebrush hybridize throughout
Western North America. Both subspecies co-occur in the
Great Basin and Rocky Mountains of the United States and
Canada (Shultz 1986). In central Utah, basin big sagebrush
is at elevations less than 1,780 m, while mountain big sage-
brushis at elevations greater than 1,660 m. They hybridize at
intermediate elevations, where the two subspecies overlap
(McArthur and others 1988). We have studied hybrid big
sagebrush at four locations in Utah: Diamond Fork Canyon
(McArthur and others 1988), Orem (Freeman and others 1991,
Graham and others 1995), Salt Creek (Byrd and others 1998;
Freeman and others 1991, 1995, 1999a; Graham and others
1995; McArthur and others 1998a; Wang and others 1997,
1998, in press), and Clear Creek (Freeman and others 1999b;
Wang 1996; Wang and others 1998).

At Diamond Fork, Salt Creek, and Clear Creek, basin big
sagebrush are on alluvial benches 1 to 2 m above the flood-
plain of the nearby streams. At Orem, the population of big
sagebrushison an alluvial fan at the base of Mt. Timpanogas;
this population is not near a stream. In all four locations,
mountain big sagebrush is at higher elevations on the slopes
of the mountains, and hybrids are at intermediate eleva-
tions, which range from flat to moderate slope. The widths of
the four hybrid zones range from 80 to 3,000 m.

We have built reciprocal transplant gardens spanning the
hybrid zone at Salt Creek. The basin garden is along Salt
Creek at an elevation 0of 1,776 m. The mountain garden is on
the lower slopes of Mt. Nebo at an elevation of 1,870 m. The
hybrid garden is between the basin and mountain gardens
atan elevation 0f 1,800 m. Into each garden, we have planted
seedlings of the parental taxa (basin and mountain) and
three classes of hybrids, designated near basin, middle
hybrid, and near mountain (Wang and others 1997).

The Hybrid Zone as an Ecotone

Big sagebrush hybridize in regions that may best be
described as ecotonal. And yet the ecotones have their own
properties and are not simply a mixture of two contiguous
habitats. For example, the sites of hybridization have dis-
tinct soils. At Diamond Fork, the hybrids are on xerochrept
colluvium, while basin big sagebrush is on xerofluvent
alluvium and mountain big sagebrush is on haploxeroll
residuum (McArthur and others 1988). At Salt Creek, the
soils in the hybrid zone are distinct in their elemental
composition (Wang and others 1998). Moreover, the soils in
the hybrid zone exhibit more spatial heterogeneity (Wang
and others 1998).

A study of plant communities also supports the notion that
the hybrid zoneisin an ecotone. Freeman and others (1999b)
found that only four of 62 species of plants span the entire
hybrid zone at Clear Creek. The hybrid zone straddles an
abrupt discontinuity and has a distinct plant community
associated with distinct soils. At Salt Creek, Orem, and
Diamond Fork, the basin zone is dominated by big sagebrush
and rabbitbrush (Chrysothamnus nauseosus), while the
mountain zone is a mosaic of big sagebrush and oak (Quercus
gambelli) woodlands. The hybrid zone begins where oak
gives way to grasses. At both Salt Creek and Orem, the
hybrids are in a zone of increased grass density.
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Hybrid Fitness

Wang and others (1997) estimated the fitness of sage-
brush in the reciprocal transplant gardens at Salt Creek.
According to Gavrilets and Cruzan (1998), decreased fertil-
ity is more important than decreased viability in restricting
gene flow across hybrid zones. The fitness estimates for the
big sagebrush were based upon both viability (survival) and
fertility (flowering, fruiting, and seed production). Previ-
ously, Graham and others (1995) examined seed production
in controlled crosses. These crosses involved artificial polli-
nation of maternal parents (basin, near basin, middle hy-
brid, near mountain, mountain) by all possible paternal
parents. The only aspect of fitness that has not been exam-
ined for the big sagebrush hybrid zone is pollen migration
and pollen tube competition.

Hybrids at Salt Creek have higher fitness than either
basin or mountain big sagebrush, but only in the hybrid
zone. Basin big sagebrush has highest fitness in the basin
garden, and mountain big sagebrush has highest fitness in
the mountain garden (Wang and others 1997). This, to-
gether with the zone being in an ecotone, is clear support for
the bounded hybrid superiority model (Moore 1977). But
why do hybrids have the highest fitness in this hybrid zone?

Lewontin and Birch (1966) and Arnold (1997) have pro-
posed that theincreased genetic variability of hybrids allows
them to quickly adapt to novel habitats. And ecotones, such
as the one discussed here, offer novel habitats. Moreover,
hybridization is probably the easiest way for a population to
adapt to an ecotone.

It seems unlikely that a population of subspecific or
specific status would develop in an ecotone. Ecotones ac-
count for such a small part of the overall landscape that it
becomes difficult for a population to avoid genetic swamping
of adaptative genetic variation. But given their greater
genetic variation, and the presence of intense selection,
hybrids might still stay ahead of the parental taxa in an
ecotone. Wang and others (1997) estimate that within the
hybrid zone, the selection coefficients operating against the
parental taxa exceed 0.60. How have the hybrids at Salt
Creek adapted to the novel aspects of the hybrid zone?

Respiration and Water Potential _

Hybrids in the gardens at Salt Creek do not have a
physiological advantage that involves respiration rate or
water uptake (McArthur and others 1998a). Dark respira-
tion rate is an indicator of a plant’s potential for growth.
Water potential is an indicator of water stress. If hybrids
were superior in either respect, one would expect a signifi-
cant genotype by environment interaction in which the
hybrids had greater respiration or lower water potential in
the hybrid zone.

Basin and near basin plants had the highest dark respira-
tion rates, as measured by a LI-COR 6250 infrared gas
analyzer. Mountain plants had the lowest respiration rates.
Middle hybrid and near mountain plants had intermediate
respiration rates. Respiration rates were highest in the
hybrid garden, and lowest in the mountain garden. Respira-
tion rate also decreased seasonally from July through Au-
gust and September.
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Mountain and near mountain plants were less stressed
with respect to water potential than were basin, near basin,
and hybrid plants, as measured by a Scholander Pressure
Bomb. The plants in the hybrid garden were less water
stressed than were plants in the mountain and basin gar-
dens. Water stress also increased from pre-dawn to mid-day,
and from July through September.

Finally, McArthur and colleagues did not observe the
genotype by environment interactions that one would expect
if hybrid superiority involved either respiration or water
potential.

Developmental Stability

Hybrids often exhibit decreased developmental stability
(Graham 1992), presumably because of the breakup of co-
adapted genes. Developmental instability is estimated by
examining the asymmetry of normally symmetrical charac-
ters, such as leaves and flowers. This asymmetry, which is
called fluctuating asymmetry, increases under either ge-
netic or environmental stress (Graham and others 1993). If
hybrids show some developmental advantage in the hybrid
zone, one would expect their developmental stability to be
greater there. Although there are many instances in which
hybrids have lower developmental stability, there is only a
single case in which hybrids have greater developmental
stability than the parental taxa. Alibert and others (1994)
found that hybrid house mice (Mus musculus) have greater
developmental stability than their parents in the hybrid
zone in Denmark.

Freeman and others (1995) did not find consistent differ-
ences in fluctuating asymmetry between hybrid and paren-
tal populations of big sagebrush at Salt Creek. This study,
however, was done before the reciprocal transplant gardens,
and so it is impossible to say whether or not hybrids differ
from parental taxa in the hybrid zone. But a preliminary
analysis of leaves from the three gardens and five source
populations also revealed no significant effects of genotype
or environment on leaf asymmetry (unpublished data). So it
appears that the hybrid advantage does not involve develop-
mental stability.

Herbivory

Plant-herbivore interactions play an important role in the
adaptation of plants to their environment. Defense against
herbivores involves plant secondary compounds. Because
basin and mountain big sagebrush show such great differ-
ences in their coumarins and terpenes (Byrd and others
1998; McArthur and others 1988), and because coumarins
and terpenes appear to show additive genetic inheritance
(Weber and others 1994), one would expect that hybrids
might show intermediate or lessened ability to defend them-
selves, depending on the extent of dominance. One certainly
would not expect the hybrids to show superior defensive
ability in the hybrid zone, unless other factors are involved
in defense.

A census of herbivores in the hybrid zone (Graham and
others 1995) and within the transplant gardens (Graham
and others, unpublished data) showed no evidence for hy-
brid superiority (or inferiority) in the hybrid garden. In the
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transplant garden experiment (Graham and others, unpub-
lished data), gall-formers, leaf chewers, and phloem suckers
showed very little preference for any of the five genotypes.
The greatest differences were among gardens, which usually
showed a significant interaction with genotype. But the
genotype by environment interactions were not of the sort
that would reveal why hybrids have superior fitness in the
hybrid zone. The most notable interaction involved severely
stressed basin big sagebrush in the mountain garden. These
plants were infested with Rhopalomyia ampullaria leaf
galls to a greater extent than one would expect given the
performance of basin plants in the other two gardens.

One major herbivore was excluded from the transplant
experiment—mule deer (Odocoileus hemionus), so it may
still be possible that hybrids have some advantage against
browsing by mule deer in the hybrid zone. But mule deer
browsing was much more intense in the mountain garden
(Graham and others 1995). Moreover, insect herbivores
often show great year-to-year variation in numbers, so we
may have missed a significant herbivore in the one year we
censused plants.

Nutrient Uptake

The ability of plants to take up and concentrate essential
elements is an important part of adapting to a particular
environment. Because the soils of the hybrid zone are so
novel in their chemical composition (Wang and others 1998),
it is clearly important that plants be able to adapt to these
soils. Wang and others (in press) have found a significant
genotype by environment interaction in the ability of sage-
brush to accumulate several important elements (notably
Fe and Na). Moreover, there were significant genotype and
environmental effects for nearly all elements. This suggests
that the two subspecies differ in their ability to take up
nutrients.

While we haven’t conclusively demonstrated that nutri-
ent uptake influences fitness of the hybrids in the hybrid
zone, these results are consistent with that hypothesis.

Conclusion

Hybrids in the big sagebrush hybrid zone show superior
fitness, but only in the hybrid zone. The basis for this
superior fitness is probably the ability of some hybrids to
accumulate nutrients in the novel, and heterogeneous, soils
of the hybrid zone. We have found no evidence that hybrids
show elevated respiration rates, lower water potential,
greater developmental stability, or lessened herbivore or
gallloadsin the hybrid zone. Nevertheless, it is still not clear
how significant genotype by environment interactions in-
volving nutrient uptake contribute to hybrid fitness. Addi-
tional experiments will be required to identify limiting
nutrients.

The big sagebrush hybrid zones at Salt Creek, Clear
Creek, Orem, and Diamond Fork lie in ecotones between
plant communities. The position of these ecotones is related
to elevation, slope, soil, and water availability. In the big
sagebrush hybrid zone, an ecotone is a place where geneti-
cally diverse hybrids explore an adaptive landscape of novel
habitats.
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Narrow Hybrid Zone Between Two
Subspecies of Big Sagebrush (Artemisia
tridentata: Asteraceae): X. Performance in
Reciprocal Transplant Gardens
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Han Wang

Abstract—According to the biological species concept, the rein-
forcement of premating reproductive isolating mechanismsis due to
reduced fitness of hybrids, thus hybridization may play a central
role in speciation. On the other hand, hybridization is also a potent
source of genetic variation that can be passed from one taxon to
another, provided that hybrids survive and reproduce. The impor-
tance of introgressive hybridization in evolution is, of course, contin-
gent upon the performance of hybrids relative to that of the parental
taxa in nature. The growth and reproductive potential of Artemisia
tridentata ssp. tridentata x A. t. ssp. vaseyana hybrids and the
parental taxa in reciprocal transplant experiments were examined
over five years. The garden in which the plants were raised signifi-
cantly influenced vegetative growth (height and crown diameter);
however, it did not influence total inflorescence length. The perfor-
mance of plants depended upon the population from which the
plants originated (that is, source population), and there were sig-
nificant source-by-garden interactions for height and crown diam-
eter. Vegetative growth varied significantly among the years. Fur-
thermore, year-by-garden and year-by-source interactions were
significant for both height and crown. In general, the performance
of site-indigenous taxa was superior. This was particularly true of
hybrids in the hybrid zone. This result notably contrasts with the
traditional view of evolutionary biologists that hybrids are univer-
sally unfit.

Hybridization has long been considered important in
plant evolution (Anderson, 1949; Stebbins, 1950; see re-
viewsin Arnold, 1997 and Grant, 1971), but has played little
role in the thinking of animal evolutionists (Arnold, 1997,
Endler, 1998; Grant, 1971; Mayr, 1942, 1963;), partly be-
cause it violates the assumptions of cladistic analyses and
many species concepts, thereby confounding both taxonomy
and systematics. This, in turn, makes the work of conserva-
tionists and others dependent upon the classification of
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organisms more difficult (Endler, 1998). As noted by Endler,
many species definitions seek to discount hybridization,
particularly among species, by simply characterizing hy-
bridizing taxa as not “good” species. Yet, field botanists have
long known that hybridization occurs even among represen-
tatives of different genera. Cowania stansburiana, for ex-
ample, can hybridize with Purshia tridentata (Stutz and
Thomas, 1964). Moreover, natural hybrids between these
two genera are displacing the parental taxa over much of
their range; a strong indication that the hybrids are not
necessarily unfit, as presumed by many zoologists (see, for
example, Barton and Hewitt, 1985). It is becoming clear
from the work of McArthur, Stutz, and other Great Basin
botanists (McArthur, 1989; McArthur and Tausch, 1995;
McArthur and others, 1998; Nowak and others, 1994; Stutz,
1987), that there are often genetically well differentiated
populations inhabiting the different mountains and valleys
of the Great Basin. These populations hybridize when their
ranges expand and come into contact. One consequence of
hybridization is that neutral genes can move between adja-
cent populations of different subspecies or species. Thus,
introgressive hybridization can further differentiate popu-
lations within a subspecies or species as different sets of
genes are incorporated, as a result of different hybridization
events. Such species, therefore, are not necessarily “true and
uniform in character” (Darwin, 1859). Another consequence
of hybridization is that genetic variability is often enhanced
at the margins of species ranges via hybridization, rather
than decreasing, as is often believed to occur (McArthur,
1989; Nevo and Beiles, 1989; Wayne and Bazzaz, 1991). This
enhanced variability then becomes the grist for a new round
oflocal evolution and adaptation. It is probably not acciden-
tal that families containing plant taxa prone to hybridize,
generally contain more species than those which don’t hy-
bridize (Ellstrand and others, 1996). The evolutionary pic-
ture that is emerging, at least for plants, is one of reticulate
evolution rather than the bifurcation events postulated by
classical cladistics (Rieseberg, 1991).

There is probably no better example of reticulate evolu-
tion than the big sagebrush complex. Big sagebrush (Artemi-
sia tridentata tridentata Nutt.) is composed of five subspe-
cies: A. t. ssp. tridentata (basin), A. t. ssp. vaseyana (Rydb.)
(mountain), A. t. ssp. wyomingensis (Beetle and Young 1965)
(Wyoming), A. ¢. ssp. spiciformis, and A. t. ssp. xericensis
(Beetle and Young, 1965; Goodrich and others, 1985;
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McArthur, 1983, 1994); each is distinct in pure stands. The
big sagebrush complex (subgenus Tridentatae) has been
prominent in the Great Basin since the late Tertiary or early
Quaternary (Axelrod, 1950; McArthur and others, 1981).
The taxa have repeatedly undergone periods of contact and
isolation as their ranges expanded and contracted in re-
sponse to changing climatic regimes (McArthur and Plummer,
1978; McArthur and others, 1981). The present geographical
distribution of mountain and basin big sagebrush, the sub-
jects of this study, probably dates to the end of the last
glaciation (approximately 10,000 years ago at the end of the
Pleistocene epoch). Pack rat midden data show that big
sagebrush has occurred across a broad elevational range in
the Great Basin for at least 30,000 years (Nowak and others,
1994). However, it is not possible, at this time, to character-
ize particular subspecies using midden data. The reticulate
evolution seen in the big sagebrush complex leads to local
differentiation, allowing this group to exploit a landscape
that varies in both space and time (McArthur and others,
1981, 1988; Ward, 1953; Winward and McArthur, 1995).

Hybrid zones have been the subject of intense scrutiny for
the past two decades (see Arnold, 1997; Harrison, 1993;
Hewitt, 1988, for reviews). Stable hybrid zones are impor-
tant because they appear to violate adaptive speciation
theory (that is, gene flow does not result in the fusion of the
two hybridizing taxa, nor is there the evolution of mecha-
nisms that reinforce premating reproductive isolation). In-
deed, the zone in which hybridization occurs neither widens
nor narrows as adaptive speciation theory predicts. While
once viewed as windows on the speciation process (Harrison,
1993; Hewitt, 1988), some hybrid zones are now viewed less
as areas where the process of speciation is being completed,
and more as areas of intense evolution and local adaptation
(Arnold, 1997; Wang and others, 1997, 1998).

Three different models have been proposed to account for
the persistence and stability of hybrid zones. The dynamic
equilibrium model (Barton and Hewitt, 1985) assumes that
hybrids are universally unfit. This unfitness is believed to
result from the breakup of parental coadapted gene com-
plexes. Hybridization is seen as disrupting development by
the destruction of well established gene complexes. Selec-
tion against hybrids then balances gene flow. It is this
balance that is believed to determine the width of the hybrid
zone (Barton and Hewitt, 1985; Hewitt 1988). However,
such selection by itself does not account for the position of the
hybrid zone. Indeed, asymmetrical gene flow can push the
position of the zone towards the parent contributing fewer
genes. Barton and Hewitt (1985) and Hewitt (1988) argue
that the hybrid zone will move until it encounters areas of
low population density where it becomes trapped. It is
precisely in areas of low population density that gene flow
will be the least. This model has been overwhelmingly
popular among zoologists and is clearly the model of choice
(Arnold, 1997; Endler, 1998; Hewitt, 1988). However, the
bulk of evidence for this model is correlative (Hewitt, 1988).
There have been remarkably few direct experimental tests
of this model or its assumptions, and all of these to date have
involved plants (see below).

The bounded hybrid superiority model (Moore, 1977), in
contrast, assumes that the parental taxa have not diverged
to the point where coadapted gene complexes are disrupted,
and that genotype-by-environment interactions determine
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fitness. Hybrids are assumed to be more fit than the parental
taxa within the hybrid zone but less fit than the parental
taxa outside the hybrid zone. Ecological selection deter-
mines both the position and width of the hybrid zone.

The mosaic hybrid zone model (Harrison, 1986; Howard,
1982, 1986) assumes that each parental taxon is adapted to
its native habitat, and that the hybrid zone is merely a
patchwork of the two parental habitats. Because the hybrids
are intermediate for some traits, and coadaptation among
other traits may have been disrupted, this model posits
hybrid unfitness. The width of the zone is believed to result
from a balance between gene flow and endogenous selection,
but the positions of the parental taxa are due to exogenous
selection.

This difference in the presumption of hybrid fitness is
critical to the evolutionary potential of hybrids. If hybrids
are profoundly unfit, then hybrids may have little evolution-
ary potential. On the other hand, if hybrids have relatively
high fitness, then introgressive hybridization may profoundly
impact the evolutionary potential and trajectory of both
parental taxa involved.

We use anarrow hybrid zone between mountain and basin
big sagebrush to explore the three models outlined above,
and some of the presumptions they make about hybrids.
Specifically, we examined the growth and reproductive po-
tential of hybrids and their parental taxa in reciprocal
transplant gardens over a five-year period. The hybrid zone
studied is located in northern Utah, where mountain and
basin big sagebrush are parapatrically distributed, segregat-
ing along strong environmental and topographic gradients.

Materials and Methods

Study area

The study area is located in Salt Creek Canyon near
Nephi, Juab County, Utah. At this site, basin big sagebrush
occurs below 1,770 m in elevation, while mountain big
sagebrush occurs above 1,870 m. The hybrid zone occupies the
narrow elevational belt between the parental taxa (fig. 1).
Three common gardens were established at this site in 1994.
One garden was located in each parental stand and one in
the center of the hybrid zone. (See Freeman and others 1991
and Graham and others 1995, for a more complete descrip-
tion of the study area.) Seeds were collected from five plants
in each native site, germinated in a greenhouse where the
resulting seedlings were raised for a year before being
transplanted into the common gardens (see Wang and oth-
ers 1997 for a more complete description of the reciprocal
transplant experiments). Height, crown diameter and total
inflorescence length have been measured (+ 0.5 cm) in each
of the 5 study years in August.

Data Analysis

The data were analyzed using a repeated measures analy-
sis of variance (Winer and others, 1991) and post hoc Stu-
dent-Newman-Keuls multiple range tests (Zar, 1984). Con-
trasts were used to examine the differences among years.
This procedure analyzes the data from only those plants that
survived the entire 5 years. We have also examined the data
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Figure 1—Hybrid zone between basin and mountain
big sagebrush at Diamond Fork Canyon, Utah.

for each year separately. Because the results only show a
minor difference in the degree of significance, we will only
report the results for the repeated measures design.

Results
Height

Height differed significantly among the years
(Fy 480 = 378.6, P < 0.001), as one would expect for growing
plants. Indeed the linear contrasts show that, on average,
the plants became successively taller (Fy ;59 = 636.16, P <
0.001). Plants were significantly taller in the hybrid garden
thanin the other two gardens (fig. 2). Plants in the mountain
garden were significantly shorter than those in the basin
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Figure 2—Height as a function of garden. Note that,
on average, all taxa grow best in the hybrid garden.
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garden. Across all gardens, mountain plants were signifi-
cantly shorter than plants from the other source populations
(Fy120=51.57,P <0.001) (fig. 3). Basin-source plants did not
differ in height from plants originating from any of the
hybrid source populations. There was a significant garden-
by-source interaction (Fg 199 = 2.15, P < 0.05) (fig. 4). Over all
the years, basin-source plants were tallest in the basin
garden, while the middle-hybrid-source plants were tallest
in the hybrid garden and near-mountain-source plants were
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Figure 3—Height as a function of source population. Note that moun-
tain plants, on average, are significantly shorter than all other taxa.
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Figure 4—Mean height of each source population in
each garden. Note that basin plants are, on average,
taller than the other taxa in the basin garden, but
shorter than the middle hybrid plants in the hybrid
garden. Also note that the difference between the
height of mountain plants and the other taxa is least in
the mountain garden.
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tallest in the mountain garden. In the mountain garden,
mountain-source plants exceeded the height of basin-source
plants. There was a significant year-by-garden interaction
(Fg 450 = 29.17, P < 0.001) (fig. 5). This interaction is due to
two factors. First, plants in the hybrid garden were the
shortest in 1994, but by 1995 and throughout the rest of the
study period, they were the tallest. Second, the difference
between plants in the mountain garden versus those in the
other two gardens increased over the years. There was also
a significant year-by-source interaction (Fyg 450 = 2.94, P <
0.001 fig. 6). In 1994, plants from the three hybrid sources
were slightly taller than plants from both parental sources.
In that same year, parental-source plants were virtually the
same height across all the gardens. However, by 1996, basin-
source plants had become the tallest and mountain-source
plants the shortest. This difference continued to increase
thereafter. The three-way interaction (years*garden*source)
was also significant (Fgg 450 = 3.091, P < 0.001) (fig. 7). This
interaction was due to several factors. First, hybrid-source
plants exceeded the height of both parental-source plants
early on. Over time, however, basin-source plants became
the tallest. This occurred first in the basin garden, then two
years later in the hybrid garden, and finally in 1998, in the
mountain garden. While, overall, mountain-source plants
were the shortest, in the mountain garden they were as tall
or taller than the basin-source plants for several years, but
in 1998, they did not grow as tall as the basin-source plants.
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Figure 5—Height as a function of year and source.
Note how the basin plants grow relatively taller than

the other taxa over time, while the mountain plants do
the opposite.
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Figure 6 —Height as a function of both year and garden. Note that the
plants in the basin garden are more closely approaching the height of
those in the hybrid garden as time passes. Also note that the difference
between the plants in the mountain gardens and the other gardens
increases over time.

Crown diameter

Crown diameter differed significantly among the years
(Fy 468 = 702.88, P < 0.001). Again, the plants grew broader
with each successive year (F; 117 = 1223.26, P < 0.001). The
garden within which a plant was raised profoundly affected
crown diameter (Fy 117 = 104.65, P < 0.001) (fig. 8). Plants in
the basin garden had significantly larger crown diameters
than those in the hybrid garden, which, in turn, had signifi-
cantly larger crown diameters than those in the mountain
garden. There was also a significant source effect (Fy 7 =
3.78,P<0.006)(fig. 9). Basin-source plants had significantly
smaller crown diameters than plants from the other sources,
while mountain- and near-basin-source plants had smaller
crown diameters than plants from the near-mountain source.
The significant year-by-garden interaction (Fg 465 = 16.20, P
<0.001) is primarily due to the increase in difference among
the gardens over time. There was also a significant year-by-
source interaction (Fyg 465 = 2.58, P < 0.001) that was largely
due to the increasing difference between the mountain- and
basin-source plants over time. The garden-by-source inter-
action was also significant (Fg 117 = 3.16, P < 0.005) (fig. 10).
Mountain-source plants had only slightly smaller crown
diameters in the mountain garden, compared to the other
two gardens. However, basin- and hybrid-source plants had
considerably smaller crown diameters in the mountain gar-
den, compared to the other two gardens. While the diam-
eters of the basin-source plants were somewhat smaller in
the hybrid garden, compared to the basin garden, the reduc-
tion in size was greater for hybrid-source plants. The three
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Figure 7—In this figure, we examine the three-way
interaction of garden, source, and year on height.
Clearly, the response of a given taxon depended upon
the garden within which it was raised, as well as the

climate it experienced during a given year.
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Figure 8—Crown diameter as a function of the gar-
den plants were raised in. Note the significantdecline
in size going from the basin to the mountain garden.
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Figure 9—Crown diameter as a function of source
population. Note the smaller crown diameter of basin
plants, and large crown diameters of plants from the
three hybrid populations.

way interaction (year*garden® source) was also significant
(F39.468 = 3.01, P <0.001) (fig. 11). This was due to several
factors. First, in 1994, plants in the hybrid garden had the
smallest crown diameters, but by 1995, these plants had
surpassed those in the mountain garden. Second, middle-
hybrid-source plants had the largest crown diameters in the
basin garden in 1994, but in 1995 and 1996, these plants
were surpassed in crown diameter by the near-basin- and
near-mountain-source plants. By 1997, however, middle
hybrid-source plants had again the largest crown diameters
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Figure 10—Crown diameter as a function of garden
and source. Note the sharp decline in the size of basin
plants in the hybrid and mountain gardens. Clearly the
hybrids are not inferior to the parental taxa. Note, also,
the lack response of mountain plants to the different
gardens.

in the basin garden. Third, mountain-source plants in the
mountain garden had the largest crown diameters in 1994,
the second largest in 1995, 1996, and 1997, but the smallest
crown diameters in 1998.

Total inflorescence length

Total inflorescence length differed significantly among
the years (F, g9 = 5.22, P <0.001), increasing with time (F; o5
=6.39, P < 0.02). The garden in which a plant was raised
profoundly influenced total inflorescence length (Fy g3 =
5.90, P < 0.01) (fig. 12). Total inflorescence length was
significantly greater in the basin than hybrid garden, and
significantly less in the mountain than hybrid garden. The
year-by-garden interaction was also significant (Fg g5 =4.96,
P <0.001). Plants failed to reproduce in the mountain garden
in 1996. The difference in total inflorescence length among
the gardens generally increased over time. The source popu-
lation did not impact inflorescence length overall, or in any
one year, when the repeated measures design (this design
only examines plants that produced inflorescence every
year) was used. However, when we examined the full data
set, there was a significant source effect (Fy 199 = 2.52,
P < 0.05) (fig. 13) and a significant garden-by-source inter-
action (Fg 199 = 2.13, P <0.05) (fig. 14) in 1998. In the same
year, basin-source plants produced significantly less total
inflorescence length than did middle-hybrid-, near-moun-
tain-, and mountain-source plants. The interaction term
was due to the fact that middle-hybrid-source plants pro-
duced the greatest total inflorescence length in the basin
garden in 1998, while mountain-source plants produced the
greatest total inflorescence length in the hybrid garden in
the same year.
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Figure 11—Crown diameter as a function of garden,

source, and year.
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Figure 12—The effect of garden on the sum of
the lengths of all inflorescences produced by a
plant. Reproductive potential is clearly least in
the mountain and greatest in the basin garden.
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Figure 13—The influence of source population
on the total inflorescence length. Basin plants
produced the least amount, while hybrids
tended to produce the most.
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Figure 14—In 1998, the source population a plant
came from and the garden in which it was raised both
influenced the total inflorescence length. Obviously,
all sources did best in the basin garden and worst in
the mountain garden. However, the total inflores-
cence length from one hybrid population exceeded
that of plants from at least one parental population in
each garden.

Discussion

This common-garden experiment shows that the differences
in the stature of mountain and basin big sagebrush are
genetic, because the differences were maintained when the
plants were raised in common gardens. Moreover, the per-
formance of a plant depended not only upon its genetics, but
also on the garden within which the plant was raised, as well
as the climate it experienced in a given year. From a hybrid-
zone-theory perspective, the salient issue is whether the
parental taxa respond differentially to the different environ-
ments of the three common gardens. The dynamic equilib-
rium model presumes no difference between the parental
taxa. Our findings clearly contrast with this assumption.
Both the mosaic and bounded hybrid superiority models
assume that the parental taxa are adapted to different
environments. Our findings are consistent with this as-
sumption. However, both the mosaic and dynamic equilib-
rium models assume that the hybrids are unfit because
hybridization disrupts development. We have no indication
of hybrid unfitness, particularly in the hybrid zone. How-
ever, we hasten to note that we did not directly measure
fitness. Even total inflorescence length need be only loosely
correlated with fitness. Nevertheless, our data do address
the issue of performance. The hybrids grow at least as
vigorously as the alien parent in the parental sites, and in
the hybrid site, surpass both parental taxa. Moreover, we
have elsewhere (Wang and others, 1997) examined the
major life history components of fitness and found that the
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native parent was more fit than the alien parental taxon,
and that within the hybrid zone, the hybrids were many
times more fit than either parent. We have also previously
examined developmental instability (Freeman and others,
1995) and found that the hybrids are not more developmen-
tally unstable than either parental taxon. Thus, our data are
completely consistent with the bounded hybrid superiority
model, but conflict with both the mosaic and dynamic equi-
librium models.

Our findings are consistent with the notion that ecological
selection is structuring the big sagebrush hybrid zone.
However, we do not yet understand the mechanism(s) of this
adaptation (see Graham and others, this proceedings); thus,
we cannot yet explain why the parental taxa are unable to
expand their ranges. These are serious issues because sage-
brush is long lived. The mountain plants do survive, grow,
and reproduce in the basin garden and vice versa. Even ifthe
alien parental taxa are less fit, they can persist and repro-
duce for years; therefore, they could potentially cause intro-
gression. Worse, yet, the hybrids also survive and reproduce
in the parental environments. Thus, the potential exists to
form a large, unstructured hybrid swarm. That the big
sagebrush hybrid zone is not structured as a hybrid swarm,
butrather forms a sharp cline for many characters (Byrd and
others, 1999; Freeman and others, 1991; Graham and oth-
ers, 1995; McArthur and Welch, 1982), is a testament to the
strength of the exogenous selection being applied. The exist-
ence of sharp clines, and the results of the data presented
here, also suggest that this zone may be quite old and stable.
Byrd and others (1999) found a lack of parental and putative
F, plantsin the hybrid zone. This also suggests that multiple
generations of hybrids have been formed and that natural
selection has had time to sift through the variants creating
the sharp clines we now observe. However, not all linkage
groups of genes are subject to natural selection (Futuyma,
1979) and, thus, there is the potential for neutral alleles (and
blocks thereof) to move from one parental taxon to the other.
Because selection is exogenous, the nature of that selection
and, thus, which alleles can and cannot move through the
hybrid zone, may well differ from one population to the
other. Thus, it is quite likely that the genetic makeup of the
big sagebrush taxa will differ markedly among populations
and that evolution will follow a reticulate pattern (Ward,
1953; McArthur and others, 1981, 1998) rather than a
bifurcation model.

Conclusion

The performance of basin and mountain big sagebrush
and their hybrids was examined over 5 years in three
common gardens. A garden was located within the native
stand of each parental taxon and in the center of the hybrid
zone. The performance of a plant depended upon the garden
in which it was raised and the source population from which
it was derived. Different years seemed to favor different
taxa. These results are consistent with the bounded hybrid
superiority model and conflict with the dynamic equilibrium
model.
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Differences in Temperature Dependence of
Respiration Distinguish Subspecies and
Hybrid Populations of Big Sagebrush:
Nature Versus Nurture
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Abstract—Artemisia tridentata ssp. vaseyana grows at slightly
higher, cooler, and drier sites than does A.t. ssp. tridentata. Natural
hybrids between the two subspecies are found in Salt Creek Canyon
near Nephi, Utah where the parent populations are separated by
85 m in elevation and 1.1 km along the transect. In 1993, three
gardens were established with seedlings from five populations
along the transect planted in each garden. From 1995 to 1998,
physiological measurements were made using carbon isotope ratios,
chlorophyll a fluorescence and microcalorimetry. Significant differ-
ences were observed among the gardens whatever the source of
origin and among the plant sources in whichever garden they were
grown. Both nature and nurture have an influence. Microcalorim-
etry has the power to predict optimal growth for a given population
even within this narrow range of environments as the temperature
dependence of heat rate and carbon dioxide evolution differed for
each population. Sagebrush grows slowly at cool temperatures. The
plants are stressed and growth ceases at temperatures much above
30°C.

Artemisia tridentata Nutt. or big sagebrush is one of the
most widespread and economically important shrubs in
western North America. The species ranges from western
Nebraska to eastern California and from British Columbia
to northern New Mexico (USDA 1937, 1988). Big sagebrush
and its subspecies have been prominent since the late
Tertiary or early Quaternary (Axelrod 1950). The present
distribution of the subspecies and contact zones between
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them were probably established at the end of the last
glaciation (Freeman and others 1991). Basin big sagebrush
grows at lower elevations than mountain big sagebrush.
Differences in volatile compounds between the subspecies
have also been noted (Weber and others 1994). Natural
hybrids between the subspecies often occur when parent
populations are in close proximity. Hybrids may also be
produced by controlled pollination (Graham and others
1995).

Success of parental subspecies and hybrids between them
in the face of environmental stresses is often assessed by
growth measurements and changes in morphology. A more
sensitive assessment could be made using physiological
parameters. Stem water potential and gas-exchange respi-
ration have been measured in parental and hybrid big
sagebrush grown in common gardens (McArthur and others
1998). Significant differences were found among habitats
and source populations.

Carbon isotopic fractionation associated with degree of
stomatal closure in some circumstances has been correlated
with productivity (Condon and others 1987). Chlorophyll
fluorescence has proven to be a sensitive indicator of plant
stress (Guidi and others 1997, Loik and Harte 1996). Calo-
rimetric measurements of the respiratory heat rates of plant
tissues, made simultaneously with measurements of gas
exchange rates, allow calculation of plant growth rates as a
function of temperature (Hansen and others 1998, Criddle
and others 1997). The purpose of this paper is to demon-
strate, using these techniques, adaptation of parental and
hybrid plants to environmental stresses in common gardens
on a single hillside.

Materials and Methods

Mountain sagebrush (Artemisia tridentata ssp. vaseyana
grows at slightly higher, cooler and drier sites than does
valley sagebrush (A. t¢ridentata ssp. tridentata). Natural
hybrids between the two subspecies are often found in
locations such as Salt Creek Canyon, located 10 km east of
Nephi, Utah where the parent populations are separated
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85 meters in elevation and 1.1 km in distance on the east-
facing slope of the canyon. Previous studies (Freeman and
others 1991, Graham and others 1995, McArthur and others
1998) have shown that much of the hillside between the
parent populations is occupied by hybrids. Common gardens
were established at the mountain and valley locations and
about halfway between the two. Seed was collected from the
parent locations and from three areas in the hybrid popula-
tion zone. The seed was germinated and grown in containers
in the greenhouse. In the spring of 1993, 60 seedlings were
randomly planted in each of the three fenced common
gardens, 12 from each of the five populations (mountain,
high-elevation hybrid, mid-elevation hybrid, low-elevation
hybrid, and valley).

Plant tissues were collected on: July 6, 1995 at air tem-
peratures in the shade ranging from 24 to 30°C; August 8,
1995 at 18 to 24.5°C; and on September 28, 1995, at 18 to
24°C. From 1996 through 1998 plant tissues were collected
at several times. Samples were kept refrigerated for analy-
sis in a Hart model 7707 microcalorimeter.

Metabolic heat rate (q) and respiration rate (Rcog) were
measured for each sample at 15 and 25°C (1995 samples).
Metabolic measurements in subsequent years were made at
nine temperatures: 0, 5, 10, 15, 20, 25, 30, 35, and 40°C.
Using a mathematical model developed by Hansen and
others (1994) metabolic response to temperature was calcu-
lated for each individual plant over the entire range of
growth temperatures for sagebrush.

Knowing the heat rate (q) and the respiration rate (Rgog),
the relative specific growth rate (Rgg) can be predicted:

RSGAHB = (455RC02 — q) (1)

where Rgg is the specific growth rate in terms of moles of
carbon incorporated per gram of biomass, q is the specific
heat rate in uW/mg, R is the rate of CO4 evolution in the
dark at pmol mg—!sec!, and A Hgis the enthalpy change for
structural biomass formation (as kJd/mol carbon). If photo-
synthate is stored as starch or sugars (which have chemical
oxidation states of zero), and assuming that AHg is constant
with temperature and among sagebrush plants, Thornton’s
constant (—455 kJ mole!) may be introduced.

Since the method measures energy changes (q) as well as
gas exchange rates (R¢og), equation (1) can also be expressed
as:

Rsg = Reogle/(1-¢)] (2)

where g is the substrate carbon conversion efficiency. Thus
growth rate is directly proportional to both respiration rate
and efficiency.

Clamps to darken shoot tips and leaves were placed on
sagebrush plants in the gardens on August 30, 1996, with an
air temperature of 28°C. After equilibration in the dark for
10 minutes, a pulse of 655 nm light was given from the
Morgan Scientific CF-1000 Chlorophyll Fluorescence Mea-
surement System and the quantum yield of photosytem II
was measured as fluorescence at 695 nm and expressed as
the ratio of variable to maximal fluorescence (Fv/Fm). A
decrease in the quantum yield (lower Fv/Fm ratio) indicates
greater environmental stress on the plant.

Pooled samples of sagebrush shoot tips collected on each
of the three dates in 1995 were dried overnight at 65°C and
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analyzed for carbon isotopes at the Stable Isotope Ratio
Facility for Environmental Research at the University of
Utah.

Results

As shown in figure 1, both relative specific growth rate (A)
and efficiency (B) were predicted to be high at low tempera-
tures and inhibited at higher temperatures. Growth rate
indicated stress at about 30°C while efficiency was de-
creased at 25°C. Differences between populations were noted.
Calorimetric data for all of the sagebrush plants (fig. 1)
indicate that sagebrush grows best at low temperatures and
always grows slowly. Plants that grow best at low tempera-
tures generally do poorly at warm temperatures while those
plants that grow better at warmer temperatures do less well
than others at cooler temperatures. They never seem to have
it both ways.

Pooled metabolic and isotopic data from all dates, sites,
and sources (table 1) indicated a decline in heat rate and
respiration rate from early May until late September. An
approximation of efficiency is g/R¢qg, predicting best growth
during June and July and in the basin garden. Transplanta-
tion itself may have been a slight problem for vaseyana but
differences between source populations were small. Carbon
isotopic values showed only small differences but indicated
stress in warmer weather and in vaseyana. Plant tissue
collected on the warmest date (July 6, 1995) was more
negative than that collected in August or September. This
confirms that sagebrush grows best in cool weather and is

0 10 20 30
Temperature (°C)

0 10 20 30
Temperature (°C)

Figure 1—Calorimetric measurements at 15 and
25°C extrapolated through the growth range of tem-
peratures expressed as (A) relative specific growth
rates (R, A Hy) and (B) efficiency [(€/1-g)A H,] for
each of the three gardens and populations. Please
see text for details.
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Table 1—Pooled metabolic and isotopic data from all dates, sites, and
sources in 1995 and 1996. The values are averages from
36 plants in each case.

Date Q.c@15°C  Rc0p@15°C  Que/Rco2 O'3C
Data pooled by date:
May 10, 1996 4.596 16.14 322.7
June 6, 1996 4.270 12.90 293.2
July 6, 1995 3.554 13.43 292.1 -29.0
Aug. 8, 1995 2114 7.77 302.5 -28.3
Sept. 28, 1995 2.097 712 337.0 —-27.9
Data pooled by site (garden):
Basin 3.646 13.35 254.3 -28.3
Hybrid 3.362 10.54 347.0 -28.7
Mountain 2.853 9.55 349.5 -28.1
Data pooled by source (origin of plants):
Basin 3.596 11.61 324.9 -28.0
Hybrid 3.341 11.66 323.4 —28.0
Mountain 3.046 10.65 299.9 -29.2

stressed at moderately warm temperatures. Subspecies ¢ri-
dentata seems to withstand stress better than ssp. vaseyana
or hybrids between them.

Recent measurements of metabolic heat rates and respi-
ration are expressed as predicted growth rate (Rgg) plotted
against temperature (figure 2). Growth of hybrid plants was
slow but not inhibited at cool temperatures in all three
gardens but was inhibited at 30°C in the mountain garden,
at 35°C in the basin garden, and at 40°C in the hybrid
garden. This seems to indicate that hybrid plants are best
adapted to warm temperature extremes at their place of
origin.

Chlorophyll fluorescence measurements (table 2) indi-
cated stress as a reduction in quantum yield only for va-
seyana plants grown in the basin garden. Pooled carbon
isotopic ratios for all plants in each garden became more
negative with increased elevation, indicating greater stress
at the higher, cooler, drier sites (table 2). If one pools all the
plants from a common site of origin, no matter where they
were grown, isotopic ratios for A.z. ssp. tridentata were more
positive than hybrid plants, while ssp. vaseyana had the
most negative values at all sites (table 1).

Discussion

Perhaps our most surprising finding is that sagebrush
grows slowly in cold weather but is not stressed by cool
temperatures. On the other hand, warmer temperatures
produced evidence of stress and reduced growth. Sagebrush
is well-adapted to living in the Great Basin which has cold,
wet winters and hot dry summers. The winters are not
extremely cold and it is rare to find the ground frozen as a
blanket of snow usually insulates the ground surface. Nelson
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Table 2—Sagebrush chlorophyll fluorescence (Fv/Fm) on August 30, 1996
and carbon isotope ratios on September 28, 1995.

Fv/Fm  ('3C vs. PDB, o/oo

Garden Population
Basin Basin

Hybrid Basin

Mountain Basin

Basin Low elev. hybrid
Hybrid Low elev. hybrid
Mountain Low elev. hybrid
Basin Hybrid

Hybrid Hybrid

Mountain Hybrid

Basin High elev. hybrid
Hybrid High elev. hybrid
Mountain High elev. hybrid
Basin Mountain

Hybrid Mountain
Mountain Mountain

0.805 -26.0
0.680 -28.5
0.777 -29.1
0.772
0.793
0.784
0.768 -24.5
0.729 -27.3
0.724 —28.5
0.781
0.820
0.779
0.543 -26.5
0.773 -29.5
0.788 -31.1

and Tiernan (1973) found extensive winter injury to big
sagebrush in years with low snow cover and consequent
exposure to extreme cold. Sagebrush apparently can become
dormant and withstand high summer temperatures, but
may have no mechanism for slowing growth during very cold
conditions.

Since sagebrush retains leaves all year, Pearson (1975)
determined hourly and daily photosynthesis rates on six
Artemisia tridentata plants grown outside in Rexburg, Idaho.
He found the highest rates of photosynthesis to be in Decem-
ber, January, and February, while the lowest rates of photo-
synthesis occurred in July and August when the soil was
very dry. Summer drought and high temperatures coincide
in the Great Basin and the relative contribution of both
stresses must be addressed. In a controlled greenhouse
experiment, Booth and others (1990) concluded that for
three subspecies of big sagebrush, even under the most
severe conditions employed, water was not sufficiently lim-
ited to retard seedling growth. These results were supported
by work of Matzner and Richards (1996) who found that
sagebrush roots could maintain nutrient capacity even un-
der water stress.

More negative carbon isotopic ratios may indicate in-
creased discrimination against the heavy isotope during
diffusion through partially closed stomates (Condon and
others 1987). Greater water availability, more extensive
root systems, and cooler temperatures allow more open
stomates and less isotopic fractionation. Data from tables 1
and 2 support that hypothesis.
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Ecotones Between Artemisia nova and
A. tridentata Plant Communities in the
Buckskin Mountains of Western Nevada

James A. Young

Charlie C. Clements

Abstract—The habitat restrictions between the larger woody sage-
brush (Artemisia) species and the lower growing species have long
intrigued ecologists in the Great Basin. In the Buckskin Mountains
of west-central Nevada, ecotones between big sagebrush (A. triden-
tata) and black sagebrush (A. nova) communities are extremely
abrupt and distinct, with no intermixing of the two types. These
differences are conditioned by different soils and are reversible with
changing edaphic development through erosion or deposition.

The relative distribution of the taller, woody sagebrush
(Artemisia) species in comparison to the shorter or dwarf
woody species has long intrigued plant ecologists. As typi-
fied by big sagebrush (A. tridentata), the taller woody species
of sagebrush are often landscape characterizing in their
distribution. The shorter or dwarf woody species usually
have more limited distribution and are often associated with
specific edaphic situations (Zamora and Tueller 1973). It
was proposed by the soil scientist Harry Summerfield, that
the dwarf sagebrush species low (A. arbuscula) and black
sagebrush (A. nova) often occupied sites where the surface
soil horizons had been removed by erosion on a recent
geologic time scale (Young and others 1996). The woody
sagebrush species occupy such a variety of habitats over
such a large and climatically diverse geographical area,
there are many exceptions to this hypothesis, but it provides
an innovative approach for considering the ecotones be-
tween black and big sagebrush communities.

Our purpose was to investigate ecotones between big and
black sagebrush to provide insight into the distribution of
the two species in the Buckskin Mountains of west-central
Nevada.

Study Area

The Buckskin Mountains are located 100 km southeast of
Reno, Nevada in the rain shadow of the Sierra Nevada and
the Pine Nut Mountains (Morrison 1964). This is the portion
of the Carson Desert in which Billings (1945) suggested that
shadscale (Atriplex confertifolia)-dominated salt desert
shrub communities occurred because of atmospheric
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drought rather than the concentration of soluble salts in the
soil.

The Buckskin Mountains are a very structurally complex
fault-block mountain range typical of the Great Basin
(Hudson and Oriel 1979). The bulk of the range is composed
of repeated flows of volcanic tephra. The incandescent volca-
nic ash flows moved across the landscape like water as they
were deposited. The heat from each new flow converted the
surface of previous landscapes to an indurate tuff (Proffett
and Proffett 1976). These hardened strata tend to form a
series of cliffs above eroding talus slopes.

The landscape of the Buckskin Mountains has existed for
a sufficient period of time for considerable soil development
to have occurred (Blank and others 1996). On north facing
slopes, clay-textured soils occur at the soil surface. Appar-
ently, previously existing surface horizons have eroded over
geologic time. This same relationship is apparent on many
older alluvial fans that spill from the mountain slopes and
canyons. The areas with clay-textured surface soils support
black sagebrush plant communities (Young and Palmquist
1992).

South facing slopes have soils with no horizonation or only
color changes indicating weak horizonation. Shadscale-
horsebrush (Tetradymia glabrata)/desert needlegrass
(Achnatherum speciosum) plant communities form the veg-
etation on the south slopes. Big sagebrush communities do
not occur on the residual soils of the Buckskin Mountains.

Erosion and Deposition

Degrading System

On the north end of the Buckskin Mountains, a fairly
substantial drainage has eroded into the stony clay-textured
soils of an alluvial fan complex. Under current climatic
conditions, the drainage would only have running surface
flow for brief periods immediately after exceptional high
intensity short-duration summer thunderstorms. Sometime
in the recent geologic past, there was sufficient flow to erode
a flat bottomed arroyo 3 m deep into the clay. The width of
the arroyo averages 15 m. The erosion surface is partially
filled with irregularly stratified erosional products reflect-
ing the mixed volcanic make up of the watershed. The fill
ranges in texture from sand to substantially sized boulders.
There is no evidence of soil development.

The ecotone between the black sagebrush communities of
the clay textured fans and the big sagebrush community of
the arroyo fill is very striking because of the difference in
stature of the two sagebrush species. The ecotone between
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the two communities is absolutely abrupt, reflecting the
soils change. Most of the shrub species in the arroyo commu-
nity are at least as tall as big sagebrush. Antelope bitter-
brush (Purshia tridentata), gray rabbitbrush (Chryso-
thamnus nauseosus), and true sage (Salvia dorrii) occur
with big sagebrush in the arroyo.

It is obvious from the ecotone between the two communi-
ties that black sagebrush in the Buckskin Mountains is
exclusively adapted to the clay-textured soils where it is the
only woody species except for a diminutive form of green
rabbitbrush (Chrysothamnus viscidiflorus),occasional plants
of Nevada ephedra (Ephedra nevadennsis), and horsebrush
(Young and Palmquist 1992).

Extensive excavation, with mechanical equipment to the
bottom of the arroyo fill, failed to provide any evidence of
prolonged subsurface flow of moisture in the fill. The sand-
textured nature of the fine material in the fill certainly offers
contrasting moisture retention characteristics compared to
the predominantly clay-textured soils of the older fans.

Agrading System

The bulk of the Buckskin Mountain range is tilting to the
west (Hudson and Oriel 1979). The mouths of the canyons on
the east side of the range (long axis running north and south)
spill alluvium on the top of old fans rather than eroding
incised arroyos into the old surfaces. The broad basin on the
eastern flank of the range, known as Lincoln Flat, supports
both big and black sagebrush plant communities. The black
sagebrush communities occur on the erosional surfaces with
clay-textured surface horizons. The big sagebrush commu-
nities, without antelope bitterbrush or true sage, occur on
the recent alluvial surfaces.

Fulstone Canyon spills on to Lincoln Flat along the north-
eastern portion of the Buckskin Range. It has a very large
watershed, made larger by the capture of several adjoining
canyons along a fault strike that parallels the main axis of
the range. At the mouth of the canyon, there is an area of
several hectares where coarse-textured recent alluvium has
buried older erosional surfaces with black sagebrush com-
munities. There is a succession of big sagebrush communi-
ties from seedling dominance to maturing plants on this
deposition area. There are no black sagebrush plants, seed-
ling or adult, in these recent deposition areas despite the
clay-textured horizon being present under moderately or
thinly bedded recent erosional products.

Lack of Hybridization

Artemisia and Chrysothamnus are the two woody genera
with species common to both communities across the abrupt
ecotonal boundary. They occur exclusively as distinct spe-
cies with no evidence of hybrid swarms. Perhaps the envi-
ronmental gradient is so abrupt and occurs over such a short
distance there is no environmental potential suitable for
intermediate forms even if the genetic make up and breeding
system of the species permitted hybridization.
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Mutual Exclusion of Artemisia

Big sagebrush plants thrive on the clay-textured soils as
long as there is a surface horizon of coarser-textured mate-
rial. This suggests that seedbed quality may be the factor
excluding big sagebrush from the black sagebrush commu-
nities. In the Buckskin Mountains we know very little about
the seedling ecology of black sagebrush plants, because
seedlings are very rare in natural communities (Young and
Palmquist 1992). The black sagebrush plants grow on
mounds, which is a common feature for many shrubs in the
Great Basin (Charley and West 1975) . Young and Palmquist
(1992) suggested, based on a very small sample, that in the
Buckskin Mountains black sagebrush seedlings establish in
the interspace between mounds and new mounds build
around the seedlings. Obviously, because of litter deposition
and nutrient cycling, the old mounds would appear to be the
most desirable seedbed in the black sagebrush communities,
but when black sagebrush plants become senescent and die
the mound becomes densely colonized by the native peren-
nial grass squirreltail (Elymus elymoides) and by the exotic
annual cheatgrass (Bromus tectorum). These herbaceous
species preempt the environmental potential released by the
death of the shrub, making it very difficult for black sage-
brush to become established on the mound. Eventually the
herbaceous species exhaust the nitrogen-enriched soils of
the old mound and the mound erodes.

Considering the great linear extent of the ecotones be-
tween big and black sagebrush it would seem logical that
occasionally plants of one species would establish in the
community dominated by the other species. This seems
never to happen in the Buckskin Mountains. Big sagebrush
plants would be highly visible in black sagebrush communi-
ties. This near total lack of the dominant species crossing of
the soils ecotones suggests the seedbed potential of the
contrasting soils and the inherent potential of the seeds of
the species must be mutually exclusive. The environmental
parameters that control establishment and persistence of
woody sagebrush species on an extensive array of environ-
mental potentials is an intriguing subject for further study
in the Intermountain Area.

In the case of the sagebrush communities in the Buckskin
Mountains, the hypothesis that erosion of surface soil hori-
zons is related to dominance of dwarf species of sagebrush
may have merit and deserves investigation in other areas of
the Great Basin.
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Characteristics of Mountain Mahogany
(Cercocarpus) Species and Hybrids in Utah

Hybrid Zone

Scott C. Walker
Deborah Turley

Abstract—Species within the genus Cercocarpus, commonly called
mountain mahogany, are valuable browse species for wildlife and
livestock. Utah is the primary zone of overlap of the three species
common to the Intermountain area. Hybridization occurs between
curlleaf mountain mahogany (Cercocarpus ledifolius Nutt.), true
mountain mahogany (C. montanus Raf.), and little-leaf mountain
mahogany (C. intricatus Wats.) throughout central and northern
Utah where the species come in contact. Hybrid frequency and
characteristics are dependant upon parental varieties of each
species.

Cercocarpus species are vital components in native eco-
systems. They increase diversity, maintain soil stability,
and provide good quality habitat for many species of wildlife
and domestic livestock. Three species of Cercocarpus are
common in the Intermountain area of the Western United
States: Cercocarpus montanus Raf. (true mountain ma-
hogany), C.intricatus Wats. (little-leaf mountain mahogany),
and C. ledifolius Nutt. (curlleaf mountain mahogany) repre-
sented by two distinct subspecies; var ledifolius and var
intermontanus N. Holmgren. As shown in figure 1, Utah is
the primary zone of overlap for these shrubs (Pyrah 1964;
Davis 1990). The highest concentration of C. intricatus lies
directly and almost entirely within the zone of overlap.
Cercocarpus species are associated with desert shrub, sage-
brush, pinyon-juniper, mountain brush, ponderosa pine,
and mixed aspen-conifer zones (Davis 1990).

Where the species of Cercocarpus come in contact with
each other hybridization nearly always occurs. This report is
not intended to be a comprehensive review of the hybridiza-
tion of species within the genus Cercocarpus. It is more an
overview of the occurrence of hybridization, a brief review of
the literature, and a report of observations recorded by the
authors.

Discussion

Throughout their range of overlap each of the three spe-
cies occupy rather distinct habitats. The more xeric C.
intricatus occurs on harsh sites that are exposed to high
temperature and drought (Blauer and others 1975). This

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
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shrub is evergreen, intricately branched, and usually less
than 1 m but can grow up to 2.5 m in height (Blauer and
others 1975). Stutz (1974) suggests that C. intricatus is a
dry, harsh site segregant of curlleaf. C. intricatus is distin-
guished from C. ledifolius solely on the basis of leaf size and
plant stature. This morphology is not environmentally in-
duced, but rather a genetic assimilation of adaptive charac-
teristics from C. ledifolius var ledifolius. This becomes
apparent when the two species are growing in a common
garden and maintain their individuality, suggesting that
these two taxa are genetically distinct (Pyrah 1964).

C. ledifolius is an erect evergreen shrub that often grows
into small trees, 2 to 8 m tall, with stiff sharp branches. C.
ledifolius occurs on mountain slopes, often in pure stands as
groves surrounded by open sagebrush slopes or mixed with
mountain brush, pinyon-juniper, ponderosa pine, Douglas-
fir, or white fir. The best developed stands are routinely

e ——
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Curfleaf mountain mahogany.....___..._
True mountain mahogany

\ Little Leaf mountain mahogany............

Figure 1—Distribution of curlleaf mountain mahogany,
true mountain mahogany, and little-leaf mountain
mahogany (from Davis 1990).
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found on all exposures of warm dry slopes, typically growing
in shallow soils or rocky ridges on slopes averaging around
50 percent (Davis 1990; Blauer and others 1975; Holmgren
1987). The most distinguishing characteristic between C.
ledifolius var ledifolius and C. ledifolius var intermontanus
is leaf size and degree of pubescence on the leaf. C. ledifolius
var intermontanus leaves are (ob)lanceolate or elliptic-lan-
ceolate, 5 to 8 (10) mm wide, sparsely hairy, the midrib and
lateral veins conspicuously visible. C. ledifolius var ledifo-
lius leaves are narrowly lanceolate to linear, 1.5 to 4 (6.5)
mm wide, densely white-hairy beneath, the pubescence
sometimes obscuring the midrib and certainly the lateral
veins (Holmgren 1987). C. montanus grows 1 to 2 m in
height, less commonly, a small tree up to 4 m. C. montanus
communities can usually be found at lower elevations than
C. Ledifolius, occurring on similar slopes but usually with
deeper soils (Davis 1990). Leaves are deciduous, short peti-
olate, the blade obovate to (ob)lanceolate or orbicular, 6 to 44
mm long, 5 to 23 mm wide, crenate-serrate (Welsh and
others 1987; Blauer and others 1975).

The flowering period for these species of Cercocarpus is
from mid May to late June. Flowering periods for C. ledifo-
lius and C. intricatus tend to overlap in areas of common
occurrence. While C. montanus flowers nearly 2 weeks later
than the evergreen types. The flowering period may overlap
for plants on contrasting canyon slopes where aspect may
affect plant distribution and flowering phenology. Hybrid
plants generally begin flowering 2 weeks after the later
flowering C. montanus (Pyrah 1964).

Hybridization between the species is not a rare occur-
rence, suggesting genetic reproductive barriers between the
taxa are weak. Though hybrids form upon contact between
all of the taxa, frequency of F; hybrids varies depending on
parental species combinations. Only those that involve C.
ledifolius varledifolius as one of the parents produce hybrids
with significant segregant progeny (table 1) (Stutz 1990).

The duration of pollen viability is an important factor in
species isolation in nature. As shown in table 2, a portion of
the pollen of C. ledifolius and C. montanus remains viable for
more than 10 days. Abnormal pollen tubes become increas-
ingly abundant during this period of time (Stutz 1990; Pyrah
1964). This extended pollen viability allows for the cross
pollination among these species.

Hybridization of species within the genus Cercocarpus
offers a unique perspective. At the ecotones where species of
Cercocarpus meet, the distribution of each population is
controlled by precipitation and soil characteristics. There is

Table 1—Summary of natural hybridization in Cercocarpus (from Stutz

1990).
Opportunity Abundance of

Parents® for F; hybrids in Progeny

from F, hybridization  contact zones hybrids
led ledx led interm low high abundant
led led x intricatus high high abundant
led ledx montanus low high abundant
led interm X intricatus moderate moderate moderate
led inferm x montanus moderate high few
Intricatus x montanus moderate low none

8led led = C. ledifolius var ledifolius, led interm= C. ledlifolius var
Intermontanus.
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often some overlap of the two populations at the ecotone.
Where hybridization occurs, there is generally not a distinct
band or zone that these hybrids occupy. For example, where
C. ledifolius and C. montanus come in contact, C. ledifolius
is generally growing upslope of C. montanus. When hybrids
form between the two, they occur almost without exception
within the bounds of the C. montanus population rather
than where the two populations interface. This suggests
that C. montanus is the maternal parent supported by what
has been observed for flowering dates and pollen durability
(Pyrah 1964). Since pollen from the earlier flowering C.
ledifolius can remain viable for more than 10 days, cross-
pollination onto C. montanus is possible. However, before
pollen is shed from C. montanus, the stigmas of C. ledifolius
have withered, and as a result reciprocal pollination is
usually not permitted. Generally it appears that pollination
is most common from C. ledifolius to C. montanus.

Noting that the flowering periods are similar for C. ledifo-
lius and C. intricatus, one would expect similar trends for
both species in hybridization with C. montanus. Observa-
tions were made that demonstrated exceptions to this pat-
tern for hybrids between C. intricatus and C. montanus. One
example occurs on the Chippean Rocks formation in the
Abajo mountains of southeastern Utah (elevation 2,500 m).
The spires of this weathered sandstone deposit extend up
from a forest of ponderosa pine with a dense shrub under-
story. The formation is only a few hundred meters in height.
C. montanus is scattered in the understory on lower slopes
of the formation, while C. intricatus is distributed across
upper slopes and on top. Hybrid plants are alsolocated at the
top of the formation within the C. intricatus stand. This
representation of C. montanus not being the probable mater-
nal parent suggests the possibility that reciprocal crossing
can occur.

Another site of interest is found near the Wind Caves
(elevation 2,100 m) located in Logan Canyon in northern
Utah. Thereis avariety ofintermediate phenotypes between
C. ledifolius var intermontanus and C. intricatus, all grow-
ing among a C. montanus population. The variety of inter-
mediate phenotypes of the individuals within the popula-
tions may be a result of the hybridization of C. intricatus X
C. ledifolius. Also present were hybrid products of C. ledifo-
lius X C. montanus and plants suspected of being C. intricatus
X C. montanus hybrids.

Most of the dozen mahogany sites that were inspected for
this project contained hybrid plants within the population.
The Wind Cave site was unique in which hybrids occurred
where all three species were growing within close proximity,

and where there were hybrids derived from each combi-
nation of species. As this study was by no means a
comprehensive inventory, other sites that may exhibit
similar population dynamics are likely in the Inter-
mountain area.

When C. ledifolius is in contact with C. intricatus and
C. montanus, hybridization nearly always occurs. How-
ever, each population, and progeny within populations,
display a different pattern of hybrid products. Plants
may show traits or characteristic of either parent. For
example, a single hybrid plant might be more upright,
have a tendency for evergreen leaves characteristics
associated with C. ledifolius, and have multiple stems,
a characteristic of C. montanus. One of the most telling
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Table 2—Duration of pollen viability? for Cercocarpus montanus and C. Ledlifolius var intermontanus

(modified from Pyrah 1964).

Age montanus germination var intermontanus germination
days NP #° % N # %
1 362 278 76.8 374 152 40.7
2 331 91 27.5 —— —— ——
5 305 65 21.3 222 42 18.9
10 332 82 24.7 308 38 12.3
14 381 81 21.2 228 20 8.8

apollen was germinated on sterile nutrient agar.
®Number in sample.
°Number germinated.

and variable characteristics of hybrids is leaf morphology.
Variability is high, both within species as well as among
hybrids. Leaves taken from adjacent hybrid plants can
demonstrate varying parental traits. For example, leaves
may display strong C. ledifolius traits with more linear
slightly toothed, and strongly enrolled margins, while leaves
from other hybrids maintain stronger C. montanus traits
with a more spatulate shape, stronger toothed and slightly
enrolled margins.

The seeds of hybrids are usually highly inviable, which
suggests the presence of chromosomal or genetic sterility
within the hybrid. Such sterility is probably due to differ-
ences in parental chromosomes or to incompatible gene
interaction (Stutz 1990).

For the three mahogany species, seed production always
occurs on second-year branches or from second-year buds.
The flowering phenology of a plant is synchronized and seed
is produced in a single flush. However, C. montanus plants
have been observed to demonstrate a unique partitioning of
resources. One branch will put energy into copious seed
production and will produce very little or no annual leader
growth, while an adjacent branch, on that same plant, will
produce very little or no seed, but instead will produce large
amounts of annual growth. The trigger mechanisms for
seed-versus-growth production within this genera are poorly
understood. Among hybrid plants a unique flowering phe-
nology also occurs. The triggering mechanism for bud and
seed production in hybrids seems to be confused. Hybrid
plants produce maturing seed, new flowers, and developing
buds concurrently on the same branch of current-year’s
growth, as compared to the synchronized flowering on sec-
ond-year’s growth of nonhybrids. These branches may con-
tinue to produce buds and flowers well beyond the normal
flowering period of both parent species.

Hybridization or genetic assimilation is often the key to
long-term survival, adaptation, or evolution of a species. The
unique traits demonstrated by Cercocarpus hybrids include
adaptation of parental characteristics. Hybrids exhibit char-
acteristics that demonstrate a unique relationship to either
parent. When hybrids become established in adaptive habi-
tats, individuals tend to be larger than either parent. This is
probably an expression of hybrid vigor and can be accounted
for by the wide genetic diversity between these two species.
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Hybridization among the three species of mountain ma-
hogany is a common occurrence. This leaves one to surmise
that the possibility that a stable hybrid could be produced;
one that will produce viable seed, have desirable character-
istics of both parents (such as being evergreen, and have the
ability to resprout), and would be of benefit to the rangelands
they occupied.

Each parental species can produce unique products or
perform different functions. Hybrids may have the ability to
produce all products produced by both parents or perform
both functions. This could explain the continual flowering
process that occurs on hybrids and the ability to produce
seed on current years’ growth. An interesting point is the
idea that these hybrids may be able to synthesize new
products not found in either parent. Gas chromatographic
work done by Pyrah (1964) showed there are indeed unique
compounds produced by the hybrids that are not present in
either parent. Though not identified, these compounds may
have additional value not yet understood.

References

Blauer, A. C.; Plummer, A. P.; McArthur, E. D.; Stevens, R.; Guinta,
B. C.1975. Characteristics and hybridization of important Inter-
mountain shrubs. I. Rose family. Res. Pap. INT-169. Ogden, UT:
U.S. Department of Agriculture, Forest Service, Intermountain
Forest and Range Experiment Station. 35 p.

Davis, J. N. 1990. General ecology, wildlife use, and management of
the mountain mahoganiesin the Intermountain West. In: Johnson,
Kendall L., ed. Proceedings of the fifth Utah Shrub Ecology
Workshop; 1988 July 13-14; Logan, UT. Logan, UT: Utah State
University: 1-13.

Holmgren, N. H. 1987. Cercocarpus ledifolius var intermontanus
(Rosaceae), a new varietal name for the Intermountain curlleaf
mountain-mahogany. Brittonia. 39: 423-427.

Pyrah, G. L. 1964. Cytogenetic studies of Cercocarpus in Utah.
Provo, UT: Brigham Young University. 44 p. Thesis.

Stutz, H. C. 1974. Rapid evolution in Western shrubs. Utah Sci. 35:
16-20, 33.

Stutz, H. C. 1990. Taxonomy and evolution of Cercocarpus in the
Western United States. In: Johnson, Kendall L., ed. Proceedings
of the fifth Utah Shrub Ecology Workshop; 1989 July 13-14;
Logan, UT. Logan, UT: Utah State University: 15-25.

Welsh, S. L.; Atwood, N. D.; Goodrich, S.; Higgins, L. C. 1987. A
Utah flora. Great Basin Natur. Mem. 9. 894 p.

USDA Forest Service Proceedings RMRS-P-11. 1999



Occurrence of Birds on a Great Basin-
Mohave Desert Ecotone in Southwestern

Utah
Merrill Webb

Abstract—During four 1998 breeding season visits to a Great
Basin-Mohave Desert ecotone in southwestern Utah, a total of 29
different bird species were observed. Five species were determined
to be migratory, and two additional species were foraging as they
flew over the transects, reducing the number of meaningful resident
species to 22. Ash-throated Flycatcher, House Finch, and Common
Raven were the three species with highest numbers in the ecotonal
area. Transects through the Mohave Desert and the Great Basin
Desert to the south and north, respectively, provided species num-
bers for comparison.

The zone where two or more different communities meet
and integrate is an ecotone. This zone of intergradation may
be narrow or wide, local or regional. Three types of ecotones
are recognizable. One is an abrupt transition, the result of a
dramatic change in such environmental conditions as soil
type or soil drainage. The second is a sharp transition
brought about by plant interactions such as competition.
The third type is a blending of two or more adjacent vegeta-
tional types. In the second and third types the superior plant
competitors on one side of the ecotone extend as far out as
their ability to maintain themselves allows. The ecotone
contains not only species common to the communities on
both sides; it also may include a number of highly adaptable
species that tend to colonize such transitional areas. Be-
cause of this the variety and density of life is often the
greatest in such areas. This phenomenon hasbeen called the
edge effect (Smith 1974).

Juniper-pinyon (Juniperis-Pinus) woodlands dominate
almost 30 percent of Utah’s land area, and are estimated to
cover from 43 to 80.2 million acres of the Western United
States. In Utah, this type occurs primarily between 5,000
and 7,000 feet in elevation, but it is not uncommon for these
limits to be transgressed. For example, the woodlands occur
aslow as 3,200 feet near St. George (Davis and Harper 1990).

Basically, the North American desert can be divided into
two parts, the northern cool desert—the Great Basin—and
the hot deserts of the Southwest—the Mohave, the Sonoran,
and the Chihuahuan. The cool and warm deserts, however,
grade one into the other at ecotonal sites like the one I
examine here.

Sagebrush (Artemisia) is the dominant plant of the cool
desert. Other important shrubs include saltbushes (Atriplex

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
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spp.), hopsage (Grayia), winterfat (Ceratoides), and grease-
wood (Sarcobatus). The plant communities of the Great
Basin are simple, often consisting of similar uniform gray
and gray-green shrub stands over large areas (Smith 1974;
Mozingo 1987). I followed Welsh and others (1993) for
taxonomic treatment of plant species.

Hot deserts are dominated mostly by creosote bush (Larrea
tridentata) accompanied by bursage (Ambrosia dumosa) or
burrobush (Hymenoclea salsola). Of the hot deserts, the
Mohave, transitional between the Great Basin and the
Sonoran, is the poorest in species, has the simplest vegeta-
tional composition, and contains some species in common
with the Great Basin. Mostly itis a rolling plain covered with
creosote bush and sagebrush, its monotony broken by volca-
nic mountains and the curious Joshua trees (Yucca brevifo-
lia), a Mohave Desert endemic (Smith 1974).

The purpose of this study was to determine bird species
composition and numbers in the Mohave Desert-Great Ba-
sin Desert ecotonal area, and to compare these numbers
with bird species in the Mohave Desert to the south and the
Great Basin Desert to the north. The hypothesis was that the
highest number of bird species should occur at the junction
of the two Deserts. Common and scientific bird names are
listed in the appendix (American Ornithologists’ Union
1997).

Location, Materials, and
Methods

A transect was selected in southwestern Utah’s Washing-
ton County where the vegetation of the Great Basin Desert
merges with that of the Mohave Desert. This transect was
selected on the basis of (1) being as representative of an
ecotonal community as was accessibly possible by car, and
(2) having a limited amount of vehicular traffic noise, which
would affect the ability to adequately hear the birds. Using
the same criteria as mentioned above, two other transects
were selected for comparative purposes, one in the Mohave
Desert to the south and one in the Great Basin Desert to the
north.

The Mohave Desert transect veered south on a road
toward Beaver Dam Wells from the Eardly Road on the
Beaver Dam Slope at an elevation of 3,833 feet. This road
traversed typical Mohave Desert vegetation dominated by
creosote bush, Joshua tree, black brush, blue yucca (Yucca
baccata), and cholla cactus (Opuntia sp.).

The ecotonal transect was 20 miles to the north of the
Eardly Road just off the Motoqua Road at an elevation of
3,835 feet (transect ran north-south bisecting the Motoqua
Road). The vegetation was characterized by both single-leaf
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and two-leaf pinyon pine (Pinus edulis and P. monophylla),
Utah and western juniper (Juniperus osteosperma and J.
scopulorum), Joshua trees, black brush (Coleogyne
ramossima), blue yucca, and big sagebrush (Artemisia tri-
dentata).

The Great Basin transect was approximately 30 miles to
the north of the Motoqua road. This transect started ap-
proximately 15 miles west of the town of Enterprise where
it entered the Dixie National Forest at the southernmost
edge of the Great Basin (transect ran east-west). Vegetation
was pinyon pine, juniper, big sagebrush, and scattered
patches of rabbitbrush (Chrysothamnus ssp.) and bitter-
brush (Prushia tridentata).

Four sampling trips to coincide with optimal songbird
breeding were conducted through the ecotonal transect—
two in April, one in May, and one in June. One sampling
attempt in March was aborted due to rain, snow, and muddy
road conditions. The Mohave Desert was sampled in May
and the Great Basin Desert was sampled in June.

Each transect was 2 miles long and consisted of 10 stops,
each 0.2 miles apart. Observations at each stop lasted for
10 minutes and consisted of listening for bird calls within
hearing range and watching for bird activity using
8x 30 binoculars. All counts were started at 7:00 a.m. (Webb,
in press). Identification of bird species was made by using
the “Field Guide to the Birds of North America” (National
Geographic Society 1983).

Plant species numbers were determined through the eco-
tone study area with help from students in my Provo High
School Zoology Class during my second trip on April 24,
1998. Each of the 10 quadrats was 0.2 miles apart and
corresponded with the location of the birding stop. Each
rectangular quadrat (100 x 30 m) paralleled the road, ordi-
narily on the right hand (or passenger’s side of the car)
situated 30 m out from the edge of the road.

Results and Discussion

Blackbrush was the most abundant speciesin the ecotonal
study area (table 1). It occurred on all 10 transects, most of
the time with large numbers of individual plants. Juniper
trees were present on nine of the transects, but pinyon pine
occurred on only one transect. Big sagebrush, the main
indicator of the Great Basin Desert, was present on only four
of the transects. Joshua trees and desert peach (Prunus

fasciculata), indicator species of the Mohave Desert, were
each present on seven transects though not in large numbers.

The Mohave Desert transect was conducted May 27, 1998.
Thirteen species of birds were identified with the Black-
throated Sparrow being the most abundant. This sparrow
and the Ash-throated Flycatcher occurred on eight of the 10
stops (table 2).

The Great Basin Desert transect west of Enterprise was
conducted June 17, 1998. Twenty species of birds were
identified, with the Juniper (Plain) Titmouse being the most
abundant in terms of numbers (table 3). The Common Raven
was the only species present at all 10 stops.

The transect through the Mohave Desert-Great Basin
ecotone was sampled four times during 1998: April 11, April
24, May 28, and June 16. A total of 29 species were identified
during the four visits covering the three month period
(table 4). However, 11 bird species were recorded only once,
either as flyovers or probable migrants, and all were initially
eliminated from consideration as permanent ecotonal in-
habitants. Subsequently, upon further examination only
five of the 11 bird species were eliminated as probable
migrants. Three species probably moved into the area as a
result of post-breeding dispersal. The remaining two species
(Red-tailed Hawk and Violet-green Swallow) were probably
just foraging as they passed over the ecotonal area. So, in
terms of breeding purposes I believe the ecotone was impor-
tant to a total of 22 different species of birds.

Ofthe 29 bird species recorded on the transect through the
ecotone, 10 species were present during all four visits.
These were Ladder-backed Woodpecker, Ash-throated Fly-
catcher, Common Raven, Juniper Titmouse, Bushtit,
Bewick’s Wren, Blue-gray Gnatcatcher, Chipping Sparrow,
Black-throated Sparrow, and House Finch. Seven species
occurred three of the four times.

Fivebird species (Mourning Dove, Ash-throated Flycatcher,
Common Raven, Bewick’s Wren, and House Finch) occurred
on all three transects. These five species could be regarded
as generalists (table 5). Three species, Mourning Dove,
Bewick’s Wren, and House Finch, were more common on the
ecotonal transect than in either of the other two transects.

Four species occurred only in the ecotonal area: Common
Bushtit, Brewer’s Sparrow, Black-chinned Sparrow, and
Brown-headed Cowbird. Comments about each of these four
species is warranted here. The Common Bushtit occurs over
a wide range of habitats. My observations do not imply
specificity, only one breeding pair and scattered individuals

Table 1—Woody plants of a Mohave Desert-Great Basin Desert ecotone.

Number of plants occurring in each transect

Plant species 1 2 3 4 5 6 7 8 9 10
Blackbrush (Coleogyne ramosissimal) 13 3 149 141 88 198 103 34 62 85
Big sagebrush (Artemisia tridentata) 49 50 0 0 2 0 0 7 0 0
Juniper (Junjperus spp.) 6 4 0 1 5 2 11 17 5 7
Pinyon pine (Pinus spp.) 0 0 0 0 0 0 0 0 0 2
Brigham tea (£pfedra spp.) 4 0 3 0 0 7 1 0 6 0
Desert peach (Prunus rfasciculata) 3 0 0 12 6 0 0 0 2 4
Joshua tree ( Yucca brevifolia) 0 4 2 0 1 2 1 0 6 5
Cholla cactus (Opuntia spp.) 0 2 2 6 0 0 0 0 1 0
Cliffrose (Cowaria stansburiana) 0 0 0 4 0 0 0 0 0 0
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Table 2—Birds of the Mohave Desert Transect (Beaver Dam Well
Road).

Number of stops
out of 10 transects
bird occurred on

Species? Number

Gambel’s Qualil
Mourning Dove
Ladder-backed Woodpecker
Ash-throated Flycatcher
Common Raven
Cactus Wren

Rock Wren

Bewick’s Wren

Northern Mockingbird
10 Loggerhead Shrike

11 Black-throated Sparrow
12 Scott’s Oriole

13 House Finch
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2Common names given, see appendix for scientific names.

Table 3—Birds of the Great Basin Transect (Dixie National Forest,
west of Enterprise, Utah).

Number of stops
out of 10 transects
bird occurred on

Species? Number

Mourning Dove

Northern Flicker

Gray Flycatcher
Ash-throated Flycatcher
Western Scrub Jay
Common Raven

Juniper (Plain) Titmouse
Bewick’s Wren

Blue-gray Gnatcatcher

10 Western Bluebird

11 Mountain Bluebird

12 Gray Vireo

13 Black-throated Gray Warbler
14 Western Tanager

15 Black-headed Grosbeak

16 Spotted (Rufous-sided) Towhee
17 Chipping Sparrow

18 Lark Sparrow

19 House Finch

20 Lesser Goldfinch

—_
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Total Number of Species 20

aCommon names given, see appendix for scientific names.

were observed and they could have been in any of my studied
habitats. I was surprised that Brewer’s Sparrows were only
observed in the ecotonal area; ordinarily this species is
common in the sagebrush habitats of the Great Basin. In
Utah, the Black-chinned Sparrow is usually found in the
chaparral community (Rising 1996). A chaparral commu-
nity occurs southeast of the transect in the nearby Beaver
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Table 4—Number of bird species by date at the ecotone study site.

1998
Species? 04-11 04-24 05-28 06-16

1 Red-tailed Hawk 1
2 Mourning Dove 1 14 3
3 Black-chinned Hummingbird 1

4 Broad-tailed Hummingbird 3

5 Ladder-backed Woodpecker 3 1 2 1
6 Gray Flycatcher 1 3 1
7 Ash-throated Flycatcher 3 7 12 15
8 No. Rough-winged Swallow 2

9 Western Scrub Jay 2 3 1
10 Pinyon Jay 9 5

11 Common Raven 4 6 3 4
12 Juniper (Plain) Titmouse 11 4 4 9
13 Bushtit 2 2 1 5
14 Cactus Wren 3
15 Rock Wren 1 1 6
16 Bewick’s Wren 9 11 8 11
17 Ruby-crowned Kinglet 1

18 Blue-gray Gnatcatcher 1 3 3 3
19 Gray Vireo 10 13 20
20 Black-throated Gray Warbler 2
21 Green-tailed Towhee 1
22 Spotted (Rufous-sided) Towhee 1
23 Chipping Sparrow 3 29 2 1
24 Brewer’s Sparrow 2 6 1
25 Black-chinned Sparrow 2
26 Lark Sparrow 3
27 Black-throated Sparrow 3 10 16 16
28 Brown-headed Cowbird 1 2
29 House Finch 11 12 10 15

Total Species Each Visit 16 20 17 20

a2Common names given, see appendix for scientific names.

Table 5—Number of birds observed for the five most common species
in all communities.

Species? Mohave Ecotone Great Basin
Mourning Dove 2 4 2
Ash-throated Flycatcher 12 9 5
Common Raven 3 11 2
Bewick’s Wren 2 10 7
House Finch 3 12 1

a8Common names given, see appendix for scientific names.

Dam Mountains. I believe that these two birds were in the
study area as a result of post-breeding dispersal from their
usual chaparral habitat. The Brown-headed Cowbird occur-
rence on only the ecotonal transect is probably an anomaly
of later sampling dates rather than being absent from the
other two desert communities, especially the Great Basin
Desert where it is a known nest parasite.

I detected Cactus Wren, Spotted Towhee, and Black-
chinned Sparrow on the ecotone transect on June 16, the last
date of my four visits. This could be due to post-breeding
dispersal where the Cactus Wren moved in from the Mohave
Desert to the south, and the Spotted Towhee and Black-
chinned Sparrow (see previous paragraph) came in from the
chaparral plant community to the east.
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The most abundant birds in the ecotonal transect were the
House Finch (48 birds), Black-throated Sparrow (45), Gray
Vireo (43), Bewick’s Wren (39), and Ash-throated Flycatcher
(37) (table 4). These species are widespread throughout
western habitats, so it is not surprising that they were
abundantly represented in the ecotone. The Gray Vireo was
absent from the first sampling date in April because, based
on my experience with breeding birds in that area, it had not
yet arrived on the breeding grounds. It is likely that num-
bers increased for the Ash-throated Flycatcher, Gray Vireo,
and Black-throated Sparrow, with each succeeding visit due
torecruitment into the population of young of the year birds.
I observed sparrow and vireo fledglings exhibiting begging
behaviors on my last trip on June 16.

Four species associated with the Mohave Desert that were
also present in the ecotonal area were Ladderback Wood-
pecker, Cactus Wren, Rock Wren, and Black-throated Spar-
row. Even though the Ladderback Woodpecker occurred in
both the Mohave Desert and on the ecotone, I never observed
it on a pinyon tree or on a juniper tree in the ecotone. It was
always foraging or perched on a Joshua tree.

Nine species from the Great Basin Desert were also
recorded in the ecotone. These included: Gray Flycatcher,
Scrub Jay, Juniper Titmouse, Blue-gray Gnatcatcher, Gray
Vireo, Black-throated Gray Warbler, Spotted (Rufous-sided)
Towhee, and Chipping Sparrow.

The unusually high numbers of Chipping Sparrows ob-
served on April 24 was due to a mixed flock of sparrows,
including Lark Sparrows, migrating through the area on
that particular date (table 4).

Conclusion

In conclusion, an ecotone is an area between two or more
different kinds of plant communities that contains some of
the vegetation and animal life (in this study, bird life)
present in the surrounding communities. Ecotones gener-
ally have more species than that of the surrounding areas.
Ecotones are not only places that species from neighboring
habitats may find attractive, but species from places other
than the immediate surroundings may consider ecotones
more suitable than the habitats that combined to create it.
This seems to be the case for the Bushtit which was present
on all four sampling dates and only in the ecotone on this
particular study. The House Finch was the most abundant
species on the ecotone during the transect followed by the
Ash-throated Flycatcher, Black-throated Sparrow, and Gray
Vireo.

The higher biodiversity present in ecotones is important
for many reasons. Ecotones may serve as places for species
preservation. Many wildlife managers purposefully create
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edges in order to provide habitat for many species (Yoakum
and Dasmann 1971). Ecotones may also serve as sources or
sinks for species. A source for a species is a place where
individuals canlive and reproduce while individualsin other
locations are dying or are stressed to the point where they
are unable to reproduce. Species may expand into sinks after
reaching the carrying capacity of the original environment
(Pulliam 1988).
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Appendix

Common name

Scientific name
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16.
17.

18.
19.
20.
21.
22.
23.
24.
25.
26.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
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Red-tailed Hawk

Gambel’s Quail

Mourning Dove

Black-chinned Hummingbird

Broad-tailed Hummingbird

Ladder-backed Woodpecker

Northern Flicker

Gray Flycatcher

Ash-throated Flycatcher

Loggerhead Shrike

Gray Vireo

Western Scrub Jay

Pinyon Jay

Common Raven

Northern Rough-winged
Swallow

Juniper Titmouse

Bushtit

Cactus Wren

Rock Wren

Bewick’s Wren
Ruby-crowned Kinglet
Blue-gray Gnatcatcher
Western Bluebird
Mountain Bluebird
Northern Mockingbird
Black-throated Gray Warbler
Western Tanager
Green-tailed Towhee
Spotted Towhee
Chipping Sparrow
Brewer’s Sparrow
Black-chinned Sparrow
Lark Sparrow
Black-throated Sparrow
Black-headed Grosbeak
Brown-headed Cowbird
Scott’s Oriole

House Finch

Lesser Goldfinch

Buteo jamaicensis
Calljpepla gambelii
Zenalda macroura
Archilochus alexandri
Selasphorus platycercus
Picoides scalars
Colaptes auratus
Empidonax wrightii
Myiarchus cinerascens
Lanius ludovicianus

Vireo vicinior
Aphelocoma californica
Gymnorhinus cyanocephalus
Corvus corax
Stelgidopteryx serrjpennis

Baeolophus griseus
Psaltriparus minimus
Campylorfiynchus
brunneicapillus
Salpinctes obsoletus
Thryomanes bewickii
Regulus calendula
Polioptila caerulea
Sialia mexicana
Sialia currucoides
Mimus polyglotios
Dendroica nigrescens
Piranga ludoviciana
Pjpito chlorurus
Pjpilo maculatus
Spizella passerina
Spizella breweri
Spizella atrogularns
Chondestes grammacus
Amphispiza bilineata
Pheucticus melanocephalus
Molothrus ater
[cterus parisorum
Canpodacus mexicanus
Carauelis psaltria
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Measured and Inferred Moisture Gradient
Relationships Across Ecotone Boundaries
in Shrub-Dominated Foothill Communities

Jack D. Brotherson

Abstract—Vegetation patterns across ecotone boundaries on foot-
hill slopes on the Island of Hawaii, the Castle Cliffs area of southern
Utah, the Strawberry Valley, and Provo Canyon areas of central
Utah were studied. Study plots were established at the following
slope positions: ridge tops, midslopes, and slope base. Plant life form
varied with respect to slope position. Species distribution was
distinct and correlated to slope position. Vegetation was distinct at
the ridge top and slope base and graded towards the midslope from
both ends. Plant species were selected as indicator species and
assigned synthetic moisture index values based on a species’ rela-
tive abundance along an inferred moisture gradient of topographic
position (ridge tops being considered xeric and the slope base being
considered mesic). Synthetic moisture index values were computed
for stands at each slope position. Environmental factors, plant
moisture stress (leaf water potential), and the relative amounts of
the stable isotope '3C in leaf tissue were measured at all slope
positions. Correlations between slope position, the synthetic mois-
ture index values (inferred moisture gradient), environmental fac-
tors, plant moisture stress, and concentrations of the isotope *C in
leaf tissue were found to be significant.

Vegetation composition across ecotones has been the sub-
ject of much research interest. Such reported research has
generally been conducted in areas with moderate climates
and annual precipitation exceeding 38 cm. Plant species
composition and abundance with respect to ecotones were
early recognized to be correlated to the abiotic factors of the
environments of those sites where they grow (Gleason 1926;
Clements 1936). Microclimate patterns (soil and moisture
differences) associated with the topographical variation of
foothill knolls have also been linked with differences in plant
species distribution (Moretti and Brotherson 1982).

Anderson and others (1976), in a study of vegetation on
windswept ridges in south central Wyoming, found that
mat-forming plants were more predominant on ridge top
areas subjected to strong winds. Less windy areas were
occupied by sagebrush-grass communities. Moretti and
Brotherson (1982) examined vegetation and soil factors in
relation to slope position on foothill knolls in the Uintah
Basin of Utah. They reported that differences in plant life-
form composition, plant cover, and wind-adapted growth
forms were significant between the ridge top and slope base.
Plant diversity was also found to vary with slope position.

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.

Jack D. Brotherson is Professor, Department of Botany and Range Science,
Brigham Young University, Provo, UT 84602.
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Further, the foothill knolls in the Castle Cliffs area of
southern Utah were studied (Brotherson and Masslich 1985)
and similar relationships in that more arid and extreme
climate were also apparent. Patterns were evident in the
distribution of individual species and in differences in the
morphological attributes of the cacti.

England (1979) also found that vegetation patterns varied
with slope position in the montane steppes of Strawberry
Valley in central Utah. Both life form and species composi-
tion changed from the ridge top to the slope base, with
grasses dominating the base of the slope and shrubs domi-
nating the ridge top. Plant moisture stress was also found to
vary with slope position.

Ordering vegetative samples along associated gradients
of environmental factors such as temperature, moisture, soil
characteristics, etc., as well as measuring the variation of
plant populations across such gradients has contributed to
anunderstanding of the biology of the species and vegetative
communities associated with the underlying gradients. Vari-
ous techniques of gradient analysis have been developed.
Whittaker (1967) discusses two basic approaches. First, a
direct approach where an obvious though usually inferred
gradient is recognized in nature and then the population
responses of various species of that community are mea-
sured. In this regard, Curtis and McIntosh (1951) used a
continuum approach with respect to an inferred moisture
gradient to determine ifthe upland hardwood forest commu-
nities associated with the prairie-forest border region of
Wisconsin were discrete or continuously varying. Second, an
indirect approach where an obvious gradient is not readily
apparent and is arrived at by sampling numerous stands of
vegetation and then using ordination techniques to group
similar vegetative stands into graphic one-, two-, or three-
dimensional arrays, the axes of which are considered to
correspond to environmental gradients (Whittaker 1967).

Variations in vegetative stands as related to underlying
environmental gradients have been utilized in a number of
studies to construct inferred moisture gradients which then
help to explain variations of associated plant species
(Christensen 1963; Curtis 1955; Dix and Butler 1960; Loucks
1962; Waring and Major 1964; Whittaker 1956, 1960). Varia-
tions in vegetation factors along underlying environmental
gradients are equally apparent in native (Christensen 1963)
and non-native plant communities (Brotherson 1996).

On foothill knolls of the islands of Hawaii and Lanai, for
example, introduced species have impacted land areas be-
low 1,280 m elevation and have almost totally replaced the
native plant communities. There, introduced species have
partitioned the available niches along a changing elevational-
moisture gradient. The areas of colonization stretch across
the lower slopes of three shield volcanoes from sea level to
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914 m in elevation and range from 25 to 150 cm of precipita-
tion. An assessment of introduced woody species coloniza-
tion and distribution patterns on these islands indicates the
invading species to have entered the island environments
preadapted to moisture regimes and are now distributed in
almost perfect bell-shaped curves along the entire elevation-
moisture gradient. The distribution patterns of the intro-
duced woody species studied are strongly correlated to
elevation and precipitation patterns (Brotherson 1996).

Variation in species composition with respect to land-
forms has been explained in a number of studies using
inferred moisture gradients related to slope position or
exposure (Whittaker 1967; Waring and Major 1964;
Whittaker and Niering 1965; Wickum and Wali 1974). Such
variation in plant species populations illustrates ecotonal
characteristics often across rather short distances either up
or downslope. With the advent and use of pressure chambers
(Scholander and others 1965) and refined techniques for
their use (Boyer 1967; Slayter 1967; Waring and Cleary
1967), moisture gradients have been directly measured and
used in much the same way as inferred gradients to explain
community variation between sites (Ehleringer and Miller
1975; Zobel and others 1976).

Water tensions (moisture stress) in the plant and water
use efficiency are important parameters for plants of both
native and non-native communities. Plant community com-
position has long been recognized to be influenced by the
amount of available moisture associated with the environ-
ments they occupy (Whittaker 1975). An understanding of
plant species responses across the natural moisture gradi-
ents they associate with should permit managers to more
efficiently manipulate plant resources.

Here reported is the correlation of: (1) slope position to
water tension (moisture stress) in the plant; (2) slope posi-
tion and water tension to vegetational composition; (3) slope
position to synthetic moisture index values (inferred mois-
ture gradient); and (4) slope position to variation in the stable
isotope ®C ratios in the leaves of plant species. Additionally,
it is suggested that there exists a correlation between in-
ferred and real moisture gradients and isotope ratios of 1*C
in plant tissues along the slope.

Study Site Descriptions

Islands of Hawaii

The study area was located below 1,280 m on the lower
slopes of the shield volcano Mauna Loa on the island of
Hawaii. Study area placement was at South Point in the arid
areas on the volcano’s leeward side where the climate tends
to be sunny and dry. Sampling sites were positioned on the
volcano's lower slopes where little or no erosion had taken
place and where the precipitation gradient mimics the eleva-
tion gradient, increasing gradually as elevation increases.

Study site transects began at sea level and extended
upslope some 35 km on Mauna Loa. Elevation ranged from
sealevel at South Point to 579 m on the transect’s upper end.
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The steepness of the elevational gradient averaged between
8 and 10% along the transect. Precipitation patterns varied
ranging from 256 mm at sea level to 1,282 mm at the
elevational gradient’s upper end. Average annual tempera-
tures range between 23 to 27 °C.

The parent materials along the transect are basalts of
volcanic origin, some of rather recent (200 years) deposition.
The soils are shallow, well drained, and are derived from
weathered volcanic basalts. These Entisol soils are weakly
developed and conspicuously red in color due to an abun-
dance of ferric oxides (Armstrong 1980). Associated vegeta-
tion is all of introduced plant species and is dominated by
shrubs and grasses.

Castle Cliffs, Utah

Four slopes of southwest exposure on foothill knolls adja-
cent to Castle Cliffs Wash 16 km north of the Utah-Arizona
State line along U.S. Highway 91 were selected for study.
Elevation differences from slope crest to slope base varied
from 30 to 50 m. Soils are shallow, well drained, and occur on
slopes of 10 to 20%. Parent materials are mixed limestone,
gneiss, schist, sandstone, and basalt (Bowns 1973). Altitude
of the study area is about 1,420 m. The area average annual
precipitation is 29.6 cm (Hodges and Riechelderfer 1962)
and the annual temperatures range from 47 to —23 °C
(Eubank and Brough 1979). The arealies in a transition zone
between the hot Mojave and the cold Great Basin deserts.
The associated vegetation is of native species dominated by
creosote, yucca, and various other species of shrubs and
cacti.

Strawberry Valley, Utah

Strawberry Valley is located in Wasatch County, Utah, on
the East slopes of the Wasatch Mountains of central Utah at
an elevation of 2,325 m. Topographically the study site is
within an area of low rounded hills (20 to 100 m high)
weathered from fluvial and lacustrine sediments of the
Eocene Uinta formation.

Soils were formed in place from weathered sedimentary
rocks (mostly sandstone and siltstone). Soils are of three
great groups (USDA-SCS 1975): (1) Lithic cryorthents; (2)
Typic cryoborolls; and (3) Lithic cryoborolls. Six of the 12
soils of midslope stands and four of the 12 soils of hill crest
stands were extensively reworked by ground squirrels and
badgers.

The area’s climate is characterized by cool summers and
frigid winters with heavy snow cover. An 8 year average
(1969-1976) of precipitation taken at East Portal (elevation
2,300 m) 3 km south of the study area was 610 mm of which
60% fell as winter snow.

The study area’s vegetation is amontane sagebrush steppe.
The plant life forms represented in the vegetation include
low shrubs, graminoids (grasses and sedges), and forbs
(herbaceous non-graminoids). The relative proportion of these
various life forms vary from crest to base of the knolls.
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Provo Canyon, Utah

The study area is located on two foothill knolls approxi-
mately 2.1 km up the Squaw Peak Road in Provo Canyon in
the Wasatch Mountains east of Provo, Utah County, Utah.
The sites lie at 1,615 m elevation and collectively cover an
area of approximately 2.0 ha. Limestone bedrock of Paleozoic
origin underlies Quaternary colluvial and alluvial surface
layers on the sites where loamy soils have formed over clayey
subsurface material. The study site soils resemble the
Henefer-Manila-Dry Creek association as described in the
Utah County Soil Survey (USDA-SCS 1972).

Precipitation in the area averages 406-635 mm per year
with the majority falling as snow during the winter months.
January, the coldest month, exhibits a mean temperature of
—5.6 °C, while July, the hottest month, has a mean tempera-
ture of 20 °C. The area has a potential annual evapotranspi-
ration of 533-610 mm (Utah Planning Commission 1981).

The vegetation of the area includes grasses, forbs, and low
growing shrubs. Grasses dominate the ridge crests and
shrubs the slope bases.

Methods

Island of Hawaii

Transects and study sites were positioned at increments of
30 m on the shield volcano's lower slopes along the eleva-
tional gradient. Data collection was accomplished using two
100 m transects at each study site, one placed perpendicular
and the other parallel to the elevation gradient. The two
transects intersected at their 50 m midpoints. Each site was
subsampled with 20, one m? quadrats placed every 10 m
along the transects. Canopy coverage by species was esti-
mated according to Daubenmire (1959). Abundance of each
species was ocularly estimated at each study site along a
400 m walking transect, set parallel to the slope and cen-
tered on the study site, using abundance classes (Brotherson
1996). Average cover was computed for each species encoun-
tered by site and then compared with the abundance esti-
mates of the same site as a check of that species’ importance
at the site. Elevation was determined at each site using a
Thommen TX mechanical/barometer altimeter. Precipita-
tion was estimated for each site from island maps with
isohyetal estimation lines.

Castle Cliffs, Utah

Each of four slopes was sampled with four 10x10m (0.01 ha)
study plots. The plots were established at four different
slope positions: ridge crest, upper slope, lower slope, and
slope base. Each plot was randomly subsampled with 10
0.25 m? quadrats. Canopy coverage was estimated by spe-
cies (Daubenmire 1959) at each quadrat. In addition, cover
contributed by rock, litter, and cryptogamic crusts was
estimated. Soil depth was measured with a penetrometer
within five of the ten 0.25 m? quadrats (Greenwood and
Brotherson 1978). Total living plant cover, plant cover by life
form (i.e., trees, shrubs, perennial forbs, perennial grasses,
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annuals, cryptogams, and succulents) were ocularly esti-
mated from each quadrat following a procedure suggested by
Ostler (1980).

Strawberry Valley, Utah

Each of 12 slopes was sampled with three study plots
placed one stand each at the crest, middle, and base of each
slope. The slopes were located on hills selected for their
proximity to each other, ease of accessibility, lack of distur-
bance and domination by shrub-steppe vegetation. All expo-
sures were represented, and slopes were selected to insure
that no barriers to overland water movement existed be-
tween slope crest and slope base. Plot size equaled 0.01 ha in
size and was selected for intra plot homogeneity. Twenty-
five 0.25 m? quadrats were used to subsample each vegeta-
tive plot. Canopy coverage by species was estimated at each
quadrat (Daubenmire 1959). Vegetation data was measured
during August, the period of maximum vegetative
development.

Exposure and slope were measured at each stand using a
Brunton compass. Soil depth was measured in ten quadrats
of each stand using a one-meter long, sharpened %5 inch steel
rod marked in decimeter units. Measurements to the near-
est decimeter were recorded and the values for each stand
averaged. A composite soil sample of the surface 3 dm was
taken from quadrat one of each stand and analyzed for soil
texture using the hydrometer method (Bouyoucos 1951).
Hydrogen ion concentration (pH) was measured using a
Beckman pH meter and soluble salts were measured using
a Whetstone conductivity bridge.

Provo Canyon, Utah

Two north facing slopes were chosen for study. Both slopes
were on rounded foothill knolls similar in elevation, slope
gradient, aspect, soil parent material, and soil texture. A
total of fifteen (20 x 20 m) 0.04 ha study plots were estab-
lished on the two slopes. Plots were located along transects
placed at right angles to the contour. Plots were established
along each transect in groups of three on the first slope and
groups of two on the second slope, one transect at each of
three topographic positions: ridge crest, midslope, and slope
base. Plots were subsampled with 16 0.25 m? quadrats
placed systematically across each plotin a 4 x4 grid. Canopy
cover was estimated for each species in each quadrat
(Daubenmire 1959). One additional cover class
(0.0 — 0.5%) was recognized.

Soil samples were taken from the top 20-25 cm of the
profile. Samples were taken from the four corners and the
center of each sample plot, air dried, and bulked together for
analysis. Samples were analyzed for texture (Bouyoucous
1951), pH, organic matter, cation exchange capacity, and
soil mineral nutrient concentrations. Hydrogen ion concen-
tration (pH) was determined with a glass electrode pH meter
on a 1:1 soil:water paste (Russel 1948). Percent organic
matter was determined using the method of Walkley and
Black (Nelson and Sommers 1982). Cation Exchange Capac-
ity (CEC)was determined by extracting soils with ammonium
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acetate, washing thoroughly, and distilling off the adsorbed
NH,* in a Kjeldahl device (Rhoades 1982). Exchangeable
quantities of sodium, potassium, calcium, and magnesium
were quantified from the extracts with a Perkin-Elmer
Model 403 atomic absorption spectrophotometer (Isaac and
Kerber 1971). “Available” phosphorous was extracted with
sodium bicarbonate (Olsen and others 1954).

Moisture Gradient Methodology

An inferred moisture gradient was established with re-
spect to slope position. The slope crests were considered the
most xeric and the slope bases the most mesic. In Hawaii this
relationship was reversed with the upper slope being mesic
and the slope base being xeric. It was assumed that the
effective precipitation at a slope crest would be less than the
effective precipitation at the slope base due to water runoff.
Midslope stands were considered to be somewhere in-be-
tween the two. These relationships would vary with respect
to the steepness of the slope and the slope’s exposure to the
angle of incoming solar radiation, soil texture, soil depth,
etc.

Indicator species used to delineate the inferred moisture
gradient were selected by comparing average cover of each
species found in the slope crest stands and slope base stands.
A one-tailed t-statistic was performed on the difference
between the mean (X) cover values from the slope crest and
slope base stands for each species. Those species whose cover
values were significantly different (p < 0.01) between the
crest and base stands were considered as possible index
species. If those same species were among the eighteen
prevalent species with the greatest average cover in the top
slope stands (the average number of species per stand at the
top slope position) and the 30 prevalent species with the
greatest average cover in the bottom slope stands (the
average number of species per stand at the bottom slope
position) they were selected as index species. A total of 30
index species were selected.

Synthetic moisture index values for the indicator species
were calculated using the following formula:

Xb

Species Synthetic Moisture Index Value = Si = 20x
Xb + Xt

where Xb = average cover of each selected species in bottom
slope stands and Xt = average cover of that same species in
top slope stands.

The constant 20 in the formula was used to give the index
species and consequent stand synthetic moisture index
values a range from 0 to 20, which approximates the ex-
pected range in values of measured moisture stress in
atmospheres.

A weighted stand index value (Goff and Cottam 1967)
incorporating the species synthetic moisture index (Si) was
calculated for each stand by use of the following formula:

MB

i=1 [(Wi)(Si)]
Stand Synthetic Moisture Index Value (SSMIV) = % Wi

i=1
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where Wi = the percent cover of each index species “i” in that
stand, Si = the species synthetic moisture index value of the
species “i” as described above, and n = the total number of
index species presentin the measured stand (England 1979).

Moisture stress measurements on the plants were made
during pre-dawn hours(Slayter 1967; Brown and McDonough
1977) at 2 to 3 week intervals starting in June and ending in
September at the Strawberry and Provo Canyon sites. Mea-
surements at the Strawberry site were made on Artemisia
tridentata using a PMS pressure chamber with compressed
nitrogen gas. Although Artemisia tridentata was not the
dominant shrub on the study site, it was the most frequent
woody plant encountered and was the only species present
with sufficient numbers for each stand to be sampled ad-
equately. Five twigs were taken from each of five plants in
each stand. The twigs were cut with a razor at a 45 degree
angle to the axis of the stem and placed in the pressure
chamber with the cut end exposed to the outside atmo-
sphere. Recordings in atmospheres (ATM) of pressure were
made for each twig. The total elapsed time between cutting
the twig from the plant and measuring the moisture stress
was less than thirty seconds (cf. Scholander and others
1965).

Leaf moisture potentials at the Provo Canyon site were
measured using a Campbell Scientific leaf press (Cox and
Hughes 1982). Leaf moistures were measured on three
leaves taken from individuals of Agropyron spicatum and
Artemisia tridentata spp. vaseyana at three separate loca-
tions within each plot. Thus, a total of nine measurements
per species per plot were collected. The moisture stress
values were averaged for the plants sampled in each stand
for each recording date.

Leaftissue from each of four species (Agropyron spicatum,
Astragalus utahensis, Artemisia tridentata spp. vaseyana,
and Balsamorhiza hookeri) was also collected at the Provo
Canyon site. These species represent three life forms (shrubs,
forbs, and grasses) and several rooting depths. Leaf collec-
tions were also made from three locations within each plot.
Subsamples were oven dried, combined, and subsequently
analyzed for 13C content. Analysis followed procedures de-
scribed by Boutton and others (1983).

Statistical analyses consisted of employing descriptive
statistics to obtain means and standard deviations for all
biotic and abiotic parameters sampled. Analysis of variance
(ANOVA) tests were conducted on a stratified random de-
sign and used in combination with Fisher’s LSD mean
separation tests to determine if parameters differed signifi-
cantly among slope positions. Linear regression and correla-
tion analyses were used to describe relationships between
measured plant moisture stress (water tension in the plants)
and stand synthetic moisture index values, and between >C
values in the plant tissues (Ott 1984).

Results and Discussion

Ecologically, ecotones are defined as transition zones
between adjacent community types. Ecotones may be broad,
extending across several hundred miles, as in the transition
between the short and tall grass prairies of North America
(Weaver 1968). They may also be narrow, as in the
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transriparian gradients along our Western streams where
species and vegetation patterns vary quickly over rather
short distances (Webb and Brotherson 1988). Plant species
tend to partition available geographical space across eco-
tones showing restricted distribution patterns. Different
species tend to peak in importance at specific points in the
landscape and then decline, becoming less important as one
moves away from these peaks. Some species appear highly
restricted in their distribution while others are more broadly
distributed. Plant distribution patterns are generally re-
stricted by their evolutionary history, presence of other
species, and by the nature of the underlying environmental
gradients. As species sort across the landscape they often
depict nearly perfect “bell-shaped” curves relative to their
distribution (Curtis and McIntosh 1957). Such patterns are
wellillustrated on the lower slopes of the Mauna Loa volcano
ontheisland of Hawaii. The species grow along an elevation/
precipitation gradient where they have partitioned the land-
scape from sea level to 570 m and the corresponding precipi-
tation gradient of 256 mm to 1,282 mm, showing highly
predictable patterns with respect to the landscape and to
other species (fig. 1). Plant species placement along this
elevation/precipitation gradient illustrate distribution pat-
terns in the vegetation highly reflective of an ecotone
(Brotherson 1996).

Where ecotones are broad, as is the case on the slopes of
Mauna Loa, change in associated biotic and abiotic factors
are generally gradual. Conversely, where ecotones are sharp
and change rapidly over short distances, as on foothill
knolls, associated biotic and abiotic changes are often rapid.
The biotic and abiotic factors discussed in this study charac-
terize ecotones associated with foothill knolls in shrub-
dominated communities in three different Utah locations.
The intent here is to describe the ecotones and underlying
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Figure 1—Relationship of plant species to elevation/
moisture gradient at South Point, Island of Hawaii.
CHNI = Chamaecrista nictitans, INSU = /ndjgofera
suffruticosa, LACA = Laniana camara, LELE =
Leucaena leucocephala, PRPA = Prosopic pallida,
PSGU = Psidium guajava; SCTE = Schinus
terebenthifolia; S\IFA = Sida falax, SOLI| = Solanum
linnaeanurm, WAIN = Waltheria indica.

44

gradients with respect to variations in moisture on foothill
knolls and the effects of these variations on vegetative
patterns.

Following precipitation, water flows downslope, estab-
lishing a moisture gradient with respect to slope position
(England 1979). For example, Sturges (1977) in studying
mountain big sagebrush found this species growing mainly
on midslope and slope bottom sites. He suggested that the
species was adapted to these areas because these sites were
more mesic and had better-developed soils. On one site, he
established the over-winter precipitation to be 102 mm on
the ridge crest, 378 mm at midslope and 511 mm at slope
base. The midslope and slope base soils were recharged from
three to five times. The slope crest, then, is somewhat xeric
with respect to downslope positions. Conversely, the slope
base, which receives significant runoff or recharge from
above, would have greater effective precipitation for plant
growth. Midslope positions would tend to be intermediate to
the slope crest and slope base (England 1979).

Plant species and other site characteristics also change
with slope position (tables 1 and 2). As shown in table 1, the
selected examples of plant species tend to peak in impor-
tance at one of the three slope positions and then decline
either up or downslope. The distribution of the different
plant species growing along the slope is generally distinct
with respect to all other species and to slope position. For
example, Chrysothamnus viscidiflorus, Eriogonum her-
acleoides, and Agropyron spicatum were of greatest impor-
tance at the ridge crest, while Quercus gambelii, Artemisia
cana, and Festuca idahoensis were generally absent from

Table 1—Plant species distribution patterns across slope ecotones.
Values represent percent cover of individual species at the
slope crest, midslope and slope base topographic positions.
Data follow England 1979, Black 1987, and Moretti and
Brotherson 1982.

Slope postion

Species Crest Midslope Base
Chrysothamnus viscidiflorus ' 25.1a 23.2a 1.6b
Artemisia tridentata’ 14.0a 4.4b 2.4b
Eriogonurm heracleoides 10.0a 4.6b 2.2b
Stjpa lettermanii’ 9.9a 3.0b 3.6b
Agropyron spicatum? 21.2a 15.1a 4.3b
Phiox bryoides® 10.3a 1.7b 3.4b
Lupinus argenteus' 5.9a 4.9a 4.7a
Balsamorhiza hookerr? 0.8a 2.0b 0.5a
Geranium fremonti" 0.9a 4.1b 0.9a
Symphoricarnos oreophilus’ 1.1a 3.4b 0.2a
Artemisia tridentata

spp. vaseyana® 14.1a 13.0a 16.3a
Stipa columbiana 1.6a 3.6b 3.9b
Poa secunda® 0.1a 0.1a 3.6b
Aster chilensis’ 0.04a 0.6a 3.4b
Elymus ambiguus® 0.0a 0.0a 4.2b
Artemisia cana’ 0.7a 6.1b 10.9b
Festuca idahoensis 0.2a 1.2a 17.2b
Quercus gambelii® 0.0a 16.8b 28.4¢c
Artemisia tridentata® 0.0a 13.6b 18.3b

12, and ® signify plants studied by England, Black, and Moretti and Brotherson,
respectively.

a,b, and c indicate those species that are significantly different based on
ANOVA results.
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Table 2—Patterns of biotic and abiotic factors across slope ecotones.
Values represent factor importance at the slope crest,
midslope, and slope base topographic positions. Data follow
England 1979, Black 1987, and Moretti and Brotherson

1982.
Slope postion
Factor Crest Midslope Base
Biotic factors
Annual cover? 29.4a 14.1b 11.8b
Grass cover? 53.1a 57.7b 36.2c
Shrub cover? 96.3a 87.3a 123.9b
Forb cover? 40.9a 38.4a 22.8b
Total living cover? 40.0a 79.1b 58.6b
Wind adapted plant cover® 15.6a 3.6b 3.7b
Diversity (1/2 pi2)3 6.9a 4.4b 3.9b
Abiotic factors

Soil depth (cm)? 20.0a 34.0b 65.0c
Percent bare ground" 20.1a 40.0b 41.0b
Percent exposed rock’ 61.9a 38.3b 13.2¢c
Percent litter' 27.3a 30.5a 46.0b
Soluble salts (ppm)’ 181.0a 432.0b 357.0b
Potassium (ppm)? 232.0a 241.0a 381.0b
Sodium (ppm)? 14.0a 11.0a 31.0b
Sand (%)? 42.9a 32.2b 35.5b
Clay (%)? 36.8a 44.8b 42.8b

1,2, and 3 signify plants studied by England, Black, and Morettiand Brotherson,
respectively.

a,b, and c indicate those species that are significantly different based on
ANOVA results.

the crest and were dominant at the slope base. A few species
(Geranium fremontii, Symphoricarpus oreophilus, etc.) ac-
tually become most important at the midslope position.
Artemisia tridentata showed importance at each slope posi-
tion based on study site location (table 1). This variation in
distribution patterns with respect to Artemisia tridentata
would most likely result from variations from site to site in
the underlying moisture or soil gradient, competition from
other species, or because the Artemisia populations encoun-
tered represent different genetic strains adapted tolocalized
conditions.

The vegetation at the base of most knolls is dense, with
the midslope vegetation being moderately dense, and the
vegetation of the knoll crests being the least dense. The total
number of plant species observed in sampled vegetative
stands in Strawberry Valley increased from 41 in the slope
crest vegetation to 65 in the midslope vegetation to 88 in the
slope base vegetation. Accordingly, the average number of
plant species per sampling unit also increased from 18.3 in
the slope crest stands, to 21.8 in midslope stands, and 30.2
in slope base stands. Measured diversity (1/2pi?) in Provo
Canyon decreased downslope (table 2).

Among the three slope positions, the crest differed signifi-
cantly from the midslope and base with respect to total cover
(table 2). The values for the midslope position were higher
than either crest or base, but differed significantly from only
the crest with respect to percent cover (England 1979). Grass
cover mimicked total cover in pattern. Cover of annuals,
forbs, and wind-adapted plants all decreased downslope
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while shrubs were generally most important at the slope
base.

Soil textures from the slope crest subplots showed signifi-
cantly lower clay content and significantly higher percent
sand and exposed rock than samples from midslope and
slope base positions. Significant differences were also found
for soil organic matter, pH, bare ground, litter cover, total
soluble salts, and concentrations of sodium and potassium
when comparisons were made among the three slope posi-
tions (table 2). Soil depth increased downslope and was
significantly higher at slope base. Potassium increased
downslope. This may possibly be due to the weakness with
which potassium is adsorbed in soil. It is easily leached from
sites where considerable water flows over and through a soil
to accumulate on slope base sites where water accumulates.
These facts indicate that as water moves downslope it takes
the smaller textured particles and dissolved nutrients along
with it.

Regression analyses were performed to determine if any
correlation existed between measured soil factors of each
stand (i.e., soil depth, soil texture, and soluble salts, etc.),
stand topographic features (slope position, exposure, and
percent slope), stand synthetic moisture index values, and
measured plant moisture stress. The soil parameters, in-
cluding texture and soluble salts, showed little or no corre-
lation with all other factors due to their homogeneity be-
tween stands (all had r? values of less than 0.10). The
regression between soil depth and slope position was signifi-
cant, however, and resulted in a correlation and r? = 0.59.

The inferred moisture gradient, which has been suggested
with respect to slope position (i.e. the slope crests being the
most xeric and the slope base being the most mesic), corre-
sponds nicely with the patterns in the biotic and abiotic
factors as discussed above. Annuals, for example, are gener-
ally considered to be quite xeric in their habitat require-
ments. Total cover, on the other hand, would be expected to
increase as soil depth and affective moisture increases. The
correlations become much tighter when the ecology of the
individual species are taken into account. For example,
Agropyron spicatum and Stipa lettermanii are known xeric
species, while Festuca idahoensis and Artemisia cana oc-
cupy more mesic habitats.

Indicator species used to establish the inferred moisture
gradient were selected by comparing the mean cover of
species restricted to the slope crest or to slope base stands.
Those species that showed cover values to be significantly
different between the crest and slope base positions were
used in computing the stand synthetic moisture indices.
These computed stand indices allow the individual stands to
then be placed in somewhat linear relationships to each
other with respect to moisture. Once these relationships are
established, then individual species as well as individual
biotic and abiotic factors can be compared to the inferred
moisture gradient. In the past this method has been criti-
cized and it has been suggested that such data may or may
not reflect actual conditions in reality (Whittaker 1967).

Pre-dawn leaf water potential measurements taken in
Strawberry Valley and Provo Canyon showed plant species
at thehill crest position to be under higher moisture tensions
than those at the basal and midslope positions (England
1979; Black 1987). The midslope values fell between those of
the crest and base sites. Leaf moisture potential data taken
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with respect to slope position correlated significantly with
the inferred moisture gradient, a pattern that held constant
throughout the spring and summer months (England 1979)
(fig. 2).

Plant moisture stress as measured on plant twigs and
leaves increased through the growing season as soil mois-
ture was depleted through the heat of summer. The most
marked increases in measured moisture stress occurred at
the slope crest and were followed closely on midslope stands
during the month of August. Variation between stands of the
same slope position also increased with summer’s progres-
sion, becoming most pronounced in midslope and slope base
stands (England 1979).

The stand synthetic moisture index, when correlated with
measured plant moisture stress data taken on four different
dates throughout the growing season, resulted in linear and
exponential r? values of 0.75 and 0.95 (England 1979). Early
season correlations were linear, while the late season corre-
lations were exponential. Linear regressions between mea-
sured plant moisture stress of late summer (September 20)
and the abiotic factors of slope position and soil depth were
significant and showed correlation values of r? = 0.75 and
r? = 0.78, respectively (England 1979).

The high degree of correlation between moisture gradi-
ents measured by instrumentation and inferred gradients
established by variationsin plant species composition (fig. 2)
is useful in verifying the validity of the synthetic index
approach to gradient analysis. It is important to point out
that the strongest correlation between the two was in the
late growing season when moisture stress in plants is at its
greatest. At that season the relationship is exponential.
The stand synthetic moisture index values discussed in
this paper and similar synthetic moisture indices in other
reports are based upon assumptions mentioned previously
in this paper. Use of inferred synthetic gradients to
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Figure 2—Late season relationships observed be-
tween measured plant moisture stress (water ten-
sion | the plant) in atmospheric pressure (ATM) and
synthetic stand moisture indices.
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demonstrate variations in actual species distribution and
habitat preference employs a circularity of reasoning in and
of itself when variations in plant species abundance are
themselves used in establishing and quantifying that in-
ferred gradient. The strong correlation between the mea-
sured and inferred moisture gradients reported in this paper
gives strong evidence that the synthetic gradient approach,
while having flaws, is nevertheless useful and does closely
approximate a directly measured moisture gradient espe-
cially late in the growing season. Indications are that an
inferred gradient will yield information closely approximat-
ing that of a measured gradient and yet allow greater
flexibility as to time of day and season for sampling of
vegetation in the field.

With the vegetative patterns along the slope being so
highly evident and with slope position being shown to be
strongly correlated with leaf water potentials, one can con-
clude that these vegetative patterns are correlated with a
moisture gradient. Following ideas suggested by Farquhar
and others (1982), Black (1987) collected tissue from species
in the vegetation of specific slope positions and analyzed
them for 13C content to see if concentrations in this stable
isotope showed any patterns with respect to drought
conditions.

His data show that the >C content had statistically higher
tissue concentrations (p = 0.05) of the isotope (smaller
negative numbers) at the hill crest than at the slope base.
Although not significantly different from either ridge crest
or slope base samples, midslope values for 8'C followed
similar trends to the leaf water potential measurements
with midslope values being intermediate to those for ridge
crest or slope base (Black 1987).

Leaf water potentials were also found to be negatively
correlated with 3C content of leaf tissue (r = 0.88) (fig. 3).
This observation supports the findings of Ehleringer and
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Figure 3—Pre-dawn water stress data plotted
against 6 '*C values. The r value = —0.88 and the
equation for the regression line is: y = -11.3 x
—3235.4. Values on the x- and y-axis represent
negative numbers.
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others (1985) that efficiency of daily water use was corre-
lated with carbon isotope ratios in leaf tissue of mistletoe
parasites and host trees.

The high degree of correlation between carbon *C isotope
content of leaf tissue and leaf water potentials should be
useful to researchers in helping to establish relative mois-
ture stress relationships between stands of vegetation. The
method may also have value for estimation of stresses of
plants due to other factors such as nutrient deficiency,
salinity (induced moisture stress), and high and low tem-
perature effects.
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Riparian Zones—The Ultimate Ecotones?

Warren P. Clary
Dean E. Medin

Abstract—Riparian zones are important landscape features with
elongate shapes and high edge-to-area ratios. They are open
ecosystems with large energy, nutrient, and biotic interchange
with adjacent aquatic and terrestrial ecosystems. In the arid and
semiarid West, riparian zones typically occur as islands of meso-
phytic and hydrophytic vegetation that support diverse fauna and
flora that are often quite different from those in the adjacent
terrestrial and aquatic systems. Riparian zones are arguably the
ultimate expression of the ecotonal concept.

A comparison of three high elevation sagebrush areas illus-
trates a few of the differences that occur in vegetation structure
and bird communities at the riparian-upland interface. Vegeta-
tion and bird community measures in the riparian zone varied
from 200 to 1,098 percent of the values present in adjacent upland
areas.

Ecotones

An edge is the place where ecological systems meet, or
where types of vegetation or vegetation conditions within
plant communities come together. The area influenced by
the transition between systems, communities, or stages is
called an ecotone (Leopold 1933; Thomas and others 1979a).
Study of the concept began over a half century ago (Risser
1995). Initially it was viewed in three different contexts: (1)
local edges or margins for habitat, cover, and food for
wildlife species (Leopold 1933); (2) timberline transitions
(Griggs 1938); and (3) broad transitions between continen-
tal-scale biomes (Weaver and Albertson 1956). Later, eco-
tone concepts were expanded. The classifications included
inherent, induced, wide, narrow, high constrast, low
constrast, simple, mosaic, stable, and dynamic ecotones
(Thomas and others 1979a). The different settings and
concepts have led to fragmented understandings and con-
flicting viewpoints. Often ecotones were excluded from field
sampling in the effort to define relatively homogeneous
populations for study (Risser 1995).

A modern definition of ecotone refers to areas of steep
vegetation gradients between the more homogeneous veg-
etation associations. These gradients usually occur in re-
sponse to abrupt physical environmental gradients that
affect ecological processes and distribution of organisms,
although they occasionally occur as threshold or nonlinear
responses to gradual gradients in the physical environ-
ments (Gosz 1992). Such transitions between different

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.

W. P. Clary is Project Leader and D. E. Medin (deceased) was Research
Wildlife Biologist, Forestry Sciences Laboratory, Rocky Mountain Research
Station, 316 E. Myrtle Street, Boise, ID 83702.
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ecosystems contain characteristics of adjacent habitats as
well as distinctive microhabitats found only in the interme-
diate ecotonal area (Thomas and others 1979a; Risser 1995).

The flows of water, nutrients, organisms, and other
materials across the landscape frequently are intensified in
ecotones. Fluxes of water and materials vary with changes
in energy of wind and water (Johnston 1993; Risser 1995).
Ecotones may serve as conduits through which organisms
concentrate, move, and migrate (De’Camps 1993; Risser 1995).

Many species occur at their physiological limits of distri-
bution at ecotones. If species are at the margin of their
environmental tolerance, they could (or perhaps are likely)
to be sensitive and reactive to change (Gosz and Sharpe
1989). There is no paleontological evidence suggesting that
ecotones confer stability (Delcourt and Delcourt 1992),
even though some investigators assume that the diversity
within ecotones provides an inherent element of biological
perseverance (Thomas and others 1979b).

Riparian Zones as Ecotones

Riparian zones are elongate with very high edge-to-area
ratios and provide a classic example of edge effect and the
ecological principle of ecotones. Riparian zones have large
energy, nutrient, and biotic interchanges with aquatic
systems on one boundary and terrestrial systems on the
other boundary (Gregory and others 1991; Odum 1978).
Chemical, biological, and physical processesincluding deni-
trification, trapping of suspended particulate material, and
plant uptake of nutrients function to improve the quality of
water as it moves through a wetland from uplands to a
stream or other body of water (Johnston 1993; Risser 1995).

The upland-riparian-aquatic combination also presents
a striking platform for a biotic medley. the mosiac nature of
riparian areas with their high productivity and variability
tends to support a highly diverse biota represented by
species from adjacent upland and aquatic types as well as
species unique to the riparian area itself (Fitch and Adams
1998; Larson 1993; Odum 1978; Thomas and others 1979b).

Riparian zones (ecotones) typically exhibit characteris-
tics quite different from the adjacent “parent” vegetation
types. Shrublands of the Intermountain West are often
defined by a sagebrush-grass vegetation type, wherein the
adjacent riparian zones vary from wetland graminoid types
to tree-dominated communities with multiple strata and
sub-ecotonal zones (fig. 1). This layering and the vegetation
differences within and between communities create nu-
merous niche possibilities (fig. 2). We report some results
from a study of three exclosures to illustrate a few of the
differences between typical riparian zones and the adjacent
upland sites.
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Figure 1—lllustration of the typical Western U.S.
“sandwich” of sagebrush upland-riparian zone-
aquatic systems (source unknown).

Figure 2—lllustration of the strata and edges that
often occur within ariparian zone (from Thomas and

others 1979b).

50

Edgef

An Example of Vegetation and Small
Bird Comparisons at the Riparian/
Upland Interface

Study Areas

Numerous riparian grazing exclosures on USDA Forest
Service and USDI Bureau of Land Management lands were
examined as potential study areas in central and eastern
Oregon, northern Nevada, and central and southern Idaho.
Three riparian study areas met the following criteria:

1. Protection from grazing for at least 10 years.

2. A minimum size of 1,200 by 150 m.

3. Elevation of 1,850 to 2,000 m, sagebrush (Artemisia
spp.) ecological zone, and average annual precipitation of
approximately 240 to 250 mm.

4. Within the Snake River Basin/High Desert Ecoregion
(Omernik 1995).

Vegetation structural aspects within the riparian zones
of the selected areas varied from herbaceous plants to tall
trees, while the upland sites all had a shrubby aspect. This
provided an opportunity to assess the approximate range of
biological characteristics occurring on ungrazed upland
and riparian sites within this general ecological zone.

Deer Creek is located in northeastern Nevada in a nar-
row, V-shaped canyon. The stream was closely bordered by
clumped stands of aspen (Populus tremuloides), willow
(Salix boothii and S. geyeriana), and other deciduous shrubs
including currant (Ribes spp.) and Woods rose (Rosa
woodsii). The herbaceous component was dominated by
Kentucky bluegrass (Poa pratensis) and various sedges
(Carex spp.). The upland was dominated big sagebrush
(Artemisia tridentata) and bluebunch wheatgrass (Agropy-
ron spicatum).

Wet Creek is located in central Idaho in a meandering
flood plain located below an upper bench level of a broader
valley configuration. The riparian vegetation included those
species at Deer Creek plus bush cinquefoil (Potentilla
fruticosa), some water birch (Betula occidentalis), redtop
(Agrostis stolonifera), Baltic rush (Juncus balticus), aster
(Aster spp.), Rocky Mountain iris (Iris missouriensis), and
longleaf phlox (Phlox longifolia). Upland species included
those listed for Deer Creek plus rabbitbrushes (Chrysotham-
nus spp.), crested wheatgrass (Agropyron cristatum), and aster.

Summit Creek is also located in central Idaho in a broad
basin-like valley. Riparian vegetation was dominated by
mat muhly (Muhlenbergia richardsonis), thickspike wheat-
grass (Agropyron dasystachyum), Kentucky bluegrass,
beaked sedge (Carex rostrata), and Baltic rush. The domi-
nant shrubs on the adjoining uplands were low sagebrush
(Artemisia arbuscula) and threetip sagebrush (A. tripartita).
Big sagebrush occurred as a minor species. Sandberg’s blue-
grass (Poa secunda), bluebunch wheatgrass, aster, and longleaf
phlox were the most apparent herbaceous upland species.
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Methods

Individual study sites were sampled in different years
during a drought period; annual precipitation had been
below average for a minimum of 2 years prior to sampling.
In each year of sampling, precipitation at the nearest
reporting stations was 67 to 85 percent of the respective
long-term means (USDC-NOAA 1986- 1991). Streamflow
at all three sites appeared to be at approximately normal
levels during the course of the study.

Vegetation—On each study area a 600- by 150-m (9-ha)
grid was sampled for vegetation characteristics in August
1988 for Deer Creek, in 1989 for Summit Creek, andin 1991
for Wet Creek. The riparian complex within each grid area
contained 40 to 60 sample locations. A 50 x 50 cm (0.25 m?)
quadrat was located at each of the systematically posi-
tioned sample locations. Height, exclusive of reproductive
structures, of the graminoid, forb, and shrub nearest the
center of each quadrat was recorded. Biomass of each plant
life form was determined by clipping vegetation at §r0und
level in the 0.25-m? quadrats. A 3- by 3-m (9-m?) plot,
concentric to each 0.25-m? quadrat, was used to sample
biomass of large shrubs. Basal diameter, maximum height,
and species were recorded for large shrub stems rooted
within the plot. Biomass of large shrubs were estimated
from locally derived equations using stem basal diameter,
stem height, or both as predicting variables. Height and
diameter at breast height were recorded for each aspen
stem rooted within 10- by 10-m (100-m?) plots concentric to
each 0.25-m” quadrat. Biomass of aspen was estimated
from equations developed by Bartos and Johnston (1978).

Breeding Birds—The sites were censused for breeding
birds using the spot-map method (International Bird Cen-
sus Committee 1970). Census grids 600- by 150-m (9-ha)
were oriented lengthwise along the creek and straddled the
stream channel. Grid points were staked at 25-m intervals.
Eleven to 13 census visits were made to each site from mid-
May to mid-June during 1 year at each site. Most of the
spot-mapping was done from sunrise to early afternoon
when birds were most active. To ensure complete coverage,
sites were censused by walking within 25 m of all points on
the vegetation sample grid. Wide-ranging raptors and tran-
sient bird species were excluded from the comparisons. The
birds reported had established nesting territories within
the sampled plots.

Results

Vegetation Structure—Riparian vegetation structure
was quite different among the study areas. The vegetation
of Deer Creek was organized into three tiers or vertical

strata (in the sense of Whittaker 1975): tree, large shrub,
and small shrub/herbaceous. Wet Creek had a two-tiered
aspect with large shrub and small shrub/herbaceous com-
ponents. Vegetation on the Summit Creek study area was
a single-tiered herbaceous community. Biomass compo-
nents and total live biomass were positively associated with
the number of vegetation tiers (table 1). Biomass was
dominated by trees (aspen) at Deer Creek, by large shrubs
(mostly willows) on Wet Creek, and by herbaceous plants on
Summit Creek. Differences in riparian biomass were pri-
marily due to the woody component of the plant community
(table 1). In the riparian area total plant live biomass
values differed by 2,082 g/mz between the one-tiered area
and the three-tiered area. Upland vegetation structure was
similar among the three areasin that all had a small shrub/
herbaceous aspect. The biomass did vary (465 g/m?), but not
to the extent of that on the riparian areas (table 1).

Breeding Birds—We recorded 24 species of birds nest-
ing in the riparian areas and nine species nesting in the
upland areas. The bird community composition was notice-
ably different among the three study areas. Species rich-
ness varied from 3 to 18 in the riparian areas and 2 to 5 in
the upland areas (tables 2 and 3).

In the riparian areas Deer Creek had the most species
and Summit Creek the least. No overlap of bird species
occurred between these two areas. Wet Creek shared four
species with Deer Creek, shared no species with Summit
Creek, and had three unique species. The most abundant
species was different on each area—Dusky Flycatcher (Sci-
entific names in tables 2 and 3) for Deer Creek, Yellow
Warbler for Wet Creek, and Savannah Sparrow for Summit
Creek. The abundance of these species within each study
area reflects the dominant habitat features of the respec-
tive study areas (DeGraaf and others 1991). Dusky Fly-
catchers typically nested in aspen at Deer Creek, Yellow
Warblers in willows at Wet Creek, and Savannah Sparrows
in herbaceous vegetation at Summit Creek. The total den-
sity of nesting birds followed the trends for numbers of bird
species (table 2). Both species richness and bird densities
were associated with the average vegetation stand height
(fig. 3). An increase in vegetation stand height was linked
to plant biomass, structural layers or tiers and, by infer-
ence, habitat niches.

As with the riparian areas, the upland areas differed in
the most abundant bird species—Green-tailed Towhee at
Deer Creek, Brewer’s Sparrow at Wet Creek, and Vesper
Sparrow at Summit Creek. These differences among up-
land areas may have reflected the trend (from Deer Creek
to Summit Creek) toward wider and more open canyon
bottoms, and less upland and adjacent riparian plant bio-
mass. Surrounding landscapes have been shown to strongly

Table 1—Plant live biomass in adjacent riparian and upland areas.

Deer Creek Wet Creek Summit Creek
Life form Riparian Upland Riparian Upland Riparian Upland
---------------------------- () === m e e
Herbage 145.0 52.0 159.2 27.2 279.2 61.6
Shrub 589.8 577.0 1097.5 566.4 0.0 102.2
Tree 1626.3 0.0 0.0 0.0 0.0 0.0
Total 2361.1 629.0 1256.7 593.6 279.2 163.8
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Table 2—Riparian breeding bird foraging guilds, nesting guilds, and breeding pair density per 10 ha.

Density
Foraging Nesting Deer Wet Summit
Species guild’ guild? Creek Creek Creek
American kestrel GHC SCN 2.7
(Falco sparverius)
Spotted sandpiper SGl GRN 5.0
(Actitis macularia)
Broad-tailed hummingbird FHO BTN 12.9
(Selasphorus platycercus)
Lewis’ woodpecker ASI PCN 1.8
(Melanerpes lewis)
Red-naped sapsucker BEO PCN 2.7
(Sphyrapicus nuchalis)
Downy woodpecker BGI PCN 3.6
(Prcoides pubescens)
Northern flicker GGl PCN 3.6
(Colaptes auratus)
Dusky flycatcher ASI BTN 45.3 15.5
(Empidonax oberholseri
Tree swallow AFI SCN 1.8
( 7achycineta bicolor
House wren CGl SCN 11.1
( 7roglodytes aedon)
American robin GGV BTN 19.6 16.1
(7urdus migratorius)
European starling GFO SCN 0.4
(Sturnus vulgaris)
Warbling vireo CGl BTN 8.9
(Vireo gilvus)
Yellow warbler CGl BTN 16.0 34.5
(Dendlroica petechia)
MacgGillivray’s warbler CGl BTN 4.4
(QOporornis tolmiel
Chipping sparrow GFO BTN 5.5
(Spizella passerina)
Savannah sparrow GFO GRN 18.4
(Passerculus sandwichensis)
Song sparrow CFO GRN 5.3
(Melospiza melodia)
White-crowned sparrow GFO BTN 9.3 16.6
(Lonotrichia leucophrys)
Red-winged blackbird GFO CRN 5.6
(Agelaius phoeniceus)
Western meadowlark GGl GRN 3.7
(Sturnella neglecta)
Brewer’s blackbird GFO GBN 2.8
(Euphagus cyanocephalus)
Bullock’s oriole CFO DTN 5.8
(/eterus bullockii
Cassin’s finch GFO CDN 1.8
(Carpodacus cassinij
Total density (pairs per 157.0 96.0 27.7
10 ha riparian habitat)
Species richness (n) 18 7 3

1 After DeGraff et al. (1985). AFI = air feeding insectivore, ASI = air sallier insectivore, BEO = bark excavator omnivore, BGI = bark
gleaning insectivore, CFO = canopy foraging omnivore, CGl = canopy gleaning insectivore, FHO = floral hover-gleaning omnivore,
GFO = ground foraging omnivore, GHC = ground hawker carnivore, GGI = ground gleaning insectivore, GGV = ground gleaning
vermivore, SGI = shoreline gleaning insectivore.

2 After Harrison (1979). BTN = bush and small tree nester, CDN = conifer-deciduous tree nester, CRN = cattail, rush, sedge, reed,
grass, and bush nester, DTN = deciduous tree nester, GBN = ground and bush nester, GRN = ground nester, PCN = primary cavity
nester, SCN = secondary cavity nester.
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Table 3—Upland riparian breeding bird foraging guilds, nesting guilds, and breeding pair density per 10 ha.

Density
Foraging Nesting Deer Wet Summit
Species guild’ guild? Creek Creek Creek
Mourning dove GGG GRN 0.3
(Zenaida macroura)
Black-billed magpie GGl BTN 0.4
(Prca pica)
Rock wren GGl CCN 4.6
(Salpinctes obsoletus)
Mountain bluebird GGl SCN 1.0
(Sralia currucoides)
Sage thrasher GGl GBN 0.6
(Oreoscoptes montanus)
Green-tailed towhee GGO BTN 8.0
(Pyprlo chiorurus)
Vesper sparrow GGO GRN 3.4 4.4
(Pooecetes gramineus)
Brewer’s sparrow GGl BTN 14 4.4
(Spizella brewers)
Western meadowlark GGl GRN 0.5
(Sturnella neglecta)
Total density (pairs per 143 9.8 4.9
10 ha upland habitat)
Species richness (n) 4 5 2

1 After DeGraff et al. (1985). GGI = ground gleaning insectivore, GGG = ground gleaning granivore, GGO = ground gleaning

omnivore.

2 After Harrison (1979). BTN =bush and small tree nester, CCN = cliff, cave, rock, or talus nester, GBN = ground and bush nester,

GRN = ground nester, SCN = secondary cavity nester.
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Figure 3—Association of riparian bird attributes
with vegetation height.

affect avian composition (Saab 1999). Total nesting bird
densities followed the relatively low species numbers in the
upland areas where the vegetation stand heights averaged
less than one-half meter (fig. 4).

The number of foraging guilds represented in the bird
communities again reflected the different habitat diversi-
ties provided by these riparian habitats. Summit Creek
with its single-tiered plant community had only the ground
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Figure 4—Association of upland bird attributes
with vegetation height.

foraging-gleaning guild group represented for a total of
3 guilds, whereas Deer Creek and Wet Creek with more
habitat variety also had the shore-line gleaning (WC only),
canopy foraging-gleaning, timber drilling (DC only), and
air sallying-feeding foraging guild groups represented for a
total of 10 and four foraging guilds, respectively. The number
of nesting guilds were different as well—six at Deer Creek,
three at Wet Creek, and two at Summit Creek (fig. 3).
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Upland areas, characterized by less complex vegetation
structures than the riparian areas on Deer and Wet Creeks,
had smaller differences in number of nesting bird species
and bird densities, and in number of foraging and nesting
guilds represented (the ground foraging-gleaning guild
group with two to four specific guilds, and one to four nesting
guilds). The upland areas did have somewhat variable bird
characteristics because of their different configurations of
herbaceous and small shrub vegetation (fig. 4).

Discussion of Example

Although the comparison of the three areasin the current
study did not allow a statistical compartmentalization of
annual growing condition effects (logistics required data to
be collected in different years), the values presented are
assumed representative for the years of study (1988-1991)
encompassed by a drouth period.

These results illustrate once again the substantial bio-
logical differences that can be present among areas in
similar regional environmental settings, but with different
microhabitat conditions—such as occurs in riparian eco-
tonal settings. The riparian-upland study areas were alike
in elevation, broad ecological zone, and both current and
long-term precipitation, yet differed substantially in veg-
etation structure and in small bird community characteris-
tics. As the difference in vegetation structure increased
between adjacent riparian and upland sites (Summit
Creek<Wet Creek<Deer Creek), the differences in bird
communities increased. Greater bird densities and diversi-
ties typically occur in response to more complex vegetation
structure and habitat mosaics (Bull and Skovlin 1982;
Whittaker 1975; Williams and Williams 1989), although
Knopf (1985) found little correlation.

General Summary

The land-water ecotone, called the riparian zone, is nor-
mally the most ecologically productive and diverse of all
terrestrial habitats. This results from a variety of physical
environments arising from moisture gradients, margins of
often highly contrasting vegetation components, and a gen-
eral mosaic of habitats created by dynamic stream changes
(Naiman and others 1993). The interaction of components in
this ecotone is so compelling that any management action
should always consider both the effects of the physical
environment on the biological community and the effects of
the biological community upon the physical attributes, nota-
bly on stream channel characteristics (Fitch and Adams 1998).

Riparian ecotonal habitats are particularly important in
the arid West where the presence of water and relatively
cool, often shaded conditions provide an ecological impor-
tance and diversity far beyond their aerial extent (Kondolf
and others 1996). A large portion of both the flora and fauna
in the riparian zones exists nowhere else. Our brief example
from the High Desert Ecoregion suggests riparian plant
biomass was up to 375 percent, plant stand height up to 983
percent, nesting bird species up to 450 percent, nesting bird
density up to 1,098 percent, bird foraging guilds up to 250
percent, and bird nesting guilds up to 200 percent of the
values present in the immediately adjacent uplands.
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Ecotonal Dynamics of the Invasion of
Woody Plants into the Tallgrass Prairie

Thomas A. Eddy

Abstract—Invasion of woody plants into eastern Kansas has re-
sulted in the loss of thousands of acres of productive tallgrass
prairie. Historical and ecological events related to the decline of the
prairie in a four-county area were assessed. Woody plants invaded
all unburned sites on the study areas, while only 5% of the burned
area was infested. Five woody species were primary invaders.
Frequency of occurrence of trees and shrubs on burned sites was
one-third that of unburned sites, and percent foliar cover on burned
sites was one-fifth that of unburned sites. Economic losses to the
ranching industry in the area was estimated at $317,000 annually.
Good range management practices and selected control strategies
can reduce woody plant populations.

This study traced land use, vegetation, and related eco-
logical changes that have caused the widening of the ecotone
between the tallgrass prairie and the adjacent deciduous
forest in eastern Kansas. The study examined: (1) the
historic and cultural events associated with the conversion
of grassland to shrubland/woodland; (2) the composition and
foliar cover of the woody plants in burned and unburned
prairie; (3) the influence of slope on the occurrence of shrub
and trees in burned and unburned prairie; (4) reduction of

GREAT  PLAINS

livestock forage by invading woody plants and the resulting
economic losses to the ranching industry; and (5) manage-
ment techniques useful in reducing the invasion of woody
plants into the area grasslands.

Study Areas

The four-county study area is located in east central
Kansas, with Morris and Chase counties in the interior
upland of the Flint Hills and Lyon and Greenwood counties
on the eastern edge of the region (fig. 1). The two latter
counties are within the extreme eastern border of the conti-
nental forest-tallgrass prairie transition.

Methods

This study was accomplished in four parts. The prelimi-
nary phase examined early settlement newspapers to trace
changes in agricultural and cultural events in the rural
communities of the study area. Journals of military expedi-
tions and diaries by early residents gave insights into the
vegetation of the mid to late 1900’s. Interviews with a
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Figure 1—Location of Flint Hills Region Four County Study Area.

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
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ranching family whose great grandfather had homesteaded
in the area was valuable in understanding early land use
philosophy and practice.

Secondly, the history of the occurrence of woody vegeta-
tion in the area was assembled by examining section line
surveys by the Federal Land Office in 1856 and 1857, aerial
photographs taken in 1937-1939 and later in 1950, 1956,
1969, and current aerial photographs and soil maps. Fifty
sites (200 m sq) were selected in each of the four counties as
sites to compare the vegetation changes over the past 15
decades. Woody vegetation composition and foliar cover
(Daubenmire method) was determined for each 200 m sq
site. The burning history of 157 sites was collected from
ecological records and interviews of land owners and manag-
ers. A comparison was made of the woody vegetation on
slopes (hill top to bottom slope) on burned and unburned
sites on the study area in Chase county.

The third aspect of the study evaluated the economic
impact of the loss of the forage to invading woody plants and
the subsequent loss of income to the ranching industry.
Analysis of vegetation in the transects of the study sites and
Y% ecm overlay grids on early and recent aerial photographs
were used to calculate the extent of the woody invasion into
the four-county study area and to estimate the percent
closure of the canopy of woody plants over the grass and
forbs. Each acre lost to grazing was assigned the current
rental value of $18.00/acre/year.

The fourth objective was to develop management strate-
gies to reduce losses in livestock forage from weedy plant
invasions and maintain the productive herbaceous species.
This was accomplished by examination of the scientific
literature, interviews with range management specialists,
and observations based on my field experiences in the study
areas.

Results

Woody plants have invaded all unburned prairie sites in
the study area. Burned pasture sites (where burning has
occurred in at least once every 4 years) showed a slow
increase in woody plants from 0 to 5% through the period
(150 years) (table 1). Distribution of woody plants on slopes
that burned regularly was linear from hill top (1%) to bottom
slope (20%) (table 2). On unburned areas woody plant infes-
tations occurred on 3% of the hill top sites to 100% of the
slower slope sites.

Table 1—Tree and shrub invasion of burned and
unburned prairie sites in the central Flint
Hills study areas in Kansas, 1860-1998.

Average percent sites/woody plants

Year Burned Unburned
1860 0 1
1900 0 2
1940 1 24
1960 2 40
1980 3 64
1998 5 100
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Table 2—Effects of slope on occurrence of woody
plants onburned and unburned sitesin
the central Flint Hills study areas in
Kansas, 1998.

Average percent sites/woody plants

Slope Burned Unburned
Hill top 1 0
Upper slope 4 2
Mid slope 7 3
Lower slope 12 82
Bottom slope 20 100

Five primary woody species were identified on the study
areas of both burned and unburned sites. Frequency of
occurrence on burned sites was one-third that of unburned
sites, and percent foliar density of burned sites was one-fifth
that of unburned sites (table 3).

The invasion of woody plants into prairie may be attrib-
uted to events in the history of the region since the Home-
stead Act of 1857 (table 4).

Economic losses to the ranching industry in the four-
county study area from forage destroyed by invading shrubs
was estimated to be $317,000 annually (table 5).

Control of woody species must be based on careful balance
of range forage with numbers of livestock on the pastures
(carrying capacity), selective use of woody plant herbicides,
burning practices that maximize woody plant damage by
allowing for adequate accumulation of fuel, and mowing of
vulnerable plants.

Discussion

Penetration of woody plants into the remaining tallgrass
prairie in the study area in east central Kansas has resulted
from reduction of the intensity and frequency of prairie fires.
The role of fire in maintaining the integrity of the tallgrass
ecosystem has been described by plant ecologists (Weaver
and Rowland 1952; Bragg and Hulbert 1976; Steinauer and
Collins 1996). Several aspects of the ecology of fire and its
effect on the grassland flora were addressed by this study.

Trees and shrubs successfully invaded all unburned prai-
rie sites examined in the four-county study area. This
infestation of woody plants has degraded the value of the
prairie for forage for livestock and has altered the composi-
tion of the native tallgrass communities. On sites burned
regularly there has been a gradual increase in woody plant
invasion over the past 15 decades. Invasion has occurred in
various locations in the prairie where overgrazing by live-
stock has reduced the fuel (previous years’ dead plant
remains) to levels inadequate to carry fire hot enough to
destroy woody plants establishing on the site. Eventually
the tree and shrub-infested site will convert to a shaded
woodland environment where further growth of prairie
vegetation is suppressed. Entry and establishment of woody
plants occurred most frequently in lower and bottom slopes
because of the deeper, fertile, moist soils near woodland
borders or brushy ravines where sources of woody species
occur.
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Table 3—Composition and foliar density of woody plants on burned and unburned sites in
the central Flint Hills study areas in Kansas, 1998.

Burned Unburned
Species % occurrence % foliar cover % occurrence % foliar cover
Comus arummonalii 10 2 35 18
Maclura pomifera 4 3 15 24
Rhus glabra 8 3 13 12
Symphoricanpos 6 5 10 11
orbiculatus
Ulmus purmila 2 1 7 10
Other species 8 1 4 9

Table 4 —Historical influences onincrease of woody plants on unburned
prairie sites in the central Flint Hills study areas in Kansas,

1998.
Beginning % Sites
Historical event of period with woody plants
Homestead Act 1857 1
Small farms on prairie 1875 18
WwI 1918 28
Depression 1930 55
Large farms 1960 78
Modern farming 1980 100

Table 5—Estimated annual costs of tree and shrub invaded prairie to
ranching interests in the central Flint Hills study areas,

Kansas. 1998.

Grazed acres

Acres lost

of woody
plant invasion

Annual cost of
invaded acres?

County (non federal)
Chase 404,900
Greenwood 612,900
Lyon 262,900
Morris 262,500
Total 1,543,200

4,700 $85,000
6,100 $110,000
3,300 $60,000
3,400 $62,000
17,500 $317,000

2$18.00/acrefyr

The history of the decline of acreage and quality of the
tallgrass prairiein the four-county area was attributed to six
periods of human activity during the past 150 years. Each of
these brought unique demands on the prairie landscape. The
Homestead Act (1857) opened the prairie for settlement with
the accompanying need to suppress and break native sod for
crops. Small farms (1860-1900) with associated roads, small
fields, orchards, and home sites brought an end to prairie
burning in many areas. Farm failures during the 1930’s
resulted in abandonment of many prairies, where in the
absence of management, pastures and old crop fields were
invaded by woody species. World War II (1940’s) accelerated
the loss of prairie acres to more intensive agriculture as the
nation’s demand for food increased. Large farms and modern
machines (1960’s to present) caused the remaining loss of
acres suited to cropland agriculture. As small farms were
replaced by large farming operations, small pastures and
isolated old crop fields were left to woody plant invasion.
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Economic losses due to reduction in forage caused by
woody plant invasion indicates the effect on the families in
the region who depend on ranching for their income. Many
acres of prairie can be returned to productivity if aggressive
control of woody species is practiced.
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Species Richness and Community Structure
Along a Great Basin Elevational Gradient

Stanley G. Kitchen
E. Durant McArthur

Gary L. Jorgensen

Abstract—Benchmarks for preservation of biological richness can
be established by surveying representative reference areas at mul-
tiple spatial and temporal scales. In this study, vascular plant
species richness was sampled using nested frequency plots (0.25-
64 m? at 14 sites along a southeastern Great Basin elevational
gradient (1,550-2,675 m). Salt-desert shrubland, pinyon/juniper
woodland, and mixed coniferous forest communities were repre-
sented. Species area curves revealed contrasting distribution pat-
terns for perennial grasses, shrubs, and forbs. Multi-scale nested
frequency plots provided an efficient method for surveying species
richness in these communities.

Whether speaking of individual species or whole ecosys-
tems, the global biota is faced with great challenges as a
result of high-speed global changes in climate, atmospheric
CO,, species migrations, habitat loss and fragmentation,
toxic pollutants, etc. (Gates 1980; Bazzaz 1996). Biological
diversity, or simply biodiversity, at whatever scale one
chooses to measure it, has been, and will continue to be an
unavoidable casualty. Consequently, we are forced to con-
sider the value of, or benefits derived from, conserving
biodiversity, as well as what aspects deserve our greatest
attention given limited resources. Equally important will be
the task of identifying efficient methods for measuring key
diversity indicators and applying those methods to evaluate
biodiversity on both at-risk and benchmark reference
geographies.

Reasons for maintaining biodiversity may be grouped into
four categories (West 1993). First, many feel a moral obliga-
tion to protect and preserve a place for all life forms. The
relative importance of this value is rooted in one’s core
beliefs, often religious in nature, regarding our relationship
with the natural world. A second purpose for protecting
diversity is rooted in aesthetics, here interpreted as the
human drive to observe, interact with, and recreate in a
natural world that seems infinitely unique and fresh. Thirdly,
the sum economic value of products derived from nature is
immense and the potential for marketable products is di-
rectly linked to biodiversity. Finally, possibly the most
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important reason to value biodiversity may be manifest by
the wide spectrum of ecological services provided by natural
systems. These services include: watershed protection, soil
development and stability, waste assimilation, nutrient
cycling, control of pathogens and parasites, etc. Arguably, a
loss of biodiversity can have a negative impact on the
capacity for natural systems to deliver those services and
that this, in turn, often results in negative economic conse-
quences. However, we caution that, although it might be
intuitive to expect a positive correlation between biodiver-
sity and community stability, evidence is lacking (West
1993). On the contrary, Harper (1977) suggests that in-
creased complexity might actually be destabilizing and that
community resilience occurs in spite of high biodiversity.

An appreciation of the difficulty encountered in deciding
what aspect of biodiversity to measure is founded in the
complexity of what is or ought to be included in this “catch-
all”term. Biodiversity occurs at genetic, population, commu-
nity, ecosystem, landscape, and regional levels (West 1993).
Perhaps biological descriptions of diversity that consider the
ways in which plants sense their environment, and include
such aspects as within-plant polymorphism and age class
variability, are more interesting, if not more easily quanti-
fied, than geographical descriptions (Harper 1977). In addi-
tion, species level descriptions generally underestimate biodi-
versity inasmuch as taxonomic boundaries are artificial and
inclusive in nature (McArthur and Tausch 1995). Finally,
the effects of temporal scale on the measurement of biodiver-
sity are as important as those of spacial scale. Ultimately,
the purpose for estimating biodiversity should drive the
selection of the most appropriate measure(s) for the task
(West 1993).

Numerous methods have been developed for measuring
diversity at the community or stand level. These methods
generally incorporate means for determining richness (the
number of taxa in a given area) and evenness (the relative
importance or abundance of each taxon) on a relatively
uniform site. Heterogeneity is an expression of the probabil-
ity that any two organisms from a single community will be
of the same taxon, and thus is affected both by richness and
evenness. Numerous equations have been developed to ex-
press heterogeneity as a single compound expression or
index. A thorough discussion of the relative merits of the
various indices is not central to this study and will not be
included here. Suffice it to say that each incorporates biases
and that they differ in how they weigh the relative impor-
tance of richness and evenness.

Survey methods incorporating multi-scale plots are effec-
tive in developing estimates of total taxa, including rare and
uncommon species, when compared to more traditional
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sampling methods (Stohlgren and others 1995; 1998). The
efficiency of these methods is found in ease of use and
maximization of information. While small subplots enable
the observer to characterize vegetation within somewhat
homogeneous patches, large plots are better suited for in-
cluding the full variety encountered on heterogeneous land-
scapes. Frequency data taken from multi-scale plots ar-
ranged in nested configurations are useful in evaluating
community structure and through summation, provide a
sensitive measurement of community change (Smith and
others 1987).

Species richness of vascular plants for the Great Basin
province of North America is low, given the geography
involved. For example, in a survey of pinyon/juniper commu-
nities on 66 mountain ranges found throughout the Great
Basin, only 367 species were identified in 464, 20 by 50 m
plots (West and others 1998). Shrubland and shrub/grass
steppe communities found at lower elevations are generally
more species poor than the more upland woodland commu-
nities. High genetic variability is often observed within taxa
compensating for low species richness (Harper 1977). This is
apparently the case for the Great Basin where the repeated
environmental fluctuations of the Pleistocene favored the
most genetically variable taxa (Tausch and others 1993;
McArthur and Tausch 1995; West and others 1998). How-
ever, one should not assume that these shrubland and
woodland communities are lacking diversity in structure or
floristic assemblages. For example, in developing a classifi-
cation scheme for Great Basin pinyon/juniper woodlands,
West and others (1998) identified 326 vegetative understory
associations. Elsewhere, a list of 28 community types was
described as “far from complete” as a basis for classifying
salt-desert shrublands (Blaisdell and Holmgren 1984). In
other words, what Great Basin communities appear to lack
in species richness, they apparently make up for, at least in
part, with great within-taxon variability and by the variety
of ways in which these communities are assembled.

Our objective was to sample vascular plant species rich-
ness across a southeastern Great Basin elevational gradient
using nested frequency plots. We attempt to use these data
to explore relationships between species richness, overall
and by functional groups, and structural complexity. Fi-
nally, we evaluate the effectiveness of our method for esti-
mating species richness and structural diversity on a land-
scape scale.

Methods

Weselected 14 study sites, 11 on the USDA Forest Service,
Desert Experimental Range (DER) and three on the USDI
Bureau of Land Management, Wah Wah Mountain Re-
search Natural Area in Millard County, Utah. Site eleva-
tions range from 1,550 m near the Pine Valley playa (DER)
to 2,675 m near the northern Summit of Wah Wah Moun-
tain, approximately 10 km east of the DER (table 1). All sites
were either located inside long-term exclosures (DER) or in
rugged portions of Wah Wah Mountain kept essentially free
of livestock by terrain and lack of water. Soils from valley
sites are composed of mixed alluvium derived from dolomite,
limestone, quartzite, and igneous parent materials and
some windblown sands (Tew and others 1997). Soil depth on
upland sites is variable but generally moderate to shallow in
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depth with dolomite, limestone, or quartzite outcrops being
common. Sites were located in various combinations of
mixed salt-desert shrublands (nine sites), pinyon/juniper
woodlands (four sites), and mixed coniferous forest (one site)
community types. Mean annual precipitation at the DER
headquarters (1,600 m) is 165 mm (Alzerreca-Angelo and
others 1998) with approximately half falling during the
May-September growing season. We estimate that valley
floor sites receive slightly less and that upland sites receive
200-400 mm depending upon elevation, aspect, and local
orographic effects (from map in: Ashcroft and others 1992),

Valley sites were 1.6 ha in size and relatively uniform in
topography. Upland site boundaries were not precisely de-
fined, however, these sites were also selected for uniformity.
Paired woodland sites were located on Wah Wah Mountain
(Sites 10 and 11) and on Tunnel Spring Mountain (Sites 12
and 13) at the north end of the DER. Sites 10 and 12 were
located on old, but clearly identifiable, burn scars with
obviously lower mature tree densities (seedlings and small
juveniles <150 cm in height were generally common). Ma-
ture tree density for Sites 11 and 13 was much greater than
for Sites 10 and 12 but not so much as to produce a “closed”
canopy as is sometimes observed for this community type
(West and others 1998).

Eight (Sites 10, 11, and 14) or 12 (Sites 1-9, 12, and 13)
64-m? circular plots were located at 10-30 m intervals on
permanent transects at each site. Transect ends and plot
centers were marked with 60-cm long rebar. Nested subplots
of 0.25 and 1.0 m? were identified using a square frame
centered on the rebar. Boundaries for 4, 16, and 64 m? plots
were determined by rotating a marked, stretch-resistant
rope 360 degrees around the plot center. Marks on the rope
at 1.13,2.26, and 4.16 m from center passed over boundaries
for each respective plot size. Using this method, frequency
data for all vascular plant species were quickly collected
using a three-person team. Species presence was recorded
for the smallest plot in which it was observed rooted and for
each larger plot in the configuration. Each plot size had
4 times the area of the next smaller plot size. All plots were
read during June and July 1997.

Mean number of species for perennial grasses, shrubs,
native forbs (including cacti), trees, and introduced annuals
weredetermined for each plot size at each site using Goodrich
(1986) and Welsh and others (1987) as taxonomic standards.
A few distinct subspecies were treated separately. Indi-
vidual species were subjectively classified as dominant, co-
dominant, abundant, common, etc., based upon frequency of
encounter and relative dominance of vegetative cover. Re-
sults were statistically analyzed using the GLM procedure
with each plot serving as a replication (SAS 1998). Signifi-
cant differences among sites were determined using the
Student-Neuman-Keul (SNK) method (p <0.05).

Results and Discussion

Perennial Grasses

Of the 138 species we observed across all sites, 14 were
perennial grasses representing 10 genera. We encountered
no native annual grasses. Cool-season perennial grasses
(10 species) were observed across all sites with species
richness somewhat greater for woodland and forest sites,
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Table 1—Elevation, dominant plant species, and number of species sampledin 1997 for 14 ungrazed sites at the Desert
Experimental Range and Wah Wah Mountain Research Natural Area, Millard County, Utah. PG = perennial
grasses, S = shrubs, F = native forbs and cacti, T = trees, and IA = introduced annuals.

Site Elev. Number of species sampled on site
no. (m) Community co-dominants PG S F T 1A Total
Sait-desert shrublands
1 1,550 Winterfat/gray molly 3 3 2 0 2 10
Indian ricegrass
2 1,675 Winterfat/Indian ricegrass 3 5 13 0 2 23
Greenes rabbitbrush
3 1,610 Purple three-awn/Indian 5 4 10 0 2 21
ricegrass/winterfatbud sagebrush
shadscale/Greenes rabbitbrush
4 1,640  Winterfat/shadscale 5 3 10 0 2 20
Indian ricegrass
5 1,660 Shadscale/sand dropseed 6 6 19 0 1 32
Indian ricegrass
6 1,675 Nevada ephedra/winterfat 7 10 18 0 2 37
Indian ricegrass/blue grama/Galleta
7 1,830 Blue grama/shadscale/ 6 7 19 0 1 33
black sagebrush
8 1,880  Black sagebrush/winterfat 3 5 6 0 3 17
squirreltail
9 1,900 Black sagebrush/Greenes 4 8 7 1 1 21
rabbitbrush/needle-and-thread/
Indian ricegrass/squirreltail
Pinyon/juniper woodlands
10 2,200 Pinyon/juniper/bluebunch 5 7 18 2 1 33
wheatgrass/black sagebrush
Sandberg bluegrass/muttongrass
11 2,200 Pinyon/juniper/bluebunch 6 7 28 2 1 44
wheatgrass/black sagebrush/
Sandberg bluegrass/muttongrass
12 2,215 Pinyon/juniper/bluebunch 8 12 38 2 1 61
wheatgrass/black sagebrush/
shadscale/Sandberg bluegrass/
green ephedra/low rabbitbrush
13 2,215 Pinyon/juniper/bluebunch 8 9 34 2 1 54
wheatgrass/ bullgrass/
low rabbitbrush
Mixed coniferous forest
14 2,675 White fir/pinyon/juniper/ 7 3 23 5 0 38
ponderosa/bristlecone/

black sagebrush/muttongrass

while warm season grasses (four species) were essentially
confined to lower elevation shrubland sites. Squirreltail
(Sitanion hystrix) and Indian ricegrass (Oryzopsis
hymenoides) were the most widely dispersed species. Al-
though usually not dominant, squirreltail was observed on
12 of 14 sites across the full elevational range, while Indian
ricegrass was abundant to co-dominant on six of nine shrub-
land sites (table 1) and absent only from the forest commu-
nity type (Site 14). Sandberg bluegrass (Poa secunda) and
muttongrass (P.fendleriana) were common in woodland and
forest communities. Conversely, purple three-awn (Aristida
purpurea), sand dropseed (Sporobolus cryptandrus), blue
grama (Bouteloua gracilis), bluebunch wheatgrass (Agropy-
ron spicatum), needle-and-thread (Stipa comata), and
bullgrass (Elymus salinus) are examples of perennial grasses
co-dominant on at least one site but distributed within a
more or less narrow elevational range, at least for our sites.
Galleta (Hilaria jamesii) was the most widely distributed
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warm-season grass and was sampled at eight valley and low
alluvial fan sites. Mean number of perennial grass species
per 64-m® plot was highly consistent among sites with no
significant differences for 11 of 14 sites (table 2). It is
apparent that, although the suite of species varied with soils
and elevation, species richness for perennial grasses was
relatively constant and low with means of 5.4 species per site
and 3.2 species per 64-m? plot across the full elevational
gradient.

Shrubs

The 27 shrub species we encountered represent nine
families and 16 genera. Eleven species belong to the
Asteraceae with Artemisia, Chrysothamnus,and Tetradymia
asmajor genera. Six species belonged to the Chenopodiaceae,
three of which were Atriplex. Shadscale (Atriplex
confertifolia), winterfat (Ceratoides lanata), and black
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Table 2—Mean number of perennial grass, shrub, and native forb
species encountered per 64-m? plot on 14 southern Great
Basin sites arranged across an elevational gradient. Within
columns, means followed by the same letter are not
significantly different at the p <0.05 level (SNK).

Number of species per 64-m? plot

Sites  Perennial grasses Shrubs Forbs

Shrublands
1 1.7b 2.2de 0.2e
2 1.7b 2.6cde 5.4c
3 3.4a 3.8abc 2.3de
4 3.5a 2.7cde 2.8de
5 3.3a 2.8bcde 8.7b
6 4.3a 4.2ab 5.8¢
7 3.5a 3.4bcd 4.5cd
8 1.9b 2.3de 1.4e
9 3.2a 2.9bcde 1.0e

Woodlands

10 3.4a 3.4bcd 6.3c

11 4.1a 3.0bcde 10.6ab

12 3.4a 4.9a 9.7b

13 4.1a 4.0abc 12.4a

Forest

14 3.5a 1.6e 11.1ab

sagebrush (Artemisia nova) were the most widely distrib-
uted shrubs. Shadscale and winterfat were abundant to
dominant on most of the nine shrubland sites (table 1). Both
maintained a reduced presence on woodland sites and nei-
ther was encountered at the forest site. Black sagebrush was
dominant on three upper elevation, shrubland sites (Sites
7-9) and an understory co-dominant for all woodland and
forest sites. Big sagebrush (A. tridentata), the most widely
adapted woody Artemisia native to North America, was
conspicuously absent from our study sites. Budsage (A.
spinescens), Greenes rabbitbrush (Chrysothamnus greenet),
low rabbitbrush (C. viscidiflorus), Gray molly (Kochia
americana), Nevada ephedra (Ephedra nevadensis), and
green ephedra (E. viridis) were common to dominant with
somewhat narrower elevational distributions. As with pe-
rennial grasses, shrub species richness was relatively con-
stant and low with 6.4 species per site and 3.2 species per
64-m? plot across all sites (table 2).

Forbs

We observed 86 species of native forbs, including cacti,
representing 21 families and 45 genera. These included
annuals, biennials, and short- and long-lived perennials. In
general, species distributions were elevationally and eco-
logically restricted indicating narrow niche requirements.
Gooseberry-leaved globemallow (Sphraeralcea grossularii-
folia), desert phlox (Phlox austromontana), and rock golden-
rod (Petradoria pumila) were frequently sampled shrub-
land, woodland, and forest examples of forbs with somewhat
broader distributions. A few genera, taken as a whole, were
broadly represented. For example, we sampled multiple
species of Eriogonum (7), Gilia (5), Astragulus (5), and
Penstemon (4) from a broad range of sites. We also sampled
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dolomite spring parsley (Cymenopterus basalticus), Goodrich
bladderpod (Lesquorella goodrichii), desert range beard-
tongue (Penstemon concinnus), and tufted globemallow
(Sphraeralcea caespitosa), all narrow endemics (Goodrich
1986).

Forb species richness was more variable among shrubland
sites than among woodland sites (tables 1 and 2). Sites 1, 8,
and 9 were lowest for species number of all sites with means
0f 0.2, 1.4, and 1.0 species per 64-m? plot, respectively. Site 1
islocated below the ancient shoreline of the Pleistocene Lake
that once occupied the floor of Pine Valley, and subse-
quently, the soil is fine textured and rather uniform with
high levels of exchangeable sodium in subsurface horizons
(Tew and others 1997). Few species, especially native forbs,
are adapted to conditions found at this site. On the other
hand, the soil at Site 2, located only 1.6 km from Site 1,is a
deep loamy sand. On this site, the mean of 5.4 forb species
per 64-m? plot was equal to or greater than that observed for
all but one of all other shrubland sites. Sites 8 and 9 are
dominated by black sagebrush and have low species diver-
sity for perennial grasses as well as forbs, possibly due to
competitive exclusion.

Forb species richness (as measured by number of species
per 64-m? plot) was significantly higher for three of four
woodland sites and for the forest site than for all but one
shrubland site (table 2 ). This is expected given the higher
precipitation and greater structural complexity of woodland
sites. Significant differences were also observed between
members of paired woodland sites. In each case, native forb
species richness per 64-m> plot was significantly higher for
the late seral sites with greater canopy cover (11 and 13)
than for the early seral sites (10 and 12). Being more
structurally complex, sites 11 and 13 provide a greater
variety of micro-environments for species to colonize. Al-
though the mean number of native forb species per 64-m*
plot was not significantly different for the forest site than for
the highest values observed for woodland sites, the percent
contribution of forbs was somewhat greater on the forest site
(61%) than on the woodland sites (43-55%).

Overall, there were fewer perennial grass and shrub
species than forb species although grasses and shrubs domi-
nated shrubland sites and woodland understories. Some
grass and shrub species are broadly distributed geographi-
cally and elevationally. This suggests that these species are
quite plastic in response to environmental parameters and/
or that they possess greater within-population genetic vari-
ability than the more narrowly distributed forbs. Either
condition could make these species more resilient in a
changing environment.

Trees

All six tree species known in the study area were sampled.
Utah juniper (Juniperus osteosperma) found in the lower
portions of the woodland zone and on our woodland sites is
replaced at higher elevation woodland communities and on
our forest site by Rocky Mountain juniper (J. scopulorum,).
Singleleaf pinyon (Pinus monophylla) occurs in conjuction
with Utah juniper at our woodland sites and as one of five
species at the forest site. Other trees species at the forest site
included: ponderosa pine (P. ponderosa), Great Basin bristle-
cone pine (P. longaeva), and white fir (Abies concolor). The
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ponderosa pine population was almost entirely composed of
somewhat widely dispersed mature trees and only once
occurred within our plots. The other four species, being
much shorter in stature, occurred in various combinations
forming a much denser, second-level canopy that often
descended to ground level. We did not observe an increased
level in total plant species richness over that observed on
woodland sites in response to this increased structural
complexity (tables 1 and 2).

Introduced Annuals

Although we observed few species of introduced annuals
(five total), various combinations of three taxa, cheatgrass
(Bromus tectorum), halogeton (Halogeton glomeratus), and
Russian thistle (Salsola species), were common on most
shrubland sites and locally abundant in conjunction with
disturbance. Cheatgrass was also locally common on wood-
land sites and present in some openings of the forest commu-
nity although we did not observe it in any of our plots. The
aggressive nature of these species is destabilizing to native
communities in Great Basin ecosystems and often leads to
site degradation and loss of biodiversity (Tausch and others
1993; Cronk and Fuller 1995; Harper and others 1996; Kitchen
and Hall 1996; Kitchen and Jorgensen, these proceedings).

Species-Area Curves

The relationship between species richness and sample
area(plot)sizeis easilyillustrated using species-area curves.
When the relative difference in sample area sizes remains
constant (four-fold for our plots) and distribution patterns
are random, then the predicted curve relating species num-
ber to area is a straight line until a hypothetical “leveling off”
point is approached. The slope or steepness of the line
reflects the probability of compositional similarity between
two different-sized sample areas located within the same
realm. When sample areas or plots are nested the slope
becomes a measure of patchiness at a spatial scale defined by
the sizes of the two plots in question. Thus a steep slope
indicates greater between-plot variability or patchiness,
while a more shallow incline is indicative of uniformity or
weak patchiness. An abrupt change in the steepness of the
slope suggests a change in the degree of patchiness at two
adjacent spatial scales, which in turn is related to mean
patch size.

We examined species-area curves for perennial grasses,
shrubs, and forbs on shrubland, woodland, and forest sites.
The slopes for grasses and shrubs on shrubland sites are
quite straight and flat indicating that we were able to detect
relatively few new species by increasing plot size (fig. 1). This
trend can be extended by considering the relatively small
difference between mean number of species per 64- -m? plot
(2.9 grasses and 3.0 shrubs) and mean number observed in
all plots in a site (4.7 grasses and 5.7 shrubs). Overall,
steepness of the forb slope for shrubland sites is similar to
that of grasses and shrubs. However, the dlﬁ'erence between
the mean number of forb species per 64-m> plot (3.6) and the
mean number observed on all plots in a site (11.6) is greater
than that observed for perennial grasses and shrubs, sug-
gesting that the i mcrease in slope for the forb curve between
the 16- and 64-m plot sizes might in fact be real.
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Figure 1—Species-area curves for forbs, shrubs, and
perennial grasses for nine salt-desert shrubland sites
at the Desert Experimental Range (1997).

This pattern of a relatively flat, straight shrub and grass
curves and upward bending forb curve is amplified for
woodland sites (fig. 2). In this case the change in forb
patchiness occurred between the 4- and 16- -m? plot sizes.
Again, the upward extension of the pattern is roughly
confirmed by comparing the relative differences in mean
number of species for 64- -m® plots (3.8 grasses, 3.8 shrubs,
and 9.8 forbs) with the mean number observed for a site (6.8
grasses, 8.8 shrubs, and 29.5 forbs). The basic nature of the
pattern is maintained for the forest site (fig. 3) with the slope
of the curve, and therefore patchiness, greater for forbs than
for grasses or shrubs through all spacial scales represented
by our plots. A small separation between grass and shrub
curves suggests slightly greater spatial diversity for grasses
than for shrubs on this site. This is not surprising given the
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Figure 2—Species-area curves for forbs, shrubs, and
perennial grasses for four pinyon/juniper woodiand
sites at the Desert Experimental Range and Wah Wah
Mountain Research Natural Area (1997).
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Figure 3—Species-area curves for forbs, shrubs,
and perennial grasses for a Wah Wah Mountain
Research Natural Area mixed coniferous forest
site (1997).

low number of shrub species encountered in plots at this site.
The 3.5 grass, 1.6 shrub, and 11.1 forb species we sampled
per 64-m? plot and 7 grass, 3 shrub, and 23 forb species we
observed for the whole site support the suggestion that these
trends will continue on larger spatial scales.

An examination of the location on forb species-area curves
where changes in slope, or upward bends, occur suggests
that, for our sites, mean forb patch size decreases with
increase in elevation. General observations support this
notion. For example, shrubland patches are primarily deter-
mined by soils and soil disturbance. Three to 15-m diameter
vegetative patches associated with permanent rodent bur-
row clusters, representing 10 to 15% of the landscape, are
obvious and notable examples (Kitchen and Jorgensen, this
proceedings). These patches are found throughout deep
alluvial soils above ancient lake shorelines. Forb patchiness
in woodlands appears to be driven by soil depth and proxim-
ity to overstory individuals. Because variability in these
factors occurs on a smaller spatial scale than do major
vegetation patches on shrublands, we might predict that
mean woodland patch size should also be smaller. The fact
that the forb curve steepens between the 16- and 64-m? sized
plots for shrublands (fig. 1) and between the 4- and 16-m®
sized plots for woodlands (fig. 2) supports this expectation.
The slope for the forb curve corresponding to the forest site
is rather straight and consistently steep (fig. 3). We could
interpret this to mean that mean patch size is quite small
compared to that of shrubland and woodland sites. This in
turn could be a reflection of greater complexity in the
overstory (when compared to woodland sites) interacting
with a highly variable soil profile. We recognize that patchi-
ness exists on spatial scales beyond the reach of our plot
sizes. We are also aware that we have not addressed the
relative sensitivity of this method to subtle patch variation.
Additional studies employing other measures of patchiness
as comparisons are needed to address this issue.
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Conclusions

Because we made no direct comparisons between our
methods and other approaches to censusing species rich-
ness, care must be taken in weighing the value of our
particular approach. However, Stohlgren and others (1998)
demonstrated that multi-scale nested plots are more effec-
tive in capturing rare species and less likely to miss small
species-rich or unique patches than are traditional transect
methods. In addition, multiple-scale plots are also particu-
larly well suited for sampling communities where member
species are distributed at different spatial scales.

Sampling efficiency is the product of the quantity and
quality of the information gathered and the time and re-
sources required to gather it. Flexibility ensures efficiency
under variable circumstances. Besides the advantages al-
ready listed, we suggest that the approach taken in this
study is both efficient and flexible for the following reasons:

1. Plots can be read quickly by a small team familiar with
the species of the area.

2. Analyses of summed frequency data from permanently-
marked, nested plots taken overtime hasbeen shown to
be more sensitive to community change than more
traditional methods (Smith and others 1987).

3. Cover, density, and age class data can be added to the
sampling procedures with relatively little additional
time investment.

4. Plot sizes can be adjusted according to need.

We would improve our method for surveying species
richness by conducting walk-through searches for species on
larger macroplots (perhaps 20 x 50 m) as recommended by
Stohlgren and others (1998). Special attention should be
given to those habitats that are obviously unique from the
general landscape. This uniqueness may be due to soil
characteristics, disturbance history, or location in relation
to neighboring community types (ecotones). For example,
had we directed such an effort to washes, rock outcrops, and
talus slopes in the general areas surrounding our sites we
would have encountered numerous species not encountered
in the plots (Goodrich 1986).
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Pinon and Juniper Seed Dispersal and
Seedling Recruitment at Woodland Ecotones

Eugene W. Schupp
Jeanne C. Chambers

Stephen B. Vander Wall

José Maria Gomez
Marcelino Fuentes

Abstract—Invasion of grasslands and shrublands by pinon-juni-
per woodlands is driven by seed dispersal and seedling establish-
ment at woodland ecotones, yet we know little about these pro-
cesses. We present a preliminary overview of tree seed dispersal
and seedling recruitment at ecotones. Dispersal out of woodlands
depends on the type of seed disperser and their habitat use,
movement patterns, and post-foraging behavior, and on the physi-
cal structure of the adjacent community. Seedling establishment
depends on the biotic and abiotic environment of seed deposition
sites, and thus is also affected by the physical structure of the
adjacent community as well as by the overall climate. We conclude
with examples of the value to scientists and land managers of
understanding seed and seedling ecology.

Although not a universal feeling (e.g., Lanner 1977),
there is concern among many land managers over the
apparent conversion of grasslands and shrublands to pifion
and/or juniper woodlands (Johnsen 1962; Tausch and oth-
ers 1981; Miller and Rose 1995). This conversion is gener-
ally attributed to livestock overgrazing, a greatly reduced
fire frequency, and climate change (West and Van Pelt
1987; Miller and others 1994). However, there is little
understanding of the proximal mechanisms driving the
conversion—the dispersal of tree seeds out of woodlands
into adjacent grasslands/shrublands and the successful
establishment of seedlings (Chambers and others 1998;
1999). In particular, there are two related problems imped-
ing development of an understanding of woodland invasion.
First, we have little knowledge of the seed and seedling
ecology of either pifion or juniper species because of a
virtual lack of research on these critical life stages. Second,
most of the information we do have on seed and seedling
ecology concerns processes occurring within existing wood-
lands, not at the ecotones.

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.
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In this paper we first give a brief and somewhat simpli-
fied overview of the processes of seed dispersal and plant
establishment of pifion and juniper at woodland ecotones;
it is simplified at this point primarily because of the pre-
liminary nature of our understanding. We then demon-
strate why a better knowledge of seed and seedling ecology
may be useful to land managers as well as scientists by
giving examples of how this information may help explain
historical patterns of invasion and predict consequences of
management decisions.

Types of Woodland Ecotones

Woodland ecotones are extremely heterogeneous, and
both seed dispersal and seedling establishment will depend
on the physical structure of the ecotone. Ecotones may be
very abrupt, sharp boundaries between woodland and the
adjacent community as is seen following fires or chaining,
or the transition may be gradual, from thick woodland to an
open savanna-like woodland before giving way to the adja-
cent community. In addition, the adjacent community may
be grassland, shrubland, or filled with snags, or dead trees,
again following a fire or, to a lesser degree, chaining.
Although we do not consider all possible types of ecotones,
it should become clear that the characteristics of the
ecotone will have alarge impact on both dispersal and plant
establishment.

Seed Dispersal

Junipers have generally been viewed as having a fairly
simple dispersal system where fruits are fed on and seeds
dispersed by a wide variety of animals, the most important
of which are birds (Phillips 1910; Maser and Gashwiler
1978; Balda 1987). As is generally the case, however, it is
not quite that simple. In reality, it appears that juniper
species vary widely in their assemblages of dispersers
(Chambers and others 1999). A wide variety of frugivorous
animals that eat the pulp and regurgitate or defecate viable
seeds can serve as dispersers, but the importance of differ-
ent types of frugivores varies with juniper species. Some,
such as western juniper (Juniperus occidentalis), are dis-
persed predominantly by birds, (Gabrielson and Jewett
1940; Maser and Gashwiler 1978; Schupp and others 1997a).
Others, including Ashe juniper (J. ashei), are dispersed
extensively by birds and by coyotes (Canis latrans), black-
tailed jackrabbits (Lepus californicus), and other mammals
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(Smith 1948; Chavez-Ramirez and Slack 1993; 1994). Still
others, such as Utah juniper (J. osteosperma), are appar-
ently dispersed largely by jackrabbits (Schupp and others
1996; 1997b). Additionally, although quantitative data are
few, it is becoming increasingly clear that seed-caching
rodents may be very important dispersers of at least some
species of juniper (Vander Wall, personal observation;
Schupp and Gémez, personal observation).

Frugivorous birds generally regurgitate and defecate
while perched and thus deposit seeds beneath woody veg-
etation (McDonnell and Stiles 1983; Holthuijzen and Sharik
1985a;b; Holthuijzen and others 1987; Schupp 1993; Chavez-
Ramirez and Slack 1994). Consequently, they are expected
to be responsible for extensive dispersal within woodlands,
mostly depositing seeds beneath trees where they alight to
process fruit (Salomonson 1978). For example, Chavez-
Ramirez and Slack (1994) found >22,000 Ashe juniper
seeds/m> beneath known cedar waxwing (Bombycilla
cedrorum) perches, 30 seeds/m? beneath known American
robin (Turdus migratorius) perches, and 5 seeds/m? in the
open in Texas. Frugivorous birds may also be important for
dispersal out of woodlands into adjacent communities,
however, if perches are abundant as when snags are left
following fire.

Frugivorous mammals differ from birds in that they
frequently defecate while active. This has consequences for
both habitat and microhabitat patterns of seed dispersal.
Since they are not dependent on perches, mammals are
likely responsible for extensive seed dispersal both within
woodlands and across ecotonal boundaries. Although the
exact pattern will depend on habitat preferences of the
dispersing species, mammals are likely much more impor-
tant than birds for juniper dispersal into grasslands. Utah
juniper seeds dispersed by lagomorphs at a juniper wood-
land-cheatgrass (Bromus tectorum) ecotone in Utah were
deposited in highest densities within the woodland itself,
but there was detectable movement of seeds out into the
grassland, at least as far as 50 m (fig. 1). Although none
were found 100 m from the woodland border in our sample,
lagomorphs can disperse juniper seeds =1.6 km from wood-
lands (Smith 1948; Frischknecht 1975). Data are lacking,
but mammals may be even more important for dispersal
into shrublands because the shrubs provide protective
cover that may facilitate greater animal movement
(Longland 1991).

Mammals mostly deposit seeds in open interspaces where
they are travelling rather than beneath woody vegetation
(Bustamante and others 1992; Chavez-Ramirez and Slack
1993; Schupp 1993; Schupp and Fuentes 1995; Schupp and
others 1997a; b). In a 2 ha Utah juniper woodland plot in
Tintic Valley, west-central UT, 57 percent of the surface
area was open interspace, but 75 percent of lagomorph-
dispersed seeds were deposited in the open and none were
deposited beneath shrubs (fig. 2).

In contrast to juniper, pifion seed dispersal is by seed-
caching jays, nutcrackers, and rodents. Seed-caching birds
can provide local dispersal within and near woodlands,
which is the dispersal relevant to woodland expansion, and
long-distance dispersal, which is more relevant to founding
new populations (Chambers and others 1998; 1999).
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Figure 1—Utah juniper seed dispersal by lago-
morphs at a juniper woodland-cheatgrass grass-
land ecotone at Dugway, UT, based on complete
collections of pelletsin 100 x2 m transects parallel
to the ecotone. The 0 m transect was in the
grassland, but at the border of the woodland. The
figure is adapted from data in a table in Schupp
and others (1997b).
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Figure 2—Data from the 2 ha Tintic Valley, UT,
juniper woodland plot in west-central UT (Schupp,
Fuentes, and Gomez, personal observation). The
figure shows for each microhabitat the relative
cover, the proportion of total lagomorph-dispersed
seeds deposited in that microhabitat, and the
proportion of total natural recruits found in that
microhabitat.
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Seed-caching birds are probably responsible for exten-
sive seed dispersal both within woodlands and across ec-
otonal boundaries, and they appear to mostly cache seedsin
more open sites; i.e., not under dense shrubs (Chambers
and others 1998; 1999). Consequently, they are likely im-
portant for dispersal into open interspaces of shrublands
and sparsely-covered grasslands, but not into dense
grasslands.

Although few data are available on the role of seed-
caching rodents, they are expected to provide extensive
dispersal for both junipers (Schupp and Gémez, personal
observation) and, at least in years with heavy cone crops,
pinons (Vander Wall 1997). Many rodent species are abun-
dant in ecotonal areas (Mason 1981; Severson 1986;
Sedgewick and Ryder 1987; Albert and others 1994; Kruse
1994; Chambers and others 1998; 1999), and dispersal by
rodents may be especially important at these boundaries.
Species differ in habitat preferences, but because many use
both sides of the boundary, dispersal is expected to both
redistribute seeds within woodlands as well as move seeds
from woodlands into grasslands and shrublands.

Many species of rodents preferentially cache seeds be-
neath shrubs rather than in the open. Rodents placed 61
percent of singleleaf pifion (Pinus monophylla) seed caches
either under or at the crown edge of shrubs in western
Nevada (Vander Wall 1997). In the Tintic Valley, UT, plot
described above, rodents harvesting Utah juniper seeds
placed 43 percent of 28 caches beneath live shrubs, 32
percentbeneath dead shrubs, 18 percentin open interspaces
at the bases of grass clumps, and 7 percent beneath juniper
(Schupp and Gémez, personal observation).

Work with chipmunks (Tamias spp.) dispersing Jeffrey
pine (Pinus jeffreyi) and antelope bitterbrush (Purshia
tridentata) seeds in western Nevada shows what may be a
common pattern of seed dispersal that may help explain the
dispersal of junipers and pifions by rodents (Vander Wall
1992; 1993; 1994). Chipmunks disproportionately moved
pine seeds out of the pine forest into adjacent shrubland,
and within the shrubland they disproportionately cached
seeds beneath shrubs, which is apparently the most suit-
able microhabitat for Jeffrey pine establishment.

This overview has shown that potential dispersal agents
differ in the likelihood of carrying seeds out of a woodland
into an adjacent community, and differ in what structural
characteristics of the adjacent community promote move-
ment out of the woodland. This gives us the beginnings of
a foundation for making predictions about woodland inva-
sion for different tree species under different conditions.
But because potential dispersal agents also differ in the
type of microhabitat to which they disperse seeds, and
because successful seedling establishment is sensitive to
environmental conditions, we also have to understand
emergence and seedling survival.

Emergence and Seedling
Survival

It is generally assumed that juniper and pifion need
shrub or tree “nurse plants” for successful establishment,
and most literature supports the idea that seedlings
and saplings are most abundant beneath nurse plants,
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especially sagebrush (Johnsen 1962; Jameson 1965;
Burkhardt and Tisdale 1976; Everett and others 1986;
Eddleman 1987; Miller and Rose 1995; Callaway and oth-
ers 1996; Chambers and others 1998; 1999). For example,
in the Tintic Valley, UT, plot described above, natural Utah
juniper recruits <2.0 m tall and 10.0 cm basal diameter
were disproportionately abundant beneath shrubs and rare
in the open (fig. 2).

Such data have been used to suggest greater emergence
and/or survival under shrubs than in other microhabitats.
There are always potential problems with such static dis-
tributional data, however, so experiments are crucial. Ex-
perimental singleleaf pifion seedling emergence in the Pine
Nuts of western Nevada in 1994 was most rapid in open
interspaces, but final emergence was greatest beneath
shrubs and least beneath pifion and juniper trees (Cham-
bers, personal observation). In 1995, open interspaces not
only had the most rapid emergence, but had the greatest
emergence overall. Differences in patterns probably are
related to 1995 being a cool, wet spring resulting in the soil
of vegetated microhabitats being too cool to promote good
germination. There is little evidence in either year that
nurse plants greatly enhance pifion emergence. Results
from both years, however, but most clearly the drier year,
suggest pinon seedlings are very unlikely to survive the
first summer in open interspaces and that they generally do
need nurse plants as generally assumed (Chambers, per-
sonal observation).

It is less certain, however, that juniper require nurse
plants. We have data on emergence and early survival for
four cohorts (three year’s emergence from 1994 planting,
one from 1995 planting) of Utah juniper in the Tintic
Valley, UT, plot described above (Schupp and Goémez,
personal observation). Every year shows a slightly differ-
ent pattern, but overall emergence was greatest beneath
juniper and more or less equal beneath shrubs and in open
interspaces. As with emergence, each cohort differed some-
what in survival as well, but evidence that survival is
greater beneath nurse plants than in the open is weak at
best. Some cohorts showed equal survival in all microhabi-
tats, while others showed a hint of lower survival in open
interspaces. Although juniper probably benefit from nurse
plants under some circumstances, they do not require
them. We suggest that the disproportionate abundance of
seedlings beneath shrubs may be due at least partly to
patterns of seed caching by rodents, not just to differential
emergence and survival.

The available data indicate that nurse plant require-
ments vary with species and environmental conditions.
Nurse plants are more important for pifion than juniper,
and their importance may also vary among species within
these genera. Also, some evidence suggests that nurse
plant requirements vary with environmental conditions.
For example, nurse plants are probably most important in
regions without significant summer precipitation, such as
those areas north of the monsoons in the Great Basin
(Chambers and others 1999).

Mechanisms Driving Invasion

To summarize, we suggest that woodland expansion, or
invasion, is a complex function of:
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1. The animal species that are dispersing the seeds. For
example, is it frugivorous birds, jackrabbits, or seed-cach-
ing rodents?

2. The physical structure of the community adjacent to
the woodland. Are there perches for birds? Are there
shrubs to provide cover for mammals and potential nurse
plants for seedlings?

3. The nurse plant requirements of the tree species. It
appears that pifion always benefit more from nurse plants
than do juniper.

4. Environmental conditions. Nurse plants are probably
more important in regions with dry summers. Additionally,
the benefit of nurse plants may vary with soil physical-
chemical properties, aspect, elevation, etc.

Why Care About Seed and Seedling
Ecology?

By understanding seed dispersal and seedling establish-
ment, we can better explain historical patterns and better
predict what might happen in the future given a particular
set of conditions. Here, we first give an example demon-
strating that knowledge of seed and seedling ecology can
help explain historical patterns of invasion. We then present
as examples two preliminary predictions based on seed and
seedling ecology that could guide management decisions if
the goal is to prevent or slow invasion.

Historical Explanation

At a juniper woodland-grassland ecotone in northern
Arizona, Miller (1921) reported that Utah juniper was very
successfully invading the grassland, while one-seed juniper
(J. monosperma) recruitment was occurring only within
the existing woodland. How can we explain this difference?
The patterns are probably unrelated to environmental
tolerances; we believe both species are capable of invading
the grassland because of the climate, which is character-
ized by summer monsoons. Dispersal ecology, however, can
easily explain the patterns. As Miller noted, Utah juniper
wasinvading the grassland because it was widely dispersed
by mammals, including sheep, that frequented the grass-
land. In contrast, one-seed juniper was dispersed almost
exclusively by birds that used juniper trees as perches and
thus failed to carry seeds out into the grassland.

Predictive Ability

Although much remains to be learned about pifion and
juniper seed and seedling ecology, we venture two prelimi-
nary predictions in order to demonstrate the utility of this
kind of knowledge.

Prediction 1—Shrub control in the adjacent community
is expected to inhibit pifion invasion more than juniper
invasion because of pifion’s greater need for nurse plants. It
is also expected to inhibit juniper invasion more in the
northern Great Basin where nurse plants are likely more
beneficial than in the southwest where monsoons allow
abundant juniper establishment in open grasslands.

USDA Forest Service Proceedings RMRS-P-11. 1999

Prediction 2—Snag removal following a fire or chaining
will slow invasion of juniper species that are dispersed
primarily by birds, such as western juniper, but may have
relatively little effect on invasion of juniper species dis-
persed predominantly by mammals, such as Utah juniper.

In conclusion, understanding seed dispersal and seedling
establishment allows us to better predict the outcomes of
various management scenarios. As such, this knowledge
may be a powerful tool for land managers. The limitation at
this point is data; what we have discussed is based on only
a limited understanding of the processes and on only a few
species. In order to fully realize the potential we need to
know much more.
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Fifty Years of Ecotone Change Between
Shrub and Tree Dominance in the Jack
Springs Pinyon Research Natural Area

Robin J. Tausch
Robert S. Nowak

Abstract—A pinyon Research Natural Area (RNA) has been estab-
lished on the edge of west-central Nevada near Mono Lake. Wood-
lands in this RNA are comparable to areas dominated by singleleaf
pinyon over much of the western and central Great Basin. Total
vegetal cover on 17 sampled macroplots from the site ranged from
21 to about 70 percent. These plots had a total of 95 plant species.
Patterns of understory suppression with increasing tree dominance
were similar to those measured on other sites. Comparison of aerial
photographs of the RNA from 1940 and from 1993 made it possible
to document the increases in the area dominated by pinyon over the
53 years. In 1940 nearly 60 percent of the site was dominated by
mature trees and was 30 percent shrub dominated. By 1993 nearly
70 percent was dominated by mature trees and only 12 percent was
shrub dominated. The remainder in both cases were areas with
invading young trees intermixed with old-growth woodland.

Pinyon-juniper (Pinus monophylla Torr. And Frem, Juni-
perus osteosperma [Torr] Little) woodlands cover about 7.1
million ha (17.6 million ac) in the Great Basin (Tueller and
others 1979), or about 17 percent of the area. Because of their
wide distribution in the Great Basin, these woodlands rep-
resent a wide range of community types. West and others
(1998), as part of a woodland classification, have divided the
Great Basin into nine geographic regions based upon similar
environment and community structure. Management of
each of these regions requires understanding of their par-
ticular dynamics. Monitoring of the vegetation in Research
Natural Areas (RNA) representative of each of these regions
can provide important ecological and management informa-
tion. Because of their rarity, studying stands that escaped
disturbance during the settlement of the region are particu-
larly important for the understanding of pinyon-juniper
woodland dynamics.

Establishment of the new Jack Springs Pinyon RNA is
nearing completion. This RNA is located on the southwest-
ern corner of the Bridgeport District of the Humboldt-
Toiyabe National Forest in Nevada. It is east of Mono Lake
about 10 kilometers (5 miles) east of the California State line
(fig. 1). This RNA is representative of one of the pinyon/

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.

Robin J. Tausch is Supervisory Range Scientist, USDA Forest Service,
Rocky Mountain Research Station, 920 Valley Road, Reno, NV 89512. Robert
S. Nowak is Professor, Department of Environmental and Resource Sciences,
University of Nevada, Reno 89512.
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juniper geographic regions located on the western edge of
the Great Basin (Mono-Walker-Owens Basin) (West and
others 1998). This region comprises the western edge of
Nevada and adjacent southeastern California, and haslarge
areas of pure pinyon woodlands. This new RNA was estab-
lished toreplace a previous RNA established many years ago
that was destroyed by trespass wood cutting and ORV use.

The new RNA is in an isolated area with difficult access.
The mostly pure pinyon woodlands on this site were largely
undisturbed during European settlement, and the majority
of woodlands on the RNA and surrounding area represent
old growth as defined by Miller and others (1999). Despite
the dominance of old-growth, successional stands represent-
ing a full range of tree age classes as well as sagebrush-
dominated communities are also present. Many square

Figure 1—Map showing the locality of the Jack
Springs Pinyon Research Natural Area within the
Great Basin.
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kilometers of woodland with the same community composi-
tion and patterns of tree age and dominance exist in the
vicinity.

Because of limited accessibility and limited access to
water, past grazing was light and ended in the late 1940’s.
With the absence of important mineral resources, no mining
has occurred in the area. For these many reasons, the Jack
Springs RNA represents a unique opportunity to study the
dynamics of old, established woodlands for comparison with
the extensive areas of post-settlement stands that now
comprise about two-thirds of the woodlands in the Great
Basin (Tausch and others 1981, Tausch 1999).

This study was implemented to provide the initial base-
line data necessary for the long- term monitoring of succes-
sional patterns, stand dynamics, and associated vegetation
changes on the RNA. We established permanent plots from
which full inventories of plant species composition can be
obtained and monitored. An important part of this study will
be descriptions and explanations of the spatial and temporal
dynamics of the woodlands that can be used in the manage-
ment of other areas with similar vegetation.

Methods

Aerial photographs that included the Jack Springs RNA
were obtained from the Bridgeport District files. Two photo
dates were located, one for June, 1940, and one for July 1993.
Enlargements of these photos were used in combination
with ground reconnaissance to do a preliminary identifica-
tion of the major community types and tree age classes
within the area. Representative sites within these identified
communities were then selected for establishment of the
permanent plots. Seventeen plots representing a majority of
theidentified communities and successional conditions were
established (fig. 2) and vegetation cover data collected dur-
ing the summer of 1997.

Jeasar

’"‘”\

Figure 2—Map of the Jack Springs Pinyon Research

Natural Area showing the border, topography, and
locations of the 17 sampled plots.
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Field Sampling

Each permanent macroplot established is 20 by 50 m (66
by 165 ft) in size with the long axis running up slope (fig. 3).
This sampling layoutis similar to that described in West and
others (1998). The lower end is permanently marked by a 1.8
m (6 ft) fence post and the upper end, 50 meters from the
fence post, is marked with a reinforcing bar approximately
30 cm (1 ft) tall. Physiographic features recorded at each
macroplot location were: elevation, slope, aspect, length of
slope, position on slope, landform, and macro- and micro-
relief. Each plot was located and mapped on the appropriate
aerial photo.

For vegetation sampling, the 50 m (165 ft) line between
the fence post and the reinforcing bar was used as the center
of the plot. Ten meters (33 ft) were included on either side of
the center-line to obtain the full 20 by 50 m plot (fig. 3). Each
tree rooted within the full plot was measured for the longest
crown diameter, the diameter perpendicular to the longest,
total tree height, the height of the crown with foliage, and the
basal circumference. Crown measurements were to the
nearest decimeter for trees more than a meter tall and to the
nearest centimeter for smaller trees. Basal diameter mea-
surements were in centimeters.

Percent crown cover for the understory shrub, grass, and
forb species was sampled on five transects, each 20 m (66 ft)
long, located perpendicular to, and centered on the 50 m
center-line tape (fig. 3). One 20 meter cross transect was
randomly located within each 10 meter section of the center-
line tape. Each transect was sampled using 10 microplots,
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Figure 3—Schematic diagram of the sampling
design for the sampled macroplots on the Jack
Springs Pinyon Research Natural Area.
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1by 2m (3.3 by 6.6 ft) in size, located contiguously along the
transect. Percent cover was estimated by species to the
nearest 0.5 percent using guides representing 0.5, 1.0, and
2.0 percent of the 1 by 2 meter microplot. Following transect
sampling, the entire 20 by 50 meter plot was searched for
any plant species not encountered during the transect sam-
pling, and those found were recorded as a trace amount.
When plant species could not be identified in the field,
samples were collected and placed in a plant press. These
specimens were later identified in the lab.

Data Analysis

Crown diameters measured for the trees were used to
determine their individual crown area (Tausch and Tueller
1990), and these were summed for the total crown area for
the sampled trees and converted to percent crown cover by
species. Percent crown cover values for each understory
species were averaged by transect and for the entire
macroplot. Data were summed by plot across species for total
tree, total shrub, total grass, total forb, total understory, and
total plot vegetal cover. Regression analysis was used to
compare total tree and total understory cover across the
sampled plots.

Aerial photos were interpreted for three levels or catego-
ries of tree dominance (table 1) and each category mapped
for both 1940 and 1993. The three levels used were (1) open

or sagebrush dominated with few visible trees, (2) early
successional woodland sites being invaded by young trees,
and (3) woodland sites greater than %5 dominated by trees.
In the third category, the majority of the trees were gener-
ally mature. No attempt was made at this time to separate
the tree-dominated sites by differences in the age classes of
the trees present. It is hoped that it will be possible to add
this level of resolution in the future.

Woodland classification procedures from West and others
(1998) were used with the Jack Springs RNA data. The last
three levels of their Classification, Series, Association, and
Subassociation hierarchical levels were used. The Series
level is based on the relative cover of the two tree species of
singleleaf pinyon and Utah juniper. There are five levels in
the Series classification: pure pinyon, pinyon dominated,
mixed, juniper dominated, and pure juniper. The Associa-
tion level is based on the dominant shrub species in the
understory that was determined by relative cover among the
shrub species. The Subassociation is based on the dominant
perennial grass present in the understory and was similarly
determined using the grass species present.

Results and Discussion

A total of 95 plant species were identified on the 17 plots
sampled (table 2, fig. 2). Figure 2 also shows the outline of
the Jack Springs Pinyon RNA and the elevational contours.

Table 1—Category definitions for shrub dominated, intermediate, and tree dominated for
interpretation of aerial photos for the Jack Springs Pinyon Research Natural Area.

Understory dominated
Intermediate
Tree dominated

Tree cover by young trees less than 25% of total cover.
Tree cover greater than 25% but less that 67% of total cover.
Tree cover greater than 67% of total cover.

Table 2—Number of tree, shrub, grass, forb, and total species in
17 plots sampled on the Jack Springs Pinyon Research

Natural Area.

Plot

Number of species

number Tree

Shrub

ONOO O~ WN =

©

10
11
12
13
14
15
16
17

_ o A D) = =

Average 1.06

P UOPOWONTWIRDDAD WD

Grass Forb Total
2 20 29
7 30 41
5 10 22
6 19 30
7 24 38
4 22 31
2 21 28
3 12 21
3 7 14
3 25 34
2 15 20
5 14 25
6 21 31
6 26 37
4 11 20
6 15 25
2 7 17
4.3 17.6 27.2
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There were a total of two tree, 12 shrub, 14 grass, and 69 forb
species sampled in the macroplots. The total number of plant
species in the macroplots ranged from 14 to 41 with an
average of 27 total species (table 2). There were an average
of 4 shrub species, 4 annual plus perennial grass species, and
18 annual plus perennial forb species in the 17 macroplots.
All but one plot (14) had singleleaf pinyon as the only tree
species present (table 2). The one plot with Utah juniper only
had a single old individual. Juniperis absent over most of the
RNA except in the lower elevation of the northeast corner
where an occasional old tree can be found. Juniper reproduc-
tion was present on the lower elevation areas to the north-
east outside the RNA, but was not observed within the RNA
during either reconnaissance or sampling.

Crown cover for the trees varied from a trace to over 68
percent and averaged 38 percent (table 3). Shrub crown
cover varied from less than one percent to over 20 percent
and averaged 5.1 percent. Grass cover was generally low,
ranging from less than 0.1 percent to nearly 5 percent and
only averaging 0.5 percent. Cover for forbs was less than one
percent in all but one plot, where it barely exceeded that
value, and averaged 0.3 percent cover. Total plot cover
averaged 45 percent with a range from about 21 to nearly 70
percent (table 3).

Regression analysis comparing total tree cover and total
understory cover (fig. 4) was similar to the results for these
woodlands from other Great Basin locations (Tausch and
others 1981, Tausch and Tueller 1990, Tausch and West
1995). The maximum cover of the understory, relative to the
maximum cover of the trees, was generally lower than found
in the previous studies (Tausch and others 1981, Tausch and
Tueller 1990). For the Jack Springs Pinyon RNA the maxi-
mum understory cover in the absence of trees was less than
40 percent of the maximum tree cover sampled (fig. 4).

Mapping of the tree cover classes (table 1) on the 1940 and
1993 aerial photographs for the RNA area revealed strong
differences in the dominance of trees and the abundance of
sagebrush-dominated locations between dates. Large areas
dominated by old-growth pinyon woodland, the majority of
tree dominated sites, are obvious over the RNA for both
photo dates (figs. 5 and 6). In 1940 the sagebrush-dominated
areas were generally higher at higher elevations from the
northeast to the southwest. The sagebrush-dominated ar-
eas, those with less than V4 relative cover by trees, were found
onatotal of 176 ha (437 ac), or 34 percent of the 1,280 ha (3,170
ac) in the RNA (table 4, fig. 5). The young tree category, areas
where young trees dominated greater than Y4, but less than
24, of the relative vegetation cover of the site, were found on
a total of 49 ha (120 ac) or 9 percent of the total. Areas
dominated by generally mature trees covered 293 ha (723 ac)
in 1940, or 57 percent of the area of the RNA (fig. 5).

By 1993 the area in the open category had declined to 64
ha (157 ac), or 12 percent of the total area (table 4, fig. 6). The
area with Y4 or more of the relative vegetation cover domi-
nated by young trees had increased to 102 ha (254 ac), or
about 20 percent of the RNA. Mature trees had increased to
dominate 352 ha (869 ac), or about 68 percent of the total
area of the RNA. A small fire evident in the northeast corner
in 1940 had become fully occupied by trees by 1993. Overall,
the increase in the total area of tree dominance between
1940 and 1993 was equivalent to the area in the intermedi-
ate category in 1940. The area in the intermediate category
in 1993 is equivalent to the loss of area in the understory-
dominated category between 1940 and 1993.

The expansion in the area dominated by trees in the RNA,
and the reduction in the area dominated by sagebrush in 53
years, is consistent with the pattern of tree expansion
observed for the last 150 years throughout the Great Basin

Table 3—Vegetal cover for total tree, total shrub, total grass, total forb, total understory, and total
plot cover for the Jack Springs Pinyon Research Natural Area for 17 sampled plots.

Plot Tree Shrub Grass Forb Under Plot
number total total total total total total
--------------------- Percentcover - --------------------

1 27.57 11.75 0.50 1.08 13.33 40.9
2 41.03 6.87 0.24 0.09 7.21 48.24
3 0.001 20.54 0.50 0.13 21.47 21.47
4 57.23 0.99 0.41 0.07 1.47 58.69
5 42.07 1.87 0.34 0.15 2.36 44.43
6 28.31 7.03 0.14 0.10 7.28 35.59
7 18.62 12.43 0.62 0.66 13.71 32.34
8 52.47 1.09 0.024 0.17 1.29 53.76
9 0.001 19.60 4.90 0.16 24.66 24.66
10 27.04 2.51 0.08 0.54 3.13 30.18
11 68.51 0.86 0.04 0.38 1.28 69.79
12 55.79 0.79 0.24 0.36 1.40 57.19
13 55.61 2.58 0.06 0.19 2.83 58.44
14 46.19 2.03 0.27 0.19 2.48 48.67
15 55.53 2.47 0.16 0.31 2.94 58.48
16 53.70 0.54 0.07 0.17 0.79 54.49
17 10.35 16.70 0.006 0.06 16.77 27.12
Average 37.6 5.13 0.51 0.28 6.50 45.00
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Figure 4 —Regression analysis results between
the total tree vegetal cover and total understory
vegetal cover for 17 plots sampled on the Jack
Springs Reaearch Natural Area.

(Tausch and others 1981, Tausch and West 1995). The site
shows evidence of scattered areas burned by lightning-
caused fires, and small pockets of trees killed by disease or
drought that are intermixed with unburned old-growth
woodland. Fires have been absent for about 100 years. Small
pockets of dead trees are present that appear to have
resulted from the drought in the early 1990’s. For over 100
years there has been the steady invasion by trees into areas
opened up by past disturbance, the growth in size of trees in
areas alreadyinvaded, and negligible addition of sagebrush-
dominated areas by more recent disturbance from disease or
drought. This is a repeat of the pattern observed throughout
most ofthe woodlands in the Great Basin (Tausch and others
1991, Tausch and Tueller 1990, Tausch and West 1995, West
and others 1998).

During sampling of the Jack Springs RNA, two subspecies
of sagebrush were observed dominating the open areas and
the understory in tree-dominated areas. Wyoming big sage-
brush (Artemisia tridentata ssp. wyomingensis Beatle) domi-
nated in the lowest elevation areas in the northeast corner
of the RNA. This amounted to about 25 percent of the total
area of the RNA (area A, fig. 7), and represents approxi-
mately the area of the RNA where an occasional old juniper

B Understory dominated
Intermediate
[ Tree dominated

Figure 5—Diagram of the June, 1940, aerial photograph showing
three categories of vegetation cover of (1) areas that were dominated
by sagebrush, (2) areas that were being invaded by young trees, and
(3) areas that were dominated by mature trees.
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Figure 6 —Diagram of the July, 1993, aerial photograph showing three
categories of vegetation cover of (1) areas that were dominated by
sagebrush, (2) areas that were being invaded by young trees, and
(3) areas that were dominated by mature trees.

Table 4—Number of hectares and percent of total for the three
categories of Understory: Dominated, Intermediate, and
Tree dominated for aerial photos from 1940 and 1993.

1940 1993
ha % ha %
Understory dominated 176 34 49 12
Intermediate 49 9 102 20
Tree dominated 293 57 352 68

can be found. In the remainder of the RNA, the shrub layer

in both tree and nontree-dominated areas was dominated by

mountain big sagebrush (Artemisia tridentata ssp. vaseyana

Rydb.) (area B, fig. 7). Mid-elevation locations were domi-

nated by either Wyoming or mountain big sagebrush, with

basin big sagebrush (Artemisia tridentata ssp. tridentata

Nutt.) occurring as a scattered subdominant on deeper soils.
When the woodland class'iﬁcation procedures from West the dominant sagebrush subspecies is Artemisia

and others (1998) were applied to the macroplot data, eight tridentatassp. wyomingensis. For the area indicated

Subassociations were the result (table 5). These were also by ‘B’ the dominant sagebrush subspecies is Arzemi-

classified into two Series and four Associations. The most sia tridentata ssp. vasyana.

frequent Subassociation, PIMO-AV- Elel, was found in seven

of the plots (41 percent). The second most frequent

Subassociation, PIMO- AW-Elel, was found in four of the

plots (24 percent). The remaining six Subassociations had

Figure 7—A copy of figure 2 showing the distribution
of the subspecies of big sagebrush that dominated
the nontree vegetation. For the area indicated by ‘A’
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Table 5—Classification of the 17 macroplots into two Series, four Associations, and eight
Subassociations based on procedures and notation described by West and others
1998. Plots representing each of the eight classification categories are listed by

plot number.
Series Association Subassociation Plot numbers (fig. 3)
1 PIMO AV Elel 2,8,10,11,12,13,17
2 PIMO AV Achy 15
3 PIMO AV Stoc 3
4 PIMO AV Stth 4
5 PIMO AW Elel 1,5,6,7
6 PIMO Putr Elel 13
7 PIMO Putr Pasm 9
8 PiMo AW Pose 14
Series

PIMO = singleleaf pinyon has 100% relative tree cover.

PiMo = singleleaf pinyon has 80 - 99% relative tree cover.
Associations
AV = Artemisia tridentata ssp. vaseyanais the dominant shrub.
AW = Arfemisia tridentata ssp. wyomingensisis the dominant shrub.
Putr = Purshia tridentatais the dominant shrub.
Subassociations
Elel = Elymus elymoidesis the dominant perennial grass.
Achy = Achuatherum hymenoides is the dominant perennial grass.
Pasm = Pascopyrum smithiiis the dominant perennial grass.
Pose = Poa secundais the dominant perennial grass.
Stoc = Stpa occidentalisis the dominant perennial grass.
Stth = Stpa thurburianais the dominant perennial grass.

only one plot each. Macroplots falling into the two most
frequent Subassociations are similar communities, differing
primarily in the subspecies of sagebrush that is dominant in
the understory (table 5).

Conclusions

During the Little Ice Age ( prior to about 150 years ago, or
pre-settlement) pinyon-juniper woodlands in the Great Ba-
sin generally had more open areas. The most important
factor accounting for the openings appears to be a much
higher fire frequency present during this period (Gruell
1999; Tausch 1999). With the combination of climate change
following the Little Ice Age and settlement impacts, expan-
sion of the woodlands has been observed throughout the
Great Basin and adjacent areas (Tausch and others 1981,
West and others 1998). This expansion has more than
tripled the area in the Great Basin dominated by woodlands.
The same changes have been simultaneously occurring on
the Jack Springs Research Natural Area without the pres-
ence of the sustained high levels of disturbance that oc-
curred over most of the rest of the Great Basin. This is
another indication that other global change based drivers
(Tausch 1999) need more intensive study.
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Approaches to Mapping Ecotone
Boundaries Using Emerging Remote
Sensing Technology

Paul T. Tueller

Abstract—Boundaries between vegetation classes must be iden-
tified and delineated in order to map vegetation. The vertical view
offered by remotely sensed data presents a valuable perspective in
the mapping process. However, many ecotones are very subtle, and
because of similar spectral response many boundaries are often
diffuse and difficult to describe and map. This paper explores the
potential application of several new remote sensing procedures for
describing ecotones. For many years we have been able to use large
scale, near-earth aerial photography for doing this. The cost of
acquiring such imagery over large land areas is prohibitive, and it
hasbeen difficult to select the required representative subsamples.
In addition to aerial photography other procedures include multi-
spectral airborne videography, microwave data (e.g., radar) and
high spatial resolution satellite data (e.g., IRS 5 m data and the
proposed 1 m IKONOS data). These along with vegetation indices,
digital classificationsincorporating digital elevation models (DEMs)
and other parameters, hyperspectral data, multitemporal data,
and spectral unmixing procedures offer the potential to measure
vegetation and soil differences across ecotones.

Many scientists are busy mapping forest and rangeland
vegetation. Numerous techniques are being used. In the
early years of vegetation science these procedures nor-
mally involved the drawing of lines on topographic maps
while in the field or the use of black and white aerial
photographs as a base map. Then with various amounts of
ground experience the mappers drew lines around vegeta-
tion types with differing levels of homogeneity. The idea
was to draw lines around these types creating polygons that
had some acceptable level of homogeneity that differed
from the surrounding vegetation and that were of interest
to land managers and ecologists.

Mapping was essentially continued this way for over
40 years. With the advent of modern computers there has
been a gradual move to mapping using image processing
techniques coupled with Geographic Information Systems
(GIS). A number of classification algorithms, both super-
vised and unsupervised, have been developed. These use
the brightness or spectral characteristics of individual
pixels for each of several discrete wave bands of the electro-
magnetic spectrum in order to create vegetation maps.
These maps have varied in the amount of ground verification

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.

Paul T. Tueller is Professor of Range Ecology, Department of Environmen-
tal and Resource Sciences, University of Nevada, Reno, Reno, NV 89557.
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and accuracy. Much of this early computer classification
involved the use of 80 m pixels from the Landsat series of
satellites. This was followed by the use of data from other
systems such as the Landsat Thematic Mapper system
(30 m pixels) and the SPOT image system (20 m multispec-
tral and 10 m panchromatic pixels).

This paper is a consideration of the potential use of new
and emerging remote sensing technology for identifying,
measuring, and monitoring changes in ecotones. The spe-
cific objectives are as follows: (1) to briefly review the
concept of the ecotone with special reference to remote
sensing, (2) to evaluate/examine the potential usefulness of
emerging remote sensing technology to better classify/
delineate ecotones, (3) to describe a potential methodology
to do this with remote sensing, and (4) to provide two
examples.

The Ecotone

I suspect that a number of papers in this symposium will
describe and discuss the concept of the ecotone. Here I add
my brief review of this concept and perhaps develop some
ideas that will relate the concept to the use of remote
sensing data to identify and map ecotones. In the simplest
sense an ecotone is the boundary between two plant or
biotic communities (fig.1). Of course one can embellish such
a simple definition by adding some caveats. One would be
that the boundary of an ecotone is characterized by a
change in species composition. Sometimes these changes
are very abrupt and sometimes they are very obscure. A
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Figure 1—A diagrammatic depiction of an aerial
analysis of an ecotone between a grassland and a
shrub-dominated plant community.
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more complex, all-inclusive definition is that by
Holland and others (1991) where they define an ecotone “as
a transition between adjacent ecological systems, having a
set of characteristics uniquely defined by space and time
scales and by the strength of the interactions between
adjacent ecological systems.” It is now clear that, because of
our expanded understanding of ecotones in recent years,
the concept must be applied at many spatial scales (Risser
1995). Remote sensing has the capability to rapidly exam-
ine landscapes at a number of spatial scales and, therefore,
offers strong potential for any analysis of ecotones.

Since the question of scale becomes important in ecotone
analysis using remote sensing data a number of questions
can be posed. For example, what scale or resolution element
size is required to identify, examine, and measure these
subtle ecotones and their specific characteristics including
plant species composition? What is a subtle ecotone? It is
one that is not characterized by an abrupt change in the
dominant species. A number of species may be involved,
and the change in species composition may be only a
relative one where the density, cover, and frequency of
several species may change only slightly as one moves
across the ecotonal boundary. Can these more obscure
changes be measured using remote sensing technology?

When considering scale there are two meanings that
must be considered. Aerial photogrammetrists work with
representative fraction scales where the scale is expressed
as a ratio. A scale expressed as a ratio of 1:10,000 means
that a measurement of 1 cm on the photograph would be
equivalent to 10,000 cm on the ground. This scale is large
while a scale of 1:100,000 would be small. This routinely
used definition of scale is at odds with the Landscape
Ecology community who speak of large or small scale
meaning just the opposite. Small scale refers to small land
areas while large scale refers to large areas of land. One
must understand this distinction because much of the
literature having to do with scale analysis is found in the
Landscape Ecology literature.

Emerging Remote Sensing
Technology

A number of data types must be considered as the ques-
tion of ecotone analysis is explored. First, there are a
number of near-earth, high resolution systems. These in-
clude large scale color and color-infrared airborne photog-
raphy and videography (Tueller 1996). Such systems pro-
vide pixels that are submeter and measured in centimeters.
Of greatest value is the use of digital cameras and multi-
spectral video systems where the data is captured as raster
files. These files are immediately available for analysis
using image processing. Likewise, the emerging satellite
systems that should be considered for vegetation mapping
also provide digital data that is generally ready for analy-
sis. The original Landsat MSS data had 80 m resolution
elements and has been useful for vegetation mapping but
only where very course low-resolution data is sufficient to
show ecotones and produce vegetation maps over very large
areas (small scale). Often the mapper was working with
forest/nonforest or desert/riparian edges. Now we are on
the verge of having high-resolution data from space. Thus,
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the term “emerging remote sensing technology” in the title
of this paper.

For many years remote sensing scientists and plant
ecologists have been using aerial photographs and satellite
imagery of relatively low resolution for vegetation studies
(Tueller 1989). These include the MSS data mentioned above
as well as the THEMATIC MAPPER and SPOT IMAGE
data. Aerial photographs have been either black and white,
color, or color infrared, and the scales have varied consid-
erably from 1:200 down to 1:150,000 and smaller.

These emerging remote sensing systems can be exempli-
fied by the following list. It must be remembered that the
technology is changing rapidly and changes from year to
year. This list only constitutes a snapshot of it at one point
in time. The reader must remember that this list can
change from year to year and even month to month.

1. IRS (Indian Remote Sensing) 5 m satellite data.
This satellite system is currently operational. The 5 m
band is panchromatic (0.5-0.75 micrometer spectral
resolution) and is presently colorized using several
bands of Landsat TM data.

2. SPOT 5A will have 10 m multispectral and 2.5 m
panchromatic resolution and is scheduled to fly early
in the next century.

3. QuickBird 1 (from EarthWatch Inc., Longmont, CO).
Scheduled for launch in the fourth quarter of 1999.
This system will have a 1-meter panchromatic and 4-
meter multispectral data. Later a QuickBird Launch
will have 3.28 m multispectral resolution (blue, green,
red and near-infrared) and an 0.82 panchromatic
band from space. It will have a 22 km swath width and
revisit times of 1-5 days at 1 meter and 18 hours - 2
days at 1.5 meter (Lawrie 1998).

4. Tkonos 1 (from SpaceImaging/EOSAT, Thorton, CO).
This system was scheduled for launch in late 1998 but
failed to reach orbit in an early 1999 launch. It will
have 1-meter panchromatic and 4-meter multispec-
tral capability. The swath width will be 11 km at nadir
and the revisit time will be 3 days at 1 meter and 1.5
days at 1.5 meter.

5. OrbView-3 (from ORBIMAGE, Dulles, VA). This sys-
tem will have 1-meter panchromatic and 4-meter
multispectral bands and is scheduled for launch in
1999. It will have a swath width of 8 km at nadir and
revisit time will be less than 3 days.

6. IFSAR 3 m. The Interferometric Synthetic Aperture
Radar program will provide high resolution radar
data and has been developed as a low-cost method for
producing digital terrain elevation data. An IFSAR
system in a Lear jet aircraft has been developed that
meets the program goals of 3 meter height accuracy at
100 square kilometers per minute collection rate.

7. RADARSAT (from the Canadian Space Agency). This
system will have variable look directions and resolu-
tion with pixels as small as 10 meters.

8. AVIRIS - in addition to high spatial resolution, work
is steadily going forward on high resolution or
hyperspectral systems. AVIRIS has 224 different de-
tectors with approximately 10 nanometers bands cov-
ering the spectrum from 380 nm to 2,500 nm and 20 m
resolution on the ground in 11 km swaths.
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9. Multispectral videography—these systems are im-
proving each year, and images with 3,000 by 2,000
pixels are relatively common although somewhat
expensive.

(a) multi-camera systems (useful for providing false
color images).

(b) single digital cameras with high resolution (cm
resolution).

Although these systems have much promise there are
certain disadvantages to the satellite systems. One is com-
putational complexity. If one had a scene with 20,000 pixels
and 20,000 lines the storage requirement for the 400,000,000
pixels would be 25.6 gigabytes per scene. Then, any com-
puter classification effort or other processing efforts such as
mosaicking would measurably add to this storage require-
ment. This, of course, indicates a need for large storage
capacities. Another disadvantage is the fact that we cur-
rently lack experience using these systems and their mul-
tispectral or hyperspectral attributes.

Data Analysis and Interpretation ____

Traditional field vegetation data accumulation proce-
dures have used field sampling techniques such as mea-
surements of plant cover using line intercept or estima-
tions, production estimates or measurements, species
frequency, and other approaches. These procedures are all
time consuming. They provide point samples only and do
little to assist with the process of creating polygons or
patches useful for analysis and management. But remote
sensing techniques have the potential to examine both the
characteristics of change across the ecotone and to create
information on the distribution and landscape ecology of
the vegetation.

An important researchable problem is to determine the
trade-off between area coverage and pixel size. What pixel
size is optimum for different kinds of plant communities?
One approach to this question is to make an orderly exami-
nation of the same ecotone using several different pixel
sizes. Such an analysis could be to examine one or more
ecotones using the following data types with their various
pixel sizes: Landsat MSS 80 m pixels), Landsat TM (30 m
pixels), SPOT Image (20 m pixels registered to 10 m pan-
chromatic pixels), IRS 5 m pixels fused to 30 m Landsat TM
pixels), IKONOS 1 m panchromatic), and digital video
images (10-50 cm pixels). Such an effort should look at the
ease of species or guild identification, the ease of measure-
ment including density counts, and the ability to determine
changes over time.

Apart from the spatial scale question we must also
consider spectral resolution requirements. Spectral re-
sponse is a function of a number of factors: (1) species
greenness/grayness, (2) size/shape of the species/specimens,
(3) bare ground/color, (4) amount of rock/gravel/litter/cryp-
togam cover; (5) shadow; and (6) the mixture of these in the
pixel (Tueller 1989). Theoretically it is possible to deter-
mine a spectral signature that may hold true for a specific
plant community. However, in actual practice the noise due
to the spectral ambiguity among the various scene compo-
nents can destroy the strength of the signature, making it
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useless when movingin space and/or time. A good signature
is one that would always be able to identify the plant
community or species in question. In any remote sensing
analysis the classification effort is a trade-off between
using the spectral data alone and reinterpretation of the
computer-derived data by the computer operator.

Spectral unmixing is a quantitative procedure used to
determine the makeup of individual pixels. Spectral
unmixing has been studied under several different situa-
tions. I used a simple approach based on ground radiometer
samples (Wilson and Tueller 1986). Results have been
varied. Some have thought that desert ecosystems and
their ecotones might lend themselves well to spectral
unmixing because the specimens are often widely sepa-
rated and the spectral characteristics of some of the impor-
tant surface components can be quite different. This can
lead to end members that differ enough to be separated
using a spectral unmixing algorithm. Wessman and others
(1997) found that spectral mixture analysis could separate
grazing and fire treatments in tall grass prairie and allow
for the identification of five remotely sensed factors af-
fected by the management treatments: vertical structure,
percentage cover or patchiness, greenness, and distribu-
tion of soil and litter.

The idea of measuring change for the purpose of monitor-
ing was mentioned above. Change detection of the ecotone
boundary and changes on either side of the boundary are
required for ecotone identification. A number of change
detection algorithms are available and have been tested
and reported in the literature. This seems like a clear cut
application but there are a number of problems. Research-
ers should provide a quantitative expression of the differ-
ences across the ecotone. For example, they should record
the cover percentages for the dominant species, indicate
which species are found on one side of the ecotone but not
the other, determine the amount of bare ground, rock,
gravel, and cryptogams on each side of the ecotone line, and
record the numbers of individual specimens making up the
changes in species cover. Does this indicate a change in the
productivity of the ecosystem? Many parameters can only
be measured indirectly using remote sensing technology.

Mapping after the ecotone has been identified is the next
step. The accuracy of the final map derived from remote
sensing data can be determined in various ways but nor-
mally requires ground data of various kinds. On the other
hand, on several occasions we have used high resolution
aerial photography to do field checking for classification
accuracy. Change detection is important in this regard also
because it is important to show when and how the bound-
aries have moved.

In the future the use of hyperspectral data along with
spectral unmixing procedures may be especially valuable,
although to date there have been some failures and a few
successes. It is not yet known which of the many bands are
useful or can be useful. Correlation of ground data to the
remotely sensed data and the kinds and amount of ground
data that must be obtained to support the data obtained
from the imagery are also unknown. Ground sample re-
quirements and sampling techniques must be developed to
elucidate ecotone relationships.
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Measurement and Sampling of the
Ecotone

Two important questions must be asked: (1) What proce-
dures would be useful for measuring the vegetation differ-
ences across the ecotone using the high resolution video
data? And( 2) What procedures would be useful for using
the ecotone difference information and the spectral signa-
tures that are developed to create vegetation maps? In the
former case there are three different approaches that can
used:

(a) Measurement of the differences using approximately
the same procedures as used in the field, e.g., the use
of a line intercept approach on the photographic im-
ages as well as in the field.

(b) Measurement of the differences using an alternative
approach on the images, e.g., density or number of
individuals per unit area for those plants where iden-
tifiable directly from the images. The density ap-
proach might serve well for shrubs and trees.

(c) Use of an image processing approach, with classifica-
tion of the large scale images to differentiate the
proportion of dominant shrubs or other dominant
species on either side of the ecotone or within the
ecotone. This approach would require considerable
computer storage space and computation capability
because relatively large raster files are being used.
However, the savings in time and objectivity might
make such an approach quite feasible.

The second question has to do with vegetation mapping
and is a part of the upscaling question. If the large-scale
images can successfully show the boundary of an ecotone
that cannot be identified on the smaller scale imagery, the
question is how do we subsample so that we can extrapolate
the large-scale well-defined ecotone data to the small-scale
imagery over large land areas? In other words how do we
improve the accuracy of the polygons that represent the
plant communities?

Image Processing/GIS Approach

We can assume that each species has a different bright-
ness level in each of several bands that may be expressed as
a spectral signature. If this is true, it will be possible to use
one or more classification algorithms to measure the rela-
tive proportions of the different dominant species in the
stand on each side of the ecotone. This might be useful only
for the dominant species. However, changes in the domi-
nant species are usually important from the stand succes-
sion point of view. Mast and others (1997) used image
processing and GIS analysis of topographic maps to iden-
tify areas of change in tree cover, and quantified locations
and total hectares oftree invasion into grasslands along the
Colorado front range. Baker and others (1995) were able to
use scanned 1:40,000 color infrared photographs along
with GIS and remotely sensed tools to detect and analyze
changes in ecotones that may be related to global climate
change, although errors due to patchiness and spectral
variation were troublesome.
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If it can be assumed that the areas of interest represent
homogeneous plant communities on either side of the eco-
tone, we can use change or difference detection algorithms
to measure the difference across the ecotone. The scale and
associated resolution necessary to identify the ecotone may
be quite large in may instances, requiring a scaling up
procedure of some kind. It is possible to define individual
pixels or small groups of pixels that, at least on the large-
scale data, define the existence of species level designa-
tions. On some of our enlarged images where pixels become
observable we often see individual pixels that define cer-
tain species.

Spectral unmixing, as previously mentioned, constitutes
apotential alternative approach. Mixtures occur at all scales
among materials found in a shrubland. Spatial mixing of
materials within the Instantaneous Field of View (IFOV)
of the pixel result in spectrally mixed reflected signals
(fig. 2). Analysis of remotely sensed images that view areas
of ground containing such mixtures must account for the
blend of reflected spectral radiance values that reach the
sensor. Each of the materials in the pixel contribute to the
total reflected signal. By modeling the spectral composite
for individual pixels, the mixed pixel components can be
estimated through standard least-squares techniques. We
assume that the mixing is linear and that there is no
significant interaction between materials, each photon
only “sees” one material and that these signals add in a
linear process. Spectral mixture analysis reduces a
hyperspectral data set of 100 to 200 bands to a sequence of
a few as two, but seldom more than ten. Surface-component
images are called pure endmember images (each with a
unique spectrum) and are defined as an endmember spec-
tra (a matrix ) and by the abundances of the endmembers
(a vector).

We are presently actively researching these measure-
ment questions and have not yet selected the procedure or
procedures that we prefer and that might give the highest

Figure 2—The Instantaneous Field of View of
a single pixel, showing the various kinds of
endmembers or spectral components within.
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accuracy and allow analysis with the greatest ease. One
approach is to use one or more change detection algorithms.
Jensen (1989) described a number of different algorithms
that might be used. Theideais touse an algorithm that will,
with good accuracy, describe the difference across an eco-
tone and separate the spectral signatures found on both
sides and potentially in an area of overlap between the two
plant communities.

Upscaling

What does a single pixel or a group of pixels represent on
the landscape? A homogeneous group of pixels can repre-
sent like pixels across the scene if the area is truly homoge-
neous. This of course depends upon the classification accu-
racy, kind of vegetation, and other factors. The goal is to
create a spectral signature (characteristics of the spectral
response in several bands as related to the feature in
question) that represents a group of like pixels and have
this signature be useful over both space (across the scene)
and time (from scene to scene).

The sampling of the ecotone is important. Will it require
samples equal to 10 percent, 20 percent, or more of the
polygon boundary along the obscure ecotone? Accurate
georeferencing will be required to allow the mapper to place
the polygon line in the proper location. Some photo inter-
pretation skills are required. There still is the possibility of
identifying the differences across the ecotone by examining
the spectral signatures in a image processing classification
approach, although further research is required. Presently,
much mapping is done using supervised classification tech-
niques that may not define all of the important information
classes or plant communities of interest, especially on
heterogeneous wild landscapes.

While it seems a relatively simple concept, there are no
good procedures for upscaling with remote sensing data.
We are researching this question. I think that it will be a
continuing question closely related to the ecotone/vegeta-
tion mapping question. Hopefully, the new data from space
will eventually lead to a solution.

Some Examples

In this paper, I would like to describe an example in a
Jeffrey Pine/meadow ecotone and a Jeffrey pine burned and
unburned in the eastern Sierra Nevada. The data types
analyzed include Landsat TM, IRS 5 m data, and Kodak
Digital data. As one moves from smaller to larger scales the
amount of information increases while the area coverage
decreases. There is a trade-off going from large to small
scale relative to pixel size and area coverage. The question
of subsampling becomes paramount and is related to the
quality of the spectral signature and upscaling. When, how,
and where do we sample to really assist in the mapping
process using remotely sensed data?

The site in this example shows a change from Jeffrey pine
(Pinus jeffreyi) to mountain meadow. This is a relatively
abrupt ecotone and rather easy to see on several scales of
imagery. Three important shrub species are often associ-
ated with the burned Jeffrey pine sites, manzanita (Arcto-
staphylos patula), buck brush (Ceanothus velutinus), and
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squaw carpet (Ceanothus prostratus). This is not an espe-
cially subtle ecotone but can serve to describe the process.
The trees are easy to detect and the change of shrub type is
clear. With the TM data it is not possible to measure the
individual trees, but with the IRS data the large trees can
be examined primarily because of the 5 m pixels. With the
Kodak videography it is quite easy to identify and measure
most of the trees and many of the shrubs.

A second example comes from our work at Camp Will-
iams, Utah. Here we have examined an ecotone between a
burned Gambel Oak stand and burned pinyon/juniper wood-
land vegetation (Table 1). Field data have been obtained
and we can examine both the Kodak Images and the IRS
images. It is difficult to see many of the ecotones using the
IRS 5 m data, while the Kodak data with quite small pixels
(0.17 m) are useful for differentiating these sites. The root-
sprouting Gambel oak is quite clearly observed on the
Kodak digital images but not clearly seen on the IRS 5 m
data. This suggests the need to use subsamples of the

Table 1—A vegetation summary for aburnt juniper to burnt Gambel oak
ecotone at Camp Williams, UT.

Camp Williams field data (percent cover)

Plot Burnt juniper Burnt oak
Overstory
Bromus tectorum 11.782 3.828
Artemisia spp. 0.792 0.000
Agropyron spp. 0.330
Gutierezzia sarothrae 0.792 12.185
Achnatherum hymeniodes 1.122 4.884
Eriogonuim sp. 6.997 0.528
Burnt Junijper 16.106 6.733
Elymus elymoides 0.198 0.363
Chrysothamnus nauseosus 6.469 0.000
Purshia tridentata 1.782 0.000
Marrubium vulgare 0.132
Circium spp. 4.818 0.627
Opuntia spp. 0.726 0.000
Stipa comata 0.462 0.000
Chrysothamnus viscidiflorus 0.198 0.000
Quercus gambelli 0.000 28.449
Verbascum thapsus 0.660 2.178
Rock 6.733 6.007
Litter 8.977 15.017
Bareground 0.330 0.000
Total percent overstory 68.944 81.261
Understory

Bromus tectorum 4.257 2.838
Circium spp. 1.452 0.000
Chrysothamnus nauseosus 0.726 0.000
Eriogonuim spp. 0.528 0.000
Achnatherum hymeniodes 0.198 0.990
Stipa comata 0.198 0.000
Verbascum thapsus 0.132 0.990
Agropyron spp. 0.726
Chrysothamnus viscidiflorus 0.330 0.000
Rock 0.561 0.000
Litter 2.112 18.548
Total percent understory 10.495 24.092
Total percent 79.439 105.353
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Kodak data to define where the ecotone goes on the land-
scape and is a part of the upscaling question.

A Remote Sensing Approach to
Ecotone Analysis

The foregoing suggests that the identification and mea-
surement of ecotones can be done with remote sensing. So
how do we go about doing the job? The following steps
constitute a reasonable approach to accomplishing ecotone
analysis using remote sensing.

1. One must first identify the spatial, spectral, and
measurement requirements for ecotone analysis. This
is followed by difference detection across the ecotone.
The best spatial data for mapping vegetation based on
improved ecotone delineation is selected. This might
be the Kodak digital data or in some cases the IRS 5 m
data or in the future the 1m data from space that has
been promised. This ecotone detection procedure is
used to develop a more accurate map.

2. Acquire the imagery. This is often a difficult step and
sometimes costly. The prices vary and the worker
must determine the resolution, coverage and
georeferencing requirements. Usually a compromise
must be reached between area covered and resolution
required. If only very high resolution is required then
a subsampling scheme must be developed for obtain-
ing adequate statistical representation of differences
across the ecotone.

3. Test the ecotone data and the spectral signatures
derived by developing classifications of the vegetation
using these new parameters.

4. Test the accuracy of the map and the ecotone differ-
ences with ground data.

5. Use the images to complete a map with greater accu-
racy for your area of interest.
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Summary and Conclusions

1. New high resolution remotely sensed data is being
evaluated for ecotone identification, delineation, and mea-
surement.

2. It is hypothesized that such procedures will allow
more subtle vegetation differences to be detected across
ecotones.

3. This will allow more accurate mapping over large
lands areas, decreasing reliance on site-specific data where
it is difficult to extrapolate such data over entire land-
scapes.

4. Spectral characteristics are often sufficient to map
these subtle ecotones with image processing techniques.

5. Preliminary results show that the IRS 5 m data can
map less subtle ecotones but thatit requires high resolution
data (cm size pixels) to map the more subtle ecotones.
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Mesquite-Grassland Ecotones in the
Chihuahuan Desert

R. F. Beck
R. P. McNeely
R. P. Gibbens

Abstract—Many plains and uplands of the Chihuahuan Desert in
southern New Mexico are in transition from a perennial desert
grassland to a mesquite (Prosopis glandulosa) dominated shrub-
land. On the Chihuahuan Desert Rangeland Research Center
north of Las Cruces, from 1982 to 1996, mesquite aerial cover
increased from 1.9 to 4.5% and density increased from 123 to 176
plants ha~!, with recruitment averaging 8.5 plants ha-lyr-1. Shrubs
encroach into grasslands by individual plants becoming estab-
lished and, over time, creating patches of mesquite. These patches
expand into islands of mesquite with a greater biodiversity than
the surrounding grasslands. The mesquite islands eventually
coalesce into the mesquite “front” and biodiversity decreases. Thus
the current grass- shrublands may best be considered as ecotones,
both spatially and temporally.

Today the former grasslands on the uplandsin the Jornada
Basin in southern new Mexico are in transition to becoming
desert scrublands, dominated by mesquite (Prosopis
glandulosa Torrey). These changes are of such a magnitude
that much of the plant and animal diversity associated with
grasslands will be lost or at least diminished. There have
been many writings and ideas put forth as to why this
change is taking place. Much of the change has occurred
since the start of large-scale ranching in the latter part of
the 19th century (Buffington and Herbel 1965). But, there
is disagreement about the actual effect of livestock grazing
on the spread of shrubs into the grasslands. Overgrazing is
often considered to be the primary culprit (York and Dick-
Peddie 1969, Schlesinger and others 1990). Humphrey
(1950), and Brown and Archer (1987) stated it was not
overgrazing, but rather the encroachment resulted from
livestock consuming the seeds and spreading them through
their fecal droppings. Humphrey (1958) noted that there
were many possible factors responsible for the increase in
woody vegetation, but he proposed that fire was primarily
responsible for maintaining the desert grasslands and
attributed the spread of mesquite to lack of fire resulting
from grazing removing the fine fuels necessary to carry fire.
Reynolds (1950) found that Merriam kangaroo rats
(Dipodomys merriami merriami Mearns) bury mesquite

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.

R. F. Beck, Professor, and R. P. McNeely, Senior Research Assistant, are
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seed in caches that are not all used in favorable years, and
this helped the mesquite spread into grasslands.

Another idea that has been proposed is climate change.
Hastings and Turner (1965) suggested that the increase in
woody vegetation was because the climate was becoming
warmer and drier. Neilson (1986) proposed that the in-
crease in shrubs was because of more winter moisture
favoring establishment of C5 plants. Mayeaux and others
(1991) suggested that the world-wide increase of atmo-
spheric COg in the last 150 years resulting from industrial-
ization, automobile emissions, etc., has given competitive
advantage to plants with Cs; photosynthetic pathways
(shrubs) over those plants with C, photosynthetic path-
ways (desert grasses). However, Archer and others (1995)
refuted rather convincingly the idea that an increase in
atmospheric CO5 was primarily responsible for woody plants
moving into grasslands.

Clements (1934) considered the grasslandsin the Jornada
Basin to be a climax desert plains grassland. Shreve (1917)
in an earlier paper considered the Jornada grasslands to be
a transition between the mixed grasslands to the east and
the Chihuahuan Desert to the south and west. Perhaps
Shreve correctly recognized the changes taking place in the
region by calling the grasslands a transition, a view point
endorsed by Dick-Peddie (1993). The increase of mesquite
and other woody plants in the region may reflect vegetation
changes already set in motion prior to European settlement
and have been hastened by livestock grazing, industrializa-
tion, etc. The grasslands may represent environmental
conditions that no longer exist (Selleck 1960).

Whatever the cause, mesquite continues to invade and
establish in the black grama [Boutelooua eriopoda (Torrey)
Torrey] grasslands (Gibbens and others 1992). The purpose
of this paper is to look at the process of the invasions. We
propose that this ecotone between the grassland and mes-
quite is not a distinct line, but rather individual mesquite
plants becoming established in the grasslands ahead of the
“front,” and often forming “patches,” which allows the
mesquite to spread in leaps and in uneven patterns.

Study Area

The study was conducted on a 10 km? area on the
Chihuahuan Desert Rangeland Research Center located
40 km north of Las Cruces, New Mexico. This particular
area was chosen because it represented an ecotone between
dense mesquite and a grassland with little or no mesquite
present. The climate of the region is characteristic of an
arid, continental interior with summer maximum tempera-
tures frequently exceeding 35° C and the daily minimum
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near 20° C. Daily minimum temperatures in winter are
generally below freezing with daytime maximums 15° C
warmer. The frost-free period is about 200 days. Spring is
the driest and windiest season. Wind during the remainder
of the year is generally associated with storms. Long-term
(1931-1996) average annual precipitation is 234 mm (fig. 1).
The primary growing season is from July through Septem-
ber when 125 mm (53%) of precipitation falls. Another
small peak of precipitation occurs, sometimes as snow, in
December-January.

The landscape of the study area is characterized by a
nearly level plain about 1,400 m above sea level with slopes
less than 2%. Scattered across the plain are occasional
shallow depressions, varying in size from 0.5 to 2-3 ha. Soils
on the plain are generally petroargids, which have a thin
layer of sand deposited by wind over a moderately devel-
oped argillic horizon. Total depth to a petrocalcic horizon is
less than 1 m. Within the depressions, soils generally have
greater clay content with a greater depth to a petrocalcic
horizon, if one exists.

Potential vegetation for the site is a black grama grass-
land. The aspect of the plain varies from an open, mixed
grassland with an occasional single mesquite and some-
times clumps of mesquite along with other shrubs (mainly
Ephedra spp. and Atriplex spp.) to dense mesquite stands.
The depressions in the landform tend to support heavier
stands of mesquite and soaptree yuccas (Yucca elata
Engelm.) with a grass-forb understory (fig. 2). The general
area is currently in a lower seral stage dominated by
mesquite, broom snakeweed [Gutierrezia sarothrae (Pursh)
Britton and Rusby] and several perennial grasses, includ-
ing mesa dropseed [Sporobolus flexuosus (Thurb. Ex Vassey)
Rybd.] and threeawns (Aristida spp.). Many other grasses
and forbs are common in seasons of average or greater
precipitation.

All of the study area is grazed lightly by cattle, 20 - 25%
use on dominant grasses, during the year. Pronghorn ante-
lope (Antilocapra americana) are frequently seen and the
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Figure 1—Annual and seasonal (July - September)
precipitation from 1980 to 1996 and long-term annual
and seasonal precipitation from 1931 to 1996 in the
northern Chihuahuan Desert.
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Figure 2—Mesquite growing in a shallow depres-
sionon the Jornada Basin. Note presence of different
size of shrubs and grass clumps in the interspaces.
Note also the grass aspect and individual mesquite
plants growing on the hillside behind the cattle.

introduced gemsbok (Oryx gazella) are occasionally sighted
on the study area.

Methods

The data used for this paper were collected from
14 permanent, randomly located transects in 1982, 1988,
1993, and 1996. Each transect was 61 m long. An estimate
of perennial grass production was obtained by clipping 5
linear plots, 6 m by 5 cm, along each transect. Only the
current year’s growth was clipped from plants rooted in the
plots. The plant material was separated by species, oven
dried, and weighed. Each transect was moved to the side a
minimum of 30 ¢cm each year to avoid previously clipped
areas.

Aerial cover and density of mesquite were determined at
each transect in an oval plot, 860 m? (40.4 by 73.2 m). On
each mesquite plant, the long canopy diameter and the
canopy diameter perpendicular to the long diameter were
measured. From these measurements the percentage aerial
canopy cover was calculated. Correlation analyses were
used to measure relationships among mesquite attributes
and grass production.

Results and Discussion

Total annual and growing season precipitation from 1980
to 1993 was near long-term average or greater, except in
1983 and 1989 (fig. 1). Total precipitation measured during
the summer growing season (July through September) was
also generally average or higher. A drought started in late
1993 and continued through 1996.

Total perennial grass production was 324 kg/ha in 1988
(table 1), resulting from above average precipitation in the
late 1980’s, and dropped to 83 kg/ha in 1996 after 3 years of
below average precipitation. Annual plant production indi-
cated no clear pattern in relation to seasonal or annual
precipitation, which is not unexpected because germination
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Table 1—Mean (+ SE) production (kg/ha™) for perennial grasses and annuals (%) for 4 different years in the Jornada Basin.

1982 1988 1993 1996
Species X SE X SE X SE X SE
Black grama 50 20 133 50 94 38 52 24
Mesa dropseed 80 26 161 19 72 21 29 13
Threeawns 2 1 30 9 7 2 2 1
Total perennial grass 132 33 324 51 174 40 83 24
Annual grasses and forbs 78 22 24 14 26 14 52 16

and growth of annual plants is often related to one or two
critical precipitation events during the year.

Mean mesquite density increased from 123 plants/ha in
1982 to 175 plants/ha in 1996 (table 2). Percent canopy
cover increased from 1.9% in 1982 to 4.6% in 1993. No
change in canopy cover was noted between 1993 and 1996,
indicating drought may have restricted canopy growth,
although, density increased as some new, small plants
became established. Mesquite canopy cover was highly
correlated with density (r = 0.90, df = 12; table 3).

Mesquite canopy cover in 1982 varied from 0 to about
11%. By 1993 the densest sites had increased to over 21%
cover (table 2) and the total area with no mesquite de-
creased. The changes in mesquite density are not as pro-
nounced as for canopy cover, but mesquite during this time
period encroached into areas with little or no prior mes-
quite present. Herbaceous plant production was generally
not well correlated with mesquite cover or mesquite density
(table 3). One of the stronger relations (r =—0.64) is between
total perennial grass production and mesquite density.
Figure 3 indicates the general pattern of how mesquite
advances across the landscape with patches of little or no

mesquite being passed by and later becoming filled in with
mesquite through time. Other areas with established mes-
quite stands become more dense. Most mesquite patches at
the ecotone between the grassland and mesquite stand are
relatively small.

We believe the deposition of the mesquite seeds across
the rangeland away from stands of mesquite is by fecal
deposits of grazing animals, primarily cattle. Brown and
Archer (1989) support this idea and state further that the
deposition of seeds away from parent plants reduces host-
specific seed predators. However, the deposition of feces is
not equal across the site, but rather occurs at preferred
grazing sites and where animals congregate, drink water,
and bed down. One of the preferred sites for grazing is the
small depressions in the plain (fig. 2). These areas are
frequently heavily grazed because of their small size, and
these areas often have forage plants that are different
species, sometimes being green, as compared to the dry or
dormant plants on the surrounding plain.

Once a seed is deposited on the ground, there are many
things (predation, disease, unfavorable site, etc.) that might
happentoittokeepitfrom germinating (Bahre and Shelton

Table 2—Percent cover and density for mesquite in a mesquite-grassland ecotone on
the Jornada Basin for 4 different years.

% Cover Density (#/ha)
Year X SE Range X SE Range
1982 1.9 0. 0.02 - 11 123 32 12 - 465
1988 3.2 1.1 0-15 143 35 0-418
1993 4.6 1.5 0.2-21 161 33 35-418
1996 4.5 4 0.2-21 175 37 58 - 465

Table 3—Correlation coefficients (df = 12) for mesquite cover and density with production of perennial grass species and annual plants in the Jornada

Basin in southern New Mexico.

Species/ Perennial grasses Mesquite
attribute Black grama Mesa dropseed  Threeawns Total All annuals % Cover Density
Black grama 1.00
Mesa dropseed -0.31 1.00
Threeawns -0.15 —-0.04 1.00
Total grass 0.92 0.07 -0.09 1.00
Annuals -0.15 0.38 -0.15 -0.02 1.00
% Mesquite cover -0.42 -0.1 0.07 -0.49 -0.35 1.00
Mesquite density -0.58 -0.1 0.15 -0.64 -0.29 0.90 1.00
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Figure 3—Aerial view (= 250 M elevation) of part of
study area on Jornada Basin showing transition be-
tween a dense mesquite stand and the grassland. Note
clumping patches of mesquite in grasslands. White
spots are kangaroo rat dens.

1993). After germination, establishment is uncertain due to
disease, insects, drought, and herbivory. Gibbens and oth-
ers (1992) reported that 70% of marked mesquite seedlings
in the Jornada Basin were dead a year later, presumably by
lagamorph herbivory. If the mesquite seedling survives
through the first season, then adequate rainfall in subse-
quent seasons is important for establishment. New mes-
quite plants are frequently found growing close to estab-
lished perennial grasses and forbs as well as in areas void
of plants. Brown and Archer (1989) noted that mesquite
seedlings growing near grass tussocks and on bare
interspaces survived equally well after 2 years. Once the
root system is developed, the small mesquite plants appear
to compete successfully with herbaceous plants (Gile and
others 1997). Growth for the mesquite is generally slow,
and these small plants, while growing in and among grass
plants, rarely produce seed.

Establishment of mesquite is a long, slow process. With
occasional drought, the herbaceous plants lose vigor and
basal area, and sometimes die. Mesquite, because of large
established root systems compared to the above ground
part, usually survives the drought and responds to the
occasional rain shower during the drought, while the her-
baceous plants may or may not be able to respond. Through
several growing seasons, depending on the length of the
drought, the shrubs slowly start to dominate the site. After
drought, there is often little competition from herbaceous
species. The mesquite responds quickly to the rains, and
seed production becomes important for the continued spread
of the mesquite.

As a result of the individual mesquite plant becoming
established and producing seed that germinates nearby,
patches of mesquite occur in the grasslands. These patches
appear better developed in the small depressions across the
area (fig. 2). Patchiness may also occur when many mes-
quite seeds in close proximity germinate and establish at
the same time. The result is a mosaic of plants scattered
across the desert grasslands with mesquite being in patches
varying from a few small shrubs to several large plants,
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each 2 m or so tall, and the patch being 10 - 50 m and some-
times larger in diameter.

The size of the patch influences surrounding plant and
associated animal life. When the plants are few and di-
minutive, biodiversity of the area is little affected, other
than the presence of mesquite and its associated microbes
and insects. As the mesquite increases in stature, it pro-
vides more habitat niches for plants, insects, and small
animals that originally did not occur on the grasslands. As
the patches grow together and become more dense,
interspaces are affected by wind and water erosion, and
herbaceous species become less abundant and some even-
tually die. As the grasslands are changed from grass domi-
nants to patchiness with shrubs to shrub dominated, biodi-
versity increases and then declines. These former grassland
dominated areas are best described as ecotones as sug-
gested by Shreve (1917) and supported by Dick-Peddie
(1993) because they possess greater diversity than they
once had or will have in the future.
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Sagebrush Ecotones and Average Annual

Precipitation
Sherel Goodrich

E. Durant McArthur

Alma H. Winward

Abstract—Comparing precipitation data from numerous climate
stations in Utah with dominant sagebrush communities at or near
the stationsindicate the ecotone between desert shrub communities
and Wyoming big sagebrush (Artemisia tridentata ssp. wyomingensis)
communities is associated with 18-20 ¢m (7-8) inches annual pre-
cipitation. Large stands of Wyoming big sagebrush are common at
or near stations with 20-30 cm (8-12) inches annual precipitation.
Sagebrush communities at and near stations with about 11-13
inches often include plants with morphological and chemical fea-
tures that indicate introgression of Wyoming big sagebrush and
mountain big sagebrush (Artemisia tridentata ssp. vaseyana var.
pauciflora). The area of introgression or the ecotone is commonly in
the pinyon-juniper belt within Utah. Communities of typical moun-
tain big sagebrush are associated with climate stations with greater
than 30 cm (12 inches) annual precipitation.

Although mountain big sagebrush (Artemisia tridentata
ssp. vaseyana var. pauciflora) and Wyoming big sagebrush
(Artemisia tridentata ssp. wyomingensis) are highly similar
morphologically and likely intergrade frequently, they form
large stands of uniform plants that are clearly assignable to
subspecific taxa. The ecological differences between areas
supporting pure stands of mountain big sagebrush and
Wyoming big sagebrush are great. Climate, soils, associated
plant species, fire regime, production potential, potential for
ground cover and watershed protection, stocking rates for
livestock, season of use by wild ungulates, and other fea-
tures are different for areas of these two sagebrush taxa.
Restoration practices suitable to communities of one might
not be appropriate for those of the other. In view of these
differences, recognition of these two taxa can facilitate
management of sagebrush communities.

This paper provides an evaluation of the distribution of
communities of these two taxa in context of climate (more
specifically annual precipitation) and relationship to other
plant communities in Utah, and especially in relation to the
belt formed by pinyon (Pinus edulis and P. monophylla) and
Utah juniper (Juniperus osteosperma). Understanding the

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.
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distribution of these communities can greatly facilitate
recognition of communities of the two sagebrush taxa and
management implications for them. Basin big sagebrush
(Artemisia tridentata ssp. tridentata) communities are found
in areas of Wyoming big sagebrush and mountain big sage-
brush as well as in the pinyon-juniper ecotone. It does not
demonstrate the degree of sensitivity to annual precipita-
tion that the other two taxa do. It is not included in this

paper.

Methods

Sagebrush samples were taken from several Utah climate
stations for which there are records of average annual
precipitation (Ashcroft and others 1992; Martin and Corbin
1932). Precipitation values at some stations were taken from
unpublished data collected by the U.S. Department of Agri-
culture, Natural Resources Conservation Service. Samples
were also taken from some sites not represented by a climate
station, but for which nearby stations provided an approxi-
mation of average annual precipitation or for which precipi-
tation was estimated from Richardson and others (1981).
Samples from 82 sites were tested for fluorescence under
long-wave ultraviolet light, which is useful for separation of
mountain big sagebrush (Artemisia tridentata ssp. pauciflora)
from Wyoming big sagebrush (Artemisia tridentata ssp.
wyomingensis) (Winward and Tisdale 1969; Spomer and
Henderson 1988). The test consisted of placing crushed
leaves in beakers of water that were placed under ultra
violet light. Specimens of mountain big sagebrush in water
fluoresce brightly under thislight, and those of Wyoming big
sagebrush are not fluorescent or only slightly so (Stevens
and McArthur 1974). However, as might be expected with
closely related and morphologically intergrading taxa, the
fluorescence test shows intergradation. Some samples were
not fluorescent, and others ranged from slightly fluorescent
to brightly fluorescence. A range of scores from 0-5 was
assigned to fluorescence tests, with 0 representing those
samples that did not fluoresce and 5 representing bright
fluorescence. Samples were taken from three different shrubs
at each site, and the values of the three samples were
averaged for fluorescence scores.

Results and Discussion

From the 82 sample sites no fluorescence scores were
found from 3.4 to 3.9 (table 1). This range appears to
represent a major break by which to separate intermediate
populations from those of mountain big sagebrush. Scores of
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Table 1—Sample sites, fluorescence scores, annual precipitation, and their relation to the pinyon-juniper belt and other vegetation.

Fluorescence score

Position in relation to the
pinyon-juniper belt and

Sample no. Annual other vegetation:
County/site S1 S2 S3 Average Precip. B = below, | = in, A = above
cm
Beaver
Minersville (S. edge of town) 5 4 5 4.7 314 | (lower JUOS, ARTRP)
Carbon
Clear Creek 5 5 5 5.0 58.5 A (ARTRP4, POTR)
Scofield 5 5 5 5.0 43.7 A (ARTRP4, POTR)
Scofield Dam 5 5 5 5.0 35.7 A (ARTRP4, POTR)
Scofield-Skyline Mine 5 5 5 5.0 59.2 A (ARTRPr, POTR)
Hiawatha 3 3 3 3.0 37.1 | (middle p-j)
Hwy 50/Hiawatha jct. 3 2 1 2.0 22.92 B (desert shrub)
Daggett
Allens Ranch 0 0 0 0 21.7 B
Antelope Flat 0 1 1 0.7 262 B (ARTRW)
Dutch John Gap 0 0 0 0 302 I (middle p-j)
Dutch John Gap South 0 0 0 0 308 | (middle p-j)
Greendale 5 5 5 5.0 412 A (PIPO, mtn. brush)
Flaming Gorge 1 1 1 1 31.8 | (middle p-j. ARTRW)
Flaming Gorge (Dutch John Airport) 2 1 1 1.3 322 | (middle p-j, ARTRW)
Flaming Gorge (Dutch John Flat) 2 2 1 1.7 322 | (middle p-j, ARTRW)
Flaming Gorge (Mustang jct. US 191) 1 0 1 0.7 322 | (middle p-j, ARTRW)
Flaming Gorge S (Bootleg CG.) 5 5 5 5 342 A (PIPO, mtn brush)
Hickerson Park 5 5 5 5 61.7 A (PICO)
Manila 0 0 1 0.3 24.6 B (ARTRW, ATCO)
Manila (1 mi S. on U 44) 0 2 2 1.3 24.6 B (desert shrub)
Manila (6 mi S. on U 44 (Sheep Creek) 0 0 3 1 282 | (lower j)
Manila (12 mi S. on 44 (Spring Creek) 5 5 5 5 342 A (mtn. bursh)
Manila (14 mi S. on 44 (Dowd Hole) 5 5 5 5 38?2 A (ARTRP4, PIPO)
Duchesne
Altamont 0 0 0 0 23.7 B (at lower edge)
Duchesne W. edge of town 0 0 1 0.3 24.3 B (ATCO)
Duchesne Airport 1 0 0 0.3 19.2 B (ARTRW)
Gilsonite Draw 1 1 1 1.0 28?2 | (ARTRW)
Fruitland 3 5 1 - 31.5 | (upper p-j)
Fruitland 3 4 4 -
Fruitland 3 3 2 -
Fruitland 2 3.0
Indian Canyon 10KI 5 5 5 5.0 43.02 A (POTR, ABLA)
Hwy. 40, 10 mi W. of Duchesne 3 2 2 2.3 282 | (middle p-j)
Hwy. 40, 13 mi W. of Duchesne 4 2 2 2.6 282 | (middle p-j)
Hwy. 40, 15.5 mi W. of Duchesne 4 1 2 2.3 29.2 | (middle p-j)
Hwy. 40, 20 mi W. of Duchesne 5 4 3 4.0 308 | (middle p-j)
Myton 1 0 3 1.3 17.3 B (desert shrub)
Neola (north) 3 3 3 3.0 252 I (middle p-j)
Neola (west) 0 0 3 1.0 22.2 | (lower edge)
Roosevelt (2 mi E.) 1 1 3 1.7 18.0 B (ARTRW, ATCO)
Starvation Dam 4 3 3 3.3 242 | (lower edge p-j)
Emery
Electric Lake 5 5 5 5.0 63.3 A (ARTRP, POTR)
Ferron Golf Course 0 1 1 0.7 242 | (lower edge p-j)
Hunting (5 mi N.) 1 1 1 1.0 21.6
Iron
Beryl 0 0 0 0 25.9 B (ATCO)
Lund 0 3 0 1.0 23?2 B (ATCO)
Sevier
Emery 15 SW 2 3 3 2.7 37.2 | (middle p-j)
Salina Canyon MP 74 on I-70 4 2 4 3.3 372 |
(con.)
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Table 1 (Con.)

Fluorescence score

Position in relation to the
pinyon-juniper belt and

Sample no. Annual other vegetation:

County/site S1 S2 S3 Average Precip. B = below, | = in, A = above
Juab cm
Jericho junction of US 6 0 0 1 0.3 232 B (ARTRW, ARTRT)
Levan (mouth of Chicken Creek) 5 5 5 5.0 38.5 Mtn. brush
Millard
Milford (N. edge of town) 1 2 1 1.3 23.8 B (ARTRW)
SanPete
Ephriam (mouth of Ephriam Canyon) 3 3 4 3.3 322 | (QUGA, SYOR)
Ephriam (east) 0 1 2 1.0 30.1 | (middle p-j)
Fountain Green (hillside above) 5 4 4 4.3 322 | (Utah juniper)
Fountani Green (4.2 mi W.) 5 4 5 4.7 342 | (below QUGA)
Gunnison (12 mi N.) 1 0 2 1.0 274 B (ARTRT)
Manti (hill SE. of) 4 4 5 4.3 34.9 | (Utah juniper)
Mayfield 0 1 1 0.7 258 B (ARTRW)
Summit
Hole In The Rock 5 5 5 5.0 40.1 A (POTR, ARTRP)
Tooele
Rush Valley L 0 1 0 0.3 20?2 B (desert shrub)
Rush Valley M 0 1 0 0.3 262 B (desert shrub)
Rush Valley U 0 1 1 0.7 312 | (lower j)
Uintah
Bonanza 0 0 0 0
Elk Horn 5 5 5 5.0 34.1 | (upper p-j)
Fort Duchesne 0 0 1 0.3 17.2 B (ARTRW, ATCO)
Grouse Creek 5 5 5 5.0 332 A (mtn. brush, ARTRP)
Gusher east 0 1 2 1.0 208 B (ARTRW, ATCO)
Jensen 3 3 3 3.0 20.7 B (desert shrub)
Kings Cabin 5 5 5 5.0 70.3 A (PSME, POTR)
Lapoint 0 0 1 0.3 21.0 B (ARTRW, ATCO)
Lapoint (7 mi N., Deep Cr./Mosby Jct.) 0 0 0 0 2582 B (ARTRW)
Lapoint (9 mi N., Little Water) 0 0 1 0.3 292 I (middle j)
Maeser 9 NW 4 4 5 4.3 34.4 A (mtn. brush)
Snake John, Farm Creek 5 4 4 4.3 352 | (upper p-j)
Watson 0 1 0 0.3 30.1 B (ARTRW, ATCO)
Whiterock Bench 0 0 3 1.0 252 B (ARTRW)
Whiterocks Canyon 5 5 5 5.0 40 A (PIPO, POTR)
Utah
Elberta (2.2 mi W. on US6) 0 1 1 29 a B (ARTRW at edge of j)
Eureka (east edge of town at US6) 5 5 5 5.0 43.2 A, | (upper edge p-j)
Santaquin (Exit 248, 1-15) 5 5 5 5.0 46.9 A (QUGA, ARTRP)
Wasatch
Current Creek/Hwy 40 jct. 5 5 5 5.0 33?2 A (QUGA, PSME)
Heber (mouth of Danials Canyon) 5 5 5 5.0 40.7 A (ARTRP4, QUGA)
Soldier Creek 5 5 5 5.0 37.0 A (ARTRP4, POTR)
Strawberry Hwy. Station 5 5 5 5.0 41.8 A (ARTRP4)
Deer Creek Dam 5 5 5 5.0 62.4 A (QUGA, PSME)
Washington
Enterprise (1 mi. S.) 5 4 3 4.0 36 | (middle p-j, PUTR)
Hildale (0.5 mi W. on U 59) 0 0 1 0.3 302 | (lower j; desert shrub)

aSites of estimated annual precipitation. Other precipitation values are from climate stations. ABLA = subalpine fir (Abies lasiocarpa), ARTRP4 = mountain big
sagebrush, ATCO = shadscale (Atriplex confertifolia), j = Utah juniper, p-j = pinyon-juniper, PIPO = ponderosa pine (Pinus ponderosa), POTR = aspen (Populus
tremuloides), PSME = Douglas-fir (Pseudotsuga menziesii), QUGA = Gamble oak (Quercus gambelii), SYOR = mountain snowberry (Symphoricarpos oreophilis). Except

for pinyon and juniper, plant symbols used are listed by Soil Conservation Service (1994).
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4.0 or greater were considered to represent mountain big
sagebrush. A break in fluorescence scores between popula-
tions of Wyoming big sagebrush and plants of intermediate
populations was less conspicuous. However, only one sample
site scored between 1.8 and 2.2. Fluorescence scores of 2.0
and less were considered to represent populations of Wyo-
ming big sagebrush, and scores of 2.3-3.3 were considered
intermediate.

The tested samples show an apparent strong relationship
to average or normal annual precipitation. Ranges of annual
precipitation for populations of Wyoming big sagebrush,
intermediate plants, and mountain big sagebrush were
17.2-32.0cm (6.8-12.6inches), 20.7-37.2 cm (8.1-14.6 inches),
and 30.0-70.3 cm (11.8-27.7 inches), respectively. Average
annual precipitation for populations of these plants in the
same order was 25.3 cm (10.0 inches), 30.0 cm (11.8 inches),
and 43.2 cm (17.0 inches) (table 1). The lower end of the
annual precipitation range for Wyoming big sagebrush is
represented by stations at Fort Duchesne, Myton, and
Roosevelt, with 17.2 cm, 17.3 cm, and 18.0 cm, respectively.
At these stations Wyoming big sagebrush was found in
scattered populations mostly in washes, on eolian sand, and
other specialized habitats where desert shrub communities
were common landscape dominants. The station at Duchesne
Airport with 19.2 cm (7.5 inches) annual precipitation rep-
resented one of the lowest precipitation stations where a
large continuous stand of Wyoming big sagebrush was
found. Average annual precipitation for Wyoming big sage-
brush sites below the pinyon-juniper belt was about 22.9 cm
(91inches). This appears to be quite typical for fans, bajadas,
benches, and valley fill below the pinyon-juniper belt of
Utah where Wyoming big sagebrush is a landscape domi-
nant. The data suggests much of the pinyon-juniper belt in
Utah is within a zone of 24-37 cm (9-15 inches) annual
precipitation. This appears consistent with the suggestion of
Payne (1980) that the Intermountain pinyon-juniper belt
generally falls in a zone of 25.4 and 35.6 cm (10-14 inches)
annual precipitation.

In addition to the 82 sites listed in table 1, there are many
other sites at or near climate stations in Utah listed by
Aschroft and others (1992) from which big sagebrush samples
have been tested for fluorescence and/or examined in the
field with positive identification (table 2). Precipitation data
from these stations indicate Wyoming big sagebrush com-
munities with a range of 19.9-31.5 cm (7.8-12.4 inches)
annual precipitation with a mean of 23.9 cm (9.4 inches).
Climate station data also indicate mountain big sagebrush
communities with a range of 30.8-148.5 cm (12-58 inches)
and a mean of 48.3 cm (19.0 inches) annual precipitation
(table 3). The site with 148.5 cm annual precipitation (Alta)
represents an extreme where mountain big sagebrush is
restricted to steep, warm exposures within a belt where it is
more commonly replaced by aspen and coniferous trees.

In addition to the sites listed in table 2, Wyoming big
sagebrush is found near the following stations where desert
shrub communities dominate and Wyoming big sagebrush is
lacking or mostly confined to washes, dunes, and other
specialized habitats: Desert Experimental Range (15.8),
Lund (18.2), Ouray (17.8), Wah Wah Ranch (17.7). These
stations indicate that stands of Wyoming big sagebrush are
mostly found in areas of above 18.2 cm (7.2 inches) annual
precipitation. Information from the 82 sites oftable 1 coupled
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Table 2—Utah climate stations representing
Wyoming big sagebrush communities.

Community

Precipitation

Arches NP HQ
Black Rock
Circleville

Delta

Dugway

Fairfield

Fremont Indian State Park
Ibapah

Koosharem

Little Sahara Dunes
Loa

Lucin

Marysvale

Milford

Modena

Piute Dam

Price Game Farm
Salina

Thompson
Woodruff

cm

22.7
23.0
22.4
20.6
20.7
31.5
28.2
25.6
21.3
32.2
19.9
22.0
21.4
23.8
26.2
20.6
24.8
25.2
23.3
23.0

Table 3—Utah climate stations representing
mountain big sagebrush communities.

Community Precipitation

cm
Alpine 44.6
Alta 148.5
Alton 43.0
Bear Lake State Park 35.6
Beaver Can. Powerhouse 52.6
Bingham Canyon 54.4
Birdseye Pines Range 47.0
Bountiful-Val Verda 50.9
Brigham City 491
Coalville 41.7
East Canyon 49.7
Echo Dam 37.9
Filmore 40.6
Gunlock Powerhouse 30.8
Hardware Ranch 44 .2
Huntsville Monastery 54.5
Johnson Pass 42.8
Kanosh 38.8
Logan Radio 421
Logan Utah State University 49.5
Lower American Fork 41.3
Lower Mill Creek 51.3
Monticello 39.3
New Harmony 46.7
Ogden Pioneer Powerhouse 57.5
Olmstead Powerhouse 52.6
Payson 39.7
Santaquin Chlorinator 46.9
Spanish Fork Powerhouse 52.2
Tooele 47.0
Veyo Powerhouse 33.9
Zion National Park 39.2
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with that from other climate stations in Utah indicate the
ecotone between desert shrub and Wyoming big sagebrush
belts generally corresponds with annual precipitation of 18-
20 cm (7-8 inches). Edaphic differences within and near this
range of precipitation are also determining factors.

In addition to the sites listed in table 2, intermediate or
intergrading populations are known from the following
stations: Beaver (29.8), Cove Fort (32.2), Ephriam Sorensons
Field (30.1), Minersville (31.4), Nephi (36.9). The range in
precipitation for these stations of 29.8-36.9 ¢cm (11.7-14.5
inches) and the mean of 32.1 cm (12.6 inches) are similar to
those found for locations of intermediate populations re-
ported in table 1. These stations are mostly in or near the
pinyon-juniper belt. These stations and the sample sites of
table 1 show the pinyon-juniper belt of Utah to be the ecotone
between Wyoming big sagebrush and mountain big sagebrush.

Relationships With Pinyon-Juniper
in Utah

Ofthe 26 samples taken below the pinyon-juniper belt, all
but one had fluorescence scores typical of Wyoming big
sagebrush. All but one of the 11 sample sites with interme-
diate fluorescence scores were in the pinyon-juniper belt.
Fluorescence scores for all 23 sites sampled above the pin-
yon-juniper belt were above 4.0 and clearly indicative of
mountain big sagebrush.

Wyoming big sagebrush communities were found below
(60%) and in (40%) the pinyon-juniper belt. Sites with
intermediate fluorescence scores were found below (10%)
and in (90%) the pinyon-juniper belt. Sites with mountain
big sagebrush were found in (25%) and above (75%) the
pinyon juniper belt (table 4).

Of 26 composite samples taken from below the pinyon-
juniper belt, 25 (96%) were identified as Wyoming big
sagebrush. Of 32 composite samples taken from within the
pinyon-juniper belt, 14 (44%), 10 (31%), and 8 (25%) were
identified as Wyoming big sagebrush, intermediate plants,
and mountain big sagebrush, respectively. Of 23 composite
samples taken from above the pinyon-juniper belt, all were
identified as mountain big sagebrush. The mixing of taxa in
the pinyon-juniper belt and the isolation of Wyoming big
sagebrush below this belt and the isolation of mountain big
sagebrush above this belt all demonstrate the pinyon-juniper
belt to be an ecotone of Wyoming big sagebrush and moun-
tain big sagebrush.

Intermediate Populations (Fruitland
Example)

The Fruitland area (31.5 cm annual precipitation) in
Duchesne County represents the ecotone between Wyoming
big sagebrush and mountain big sagebrush. This area is
located at the upper edge of the pinyon juniper belt. Of 10
samples taken from the Fruitland area, the range of fluores-
cence scores was 1-5. The samplesincluded one 1, two 2°, four
3%, two 4°, and one 5. The scores indicate intermediate speci-
mens dominate the population with influence from both taxa
about equally present. Intermediate populations are appar-
ently common within the pinyon-juniper belt of Utah with
about 28-37 cm (11-14 inches) annual precipitation.

Management Implications

In many areas of Utah the separation of Wyoming big
sagebrush and mountain big sagebrush communities can be
as simple as recognizing their relationship to the pinyon-
juniper belt. Where large stands of Wyoming big sagebrush
occur below the pinyon-juniper belt, annual precipitation
can be expected to average about 20-25 cm (8-10 inches). In
the ecotone of the pinyon juniper belt, annual precipitation
can be expected to range from 22-36 cm (9-15 inches) with an
average of 31 cm (12 inches). Where large stands of moun-
tain big sagebrush occur above the pinyon-juniper belt,
annual precipitation can be expected to range from 33-70+
cm (13-28+ inches). These differences indicate different
potentials for production, ground cover, crown cover of
sagebrush, species diversity, fire return intervals, and other
community features.

Production studies on the Ashley National Forest com-
monly show annual production of 268-446 kg/ha (300-500
Ibs/acre) for Wyoming big sagebrush communities below the
pinyon-juniper belt and 624-1070 kg/ha (700-1,200 lbs/acre)
for mountain big sagebrush communities. Peters and Bunting
(1994) indicated less than 400 kg/ha (357 lbs/acre) for Wyo-
ming big sagebrush communities on the Snake River Plain
of Idaho. Potential for ground cover in Wyoming big sage-
brush appears to be from about 60-75% (Kindschy 1994;
Winward 1983; Goodrich and others, these proceedings).
Wyoming big sagebrush communities are noted for low plant
species diversity. In Daggett County, Utah, fewer than 15
vascular plant taxa were commonly found in studies that
included 100 plots of 50 by 50 cm. (Goodrich and others, these
proceedings). Several studies in mountain big sagebrush

Table 4—Sagebrush communities and their fluorescence scores, annual precipitation, and relationship to

the pinyon-juniper belt (82 sites total).

Fluorescence scores

Annual precipation Relation to p-j belt

Community Range Mean Range Mean Below In Above
----- cm ---- ---- Percent - ----
Wyoming big sagebrush 0-2.0 0.8 17.3-32.0 25.7 60 40 0
Intermediate 2.3-3.3 2.9 20.7-37.2 30.0 9 91 0
Mountain big sagebrush 4.0-5.0 4.8 30.0-70.3 43.2 0 25 75
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communities on the Uinta Mountains (Ashley National
Forest, unpublished study data) show ground cover com-
monly above 80% and often near 100% for these communi-
ties with light and moderate grazing (unpublished data).
These studies also show 30-50 vascular plant species for
these communities where crown cover of mountain big
sagebrush commonly exceeds 20%, and in the absence of fire
or other crown-decreasing disturbance reaches nearly 40%.
Crown cover of sagebrush in Wyoming big sagebrush com-
munitiesis commonlyless than 25% (Winward 1983; Goodrich
and others, these proceedings).

Mountain big sagebrush communities have generally been
found on soils of the Mollisol Order while those of Wyoming
big sagebrush have generally been found on soils of the
Aridisol Order (Swanson and Buckhouse 1984; Barker and
McKell 1983; Jensen 1990; Tart 1996; Goodrich 1981). The
development of mountain big sagebrush communities on
Mollisols and Wyoming big sagebrush communities on
Aridisols is indicative of higher potential for production and
ground cover for mountain big sagebrush communities.

These features are indicated to be major factors of differ-
ent fire regimes for communities of these two sagebrush
taxa. With lower production, less ground cover, lower crown
cover of shrubs, and less diversity in species and structure,
Wyoming big sagebrush communities are less prone to fire
than are mountain big sagebrush communities (Peters and
Bunting 1994). Fire return intervals of 50-110 years are
common for Wyoming big sagebrush communities (Whisenant
1990; Winward 1983) while this interval is commonly 10-40
years in mountain big sagebrush communities (Winward
1983). These features also indicate lower capacity of Wyoming
big sagebrush communities to support livestock grazing.

Mountain big sagebrush communities are found in areas
where snow cover commonly exceeds 38 cm (15 inches) while
Wyoming big sagebrush communities are found where snow
cover is commonly less than 41 cm (16 inches) (Sturges and
Nelson 1986). With snow cover of less depth and duration,
Wyoming big sagebrush communities provide greater op-
portunity for wintering ungulates than do many mountain
big sagebrush communities.

Catastrophic change in ecosystem function induced by
cheatgrass (Bromus tectorum) has been widespread in Wyo-
ming big sagebrush communities and within the pinyon-
juniper belt. Although mountain big sagebrush communi-
ties of warm exposures are also quite vulnerable to cheatgrass,
the total displacement of mountain big sagebrush communi-
ties by cheatgrass is not so common as for communities of
Wyoming big sagebrush and pinyon-juniper belts. The need
for seeding following fire to prevent cheatgrass dominance is
indicated to be high for Wyoming big sagebrush and pinyon-
juniper communities and low for the mountain big sage-
brush belt.

The recognition of Wyoming big sagebrush and mountain
big sagebrush communities can greatly facilitate recogni-
tion of capabilities and values of the land. This can also
facilitate developing prescriptions for reclamation and for-
age improvement projects. However, within the pinyon-
juniper belt some communities of either Wyoming big sage-
brush or mountain big sagebrush as well as intergrading
populations can be expected to have intermediate features.
Intermediate features within the pinyon-juniper ecotone
need not be taken as a breakdown in the predictive value of
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these two sagebrush taxa. Mixed or intermediate popula-
tions indicate intermediate capabilities and values. They
indicate intermediate prescriptions for seeding and seed
mixes and other management practices.

Taxonomic implications

While fluorescence scores strongly support the separation of
Wyoming big sagebrush and mountain big sagebrush, they
show an intermediate range that appears to represent inter-
mediate plants. The plants of intermediate fluorescence in
Utah are mostly found at the ecotone (pinyon-juniper belt)
between the two taxa. These intermediate plants appear to
represent numerous introgressive populations of separate
hybrid origin (McArthur and Sanderson, these proceedings).
The high possibility of numerous and ongoing origins of
introgressive populations indicates much difficulty and ques-
tionable value for taxonomic separation of the intermediate
plants. These intermediate plants seem to lack unique
morphological features by which they are consistently sepa-
rated from plants of Wyoming big sagebrush and/or moun-
tain big sagebrush. The propensity of intermediate plants
for the pinyon-juniper belt does lend some geographic integ-
rity. However, this distribution is not unique, for it is shared
by populations of both Wyoming big sagebrush and moun-
tain big sagebrush.
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Freezing Tolerance of Imbibed Winterfat
Seeds: Possible Mechanisms and Ecotypic

Differences

D. Terrance Booth
Yuguang Bai
James T. Romo

Abstract—We found survival of fully hydrated winterfat seeds
(Eurotia lanata (Pursh) Moq.) in diaspores harvested from two
U.S.A. and one Canadian location, and cooled to —30°C at 2.5°C ht!
was similar to that of uncooled seeds. Seed and diaspore morphology
appeared to contribute to freezing tolerance. The Canadian collec-
tion germinated more slowly at low temperatures and was more
sensitive to imbibition temperature x freezing stress interaction,
suggesting habitat correlated differences among the seed collections.

Warm winter and early spring temperatures and melting
snow often saturate the soil and rehydrate seeds capable of
absorbing water. This includes the seed-containing dis-
persal units (diaspores) of winterfat (Furotia lanata (Pursh)
Moq.; Krascheninnikova lanata (Pursh) Mueese & Smit;
Ceratoides lanata (Pursh) J. T. Howell), which often begin
germination with snowmelt (Springfield 1972; Hilton 1941;
Woodmansee and Potter 1971; Booth 1987). However, snow-
melt is frequently followed by a return to winter-like condi-
tions that can expose fully hydrated, germinating seeds to
—20°C or colder temperatures (Becker and Alyea 1964).

Our knowledge of freezing in hydrated seeds has been
largely limited to studies of lettuce (Lactuca sativa L.)
(Junttila and Stushnoff 1977; Stushnoff and Junttila 1978;
Keefe and Moore 1981, 1983; Roos and Stanwood 1981).
These studies have identified two mechanisms of adaptation
to freezing stress. The first, supercooling, occurs when water
in the seed is cooled below the freezing point without the
formation of ice crystals. This can result from rapid cooling
(20°C h™Y) (Junttila and Stushnoff 197 7;Ishikawa and Sakai
1982) or from the absence of nucleators. The second toler-
ance mechanism is freeze-desiccation of the embryo. This is
a redistribution of water inside the embryo to external ice
crystals that form during slow cooling (1 or 2°C h™) (Keefe
and Moore 1981; Ishikawa and Sakai 1982). Seed mortality
due to freezing is generally the result of ice forming in the
embryo when the cooling rate exceeds the freeze-desiccation
rate (Junttila and Stushnoff 1977; Stushnoff and Junttila

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.
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Bai is with Kamloops Range Research Unit, Agriculture and Agri-food
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is with Department of Plant Sciences, University of Saskatchewan,
Saskatoon, Sask. S7TN 5A8, Canada.

This paper is adapted from Bai and others 1998a.
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1978; Keefe and Moore 1981). Winterfat seeds imbibe greater
amounts of water at 0 to 5°C than at warmer temperatures
(Bai and others 1999). Therefore, we wondered if seed
hydration at snowmelt increases winterfat seed mortality
from a freezing event.

Materials and Methods

Seed Sources

Winterfat diaspores were hand collected in October, 1994,
from Matador, Saskatchewan, Canada; Sterling, Colorado,
U.S.A.; and Pine Bluffs, Wyoming, U.S.A. Detailed site de-
scriptions were reported by Bai and others (1998a,b). Har-
vested diaspores were stored in paper bags at room tempera-
ture until used in experiments 4 to 6 months after harvest.
The mean dry weights of threshed seeds from Matador,
Sterling, and Pine Bluffs were 25, 23, and 18 mg per 100
seeds, respectively.

Seed Imbibition and Differential Thermal
Analysis (DTA)

Diaspores were imbibed at 0, 5, 10, and 20°C in darkness
to full hydration. We defined full hydration as the water
content 8 h before germination began. Full hydration re-
quired about 24 h at 20°C and =120 h at 0°C (Bai and others
1999). Ice crystal formation is an exothermic process where
heat is released (heat of fusion) at the rate of 80 cal/g
(Masterton and Slowinski 1978). Differential thermal analy-
sis (DTA) detects the exotherm created by the heat of fusion.
Differential thermal analysis of fully hydrated diaspores
was accomplished by sealing the diaspores in 0.25 ml tin
capsules (LECO Corp., St. Joseph, MI), one diaspore per
capsule, with a thermocouple contacting the diaspore sur-
face and another thermocouple outside the capsule (Bai and
others 1998b). Diaspore and air (outside the capsules) tem-
peratures were recorded with a datalogger at 1 min. inter-
vals. The resolution provided by the equipment was 1.66 nV
or 0.004°C. Exotherms were detected by comparing the
difference in temperatures inside and outside the capsules.
The encapsulated diaspores were held at 0°C for 1 h, then
cooled at 2.5°C h™' from 0 to —30°C over a 12 h period.
Additionally, a sample of diaspores was cooled to—50°C, and
paired samples of diaspores, seeds, and embryos were cooled
to —30°C. Our experimental design was a randomized com-
plete block with three replications arranged in blocks over
time and 10 diaspores per replicate.
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Seed Germination and Seedling Vigor

Twenty diaspores per experimental unit were imbibed
and cooled as described above, retrieved from the freezer at
0, -6, —10, or —30°C, incubated at 0°C for 24 h, then at 5 or
20°C under 12 h light. Germination was counted at daily
intervals up to 14 d. Diaspores were considered germinated
if the radicle was = 2 mm. Seedling axial lengths after 14 d
were obtained using a digitizing tablet, and the lengths used
as anindicator of seedling vigor (Booth and Griffith 1994). In
this paper we will concentrate on seedling axial length in
response to temperature treatments.

Data Analysis

Data were first analyzed with ANOVA or general linear
model (Snedecor and Cochran 1980) over the three seed
collections, and were also analyzed in each collection where
interactions occurred between seed collection and treat-
ment. Data were further analyzed within each imbibition
temperature or cooling temperature. Statistical significance
was assumed at P<0.05 and means were separated by using
LSD.

Results and Discussion

DTA Results and Freezing Tolerance

Between 0 and —30°C two exotherms were detected, indi-
cating two separate ice-forming events at different tempera-
tures. The first, or warmer, eventis called the high tempera-
ture exotherm (HTE), and the second, or colder, event is the
low temperature exotherm (LTE). Temperatures at which
HTEs and LTEs occurred in fully hydrated seeds were
similar among collections. They differed by imbibition tem-
perature (P<0.01) with seeds imbibed at 0 or 5°C having
HTEs and LTEs at warmer temperatures than those im-
bibed at 10 or 20°C (table 1). The average temperature for all
HTEs and LTEs was —4.6 and —17.6°C, respectively. The LTE
range was —3.7 to —26.8°C with 12% of all LTEs occurring
equal to or warmer than —10°C. The pattern of exotherm
occurrence is consistent with imbibition-temperature-based
differences in seed moisture of fully hydrated diaspores that
we have previously observed (Bai and others 1999).

When hydrated diaspores, threshed seeds, and embryos
from the Matador collection were cooled together, we ob-
served both an HTE and an LTE for diaspores, but only one
exotherm for seeds and for embryos. Mean temperatures for
diaspore HTEs and LTEs were —6.2+0.16 and —20.5+0.77°C,
respectively. Mean temperatures for seed and embryo
exotherms were —21.3+0.79 and —14.9+0.82°C, respectively
(data not shown). No diaspores were observed to have more
than two exotherms, including those cooled to —50°C (data
not shown).

Although imbibition temperatures influenced the tem-
peratures at which exotherms occurred, they did not affect
freezing-related seed mortality. This is a significant con-
trast with lettuce where greater seed water reduced freezing
tolerance (Roos and Stanwood 1981; Keefe and Moore 1983)
and where the formation of embryo ice is a fatal event
(Junttila and Stushnoff 1977; Stushnoff and Junttila 1978;
Keefe and Moore 1981).

To better understand freezing tolerance in hydrated win-
terfat seeds as compared to that of lettuce seeds, we present
apossible tolerance mechanism, a tentative model, embody-
ing probable reasons why lettuce seeds are killed at —-30°C
and winterfat seeds are not. The important points of logic
supporting our model are as follows:

1. Winterfat diaspores supercooled to —4 to —6°C, as indi-
cated by the HTEs. In lettuce the HTE is caused by water
freezing inside the pericarp but outside the seed endosperm
(Junttila and Stushnoff 1977). Both an HTE and an LTE
occurred in winterfat diaspores, but only one exotherm was
observed for threshed seeds or embryos. Thisimplies thatice
crystals forming between the pericarp and the bract wall or
between the testa and the pericarp wall, generate winterfat
HTEs.

2. When an HTE occurs depends on the size of a water
body (among other things) and the duration of cooling (Salt
1961). The winterfat diaspore bract-pericarp interface, with
its abundance of small hairs (Booth 1988), is an area where
a relatively large body of water is likely to exist when the
diaspore is hydrated. An accumulation of water at this hairy
surface is likely to promote the formation of ice crystals at
the relatively warm —4 to —6°C observed for the HTE.

3. The hairy surface of the winterfat pericarp appears to
be a safe (for the embryo) place for ice crystals to form. We
speculate that the ice crystals evident by an HTE initiate

Table 1—Temperatures (mean+SD) at which exotherms occurred for hydrated winterfat diaspores.
Diaspores were collected from Matador, Saskatchewan; Pine Bluffs, Wyoming, and
Sterling, Colorado, and were cooled at2.5°C h™". HTE: high temperature exotherm; LTE:

low temperature exotherm.

Imbibition temperature (°C)

Exotherm Collection 0 5 10 20
HTE Matador —4.3+0.6 —4.2+0.5 -5.1+0.7 -5.1+0.5
Sterling —-4.1+0.4 -4.1+0.6 -5.0+0.8 -4.8+0.7
Pine Bluffs -4.0=0.4 -4.3+0.5 —4.7+0.6 -5.1+0.8
LTE Matador -15.1+5.4 -18.4+4.3 -19.9+4.6 -18.4+4.4
Sterling —14.6+5.5 -16.8+6.1 —20.0+4.8 -18.7+5.9
Pine Bluffs —-14.0+6.5 —17.6+4.7 —17.9+6.1 —-19.2+5.6

98

USDA Forest Service Proceedings RMRS-P-11. 1999



freeze-desiccating conditions by creating an osmotic gradi-
ent in which liquid water in the embryo moves to extra-
embryo ice crystals. Freeze desiccation is the means by
which hydrated seeds tolerate cooling below about —15°C
(Keefe and Moore 1981; Ishikawa and Sakai 1982), and we
suggest diaspore morphology promotes freeze desiccation of
the embryo.

4. Membrane permeability is a fundamental aspect of
freeze desiccation (Lyons and others 1979). The winterfat
seed testa is membranous and highly permeable (Booth and
McDonald 1994) and is unlikely to interfere with emigrating
water molecules.

5. The flat, peripheral-linear morphology of winterfat
seeds allows the highly permeable testa to surround critical
tissues—cotyledons, hypocotyl, and radicle and in a manner
that creates greater testa surface area compared to a sphere
or cylinder (fig. 1).

Therefore, we speculate that winterfat’s HTE represents
the initiation of a freeze-desiccation process that reduces the
amount of water in the seed embryo before an LTE occurs
(Ishikawa and Sakai 1982). Thus, it appears that winterfat
diaspore bracts and the peripheral-liner morphology (Atwater
1980) typical of chenopod seeds may contribute to freezing
tolerance in hydrated winterfat seeds. The difference be-
tween lettuce and winterfat’s ability to survive an LTE event
may also be in where LTE-producing ice forms. The place of
ice formation in hydrated seeds varies by species (Ishikawa
and Sakai 1982) and extra-organ freezing, as occurs be-
tween the cotyledons and endosperm of common privet
(Ligustrum vulgare L.) (Gazeau and Dereuddre 1980), may
cause mortality.

We noted that critical tissues of winterfat seeds are
adjacent to the highly permeable testa. This is not the case
for lettuce and privet that have linear and miniature embryo
morphologies (Atwater 1980) and more cylindrical and spheri-
cal gross morphologies. This means that lettuce and privet
embryos may not freeze desiccate as quickly as winterfat,
and that ice in lettuce or privet embryos may form larger
crystals than are formed in winterfat embryos. Winterfat
embryo ice may form between cells or within cells. Evidence
from Differential Scanning Calorimetry studies of pea
(Pisum sativum L.) and soybean (Glycine max Merr.) using
isolated seed tissues indicates that water may freeze in the
cell with no apparent damage to seed tissue (Vertucci 1988,
1989). [In animals, intracellular freezing was also thought
fatal, but an exception was found in an Antarctic nematode
Panagrolaimus davidi (Timm) (Wharton and Ferns 1995).]
Whether winterfat embryo ice forms in cells, between cells,
or between tissues and organs, it is reasonable to expect that
large crystals are more likely to inflict greater damage.
Thus, if winterfat diaspore and seed morphology does pro-
mote extra-embryoice formation, and dehydration of critical
tissues, it would help explain why hydrated winterfat seeds
tolerate —30°C.

Ecotypic Differences

Germination, with some exceptions in the Matador collec-
tion, was = 70% for all collections and was not significantly
reduced by cooling to —30°C. For all collections, germination
was not affected by imbibition temperature if diaspores were

Figure 1—Winterfat seed (A), and a transverse cross-section (B) (as indicated by the white line in (A)),
with a scanning electron microscope. The cross-section shows the relationship of surface area and critical
tissues. The testa is thin, transparent, and not visible as a separate entity in dry seeds such as these.
(Photograph (A) is x20. Photograph (B) is x60 and courtesy of Dr. William Wergin, USDA-ARS Electron
Laboratory, Beltsville, Maryland, U.S.A.)
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not cooled below 0°C (data not shown). However, germina-
tion of the Matador and Sterling collections decreased at the
higher imbibition temperatures after the diaspores were
cooled to—6,—-10, or —30°C when post-cooling incubation was
5°C.

Axial lengths from seeds cooled to —30°C was significantly
less than for other cooling regimes; but, there were several
exceptions (table 2). The U.S.A. collections appear to have
had a wider range of imbibition temperatures within their
ability to tolerate —30°C without reduced growth. Axial
length after incubation at 5°C was similar among seed
collections and imbibition temperatures where seeds were
not cooled below 0°C (table 2). With freezing stress, axial
length was greater for the Matador and Sterling collections
than for the Pine Bluffs collection (Bai and others 1998a).

Under the 20°C incubation temperature where seeds were
cooled below 0°C, seedling axial length was influenced by the
interaction of seed collection and imbibition temperature.
Seeds from the Matador collection had similar axial lengths
among imbibition temperatures (table 2), while the Sterling
collection axial length was greatest for seeds imbibed at
20°C, and lowest when imbibed at 5°C. The Pine Bluffs
collection had no consistent trend among incubation tem-
peratures. Matador seeds were most sensitive of the three
seed collections to imbibition temperature in the presence of
freezing stress. This suggests habitat correlated differences
among seed collections and supports previous work on the
ability of shrub populations to evolve site-specific character-
istics (Meyer and others 1989, 1990; Stutz 1982, 1989).

Summary and Conclusions

We accept the hypothesis that fully hydrated winterfat
seeds are tolerant of —30°C events. We found that post-
freezing seedling vigor varied by imbibition temperature;
therefore, we conclude that imbibition temperature influ-
ences freezing tolerance. We postulate that diaspore struc-
ture and the peripheral-linear morphology of the winterfat
seed contribute to freezing tolerance of hydrated seeds. We
have documented habitat-correlated differences among win-
terfat populations with respect to post-freezing vigor and the
effect of imbibition temperature on that response. Some
winterfat seeds are not negatively affected by a sequence of
melting snow resulting in seed hydration, followed by freez-
ing stress (-30°C), then cool (5°C) temperatures. Other
seeds were found to survive this sequence, but freezing
damage was reflected in reduced germination rates, and
reduced seedling vigor such that these injuries may limit
field establishment or seedling survival.
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Successional History of a Curleaf Mountain
Mahogany Stand: a Hypothesis

Inés Ibanhez

Eugene W. Schupp
Janis L. Boettinger

Abstract—Environmental conditions affecting emergence and early
seedling establishment of the tree Cercocarpus ledifolius were
studied. Natural emergence was highest in open interspaces, inter-
mediate under shrubs, and lowest under trees. Experiments showed
litter inhibited seedling emergence, but favored seedling survival.
Drought and herbivory affected seedling survival, but effects varied
between years depending on environmental conditions. This study
shows thereis a seed-seedling conflict in this species which probably
extendsintolater stages. The tree microhabitat inhibits emergence,
but improves first year survival. Later, however, it is probably too
competitive for older juveniles, but because of the soil it may be the
best site for new adult recruitment once the tree dies.

Curlleafmountain mahogany (Cercocarpus ledifolius Nutt.,
Rosaceae) is an evergreen, montane xerophyte ranging from
2-9 m or more in height. It is widely spread in the mountain
brush zone of the Intermountain West of North America,
where it occurs on soils with low fertility on hot, dry, rocky
ridges and slopes with south to west aspects (Brotherson
1990; Davis and Brotherson 1991). Curlleaf mountain ma-
hogany is a choice winter forage species for big game because
it is evergreen and has high protein levels and digestibility
(Scheldt and Tisdale 1970). Also, because it fixes nitrogen,
Curlleaf mountain mahogany increases nitrogen levels in
the nutrient-poor soils where it grows (Lepper and Fleschner
1977).

A major problem is that most mountain mahogany stands
are dominated by older trees with practically unreachable
crowns (Mitchell 1951) and little recruitment of new indi-
viduals (Scheldt and Tisdale 1970; Schultz and others 1991).
In Utah, many of the stands do not have trees <20 years old
(Davis 1976). It is a difficult species to manage; it does not
sprout after burning or chaining and it is hard to establish
from seed (Davis and Brotherson 1991). Factors that may
limit natural seedling establishment include allelopathy of
mountain mahogany litter, competition for water and soil
resources, and seedling herbivory (Davis and Brotherson
1991). What is needed is much more information on critical
seed and seedling stages.

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.
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The objective of this study was to determine the roles of
litter, soil surface conditions, microhabitats, water limita-
tion, and herbivory on mountain mahogany seedling recruit-
ment, and to evaluate soil genesis in the community. A
better understanding of the environment and mechanisms
that affect mountain mahogany recruitment may have a
significant relevance when managing these communities.
Promoting and facilitating seedling recruitment of this spe-
cies may be a key factor for managing recovery of these
stands, and thus browsing habitat.

Study Site

The study was conducted in northeastern Utah, Cache
County, USA in the Cache National Forest at 41° 57’ N,
111° 28" W at an elevation of 2,350-2,500 m on a 35%
southwest-facing slope. Mountain mahogany is the domi-
nant tree species, and isolated Douglas-fir (Pseudotsuga
menziesii) are present. Mountain big sagebrush (Artemisia
tridentata var. vaseyana) and snowberry (Symphoricarpos
spp.) are the most common shrubs. No established moun-
tain mahogany seedlings and few juveniles have been
observed. The three major microhabitats in the stand are:
“open,” in open interspaces between woody vegetation;
“shrub,” beneath sagebrush canopies; and “tree,” beneath
mountain mahogany canopies.

Soils and Other Environmental
Characteristics

Although all soils were skeletal and deeper than 1 m,
microhabitats differed in many characteristics. Phospho-
rous, nitrogen, and organic carbon were significantly higher
in upper layers of tree soils than in shrub and open soils,
indicating much greater organic matter input by trees
(fig. 1). In addition, all had the same vertical distribution:
higher in surface horizons, decreasing with depth. Tree soils
also had the lowest near-surface pH, again reflecting higher
organic matter input (table 1). Additionally, relative to open
interspaces, trees had greater shading, lower soil and air
temperatures, more litter, a much deeper and better devel-
oped calcic horizon, and, because of litter and organic
matter, higher expected water infiltration rate (table 1). The
shrub microhabitat was generally intermediate, but much
more similar to the open than the tree microhabitat.

The degree of pedogenesis is greatest under trees. Depth
and stage of CaCO3 accumulation and variation in organic
carbon with depth suggest a period of pedogenesis under the
influence of tree canopies on the order of centuries or more.
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Figure 1—Phosphorous (mg/g), nitrogen (%), and organic carbon (%)
content of representative soils in open, shrub, and tree microhabitats by
depth from surface. Soils were analyzed using standard procedures (see

Ibahez 1998).

Table 1—Summary of otherimportant environmental characteristics of
the three major microhabitats in the study site from Ibahez
(1998). For litter, values followed by different letters were
significantly different (alpha = 0.05).

Microhabitat

Characteristic Tree Shrub Open
Shading Greatest Intermediate Least
Temperature Lowest Intermediate Highest
Litter (kg/m?) 2.502 0.27° 0.12°
Calcic horizon Deep, Shallower,
well-developed less well-developed

Expected infiltration High Lower Lower
pH 7.55 7.84 7.73

From the perspective of tree recruitment in this dry, harsh
site, the tree microhabitat may be most favorable, the open
microhabitat least favorable, but little information exists on
conditions favoring seedling recruitment. In the remainder
of this paper we present an overview of our studies on
seedling emergence and survival.

Litter and Microhabitats
Methods

For natural emergence we counted seedlings emerging in
50, 30 x 30 cm-quadrats in each of the major microhabitats
and compared numbers of seedlings (square root-transformed)
with ANOVA (SAS 1994, MIXED procedure) with location as
arandom effect and microhabitat as a fixed effect and with a
Tukey-Kramer adjustment to control for Type I error. Results
were compared with previously collected seed accumulation
data from the same site (Russell and Schupp 1998).

Tobetter evaluate the effects of litter, soil surface condition,
and microhabitat, we conducted an experiment with four
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seedbed treatments and five microhabitats. Seedbed treat-
ments were: (1) undisturbed soil without litter, (2) undis-
turbed soil with seeds sown over litter, (3) undisturbed soil
with seeds sown under litter, and (4) manually disturbed soil
surface withoutlitter. Microhabitats were: (1) beneath clumps
of mountain mahogany trees, (2) beneath isolated mountain
mahogany trees, (3) beneath sagebrush canopies, (4) beneath
snowberry canopies, and (5) open interspaces. For each repli-
cate, we sowed 200 seeds in a 30 x 30 cm plot protected by a
1.2-cm mesh hardware-cloth cage with a strip of nylon window
screening at the base to exclude mammals and crawling
insects. Additionally, in order to exclude naturally dispersing
seeds, we placed a screen over each cage.

Caged plots were cleared of litter and surface seeds, then
seed-free litter (mean mass for microhabitat) was added for
litter treatments and soil was disturbed to 2 cm for surface
disturbance. Seeds were sown fall 1995 with 5 replicates/
treatment combinations and seedlings were recorded through
spring 1996. We analyzed square root-transformed values
with ANOVA (SAS 1994, GLM procedure, alpha = 0.1), and
then made three planned contrasts: (1) with versus without
litter, (2) seeds on versus beneath litter, and (3) disturbed
versus undisturbed soil.

We studied the effect of litter on seedling survival beneath
10 mountain mahogany trees using three amounts of litter:
bare soil, mean amount (249 g/900 cmz), and 2 x mean
amount (498 g/900 cm?). We planted 10 seedlings in each
litter treatment beneath each replicate tree. We germinated
seeds following Kitchen and Meyer (1990) and transplanted
seedlings into Ldnnen Paperpots™ (2.8 cm diameter x 10 cm
length) filled with soil from the stand. After 5 weeks, when
the first leaves had emerged, we transplanted them, and
recorded survival weekly until snowfall. We used survival
analysis (SAS 1994, LIFEREG procedure, likelihood ratio
test, Weibull distribution) to test for differences among
treatments by comparing predicted median survival values;
that is, time to 50% mortality.
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Results

Microhabitats did not differ in numbers of seedlings natu-
rally emerging (F = 0.48; df =2, 8; P=0.661). In contrast, the
number of seeds that accumulated on the ground, in the
litter, and in the top 5 cm of soil at this site differed
dramatically among microhabitats, with most seeds under
mountain mahogany and least in open interspaces (Russell
and Schupp 1998).

Only seedbed treatment affected seedling emergence
(table 2). The nonsignificant microhabitat x seedbed inter-
action shows a consistent treatment effect across micro-
habitats. Treatments without litter had greater emergence
than treatments with litter (table 2, fig. 2). Neither the two
treatments with litter nor the two treatments without litter
differed significantly (table 2, fig. 2).

Seedling survival was significantly greater with than
without litter (both Chi-square =6.57,df =1, P <0.010). The
two litter treatments, however, did not differ from each
other (Chi-square = 0.21, df = 1, P = 0.647).

Water, Herbivory, and
Microhabitats

Methods

Effects of water limitation, herbivory, and microhabitat
on seedling survival were evaluated in a 2 x 2 x 3 factorial
experiment. Water treatments were: control with natural
precipitation and water supplementation with natural pre-
cipitation plus weekly addition of enough water to equal
estimated precipitation during the very wet year of 1983.
Herbivory treatments were: with and without protection
from aboveground insect (synthetic pyrethrin insecticide,
InterCept-H&G® at 2 ml/l water) and vertebrate herbivores
(1-cm mesh hardware cloth cage, 30 x 30 cm) combined.
Microhabitats were open, shrub, and tree.

In early July, 6-week-old seedlings were transplanted
into 10 sites, 10 seedlings/treatment combination/site in a
30 x 30-cm quadrat. For one week we watered all seedlings
every other day and covered them with a light mesh cloth
(Plant Guard®) to facilitate establishment. We then re-
moved the cloth and only watered plants in the water
addition treatment. On these dates we also applied insecti-
cide (2 ml of mixture/quadrat) for herbivory protection,
sprayed herbivory control plants with water, and recorded

Table 2—ANOVA (SAS GLM procedure, alpha = 0.10), results from
experimental seedling emergence data, including the three
planned contrasts.

Source df SS F P

Site 4 12.13 0.68 0.606
Microhabitat 4 14.65 0.83 0.513
Seedbed treatment 3 34.04 256 0.062

1

1

1

2

1

No litter vs. litter 34.91 7.77 0.007
Seeds on vs. beneath litter 0.02 0.01 0.944
Disturbed vs. undisturbed soil 0.02 0.00 0.945
Microhabitat*seedbed 1 57.45 1.08 0.390
Error 7 314.88
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Figure 2—Back-transformed mean seedling emer-
gence (+1 SE) in the four litter and soil surface
treatments. NL-US = no litter, undisturbed soil; SOL-
UD = seeds over litter, undisturbed soil; SUL-US =
seeds under litter, undisturbed soil; and NL-DS = no
litter, disturbed soil. Bars marked with different let-
ters are significantly different.

survival. The experiment continued through summer and
early fall for a total of 12 weeks until snowfall, and was
replicated in 1996 and 1997.

Statistical analysis of the data for survival was performed
as described in the seedling survival experiment above.

Results

Results differed between years. In 1996, all main effects
and interactions were significant (table 3, fig. 3a). Water
supplementation increased survival, but not equally in all
microhabitats; while watering greatly increased survival
beneath trees it had little effect in the open. Similarly,
herbivory protection enhanced survival, but the increase was
especially evident beneath trees. The significant water x
herbivory interaction was evident in all three microhabitats,
with herbivory protection especially beneficial with water
supplementation. The 3-way interaction was significant
because the strength of the water x herbivory interaction
was very weak in open interspaces and very strong beneath
trees. Overall, 19% of seedlings survived the summer. Al-
though mortality rate was greatest early, mortality contin-
ued through the summer.

In 1997, site was significant and microhabitat was mar-
ginally significant, and all interactions except water x her-
bivory were significant or nearly so (table 4, fig. 3b).
Although water supplementation did not increase survival,
the microhabitat x water interaction was highly significant;
open sites had the highest survival with water supplemen-
tation but the lowest survival with natural precipitation.
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Table 3—Survival analysis for seedling survival during the dry summer of 1996. Log Likelihood for

LogLogistic = —1,038.56.

Variable DF Estimate SE Chi-square P

Intercept 1 2.79 0.19 226.67 0.0001
Site 9 79.50 0.0001
Microhabitat 2 74.84 0.0001
Water 1 12.80 0.0003
Herbivory 1 8.36 0.0038
Site*microhabitat 18 68.72 0.0001
Site*herbivory 9 55.00 0.0001
Site*water 9 34.29 0.0001
Microhabitat*water 2 12.72 0.0017
Microhabitat*herbivory 2 16.75 0.0002
Water*herbivory 1 12.25 0.0005
Microhabitat*water*herbivory 2 8.69 0.0130
Scale parameter 1 0.41 0.01

Similarly, herbivory protection did not increase survival,
but the microhabitat x herbivory interaction was significant.
Overall, 27.5% of the seedlings survived during this wetter
year. Mortality rate was greatest early, but in contrast to
1996, it had virtually ended by the middle of the season.

Considering all treatment combinations, in both years
survival in most combinations was fairly similar with the
exception of a single treatment standing out with exception-
ally high survival (fig. 3). In both years, the combination of
water supplementation and herbivory protection was re-
quired to yield this high level of survival. Years differed,
however, in which microhabitat this occurred: tree micro-
habitat in 1996 and open microhabitat in 1997.

Discussion

The major microhabitats differed in environmental condi-
tions, especially soil characteristics. Tree soils had the
greatest degree of development, while shrub soils differed
little from open soils. Tree soil had much greater nutrient
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and organic matter content, lower surface pH, and a much
deeper, better-developed calcic horizon than shrub and open
soils. Trees appear to have greatly modified the soil where
they have grown over long periods of time while shrubs have
had little effect on their soils. This soil microhabitat diver-
sity may play an important role in plant recruitment and
successional dynamics.

Numbers of seedlings naturally emerging were similar
across microhabitats. Comparing these results to patterns of
seed accumulation, however, suggests emergence rates were
highest in open interspaces and lowest beneath trees. Fur-
ther, experiments demonstrated that litter inhibits emer-
gence of this species. In the field, litter reduced emergence
across all microhabitats, and in the greenhouse (Ibanez
1998), seeds planted under a thick litter layer (7 cm) pro-
duced fewer seedlings than seeds planted at the top or in the
middle of the litter layer, and fewer seedlings than seeds
planted under a thin (3 cm) litter layer or without litter.

Soil surface conditions (disturbed vs. undisturbed soil sur-
face) did not affect emergence rates. Similarly, emergence did
not differ among microhabitats, contrary to expectations from
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Figure 3—Predicted median seedling survival during summer 1996 and 1997. Treatment combinations are W+, water
supplementation; W—, no water supplementation; H+, herbivory protection; and H—, no herbivory protection.
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Table 4—Survival analysis for seedling survival during the wet summer of 1997. Log Likelihood for

LogLogistic = —1,038.56.

Variable DF Estimate SE Chi-square P

Intercept 1 0.04 0.26 0.03 0.0001
Site 9 66.23 0.0001
Microhabitat 2 4.62 0.0994
Water 1 0.72 0.3956
Herbivory 1 0.30 0.5834
Site*microhabitat 18 56.14 0.0001
Site*herbivory 9 19.01 0.0906
Site*water 9 19.65 0.0202
Microhabitat*water 2 10.03 0.0066
Microhabitat*herbivory 2 7.20 0.0273
Water*herbivory 1 0.19 0.6659
Microhabitat*water*herbivory 2 5.24 0.0730
Scale parameter 1 0.68 0.02

natural emergence. However, this result may again indicate
lowest percent emergence under trees and highest in the open
if there is a viable seedbank, since seed accumulation was
greatest under trees and least in the open.

In contrast to its negative influence on emergence, litter
beneath trees increased survival. In the dry year of 1996,
water supplementation and herbivory protection also in-
creased survival, and their combination with the tree micro-
habitat was necessary for high survival. On the other hand,
in the wetter year of 1997, water supplementation and
herbivory protection were not significant as main effects,
although the most successful treatment was again a combi-
nation of both, but this time in the open microhabitat.

Implications for Recruitment in
Existing Stands

It appears that the balance between facilitation by and
competition with existing adults varies with life history
stage of the juvenile recruit (Walker and Vitousek 1991).
The best environment for mountain mahogany emergence is
open interspace with sparse litter and adequate light and
temperature for germination. During the next stage, seed-
ling establishment and survival, open interspaces are prob-
ably too dry for seedlings in most years. Only in very wet
years and with low herbivory are open interspaces favorable
for establishment; even then, seedlings may be unlikely to
survive the coming drier years. In most years, the tree
canopy and associated soil and litter favor seedling estab-
lishment by reducing temperatures, providing adequate
nutrients, capturing and retaining water, and perhaps also
by hiding seedlings from herbivores. Finally, Schultz et al.
(1996) observed that older seedlings and juveniles preferen-
tially grew under sagebrush canopies, suggesting this
microhabitat may be best during these stages. The tree
microhabitat likely becomes too competitive as juveniles
grow larger, and the exposed open interspaces with poorly
developed soils are too dry. Perhaps the light shading and
hydrauliclift (Caldwell et al. 1991) bringing water to surface
soils combined with less competition makes shrubs most
suitable for longer-term juvenile survival. But where and
under what conditions recruitment of new adults occurs is
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uncertain (see next section). Our work does, however, sup-
porttheideathat conflicts between life history stages (Schupp
1995)—e.g., conditions good for emergence are bad for sur-
vival—play a crucial role in recruitment.

Preliminary results suggest a possible management strat-
egy. If tree soil is most suitable (but see next section) but
adult trees inhibit recruitment, cutting adults or burning
stands may provide seedlings with desirable sites for re-
cruitment, although burning may deplete seed availability.
Also, planting of nursery-grown seedlings at edges of tree
soil patches may optimize the use of these potentially
favorable sites. It should be cautioned, however, that much
remains to be learned and these are only preliminary
recommendations.

Succession in a Mountain
Mahogany Stand: Speculation
and Questions

When mountain mahogany first colonized the site, condi-
tions may have been more favorable despite being nutrient-
poor because it was probably sparsely vegetated and with
little competition. Mountain mahogany could establish in
these conditions because of associations with nitrogen-fix-
ing actinorhizae and nutrient-acquiring mycorrhizae. Ini-
tial establishment may have been facilitated by shrubs.
Through time, we suggest that trees, by adding organic
matter and nutrients, may improve soil conditions to the
point that competitively superior species will invade and
replace mountain mahogany. In this regard, healthy 2-3 m
Douglas-fir are presently growing beneath a few mountain
mahogany in this stand.

A major remaining question revolves around the age of
adults in the stand, and thus population processes that have
occurred to this point. We have not aged our trees, but based
on basal diameters and published accounts, our trees may be
as little as 220 years old (Davis and Brotherson 1991) or as
much as 1,800 years old (Schultz et al. 1990). If the younger
age is correct, the degree of tree soil development suggests
recruitment has been occurring repeatedly in the same sites
and not elsewhere—new recruitment occurs only following
death of existing adults. If, however, the older age is correct

USDA Forest Service Proceedings RMRS-P-11. 1999



we may still be witnessing the initial invasion of the site. We
predict the same eventual outcome in either case, succession
to a new community, but implications for mountain ma-
hogany recruitment are very different. In the former sce-
nario, changes in soils due to trees benefit recruitment of
mountain mahogany for at least several generations before
superior competitors invade, while in the later scenario
conditions may shift from favoring mountain mahogany to
favoring superior competitors in only a single generation.
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Leaf Surface Characteristics and Gas
Exchange in Artemisia tridentata subspecies
wyomingensis and tridentata

J. L. Downs
R. A. Black

Abstract—Leaf surface and gas exchange characteristics were
examined in 3-year old plants of two subspecies of big sagebrush
(Artemisia tridentata) growing in a common garden in southeastern
Washington. Scanning electron microscopy (SEM) and subsequent
image analysis revealed larger cell size in the tetraploid Wyoming
big sagebrush (subspecies wyomingensis) resulting in larger sto-
mata. In the diploid basin big sagebrush (subspecies tridentata),
epidermal cells are smaller, so a significantly greater number of
trichomes and stomata occur per unit leaf area.

Photosynthetic rates measured in spring and summer months
were not significantly different between subspecies; however, basin
big sagebrush consistently exhibited higher transpiration rates.
Wyoming big sagebrush with fewer stomata and trichomes per unit
leaf may more efficiently regulate gas exchange processes under
high evaporative demand.

Big sagebrush (Artemisia tridentata) is a dominant shrub
species occurring in semi-arid, shrub-steppe ecosystems
across the Intermountain West. A complex interaction of
available soil water, temperature, and soil type and depth
influence how subspecies of this taxon are partitioned across
the landscape. Of the two subspecies considered here, Wyo-
ming big sagebrush (subspecies wyomingensis) occupies
more xeric habitats and is often found on hillsides in shallow
soils (Schultz 1986). Basin big sagebrush (subspecies triden-
tata) is usually found in more mesic habitats along draws
and on deep well-drained soils. Wyoming big sagebrush (a
tetraploid) (McArthur and others 1981) is usually smaller
(<1 m tall) than the diploid Basin big sagebrush, which may
reach heights of 2-3 m. At the cellular level, however, the
polyploid subspecies follows the gigas syndrome, and exhib-
its more robust and larger anatomy. These differences in cell
size result in differences in leaf surface characteristics that
may influence gas exchange processes and plant function.
The increased number of chromosomes found in polyploid
plants effectively increases the cell size and such larger cells
often have higher photosynthetic capacity per cell than
smaller cells (within taxa) (Dean and Leech 1982; Warner
and Edwards 1988; Warner and Edwards 1993). Changes in
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stomatal density and leaf cell anatomy can affect the physi-
cal diffusion rates of CO, and HyO and thus affect the
photosynthetic rate and conductance per unit leaf area. Our
objectives in this study were to quantify and describe the
differences in leaf surface characteristics between subspe-
cies that may contribute to differences in gas exchange
characteristics. Such differences may be key to segregation
of these subspecies across environmental gradients.

Methods

Big sagebrush plants examined in this study were grown
from seedlings transplanted to a common garden on the
Fitzner Eberhardt Arid Lands Ecology Reserve on the
Hanford Site in southeastern Washington. The common
garden, which is located at an elevation of 300 m above sea
level in silt-loam soils, lies within the big sagebrush/blue-
bunch wheatgrass (Pseudoroegnaria spicata) association.
The site receives annual average precipitation of 20 cm, two-
thirds of which falls during the winter months (Rickard and
others 1988). Winter precipitation was above average at the
study site during the measurement year (from October 1996
through March 1997) and totaled more than 26 cm (Hoitink
and Burk 1998).

Plants used in this study were grown from seeds of Basin
big sagebrush and Wyoming big sagebrush collected at eleva-
tions of 120 to 150 m above sea level in the lower Columbia
Basin (Benton County, Washington). Within the garden, big
sagebrushis planted at approximately 3-m spacing. Through-
out the duration of this study, a 1-m diameter buffer around
each big sagebrush plant was maintained free of competing
plants.

Leaf Surface Examination

Winter persistent and ephemeral spring leaves were col-
lected from five, 3-year old plants of each subspecies in the
common garden. Because the tomentose trichomes on big
sagebrush leaves occlude any view of the actual leaf surface,
trichomes were removed by appressing the leaf surface to
plastic adhesive tape and subsequently pulling the leaf off
the tape.

The leaves were placed in fixative (FAA, 10% formalin,
85% ehtanol, 5% glacial acetic acid) in the field and stored
until dehydration and processing. Leaf material was dehy-
drated in sequential dilutions of ethanol and processed
through critical point drying under pressure (Bozzola and
Russell 1992). Intact leaves were mounted on studs and then
sputter-coated with gold for examination using a scanning
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electron microscope. Polaroid photos were taken of SEM
images at 300 to 500x magnification for three separate
sample areas of the epidermis for each leaf examined.

Photographs were scanned and converted to digital im-
ages for analysis using NIH-Image (National Institute of
Health). On each image, individual stomata were identified
and digitized to obtain the area of the stomatal complex and
the number of stomata per unit leaf area. In addition, the
base of each glandular or nonglandular trichome, was iden-
tified on the image and counted. Mean values for leaf surface
characteristics were tested for statistical differeces between
subspecies using Student’s ¢-tests (o <0.05).

Gas Exchange Measurements

Plant gas exchange was measured at 2- to 3-week inter-
vals during the spring and summer months of 1997 using a
LiCor 6200 gas exchange system. Measurements were taken
between 0700 hours and 1300 hours on terminal branches to
determine maximal conductance rates and concurrent rates
for photosynthesis and transpiration. Three to five replicate
plants of each subspecies were sampled over 2 to 4 days. At
the end of each sampling interval, leaf material that had
been enclosed in the gas-exchange system cuvette was clipped
and the leaf area for each measurement was determined for
calculation of gas exchange rates.

Predawn and midday xylem water potentials were mea-
sured at each sampling interval using standard pressure
bomb techniques (Ritchie and Hinckley 1975) to determine
plant water status for each subspecies.

Gas exchange data were pooled into three measurement
periods during the growing season (May, June-July, and
August). Statistical analyses were accomplished using analy-
sis of variance (ANOVA) techniques conducted for each
measurement period. The ANOVA was set-up as a single
factor design with subsampling (within subspecies, repeated
observations on an individual plant are treated as
subspamples) and measurement period as a covariate (Neter,
Wasserman and Kutner 1990). Differences between subspe-
cies were deemed significant for p <0.05.

Results and Discussion

Big sagebrush leaves are covered with a dense, shielding
mat of tomentose trichomes as shown in fig. 1a and 1b. Both
glandular and T-shaped hair trichomes cover the surface.
Schultz (1986) described the two types of trichomes on
sagebrush leaf surfaces: the glandular trichomes occurring
in pits are biseriate, eight-celled and contain the liquids that
give sagebrush its characteristic odor; the leaf hairs are
uniseriate, two-celled and filled with air. When these tri-
chomes are removed, SEM revealed a complex leaf surface
with stomata that are anomocytic (irregular-celled, no
subsidiary cells are present) and amphistomatous leaves
(fig. 2a,b). The epidermal cells are very irregular and the
microrelief of the epidermal layer surface of the leaf appears
almost wrinkled or folded with stomata and hairlike tri-
chomes occurring on the raised areas and evidence of glandu-
lar trichomes in low almost crypt-like invaginations or pits.
Guard cell complexes appear slightly raised relative to other
epidermal cells. The distribution of stomata across the leaf
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Figure 1—Tomentose trichomes covering the leaf
of basin big sagebrush at (a) 20x magnification, and
(b) 130x magnification.
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Figure 2—Leaf epidermis after removal of trichomes
(a) basin big sagebrush at 400x magnification and
(b) Wyoming big sagebrush at 400x magnification.
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surface is irregular with fewer stomata occurring at the leaf
margins and over major leaf veins.

Analysis of images indicates significant differences in
stomatal densities between big sagebrush subspecies. The
diploid basin big sagebrush has nearly 40% more stomata
per square cm of leaf area than the tetraploid Wyoming big
sagebrush (table 1). Because Wyoming big sagebrush has
larger cells, both the area and volume of the stomata are
greater and thus, there are fewer stomata per square cm of
leaf area. Basin big sagebrush also has more trichomes per
square cm of leaf area than Wyoming big sagebrush because
epidermal cells are smaller in the diploid subspecies.

Within subspecies, no differences were found in the fre-
quency and size of stomata between persistent and ephem-
eral leaves. In addition, no significant differences were
found in the number and frequency of stomata on the abaxial
versus adaxial leaf surfaces.

The mean number of stomata per unit leaf area for basin
big sagebrush falls within the range reported for desert
shrubs of 15,000 to 30,000 stomata per em? leaf area
(Larcher 1995), whereas Wyoming big sagebrush stomatal
densities are lower.

Mean values for transpiration and photosynthesis rates
were highest for both subspecies in May and declined as the
summer progressed. Although, no significant differences
were found in photosynthetic rates between subspecies for
any of the measurement periods (fig. 3a), transpiration rates
were significantly different between subspecies on all mea-
surement dates (table 2). Basin big sagebrush consistently
exhibited higher transpiration rates than Wyoming big
sagebrush (fig. 3b). Measurements of predawn and midday
xylem potentials reflecting plant water status were not
significantly different between subspecies for any measure-
ment dates.

Water use efficiencies, calculated as the ratio of photosyn-
thesis to transpiration (umol CO, m %5 /mmol H,0 m2sh
for each measurement period clearlyillustrate differencesin
gas exchange characteristics between the two subspecies
(fig. 3c). At all measurement periods, Wyoming big sage-
brush exhibited higher water use efficiencies than basin big
sagebrush.

The effects of leaf morphology and anatomy on gas ex-
change processes are difficult to discern from the complex
environmental conditions and physiological processes that

Table 1—Densities of stomata and trichomes on big sagebrush leaves.

Stomatal Stomatal Trichome
densities area densities
No. /cm? leaf No. /cm? leaf
area um? area
Wyoming big
sagebrush (n = 32)
Range 11,000-14,000  540-688 32,484-65,529
Mean 12,995 588 49,111
Basin big
sagebrush (n = 26)
Range 16,330-21,355  266-303 88,092-127,593
Mean 18,025 290 106,205
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Figure 3—Photosynthesis (a) transpiration (b) and
calculated instantaneous water use efficiencies (c) for
Basin big sagebrush and Wyoming big sagebrush.
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Table 2—F-test results and p values for analysis of variance of
photosynthesis, transpiration and calculated water use
efficiencies between subspecies.

N F-test P value
Photosynthesis 64 0.02 0.8932
Transpiration 64 10.22 0.002
Water use efficiency 64 13.08 .0001

act to control plant gas exchange. The differences in leaf
surface characteristics noted in this study could be inter-
preted to influence gas exchange processes in several ways.
Wyoming big sagebrush, which occupies the most xeric
habitats in which the species is found, maintains similar
photosynthetic rates as basin big sagebrush at lower rates of
water loss per leaf area. This may suggest that the polyploid
cells of Wyoming big sagebrush possess greater photosyn-
thetic capacity than the smaller cells found in basin big
sagebrush. Warner and Edwards (1993) report a doubling of
photosynthesis per cell in autopolyploids; however, this is
balanced by a proportional decrease in the number of cells
per unit leaf area such that the rate of photosynthesis does
not change.

Trichome densities may also play a role in affecting rates of
photosynthesis and transpiration for the two subspecies.
Basin big sagebrush has approximately twice as many tri-
chomes as Wyoming big sagebrush, which may affect the
boundary layer, and leaf reflectance and absorbance proper-
ties. The thicker mat of trichomes found on basin big sage-
brush leaves would be expected to increase both the boundary
layer and reflectance of the leaf. Increasing the boundary
layer effectively decreases boundary layer conductance and
transpirational water loss. The presence of dense silvery leaf
hairs increases reflectance of solar radiation and effectively
reduces leaf temperatures. This does not seem to be the case
for basin big sagebrush which exhibited higher transpiration
rates on all measurement dates. However, an important
potential disadvantage of leaf pubescence is that it also
reduces the light available for photosynthesis (Ehleringer
1980; Mooney and others 1979). The photosynthetic efficiency
of Basin big sagebrush may be limited by greater pubescence
in comparison with Wyoming big sagebrush.

Differences found in leaf' surface anatomy and morphology
between the subspecies may contribute to differences in gas
exchange measured through the spring and summer season.
Wyoming big sagebrush appears to maximize carbon gain
while minimizing water loss in comparison to Basin big
sagebrush.
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Phenological Events and Litterfall Dynamics
of Blackbrush in Southern Nevada

Simon A. Lei

Abstract—Temporal and spatial variations in phenology and
litterfall were quantitatively examined among blackbrush (Coleogyne
ramosissima) populations in Lee Canyon of the Spring Mountains
in southern Nevada. The initiation of blackbrush phenological
events varied significantly among three elevations and varied
yearly within the same elevation. The earliest phenological time
occurred significantly earlier in the lower blackbrush ecotone than
in the upper ecotone and the nearly monospecific blackbrush stand.
Blackbrush at the lower ecotone had the longest flowering period.
Blackbrush at the nearly monospecific stand had significantly
greater percent flower cover per plant compared to the adjacent
ecotones. Total litterfall and litterfall distribution in blackbrush
varied considerably among elevations and between successive years.
Among litter tissues, leaves comprised the most litterfall and
flowers the least regardless of elevational sites. Blackbrush exhib-
ited temporal and spatial variations in the onset of phenological
events, as well as in total litterfall and litterfall distribution in Lee
Canyon of southern Nevada.

Blackbrush (Coleogyne ramosissima Torr.) plants often
occur in mid-elevations throughout the Mojave Desert, and
covers several million hectares in the southwestern United
States. Blackbrush plants occur primarily along the Colo-
rado River drainage and several adjacent enclosed basins of
the Great Basin-Mojave Desert transition (Bowns and West
1976). Large yearly variation in vegetative, floral, and re-
productive phenologies in xerophytic plants has been ac-
counted for by specific abiotic factors, such as air tempera-
ture, rainfall, and photoperiod in Rock Valley of southern
Nevada (Rundel and Gibson 1996). Lack of abundant flow-
ers in xerophytic plants is primarily attributed to insuffi-
cient precipitation and unfavorable air temperatures in
winter and early spring (Ackermann and Bamberg 1974,
Turner and Randall 1987). In some years, shrubs flower but
produce few fruits. Flowering in blackbrush is induced by
moderate to heavy winter precipitation in southern Nevada
(Beatley 1974). Anthesis is not synchronous throughout the
elevations of blackbrush shrublands (Pendleton 1994).
Blackbrush at higher elevations generally has a shorter,
while blackbrush at lower elevations has a longer flowering
period (Lei 1997). Flowering occurs as early as mid-April,
and flowering on individual blackbrush plants is not syn-
chronous, but typically occurs over a period of 1-3 weeks in
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southern Utah and Nevada (Bowns and West 1976; Pendleton
and Pendleton 1995).

Unusual favorable climatic conditions for leafing, flower-
ing, and fruiting tend to produce higher litterfall rates than
unfavorable conditions (Rundel 1996). Peak litterfall in
many semi-deciduous plants, such as blackbrush, may occur
during a summer drought period. The timing of phenological
responses and distribution of litter tissues were found to
vary from year to year within the same species in southern
Nevada (Rundel 1996).

Significant contributions in the past by Bowns and West
(1976), West (1983), Callison and Brotherson (1985), Jeffries
and Klopatek (1987), Provenza (1978), Pendleton and Meyer
(1994), Pendleton and others (1995), Lei (1994), Lei and
Walker (1995 and 1997a,b), Lei (1997), and others have
expanded our knowledge regarding the biology and ecology
of blackbrush. However, no extensive studies were con-
ducted to document temporal and spatial variations of phe-
nological patterns and dynamics of litterfall in blackbrush
plants. In this study, temporal and spatial differences in
phenological and litterfall characteristics in blackbrush
plants were quantitatively investigated among blackbrush
populations in Lee Canyon of southern Nevada.

Methods

Field Surveys and Laboratory Analyses

Field studies were conducted in Lee Canyon (roughly
36°05' N, 115°15' W; fig. 1) of the Spring Mountains in
southern Nevada. Three elevational sites were selected
within a blackbrush shrubland: lower ecotone (1,500 m),
nearly monospecific blackbrush stand (1,750 m), and upper
ecotone (1,800 m). These three elevational sites represent a
climax community of a desert shrubland. Common woody
plants associated with blackbrush at the lower blackbrush
ecotone include creosote bush (Larrea tridentata) and white
bursage (Ambrosia dumosa), while at the upper blackbrush
ecotone include big sagebrush (Artemisia tridentata) and
Utah juniper (Juniperus osteosperma). Many common her-
baceous plants are members of the Asteraceae, Brassicaceae,
Fabaceae, and Poaceae families.

Vegetative, floral, and reproductive phenological patterns
of blackbrush plants were examined along this elevational
gradient. At each elevation, the presence of mature (fully
developed) flowers and the percentage of mature flower
cover were registered in 100 randomly chosen blackbrush
plants. The percentage of mature flower cover was visually
estimated on 10% increments. Phenological observations
commenced in late February and continued through the
growing season in June. Initial dates of each phenophase
(leafing, flowering, and fruiting) of blackbrush plants were
observed during the 1992-1997 period. Subsequent periods
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Figure 1—Mean percent flower cover per blackbrush
plant during the peak flowering period along an
elevational gradient during the 1992-1997 period in
Lee Canyon. Narrow vertical bars denote standard
errors of the means. Different letters at the top of
columns indicate significant differences at p < 0.05
using ANOVA and Tukey’s Multiple Comparison Test.

of each phenophase later in the same season were not
evaluated. Initial dates dates of leaf shedding and summer
dormancy were not considered.

At each elevation, 15 mature blackbrush plants were ran-
domly selected to investigate litterfall dynamics in 1996 and
1997. Litter traps, consisting of 0.90 m diameter and 15 cm
tall cylinders with hardware cloth, were placed around the
periphery of individual shrub canopies (approximately 45-
60 c¢cm in canopy diameter). A 2 mm sieve was used to
separate organic litter from inorganic soil and large rocks.
Litter was collected in summers of both years, and was
oven-dried at 60°C for 72 hours. Litter was separated into
categories of leaves, stems, flowers, and fruits to determine
temporal and spatial variations in dry mass, total litterfall,
and litterfall distribution.

Statistical Analyses

Significant differences in mean percent flower cover per
blackbrush plant and in the onset (mean first dates) of
phenological characteristics were tested with one-way analy-
sis of variance (ANOVA), followed by Tukey’s Multiple
Comparison Test (Analytical Software 1994). Julian day
calendar, a calendar system that numbers days consecu-
tively instead of using cycles of days and months, were used
for ease of computation. However, results were converted
back to the standard calendar system for ease of conception
and interpretation. Temporal and spatial litterfall and rela-
tive amount (percentages) of litterfall distribution were
computed. Mean values were presented with standard er-
rors, and p-values less than or equal to (<) 0.05 were reported
as statistically significant.

Results

Significant temporal and spatial variations in phenologi-
cal timing were detected among blackbrush populations of
southern Nevada. Mean first dates of leafing, flowering, and
fruiting were significantly different (p < 0.05; table 1) along
an elevational gradient. Blackbrush growing at the lower
ecotone exhibited the earliest time of shoot budding, leafing,
flower budding, flowering, and fruiting, while blackbrush
growing at the upper ecotone exhibited the latest time prior
to summer dormancy (table 1). The mean interval between
first appearance of blackbrush leaves and their first fully
open flowers was approximately 6 to 8 weeks in all three
elevational sites (table 1). The ripe fruits were first observed
about 2 to 3 weeks after flower initiation (table 1). The mean
interval between first flower budding and appearance of
first flowers was approximately 1 week (table 1). Within
each elevation, the onset of each phenophase varied widely
during the 1992-1997 period. Initial dates of phenophases
ranged over periods of more than a month. In general, shoot
budding appeared in late February through early March, a
new set of blackbrush leaves began to grow in March,
flowering budding and flowering periods began in May, fruit
production occurred in late May through June prior to
summer dormancy that began in mid June or July.

Blackbrush had the shortest flowering period (averaging
11 days) at its upper ecotone, and had the longest period at
its lower ecotone (averaging 14 days). Mean percent flower
cover per plant was significantly different (p < 0.001) along
this elevational gradient (fig. 1). Blackbrush establishing at

Table 1—Mean initial dates of each phenophase (shoot budding, leafing, flower
budding, flowering, and fruiting) in blackbrush during the 1992-1997 period
along an elevational gradient in Lee Canyon of southern Nevada. Mean
dates are presented with standard errors, and statistical significance is
determined at p < 0.05 using Tukey’s Multiple Comparison Test.

Phenophase Lower ecotone Pure stand Upper ecotone
Shoot budding February 28 + 4 a March 5 = 4 ab March 10+ 4 b
Leafing March 8 +4 a March 14 = 4 ab March 19 =3 b
Flower budding April22 = 4 a April 28 = 5 ab May 5+ 4b
Flowering May 1+5a May 6 + 5 ab May 13+ 4b
Fruiting May 17 +5a May 23 + 4 ab May 29 = 4 b
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the monospecific stand exhibited the highest mean percent
flower cover per plant compared to the upper and lower
ecotones. Flowering period typically reached its peak within
1 week after the initial date of flowering regardless of
elevational sites.

In addition, substantial temporal and spatial variations
in litterfall distribution amongblackbrush populations were
observed between successive (1996 and 1997) years (fig. 2).
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Figure 2—Total litterfall (leaves, stems, flowers, and
fruits) of 15 individual blackbrush plants along an
elevational gradient in Lee Canyon. Litter was collected
from the spring growing season to the initial summer dry
season from March through June 1996 and 1997.
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Official weather data were not available because long-term
weather stations are located beyond the blackbrush vegeta-
tion zones in southern Nevada. Among litter tissues, total
leaf litterfall was greater, while total flower litterfall was
lower at the lower ecotone (fig. 3A) compared to the upper
(fig. 3B) ecotone. A similar pattern in the distribution of
litter tissues was detected in the nearly monospecific
blackbrush stands (data not shown). Major peaks of repro-
ductive (flower and fruit) litterfall occurred at the end of
flowering period and maturation of fruits. Major peaks of
vegetative (stem and leaf) litter occurred when older leaves
were dislodged from shrub canopies during intense summer
drought periods. More favorable climatic conditions, espe-
cially precipitation, in winter seasons yielded a higher rate
of reproductive litterfall in 1996 than in 1997 despite the
occurrence of drought in spring seasons of both years (tables
2 and 3).

A severe drought in spring 1997 enhanced leaf and stem
dropping, and led to a greater percentage of vegetative and
a lower percentage of reproductive litterfall compared to
spring 1996 in both upper and lower blackbrush ecotones
(fig. 4A and B). Among blackbrush litter tissues, leaves, by
far, contributed the most litterfall, stems were second in
abundance, fruits were third, and flowers generated the
least at the lower and upper ecotones (fig. 4A and B, respec-
tively) in both years. The lower ecotone consistently yielded
a higher percentage of vegetative litterfall and a lower
percentage of reproductive litterfall than the upper ecotone
in both years. Relative amount of litter tissues exhibited a
similar pattern in the nearly monospecific stand (data not
shown).

Discussion

In this study, a new set of blackbrush shoots began to grow
in March. Flowering of blackbrush plants was initiated
about 4 to 6 weeks after leaf initiation, and ripe fruit was
first observed about 2 weeks after flowering initiation. My
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Figure 3—Distribution of total litterfall of 15 individual blackbrush plants at lower (A) and upper (B) blackbrush ecotones in Lee Canyon.
Litter was collected from the spring growing season to the initial summer dry season from March through June 1996 and 1997.
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Table 2—Mean monthly precipitation from January through August
during the 1992-1997 period. Official weather data were
acquired from the McCarran Airport (elevation 670) in Las
Vegas, near Lee Canyon. Actual weather data throughout
the blackbrush vegetation zone are not available. The letter
“T” indicates trace precipitation, an amount greater than
zero but less than the lowest reportable value.

Month 1992 1993 1994 1995 1996 1997
................. mm - = - - - -
January 11.3 40.8 1.0 75.0 3.3 7.5
February 325 63.0 12.0 0.8 3.5 T
March 120.0 3.5 3.3 3.3 9.8 0
April 0.5 0.3 T 0.8 0.0 1.0
May 1.3 0.3 0.3 4.0 3.3 0.0
June 2.3 2.0 0.0 0.5 T T
July 0.8 0.0 2.8 T 29.5 15.0
August 5.3 6.5 2.0 1.3 T 3

Table 3—Mean monthly air temperature from January through August
during the 1992-1997 period. Official weather data were
acquired from the McCarran Airport (elevation 670 m) in Las
Vegas, near Lee Canyon. Actual weather data through-out the
blackbrush vegetation zone are not available.

Month 1992 1993 1994 1995 1996 1997
................. OC‘ e e e e e e e o
January 7.7 7.6 9.6 8.6 9.2 9.1
February 12.3 10.1 9.2 14.8 12.7 10.9
March 13.8 16.1 171 14.4 154 171
April 214 19.7 19.7 18.2 20.2 18.6
May 25.4 25.0 24.8 21.7 25.2 27.6
June 28.4 28.1 28.1 27.2 30.6 29.1
July 31.5 31.9 34.1 33.6 34.0 31.2
August 32.5 31.4 33.8 33.9 33.3 32.6
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data support Rundel and Gibson’s (1996) suggestion be-
cause most plant species in Rock Valley of southern Nevada
follow such phenological trends. In this study, leaf and
flower production overlapped during the spring months.
Blackbrush flowered but produced few fruits in extremely
arid years. Although adequate winter precipitation for flower
initiation occurs in successive years, blackbrush does not
always produce abundant fruits and viable seeds in these
successive years (Meyer and Pendleton, unpublished data).
While winter precipitation initiates and induces flowering,
the size of the resulting fruits and seeds is a function of
available stored resources in southern Utah (Pendleton and
Pendleton 1995). At my study sites, anthesis, on the average,
occurred over a period of 14 and 11 days at the lower and
upper ecotones, respectively. Bowns and West (1976) report
anthesis in blackbrush occurs over a period of 2 to 3 weeks
in southern Utah. However, no comparative data are avail-
able since shoot and flower budding have not been examined
in blackbrush plants.

Turner and Randall (1987) use climatic data, including
measurements of rainfall and air temperatures, to predict
initial dates of phenologies in the Mojave Desert. In this
study, large yearly variations in phenological timing at the
same elevation were more strongly associated with winter
precipitation than winter air temperatures. Abundant win-
ter rainfallin 1992, 1993, and 1995 would advance the initial
date of phenophases in blackbrush at my study sites, which
concur with Rundel and Gibson’s (1996) study in southern
Nevada. Mean monthly winter air temperatures fluctuated
a few degrees only and showed no strong relationship with
mean winter precipitation in southern Nevada. High winter
precipitation and low winter air temperatures were not
always associated at my study sites. In addition to rainfall
and air temperature variations, other potential factors, such
as photoperiod and resource reserves, may explain observed
variations in vegetative and reproductive phenologies for
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Figure 4—Relative amount of litter tissues of 15 individual blackbrush plants at lower (A) and upper (B) blackbrush
ecotones in Lee Canyon. Litter was collected from the spring growing season to the initial summer dry season from March

through June 1996 and 1997.

116

USDA Forest Service Proceedings RMRS-P-11. 1999



blackbrush in southern Nevada. Although not quantita-
tively examined in this study, photoperiod may affect veg-
etative and reproductive development in blackbrush plants.
Blackbrush plants appear to have evolved ecotypes at the
phenological level. This adaptive response may partially
explain why blackbrush plants show variations in the onset
of vegetative and reproductive phenologies at different
elevations.

Moreover, temporal and spatial differences in total litterfall
distribution and relative amount oflitter tissues in blackbrush
were detected. Such differences may be strongly attributed
to variations in precipitation and air temperature (cli-
matic) patterns in winters between the 1996 and 1997
years. Although southern Nevada is characterized by hot,
dry summers and cool, moist winters, the timing and total
amount of precipitation vary substantially from year to year,
which can influence the litterfall distribution in time and
space. Among blackbrush litter tissues, leaves comprised
most, stems were second in importance, and flowers contrib-
uted the least litter, which correspond with Rundel and
Gibson’s (1996) study. Between the 2 years, more older
leaves dislodged from shrub canopies as drought intensified
in 1997.

Flowers exhibited the least amount of litter in this study
because blackbrush plants have no true petals. Blackbrush
is an anemophilous plant. Anemophily may occur in plant
species that occupy open and often arid habitats, and may
occur in monospecific stands (Stebbins 1974; Pendleton and
Pendleton 1995). At my study sites, blackbrush form nearly
monospecific stands. Wind pollination is also evident in
other members of the Rosoideae, the subfamily to which
blackbrush belongs (Pendleton and Pendleton 1995).

Conclusions

The onset of vegetative, floral, and reproductive phenolo-
gies was not synchronous throughout the elevations and
from year to year within the same elevation among
blackbrush populations at Lee Canyon of southern Nevada.
The mean first dates of shoot budding leafing, flower bud-
ding, flowering, fruiting, and leaf shedding occurred signifi-
cantly earlier at the lower than upper blackbrush ecotone.
The mean interval between first appearance of blackbrush
leaves and their first flowers was 6 to 8 weeks. On the
average, anthesis occurred over a period of 2 weeks, with
the shortest flowering period in the upper ecotone and the
longest in the lower ecotone. The mean interval between
first appearance of blackbrush flowering and their first
fruits was 2 to 3 weeks. Significantly greater flower cover
per plant was found in the nearly monospecific blackbrush
stands compared to the adjacent ecotones.

Distribution oflitter tissues in various parts of blackbrush
were considerably different from year to year and among
three elevational sites. Leaves consistently contributed the
greatest amount of litter, followed by stems, fruits, and
flowers, in descending order of abundance. Flowers contrib-
uted the least amount of litter because blackbrush are
anemophilous plants with no true petals. Favorable climatic
conditions, especially precipitation, led to a greater repro-
ductive litterfall, while unfavorable conditions led to a greater

USDA Forest Service Proceedings RMRS-P-11. 1999

vegetative litterfall. Among the three elevational sites, the
greatest reproductive litterfall consistently occurred at the
upper blackbrush ecotone, while the greatest vegetative
litterfall consistently occurred at the lower ecotone in Lee
Canyon of southern Nevada.
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Biodiversity in the Management of the
Shrub Zizyphus nummularia with Special
Reference to Semiarid Regions in India

Jasleen Kaur
K. M. M. Dakshini

Abstract—Habitat characteristics influence the behavior of plants.
Diverse forms of a species in terms of morphology or behavior
should, therefore, suggest not only the mosaicness of the habitat
factor(s) but also the ecological status of those forms. To test this
hypothesis the shrub Zizyphus nummularia, a conspicuous compo-
nent of open scrub vegetation cover of semiarid regions of north/
western India, was investigated. The populations sampled were
distinguished on the basis of leaf shape into two types viz. elliptical
and orbicular. The orbicular form was more common in disturbed
habitats, occurred in relatively poor soils, and accumulated lower
concentrations of nutrients as compared to the elliptical. Analysis of
data suggested that this diversity was with reference to mosaicness
in the habitat. Significance of data collected to manage scrub
vegetation and rangelands has been argued.

In contrast to closed vegetational cover, niche occupation
in open, disturbed, or degraded habitats is not complete. In
such a situation, therefore, the vegetational cover is dis-
continuous and uneven. Also, due to disturbance in the
community equilibrium, homeostasis and stability are af-
fected, and this should cause evolution/selection of adaptive
forms occupying the available niches, supported by differ-
ent eco-physiological responses. In thisrespect the degraded,
disturbed, or open habitats are more similar to ecotones in
general. As a corollary to this, diverse forms in terms of
morphology or behavior should, therefore, suggest not only
the mosaicness of the habitat factor(s) but the status of
those forms as well, especially, if they belong to the same
species. To test this hypothesis the shrub Zizyphus
nummularia (Burm. F.) Wight and Arn.(Rhamnaceae), a
conspicuous component of open scrub vegetation cover of
semiarid and arid regions of north/western India, as well as
an important fodder source for sheep and goat, was selected
for investigations.

Study Area

The study covers the metropolitan city of Delhi and its
adjoining areas between 28° 12'-28° 53' N and 76° 50'-77° 23' E
longitude. Eighteen sampling sites were chosen in this
region that represent a wide range of ecological conditions in

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.

Jasleen Kaur is Research Fellow and K. M. M. Dakshini is Professor,
Department of Botany, University of Delhi, Delhi 110007 India.
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the last trail end extension of the Aravalli Range. The
climate is of semiarid nature with marked diurnal differ-
ences of temperature, high saturation deficit,and moderately
low rainfall. It is markedly periodic and is characterized by
adry and increasingly hot season from March to June, a dry
and cold winter from October to February, and a warm
monsoon period from July to September (Maheshwari 1963).
The soils of the area sampled are aridisol, sandy loams
(Inderjit and Dakshini 1996).

Materials and Methods

Three quadrats were laid at each of the 18 sampling sites,
and six-eight plants from each of the three quadrats were
selected. Sampling was carried out during the months of
April-May for 2 years, 1997 and 1998. Plants at this time are
generally at their peak of growth. The leaf samples from
each of the marked shrubs were collected at fixed nodes. The
soil was collected from the surface and at 40-50 cm depth
from four different locations of the quadrat. The height
and spread of each of the shrubs were recorded in the field.
Leaf samples were rinsed with double distilled water and
oven dried at 45 °C for 48h. These were then analyzed for
leaf area (Leaf Area Meter, Delta T Devices LTD UK) and
weight using replicates of 10 leaves each and leaf specific
weight (LSD) calculated in mg cm 2. Leaf samples were
also analyzed for ash content (in a muffle furnace at 550 °C
for 3h), Ca, Mg, Na, K, Zn, Cu (Atomic absorption spec-
trophotometer, GBC 902, Australia), PO, (Molybdenum blue
method) and organic N (indophenol blue method) following
Allen (1989). Composite soil samples for each of the quadrat
were air dried and sieved using a 2 mm sieve. These were
analyzed for the pH, electrical conductivity (EC), HCOs,
Cl, and organic carbon (OC) following Piper (1966); for ex-
changeable Ca, Mg, Na, K, Zn, Cu (Atomic Absorption
Spectrophotometry), and P (Molybdenum blue method) fol-
lowing Allen (1989). All the analyses were carried out in
triplicates.

Data on all these variables from all the sites were pooled
and infraspecific comparisons were carried out using vari-
ous statistical procedures. One-way analysis of variance
(ANOVA) was used to compare the two different leaf forms,
namely elliptical and orbicular, individually for each of the
variables analyzed. The relative contribution of each vari-
able toward defining the discrimination between the two
forms were assessed using Discriminant Function Analysis
(DFA) separately for leaf and soil variables (Capone and
Kushlan 1991; Inderjit and Dakshini 1994; Sharma and
Dakshini 1998; Williams 1983). Also, an inter-variable cor-
relation matrix was computed for each form to evaluate the
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Figure 1—Shapes of the leaves in the ellipti-
cal (top) and orbicular (bottom) forms of Z
nummulana.

degree of inter-relatedness of all the variables in the analy-
sis. All the analyses were carried out using SPSS statistical
software (SPSS PC 1986).

HPLC analysis was carried out to study the variation in
phenols of the two diverse forms. Methanolic extracts of
leaves were subjected to HPLC (JASCO 860) analysis. Re-
verse phase chromatography was carried out using a steel
column (Gasukuro kogyo, Intersil ODS-2, 4.6 x 150 mm).
The wavelength UV detector was set at 275 nm. The flow
rate was 0.5ml/min, and the volume injected was 5 ml.

Results

Analysis of the data showed that the populations sampled
could be grouped into two types based on the leaf morphol-
ogy, i.e., elliptical and orbicular (fig. 1). These two leaf types

were significantly different (table 1) in many of the variables
analyzed. While leaf K, PO,, area, org N, Cu, and Mg were
higher in the elliptical form, leaf weight, Ca, Na, Zn, LSW,
and plant height and spread showed higher values in the
orbicular form (table 1). Discriminant analysis of the two
forms on the basis of the 14 leaf variables showed that K,
PO,, and LSW contributed most in discriminating the two
forms (table 1).

Significant differences were also seen in the soils associ-
ated with the two diverse forms. All the soil variables
(excepting Cl, Cu, and pH) had higher values in the elliptical
form associated soils. DFA showed that EC, Zn, and K were
the most discriminating soil variables between the two
forms associated soils (table 2).

Additionally, the patterns exhibited by the HPLC phe-
nolic profiles were qualitatively and quantitatively very
different in the two forms of Z. nummaularia. The elliptic
form had higher phenolic content in comparison to the
orbicular form (fig. 2).

A comparison of the correlation matrices of the elliptical
and orbicular forms based on the leaf and soil characteris-
tics analyzed showed that the orbicular form exhibited a
greater number of significant (p <0.05) leaf-leaf, leaf-soil,
and soil-soil correlations in comparison to the elliptical form
(table 3 and 4). Only very few correlations (positive or
negative) were common to both the forms, thereby exhibit-
ing an entirely different set of leaf-leaf, soil-soil, and leaf-soil
interactions in the two forms.

Of all the leaf variables that discriminated between the
elliptical and orbicular forms, i.e., K, PO4, and LSW, none
was correlated with any other leaf or soil variable in the
former (table 3). In contrast, in the latter form, leaf K was
correlated with leaf Na and plant spread and soil K, Na,

Table 1—Statistical analysis of plant characteristics of two diverse forms of

Zizyphus nummularna.
DFA Mean = standard deviation ANOVA

Variable DF correlation Elliptical Orbicular P
K2 0.38295° 3.187 £ 0.373° 0.833 +0.139 o
P 0.23682° 0.323 = 0.054° 0.133 £ 0.015
LSW -0.17598° 46.38 = 15.984 9 149.156 + 20.06 i
Area 0.12497 273.86 = 29.58 120.942 + 41.97 o
Org N 0.11797 4.975 + 1.458° 1.49 + 0.862 i
Ca —0.07653 1.407 = 0.589° 2.358 + 0.408 i
Na 0.07244 0.57 +0.136° 0.407 = 0.051 o
Cu 0.06470 119.88 = 32.64 ¢ 76.585 + 18.60 e
Zn —0.04167 114.37 £ 15.299 145.938 + 26.94 *

Spread —0.03314 0.266 +0.278' 0.701 + 0.450 *

Weight —0.02974 128.33 £ 51.92° 177.083 = 52.29 NS
Mg 0.02359 0.427 = 0.183° 0.353 + 0.072 NS
Height —0.00787 0.878 +0.695" 0.990 + 0.318 NS
Ash —0.00002 7.021 +1.370° 7.061 = 1.878 NS

8Variables ordered by size of pooled within-group correlation between discriminating

variables and canonical discriminant function.
bSignificant correlation within the function.

CO/O

ug g’
emg
fmm2
9mg cm?
"m

im?; * p<0.05; ** p<0.01; ***p<0.001; ****p<0.0001; NS-not significant.
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Table 2—Statistical analysis of soil characteristics of two diverse forms of Zizyphus

nummulara.
DFA Mean =+ standard deviation ANOVA

Variable DF correlation Elliptical Orbicular P

EC? -0.19901 183.398 = 3.242 177.173 = 2.669
Zn -0.18126° 5.529 + 0.153¢ 3.342 + 0.390 il
K —-0.17975° 120.125 + 25.98° 83.25 + 5.933 il
P —0.16421 6.562 = 0.057° 1.248 + 0.153 i
oC 0.16062 1.11 = 0.042° 0.518 +0.113 il
Cl -0.15232 0.01 = 0.00° 0.012 + 0.003 *

Ca 0.14865 314.45 = 19.163° 260.834 = 17.05 i
Mg 0.13728 38.75 + 1.768° 32.5 £ 2.955 il
HCO3 0.10694 0.0519 + 0.004° 0.0407 = 0.005 el
pH 0.08558 7.07 =+ 0.014 7.36 = 0.055 e
Cu —-0.07833 1.152 + 0.008¢ 1.333 £ 0.117 il
Na —-0.05078 55.75 = 10.607° 43.708 = 1.543 el

8Variables ordered by size of pooled within-group correlation between discriminating

variables and canonical discriminant function.

bSignificant correlation within the function.
°mg; 100g~"
d

€oy

fumhos cm™; * p<0.05; **** p<0.0001.

POy, and Zn positively and with soil EC negatively (table 4).
Similarly, leaf PO, was correlated with leaf Cu, Na, and Mg,
and soil Na and PO, positively, and with soil EC negatively
in this form. Also, its LSW was correlated with leaf Mg,
plant spread, and soil Ca, Mg, Na, OC, and pH positively and
with leaf Zn and Ca and soil Cu and EC negatively.

The discriminating soil variables (i.e., EC, Zn, and K) also
did not show any correlations in the elliptical forms
(table 3). On the other hand, in the orbicular form (table 4)
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Figure 2—HPLC profiles of phenols of methanolic
extracts of orbicular (top) and elliptical (bottom) leaves
of Z nurmmularia.
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these variables were highly correlated. Soil EC was corre-
lated positively with leaf Ca and Zn and soil Cu, and
negatively with plant height, leaf K, Na, PO,, Mg, weight,
and LSW, and soil Ca, Mg, Na, OC, and pH. Similarly, soil
Zn was correlated positively with leaf Cu, Na, and Zn, and
soil Cu, K, and PO, and negatively with plant height, soil
Ca, HCO3, Mg, and OC. Also, soil K was correlated positively
with leaf Cu, K, Na, and Zn, and soil Cu, Na, POy, and Zn,
and negatively with leaf N and soil Ca, HCO3, Mg, and OC.

Discussion

The data demonstrate infraspecific diversity in Zizyphus
nummularia. These diverse forms can be distinguished into
two groups, viz. one having prominently orbicular leaves
and the other having elliptical leaves. Also, the orbicular
form is associated with rounded fruits and the elliptical form
with the oblong fruits. Interestingly, these two infraspecific
types occupy different habitats with special references to
soil characteristics (table 2). Elliptical-leaved type inhabits
soils with higher concentrations of nutrients and organic
matter, as well as higher electrical conductivity as compared
to orbicular-leaved type.

A correlative assessment of the data based on 14 leaf
and 12 soil variables shows that the orbicular form exhibits
a higher degree of coordination within itself and with the
soil conditions. This would suggest that the orbicular form
is comparatively a physiologically stable system (E1 Ghonemy
1978) and its response is well modulated according to the
general ecological conditions of the area (Solbrig 1979).
On the other hand, the elliptical form lacks such an inte-
gration. Instead, its successful survival is independent of
substratum conditions (Sharma and Dakshini 1998).

Further, the patterns of mineral cycling also vary in the
two forms. The concentrations of Cu, K, Mg, Na, org N, and
PO, are higher in the leaves of the elliptical form as
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Table 3—Correlated leaf and soil variables of elliptical form on the basis of pooled data.

Leaf Soil
Positive Negative Positive Negative
Plant  Height
Spread Zn Ca
Leaf Area
Ash
Ca
Cu Org.N
K
Mg
Na Cl.LHCO3;,0C Cu,pH,PO,
Org.N Cu
PO,
LSW
Weight
Zn Spread Ca
Soil Ca Spread Zn
Cl Na HCO;,0C Cu,pH,PO,
Cu Na pH,PO, Cl, HCO3,0C
EC
HCO;3 Na Cl,0C Cu,pH,PO,
K
Mg
Na
oC Na CILHCO3 Cu,pH,PO,
pH Na Cu,PO, CI,HCO3.0C
PO, Na Cu,pH CILHCO5.0C
Zn
p <0.05
Table 4—Correlated leaf and soil variables of orbicular form on the basis of pooled data.
Leaf Soil
Positive Negative Positive Negative
Plant  Height Wt,Spread Na,OC EC,Zn
Spread LSW,Wt,Ht,K Zn,Ca,Mg Ca,HCO3,Mg,Na,0C,pH Cu,EC
Leaf Area Org N,Wt
Ash Mg Cu HCOg3,pH
Ca Zn LSW,Spread Cu,EC Ca,HCO3,Mg, OC,pH
Cu Na,PO,4,Zn Cu,K,PO,4,Zn Ca,HCO3,Mg, OC,pH
K Na,Spread K,Na,pH,PO,4,Zn EC
Mg Na,PO,4,LSW,Wt,Spread Zn Ca,Mg,Na,0C,pH,PO, Cu,EC
Na Cu,K,PO4,Mg K,PO4Na,Zn EC
Org. N Area,Wt K,PO,
PO, Cu,Na,Mg Na,PO, EC
LSW Mg,Spread Zn,Ca Ca,Mg,Na.OC,pH Cu,EC
Weight Ht,area,Mg, Spread Ca,Na,0C EC
Zn Cu,Ca LSW,Mg,Spread Cu,EC,K,Zn Ca,HCO3,Mg, OC,pH
Soil Ca LSW,Mg,Wt Cu,Zn,Ca HCO,Mg,0C,pH Cu,K,EC,Zn
Cl
Cu Cu,ash,Zn,Ca LSW,Mg EC,Zn,K Ca,HCO3,Mg, OC,pH
EC Ca,Zn Ht,K,Na,PO,4, LSW,Mg, Wt Cu Ca,Mg,Na,OC,pH
HCO4 Cu,Zn,ash,Ca Ca,Mg,0C,pH Cu,K,PO,,Zn
K Cu,K,Na,Zn Org N Cu,Na,POy4,Zn Ca,HCO3,Mg, OC
Mg LSW,Mg Zn,Cu,Ca Ca,HCO3,0C,pH K,PO4,2Zn
Na Ht,K,Na,PO,,LSW,Mg,Wt K,pH,PO, EC
oC Ht,LSW,Mg,Wt Cu,Zn,Ca Ca,HCO3,Mg,pH Cu,EC,Ca.Zn
pH K,LSW,Mg Cu,Zn,ash,Ca Ca,HCO3,Mg,Na,0C Cu,EC
PO, Cu,K,Na,PO, Org N K.Na HCOj3,Mg,Zn
Zn Cu,K,Na,Zn Ht Cu,K,PO, Ca,HCO3,Mg, OC
p <0.05
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compared to the orbicular form that has higher Ca and Zn.
However, the values of LSW, leaf weight, height, and spread
are considerably lower in the elliptical form in comparison
to the orbicular form. The higher concentration of leaf
organic N in the elliptical form would suggest that this
form is comparatively more photosynthetically efficient
(Field and Mooney 1986). Furthermore, the data also sug-
gest that, in spite of the higher nutrient uptake, the nutrient
use efficiency is lower in elliptical form as opposed to the
orbicular form (Vitousek 1982). This may also suggest that
the carbon gain per unit of the nutrients taken up from the
substratum is higher in the orbicular form as compared to
the elliptical form (Boerner 1984). The low LSW and leaf
weight values in elliptical leaves would also mean a faster
release of nutrients through mineralization under it
(Chabot and Hicks 1982). This observation is further sub-
stantiated by higher HCOj3 values (i.e., high microbial activ-
ity) and also the higher concentration of the nutrients in the
soils associated with the elliptical form as compared to the
orbicular form. Additionally, the higher phenolic content
of the elliptical leaves suggests reallocation of photosyn-
thates for the production of secondary metabolites (phenols).
This should make an otherwise nutritious forage (Pareek
1983) of this form more bitter and less palatable. Whether or
not the increase in the concentration of phenolic content in
the elliptical form is under the stress of the herbivory
needs to be investigated (Tang and others 1995; Tuomi
and others 1984).

In view of the economic importance (fodder especially for
goat and sheep, medicinal, erosion control) of this naturally
occurring species the data are of applied value for the
management of habitats in the semiarid and arid environ-
ments. The ecophysiologically different infraspecific forms
shall provide ways to meet the challenges in the manage-
ment and improvement of degraded habitats, either through
revegetation or through maintenance of the existing mar-
ginal habitats available in harsh environments.

As evident from the data, the elliptical form shall be more
suitable for reclaiming degraded lands (Hansen 1989) be-
cause it is relatively less preferred by the grazers (informa-
tion gathered from local shepherds). Also, through its higher
uptake and release of nutrients it can initiate recovery,
productivity, and stability of the plant-soil complex. On the
other hand, orbicular form can help inimproving rangelands
(Omar-Draz 1989) as it provides valuable forage, checks
erosion, and also maintains the stability of the substratum
without altering the physico-chemical balance (l.c.)

Thus whereas one form can be used for reclamation of
marginal lands, the other can be utilized for the mainte-
nance of the unique ecological systems of the arid areas.
The data presented not only support the hypothesis that
species alone is no longer an adequate base for the adaptive
shrubs for revegetation (Plummer and others 1970a) but
also bring out the importance of such studies in the man-
agement of range and degraded lands.
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Population Dynamics of a Perennial
Halophyte Allenrolfea occidentalis

Bilquees Gul
Darrell J. Weber
M. Ajmal Khan

Abstract—Demography and population biology of a perennial
halophyte, Allenrolfea occidentalis, was studied during the growing
seasons (May to November) of 1996 and 1997. Soil samples were
collected monthly from the playa throughout the growing seasons
for two years and analysed to determine the conductivity, pH, soil
moistures and ions. During the study period, the population was
exposed to wide variations in soil salinity from low to high and soil
moisture ranging from very wet to drought levels. Seasonal changes
in dry weight was directly related to soil salinity stress. When
salinity levels become low, the dry matter production increases. The
population of A. occidentalis suffered heavy mortality in 1996 due to
the high salinity and temperature stress. Plant growth reached its
maximum in July and succulence decreased with aging of plants.
Results indicate that community vegetation respond differently to
the environmental changes in 1996 and in 1997. Salinity, tempera-
ture and precipitation have a major effect on the survival and
growth of A. occidentalis under field conditions.

The distribution of plant species in saline environments of
inland western United States is closely associated with soil
water potentials and other factors influencing the level of
salinity stress, including microtopography, precipitation,
and depth of water table (Young and others 1995). There are
certain areas in western Utah, where the salt content is high
enough to form thick salt crusts on the top of the soil making
plant growth of any kind impossible, on such areas some of
the more salt tolerant plants survive with little or no compe-
tition and Allenrolfea occidentalis (Wats.) Kuntze is one of
them (Quigley 1956). Allenrolfea occidentalis is a perennial
chenopod, which colonizes extremely saline habitats of the
temperate desert basins. Plant communities dominated by
A. occidentalis offer the extreme in adaptations to survival
and growth under moisture stress (Young and others 1995).
During the growing season A. occidentalis plants are sub-
jected to a great variation in edaphic conditions (Trent and
others 1997). Seasonal variation in soil salinity in saline
habitats is well documented and is directly influenced by the
fluctuations in soil moisture levels (Ungar 1973, 1978a;
Waisel 1972). Young and others (1995) showed that the
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A. occidentalis plants have to allow salts to enter through
root membranes and the physiology of the plant changes
from the wet to dry years due to the increase in soil salinity.
Flanagan and Jefferies (1988) reported that as salinity
increased, photosynthesis in Plantago maritima declined
17 to 14 umol m 2.8 while leaf conductance dropped mark-
edly. Transpiration and photosynthesisinvolve gas exchange
between the plant and atmosphere through the stomata and
are well known to decrease with water stress (Fisher 1976)
or salinity (Khan and others 1976).

Halophytic species commonly exhibit quite high concen-
trations of several salt ions in various plant organs or the
entire plant. Although the salt accumulating nature of
halophytes has been recognized for many years, now it has
been proven that sodium is essential to the growth of most of
the chenopodiaceae (Brownwell and Wood 1957; Brownwell
1965; Moore and Caldwell 1972; Naidoo and Rughunanan
1990; Khan and others 1998). Terrestrial halophytes utilize
the controlled accumulation and sequestration of inorganic
ions, chiefly Na* and K balanced by Cl°, as the basic
mechanism by which they adjust the osmotic potential of
their internal tissue to the external salinity (Flowers and
Yeo 1986; Cheeseman 1988).

In this study, the environmental conditions as they affect
growth of a natural population of Allenrolfea occidentalis
during the growing seasons in an inland salt playa of the
Great Basin desert, are reported. The objective of this study
was to study the effect of variation in soil salinity and
temperature on the growth and ecophysiology of A. occiden-
talis under natural conditions.

Materials and Methods

Study site

The site chosen for this study is a salt playa east of
Goshen, northwestern Utah. It is an area of flat, low-lying
ground in the bottom of a fairly wide valley that spreads out
at the southern end into a vast stretch of flat, salt incrusted
plain. The area contains numerous salt marshes and salt
playas with nearly pure stands of Allenrolfea occidentalis.

The point centered quarter method (Cottam and Curtis
1956) was used to sample the vegetation over 20 random
points and relative frequencies were calculated for each
species in the community. During the spring of 1996, three
transects were established in the salt playa. These transects
ran through the community and were approximately paral-
lel to the marsh. Fifteen permanent quadrats (100 x 100 m?)
were established on three transects, three replicates on each
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site. The number of plants surviving in each plot and their
cover were counted monthly throughout the growing season
from May to November 1996 and 1997. In order to reduce
disturbance in quadrats, ten equal sized plants were ran-
domly collected from the area in the vicinity of each quadrat
every month of the growing season for two years. Plants were
separated into leaves, stem and root. Allenrolfea occidenta-
lis does not have trueleaves but they form jointed, seemingly
leafless stems. The green leafy succulent portion is consid-
ered here as leaf while woody portion as stem. Fresh and dry
weight of the plants was recorded before and after drying the
material in an oven at 80°C for 48 h.

For ion measurements 0.5 gram of plant material was
boiled in 25 ml of water for two hours at 100°C using a dry
heat bath. This hot water extract was cooled and filtered
using Whatman no. 2 filter paper. One ml of hot water
extract was diluted with distilled water for ion analysis.
Chloride, nitrate and sulphate ions contents were measured
with a DX-100 ion chromatograph. Cation contents Na*, K",
Ca®" and Mg®" of the plant organs were analysed using a
Perkin Elmer model 360 atomic absorption spectrophotom-
eter. The net photosynthesis rate of four replicates per
quadrat were taken with an LI-6200 portable photosynthe-
sis system (LI-COR, Inc., Lincoln, NE). The level of stress in
plants growing in field conditions were measured with CF-
1000 chlorophyll fluorescence measurement system. The
water potential was measured using a Plant Moisture Stress
Instrument (PMS Instrument Co.).

Ten surface soil (to a depth of 15 cm) and 10 subsurface (to
a depth of 30 cm) soil samples were collected monthly from
the A. occidentalis community during the growing season.
Soil moisture was measured by weighing 12 g of samples,
oven drying them at 136°C for 24 h and reweighing them to
determine the water loss. Percent soil moisture was calcu-
lated as percentage weight of water in dry soil. Then for the
determination of organic contents of the soil these samples
were dried at 360°C for 24 h.

Five grams of soil mixed with 25 ml of distilled water were
shaken and filtered using Whatman no. 1 filter paper. PH
(pH meter) and soil conductivity (model-10 portable conduc-
tivity meter) were measured. The results of growth, ion
contents, net photosynthesis, water potential and stress
were analysed using three way ANOVA. A Bonferroni test
was carried out to determine if significant (P <0.05) differ-
ences occurred between individual treatments (SPSS 1996).

Results

A three way ANOVA showed a significant individual
effect of quadrats F = 28.71, (P <0.0001) and years F = 7.02,
(P <0.001), while months were not significant in affecting
basal area. Interactions between quadrats, years and months
were also significant (P <0.0001). Phytosociological survey
showed that the salt playa community has an almost pure
population of A. occidentalis a few individuals of Salicornia
rubra, Salicornia utahensis and Distichlis spicata were
present. Quantitative data indicated that A. occidentalis
had consistently high coverin the intermediate plots through-
out the growing season of 1996 (fig. 1). The overall cover of
the plants in the A. occidentalis community was higher in
1996 than 1997.
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Figure 1—Seasonal pattern of dry weight (g plant™)
of leaf, stem and root of plants collected from an
Allenrolfea occidentalis community. Bar represents
mean + S. E.

Athree way ANOVA showed a significantindividual effect
of plant parts, years and months and their interactions in
affecting dry weight of A. occidentalis plants. Plants col-
lected from the field were analysed for leaves, stem and root
fresh and dry weights. Allenrolfea occidentalis plants col-
lected on August 1996 had greater dry weights than plants
collected in other months (fig. 1). The fresh and dry weights
of the plants increased gradually from May to September
and then decreased.

Athree way ANOVA showed a significantindividual effect
of months (P <0.0001) and years (P <0.0001), while soil
layers were not significant in affecting pH (table 2). The
surface soil pH was generally higher and fluctuated more
than the corresponding subsurface pH. The subsurface pH
of the soil changed very little during the growing season
(table 1 and 2). The decrease in pH of the surface soil
appeared to be correlated to the amount of rainfall. A
decrease in the pH of the surface soil occurred in May to July
1997 due to heavy rainfalls, it was generally inversely
proportional to the increase in subsurface pH.
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Table 1—Seasonal variation in the pH, conductivity (ds/m), moisture content (%) and organic
content (%) of the soil from A/lenrolfea occidentalis community during the year of 1996.

Conductivity Moisture Organic
Months Soil layers pH ds/m contents contents
------ Percent - -----
May Surface 8.0 = 0.01 135 =19 14 +1.2 3.8+0.9
Subsurface 8.2 £0.09 78 £ 13 19 +15 27+0.9
June Surface 7.5 +0.04 132 +8.5 11 £0.37 2.2+0.22
Subsurface 7.6 £0.07 137 + 22 14 =+ 0.64 2.4 +0.27
July Surface 8.2 +0.02 160 = 16 12 + 0.7 1.8+0.34
Subsurface 8.1 +0.03 118 +9.0 15 1.3 3.0+1.3
August Surface 7.9 +£0.03 161 £6.0 12 +1.1 3.0+26
Subsurface 7.7 +0.05 91 +13 14 = 0.51 1.3+0.71
September  Surface 7.9 £0.02 99 =+ 21 12 +1.8 3.1+15
Subsurface 7.6 +0.06 74 +7.0 1219 3.4 +0.81
October Surface 8.3 +0.08 109 £ 7.0 11.4 + 0.88 2.1+0.28
Subsurface 8.2 +0.08 73 £5.0 16 +1.2 2.4 +0.33
November Surface 8.2 +0.02 87 +8.0 12 = 0.61 1.9 £ 0.60
Subsurface 8.1 £0.03 78 4.0 16.2 + 1.1 1.8+0.39

Table 2—Seasonal variation in the pH, conductivity (ds/m), moisture content (%) and organic
content (%) of the soil from Allenrolfea occidentaliscommunity during the year of 1997.

Conductivity Moisture Organic

Months Soil layers pH ds/m contents contents
------ Percent ------

May Surface 8.0 £0.03 109 = 4.0 9.2+1.3 2.9+0.46
Subsurface 8.1 +0.09 88 +2.0 1514 2.4 +0.08

June Surface 7.8 =0.11 147 = 11 10214 3.4+0.18
Subsurface 8.1 +£0.08 107 =12 11.8+1.4 4.1+0.19

July Surface 7.9 £0.02 138 = 11 14 £12 2.9 +0.19
Subsurface 8.1 +0.06 93 +9.0 14 = 0.53 3.7 +0.40

August Surface 7.5 +0.07 145 £ 12 12.1 £ 0.50 2.9 +0.16
Subsurface 7.8 +0.08 108 = 8.0 11 +0.36 3.7 £0.40

September  Surface 7.3 £0.02 135 £ 13 13.3 + 0.95 2.0+0.19
Subsurface 7.3+0.04 68 +9.0 14.3 = 0.76 3.5+0.75

October Surface 7.3 +0.02 122 £ 12 10.7 = 0.65 2.2+0.28
Subsurface 7.4 +0.01 96 = 11 15.4 +1.07 2.8+0.33

November Surface 7.5+0.05 106 =12 12.9 + 0.55 1.3+0.60
Subsurface 7.4 +0.02 83 +9.0 16.1 + 0.86 2.4 +0.20

Soil conductivity remained high throughout the growing
season except for the period when it received summer rains
(table 1 and 2). A decrease in soil solution conductivity
occurred in the fall to levels found in early spring (table 1
and 2).

The sub-surface moisture content was higher than the
surface soil moisture throughout the growing season except
for the months of October 1996 and July 1997, when the
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salt playa had an increase in surface soil moisture due to the
rainfall (table 1 and 2).

A three way ANOVA showed significant individual effects
of plant parts, years, months and their interactions in
affecting the ion contents of A. occidentalis except for the
interactions of CI” ion. The Cl™ ion content in A. occidentalis
tissues (leaf, stem and root) remained constant throughout
most of the growing season of 1996 and 1997 (fig. 2). Na ion
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Figure 2—Monthly variation in ion contents of leaf, stem and root of

Allenrolfea occidentalis during the year of 1996.

concentration gradually increased from 1,000 mM to
35,000 mM in 1996, and 28,000 mM in 1997 (fig. 2 and 3). K*
ion concentration in leaves was significantly higher in Au-
gust. However, K' concentration was significantly lower in
stem as compared to the leaves and roots. The K* ions in
leaves and roots decreased significantly during the months
of low salinity. The major cation macronutrients Ca™ and
Mg** differed in their availability patterns throughout the
growing seasons (fig. 2 and 3).
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Photosynthesis rates was significantly higher in August
than the other months, which did not significantly differ
from each other (table 3). The monthly values of F,/F,, were
always low and showed high stress in the field plants. Water
relation parameters of the plants were measured to see if
they might be related to the differences in plant growth in
field conditions. Water potential of the A. occidentalis was
significantly greater in July to October (table 3). Water
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Figure 3—Monthly variation in ion contents of leaf, stem and root of

Allenrolfea occidentalis during the year of 1997.

potentials of shoots decreased significantly with increase in
salinity (table 3).

Discussion

An Allenrolfea occidentalis population in a Great Basin
salt playa was exposed to great variations in environmental
conditions. This exposure to soil salinity varying from
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29-146 dS m™ and soil moisture ranging from drought to
very wet levels affected the growth of A. occidentalis. Young
and others (1995) reported that the A. occidentalis commu-
nities of the salt deserts in Great Basin are distributed
continuously, with inclusion of stable sand dunes that rise
5 to 10 m above the lake plain. He also concluded that the
mounds on the playa surface that predominantly support
A. occidentalis plants are successionally dynamics.
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Table 3—Mean = S. E. for water potential, photosynthesis and stress under field

conditions.
Water potential Stress Net photosynthesis
Months (-Mpa) (F/Fpm) (umol m2s™)
May 36.8+1.2 0.50 = 0.035 3.8+0.43
June 426 1.3 0.69 = 0.037 41 +0.49
July 706 +5.4 0.74 = 0.032 51+1.2
August 87.6+4.3 0.75 = 0.032 9.2+1.2
September 88.8 + 86 0.58 + 0.033 5.7 £0.57
October 82.4+3.6 0.46 = 0.046 0.0+0.0
November 34.4 = 3.6 0.52 = 0.031 0.0+0.0

Dry matter production under saline conditions increases
with decreases in salinity (Chapman 1974; McGraw and
Ungar 1981; Gul and Khan 1994). Seasonal changes in dry
weight accumulation observed in this investigation appear
to be directly related to soil salinity stress. The greatest
increase in dry matter production in August and September
appear to be related to increased photosynthesis and main-
tenance of osmotic balance despite high soil salinity.

The salt playa community of A. occidentalis faces stress-
ful conditions throughout the growing season. During drought
conditions the saline soils become dry and were more stress-
ful to the plants. During such conditions the dry mass
production of plants affected by salinity, pH and conductiv-
ity increased which shows that dry season promotes salinity
increases and affects the plant growth. There is an adaptive
capability of A. occidentalis to grow better in high salinity
areas (Young and others 1995). Marks (1950) reported that
A. occidentalis in the lower Colorado desert form pure dense
stands on the moist saline soils. It is usually an indicator of
soils which are heavy textured ranging from silt loam to clay.

The high moisture content of the soil and the subsequent
evaporation may have had a cooling effect upon the tempera-
ture of the soil. Both lower temperatures and high relative
humidity would have a favorable effect on plant growth. An
increase in moisture stress throughout the season primarily
due toincreases in salt from underground sources and slight
decreases in soil moisture.

Many species in the chenopodiaceae accummulate large
amounts of Na and Cl when the external salinity is high
(Albert 1975; Tiku 1975; Ungar 1978b; Flowers and Yeo
1986). Sodium and chloride were the two principal ions
responsible for increases in osmotic potential of soil samples
(Hansen and Weber 1975). They were also responsible for
85 to 95 percent of the osmotic potentials of Salicornia
utahensis. Donovan and others (1997) reported the similar-
ity of high leaf sodium in Sarcobatus vermiculatus from
different sites throughout the growing season. They con-
cluded that high leaf Na™ similarity throughout the growing
season indicates a dominance of Na" nutrition over the
entire gradient, and a possible upper boundry of Na accu-
mulation and tolerance for S. vermiculatus. Na* uptake
necessary for osmoregulation in halophytes, can start as
soon as seedlings germinate, allowing the seedlings to main-
tain water uptake, turgor and growth (Eddleman and Romo
1987; Romo and Haferkamp 1987). Concentration of Na*
was lower in A. occidentalis root and shoot cells in compari-
son with the external solution. It is possible that the
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permeability of A. occidentalis root and shoot to Na™ is low
and that the Na* entering the root by passive diffusion is
probably removed by active efflux. This further supports the
idea of root control over the inflow of Na* in higher salinity
modalities. In saline and alkaline soils, availability of the
cation macronutrients, K", Ca*™, and Mg"™" may also be
limited (Marschner 1995; Vasek and Lund 1980). Leaf K",
Ca™, and Mg"* were all consistent in Sarcobatus (Rickard
and Keough 1968; Glenn and O’ Leary 1984; Rickard 1982;
Donovan and others 1997).

Great Basin desert plants establish and persist in an
environment where halomorphic soils induce extreme os-
motic stress and atmospheric precipitation is very low and
erratic and occurs largely during the winter when tempera-
tures are too low for growth (Trent and others 1997). The
effect of soil water potential on photosynthesis, stress and
water potential of the shoots from the A. occidentalis com-
munityisinconclusive. We suspect that the plant physiologi-
cal changesin the field can be explained by an increase in soil
salinity. Flanagan and Jefferies (1988) reported that as
salinity increased, photosynthesis in Plantago maritima
declined. Increased soil salinity cannot fully explain the
dramatic decrease in photosynthesis. Pearcy and Ustin
(1984) suggested that increased salinity primarily reduced
photosynthesis within the mesophyll and secondarily as a
result of reduced leaf conductance. Our data showed a larger
reduction in photosynthesis with seasonal changes. The
water potential of A. occidentalis plants was extremely
negative throughout the growing season. Trent and others
(1997) reported that xylem water potential of A. occidentalis
dropped significantly during dry seasons. Changes in F,/F,,
stress ratio were more evident when plants were exposed to
a high stress. When plants were exposed to high irradiance
(direct sunlight) they were strongly photoinhibited (Jimenez
and others 1997). In our study low F/F, values in A.
occidentalis plants were found even in low temperatures,
although the lowest values logically appeared in the higher
salinity months. Thisis in accordance with Sharma and Hall
(1998) and Larcher and others (1990) who only found a
decrease in this ratio when stress was added.

In conclusion, an inland salt marsh population of A.
occidentalis has been shown to be highly salt tolerant.
Growth enhancement by salinities was related to an in-
crease in biomass of the plants, presumably due to the
stimulating effect of NaCl on plants of inland salt marsh
populations. Na* and CI” were accumulated in, rather than
excluded from, the tissues; the cellular NaCl tolerance may
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be related to the capacity to accumulate betains as compat-
ible solutes. Reduced growth at high salinity apparently is
due to an insufficient supply of photosynthate to support
growth, or less than favorable water relations in shoots or
differences in ionic relations in different environmental
conditions.
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Native Perennial Grass Communities of the
Carson Desert of Northwestern Nevada

James A. Young

Charlie D. Clements

Abstract—A generalized distribution of the perennial grasses in
the western Great Basin reveals an inter-mixing of species of the
twograss Tribes Hordeae and Agrostideae (following the nomencla-
ture of Hitchcock 1950). The dominant genera are Agropyron and
Achnatherum - Hesperostipa. In the Lahontan trough of the Carson
Desert, a third Tribe of grasses, Zoysieae, is represented by Hilaria
Jamesii. The extreme northwestern distribution of this grass occurs
in the Carson Desert. The plant communities associated with the
extreme distributions of Hilaria jamesii provides insight into the
evolution of Great Basin plant communities under changing cli-
matic conditions.

The shrub-dominated plant communities of the pluvial
lake basins and lower mountain ranges of the western Great
Basin often have rather depauperate representations of
perennial grasses in the understory among the shrubs.
Squirreltail (Elymus elymoides) is probably the most widely
distributed species. In areas with sand-textured soils and in
sand fields and dunes, Indian ricegrass (Achnatherum
hymenoides) can be the aspect characterizing species. Often
Indian ricegrass will alternate in dominance or some mix
with needle-and-thread grass (Hesperostipa comata) on ar-
eas of sand. Rhizomatous grasses are very scarce in these
salt desert type plant communities. On the lake plains with
very fine-textured soils, desert saltgrass (Distichlis spicata)
forms extensive, creeping colonies beneath black grease-
wood (Sarcobatus vermiculatus) mounds, but in the upland
shadscale (Atriplex confertifolia)/Bailey greasewood (S.
baileyi) communities rhizomatous grasses are very scarce.

Inthe Carson Desert of western Nevada isolated stands of
galleta (Hilaria jamesii (Torr.) Benth. are found in shadscale/
Bailey greasewood communities. Our purpose here is to
describe the significance of these communities in terms as
harbingers of expressions of climatic change as expanding,
retreating, or true relict populations.

Galleta Grass

Galleta is primarily a warm desert grass rather than a
Great Basintemperate desert species. Itis found throughout
the southwest, occurring in Colorado, Nevada, northern
Arizona, New Mexico, western Texas, Utah, the panhandle

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.
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of Oklahoma, southern Wyoming, extreme southwestern
Kansas and eastern California. The distribution of galleta
was summarized by Western Regional Committee W-90 of
the Agricultural Experiment Stations (West 1972). Their
publication is widely recognized as the authoritative source
for this perennial grass. Many of the areas where galleta is
found have both winter and significant summer precipita-
tion. Very few of the locations where this grass has been
collected have almost exclusively winter precipitation such
as occurs in the Carson Desert. Summer thunderstorms
occur in the Carson Desert and individual storms can pro-
duce high intensity, short duration moisture events. How-
ever, these storms occur so irregularly and are so scattered
in distribution they have little biological significance for
perennial species.

Taxonomy

What is now known as Hilaria jamesii (Torr.) Benth, was
first collected by Dr. Edwin James during an expedition of
Major Long of the Topographical Engineers to the Rocky
Mountains from 1819-1820 (West 1972). The type collection
was from “Sources of the Canadian River (Texas or New
Mexico).” The species was first described by John Torrey as
a type of a new genus Pleuraphis. George Bentham, long
time president of the Linnaean Society in London, examined
herbarium material and placed the taxon under Hilaria.
Recent publications, such as Jepson Manual of California
Plants (Hickman 1993) have revised the taxon to Pleuraphis
Jjamesii Torrey.

Carson Desert

The Carson Desert lies in western Nevada in one of the
major sub-basins of Pluvial Lake Lahontan (Russell 1885).
The vast former lake plain is interrupted by several interior
mountain ranges that were islands in the pluvial lake. Soils
in the Carson Desert range from very fine-textured, salt
influenced sediments deposited in deep water to vast sand
fields and more limited areas of fixed or active dunes. The
sand has been driven to the northeast across the desert
basins and often over interior mountain ranges by the
combination of prevailing winds. The origin of the sands is
the deltas of the glacial-fed Susan, Truckee, Carson, and
Walker rivers, which drain from the Sierra Nevada to Lake
Lahontan.

The Carson Desert is in the rain shadow of the Sierra
Nevada and the higher ranges such as the Pine Nut and
Virginia Range which parallel the Sierras to the east
(Houghton and others 1975). Annual precipitation is highly
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variable among years, ranging from occasional years with
practically no measured precipitation to rare seasons with
20 to 25 cm. The long term average for recording stations
within the Carson Desertis usually around 12 cm. Almost all
of this precipitation occurs as snow during the winter months.

Distribution of Galleta In The Carson
Desert

In the regional publication GALLETA: TAXONOMY,
ECOLOGY AND MANAGEMENT (West 1972) the distribu-
tion of galleta in the far western Great Basin stopped south
of the Carson River along U.S. Highway 95 Alt in the
foothills of Adrain Valley. On broad, old alluvial fans with
soils derived from mixed volcanic rock and tephra, there are
extensive colonies of galleta in this area. The northern
distribution of galleta has been generally given as slanting
to the northeast from the Carson Desert to the corner of
Idaho and Utah, generally along the northern distribution of
pinyon (Pinus)/juniper (Juniperus) woodlands.

Hot Springs Mountains

The Hot Springs Mountains are a low range, rising to a
maximum of 600 m above the floor of the Carson Desert
(Benoit and others 1982). The range is composed of recent
volcanic flows with inter-bedded sediments. The range is
located north of Fernly, Nevada, on the east side and run-
ning parallel to Interstate 80. The range is broken by sharp
fault fractures running parallel yE the crest of the moun-
tains. The most striking feature of the Hot Springs Moun-
tains is that they are partially drowned in sand blown from
the delta of the Truckee River where it enters Lake Lahonton.

Plant Communities of the Hot Springs Mountains—
The uplands of the mountain range barely reach the Artemi-
sia zone. On north facing slopes, about half-way down the
range, there is a very small patch of black sagebrush (Arte-
misia nova). A dwarf, woody sagebrush occurs on an outcrop
of diatomaceous sediment on the north slope of Desert Peak,
the highest elevation in the range. Perhaps, this is black
sagebrush, but if so it is a very unusual form. Except for
isolated individual plants, found in deep fault break can-
yons, big sagebrush (Artemisia tridentata) does not occur in
the Hot Springs Mountains. The dominant vegetation on
residual soils is shadscale/Bailey greasewood, and on sand
Indian ricegrass with various shrub species (Billings 1949).
The highest portions of Desert Peak, with residual soils from
volcanicsubstrates, have desert snowberry (Symphoricarpus
longiflorus)/desert needlegrass (Achnatherum speciosum)
communities.

Galleta in the Hot Springs Mountains—Small iso-
lated patches of galleta are found below Desert Peak on a
broad plateau created by an unbroken volcanic flow. The
surrounding vegetation is a very depauperate shadscale/
Bailey greasewood community. The residual soil is very
shallow without apparent horizon development.

The patches of galleta are very distinctive because they
are the only herbaceous dominated plant communities
present in a landscape otherwise dominated by low shrubs
and because the plant cover is so much greater than in the
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surrounding shadscale/Bailey greasewood communities.
Herbage coverin the galleta communities averaged 43% and
herbaceous cover among the shadscale and Bailey grease-
wood averaged 4% and was almost entirely composed of
cheatgrass (Bromus tectorum,).

The spring of 1988, when these communities were sampled,
was exceptionally favorable for plant growth in the Carson
Desert. Spring rains extended well into May. Even with the
very favorable growth conditions, species diversity was low
in the shadscale/Bailey greasewood communities (table 1).
The obvious difference between the shadscale/Bailey grease-
wood communities and the galleta community was the lack
of shrub dominance and the overwhelming perennial grass
dominance with galleta. The galleta did not extend as even
an occasional plant into the shadscale/Bailey greasewood
communities. The galleta communities were highly colorful
in June 1998 because of the abundant flowers of Indian
paintbrush (Castilleja chromosa) and prickly pear (Opuntia
pulchella). Indian paintbrush plants also occurred in the
shadscale/Bailey greasewood communities, but in far more

Table 1—Species composition based on cover in shadscale/Bailey
greasewood and galleta communities in the Hot Springs
Mountains, Carson Desert, Nevada.

Composition based on cover

Species Shadscale/Bailey
life form greasewood Galleta
----- Percent - - - - -
Shrubs
Atriplex confertifolia 27 5
Sarcobatus vermiculatus 38 1
Artemisia spinescens 20 0
Krascheninnikovia 0 1
lanata

Total shrubs 85 7
Perennial forbs
Castilleja chromosa 1 4
Astragalus lentiginosus T! 0
Opuntia pulchella 0 2
Mirabilis alipes T 0

Total perennial forbs 2 6
Annual forbs
Nama aretiodes T 0
Camissonia claviformis T 0
Caenactis stevioides T 0
Pectocarya setosa T 0

Total annual forbs 1 0
Perennial grasses
Elymus elymoides 2 0
Hilaria jamesii 0 83

Total perennial grasses 2 83
Annual grass
Bromus tectorum 10 4

Total annual grass 10 4

T indicates less than 1 percent species composition.
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sparse populations. The Prickly pear was absolutely re-
stricted to the galleta communities and was not found
elsewhere in the Hot Springs Mountains, although its range
extends across the Great Basin to Utah (Hickman 1993).

Cheatgrass is by far the most abundant herbaceous spe-
cies in the surrounding shadscale/Bailey greasewood com-
munities. The plateau is not grazed by domestic animals.
The volcanic terrace, just below the plateau where the
galleta occurs, had signs of infrequent visits by feral burros
(Equus asinus). The distance to water is so great and the
topography is so broken and interspersed with volcanic
talus, it is doubtful if the plateau was ever grazed by
domestic livestock. Despite the apparent lack of past graz-
ing, the abundance of squirreltail was very low, even on a
year with favorable growing conditions. The successful inva-
sion of cheatgrass into ecologically high condition shadscale/
Bailey greasewood communities in an arid environment
underscores the invasive nature of this exotic species. Cheat-
grass has only recently invaded salt desert plant communi-
ties in the western Great Basin (Young and Tipton 1990).

The shrubs that occurred in the isolated patches of galleta
appeared dwarfed in stature compared to those in the
surrounding shadscale/Bailey greasewood communities. One
very dwarfed shrub appeared to be winterfat (Kraschenin-
nikovia lanata), although there was a difference of opinion
among taxonomists who examined vegetative specimens,
with the alternative being a dwarf form of red molly (Kochia
americana). The occurrence of an apparent dwarf form of
winterfat would be interesting because the Hot Springs
Mountains are a noted location for the occurrence of very tall
forms of this species. The tall forms are found growing on
angle-of-repose sand deposits in deep fault line canyons.
Bud sagebrush (Artemisia spinescens) is often the most
abundant woody species in shadscale/Bailey greasewood
communities in the Hot Springs Mountains. It did not occur
in the isolated communities of galleta.

The isolated galleta populations appeared to be growing
on raised beds. The relatively dense herbaceous growth of
the perennial grass has apparently trapped fine sand and
silt particles, effectively increasing the rooting depth over
the shallow residual soil. The sand appeared finer in texture
than the Truckee River delta sands, partially drowning
portions of the Hot Springs Mountains, but too coarse to
have been subaerially deposited (personal communications
from R. R. Blank, USDA, ARS 1998).

Southern Carson Desert

What Morrison (1964) described as the Southern Carson
Desert is that portion south of the Carson River and its
terminal sinks. This is the area where galleta stands have
been previously recognized and where the grass is found in
discontinuous populations into the southern Great Basin.
The closest previously known occurrence of galleta was
about 80 km south and slightly west of the Hot Springs
Mountains, as previously mentioned, in Adrain Valley (West
1972). We conducted a reconnaissance level survey east and
north from Adrain Valley along the Desert Mountains and
into the Dead Camel Mountains. All of these areas are
located south of the Carson River. We also surveyed the
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portion of the Truckee Range east of Highway 95 Alt and
north of the Carson River.

We did not find galleta growing north of the Carson River.
We found extensive areas of the grass south of the river
growing on a variety of soils and occurring in a variety of
plant assemblages. None of the edaphic or plant assem-
blages even roughly matched those of the isolated communi-
ties in the Hot Springs Mountains.

The typical galleta communities found in Adrain Valley
growing on old alluvial fans occur east along the foothills of
the Desert Mountains. Galleta plants trickle down along dry
water courses to the pluvial lake plain and form patches
beneath black greasewood (Sarcobatus vermiculatus) plants
growing on parma dunes. At the opposite end of the soil
textural range, a large stand of galleta occurs just east of
Hooten Well on the Simpson Road-Pony Express Trail. This
stand is growing on stabilized sand dunes.

The Dead Camel Rangeis anotherrange partially drowned
in sand similar to the Hot Springs Mountains, butin the case
of the Dead Camel Mountains the sand came from the delta
of the Carson River. The extensive sand fields of the rela-
tively rolling topography of the Dead Camel Mountains
support large nearly pure stands of Indian ricegrass or
needle-and-thread grass and sometimes intermixtures of
the two species. The residual soils, derived from mixed
volcanic material, between the sand fields support shadscale/
Bailey greasewood communities which occasionally have a
galleta understory. This is strikingly different from the Hot
Springs Mountains where galleta was excluded from the
shadscale/Bailey greasewood communities.

Opuntia pulchella, which was such an abundant and
apparently key species in the galleta communities in the Hot
Springs Mountains, was not found in the communities south
of the Carson River although other species of Opuntia were
noted.

One galleta community found growing on the north facing
slope of sand dunes in the higher portion of the Dead Camel
Mountains contained Sandberg bluegrass (Poa sandbergii)
mixed with the rhizomatous perennial. Blue grasses do not
occur in the Hot Springs Mountains.

The sum of the differences between the Hot Springs
Mountains and the galleta communities south of the Carson
River might indicate that summer precipitation is beginning
tohavebiological significancein the Southern Carson Desert.
Unfortunately, there are so few weather reporting stations
in this sparsely populated area information does not exist to
confirm the trend for more frequent summer precipitation.

Discussion

Galleta is a perennial species that can persist in isolated
populations through vegetative propagation. Perhaps,
through careful exploration it would be possible to locate
other isolated populations of this grass along the northern
boundary of distribution across the Great Basin. Genetic
studies of these populations, using the modern tools of
molecular biology, could provide insight into the evolution of
the how shrub dominated plant communities of the salt
desert environments has and will change as climate change
occurs.
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This type of study could be flipped around to the opposite
environmental extreme from the salt deserts in a study of
how the perennial grasses of the Tribe Hordeae finger down
the mountain ranges of the Great Basin in association with
the woody sagebrush species.

Based on the isolation of the galleta populations in the Hot
Springs Mountains, it would seem logical that these may be
true relict populations. The southern Carson Desert popula-
tions of galleta may be expanding populations reflecting
climatic change,
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The Classification of Shrublands on the
Nevada Test Site

W. K. Ostler
D. J. Hansen
D. B. Hall

Abstract—The Nevada Test Site (NTS) located in south-central
Nevada straddles the Mojave and Great Basin Deserts. Transi-
tional areas between the two deserts have been created by gradients
in elevation, precipitation, temperature, and soils. In an effort to
characterize and manage resources, over 1,500 ecological landform
units (ELU) were sampled at the NTS from 1996-1998. ELUs are
small, homogeneous units of land having similar elevation, slope,
soil, geological parent material, and vegetation. ELUs were delin-
eated for the NTS using remote sensing data, and topographic, soils,
and geological maps. ELUs were sampled for biotic and abiotic
factors, photographed, and a Global Positioning System coordinate
taken from the midpoint along the 200 m sampling transect. ELU
boundaries were digitized into a Geographical Information System.
Cluster analysis was used to classify ELUs into groups with similar
relative abundance of shrub species. The vegetation classification
system proposed by the Federal Geographic Data committee was
used to establish the structure and nomenclature of vegetation
types. A vegetation map was developed. This map and accompany-
ing data are an integral part in resource management at the NTS.

The U.S. Department of Energy (DOE) is currently devel-
oping a resource management plan, consistent with ecosys-
tem management principles, to preserve viable populations
of native plants and animals on the Nevada Test Site (NTS).
Before resources can be effectively managed and preserved,
they must first be identified and described. Vegetation
mapping and classification is one of the first steps in imple-
menting ecosystem management. The NTS supports vari-
ous sensitive plant and animal species that are protected by
state and federal laws or are of concern to state and federal
land and natural resource management agencies. While
numerous studies have been conducted on the NTS, there
has not been an attempt to map biological resources in a
systematic manner or to organize information needed for
ecosystem management. Previous mapping of vegetation of
the NTS was incomplete and inadequate for today’s pur-
poses. The goal of this project was to collect essential biologi-
cal information needed to fulfill the stewardship role accepted
by DOE to manage NTS resources using ecosystem manage-
ment principles. Specific objectives were to: identify, classify,
and describe plant communities on the NTS consistent with
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RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.

W. K. Ostler, D. J. Hansen, and D. B. Hall are Biologists with Bechtel
Nevada, P.O. Box 98521, Las Vegas, NV 89193-8521.

USDA Forest Service Proceedings RMRS-P-11. 1999

National Classification Standards (Federal Geographic Data
Committee 1996; Grossman and others 1998); develop a map
showing boundaries of delineated vegetation types; and
develop an ecosystem geographic information system to
organize, spatially display, analyze, and facilitate retrieval
and use of resource data.

Study Area

The NTS is located in south-central Nevada approxi-
mately 105 km northwest of Las Vegas (fig. 1). The NTS
encompasses approximately 3,500 km? and straddles two
major North American deserts, Mojave and Great Basin.
Despite drastic changes to localized areas of the NT'S due to
nuclear testing activities over the past 40 years, biological
resources over much of the NTS remain relatively pristine
and undisturbed. DOE estimates that only 7 percent of the
site has been disturbed.

The southern two-thirds of the NTS is dominated by three
large valleys or basins: Yucca, Frenchman, and Jackass
Flats (fig. 1). Mountain ridges and hills rise above sloping
alluvial fans and enclose these basins. During years of high
precipitation, surface waters collect and form shallow lakes
in the closed basins of Yucca and Frenchman Flats. Jackass
Flats is an open basin and drains to the southwest via
Fortymile Wash. Mercury, Rock, Topopah, and Mid valleys
are smaller basins with off-site drainage. The northern,
northwestern, and west-central sections of the NTS are
dominated by Pahute and Rainier mesas and Timber and
Shoshone mountains. Elevation on the NTS ranges from less
than 1,000 meters (m) above sea level in Frenchman and
Jackass Flats to about 2,340 m on Rainier Mesa.

NTShas a climate characteristic of high deserts with little
precipitation, hot summers, mild winters and large diurnal
temperature ranges. Monthly average temperatures in the
NTS area range from 7 °C in January to 32 °C in July (DOE
1996). The average annual precipitation on the NTS ranges
from 15 cm at the lower elevations to 23 cm at the higher
elevations (DOE 1996). About 60 percent of this precipita-
tion occurs from September through March. Winter precipi-
tation frequently occurs as snow, which persists in northern
Yucca Flat and to the north. Snow seldom persists for more
than a few hours in the southern valleys.

The NTS is located in an area of southern Nevada that
lies between the Great Basin Desert and the Mojave Desert
as defined by Jaeger (1957). Within the site boundaries are
found both of these desert types. Transitional areas be-
tween the two deserts are also present, having been created
by gradients in precipitation, temperature, and soils. Unique
combinations of physical site conditions have created
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Figure 1—Major topographic features of the Nevada Test Site.
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different vegetation patterns on the NTS that have chal-
lenged development of a simple classification system.

Description of Vegetation Types on the
Nevada Test Site

Descriptions of vegetation types of the NTS consist of
three major classification efforts. Two of these efforts were
done between 1958 and 1963. The third was published in
1976 and is the most detailed. In 1957, work was undertaken
by New Mexico Highlands University to appraise the extent
of nuclear effects on vegetation at the NTS. Eight vegetation
zones were defined by Shields (1958) in these initial surveys.
Subsequently, Shields and others (1959) and Shields and
Rickard (1960) redefined these zones as vegetation types.

Ecological surveys of the flora and fauna were initiated in
1959 (Allred and others 1963a,b) to determine the effects of
past nuclear detonations that began at the NTS in 1951.
Principal objectives of the project were to determine the
kinds, population, seasonal occurrence, geographic and eco-
logical distribution, migration, home range, and related
habits of native animals in these areas. Six plant communi-
ties were recognized: Larrea-Ambrosia (Franseria), Grayia-
Lycium, Coleogyne, Atriplex-Kochia, Salsola, and Pinyon-
Juniper, although no community boundaries were delineated,
nor vegetation map produced. Predominant plant species in
each plant community were identified and communities
were described. A listing of some of the more common plants
found in several communities were given in their appendix,
listing vertebrate and invertebrate animals by plant com-
munity type. Seasonal occurrence and relative abundance
data of these animals were also presented.

Beatley (1976) provided the most detailed description of
vegetation on the NT'S based on field observations recorded
at the time of collection of herbarium specimens, and data
from 68 permanent study sites on the NT'S during the period
of 1962 to 1975. Sites were selected as representative of the
major kinds of ecosystems in the region. Vegetation and
environmental data, including percent cover by perennial
plant species, plant density, rainfall, temperature, soil tex-
ture, and soil moisture were also collected and summarized.
Beatley (1976) recognized 12 plant associations as occurring
on the NTS. Additionally, descriptions were also provided
for disturbed sites, introduced species, and endangered and
threatened species. Descriptions of plant associations were
provided in a narrative form that makes comparison of simi-
larities and differences between plant associations difficult.

Nevada Test Site Vegetation Maps

There has been no major effort to map the vegetative
resources of the NTS in the past. The only complete vegeta-
tion map for the NTS prior to 1997 was a 14 x 18 cm map
produced by Beatley (1976). By contrast, this same area is
covered by 32 United States Geological Survey (USGS) 7.5
minute quadrangle maps. Beatley’s vegetation map, show-
ing location of plant associations and study sites, is only
approximate and the author recognizes that “all boundaries
are generalized and approximate.” The vegetation map was
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highly simplified and lacked desirable cartographic quali-
ties such as color, distinguishable type symbols and bound-
aries, and detail needed for interpretive use. The cartogra-
phy was not corrected for proper orientation relative to
acceptable coordinate systems such as decimal degrees,
Universal Transverse Mercator, State Plane, or longitude
and latitude. Enhancements to Beatley’s original map were
provided by O’Farrell and Emery (1976) by refining symbol
patterns and correcting legend and symbol ambiguities.
O’Farrell and Emery further described the NTS vegetation;
however, no vegetation classification was made.

Mapping Unit Delineation

Selection of applicable mapping units is critical in devel-
oping a vegetation map. Ecological landform units (ELUs)
were utilized as the base for our vegetation map rather than
a standard unit area (Bailey and others 1994). Landforms
are three-dimensional parts of the general land surface that
are distinctive and repeat themselves frequently across the
landscape in fairly consistent positions with respect to
surrounding landforms. Examples of landforms are moun-
tains, piedmont slopes, alluvial fans, stream channels, val-
ley floors, and playas. In desert areas of Nevada, many of
these landforms are composed of distinctive materials and
are highly correlated with soil consociations (Peterson 1981).
Because the landforms can be readily discerned from aerial
photography, their boundaries can be recognized with a high
degree of accuracy. Soils of a particular landform are fre-
quently quite uniform. Landforms provide a means of rap-
idly identifying boundaries of soil consociations which, in
turn, are highly correlated with plant communities or wild-
life habitat.

When the landscape is delineated into small mapping
units (1 to 10 acres in size) using aerial photography and
multispectral satellite imagery, the area is a mosaic of land
features that closely approximate an Order 2 Soil Survey.
This corresponds to the minimum size delineation, which is
approximately 1.6 cm square (about 2.2 hectares (ha) at
1:24,000 scale) (Holdorf 1989). When these landform units
are visited in the field by trained scientists, observations can
be made of the delineated areas to determine if the vegeta-
tion is relatively homogeneous over the unit or if a mosaic of
vegetation patterns exists within the mapping unit. When
landform units with mosaics are divided into subunits that
have relatively homogeneous plant communities, these re-
sulting landform units have been referred to as ELUs. The
physical (e.g., soils, slope, geology, and hydrology) and bio-
logical (e.g., plant community composition and structure)
parameters also strongly influence the types of animals (e.g.,
insects, birds, mammals, and reptiles) that will be found in
these ELUs. Because the soils, slope, geology, hydrology,
vegetation, and animals are all relatively uniform and homo-
geneous within these ELUs, they represent a meaningful
mapping unit that can be hierarchically combined with other
similar units into a statistically defensible (e.g., dendrogram
based on cluster analyses) collection of plant community
types for the purpose of mapping plant communities, deter-
mining wildlife habitat, and establishing plant species ranges.
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Methods

The development of our detailed vegetation map and
classification system built upon the efforts of earlier classi-
fication efforts; however, the process utilized evolving tech-
nologies and new national standards that provide guidance
for terrestrial ecosystem mapping (Federal Geographic Data
Committee 1996; Grossman and others 1998). The classifi-
cation system used is a community type system as recog-
nized by scientists dealing with habitat delineation (Hironaka
1986; Ferguson and others 1989; Wellner 1989). It is a
combination of physiognomic levels and floristic levels
(Grossman and others 1998). It is based on delineation of
ELUs and quantitative sampling of these areas. A similar
approach was used in mapping wildlife habitat in the East
Mojave Desert (Berry 1979). Spatial and tabular data have
been organized using a Geographic Information System
(GIS) ArcView® 3.1 to facilitate retrieval and use of informa-
tion. A description of the methods for ELU delineation, field
surveys, data analysis and vegetation classification, and
image analysis follows.

Ecological Landform Unit Delineation

Mapping of ELUs was initiated by first identifying land-
forms and delineating their boundaries from prints of aerial
photographs (1:24,000 scale). These boundaries were traced
onto clear plastic sheets registered to the underlying digital
prints as published in the Nevada Test Site Grid Map, A Grid
System Photo Locator Map of the Nevada Test Site (DOE
1995). Boundaries of landforms with similar physical and
biological properties were then verified in the field and
modified, if needed, to delineate ELUs.

The area within an ELU has approximately the same
slope, soils, vegetation, and wildlife. The intent was not to
arbitrarily classify the ELU as a particular vegetation type
or subtype, but rather to delineate all of the basic building
blocks or areas that would respond similarly to management
practices, and then describe physical and biological charac-
teristics within these areas. Descriptions of the ELUs were
made by selecting representative areas, visiting the areas,
and recording information about each ELU on data sheets.
While most ELUs were several ha in size, some having
rather unique environmental conditions were sampled and
delineated in areas as small as 1 ha in size.

Field Surveys

Over 1,500 ELUs were sampled from 1996 through 1998.
Information gathered on each ELU included: location;eleva-
tion; slope; aspect; geology; landform; surface soil texture;
erosion pavement; dominant species of shrubs/trees, forbs,
grasses, and cacti; percent plant cover; rodent activity; wild
horse signs; productivity of annual species; and presence of
microbiotic crusts. Universal Transverse Mercator coordi-
nates and one or more representative photographs were
taken to document the location and appearance of the
vegetation and landscape at each transect. Vegetation data
were gathered along 200 m long linear transects with an
observation point located every 20 m along the transect
(i.e., 10 points per transect). At each observation point, the
names of the five closest shrubs to the point were recorded.
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The relative abundance of forbs, grasses, cacti, and other
important species such as threatened and endangered
plant species were also recorded and ranked (the most
abundant species received a ranking of 1, the second most
abundant species received a ranking of 2, etc.). Animals
observed, as well as physical conditions of the environ-
ment, were described.

Not all ELUs delineated on the NT'S were sampled. Based
on ground observations, areas that appeared similar in
physical and biological characteristics to an adjacently
sampled area were not sampled if access was too difficult.
These unsampled ELUs were assigned the same character-
ization values as an adjacent sampled ELU. On long slopes
where species composition of the vegetation changed in
response to environmental gradients like increase in soil
texture or soil moisture, two or more transects were used to
document the species change. Arbitrary boundaries be-
tween the two sampling points were drawn on the map
(straight lines half way between the two transects) to sug-
gest that the upper polygon was most closely described by
the transect in the upper reaches of the slope while the lower
polygon was most closely described by the transect in the
lower reaches of the slope.

Plant species nomenclature was checked for accuracy
using voucher specimens and other taxonomic aids. Samples
of uncommon or unique species were collected when encoun-
tered and placed in the NT'S herbarium. Plant species were
identified using several published floras (Kartesz 1988;
Hickman 1993; Welsh and others 1993; Cronquist and
others 1994). When the phenological stage of the plant was
less than optimal for identification (e.g., before or after
flowering when the plant lacked key taxonomic features), a
species or variety was determined from a combination of the
taxonomic keys and which species was most commonly
reported (e.g., Beatley 1976) to occur in that community
type. Plant nomenclature used on the NTS up to 1997
generally followed Beatley (1976). However, with the taxo-
nomic revision of some phylogenetic relationships and sub-
sequent reassignment of several plants into more appropri-
ate genera, a need arose to reflect current standardized
nomenclature. In 1996, the Biota of North America Pro-
gram, under the direction of Dr. John Kartesz, published a
revised list of plant names, both scientific and vernacular
(common) for North America (USDA 1996). Alphanumeric
plant symbols were also assigned to each species or subspe-
cies. This list became the standard to be used by all federal
agencies. Starting in 1997, plant nomenclature on the NTS
was changed to reflect those of the National Plant Data
Center (USDA 1996). Synonyms were retained in the data-
base as a crosswalk to earlier nomenclature of Beatley
(1976).

Soil samples were taken from representative portions of
the area being sampled (i.e., the ELU), usually from the
surface soil just under the perimeter of the shrub canopy.
Atypical areas, such as rocky outcrops, rodent diggings,
desert pavement, or disturbances, were avoided. The intent
was to sample soil in an area that represented the most likely
microsite for germinating seeds. Large rocks and plant litter
were carefully removed from the surface exposing the min-
eral soil. Approximately 100 milliliters (ml) of soil was
scooped into small plastic containers. Samples were labeled
with the number of the site and returned to the laboratory in
Mercury, Nevada, for processing. Soil samples were sieved
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through a 2 mm-sized sieve to remove gravel and plant
debris. Screened samples were then wetted with tap water
to gradually moisten the sample. The palm-sized sample
was kneaded in the hand to mix the soil and water thor-
oughly. A textural particle-size class was then assigned
based on the ribbon and grit properties of the sample
(Brady 1974).

Data Analysis and Vegetation
Classification

After an initial review of field data sheets for accuracy,
data were entered into custom data forms using
Microsoft®Access software. Field values were subjected to
validation rules to ensure that entries were within given
size ranges and of proper data type (e.g., alphanumeric
versus numeric or logical). The relational database con-
sisted of five main data forms: (1) site data entry form,
(2) shrub and tree data entry form, (3) herb and grass data
entry form, and (4) cacti and other species (e.g., threatened
and endangered plant species) data entry form, and
(5) plant nomenclature data entry form. Data entry items
that were not legible or unclear were marked for review by
the collector (field scientist) and data were entered, cor-
rected, or reentered. Data tables were exported for use in
Excel® and ArcView® software.

Descriptive statistics were used to summarize and de-
scribe data. MINITAB® and Systat® 5.0 software were used
to provide statistical analyses such as cluster analysis,
correlation analysis, and regression analysis. Cluster analy-
sis was used to identify similar ELUs for purposes of classi-
fying vegetation, consistent with national vegetation classi-
fication standards. The clustering program utilized squared
Euclidean distance and average linkage to separate unique
cluster groups. Clustering was based on the quantitative
characteristics of only shrubs and trees recorded along each
transect. Forbs and grasses were not used in this analysis.
Cluster groups were assigned to a national vegetation clas-
sification category based on the dominant shrubs and trees
in each group. ELUs were assigned a number based on the
cluster group in which they occurred. These groups were
used to produce a vegetation map of the NTS. This removed
many of the problems of having to subjectively decide in the
field which classification category the ELU falls into without
having seen all the site, comparing sites, or having field data
to support the classification decision.

Image Analyses

A GIS was developed to manage and display data col-
lected during the mapping and classification efforts. The
resulting system was referred to as the Ecosystem Geo-
graphic Information System. It was developed using
ArcView® 3.1. Metadata conformed to proposed Content
Standard for National Biological Information Infrastruc-
ture Metadata (National Biological Service 1995).

Landform units were delineated on 32 images correspond-
ing in area to the 32 USGS 7.5 minute quadrangles that
cover the NTS. The digital images were produced by combin-
ing 20-m resolution Satellite Pour L’Observation de la Terre
(SPOT) color digital imagery with 10-m resolution SPOT
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black and white imagery and printed to the appropriate
scale. Landforms were distinguished on the image by differ-
ences in texture and color. Boundaries were drawn onto
clear acetate overlays attached to and registered with the
underlying map image. When available, clear overlays of
USGS topographic maps were inserted between the image
base and the upper overlay to assist in interpreting slope and
aspect.

In addition to the SPOT images, 240 photo maps of the NTS
and surrounding areas were used to provide greater detail for
photo interpretation. The NTS Grid Map collection was ob-
tained by aerial photographic mapping missions that were
flown in August and September of 1994 by DOE's Remote
Sensing Laboratory. The missions were flown at 488 m above
ground level using two photogrammetric cameras with nor-
mal color film and infrared color film. The grid map atlas was
printed from the normal color photography at a scale of
roughly 1:24,000. Registration of latitude and longitude
was only approximate with apparent discrepancies ob-
served from sheet to sheet. Maps were considered accurate
to 30(+/-) meters. Prints of selected images (i.e., photo
negatives were made to provide higher resolution for dis-
tinguishing textural differences due to differences in shrub
types and cover. These photographic prints were used in
the field to verify ELU boundaries.

After the final corrections were made to the delineated
boundaries of the ELUs based on the field verification and
photo maps, the ELU boundaries were digitized, using
ESRI's® Data Automation Kit™. Boundaries were verified
and then the polygons (ELUs) were labeled with the appro-
priate ELU number. This coverage was then linked to the
Access® database using Arcview® 3.1 software.

Results

Vegetation Classification

The result from the cluster analysis is shown in figure 2.
Based on this cluster process, 10 alliances and 20 associa-
tions were recognized as occurring on the NTS. Several
ELUs did not cluster as groups but remained as single units
due to their unique vegetation. These ELUs were listed
together in a miscellaneous category on the final map.
Results of the classification are shown in table 1. There are
three alliances within the Mojave Desert, three within a
transition zone, and four within in the Great Basin Desert.
A brief summary description of each association follows.
Relative abundance values for primary and associated spe-
cies are enclosed in parentheses.

Mojave Desert

Lycium spp. Shrubland Alliance

Lycium shockleyi - Lycium pallidum Shrubland

Primary species: Shockley's desertthorn (Lycium shockleyi)
(47), rabbit thorn (Lycium pallidum) (17)

Associated species: White bursage (Ambrosia dumosa) (12),
fourwing saltbush (Atriplex canescens) (9), and shadscale
saltbush (Atriplex confertifolia) (8)

Species diversity: 11 species total; averaged 8.8 perennial
species/ELU

Number of ELUs/area of NTS: 4/1,484 ha (0.4%)

Landforms: basins, alluvial flats
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Cluster Analysis
(Squared Euclidean Distance/Average Linkage)

Similarity

35.32 —

56.88 —| |

78.44 —

100.00
1234 5 67 8

9101112 13 14 15 16 177 18 19 20

Associations

Figure 2—Cluster groups showing major vegetation associations on the NTS. 1 = Lycium shockleyi-L yciumpallidum shrubland,
2 = Atrjplex confertifolia-Kochia americanashrubland, 3 = Airjplex canescens-Krascheninnikovia lanatashrubland, 4 = Ericameria
nauseosa-Ephedra nevadensisshrubland, 5 = Coleogyne ramosissima-Ephedra nevadensisshrubland, 6 = Hymenoclea salsola-
Ephedra nevadensis shrubland, 7 = Lycium andersonii-Hymenoclea salsola shrubland, 8 = Ambrosia dumosa-Larrea tridentata
shrubland, 9 = A#rjplex confertifolia-Ambrosia dumosa shrubland, 10 = Menodora spinescens-Ephedra nevadensis shrubland,
11 = Erlogonum fasciculatum-Ephedra nevadensis shrubland, 12 = Arascheninnikovia lanata-Ephedra nevadensis shrubland,
13 = Ephreda nevadensis-Grayia spinosa shrubland, 14 = Chrysothamnus viscidiflorus-Ephedra nevadensis shrubland,
15 = Ephedra viridis-Artemisia tridentata shrubland, 16 = Pinus monophylla-Artemisia tidentata woodland, 17 = Ariemisia
tridentata-Chrysothamnus viscidiflorus shrubland, 18 = Pinum monophylla-Artemisia nova woodland, 19 = Artemisia nova-

Chrysothamnus viscidiflorus shrubland, 20 = Artemisia nova-Artemisia trideniata shrubland.

Geology: Quaternary alluvium

Elevation: average 941 m, range 940-943 m
Precipitation: 12.8 cm

Slopes: average 0.8°, range 0-1°

Soils: clay-clay loam (L. shockleyi), sand (L. pallidum)
Annuals: very low

Larrea tridentata/Ambrosia dumosa Shrubland Alliance

Larrea tridentata/Ambrosia dumosa Shrubland

Primary species: White bursage (43), Creosote bush (Larrea
tridentata) (12)

Associated species: Nevada jointfir (Ephedra nevadensis)
(7), Range ratany (Krameria erecta) (7), rabbit thorn (6)
Species diversity: 49 species total; averaged 13.2 perennial

species/ELU
Number of ELUs/area of NTS: 287/61,050 ha (18.0%)
Landforms: variable from basin to foothill slopes of moun-
tains, mostly piedmont slopes
Geology: Quaternary alluvium
Elevation: average 1,080 m, range 847-1,628 m
Precipitation: 14.5 cm
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Slopes: average 5.7°, range 1-42°
Soils: primarily sand to sandy loam
Annuals: very low to moderate

Atriplex confertifolia—Ambrosia dumosa Shrubland
Alliance

Atriplex confertifolia—Ambrosia dumosa Shrubland

Primary species: Shadscale saltbush (31), White bursage (16)

Associated species: Nevada jointfir (9), Anderson’s wolfberry
(Lycium andersonii) (6), Winterfat (Krascheninnikovia
lanata) (4), Creosote bush (4)

Species diversity: 49 species total; averaged 16.2 perennial
species/ELU

Number of ELUs/area of NT'S: 51/11,577 ha (3.4%)

Landforms: mountains

Geology: variable, mostly Quaternary alluvium/colluvium
with some older limestones and Tertiary tuffs

Elevation: average 1,153 m, range 932-1,494 m

Precipitation: 15.4 cm

Slopes: average 13.6°, range 1-53°

Soils: primarily sandy loam to loam

Annuals: very low-moderate
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Table 1—Classification of NTS shrublands.

Mojave Desert
Lycium spp. Shrubland Alliance
Lyeium shockleyi— Lycium pallidum Shrubland
Larrea tridentatal Ambrosia dumosa Shrubland Alliance
Larrea tridentata | Ambrosia dumosa Shrubland
Atriplex confertifolia— Ambrosia dumosa Shrubland Alliance
Atrjplex confertifolia— Ambrosia dumosa Shrubland

Transition Zone
Hymenoclea-Lycium Shrubland Alliance
Lycium andersonii— Hymenoclea salsola Shrubland
Hymenoclea salsola— Ephedra nevadensis Shrubland
Epheara nevadensis Shrubland Alliance
Menodora spinescens— Ephedra nevadensis Shrubland
Krascheninnikovia lanata— Ephedra nevadensis Shrubland
Eriogonum rasciculatum— Epheadra nevadensis Shrubland
Ephedra nevadensis— Grayia spinosa Shrubland
Coleogyne ramosissima Shrubland Alliance
Coleogyne ramosissima— Ephedra nevadensis Shrubland

Great Basin Desert
Alrjplex spp. Shrubland Alliance
Atrjplex confertifolia— Kochia americana Shrubland
Alrjplex canescens— Krascheninnikovia /anata Shrubland
Chrysothamnus-Ericameria Shrubland Alliance
Chrysothamnus viscidiflorus— Ephedra nevadensis Shrubland
Ericameria nauseosa— Ephedra nevadensis Shrubland
Artemisia spp. Shrubland Alliance
Epheara viridis— Artemisia tridentata Shrubland
Artemisia tridentata— Chrysothamnus viscidiflorus Shrubland
Artemisia nova— Chrysothamnus viscidiflorus Shrubland
Artemisia nova— Artemisia tridentata Shrubland
Pinus monophylla Artemisia spp. Woodland Alliance
Pinus monophyllal Artemisia nova Woodland
Pinus monophyllal Artemisia tridentata Woodland

Transition

Hymenoclea-Lycium Shrubland Alliance

Lycium andersonii—Hymenoclea salsola Shrubland

Primary species: Anderson’s wolfberry (52), White burrobrush
(Hymenoclea salsola) (10)

Associated species: Winterfat (7), Fourwing saltbush (6),
Nevada jointfir (6), Spiny hopsage (Grayia spinosa) (5)
Species diversity: 23 species total; averaged 12.8 perennial

species/ELU
Number of ELUs/area of NT'S: 11/1,489 ha (0.4%)
Landforms: mostly lower piedmont slopes, fan piedmont-fan
skirt
Geology: Quaternary alluvium
Elevation: average 1,263 m, range 942-1,408 m
Precipitation: 16.8 cm
Slopes: average 2.3°, range 1-31°
Soils: primarily sand to sandy loam
Annuals: moderate to very high

Hymenoclea salsola—Ephedra nevadensis Shrubland

Primary species: White burrobrush (52), Nevada jointfir (9)

Associated species: Green rabbitbrush (Chrysothamnus
viscidiflorus) (5), Fourwing saltbush (5), Anderson’s wolf-
berry (5)

Species diversity: 50 species total; averaged 15.2 perennial
species/ELU
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Number of ELUs/area of NTS: 44/6,709 ha (2.0%)
Landforms: lower piedmont slopes, fan piedmont-fan skirt
Geology: Quaternary alluvium/colluvium

Elevation: average 1,263 m, range 950-1,530 m
Precipitation: 16.8 cm

Slopes: average 3.8°, range 1-31°

Soils: primarily sand to sandy loam

Annuals: moderate to very high

Ephedra nevadensis Shrubland Alliance

Menodora spinescens—Ephedra nevadensis Shrubland

Primary species: Spiny menodora (Menodora spinescens)
(14), Nevada jointfir (12), White bursage (10)

Associated species: Shadscale saltbush (8), Blackbrush
(Coleogyneramosissima)(5), Range ratany (5), Anderson’s
wolfberry (5)

Species diversity: 50 species total; averaged 17.6 perennial
species/ELU

Number of ELUs/area of NTS: 42/8,614 ha (2.5%)

Landforms: upper piedmont slopes to mountain foothills

Geology: mostly Quaternary alluvium/colluvium with some
Tertiary tuffs

Elevation: average 1,198 m, range 993-1,548 m

Precipitation: 16.0 cm

Slopes: average 8.0°, range 1-48°

Soils: primarily sandy loam to loam

Annuals: very low to moderate

Krascheninnikovia lanata—Ephedra nevadensis Shrubland

Primary species: Winterfat (29), Nevada jointfir (12)

Associated species: Spiny hopsage (Grayia spinosa) (8),
Budsage (Artemisia spinescens) (5), Shadscale saltbush (5),
White bursage (4)

Species diversity: 34 species total; averaged 17.6 perennial
species/ELU

Number of ELUs/area of NTS: 29/4,046 ha (1.2%)

Landforms: variable, mostly lower piedmont slopes, fan
piedmont-fan skirt

Geology: Quaternary alluvium/colluvium

Elevation: average 1,258 m, range 1,042-1,463 m

Precipitation: 16.7 cm

Slopes: average 3.6°, range 1-14°

Soils: primarily loamy sand to loam

Annuals: moderate

Eriogonum fasciculatum—Ephedra nevadensis Shrubland

Primary species: Eastern Mojave buckwheat (Eriogonum
fasciculatum) (28), Nevada jointfir (16)

Associated species: White bursage (5), Range ratany (5),
Spiny hopsage (4), Winterfat (4)

Species diversity: 36 species total; averaged 20.4 perennial
species/ELU

Number of ELUs/area of NTS: 14/10,176 ha (3.0%)

Landforms: mountains (mostly in southern NTS)

Geology: Tertiary tuffs

Elevation: average 1,292 m, range 1,140-1,579 m

Precipitation: 17.1 cm

Slopes: average 36.3°, 19-70°

Soils: gravel to sandy loam

Annuals: very low to moderate

Ephedra nevadensis—Grayia spinosa Shrubland
Primary species: Nevada jointfir (23), Spiny hopsage (8),
Fourwing saltbush (8), White burrobrush (8)
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Associates species: Anderson’s wolfberry (6), Green rabbit-
brush (5), Cooper’s heathgoldenrod (Ericameria cooperti)
(5), Blackbrush (4)

Species diversity: 66 species total; averaged 19.7 perennial
species/ELU

Number of ELUs/area of NTS: 93/20,067 ha (5.9%)

Landforms: highly variable from basin to mountain

Geology: mostly Quaternary alluvium/colluvium with some
Tertiary tuffs

Elevation: average 1,413 m, range 988-1,884 m

Precipitation: 18.7 cm

Slopes: average 8.8°, range 1-70°

Soils: primarily loamy sand to loam

Annuals: moderate to very high

Coleogyne ramosissima Shrubland Alliance

Coleogyne ramosissima—Ephedra nevadensis Shrubland

Primary species: Blackbrush (56), Nevada jointfir (10)

Associated species: Andersonis wolfberry (3), White
burrobrush (3)

Species diversity: 84 species total; averaged 16.9 perennial
species/ELU

Number of ELUs/area of NTS: 325/72,976 ha (21.6%)

Landforms: variable, mostly piedmont slopes to lower slopes
of mountains

Geology: highly variable, mostly Quaternary alluvium/col-
luvium with both older limestones and some Tertiary tuffs

Elevation: average 1,385 m, range 981-1,865 m

Precipitation: 18.3 cm

Slopes: average 8.5°, range 1-53°

Soils: primarily loamy sand to loam

Annuals: very low to moderate

Great Basin Desert

Atriplex spp. Shrubland Alliance

Atriplex confertifolia—Kochia americana Shrubland

Primary species: Shadscale saltbush (50), Greenmolly (Kochia
americana) (22)

Associated species: Budsage (7), Spiny menodora (6),
Anderson’s wolfberry (5)

Species diversity: 53 species total; averaged 9.2 perennial
species/ELU

Number of ELUs/area of NTS: 17/3,211 ha (0.9%)

Landforms: basin, alluvial flat

Geology: quaternary alluvium

Elevation: average 1,208 m, range 940-1,382 m

Precipitation: 16.1 cm

Slopes: average 2.7°, range 0-20°

Soils: primarily sandy loam to clay loam

Annuals: low to moderate

Atriplex canescens—Krascheninnikovia lanata Shrubland

Primary species: Fourwing saltbush (58), Winterfat (11)

Associated species: Anderson’s wolfberry (5), White
burrobrush (4)

Species diversity: 87 species total; averaged 11.9 perennial
species/ELU

Number of ELUs/area of NT'S: 38/7,275 ha (2.2%)

Landforms: basin alluvial flats to lower piedmont slopes-fan
skirt

Geology: mostly Quaternary alluvium/colluvium with some
Tertiary tuffs

Elevation: average 1,237 m, range 940-1,707 m
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Precipitation: 16.5 cm

Slopes: average 3.5°, range 0-24°
Soils: sand to sandy loam
Annuals: moderate to very high

Chrysothamnus-Ericameria Shrubland Alliance

Chrysothamnus viscidiflorus—Ephedra nevadensis
Shrubland

Primary species: Green rabbitbrush (37), Nevada jointfir (11)

Associated species: Fourwing saltbush (7), Winterfat (5),
Spiny hopsage (5), Basin big sagebrush (Artemisia triden-
tata ssp. tridentata)(5), Anderson’s wolfberry (5), Shadscale
saltbush (4)

Species diversity: 61 species total; averaged 21.4 perennial
species/ELU

Number of ELUs/area of NTS: 77/16,114 ha (4.8%)

Landforms: variable, mostly mountains to upper piedmont
slopes

Geology: mostly Quaternary alluvium/colluvium with some
Tertiary tuffs

Elevation: average 1,495 m, range 1,198-2,292 m

Precipitation: 19.7 cm

Slopes: average 7.2°, range 0-38°

Soils: primarily loamy sand to loam

Annuals: low to moderate

Ericameria nauseosa—Ephedra nevadensis Shrubland

Primary species: Rubber rabbitbrush (Ericameria nauseosa)
(52), Nevada jointfir (11)

Associated species: Basin big sagebrush (6), Blackbrush (5),
Fourwing saltbush (5), Green rabbitbrush (4)

Species diversity: 43 species total; averaged 17.1 perennial
species/ELU

Number of ELUs/area of NTS: 21/2,873 ha (0.8%)

Landforms: variable, mostly piedmont slopes to mountains

Geology: mostly Quaternary alluvium/colluvium with some
Tertiary tuffs

Elevation: average 1,563 m, range 1,311-2,018 m

Precipitation: 20.5 cm

Slopes: average 6.9°, range 1-28°

Soils: primarily sand to sandy loam

Annuals: moderate to very high

Artemisia spp. Shrubland Alliance

Ephedra viridis—Artemisia tridentata Shrubland

Primary species: Mormon tea (Ephedra viridis) (21), Basin
big sagebrush (16), Desert bitterbrush (Purshia
glandulosa) (15)

Associated species: Stansbury cliffrose (Purshia
stansburyiana) (9), Eastern Mojave buckwheat (6), Pu-
berulent green rabbitbrush (5)

Species diversity: 42 species total; averaged 27.0 perennial
species/ELU

Number of ELUs/area of NTS: 21/8,585 ha (2.5%)

Landforms: mountains

Geology: mostly Tertiary tuffs

Elevation: average 1,721 m, range 1,402-2,012 m

Precipitation: 22.5 cm

Slopes: average 18.2°, range 4-35°

Soils: primarily sandy loam to silt loam

Annuals: moderate to very high

Artemisia tridentata—Chrysothamnus viscidiflorus

Shrubland
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Primary species: Basin big sagebrush (56), Green rabbit-
brush (8)

Associated species: Nevada jointfir (7), Puberulent green
rabbitbrush (Chrysothamnus viscidiflorus ssp. puberulus)
(3), Granite pricklygilia (Leptodactylon pungens) (3)

Species diversity: 73 species total; averaged 20.8 perennial
species/ELU

Number of ELUs/area of NTS: 142/24,703 ha (7.3%)

Landforms: mostly mountains, some upper piedmont slopes

Geology: mostly Tertiary tuffs with some Quaternary allu-
vium/colluvium

Elevation: average 1,780 m, range 1,298-2,225 m

Precipitation: 23.2 cm

Slopes: average 6.1°, range 0-65°

Soils: primarily loamy sand to loam

Annuals: very low to moderate

Artemisia nova—Chrysothamnus viscidiflorus Shrubland

Primary species: Black sagebrush (68), Green rabbitbrush (5)

Associated species: Nevada jointfir (4), Basin Big Sagebrush
(4), Puberulent green rabbitbrush (3), Spiny hopsage (2)

Species diversity: 56 species total; averaged 24.7 perennial
species/ELU

Number of ELUs/area of NT'S: 104/23,478 ha (6.9%)

Landforms: mostly mountains, foothills, and mesas.

Geology: mostly Tertiary tuffs with some Quaternary allu-
vium/colluvium

Elevation: average 1,811 m, range 1,433-2,120 m

Precipitation: 23.6 cm

Slopes: average 6.6°, range 0-28°

Soils: primarily sandy loam to loam

Annuals: very low to low

Artemisia nova—Artemisia tridentata Shrubland

Primary species: Black sagebrush (Artemisia nova) (34),
Basin big sagebrush (25)

Associated species: Puberulent green rabbitbrush (8), Green
rabbitbrush (5), Granite pricklygilia (4)

Species diversity: 47 species total; averaged 29.1 perennial
species/ELU

Number of ELUs/area of NT'S: 32/4,567 ha (1.4%)

Landforms: mountains

Geology: mostly Tertiary tuffs

Elevation: average 1,843 m, range 1,622-2,079 m

Precipitation: 24.0 cm

Slopes: average 8.9°, range 1-38°

Soils: primarily loamy sand to loam

Annuals: very low to moderate

Pinus monophylla/Artemisia spp. Woodland Alliance

Pinus monophylla/Artemisia nova Woodland

Primary species: Black sagebrush (55), Singleleaf pinyon
(Pinus monophylla) (14)

Associated species: Utah juniper (Juniperus osteosperma)
(6), Greenrabbitbrush (4), Basin big sagebrush (3), granite
pricklygilia (2), and Mormon tea (2).

Species diversity: 54 species total; averaged 27.0 perennial
species/ELU

Number of ELUs/area of NTS: 76/24,930 ha (7.4%)

Landforms: mountains, mid slopes to mesas

Geology: mostly Tertiary tuffs

Elevation: average 1,982 m, range 1,725-2,201 m

Precipitation: 25.8 cm

Slopes: average 7.7°, range 1-58°
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Soils: primarily sandy loam to loam
Annuals: very low to low

Pinus monophylla/Artemisia tridentata Woodland

Primary species: Singleleaf pinyon (28), Basin big sage-
brush (23)

Associated species: Antelope bitterbrush (Purshia triden-
tata) (8), Utah juniper (7), Black sagebrush (5), Granite
pricklygilia (4)

Species diversity: 47 species total; averaged 28.6 perennial
species/ELU

Number of ELUs/area of NTS: 53/19,922 ha (5.9%)

Landforms: mountains, mid slopes to mesas

Geology: mostly Tertiary tuffs

Elevation: average 2,256 m, range 1,682-2,292 m

Precipitation: 26.7 cm

Slopes: average 13.9°, range 1-55°

Soils: primarily loamy sand to loam

Annuals: very low to low

The transition zone alliances make up slightly over 36% of
the total area of the NTS. The largest single vegetation
association is the Coleogyne ramosissima-Ephedra
nevadensis shrubland, which represents over 21% of the
total area of the NT'S. This is followed by the Larrea triden-
tata-Ambrosia dumosa shrubland with 18%. Each of the
other associations is less than 8% of the total area on the
NTS. More detailed analysis of this transitional zone on the
NTS is provided in the companion paper, Hansen and
others, this proceedings.

These 20 associations are similar to those recognized by
Beatley (1976). However, she recognized only 12 associa-
tions. Beatley recognized more associations that included
creosote bush as a major component. She did not recognize
Nevada jointfir or White burrobrush as major alliances or
several other transitional associations such as M. spinosa-E.
nevadensis or E. fasciculatum-E. nevadensis.

Vegetation Mapping

The map resulting from the image processing is shown in
figure 3. Only the vegetation alliances are shown on this
map. All 20 vegetation associations could be utilized for
smaller portions of the NTS or more in-depth study of
smaller areas as needed; however, placement of 20 symbols
(associations) would make a small map confusing.

These data, which were placed in a GIS format, allow for
spatial analysis such as identifying areas contained within
each vegetation association/alliance or range and relative
abundance of individual species (see fig. 2 in the companion
paper, Hansen and others, this proceedings). This is very
useful in identifying and managing resources.

Conclusions

The vegetation of the NTS was classified into 20 associa-
tions that correspond to national classification standards.
These associations are similar to associations recognized by
Beatley, although only 12 associations were recognized in
her earlier work. Several differences did occur, particularly
in transition areas between the Mojave and Great Basin
Deserts.
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Figure 3—Vegetation alliances on the Nevada Test Site. (1 = Pinus monophylia/Artermnisia spp. woodland; 2 = Artemisia spp.
shrubland; 3= A#rplexspp. shrubland; 4 = Chrysothamnus-Ericameriashrubland; 5= Coleogyne ramosissimashrubland; 6 = Ephedra
nevadensis shrubland; 7 = Lycium spp. shrubland; 8 = Hymenoclea-Lycium shrubland; 9 = Alrplex confertifolia-Ambrosia dumosa
shrubland; 10 = Larrea tridentata/Ambrosia dumosa shrubland; 11 = Miscellaneous; 12 = Playa/Disturbances).
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Aerial color and infrared photography at a scale 0of1:10,000
to 1:24,000 are powerful tools in identifying boundaries of
soil consociations and ELUs. Although at a much smaller
scale, satellite imagery with multispectral band wavelengths,
such as the French SPOT is an additional tool in identifying
unit boundaries. Multispectral analysis is an important tool
because interpretation of the band wavelengths helps iden-
tify subtle differences in soil moisture, desert pavement
(surface armoring by eroded gravel), and mineral types (e.g.,
iron oxides or calcareous layers) that influence root develop-
ment and plant growth.

Ecological landform units are a valuable tool in mapping
vegetation and vegetation classification. They represent
natural mapping units that are easily recognized in arid
environments using remotely sensed data. They also repre-
sent logical management units because they respond simi-
larly to management techniques.

The use of a GIS can provide a powerful tool for identifying
and managing resources. They can be used to display and
evaluate spatial data. They can also provide a useful method
for comparing temporal data such as changes of vegetation
associations or species ranges over time.
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The Transition from Mojave Desert to Great
Basin Desert on the Nevada Test Site

D. J. Hansen
W. K. Ostler
D.B. Hall

Abstract—Plant species and associations on the Nevada Test Site
are located along elevation and precipitation gradients. Associa-
tions in the Great Basin Desert had the highest species diversity.
Rodent sign and productivity of annual plants are least in the lower
and higher elevations and most abundant in the mid-elevations.
Microbiotic crusts are most abundant in fine-textured soils and of
low abundance in soils with active erosional processes. Texture of
surface soils (0 to 5 centimeters [0 to 2 inches]) differs little among
all associations except for a few that are correlated with playas and
steep mountain slopes. However, differences among associations
are observed for deeper substrates comprised of limestone, basalt,
and tuff parent materials.

The Nevada Test Site (NTS) is located about 105 km (65
miles) northwest of Las Vegas in southern Nevada (see fig. 1
of companion paper, Ostler and others, 1999). The site was
created by a series of land withdrawals in the early 1950s for
nuclear weapons testing. It comprises a total land area of
350,000 ha (1,350 square miles). Despite nearly 1,000
atmospheric and below-ground nuclear tests, the area is
relatively undisturbed and offers an excellent location for
biological studies. The area has had limited or no livestock
grazing since the 1950s and is designated as a National
Environmental Research Park.

The NTS consists of three large valleys, Yucca, French-
man, and Jackass Flats. It has two high mesas, Rainier and
Pahute. It has a rough elevational gradient from south to
north with the lowest point at 829 m (2,688 ft) in Jackass
Flats and the highest point at 2,340 m (7,679 ft) on Rainier
Mesa. The site straddles the Mojave and Great Basin Deserts
and provides an excellent site to observe the transition
between these two deserts. Numerous detailed studies have
been conducted on NTS biota focusing primarily on invento-
ries and evaluating the effects of nuclear testing. Approxi-
mately 730 plant species occur on the NTS, of which several
are sensitive or protected.

Methods

Shrublands of the NTS were classified using methods de-
scribed in a companion paper presented in these proceedings

In: McArthur, E. Durant; Ostler, W. Kent; Wambolt, Carl L., comps. 1999.
Proceedings: shrubland ecotones; 1998 August 12-14; Ephraim, UT. Proc.
RMRS-P-11. Ogden, UT: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station.

D. J. Hansen, W. K. Ostler, and D. B. Hall are Biologists with Bechtel
Nevada, P.O. Box 98521, M/S NLV-081, Las Vegas, NV 89193-8521.
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(Ostler and others 1999). Approximately 1,500 ecological land-
form units (ELUs) were delineated using aerial photography
and satellite imagery to distinguish ecological mapping
types. The boundaries of each ELU were field verified.
Landforms were selected because they are highly correlated
with soil types in Nevada (Peterson 1981) and have been
used historically to help classify habitat types in the Mojave
Desert (Berry 1979). Vegetation and other site parameters
were sampled within representative areas of each ELU.
Data were analyzed using cluster analyses and descriptive
statistics to help classify vegetation into 10 alliances and
20 associations.

Results

Results of the vegetation classification on the NTS are
shown in table 1. About 23 percent and 37 percent of the
ELUssampled onthe NTS were located in the Mojave Desert
and Great Basin Desert, respectively (table 2). The remain-
ing 36 percent of the ELUs were located in a Transition Zone
between these two deserts. About 4 percent of the 1,508
ELUs sampled were classified as “miscellaneous” because
they were unique vegetation types, burned, scraped, or
disturbed by nuclear testing. In the Mojave Desert the
Larrea tridentata/Ambrosia dumosa Shrubland was the
most numerous association representing about 19 percent of
the ELUs on the NTS (18 percent of the total area). No other
association in the Mojave Desert represented more than
4 percent of the total ELUs. In the Great Basin Desert the
Artemisia tridentata-Chrysothamnus viscidiflorus
Shrubland was the most numerous association representing
about 11 percent of the ELUs on the NT'S (7.5 percent of the
total area). No other association in the Great Basin Desert
represented more than 7 percent of the total ELUs. In the
Transition Zone between these deserts, the Coleogyne
ramosissima-Ephedra nevadensis Shrubland was the most
numerous association representing about 22 percent of the
ELUs on the NTS (21.6 percent of the total area). No other
association in the Transition Zone represented more than
6 percent of the total ELUs.

Distribution of Plant Alliances on the
Nevada Test Site

Figure 1 shows the distribution of plant alliances on the
NTS. Also shown are the generalized boundaries for the
Mojave Desert, Great Basin Desert, and the Transition Zone
between these deserts. Plant species that dominate associa-
tions within the Transition Zone have been historically
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Table 1—Classification of vegetation on the Nevada Test Site.

Mojave Desert
Lycium spp. Shrubland Alliance
Lycium shockleytLycium pallidum Shrubland
Larrea tridentatal Ambrosia dumosa Shrubland Alliance
Larrea tridentata | Ambrosia dumosa -Shrubland
Atriplex confertifolia - Ambrosia dumosa Shrubland Alliance
Atrjplex confertifolia - Ambrosia dumosa Shrubland

Transition Zone
Hymenoclea - Lycium Shrubland Alliance
Lycium andersonii - Hymenoclea salsola Shrubland
Hymenoclea salsola - Ephedra nevadensis Shrubland
Epheara nevadensis Shrubland Alliance
Menodora spinescens - Ephedra nevadensis Shrubland
Krascheninnikovia lanata - Ephedra nevadensis Shrubland
Eriogonum fasciculatum - Ephedra nevadensis Shrubland
Ephedra nevadensis - Grayia spinosa Shrubland
Coleogyne ramosissima Shrubland Alliance
Coleogyne ramosissima - Ephedra nevadensis Shrubland

Great Basin Desert
Atrijplex spp. Shrubland Alliance
Atrjplex confertifolia - Kochia americana Shrubland
Alrjplex canescens - Krascheninnikovia lanata Shrubland
Chrysothamnus- Ericameria Shrubland Alliance
Chrysothamnus viscidiflorus - Ephedra nevadensis Shrubland
Ericameria nauseosa Shrubland Alliance
Ericameria nauseosa - Ephedra nevadensis Shrubland
Artemisia spp. Shrubland Alliance
Epheara viridis - Artemisia tridentata Shrubland
Artemisia tridentata - Chrysothamnus viscidiflorus Shrubland
Artemisia nova - Chrysothamnus viscidiflorus Shrubland
Artemisia nova - Artemisia tridentata Shrubland
Pinus monophylla Artemisia spp. Woodland Alliance
Pinus monophyllal Artermisia nova Woodland
Pinus monophyllal Artemisia tridentata Woodland

associated with either desert, and in some cases, listed as a
minor species in both deserts.

Associations that were considered typical or characteris-
ticof the Mojave Desert were those that contained a presence
of Shockley’s desertthorn (Lycium shockleyi), rabbit thorn
(Lycium pallidum), creosote bush (Larrea tridentata), or
white bursage (Ambrosia dumosa), but lacked species char-
acteristic of the Great Basin Desert (table 3). The distribu-
tion of creosote bush on the NTS (fig. 2) approximates the
boundaries for the Mojave Desert on the NTS. Associations
that were considered typical of the Great Basin Desert were
those that contained a presence of sagebrush (Artemisia
spp.), singleleaf pinyon (Pinus monophylla), or Utah juniper
(Juniperus osteosperma), but lacked species characteristic
of the Mojave Desert. The distribution of big sagebrush
(Artemisia tridentata) on the NTS (fig. 3) approximates the
boundaries of the Great Basin on the NTS. Associations
within the Transition Zone were considered to be those that
had a mixture of species, many species occurring in both the
Mojave and Great Basin Desert (table 3), such as Ephedra
(Ephedra) spp. and blackbrush, (Coleogyne ramosissima).
The distribution of blackbrush on the NTS (fig. 4) approxi-
mates the boundaries of the Transition Zone on the NTS.

Associations that occur in the Transition Zone appear to
be comprised of shrubs that are predominantly drought
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deciduous (e.g., blackbrush) or have essentially leafless,
photosynthetic stems (e.g., Ephedra spp.), while the most
abundant dominant shrubs from associations in the Mojave
Desert and Great Basin Desert are evergreen in habit (e.g.,
creosote bush, big sagebrush, singleleaf pinyon, and Utah
juniper). The evolutionary adaptation of leaf reduction or
abscission during drought and stress-induced dormancy
may help maintain the abundance of blackbrush and Mor-
mon tea (Ephedra nevadensis) in these ecotones. While the
abundance of species other than blackbrush are relatively
low in the Coleogyne ramosissima - Ephedra nevadensis
Shrubland, they are frequently present in small numbers
being found in small patches where animals have disturbed
the soil horizons or fire has reduced competition with
blackbrush.

Blackbrush occurs at intermediate elevations. At these
elevations lightning strikes, associated with storms blowing
from the south, are common during the summer and occa-
sionally fuel loading reaches levels high enough to support
wildfires. Once burned these communities reestablish very
slowly; this phenomenon is also reported by Brown (1982).

Species Diversity

Species diversity (richness or the number of species) of
perennial trees and shrubs was greatest in the Great Basin
Desert associations (mean of 56 species) compared to asso-
ciations in the Transition Zone (mean of 49 species) and the
Mojave Desert (mean of 36 species). Similar species diver-
sity patterns were also observed for all combined perennial
species on the NTS (table 2) (e.g., Great Basin Desert: 21.7
species per ELU, Transition Zone: 17.4 species per ELU, and
Mojave Desert: 12.7 species per ELU).

Elevation and Precipitation

Plant associations within the Mojave Desert and Great
Basin Desert were ordered according to increasing elevation
and precipitation (fig. 5). Mean annual precipitation was
determined to be positively correlated (r* = 0.85) with eleva-
tion on the NTS, based on correlation modeling and actual
weather recording data (French 1986; other detailed meteo-
rological data are presented by Fransioli and Ambos 1997).
Theimportance of elevation, slope, and substrate in account-
ing for statistical variance in shrub species cover was also
described for the Nellis Air Force Range consisting of
1,228,355 ha (7,432 mi?) of shrubland adjacent to the NTS
(Pritchett and others 1997).

Soils and Parent Materials

Texture of surface soils (0 to 5 centimeters [0 to 2 inches])
appeared to differ little among all associations except for
two that were correlated with playas and steep mountain
slopes. The plant associations associated with playas were
the Lycium shockleyi - Lycium pallidum Shrubland and the
Atriplex confertifolia - Kochia americana S<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>