Int. J. Plant Sci. 159(1):139-147. 1998.
© 1998 by The University of Chicago. All rights reserved.
1058-5893/98/5901-0017$03.00

NARROW HYBRID ZONE BETWEEN TWO SUBSPECIES OF BIG SAGEBRUSH (ARTEMISIA
TRIDENTATA: ASTERACEAE). V. SOIL PROPERTIES
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We studied soils of the big sagebrush (Artemisia tridentata) hybrid zone at two locations in Utah. The elemental
composition, depth, and pH of soil in the basin and mountain big sagebrush habitats differed significantly from each
other and from the hybrid zone soil. The hybrid zone soil is not just a simple blend of the two parental habitat soils.
Rather, it possesses novel characteristics found in neither parental habitat and is more variable than the parental habitat
soils. Correspondence analyses show that the sites occupied by each parental taxon are chemically distinct. Moreover,
the principal axes from the two study locations are highly correlated with each other, indicating consistent edaphic

differences across both hybrid zones.

Introduction

The stability of hybrid zones has been the subject
of several competing models (Moore 1977; Barton and
Hewitt 1985; Moore and Buchanan 1985; Mallet and
Barton 1989; Barton and Gale 1993; Moore and Price
1993). Two of these hybrid zone models are of partic-
ular concern because of their contrasting assumptions
about the nature of selection. The dynamic equilibrium
model proposes that the disruption of coadapted gene
complexes generates hybrid unfitness and thus selec-
tion against hybrids (Bazykin 1969; Moore 1977; Bar-
ton and Hewitt 1985). This hybrid unfitness is posited
to be purely genetic and independent of local environ-
ments. Selection against hybrids is balanced by gene
flow, which creates new hybrids. Thus, both gene flow
and selection interact to determine the width of the
zone, but not its geographical position. According to
this model, hybrid zones move until they encounter
areas of low population densities, where they then be-
come trapped (Bazykin 1969; Moore 1977; Barton and
Hewitt 1981, 1985; Moore and Buchanan 1985). Con-
sequently, this ecologically neutral model predicts no
association between the position or width of a hybrid
zone and ecological factors. In contrast, the bounded
hybrid superiority model assumes that genotype-by-
environment interactions determine fitness and that hy-
brid zones are stable because hybrids are more fit than
parental taxa within the hybrid zones and less fit out-
side the zones (Endler 1977; Moore 1977; Moore and
Buchanan 1985). The bounded hybrid superiority
model specifically proposes that hybrid zones should
be primarily associated with ecotones (Remington
1968; Moore 1977; Moore and Buchanan 1985; Moore
and Price 1993), i.e., ecological factors determine both
the position and width of the zone. A central issue in
this debate concerns what role, if any, ecological fac-
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tors play in determining fitness and hence the structure
of stable hybrid zones.

Few studies have examined any aspect of the ecol-
ogy of hybrid zones. Moore and his colleagues argued
that exogenous selection likely stabilizes the Northern
Flicker (Colaptes auratus) hybrid zone, because the
zone does not occur in an area of low population den-
sity (Moore and Buchanan 1985) and it is associated
with an ecotone along the front range of the Rocky
Mountains within the United States (Moore and Price
1993). However, the zone does break away from the
front range, crossing the Rocky Mountains in British
Columbia (Moore and Price 1993). Harrision and Rand
(1989) examined a cricket hybrid zone (Gryllus penn-
sylvania X G. firmus) and found that certain morpho-
logical traits and genotypes (allozymes and mtDNA)
of the crickets are apparently correlated with fine-scale
soil types across the hybrid zone (Rand and Harrison
1989). Bennett and Grace (1990), and Arnold and
Bennett (1993) showed that the iris hybrid zone (Iris
fulva X I. hexagona) is located in an ecotone between
an open marsh and a shady forest, and within this zone
Cruzan and Arnold (1993) uncovered a strong intra-
specific association of RAPD markers in the forest
habitat. Emms and Arnold (1997) showed that light
availability, soil moisture, soil elemental concentra-
tions, and vegetation differ significantly across the
zone. Reciprocal transplantation of the rhizomes of 1.
fulva, 1. hexagona, and their hybrids showed that the
iris hybrids are able to reproduce clonally at least as
successfully as their parents in all habitats (Emms and
Arnold 1997). Young (1996) studied two Pacific Coast
iris hybrid zones. One of the zones (I. douglasiana X
1. innominata) follows an ecotone. Reciprocal trans-
plant experiments showed that habitat association
plays a major role in isolation. In the other zone (1.
chrysophylla X I. tenxa), parentals are isolated by flo-
ral structure breeding barriers.

However, Nichols and Hewitt (1988) found that
vegetation composition does not change significantly
across a grasshopper (Podisma pedestris) hybrid zone
and reasoned that soil types and climatic regimes (tem-
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perature and precipitation) should be similar at both
parental habitats, on the basis of literature citations.
They did note that subtle fine-scale habitat differenti-
ation could still act to structure the zone. Nichols and
Hewitt (1988) did find that this hybrid zone occurs in
an area of low population density—in keeping with
the expectations of the dynamic equilibrium model
(see also Barton and Hewitt 1981, 1985). Kohlmann
et al. (1988) found that the grasshopper (Caledia cap-
tiva) hybrid zone they studied is clearly situated in a
marginal area of climate and vegetation between the
parental habitats (Kohlmann et al. 1988)—in keeping
with the predictions of the bounded hybrid superiority
model. This zone, however, may be structured by F,
and backcross breakdown (Shaw et al. 1993). More-
over, it appears to have moved within the last 20,000
yr (Kohlmann et al. 1988; Shaw et al. 1993). Thus,
both genetic and ecological factors possibly act to-
gether to maintain this hybrid zone (Shaw et al. 1993).
More recently, Bert and Arnold (1995) showed that
both exogenous and endogenous selection are proba-
bly involved in maintaining the hard clam (Mercenaria
mercenaria X M. campechiensis) hybrid zone along
the east-central Florida coast. Sites et al. (1995) have
also argued that both hybrid unfitness and habitat se-
lection may maintain the lizard (Sceloprus grammicus
complex) hybrid zone in central Mexico.

None of these prior studies could unambiguously
reject one model or another. They have not quantita-
tively described the environment, nor have they con-
ducted the reciprocal transplant experiments necessary
to evaluate the genotype-by-environment interactions
that are the basis of the bounded hybrid superiority
model (but see Young [1996] and Emms and Arnold
[1997]). We have conducted reciprocal transplant ex-
periments (Wang et al. 1997) but have yet to report a
quantitative description of the environment. The pur-
pose of this study is to determine whether edaphic pa-
rameters vary significantly across the big sagebrush
(Artemisia tridentata ssp. tridentata X A. t. ssp. va-
seyana) hybrid zone in central Utah. We also evaluate
the variability of the habitats occupied by the parental
taxa and their hybrids.

We previously showed that basin big sagebrush (A.
t. ssp. tridentata) hybridizes with mountain big sage-
brush (A. t. ssp. vaseyana) in narrow zones throughout
the Great Basin. In northern Utah, the two subspecies
have a parapatric distribution, i.e., mountain big sage-
brush generally grows above 1870 m in elevation,
whereas basin big sagebrush is usually found below
1770 m in elevation. Big sagebrush hybrids are found
in a belt between these two elevations (McArthur et
al. 1988; Freeman et al. 1991). The two subspecies
and their hybrids differ in morphology and secondary
compounds (McArthur et al. 1988; Freeman et al.
1991; Byrd 1992). Graham et al. (1995) examined se-
lection acting on fitness components of big sagebrush
taxa and found that parasite loads and seed production
of the big sagebrush hybrids generally fall between
those of the parental taxa. Freeman et al. (1995) ex-

amined developmental instability of morphological
and biochemical traits across this hybrid zone. Hybrids
tended to be developmentally less stable than basin big
sagebrush but more stable than mountain big sage-
brush. Using reciprocal transplant experiments, we
found significant genotype-by-environment interac-
tions for most life-history features, with hybrids being
overwhelmingly more fit than either parental taxon
within the hybrid zone but less fit than the native pa-
rental taxon within each parental zone (Wang et al.
1997).

Material and Methods
Study Areas

Two areas were chosen for this study (fig. 1). One, in Salt
Creek Canyon, Nephi, Juab Co., Utah, has five sampling
sites: the basin site (S-1), the hybrid site near the basin site
(S-2), the middle hybrid site (S-3), the hybrid site near the
mountain site (S-4), and the mountain site (S-5). The other,
in Clear Creek Canyon, Richfield, Sevier Co., Utah, has four
sampling sites: the basin site (C-1), the hybrid site near the
basin site (C-2), the hybrid site near the mountain site (C-
3), and the mountain site (C-4). The average annual precip-
itation and mean annual air temperature across the zones are
30.5 cm-55.9 cm and 5.0°-7.2°C, respectively (Richardson
et al. 1981a, 1981b; Trickler and Hall 1984). The two study
areas are separated by 140 km. The hybrid zone in Clear
Creek Canyon is ca. 300 m higher than the one in Salt Creek
Canyon (fig. 1). Further, while the hybrid zone width in Salt
Creek Canyon is ca. 1 km, the hybrid zone width in Clear
Creek Canyon is ca. 6 km (fig. 1).

Soil Thickness

Soil thickness was estimated by penetrometer depth,
which was determined by driving a penetrometer vertically
into the soil until it could not be pushed further. Eight mea-
surements were made per site in Salt Creek Canyon, and 10
per site were made in Clear Creek Canyon.

Soil Collection and Treatments

Seventy soil samples were collected: six per site in Salt
Creek Canyon and 10 per site in Clear Creek Canyon. Ap-
proximately 500 g of top soil (0-20 cm) were taken near the
sagebrush and stored in polyethylene bags. Samples were air
dried for 3 or 4 d, and the large stones and plant roots re-
moved. Each sample was ground with a mortar and pestle
and passed through a 1.4-mm sieve. Half of the sieved sam-
ple was stored for pH measurements; the other half was
ground further to pass through a 0.5-mm sieve and stored
for elemental analysis.

Soil pH

Five grams of soil were mixed with 25 mL deionized wa-
ter, shaken for 15 min, and pH values were determined using
a Jenco-612 pH meter. Six pH values were determined per
site in Salt Creek Canyon, while 10 were determined per site
in Clear Creek Canyon.

Elemental Concentrations

Ten grams of soil and 25 ml of 1.0 N KCL solution were
used to extract Na, Ca, Mg, Mo, and Ba from the soils. The
samples were shaken (wrist-action shaker) for 5 min, cen-
trifuged at 3000 rpm for 10 min, and the supernatants were



