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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 between two or more communities where the processes of exchange or
competition between neighboring communities or subunits of communities occur. Depending on scale, climate, topography, soil characteristics, species interactions, physiological parameters, and population genetics are important considerations at ecotonal boundaries.
Hybridization between compatible taxa often occurs at ecotones.
Members of the big sagebrush (Artemisia tridentata) species complex (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 processes change habitats and should be considered for management
purposes.

Ecotones and other boundary concepts are important in
biological processes and systems. Many fundamental processes and functions occur at biological boundaries of various 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 components, organs, organisms, populations of organisms, communities, 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 characteristics by hybridization or introgression, or of displacement of organisms and modification of habitats by invasion
or competition from other organisms. This paper presents an
introduction to the symposium by examining ecotonal concept history, ecotone definition, the general properties of
ecotones, and other biological boundaries in smaller and
larger scale than traditional community ecotones. Special
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attention will be paid to hybridization in sagebrush (subgenus 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 competition between neighboring formations might be readily observed.” Clements (1905) further described ecotones as tension 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 communities.... 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 characteristics 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 questions 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 elements 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
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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 component differ and their responses of different materials, organisms, or abiotic factors to the boundary (Gosz 1991).
We conclude this brief discussion on scale by citing some
cellular ecotone examples that demonstrate boundary exchange 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) chloroplast genome has been captured by sand sage (Artemisia 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
management implications had developed (Risser 1995). These
were:
• 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 areas at mountain and tundra tree lines including exploring 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 deciduous 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
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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 frequently intensify or concentrate the flows of water, nutrients, and other materials, as well as the movement of
organisms across the landscape), ecotones provision of important 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) important 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 tremuloides) 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 community 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 ecotones because it is often at the traditional community ecotones that interspecific and intraspecific contact occurs so
that interactions can occur.

Hybridization and Hybrid Zones ___
For the balance of this paper we discuss population ecotones or plant patterns (table 1) using the sagebrush (subgenus Tridentatae of Artemisia) example.

Introgression and Hybridization in
Sagebrush
Big sagebrush (Artemisia tridentata) in particular and
sagebrush (subgenus Tridentatae) in general have apparently gained their landscape-dominant, broad-niche-filling
status through a reticulate, hybridizing, evolutionary pathway (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 example, 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 evolutionary 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 proceedings; Harrison 1993; and references cited therein).

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

A. tridentata ssp. tridentata and A. tridentata ssp. vaseyana
A. tridentata ssp. tridentata and A. tridentata ssp. wyomingensis
A. arbuscula ssp. arbuscula and A. tridentata ssp. wyomingensis
A. tridentata ssp. vaseyana and A. cana ssp. viscidula
A. tridentata ssp. vaseyana and A. tridentata ssp. spiciformis
A. arbuscula ssp. arbuscula and A. tridentata ssp. vaseyana
A. cana ssp. cana and A. tridentata ssp. wyomingensis
A. tridentata ssp. wyomingensis and A. tripartita ssp. tripartita
A. tridentata ssp. wyomingensis and A. nova
A. nova and A. arbuscula ssp. arbuscula

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 counterbalance 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 Tridentatae of Artemisia).
Taxon or population

Putative parents

References

A. arbuscula ssp. longicaulis

A. arbuscula ssp. arbuscula x
A. tridentata ssp. wyomingenis

Winward and McArthur 1995; McArthur
and Sanderson, in press

A. argillosa

A. cana ssp. visicidula x
A. longiloba

Beetle 1959

A. tridentata ssp. spiciformis

A. tridentata ssp. vaseyana x
A. cana ssp. visicidula

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

A. tridentata ssp. xericensis

A. tridentata ssp. tridentata x
A. tridentata ssp. vaseyana

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

A. tridentata ssp. wyomingensis

A. tridentata ssp. tridentata x
A. tridentata ssp. vaseyana with

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

perhaps some involvement with
A. nova as well
“Introgressed Wyoming big sagebrush”

A. tridentata ssp. wyomingenis x
A. tridentata ssp. vaseyana

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

“Dubois sagebrush”

A. tripartita x
A. tridentata ssp. wyomingenis

Winward, personal communication;
discussion, this paper

“Gosiute sagebrush”

A. tridentata ssp. wyomingenis x
A. longiloba

Winward, personal communication;
discussion, this paper

“Big sagebrush hybrid zone”

A. tridentata ssp. tridentata x
A. tridentata ssp. vaseyana

Hybrid zone papers in table 4, those footnoteda
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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 morphology, growth rates, plant chemistry, selection gradients and
fitness, developmental instability, insect relationships, soils,
mineral uptake, plant community dynamics, and respiration 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 occasions), 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 nondescribed hybrid taxa or populations). The first is a plant
that has intermediate characteristics between mountain
(Artemisia tridentata ssp. vaseyana) and Wyoming (A. t. 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 proceedings for many locations) above typical Wyoming big sagebrush 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 1991a
Weber and others 1994
Freeman and others 1995a
Graham and others 1995a
Messina and others 1996
Wang and others 1997a
McArthur and others 1998aa
McArthur and others 1998b
Wang and others 1998a
Byrd and others 1999a
Freeman an others in 1999a
Wang and others, in pressa
Graham and others, in reviewa
Freeman and others, this proceedingsa
Graham and others, this proceedings
Smith and others, this proceedings
a
These papers are part of the series “Narrow hybrid zone between two
subspecies of big sagebrush (Artemisia tridentata: Asteraceae).”
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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 (Quercus 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 coumarins). 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 sagebrush 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 performed. 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 stabilized 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 indentations 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 differentiation 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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