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Abstract

Aim and location Solidago shortii T. and G. occurs in a small area of north-central
Kentucky (USA), whereas S. altissima L. is geographically widespread in North America
and is naturalized in Europe, Asia and Australia. Solidago shortii grows in a variety of
habitats, but primarily in rocky/shallow soil areas, and S. altissitna occurs in adjacent old
fields/pastures. The purpose of this study was to identify differences in the biology of
these two species that might contribute to an explanation for differences in their
geographical distribution and habitat.

Methods Results of an extensive literature review and of original research by the
authors were used in a detailed comparison of the two species. The most ecologically
relevant aspects of the biology investigated were morphology, genetics, geography, life
cycle, life history, reproductive biology, physiology, biotic interactions and response to
disturbance.

Results Although S. shortii and S. altissima are quite similar in many aspects of their
biology, there are some important differences. Solidago altissima is a better competitor
than S. shortii via its greater height, larger leaf area and more extensive clonal growth.
On the other hand, S. shortii is a better drought-stress tolerator than S. altissima via
allocation of a higher percentage of biomass to roots, higher root/shoot ratio and
(seemingly) greater capacity to maintain leaf turgor (i.e. not wilt as readily) under xeric
conditions. Moreover, higher seed production in S. altissima and its capacity to form a
larger- and longer-lived soil seed bank than S. shortii probably contribute to differences
in colonization abilities. Landscape disturbances and metapopulation dynamics are
important factors in maintenance of the species population of S. shortii, and in
prevention of its extinction.

Main conclusions Solidago shortii probably is a relatively young species that as had
insufficient time to expand its range. Furthermore, it is not well suited for migration to,
or colonization of, habitats outside its range due to poor competitive and colonization
abilities.
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INTRODUCTION

Comparison is one of the most fundamental methods of
study used in plant ecology (Bradshaw, 1987; Grime et al.,
1988). In particular, it has been used extensively to
understand the cause(s) of plant rarity, especially of narrow
endemism (sensu Kruckeberg & Rabinowitz, 1985). In these
studies, the autecology of a rare species is compared with
that of one or more of its geographically widespread
congeners in an attempt to ‘unearth “susceptibilities™ (cf.
Grime, 1965). The susceptibilities lead to low survival, yield
and/or reproduction, that may explain the narrow habitat
and/or geographical distribution of the endemic (Baskin
et al., 1997; Bevill & Louda, 1999). Detection of unusual
features between taxa is facilitated by the common species
serving as a control against which to compare data from the
rare species (Fiedler, 1987). Moreover, comparisons of
closely related congeners minimize confounding effects of
disparate phylogenetic histories (Silvertown & Dodd, 1996;
Gitzendanner & Soltis, 2000).

In their review on aspects of endemism, Kruckeberg &
Rabinowitz (1985) concluded that ‘More comparative stud-
ies to contrast the biologies of rare taxa with those of related
common ones would be particularly valuable.” Since that
time, many comparative studies have been published. These
studies can be placed generally in two categories. The first
approach contrasts traits among multiple species (e.g. Kunin
& Gaston, 1993; Kelly & Woodward, 1996; Hegde &
Ellstrand, 1999), whereas the second one contrasts traits
among a small set (usually a pair) of species (e.g. Baskin
et al., 1997; Witkowski & Lamont, 1997; Bevill & Louda,
1999; Gitzendanner & Soltis, 2000). The benefit of a
multiple-species approach is that general patterns of rarity
can be elucidated from a broad spectrum of life forms, life
cycles, taxonomic categories, etc., whereas that of a pairwise
approach allows detailed studies of carefully-selected species
to control phylogenetic relatedness. Results of the latter set of
studies can be surveyed for general patterns as well (Kunin &
Gaston, 1993; Bevill & Louda, 1999).

On the other hand, a major constraint for both compar-
ative approaches is the number of factors examined. The
investigation of a limited number of factors impedes a
thorough identification of processes and causes of rarity.
Generally, only one or a few aspect(s) is(are) examined in
comparative studies on rare vs. common species. The limited
scope of studies contrasts with the ideas of Stebbins (1980)
and Fiedler (1986). In his gene pool-niche interaction
theory, Stebbins (1980) called for a synthetic approach to
understand rarity, i.e. rarity is caused by an interaction of
historical, ecological and genetic factors. Stebbins’ idea was
significant in that it made clear, for the first time, that a
species was unlikely to be rare for any singular reason
(Fiedler, 1995). Moreover, as pointed out by Fiedler (1986)
‘...it is the synthesis of as much data as possible which
provides an integrated explanation of why a certain taxon
may be rare....” The difficulty of an indepth comparison is
that a great amount of information is required on the
biology of the study species. No single person could collect

all the necessary data in their lifetime. Thus, the comparative
biologist might need to rely on research published by many
authors.

Baskin et al. (1997) and Witkowski & Lamont (1997)
synthesized a considerable amount of information on the
biology of a narrow endemic and a closely related,
geographically widespread congener in an attempt to explain
the cause(s) of rarity. Baskin et al. (1997) compared the
geography, ecology, morphology, physiology, cytology and
life history characteristics of Echinacea tennesseensis,
endemic to cedar glades of middle Tennessee (USA), and
E. angustifolia, which grows in the prairies of central North
America. They relied on its recent origin and on certain
ecological characteristics that limit its colonization abilities
to account for endemism in E. tennesseensis. Witkowski &
Lamont (1997) compared the vegetative, reproductive and
ecological attributes of the rare Banksia goodii and wide-
spread B. gardneri, both of which occur in south-western
Australian scrub-heath and woodland. They concluded that
the rarity of B. goodii may be the result of its recent origin,
its habitat specialization and impacts of habitat fragmenta-
tion.

Comparative studies that utilize the synthetic (compre-
hensive) approach (semsu Stebbins, 1980; Fiedler, 1986)
contribute greatly to our understanding of the various
ideas regarding the causes of rarity, and in particular, the
relative importance and relationships between them. The
main ideas presented over the years concerning rarity can
be summarized in three categories: history (rare species are
new or they are old), ecology (rare species are habitat
specialists and/or poor competitors) and genetics (rare
species have low genetic variation) (Fiedler, 1995). Two
previous comprehensive studies (Baskin et al., 1997; Wit-
kowski & Lamont, 1997) found that history (youthfulness)
coupled with ecological traits (poor colonization ability,
habitat specialization) contributed to the narrow habitat
and geographical range of the rare species. Interestingly,
genetic variation and other ecological traits (e.g. compet-
itiveness) were not suggested to be important factors in
these two studies. In contrast, studies that used a limited
number of traits report that narrow endemics may have
low genetic variation (cf. Gitzendanner & Soltis, 2000) or
be poor competitors (cf. Baskin & Baskin, 1988). Does
this indicate that our ideas on rarity differ between studies
that are comprehensive vs. those that are limited in scope?
Clearly, general patterns of rarity will not emerge until
additional comprehensive data sets are examined to pro-
vide the necessary framework to understand the complex-
ity of rarity. On the other hand, the possibility exists that
no general pattern may emerge because each species has its
own history and constraints.

In the present study, a comprehensive comparison was
carried out on two closely-related, co-occurring congeners to
identify differences in their biology that might contribute to
an explanation for the great differences in their habitats and
geographical distribution. The species are the narrow-
endemic Solidago shortii T. and G. and the geographically-
widespread S. altissima L. (Asteraceae). An advantage of
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selecting these taxa was that a great amount of information
was available on their biology. The results of a literature
review and of original research by the authors were used to
compare various aspects of the biology of S. shortii
and S. altissima. Categories of aspects compared were
morphology, genetics, ecogeography, ecological life cycle,
life history, reproductive biology, ecophysiology, biotic
interactions and response to disturbance.

Study species

Solidago shortii is a federally endangered species endemic to
adjoining portions of Fleming, Nicholas and Robertson
counties, Kentucky (USA). The type locality for the species
occurs at the Falls of the Ohio River, Louisville, Jefferson
County, Kentucky, approximately 160 km west of its
present-day distribution; however, it was apparently extir-
pated from this site over 100 years ago. The species occurs in
a variety of habitats: powerline right-of-ways, ledges and
rocky embankments of roadsides, pastures and old-field-like
areas, cedar glade-like areas, and red cedar (Juniperus
virginiana) and/or hardwood thickets/woodlands (Buchele
et al., 1989).

Solidago altissima (S. canadensis L. var. scabra T. and G.)
is native from Nova Scotia to north-eastern Ontario and
Montana south to Florida, eastern Texas, New Mexico and
Arizona (USA), and from Nuevo Ledén and Tamaulipas to
Oaxaco, Mexico (Croat, 1972; Scoggan, 1979; Melville &
Morton, 1982; Nesom, 1989). It is naturalized in Europe
(Weber, 1997; 2000), Trans-Caucasia and Siberia (cf. Weber,
2000), Japan (Numata & Asano, 1969), Taiwan (Li, 1978),
Australia (Auld & Medd, 1987) and western North America
(Semple, 1993). The species is a component of the vegetation
of prairies and of sites undergoing secondary succession,
such as old fields, abandoned pastures and non-managed
roadsides (Werner et al., 1980).

MATERIALS AND METHODS

Approximately 510 references on S. altissima (or S. canadensis
s.l.) published between 1895 and 2000, and 35 on S. shortii
between 1842 and 2001, were examined. Many ecological
works do not make clear which variant(s) of S. canadensis
was(were) studied. All references were screened and informa-
tion collected from those in which it could be established that
S. altissima was included. In some instances, information on
an aspect of another variety of S. canadensis was used as it was
lacking for S. altissima.

To shorten the list of references for publication purposes,
one paper might be cited in place of several papers that
studied and reported on the same aspect. The choice of
which paper(s) to cite was decided based on the number of
previous studies included in a particular paper and on the
amount of information overlap. If one paper could be cited
in the place of several other ones, especially if the paper cited
referred to the other ones, it was carried out. Indices of
published information, such as those for chromosome
numbers (Bolkhovskikh et al., 1969) or for fungal pathogens
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(Farr et al., 1989), were particularly useful. For example,
chromosome counts of S. shortii published before 1969 are
included in Bolkhovskikh et al. (1969). Although all counts
reported in Bolkhovskikh ef al. were examined, only those
published after 1969 are cited in the present study. For the
most part, a complete list of publications examined are in
Walck (1998).

We strived to include as many aspects of the biology of
the two Solidago species as possible. However, some
aspects (e.g. biomass) were too variable to include for a
meaningful comparison. In addition, information overlap
was reduced as much as possible without deletion of details.
For example, not all growth parameters in the literature
(e.g. leaf area duration) are included in our study, because
other descriptive parameters (e.g. leaf area) could be substi-
tuted without reduction of information. Many parameters
are reported to describe the morphology or physiology of
the two Solidago species during an experiment (e.g. biomass,
density, frequency, net photosynthetic rate, relative growth
rate). Thus, the term ‘vigour’ was used to characterize the
overall growth condition of the plants based on the various
parameters. In some instances, the reaction of one (or some)
parameter(s) may have been positive to a particular treat-
ment, but that of others may have been negative or have
had no response. In such circumstances, the interpretation of
the results of the experiment(s) was judged on the resear-
cher’s assessment of the experimental outcome.

Statistical comparisons between the species for particular
aspects were possible only in those experiments in which
both Solidago species were included. The statistical results
are not given in the present study because the original paper
is cited. In other cases, the species were studied separately
and no statistical comparisons are possible. Thus, a conser-
vative assessment was made to summarize the information
for a particular aspect and to evaluate the differences
between the species. Studies in which an interaction of
factors were investigated (e.g. addition of fertilizer and levels
of herbivory) are cited only under one factor.

RESULTS
Morphology and genetics

Solidago shortii and S. altissima are hemicryptophytes that
reproduce vegetatively by rhizomes and sexually by seeds
(achenes) (Table 1). Compared with S. shortii, rhizomes of
S. altissima are longer, stems taller, leaf area larger and
genets (clones) spread over more area. On the other hand,
S. shortii has higher root/shoot and (root + rhizome)/shoot
ratios than S. altissima, and its seeds are considerably
larger. Maximum depth of root penetration has not been
determined for S. shortii, but it appears to be much greater
than 0.5 m.

Although both species exhibit high levels of morphological
variation within and between populations, the cause(s) of
this variation in S. shortii is(are) unknown. Moreover,
subspecific taxa are recognized in S. altissima but not in
S. shortii. Alternatively, S. altissima can be placed as a



1224 ). L. Walck et al.

Table | Comparison of the morphology and genetics of the two Solidago species

Solidago altissima

Solidago shortii

Morphology
Life form Hemicryptophyte' Hemicryptophyte®
Roots Fibrous, descend vertically to 3.3 m® Descend >0.5 m*
Rhizomes Length < 60 cm, diameter up to 10 mm’ Length at least 18 cm, diameter 2 mm®
Stems Height 75-220 cm, diameter 3-13 mm’ Height 140 cm (most < 50), diameter 3 mm°®
Leaves
Area (cm?®) per ramet Up to c. 400° Up to c. 250°

¢. 150 (adult plants)"
¢. 60 (adult plants)’

Specific leaf area (cm® g™!)
Leaf area ratio (cm® g™')

Achenes

Root/shoot ratio

(Root + rhizome)/shoot ratio
Genet structure

Phenotypic variation factors
Species complex

¢. 0.1-0.6 (adult plants)'
¢. 0.2-1.0 (adult plants)"
Compact to widely spreading'*

Genetics
Ploidy level (2#)

Allozyme variation Substantial®'

Mostly 60-70 pg, 1.8 mm long x 0.4 mm wide''

Genetic, environmental, maternal and clinal'®
Two subspecific taxa (7 in S. canadensis complex

Diploid (18), tetraploid (36) or hexaploid (54)"

¢. 150 (adult plants)’
¢. 60 (adult plants)’

370 pg, 2.3 mm long x 0.6 mm wide'”
c. 0.8-1.2 (adult plants)®

c. 0.8-1.2 (adult plants)’

Compact®

Not studied, but high variability exists'®

) No subspecific taxa'®

Diploid (18) or tetraploid (36)*"
Substantial®

References: 'Numata & Asano (1969); *Buchele et al. (1991); *Weaver (1919), Jastrow & Miller (1993); “Buchele et al. (1989), Baskin and
Baskin (personal observation); *Weaver (1919), Cain (1990); “Buchele et al. (1991), ].L. Walck (unpublished data); "Iwaki et al. (1969), Croat
(1972), Weber (1997), Meyer (1998); *Walck et al. (1999a), Potvin & Werner (1983); *"Walck ez al. (1999a); '°Schmid et al. (1988), DeLucia
et al. (1991), Walck et al. (1999a); ''Hartnett & Abrahamson (1979), Semple & Ringius (1983), Meyer & Root (1993), Walck et al. (1997a),
Meyer & Schmid (1999a); "*Buchele et al. (1991), Walck et al. (1997a); '*Abrahamson & Caswell (1982), Gross et al. (1983), Abrahamson
et al. (1988), Cornelius (1990a), Schmid & Bazzaz (1992), Martel (1998), Walck et al. (1999a); "*Werner et al. (1980), Maddox et al. (1989);
5Schmid & Dolt (1994), Weber & Schmid (1998); *Beck et al. (2001); "Semple et al. (1984); '®Beck et al. (1999); "Nesom (1989), Turner &
Zhao (1992), Semple et al. (1993), Weber (1997); *°Bolkhovskikh et al. (1969), Semple et al. (1993); *'Maddox et al. (1989); **Calie et al.

(2001), P.J. Calie (personal communication).

subspecific taxon (var. scabra) in the highly variable
S. canadensis complex. Different ploidy levels are recorded
in both species. Substantial allozyme variation is reported in
both S. altissima and S. shortii.

Ecogeography

Because the geographical range of S. altissima is much broader
than that of S. shortii, S. altissima obviously occurs in more
physiographic regions, climatic provinces, hardiness zones
and regional climax (potential) vegetation types, and grows
over a wider altitudinal range and in soils belonging to more
orders than S. shortii (Table 2). Further, S. altissima occurs
both south and north of the glacial boundary in North
America, whereas S. shortii naturally occurs only south of it.
On the other hand, S. shortii has been cultivated out-of-doors
in Ontario (Canada), Massachusetts, Pennsylvania and Mis-
souri (USA), considerably north and west of its present-day
distribution, and thus in other physical and biotic regions.
Both species grow over a wide range of soil fertilities, textural
classes and moisture-retaining capacities in the field. Although
S. altissima occurs on soils that vary widely in pH in the field, S.
shortii does not. However, S. shortii grew in a greenhouse on
five types of soil that represented those in the major physio-
graphic regions of Kentucky and adjacent states and had a
broad range of pH.

Ecological life cycle

Phenology differs little between the two species (Table 3).
Shoot elongation begins in March, and shoots continue to
elongate until August/September. Flower buds are formed
during summer, flowering peaks in August/September, seeds
disperse mostly in November and seeds germinate mostly in
March. Senescence of shoots occurs in autumn, and winter
rosettes may, or may not, be formed. Both species produce
new rhizomes and roots during the summer.

Life history and reproductive biology

Solidago altissima and S. shortii are self-incompatible
and cross-pollinated by insects (Table 4). In contrast to
S. altissima, soldier beetles are the primary pollinators of
S. shortii at field sites and neither honeybees nor bumblebees
have been observed visiting flowers of S. shortii in the field.
However, honeybees and bumblebees were present on
flowers of S. shortii in a garden. The two species appar-
ently are reproductively isolated, although a specimen of
S. shortii X S. altissima was reported. Hybridization between
the two species needs to be confirmed.

Compared with S. altissima, percentage of stems flowering
in populations of S. shortii is lower and fewer seeds are
produced per flowering ramet. However, a broad range of
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Table 2 Comparison of the ecogeography of the two Solidago species
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Solidago altissima

Solidago shortii

Geographic range
Native
Non-native

Physiographic regions®
Soil orders”
Glacial boundary*
Elevation (m)
Climatic provinces®
Hardiness zones®
Regional climax vegetation types®
Soil

Fertility

pH

Textural classes

> 5,000,000 km? area of North America’
Naturalized in many regions of the world'

c. 16’

o4

Occurs north and south of it (ditto Europe)
c. 20-2800°

¢. 11 (naturalized in six other provinces)’
2a-9b, 10*

c. 26°

10,c

Wide range
4.8-7.81213¢
Clayey, loamy, sandy

13,c

3

12.2 km? area of nc Ky.!
Grown in gardens in se Ont., ec Mass.,
sc Pa., ¢ Ky. and ec Mo.?
1 (cultivated in four other regions)’
1 (cultivated in 2-3 other orders)*
Occurs south of it, but cultivated north of it®
201-268 (cultivated at 10-300)°
1 (cultivated in 1 other province)’
6a (cultivated in 4a and 6b)®
1 (cultivated in 2 other types)’
Wide range''*
7.2-8.0'"<
Clayey, loamy'"©

*North America or United States distribution.

"World-wide distribution.

“Solidago altissima and S. shortii grew in a greenhouse on five types of soils, broadly representative of those in the major physiographic regions
of Kentucky and adjacent states. These soils exhibited a wide range of nutrients and organic matter, pH (4.2-7.0) and textural classes (loam,
sand, silty clay, silty clay loam) (Walck et al., 1999b, J.L. Walck, unpublished data).
References: 'see study species section; *Conners (1967), Buchele et al. (1991), Walck (1998), Beck et al. (1999), P.]. Calie, K. Havens (personal
communication); >cf. Hunt (1974); *cf. Brady (1990); *Harrington (1954), Semple (1993), Yura (1997); “Buchele et al. (1989), Walck (1998),
J.L. Walck (unpublished data); “cf. Thornthwaite (1933); ®cf. Cathey (1990); °cf. Kiichler (1964); “Bostick (1967), Abrahamson et al. (1983),
Cornelius (1990a), Weber (2000); ''Buchele et al. (1989); *Bostick (1967); Kelley (1922), Turner (1928), Rebele (1992), Weber (2000).

Table 3 Comparison of the ecological life

cycle of the two Solidago species

Solidago altissima

Solidago shortii

Life cycle
Phenology

Polycarpic perennial’

Polycarpic perennial®

March?

Shoot emergence
Shoot elongation
Flower buds
Flowering

Seed dispersal
Seed germination
Senescence

Winter rosette

Rhizomes initiated
New roots initiated

March-April®

March—August/September’

Presumably mostly June-August®

July-November, peaks in August/
September®

October—April, mostly October/
November™®

Mostly March-April”

September-November®

Mostly absent, formed in October®®

June-July™®
June—July"

March-August?

Mostly June—July?

August-November, peaks
in September®?

October—-March, mostly
November?

Mostly March’

September—November”

Mostly absent, formed in
October®

July®

Presumably July

References: 'Cain (1990); Buchele et al. (1991); *Iwaki et al. (1969), Hirose (1971), Cain
(1990); *Ginsberg (1983), Abrahamson & Weis (1997); °J.L. Walck, J.M. Baskin and

C.C. Baskin (personal observation); “Meyer & Schmid (1999a), "Walck et al. (1997a, b, 1998);
®Hartnett & Bazzaz (1985a); *Bradbury & Hofstra (1976); '“Twaki et al. (1969), Hirose
(1971), Bradbury & Hofstra (1976).

overlap occurs in the percentage of flowers that set seed,
which probably is pollen limited, in both species. Wind is the
primary dispersal agent for seeds of both species. By
inference from size and dispersal distance of seeds in S. rigida,
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it appears that seeds of S. shortii probably could be dispersed
as far from the mother plant as those of S. altissima. Levels
of seed viability and amount of pre-dispersal seed predation
are nearly identical for the two species. Although the amount
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Table 4 Comparison of the life history and reproductive biology of the two Solidago species

Solidago altissima

Solidago shortii

Embryo sac development
Breeding system
Pollinators/flower visitors

Ability to hybridize with other taxa
Flowering ramets in population (%)
Pollen limitation

Seed set (%)

Seeds per flowering ramet

Seed dispersal
Disseminule
Agents
Distance (m)

Seed viability

Seed predation
Pre-dispersal
Post-dispersal

Soil seed bank (relative)
Seedling establishment/recruitment

Survivorship
Seedling to juvenile/adult

Vegetatively produced ramets

Sexual reproduction
Age threshold
Size threshold
Effort (%)

Vegetative reproduction
Method(s)
Age threshold
Size threshold
Effort

Polygonum type'

Self-incompatible®

Primarily honeybees (Apis mellifera), bumblebees
(Bombus spp.), soldier beetles (Chauliognathus
pennsylvanicus) and syrphid flies, many visitors®

Low, honeybee foraging species specific®
50-80°

Yes®

13-33°

¢. 10,000-20,000"

Achene with pappus®
Wind, water'?
Up to 2.4 or 14.9 in 8-10 km h™! wind"*

Low-high'®

13,17

Low-high, varies yearly
Low by ants, high by fungi'®

Large and long-lived"
Usually low, but can be high

20

Deevey-type II, Il and combination of I/II curves™

: : 23
Low-moderate during a growing season

Mostly > 1st year in field, 1st year in greenhouse®
Yes™
mostly ¢. 10-25 (of shoot), 5-20 (of total)*®

Rhizomes, root buds®’

First year in field and greenhouse®®

No, but can produce rhizomes before flowering™
c. 5357

Polygonum type>
Self-incompatible*
Primarily soldier beetles, several visitors®

Perhaps with S. altissima in nature’
0-23°

Perhaps*

22-25*

¢. 250-1700"

Achene with pappus’

Wind"?

Probably up to at least 15 in 10-15 km h™*
wind*

Moderate'®

Low-high, varies yearly'?
Unknown

Small and short-lived"’
Usually low, but can be high*'

Deevey-type I, II, IIl and combinations of
/I, /T and II/II curves®!
Appears to be high during a growing season'?

> 3rd year in field, 1st year in greenhouse?'
Probably’
c. 24 (of shoot), 10 (of total)*®

Rhizomes’
> st year in field, 1st year in greenhouse®
Can produce rhizomes before flowering’
26
c. 1

*Seeds of S. rigida, which are slightly larger (weight and dimension) and have a longer pappus than those of S. shortii, are dispersed up to 15 m
(Platt & Weis, 1977).

References: 'Beaudry (1958); *Harling (1951); *Gross & Werner (1983); Weber (2000); *Buchele et al. (1992a); *Robertson (1928), Parrish &
Bazzaz (1979), Werner et al. (1980), Melville & Morton (1982), Gross & Werner (1983), Schmid & Dolt (1994); “Werner et al. (1980),
Melville & Morton (1982), Gross & Werner (1983); "Medley (1993), Beck et al. (2001); *Meyer & Schmid (1999b); Uriarte (2000), *Buchele
et al. (1991); ""Hartnett and Abrahamson (1976), Werner & Platt (1976), Meyer & Schmid (1999a); '"Walck (1998); "*Numata & Asano
(1969), Kelley & Bruns (1975), Meyer & Schmid (1999a); *J.L. Walck, J.M. Baskin and C.C. Baskin (personal observation); '“Werner et al.
(1980), Matlack (1987); *Hartnett & Abrahamson (1976), Walck et al. (1997c); **Walck et al. (1997c); ""Werner et al. (1980), Weber (2000);
"8Reader (1993), Meyer & Schmid (1999a); *Walck et al. (1998); >’Hartnett & Bazzaz (1985b), Cain (1990), Meyer & Schmid (1999a);
2"'Walck et al. (1999¢, d); *Walck et al. (1999¢), Meyer & Schmid (1999a); *’Iwaki et al. (1969), Cain (1990); **Hartnett (1990), Schmid &
Weiner (1993); Abrahamson & Gadgil (1973), Platt (1975), Abrahamson & Caswell (1982), Gross et al. (1983), Abrahamson et al. (1988),
Walck et al. (1999a); 2*Walck et al. (1999a); *’Raju et al. (1966), Cain (1990); **Hartnett & Bazzaz (1985b), Walck et al. (1999a); **Buchele
et al. (1991), Walck et al. (1999a); **Hartnett & Bazzaz (1985b), Schmid et al. (1995); *' Abrahamson & Caswell (1982), Gross et al. (1983),
Abrahamson et al. (1988), Schmid et al. (1988), Walck et al. (1999a).

species. In the field, S. shortii flowers and produces rhizomes
at a later age than does S. altissima. On the other hand,
under greenhouse conditions both species flower vigorously
and produce rhizomes in their first year. The difference in
age of first flowering between the species in the field is
apparently because of the relatively more stressful habitat of

of post-dispersal seed predation is unknown in S. shortii,
fewer seeds germinate than are produced at population sites.
Solidago altissima forms a larger and longer-lived soil seed
bank than does S. shortii.

Seedling establishment/recruitment and survivorship of
plants marked as seedlings are highly variable for both

© Blackwell Science Ltd 2001, Journal of Biogeography, 28, 1221-1237



Table 5 Comparison of the ecophysiology of the two Solidago species
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Solidago altissima

Solidago shortii

Carbon
Photosynthetic pathway
Net (maximum) photosynthesis
Dark respiration
Light saturation
Light compensation point
Quantum yield
Shade tolerant
Net assimilation rate
(mg cm™2 d7Y)
Relative growth rate
(gg ' d™)
Carbohydrate
Storage
Distribution
Dry weight allocation (%)

Water
Water stress

Salt tolerant
Stomatal conductance
Transpiration

Water use efficiency
Leaf water potential

Nutrients
Concentration in plant
Distribution in plant
Source

Clonal integration
Ramets share resources
Rhizome connections

Seed dormancy/germination

Type of dormancy

Requirement to break dormancy
Dormancy cycling in buried seeds
Photoecology

Substrate conditions

Flowering
Photoperiod
Vernalization

1
3

. 12-20° pmol CO, m 2 s7*

. 3" pmol CO, m 2 s7!

. 1000* pmol m~2 s~! PPFD

. 30-50* pmol m™2 s™! PPFD

¢. 0.05° mol O,/mol absorbed photons
No’

0.54 (entire growing season)*

S8 0 8N

B

0.074 (entire growing season)

Inulin, in roots and rhizomes (for 2—3 years)®
Seasonally typical of herbaceous perennials®
Roots: 37, rhizomes: 7, stems: 18, leaves:

31, inflorescences: 7*

Vigor decreases, some physiological
adjustments, wilts readily in field

Mostly ¢. 300-600"> mmol H,O m™2 s~}

c. 7.5 mmol m2 s7?

¢. 1.5-2.0" umol CO,/mmol H,O

¢.—0.2 to —0.6 MPa (predawn), stomates can
close at —=1.6 to —=2.0 MPa'®

Consistent among sites, but highly variable'”

Seasonally typical of herbaceous perennials'®

Mostly dependent on soil reserves rather than
on internal storage or recycling'®

Yes (nutrients and photoassimilates)’
Persist for 4-5 years, but usually 1 year

20

Non-deep physiological®'

Cold stratification®

Yes™

Germination low in darkness and moderate in
far-red light**

Germinates well on wide range of soil types,
fertilities and pHs, but poor under litter and
plant cover, high moisture needed®

Facultative short day®’
Not required?’

G

Unknown

Unknown

Presumably full sun’
Unknown

Unknown

No®

0.53 (entire growing season)™

0.077 (entire growing season)

Inulin, in roots and rhizomes’

Presumably typical of herbaceous perennials

Roots: 55, rhizomes: 1, stems: 11, leaves:
23, inflorescences: 10*

Wilting rarely observed in field and does
not wilt as readily as S. altissima in pots''

Unknown
Unknown
Unknown
Unknown
Unknown

Unknown

Presumably typical of herbaceous perennials

Mostly dependent on soil reserves rather
than on internal storage or recycling®

Presumably
Unknown

Non-deep physiological®'

Cold stratification®

Yes™

Germination moderate-high in darkness and
far-red light**

Germinates well on wide range of soil types,
fertilities and pHs and under litter, but
best on bare (open) ground, high
moisture needed”®

Facultative short day*®
Not required®

*Values based on plants of both species grown under uniform conditions in a greenhouse (Walck ez al., 1999a).

References: 'DeLucia et al. (1991), Egli & Schmid (1999); *Baskin & Baskin (1985); *Potvin & Werner (1983), Hirose & Werger (1987),
Schmid et al. (1988), DeLucia et al. (1991), Turner et al. (1995), Meyer (1998); *Hirose & Werger (1987), Cornelius (1990a), DeLucia et al.
(1991), Turner & Knapp (1996); *Walck et al. (1999b); ®DeLucia et al. (1991), Schieving et al. (1992); "Hartnett & Bazzaz (1983), Cornelius
(1990a); *Houston & Burrell (1948), Bradbury & Hofstra (1977); “Pollard & Amuti (1981); '"Weaver ez al. (1935), Potvin & Werner (1984),
Cornelius (1990a), Martin et al. (1991), Pilson (1992a), Horner & Abrahamson (1999), Walck et al. (1999a); "'Buchele et al. (1989), Walck
et al. (1999a); *Yura (1997), Martel (1998); *Potvin & Werner (1983, 1984), Schmid et al. (1988), Martin et al. (1991), Turner et al. (1995);
1Schmid et al. (1988); “Cornelius (1990a), Turner et al. (1995); *Potvin & Werner (1983, 1984), Turner & Knapp (1996), Martin et al.
(1991); ""Nordstrom (1984), Abrahamson & McCrea (1985), Weber (2000); "®Hirose (1971, 1974), Abrahamson & McCrea (1985);

" Abrahamson et al. (1991); 2°Cain (1990), Abrahamson et al. (1991); >'Walck ez al. (1997¢); *Walck et al. (1997a); Z*Walck et al. (1997d);
*Walck et al. (1997a, d, e); Goldberg & Werner (1983), Cornelius (1990b), Reader (1993), Meyer & Schmid (1999a), Walck et al. (1997b),
J.L. Walck (unpublished data); **Walck et al. (1997b, 1999d, e); ’Schwabe (1986); **Walck et al. (1999c).
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S. shortii, and not to inherent differences in growth and
development between them. A minimum size probably is
required for flowering in S. shortii, as in S. altissima, but its
relationship to plant age is unknown for both species. Sexual
reproductive effort in S. shortii is within the (broad) range of
that reported for S. altissima, but vegetative reproductive
effort is higher in S. altissima than in S. shortii. Both species
can reproduce vegetatively by rhizomes before flowering.

Ecophysiology

Solidago shortii and S. altissima have non-Kranz anatomy
and thus utilize the C; photosynthetic pathway (Table 5).
Maximum net photosynthesis, dark respiration, light sat-
uration, light compensation point and quantum vyield for
S. altissima are similar to those reported for herbaceous sun
plants (cf. Larcher, 1995). None of these ecophysiological
parameters has been measured for S. shortii. However, like
S. altissima, S. shortii grows best in full sun and persists (but
rarely flowers) in moderate shade. Moreover, net assimil-
ation rates and relative growth rates for the two species are
nearly identical. Thus, it seems reasonable that their photo-
synthetic characteristics are similar.

Levels of carbohydrates in roots and rhizomes of S. altissima
decrease as new leaves, stems, and (later) inflorescences
develop in spring and summer, and then increase gradually
near the end of the growing season. Seasonal distribution of
carbohydrates has not been studied in S. shortii, but it is
presumably similar to that in other herbaceous perennials.
Both species allocate similar percentages of dry biomass to
inflorescences and leaves. However, S. shortii allocates
proportionately less dry biomass to stems and rhizomes
and more to roots than does S. altissima.

Stomatal conductance to water vapour, transpiration rate,
leaf water potential and water use efficiency of S. altissima
are similar to those reported for herbaceous sun plants (cf.
Larcher, 1995). Moreover, S. altissima is not tolerant of salt
(NaCl)-stress conditions. None of these ecophysiological
parameters has been measured for S. shortii. However,
observations indicate that S. shortii does not wilt as readily
as S. altissima in the field or in pots in the greenhouse, and
thus apparently it has a greater capacity to maintain leaf
turgor than does S. altissima.

Nutrient levels in roots and rhizomes of S. altissima
increase in autumn (from soil reserves) and remain stable over
winter. Concentrations of nutrients in new rhizomes and
shoots increase in spring, and then decrease as stems elongate.
Leaves and stems are sources of nutrients during inflorescence
development. Seasonal distribution of nutrients has not been
studied in S. shortii, but it is presumably similar to other
herbaceous perennials. Both species depend mostly on the
supply of reserves in the soil, internal storage and nutrient
recycling within the plant does not seem to be important.

Ramets of S. altissima share resources, and it seems
reasonable to assume those of S. shortii do so as well.
However, the length of time that rhizome connections
between ramets persist has not been determined for
S. shortii.

Seeds of both species have non-deep physiological dor-
mancy at maturity. They come out of dormancy during
winter (cold stratification), and thus are non-dormant by
early spring. Seeds of the two species in a persistent seed
bank cycle between conditional dormancy and non-dor-
mancy. However, S. shortii seeds are less dependent on light
to germinate than S. altissima seeds, which may explain the
greater capacity of S. altissima to form a persistent seed
bank. Both species germinate to moderate percentages under
simulated plant-canopy light (high FR/R ratio) and over a
wide range of physicochemical edaphic conditions.

Solidago shortii and S. altissima are facultative short-day
plants, and neither species requires vernalization to flower.

Biotic interactions

More taxa of parasitic fungi and phytophagous insects, more
guilds of phytophagous insects and more types of galls have
been recorded on S. altissima than on S. shortii (Table 6).
However, these differences probably are related more to the
wider distribution of S. altissima than to inherent differences
per se between the two species. Amounts of insect herbivory
and of gall infestation on S. altissima are highly variable, but
are consistently low on S. shortii. However, leaves of
S. shortii sustain relatively high damage by cicadellids (leaf
hoppers) (T. Carr, personal communication). Parasitic fungi
and phytophagous insects decrease the vigour of S. altissima,
and probably also that of S. shortii. Although plants of
S. altissima have resistance to attack by parasitic fungi and
phytophagous insects, those of S. shortii contain diterpenes,
secondary compounds shown to be herbivore toxins and
feeding deterents (cf. Larcher, 1995).

Besides parasitic fungi and phytophagous insects, several
additional parasitic, mutualistic or herbivory interactions
can be noted. The holoparasitic angiosperm Cuscuta grows
on both species. Severe damage by snails to plants of
S. altissima has been reported, whereas snail herbivory has
never been observed on S. shortii. Solidago shortii retains its
vigour in pastures grazed by cattle and horses, whereas
S. altissima decreases under grazing. Presence or absence of
mycorrhizal fungi and of root nematodes and palatability
have not been determined for S. shortii.

Solidago altissima is competitively superior to S. shortii
and to many other species. Although chemicals isolated from
S. altissima have been shown to have allelopathic effects
under laboratory conditions, they have little activity under
field conditions. It is unknown whether S. shortii produces
allelopathic chemicals.

Response to disturbance

Vigor of S. shortii increases with mowing and the species
persists on sites after fire (Table 7). In contrast, vigour of
S. altissima decreases with mowing and fire, especially
following frequent episodes of both factors. Vigor of both
species increases with fertilization. At its type locality at the
Falls of the Ohio River, S. shortii grew in a rocky (limestone)
habitat that was swept-over by water. Herbarium specimens
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Table 6 Comparison of the biotic interactions of the two Solidago species

Solidago altissima

Solidago shortii

Fungi
Parasitic Host 36 taxa', vigor decreases”
Mycorrhizal Present®

Cuscuta Present’

Nematodes Present’

Phytophagous insects
Number

Gall types
Defoliation and gall infestation

¢. 100 taxa (generalists and specialists) present®
Guilds Root feeders; stem borers; leaf chewers, miners and
rollers; sap feeders; flower feeders®

Flower, stem, rosette, leaf, rhizome'’
Low-high with spatial and temporal variations'"
Effects Vigor decreases, but stands not eliminated;

Host at least 1 taxon®
Unknown

Present®

Unknown

at least 12 taxa present’
Leaf chewers and miners, sap feeders,
flower feeders’

Rosette, leaf’
Consistently low®”’
Presumably vigor decreases

12
compensatory responses may occur

Snail herbivory

Grazing Vigor decreases'*
Insect and fungal resistance Genetic and chemical'®
Palatability
Insects, slugs Plant preferred as food'”
Mammals

Interspecific competition
Relative
General

. 19
Superior'”

Intraspecific competition
to self-thinning rule*

Allelopathic effects Probably little**

. 13
Occasional to severe damage

Plant eaten very little, toxic to mice'®

Mostly superior, but neighbours decrease vigor?

Growth density dependent, may not conform

None observed®
Persists in cattle and horse pastures®
Probably at least chemical'®

Unknown
Not eaten by cattle and horses®

L 19
Inferior'
Inferior®'

Growth density dependent®, presumably
may not conform to self-thinning rule
Unknown

References: 'Farr et al. (1989); >Schmid (1994); *Conners (1967); *Dhillion & Friese (1994), Nakatsubo et al. (1994); *US Department of
Agriculture (1960), Weber (2000); °J.L. Walck, J.M. Baskin and C.C. Baskin (personal observation); “US Department of Agriculture (1960);
$Werner et al. (1980), Root & Cappuccino (1992), Fontes et al. (1994), Jobin et al. (1996), R.B. Root (personal communication); *Buchele et al.
(1992a), T. Carr (personal communication); '’McEvoy (1988); ''Hartnett & Abrahamson (1979), Sholes (1981), Root & Cappuccino (1992),
Carson & Root (2000), Weber (2000); *Sholes (1981), Schmid et al. (1990), Cain et al. (1991), Root (1996), Abrahamson & Weis (1997),
Meyer (1998), Carson & Root (2000); *Jobin et al. (1996), Weber (2000); *Weaver & Hansen (1941), Hartnett et al. (1996); ®Maddox &
Root (1990), Seaman et al. (1990), Heath (1992), Pilson (1992b), Schmid (1994), Abrahamson & Weis (1997); '°Seaman et al. (1990);
"Gangwere (1961), Cates & Orians (1975), Messina (1982); "*Worthley et al. (1967), Irwin (1985), Root (1996), Weber (2000); *Walck et al.
(1999a); *°Zimmerman & Kucera (1977), Armesto & Pickett (1986), Hartnett & Bazzaz (1985¢c), Goldberg (1987, 1988), Cornelius &
Faensen-Thiebes (1990), Burton & Bazzaz (1995), Meyer & Schmid (1999b), Weber (2000); *'Walck et al. (1999d); **Hartnett & Bazzaz
(1985a); **J.L. Walck (unpublished data); **Werner ez al. (1980), Hanson & Dixon (1985), Ito et al. (1998).

indicate that plants at the type locality had high vigor.
Solidago altissima also may be subjected to seasonal
flooding, because it grows along waterways. Soil compac-
tion, prolonged flooding and some herbicides have detri-
mental effects on S. altissima; their effects on S. shortii have
not been determined. Both species can invade sites following
disturbances, albeit S. shortii colonizes such areas only
within its very narrow geographical range.

DISCUSSION

Remarkably, S. shortii is similar to S. altissima in many
aspects of its biology (Tables 1-7). Of the approximately
125 aspects compared in the present study, the majority
(c. 70%) of them were identical, or differed only slightly,
between the two species. An in-depth comparison of various
characteristics of the rare E. tennesseensis and the wide-
spread E. angustifolia did not reveal any outstanding

© Blackwell Science Ltd 2001, Journal of Biogeography, 28, 1221-1237

differences in their general biologies (Baskin et al., 1997).
Likewise Witkowski & Lamont (1997) remarked that
‘...there are few grounds for regarding [the widespread]
B. gardneri as biologically different from [the rare]
B. goodii.’ Unlike the previous two studies, however, there
are some important differences between S. shortii and
S. altissima.

Of the numerous features of the biology of S. shortii and
S. altissima compared in this study, competitive ability
appears to be the single most important factor responsible
for the great difference in their geographical distribution and
habitat. Solidago altissima is competitively superior to
S. shortii (Table 6) because of its larger size and more
extensive lateral (clonal) growth (Table 1). In general, size of
plants has an important influence on competitive ability
(Hills & Murphy, 1996; Rosch et al., 1997), and thus on
distribution patterns, relative abundance and diversity of
plant species (Goldberg & Barton, 1992). Recently, Carson
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Solidago altissima

Solidago shortii

Table 7 Comparison of the response to
disturbance of the two Solidago species

Fire Vigor mostly decreases' Persists on sites after
burning?
Mowing Vigor decreases’ Vigor increases?
Soil compaction Vigor decreases® Unknown
Flooding
Short-term Grows along waterways’ Had high vigor at Falls
of the Ohio River®
Prolonged Eliminated’ Unknown
Herbicides Mostly susceptible® Unknown
Fertilization Vigor increases’ Vigor increases’

Increased rapidly (741 km? year™)
after naturalization'’

Ability to invade

Can invade new sites''

References: 'Schwegman & Anderson (1986), Gibson (1989), Hartnett (1990), Gibson et al.
(1993), Howe (1994), Johnson & Knapp (1995); J.L. Walck, J.M. Baskin and C.C. Baskin
(personal observation); *Kline (1986), Gibson et al. (1993), Stoll et al. (1998), Weber (2000);
*Schmid & Bazzaz (1990); *Numata & Asano (1969), Croat (1972), Weber (1997); “Walck
et al. (1999b); "Noble & Murphy (1975), Weber (2000); *Tomkins & Grant (1974);
?Abrahamson et al. (1988), Cornelius (1990a, b), Schmid et al. (1990), Meyer & Root (1993),
Collins & Wein (1998), Stoll e al. (1998); 1°Yura (1997), Weber (1998); "'Buchele et al. (1989).

& Root (2000) proposed that S. altissima is the dominant
herb over a broad geographical range because, more so than
other herbs, it can decrease understory light levels that
displace other herbs and resist invasion. Hills & Murphy
(1996) classified S. canadensis (probably S. altissima, cf.
Weber, 1997) as a competitor strategist (sensu Grime, 1979).

On the other hand, S. shortii apparently is better adapted
to (xeric) rocky/shallow soil areas in various types of
habitats, i.e. a better drought-stress tolerator (sensu Grime,
1979), than S. altissima because of its proportionately larger
allocation of biomass to roots, larger root/shoot ratio,
smaller and more compact growth form and (seemingly)
greater capacity to maintain leaf turgor (Tables 1 and 3).
These features of S. shortii, along with its relatively large
seed size, are consistent with those reported for other stress-
tolerant plants (Hills et al., 1994; Larcher, 19935). Likewise,
the endemic taxa of south-eastern France and of Corsica
primarily are stress-tolerators, stress-tolerant ruderals, or
stress-tolerant competitors (Médail & Verlaque, 1997).
Although S. shortii invades relatively deep soil in old-field-
like habitats, it is easily overtopped by other species, such as
S. altissima. Solidago shortii can be maintained in old fields
if anthropogenic disturbance keeps the site in an early-
successional stage. On the other hand, S. altissima occurs
only sparingly with S. shortii, in the rocky sites (Buchele
et al., 1989, 1992b; J.L. Walck, J.M. Baskin & C.C. Baskin,
personal observations). Low competitive ability of other
narrowly endemic (rare) plants of rocky habitats has been
implicated as the primary (proximal) cause of their narrow
geographical range (Baskin & Baskin, 1988).

The relatively low seed production and small, short-lived
soil seed bank of S. shortii probably are important in
contributing to differences in colonization ability between it
and S. altissima (Table 4). Several studies have found that
rare species have lower seed (or fruit) production than their
widespread congeners (Meagher et al., 1978; Fiedler, 1987,

Pavlik et al., 1993; Byers & Meagher, 1997). Byers &
Meagher (1997) remark that ‘...lower seed production may
make it difficult for [the narrow-endemic] Eupatorium
resinosum to colonize new habitats as frequently as [the
widespread] E. perfoliatum.” Moreover, soil seed banks can
buffer populations of rare species from loss of genetic
diversity and against extinction (Fischer & Matthies, 1998;
McCue & Holtsford, 1998). Although S. shortii invades
new sites within its geographical range (Table 7), the
chances of colonizing new areas and of maintaining its
population via a soil seed bank are much smaller than
those of S. altissima.

The rapid geographical expansion of S. altissima in
Europe following naturalization has been explained by its
high competitive and colonization abilities (Zwdolfer, 1976).
Initial colonization of a site by S. altissima involves
establishment of genets from seeds, but subsequent develop-
ment occurs mostly by production of ramets by clonal
growth (Hartnett & Bazzaz, 1985a). Solidago altissima was
first introduced to Europe as an ornamental plant around
1735, and the first observation of naturalization was about
1850. By 1950, a large portion of Europe was colonized by
the species (Weber, 1998). Like many rare plants, S. shortii
grows well and is vigorous in cultivation outside its native
range (Table 2). The oldest record for cultivation of S. shortii
is 1845 in Massachusetts (Beck et al., 1999). In contrast to
S. shortii, S. altissima was widely distributed and used by
gardeners in Europe but no evidence implies multiple
introductions at a large intensity or scale (Weber & Schmid,
1998). Nevertheless, there is no indication that S. shortii has
become naturalized in Massachusetts or at any other site of
cultivation.

Plants of S. shortii possess more morphological variation
than those of S. altissima growing within the geographical
range of S. shortii (Beck et al., 2001). Measuring morpho-
logical or phenotypic variation of a plant species is one
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method of assessing genetic variation. The advantage of
studying morphological variation is that the phenotypic
characters are often ecologically adaptive (Schaal et al.,
1991). Moreover, S. shortii has substantial allozyme vari-
ation (Calie et al., 2001; P.J. Calie, personal communica-
tion). While there may be a slight reduction in allozyme
variation in other rare species relative to their widespread
congeners, it is not the case that rare species are confined to
low levels of diversity (Gitzendanner & Soltis, 2000). The
high morphological and allozyme variation of S. shortii
excludes genetic variation as a major influence in the rarity
of this species.

Habitat specificity, particularly edaphic and climatic
factors, has been implicated as a cause of rarity (Mason,
1946; Prober & Austin, 1991). However, S. shortii (1) grows
in a variety of habitat types (Buchele ez al., 1989), (2) does
not occur with a coherent group of plant species (Buchele
et al., 1992b), (3) germinates and grows over a broad range
of soil and light conditions (Table 2) and (4) can be
cultivated in climates and in edaphic and topographic
situations different from those in its native range (Table 2).
The environmental conditions in which S. shortii has been
germinated and grown occur throughout eastern North
America, and especially within the range of S. altissima.

Recently, Bruelheide & Scheidel (1999) reported a case in
which herbivory played a major role in limiting the
distribution of the rare plant Arnica montana in Germany.
This species is restricted to high elevations because the
impact of slug herbivory increases with decreasing altitude.
In the case of S. shortii, herbivory (by insects and snails) does
not appear to be important in restricting the range because
levels of it are consistently low (Table 6). In contrast, levels
of herbivory by insects and by snails on S. altissima plants
can be high, especially during outbreaks of insects. Insect
herbivory can dramatically limit the abundance of
S. altissima over many vyears (Carson & Root, 2000).
Moreover, herbivory decreases the size of S. altissima, which
can delay or prevent the species from reducing understory
light levels, and thus reduces its competitive effects. Low
herbivory on S. shortii would be consistent with the
hypothesis that rarity may offer an escape from attack by
making the species less ‘apparent’ to be found by a herbivore
(sensu Feeny, 1976).

Solidago shortii is maintained on the landscape in space
and time via its adaptation to xeric sites that are relatively
free of competition. However, many of the population sites
of S. shortii are subject to invasion by woody plants, and
thus require disturbance to maintain an early successional
stage. Solidago shortii tolerates various types of disturbances,
but the frequency by which disturbances can occur without
declines in population vigor is unclear (Table 7). Médail &
Verlaque (1997) reported that endemic taxa of south-eastern
France and of Corsica also could tolerate disturbances
(fires, erosion, grazing) as long as the disturbances reduced
competition and did not occur too frequently. Other studies,
as well, have found that populations of rare species occur in
habitats subjected to disturbance (Pavlovic, 1994; Byers &
Meagher, 1997; Holderegger, 1997). Like other successional
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plants, S. altissima requires disturbance for establishment
and maintenance of its populations, but too frequent dis-
turbance decreases vigor (Table 7). Disturbance of the
landscape and metapopulation dynamics undoubtfully are
important factors in the establishment and maintenance of
S. shortii populations, and in preventing it from going
extinct in the wild.

Solidago shortii belongs to the same subsection of the
genus as S. altissima (Nesom, 1993; ].C. Semple, personal
communication). However, the evolutionary relationship
between S. shortii and S. altissima, or other members of the
S. canadensis complex, is unclear. Whether S. shortii is a
neo- or palaeo-endemic needs to be investigated in a
phylogenetic framework. It seems reasonable to assume that
S. shortii is a neoendemic because (1) the species has a highly
localized distribution, and (2) many other species endemic to
cedar glades, or to glade-like (rocky/shallow soil) habitats, in
south-eastern United States are relatively young (Baskin &
Baskin, 1986; Delcourt et al., 1986; J.C. Semple, personal
communication). Thus, S. shortii probably has had insuffi-
cient time to expand its range. On the other hand, S. shortii
is not well suited for migration to, or colonization of,
habitats outside its present-day range, because it has poor
competitive and colonization abilities.
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