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ABsTRACT.—Differences in root systems among species may contribute to compositional
changes during succession. We excavated all belowground parts of species in an early suc-
cessional community 2-3 yr after logging and burning of an old Pseudotsuga menziesii forest.
Annual species had a similar overall root system morphology, but varied in characteristics
such as rooting depth and root/shoot ratio. Seedlings of perennial species generally had
higher root/shoot ratios than did annuals. Mature perennials had extensive root systems
with high root/shoot ratios and most species were clonal. Species typical of later successional
stages had more extensive and deeper root systems than did species of earlier stages, a factor
that may influence compositional change. Some species that persist throughout succession
may do so because their root systems are flexible, changing in origin and distribution. Dif-
ferences in root systems among species are consistent with their successional roles and habitat
affinities, and thus, are important in understanding species replacement during secondary
succession.

INTRODUCTION

Root systems vary greatly among species in ways that can influence species’ interactions
and, ultimately, changes in abundance during succession (Weaver, 1958; Parrish and Bazzaz,
1976; Fitter et al., 1988; Gleeson and Tilman, 1990). Interspecific competition is often an
important mechanism of compositional change (Tilman, 1985), and competitive success
can be mediated by root distribution (Parrish and Bazzaz, 1976; Manning and Barbour,
1988; Tyler and D’Antonio, 1995). Rapid development of deep roots in woody species is
often critical in the successional replacement of herbaceous species by woody ones (Williams
and Hobbs, 1989; Brown and Archer, 1990). In addition, distributions of roots and peren-
nating buds are fundamental in determining survival through disturbance. For example,
differential survival of species is related to root depth during drought (Weaver, 1958), depth
of perennating structures during forest fires (Flinn and Pringle, 1983; Flinn and Wein,
1988) and patterns of rhizome growth following burial by volcanic tephra (Antos and Zobel,
1985a, b).

Early post-logging succession has been studied extensively in the Pacific Northwest (Dyr-
ness, 1973; Halpern, 1988, 1989; Halpern and Franklin, 1990; Halpern and Spies, 1995).
The seral vegetation is composed of forest understory species that survive disturbance, as
well as annual and perennial taxa that establish subsequently but dominate the early stages
of succession. Species turnover, changes in species abundance and changes in plant size
are rapid during this period. Although early successional stages are often brief relative to
the potential length of the sere, they are critical in maintaining ecosystem functions (Bor-
mann and Likens, 1979) and in shaping patterns of tree establishment and growth (De
Steven, 1991; Gill and Marks, 1991). Despite the extensive body of research on early suc-
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cession in this region, we have limited knowledge of the basic characteristics of root systems
(e.g., rooting depth, lateral spread) of early successional plants. This may be a significant
gap in understanding if successional change is causally related to species-specific differences
in root system characteristics.

The ecological significance of root systems has received relatively little attention in gen-
eral in the Pacific Northwest. Belowground structures have been studied in herbs in old-
growth forests (Antos and Zobel, 1984; Antos, 1988), in dominant shrubs (Tappeiner et al.,
1991; Huffman et al., 1994) and in a diversity of species following volcanic disturbance
(Antos and Zobel, 1985a, b), but these studies provide little insight into the dynamics of
herbaceous species during early secondary succession. The work described in this paper
represents one component of a broader set of field experiments that address the roles of
species’ interactions in early successional change (Halpern e al, 1992, 1997). Here we
compare the basic root system characteristics of plants on a recently clear-cut site and con-
sider how differences in root systems may influence species’ distributions and successional
roles.

STUDY AREA

The study was conducted in the Western Cascade Mountains on a recently clear-cut site
(the Starrbright timber sale, henceforth Starrbright) ca. 25 km S. of the Andrews Experi-
mental Forest near Blue River, Oregon. Starrbright was selected to be similar to sites on
the Andrews Experimental Forest where long-term studies of secondary succession have
been conducted since 1962 (Dyrness, 1973; Halpern, 1988, 1989). The 4-ha clear-cut is at
730 m elevation on a gentle E-facing slope in the Tsuga heterophylla zone (Franklin and
Dyrness, 1973). The climate is strongly Mediterranean with cool wet winters and warm dry
summers. At this elevation, winter snowpack is intermittent. At a similar elevation in the
Andrews Experimental Forest, annual precipitation averages 235 cm, and July and January
temperatures average 17.8 C and 0.6 C, respectively (Bierlmaier and McKee, 1989). Soils at
Starrbright were formed from deep layers of volcanic ash and contain few rocks, which
greatly facilitates excavation of root systems.

Starrbright was logged during May and June 1991 and broadcast-burned with a moderate
intensity fire in September 1991. Before harvest the site supported a mature to old-growth
forest of Pseudotsuga menziesii, Tsuga heterophylla and Thuja plicata. The understory was
dominated by an evergreen shrub layer of Berberis nervosa, Gaultheria shallon and Rhodo-
dendron macrophyllum. Vegetation was sparse the year following burning, consisting of re-
sprouting forest understory plants and colonizing species (Halpern et al., 1996, 1997). By
the 2nd season, annual species, especially Epilobium paniculatum and Senecio sylvaticus, were
dominant. Annuals, invading perennials, and resprouting forest species were all common
on the site by the 3rd growing season (Halpern et al., 1996). This diversity of plant types
combined with the occurrence of seasonal water limitation makes the study site especially
favorable for examining relationships between root system architecture and early succes-
sional changes. Nomenclature follows Hitchcock and Cronquist (1973).

METHODS

All sampling was conducted during the 2nd and 3rd seasons following disturbance (1993
and 1994). Emphasis was placed on annual species and seedlings of perennials because
these were the most common during the period of study, and because seedling establish-
ment and early growth are critical stages in the life history of perennials. Frequency and
cover values for major species at the site, including almost all of those studied here, are
provided in Halpern et al. (1996).
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We completely excavated 10 individuals of most species selected for study; for some pe-
rennial species, time constraints limited sample sizes. For two dominant annual species,
Epilobium paniculatum and Conyza canadensis, we sampled 10 individuals in each year,
because there was considerable size variation between years. For the dominant perennial
herb, Epilobium angustifolium, we sampled both seedlings and 2-3-yr-old plants. For all
species, aerial shoots were chosen to represent well-developed plants commonly found on
the site. All living plant parts attached to the selected shoot were carefully excavated using
small hand tools, as done previously for herbs and shrubs in the Cascade Mountains (Antos
and Zobel, 1984, 1985a, b; Antos, 1988). For clonal species, all parts attached via rhizomes,
stolons and roots were excavated and collected. Root distributional patterns, including max-
imum lateral spread and depth, were determined for each plant, and a diagram was drawn
of the root system. Notes were made on the density of roots per unit volume of soil, which
often varied greatly both within the root zone of a plant and among species. Other be-
lowground traits, such as rhizome depth and root branching pattern, were recorded as
appropriate for the different species. Plant height and number of shoots were recorded for
aboveground parts of each individual. Excavated plants were cleaned, oven-dried at 70 G,
and weighed to determine root/shoot (belowground/aboveground) ratios. Most plants ex-
cavated were in flower, except for Epilobium paniculatum and Conyza canadensis, which
were generally sampled just before anthesis.

The significance of differences in traits among annual species, among seedlings of pe-
rennial species, and between these two groups were examined using one-way ANOVA. For
the annuals, Epilobium paniculatum and Conyza canadensis, only the well-developed plants
present in 1993 were included in the analyses. All statistical analyses were conducted using
Statistix (Analytical Software, Tallahassee, Florida).

RESULTS

Annual species—Root system morphology was similar among annual species, but many
aspects of root system size were significantly different (root depth, P = 0.010; root spread,
P = 0.029; root system weight, P = 0.000; root/shoot ratio, P = 0.000). These differences
were apparent despite considerable variation in plant weight within species (Table 1). Most
annual plants had taproots, with varying amounts of lateral root development. However,
the relationship between root depth and lateral spread varied considerably both within and
among species (Fig. 1). In general, the proportion of the root system composed of lateral
roots increased with plant size. Species are described in order of increasing root depth.

Both Collomia heterophylla and Madia gracilis had low root/shoot ratios and shallow root
systems (Table 1). Their root systems were diffuse with a higher concentration of fine roots
near the soil surface. The taproot of C. heterophylla was poorly developed and the root
system consisted mostly of lateral roots, especially on larger plants. In contrast, for M.
gracilis, the lateral spread of roots was much less than the root depth. Plants of C. hetero-
phylla were short with many primary stems; most other annual species had a single main
stem.

Conyza canadensis also had a shallow root system, averaging <20 cm deep (Table 1). The
taproot was the dominant feature of the root system except in larger plants, which had con-
siderable lateral root development, especially near the soil surface. In the smaller plants of
C. canadensis sampled in 1994, lateral spread of root systems was greatly reduced (Table 1).

Root systems of Epilobium paniculatum and Senecio sykvaticus averaged ca. 25 cm in depth,
but differed in root density and lateral spread. As in Conyza canadensis, the smaller plants
of E. paniculatum sampled in 1994 had root systems with reduced lateral spread (Table 1).
Epilobium paniculatum had a very diffuse root system. In contrast, Senecio sylvaticus had
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FiG. 1.—Maximum lateral root spread from a stem vs. maximum root depth for annual species (A)
and seedlings of perennial species (B) excavated on the Starrbright study site 2 and 3 yr after distur-
bance (1993 and 1994). Data points are for individual plants. For A: Collomia heterophylla (open circles),
Conyza canadensis (closed circles), Crepis capillaris (closed squares), Epilobium paniculatum (open
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very dense roots in the upper 10 cm of soil near the base of the stem, with a few long
lateral roots extending considerably beyond this dense root mass. Senecio sylvaticus was
substantially larger (i.e., taller with greater mass) than the other annual species, with a root
depth approximately equal to the distance of root lateral spread from the stem. For all
other species except Collomia heterophylla, root lateral spread was less than root depth (Ta-
ble 1). Crepis capillaris had the deepest root system among the annual species sampled
(Table 1), with a pronounced taproot and occasional large, lateral roots. Its root/shoot
ratio was relatively high.

Perennial species—Seedlings of perennial species varied in root system morphology; some
resembled annuals whereas others had deep taproots and high root/shoot ratios (Table 1).
For example, seedlings of Epilobium watsonii were similar to annuals: they generally flow-
ered the Ist yr and had a low root/shoot ratio with relatively shallow root systems averaging
15-cm deep (Table 1). The taproot was poorly developed and the root system largely con-
sisted of a few spreading, lateral roots. In contrast, seedlings of E. angustifolium had much
more extensive root development, with a pronounced taproot and a root/shoot ratio almost
twice as high as that of E. watsonii.

As a group, seedlings of perennials had significantly smaller root spread (P = 0.000) and
larger root/shoot ratios (P = 0.000) than did annuals. However, root systems differed con-
siderably among seedlings of perennial species (Fig. 1b), with significant differences among
species in root depth (P = 0.000), lateral spread (P = 0.015) and root/shoot ratio (P =
0.000).

Root systems of perennial species that established after logging and burning changed
rapidly as plants developed beyond the seedling stage. Within 2-3 yr the root system of
Epilobium angustifolium had become much deeper and the root/shoot ratio much greater
(six times that of seedlings), as the extensive root system and clonal growth typical of mature
plants started to develop (Table 1). Seedlings of both Gnaphalium microcephalum and Lu-
pinus latifolius had pronounced taproots and only small rosettes of leaves. However, L.
latifolius seedlings had a much deeper taproot and a higher root/shoot ratio than did G.
microcephalum (Table 1). Although seedlings of L. latifolius have limited lateral root devel-
opment, observations of 2 to 3-yr-old plants unearthed during excavations of other taxa
indicate that L. latifolius soon develops an extensive, and often deep, lateral root system,
and can spread vegetatively from root sprouts. The roots of both seedlings and older plants
had abundant nodules. Observations made during excavations of other taxa indicate that
G. microcephalum also develops an extensive lateral root system within 2-3 yr, but does not
spread vegetatively.

Berberis nervosa and Whipplea modesta are present during most or all of the successional
sequence in these forests. Although these species differ considerably in growth form, both
are clonal. Almost all of the biomass of B. nervosa was belowground, in contrast to all other
species examined (Table 1). This low-growing, evergreen shrub survives through fire and
resprouts from persistent, woody rhizomes. In contrast, most individuals of W, modesta were
eliminated by burning. Post-disturbance plants began as seedlings with taproots and grad-
ually metamorphosed into stoloniferous subshrubs with adventitious roots. Two to 3-yr-old
plants had a double root system with extensive, diffuse roots originating from the taproot

«—

squares), Madia gracilis (closed triangles), Senecio sylvaticus (open triangles). For B: Epilobium watsonii
(open circles), Epilobium angustifolium (closed triangles), Graphalium microcephalum (closed circles),
Lupinus latifolius (open triangles), Pseudotsuga menziesii (open squares)
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and numerous adventitious roots emanating from the stoloniferous stems. The root system
was deep and widespread (Table 1).

Seedlings of the long-lived tree, Pseudotsuga menziesii, were very small compared to seed-
lings of perennial herbs or annuals (Table 1). Although the taproot was well-developed and
lateral roots were very short, root depth averaged only 14 cm—considerably less than in
most of the species studied.

DiscussioN

Annual species—Some differences of possible ecological importance occur among the
annual species studied, although their basic root system morphologies are similar. The small,
shallow root systems (and low root/shoot ratios) of Madia gracilis and Collomia heterophylla
likely lead to early seed production and senescence before the driest part of the summer.
These native annuals are common in dry open habitats (Hitchcock and Cronquist, 1973),
and can be considered spring or early summer ephemerals. Reduced allocation to roots
may facilitate rapid growth of aboveground structures when soil water is abundant in the
spring, thus allowing completion of seed production before the pronounced summer
drought characteristic of the region. Conyza canadensis, a widespread, native, weedy annual,
also had a shallow root system, but a higher root/shoot ratio. Dense, shallow roots may
contribute to its abundance on recently disturbed sites, where nutrients and water can be
abundant in upper soil layers. However, its late phenology probably limits its occurrence
on dry, naturally open sites. At Starrbright, C. canadensis had just begun to flower when
Collomia heterophylla and Madia gracilis were in fruit and senescent. The relatively deep
taproot of Crepis capillaris, an exotic annual weed, may contribute to its continuing increase
on the site when other annuals were declining. As plant community biomass increases with
time, and soil moisture declines with increasing transpiration (Gholz et al, 1985), deep
roots should be of greater advantage.

Senecio sylvaticus and Epilobium paniculatum had the highest cover among annuals on
the site in 1993, the 2nd growing season after disturbance. In the 3rd yr, S. sylvaticus
declined dramatically, as is typical following logging and burning in the Pacific Northwest
(West and Chilcote, 1968; Dyrness, 1973; Halpern, 1989; Geyer, 1995; Halpern et al., 1997).
Although E. paniculatum remained abundant in yr 3, plants were much smaller than in
previous years. Although the root depth and the root/shoot ratio of the two species are
similar, the concentration of fine roots near the base of the stem in S. sylvaticus may explain,
in part, its brief dominance after disturbance. Following logging and burning, S. sylvaticus
may be very efficient at nutrient uptake from high concentrations released near the soil
surface. However, it may be at a disadvantage subsequently as nutrient concentrations de-
cline. Although it has been reported to require high levels of nutrients (West and Chilcote,
1968; Kumler, 1969), other work fails to support this conclusion (Van Andel and Vera, 1977;
Van Andel and Nelissen, 1979; Geyer, 1995). In contrast, E. paniculatum, with a more diffuse
root system, may be more efficient at obtaining nutrients dispersed throughout a larger soil
volume. A native winter annual, E. paniculatum commonly occurs on a variety of disturbed
sites and in naturally open, dry habitats (Hitchcock and Cronquist, 1973; Geyer, 1995).

The overall pattern of root system development appeared fairly uniform within annual
species. For example, root systems of the very small plants of Epilobium paniculatum and
Conyza canadensis present in 1994 were similar to those of the large plants present in 1993,
except that lateral roots were less well-developed relative to the taproot in the smaller plants.
This reflects the general pattern of root development in the annual species examined; a
taproot develops first and the proportion of the root system composed of lateral roots
increases as plants become larger. This developmental sequence would allow plants to re-
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duce mortality as surface soils dry out, then tap a larger volume of the upper soil layers for
nutrients.

Perennial species—Seedlings of perennial species generally had higher root/shoot ratios
than did annuals. The major exception was Epilobium watsonii, which in many respects
resembled an annual: root systems were shallow and poorly developed, and most plants
flowering in 1993 were 1st-yr seedlings. The shallow roots of E. watsonii are consistent with
its typical occurrence on moist sites. In contrast, seedlings of Lupinus latifolius had a very
high root/shoot ratio and a deep taproot. This species is common in meadows and dry
forests, where the rapid production of a deep root may be essential for establishment in
dense vegetation. The rapid development of an extensive lateral root system and initiation
of clonal growth should allow L. latifolius to exploit resources effectively and thus succeed
in a strongly competitive environment (i.e., later in succession). Some L. latifolius plants
were present in canopy gaps of the original forest, indicating its ability to succeed in a
competitive environment. Seedlings of the weedy, native species, Gnaphalium microceph-
alum, have a shorter taproot, which probably limits establishment in dense vegetation. Al-
though a fairly extensive root system develops the 2nd yr, the plants are nonclonal and
shortlived; many individuals at Starrbright were monocarpic. Thus, the rooting habit of
seedlings may limit the longer-term persistence of G. microcephalum as the post-disturbance
community develops.

The widespread, circumboreal species, Epilobium angustifolium, occupies a variety of open
habitats; in the Pacific Northwest it can dominate logged or otherwise disturbed sites for
several to many years after disturbance (Myerscough, 1980; Halpern, 1989; Halpern et al.,
1990). The early development of horizontal roots observed on 1styr seedlings is funda-
mental to its rapid occupation of open sites. Extensive clonal growth via root sprouts is its
primary mode of expansion (Van Andel, 1975; Myerscough, 1980), contributing to rapid
attainment of dominance and long-term persistence in the seral community (Halpern,
1989).

Pseudotsuga menziesii was the most frequent conifer establishing at Starrbright. Of all the
species studied, its seedlings were the smallest and had the shallowest roots, even though
the taproot comprised most of the root system. Annual species on the site generally had
much larger root systems. Given the great difference in root-system size and depth, it is not
surprising that early seral vegetation can strongly inhibit conifer performance (e.g., Cole
and Newton, 1987).

Root systems and successional change—Species common during different stages of succes-
sion differ considerably in root system morphology. The species that establish after distur-
bance vary from annuals to long-lived perennials that form large clones. Early colonizing
annuals have low root/shoot ratios and small root systems. They are probably very efficient
at acquiring soil nutrients released by disturbance, but ineffective at competing for below-
ground resources with perennials, which grow more slowly but eventually occupy the soil
more thoroughly. Perennial species generally have greater root development than do an-
nuals, which probably contributes to their ascendancy later in the successional sequence.
In addition, annuals are at a disadvantage because with time, they have to establish root
systems within soil that is increasingly occupied by the roots of perennials. Species with the
greatest root development are among those that persist the longest. The clonal herbs and
shrubs that dominate in old forests have a large proportion of their biomass below ground
(Antos and Zobel, 1984; Antos, 1988; Tappeiner et al., 1991; Huffman et al., 1994), which
confers an advantage under intense competition for nutrients or water on fully occupied
sites. Furthermore, habitats are often highly variable at small spatial scales (Gross et al.,
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1995), and the ability of clonal plants to integrate resources can be beneficial in patchy
environments (e.g., Stueffer et al., 1994; Wijesinghe and Handle, 1994).

Some species may persist throughout the successional sequence because their root system
morphologies and distributions change with time. For example, Whipplea modesta, common
in mature and older forests but sensitive to fire, germinates after disturbance (probably
from a persistent soil seedbank). Initially it forms a taproot, then it expands into a vege-
tatively spreading, stoloniferous subshrub, with an adventitious root system. Many other
species are able to persist throughout the successional sequence because their root systems
can survive disturbance and effectively use resources during all seral stages. However, it
seems likely that the major biotic and abiotic changes associated with forest stand devel-
opment lead to changes in the belowground characteristics of plants. Root system flexibility
is integral to the survival of plants following burial by volcanic ash (Antos and Zobel, 1985a,
b). We suggest that flexibility of root systems may lead to the broad successional amplitude
of many forest species.

Acknowledgments.—We thank Deborah Claridge, Melora Geyer, and Eric Miller for assistance with
field work, Geraldine Allen and Tim Fahey for comments on the manuscript, and Geraldine Allen for
drafting the figure. Financial support was provided by the U.S. Dep. Agric. National Research Initiative
Competitive Grants Program (#91-37101-6895), the Natural Sciences and Engineering Research Coun-
cil of Canada, the Oregon State University Research Council, the Native Plant Society of Oregon and
The Mazamas. Logistic support was provided by the H. J. Andrews Experimental Forest; the Long-term
Ecological Research Group, Oregon State University; and the U. S. Forest Service Pacific Northwest
Research Station, Corvallis, Oregon. Chip Britting, Lynn Burditt, John Cissel, Brad Leavitt, Mike Ma-
tarrese and Pam Skeels of the Blue River Ranger District, Willamette National Forest were instrumental
in accommodating our research on the Starrbright site.

LITERATURE CITED

ANTOS, J. A. 1988. Underground morphology and habitat relationships of three pairs of forest herbs.
Am. J. Bot., 75: 106-113.

AND D. B. ZoBEL. 1984. Ecological implications of belowground morphology of nine coniferous
forest herbs. Bot. Gaz., 145: 508-517.

AND 1985a. Plant form, developmental plasticity, and survival following burial by
volcanic tephra. Can. J. Bot., 63: 2083-2090.

AND - 1985b. Upward movement of underground plant parts into deposits of tephra
from Mount St. Helens. Can. J- Bot., 63: 2091-2096.

BIERLMAIER, F. AND A. McCKEE. 1989. Climatic summaries and documentation for the primary
meteorological station, H. J. Andrews Experimental Forest. U.S. For: Serv. Gen. Tech. Rep. PNW-
GTR242. 56 p.

BORMANN, F. H. AND G. E. LIKENs. 1979. Pattern and process in a forested ecosystem. Springer-Verlag,
New York. 253 p.

BROWN, J. R. AND S. ARCHER. 1990. Water relations of a perennial grass and seedling vs. adult woody
plants in a subtropical savanna, Texas. Oikos, 57: 366-374.

CoLE, E. C. AND M. NEWTON. 1987. Fifth-year responses of Douglas-fir to crowding and nonconiferous
competition. Can. J. For. Res., 17: 181-186.

DE STEVEN, D. 1991. Experiments on mechanisms of tree establishment in old-field succession: seedling
survival and growth. Ecology, 72: 1076-1088.

DyrNEss, C. T. 1973. Early stages of plant succession following logging and slash burning in the western
Cascades of Oregon. Ecology, 54: 57-68.

FITTER, A. H., R. NICHOLS AND M. L. HARVEY. 1988. Root system architecture in relation to life history
and nutrient supply. Funct. Ecol., 2: 345-351.

FLINN, M. A. AND J. K. PRINGLE. 1983. Heat tolerance of rhizomes of several understory species. Can.
J- Bot., 61: 452-457.




1997 ANTOS & HALPERN: ROOT DIFFERENCES 107

AND R. W. WEIN. 1988. Regrowth of forest understory species following seasonal burning. Can.

J- Bot., 66: 150-155.

FRANKLIN, J. F. AND C. T. DYRNESS. 1973. Natural vegetation of Oregon and Washington. U.S. For. Serv.
Gen. Tech. Rep. PNW-S8. 417 p.

GEYER, M. A. 1995. Autecological studies of two annual herbs, Senecio sylvaticus and Epilobium
paniculatum: effects of biotic and abiotic factors. M.S. Thesis, Oregon State University,
Corvallis. 83 p.

GHoLz, H. L., G. M. HAWK, A. CAMPBELL AND K. CROMACK JR. 1985. Early vegetation recovery and
element cycles on a clear-cut watershed in western Oregon. Can. J. For. Res., 15: 400-409.

GILL, D. S. AND P. L. MARKS. 1991. Tree and shrub seedling colonization of old fields in central New
York. Ecol. Monogr, 61: 183-205.

GLEESON, S. K. AND D. TiLMAN. 1990. Allocation and the transient dynamics of succession on poor
soils. Ecology, 71: 1144-1155.

GRross, K. L., K. S. PREGITZER AND A. J. BURTON. 1995. Spatial variation in nitrogen availability in three
successional plant communities. J. Ecol., 83: 357-367.

HALPERN, C. B. 1988. Early successional pathways and the resistance and resilience of forest

communities. Ecology, 69: 1703-1715.

1989. Early successional patterns of forest species: interactions of life history traits and

disturbance. Ecology, 70: 704-720.

——, J. A. ANTOS, K. CROMACK JR. AND A. M. OLSON. 1992. Species’ interactions and plant diversity
during secondary succession. Northwest Environ. J., 8: 203-205.

-_— , M. A. GEYER AND A. M. OLSON. 1997. Species replacement during early secondary

succession: the abrupt decline of a winter annual. Ecology, 78:621-623.

AND J. F. FRANKLIN. 1990. Physiognomic development of Pseudotsuga forests in relation to initial
structure and disturbance intensity. J. Veg. Sci., 1: 475-482.

, P. M. FRENZEN, J. F. FRANKLIN AND J. E. MEANS. 1990. Plant succession in areas of scorched
and blown-down forest after the 1980 eruption of Mt. St. Helens, Washington. /. Veg. Sci., 1:
181-194.

, E. A. MILLER AND M. A. GEYER. 1996. Equations for predicting above-ground biomass of plant
species in early successional forests of the western Cascade Range, Oregon. Northwest Sci., 70:
306-320.

AND T. A. Spies. 1995. Plant species diversity in natural and managed forests of the Pacific
Northwest. Ecol. Appl., 5: 914-934.

HITCHCOCK, C. L. AND A. CRONQUIST. 1973. Flora of the Pacific Northwest. University of Washington

Press, Seattle. 730 p.

HUFFMAN, D. W, J. C. TAPPEINER, II AND J. C. ZASADA. 1994. Regeneration of salal (Gaultheria shallon)
in the central Coast Range forests of Oregon. Can. J. Bot., 72: 39-51.

KUMLER, M. L. 1969. Two edaphic races of Senecio sylvaticus. Bot. Gaz., 130: 187-191.

MANNING, S. J. AND M. G. BARBOUR. 1988. Root systems, spatial patterns, and competition for soil
moisture between two desert subshrubs. Am. J. Bot., 75: 885-893.

MYERSCOUGH, P. J. 1980. The biological flora of the British Isles: Epilobium angustifolium L. J. Ecol.,
68: 1047-1074.

PARRISH, J. A. D. AND F. A. BAzzAz. 1976. Underground niche separation in successional plants. Ecology,
57: 1281-1288.

STUEFER, J. F., H. J. DURING AND H. DE KrROON. 1994. High benefits of clonal integration in two
stoloniferous species, in response to heterogeneous light environments. J. Ecol., 82: 511-518.

TAPPEINER, J., J. ZASADA, P. RYAN AND M. NEWTON. 1991. Salmonberry clonal and population structure:
the basis for a persistent cover. Ecology, 72: 609-618.

TIiLMAN, D. 1985. The resource ratio hypothesis of succession. Am. Nat., 125: 827-852.

TYLER, C. M. AND C. M. D’ANTONIO. 1995. The effects of neighbors on the growth and survival of
shrub seedlings following fire. Oecologia, 102: 255-264.

VAN ANDEL, J. 1975. A study on the population dynamics of the perennial plant species Chamaenerion

angustifolium (L.) Scop. Oecologia, 19: 329-337.




108 THE AMERICAN MIDLAND NATURALIST 138(1)

AND H. J. M. NELISSEN. 1979. Nutritional status of soil and plant species in several clearings in
coniferous woods compared to that in two related habitats. Vegetatio, 39: 115-121.
AND F. VERA. 1977. Reproductive allocation in Senecio sylvaticusand Chamaenerion angustifolium
in relation to mineral nutrition. J. Ecol., 65: 747-758.
WEAVER, J. E. 1958. Summary and interpretation of underground development in natural grassland
communities. Ecol. Monogr., 28: 55-78.
WEST, N. E. AND W. W. CHILCOTE. 1968. Senecio sylvaticus in relation to Douglas-fir clearcut succession
in the Oregon Coast Range. Ecology, 49: 1101-1107.
WUESINGHE, D. K. AND S. N. HANDEL. 1994. Advantages of clonal growth in heterogeneous habitats:
an experiment with Potentilla simplex. J. Ecol., 82: 495-502.
WILLIAMS, K. AND R. J. HOBBS. 1989. Control of shrub establishment by springtime soil water availability
in an annual grassland. Oecologia, 81: 62-66.

SUBMITTED 1 JULy 1996 ACCEPTED 20 JANUARY 1997



