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Parallel patterns of clinal variation in Solidago
altissima in its native range in central USA and its
invasive range in Japan

Julie R. Etterson, Daniel E. Delf, Timothy P. Craig, Yoshino Ando, and Takayuki
Ohgushi

Abstract: The ability of exotic species to proliferate and expand their range may hinge critically upon their potential for
adaptive evolution. The finding of parallel patterns of genetically based clinal variation in native and non-native ranges
across similar environmental gradients supports the hypothesis that adaptive evolution has played a role in establishment
and spread. In this common garden study, we compared patterns of phenotypic variation among 12 populations of Solidago
altissima L. that were sampled across similar latitudes in the native range in central USA (258N–438N) and across its inva-
sive range in Japan (268N–438N). Significant clinal variation in phenotype corresponding to latitude was found among
US and Japanese populations for height, leaf number, leaf length, leaf width, stem diameter, and stomatal guard-cell size.
Only the slope of leaf width differed significantly between the native and invasive range, and the slope was significantly
steeper in Japan. These results indicate that patterns of selection across latitude are similar in these two countries. We sug-
gest that populations of S. altissima have rapidly differentiated in response to the cline in selection in Japan, possibly by
the sorting of lineages from multiple introductions, and this has contributed to their success as an exotic invader.
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Résumé : La capacité d’espèces exotiques à proliférer et à étendre leur aire de distribution peut dépendre fortement de
leur capacité d’adaptation évolutive. L’observation de patrons parallèles basés sur la variation clinale dans les aires de
plantes indigènes et adventices, le long de gradients environnementaux similaires, supporte l’hypothèse que l’évolution
adaptative a joué un rôle dans leur établissement et leur expansion. Dans cette expérience en jardin commun, les auteurs
comparent les patrons de variation phénotypique au sein de 12 populations du Solidago altissima L. ayant été échantillon-
nés sur des latitudes similaires, dans l’aire indigène du centre des USA (258N–438N) et l’aire d’invasion au Japon (268N–
438N). Ils ont trouvé une variation clinale significative de phénotypes selon la latitude au sein des populations américaines
et japonaises, quant à la hauteur, le nombre de feuilles, la longueur des feuilles, le diamètre de la tige, et la dimension des
cellules de garde des stomates. Seule la pente de la largeur des feuilles diffère significativement entre les plantes des aires
indigènes et adventices, et la pente est significativement plus prononcée au Japon. Ces résultats indiquent que les patrons
de sélection selon la latitude sont semblables dans ces deux pays. Les auteurs suggèrent que les populations du S. altissima
se différencient rapidement en réaction à la pente dans la sélection au Japon, possiblement en triant des lignées provenant
de multiples introductions, ce qui a contribué à leur succès comme adventices envahissantes.

Mots-clés : différenciation génétique, variation altitudinale, espèce envahissante, pente.

Introduction

Study of the genetic differentiation of populations along
environmental gradients has a long history in plant evolu-
tionary ecology (Turreson 1922; Claussen et al. 1940) and
continues to be important as we try to understand how inva-

sive species evolve as they expand their ranges (Sakai et al.
2001; Lee 2002). Species with a broad geographic distribu-
tion frequently exhibit clinal patterns of variation in mor-
phology, phenology, and physiology that correspond to
gradients in environmental factors such as temperature, pre-
cipitation, and growing-season length. These clines in phe-
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notype are thought to represent adaptive responses to varia-
tion in natural selection (Endler 1977). Direct support for
this hypothesis has come from studies that link clines in
phenotype to estimates of the direction of natural selection
along environmental gradients (Etterson 2004). Further sup-
port is provided by studies where phenotypic clines have
evolved among populations of invasive species that have ex-
panded into a range of environments (Reinartz 1984; Lacey
1988; Weber and Schmid 1998). Even stronger support
comes from the cases where exotic species have expanded
into environmental gradients similar to the native range and
evolved latitudinal clines that parallel those of the ancestral
range, as has been shown for short-lived insect species
(Huey et al. 2000; Gilchrist et al. 2001).

It is assumed that adaptive evolution plays a key role in
the establishment and spread of exotic species (Sakai et al.
2001; Lee 2002). Colonization of new habitats by invasive
species is often accompanied by exposure to novel abiotic
and biotic environmental conditions. Invading populations
may encounter different climates, photoperiods, and resource
bases. Exotic species may also escape biotic aspects of their
native environment including predators, herbivores, and dis-
ease (Porter et al. 1997). Changes in abiotic and biotic as-
pects of the environment are likely to alter patterns of
selection and influence the genetic structure of invading spe-
cies (Ellstrand and Schierenbeck 2000). If traits that are tar-
gets of selection in the new range are heritable, adaptive
evolution may ensue (Quinn et al. 2000). Exposure to novel
environments has been shown to elicit rapid evolutionary re-
sponses in many species (Reznick and Ghalambore 2001).

Solidago altissima L. is a geographically widespread na-
tive North American species with a distribution extending
throughout most of the USA and southern Canada (Gleason
and Cronquist 1991). This species is an aggressive invasive
species in Europe and in Japan and elsewhere in Asia
(Weber 1998; Wu et al. 2004). In Europe, S. altissima was
introduced as a horticultural plant in the middle of the 18th
century, and it has since become one of the most abundant
exotic species, having expanded across an extensive range.
Populations across the invasive range in Europe have
evolved latitudinal clines in morphology and phenology
(Weber and Schmid 1998). Solidago altissima was intro-
duced to Japan either as an ornamental flower or as a honey-
bee plant in the early 1900s (Shimizu 2003). In recent
decades, it has spread aggressively throughout a broad latitu-
dinal range from the northernmost island of Hokkaido to the
southern Okinawa Islands (Fujii 2003). Solidago altissima
currently occupies a similar gradient in photoperiod and
temperature in its native range in central USA and in its in-
vasive range in Japan. However, little is known about the
genetic differentiation of invasive populations here or else-
where in Asia.

The objective of this study was to determine the extent to
which parallel patterns of clinal variation have evolved in
the invasive and native range of S. altissima. We grew pop-
ulations sampled from latitudinal gradients in central
USA and Japan, in a common garden experiment conducted
in a greenhouse environment, to determine whether conver-
gent evolution has occurred in the invasive range as popula-
tions spread into a latitudinal gradient similar to the native
range.

Materials and methods

Solidago altissima is a self-incompatible polyploid species
that includes diploid, tetraploid, and hexaploid cytotypes
(Beaudry and Chabot 1959; Semple 1992). The geographical
distribution of cytotypes is not well known, although this
species is thought to be exclusively diploid in Europe
(Weber 2000). This perennial species occurs in moist to dry
open habitats and in sparse woods within its native range. In
Japan, S. altissima inhabits disturbed sites such as previously
cultivated fields, roadside ditches, and river banks (Ito et al.
1998). Once S. altissima individuals are established, they are
thought to reproduce primarily through clonal propagation
via persistent rhizomes (Werner et al. 1980). However, it
also produces copious small seeds (max. *200 000 per
plant, Hurlbert 1970) that are wind-dispersed and likely
play an important role in the colonization of new habitats
and range expansion. The availability of disturbed environ-
ments is an important factor for seedling establishment, as
was demonstrated in an experiment where artificial patches
of bare ground were cleared within an existing population
and germination rates monitored (Meyer and Schmid 1999).

In the current experiment, S. altissima seeds were bulk
collected from eight natural populations in the United States
between 308N–458N, and from five populations in Japan be-
tween 338N–438N (Table 1). Seeds were stored at 20 8C un-
til germinated. In June 2003, seeds from each population
were spread on separate 25 cm � 50 cm flats filled with a
standard germination soil. Seeds were allowed to germinate
in the University of Minnesota Duluth greenhouse (46846’N,
92807’W) without supplemental light (*15.5 h of ambient
light per day). After 3 weeks, 30 seedlings from each popu-
lation were randomly chosen and transplanted into 6-inch
pots (1 inch = 2.54 cm) filled with ProMix BX (Premier
Brands Inc., Rochelle, N.Y.). The pots were arranged in a
fully randomized design across a single greenhouse bench
and watered when necessary. When the plants were approx-
imately 8 weeks old, the following measurements were

Table 1. Location of 12 natural populations of Solidago altissima
in the USA and Japan and the average annual temperature for
each site.

Site
Latitude and
longitude

Average annual
temperature
(8C)

USA
Giddings, Texas 308 11’N, 96856’W 19.4
Hillsboro, Texas

(two populations)
328 01’N, 97808’W 18.9

Winston, Missouri 398 52’N, 94808’W 12.3
Story City, Iowa 428 11’N, 93836’W 9.9
Northfield, Minnesota 448 47’N, 93810’W 6.4
Anoka, Minnesota 458 12’N, 93823’W 6.1
East Bethel, Minnesota 458 19’N, 93812’W 5.6

Japan
Hakata, Fukuoka 338 33’N, 130822’E 16.6
Kobe, Hyogo 348 43’N, 135813’E 15.8
Seta, Shiga 348 57’N, 135858’E 14.8
Kyoto, Kyoto 358 03’N, 135845’E 15.6
Sapporo, Hokkaido 438 05’N, 141820’E 8.5
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taken: plant height, leaf number, leaf length, leaf width, and
stem diameter. These traits were chosen because they ex-
hibit clinal patterns associated with latitude in other species
(e.g., Li et al. 1998). Some of these traits were also found to
differ in a study of native US and invasive European popu-
lations of a related species, Solidago gigantea Ait. (Güse-
well et al. 2006). Two impressions of the lower surface of
the uppermost fully expanded leaf on each plant were taken
by applying clear acrylic (Naturistics, Del Laboratories, Inc.,
Farmingdale, N.Y.) to an intact leaf, pealing the replicate
mold when dry, and permanently mounting it on a micro-
scope slide. The average length of five stomatal guard cells
on one of these impressions is reported. Stomatal guard cell
size is associated with ploidy level in some species (Mas-
terson 1994).

One week after these measurements were taken, the plants
were moved to the University of Minnesota Duluth outdoor
field research site where they were grown in pots under am-
bient conditions for the remainder of the growing season.
Date of first flower emergence was recorded for the few
plants that initiated floral development before the first frost.

To determine whether there was an overall difference be-
tween the plants in the USA and Japan and whether parallel
patterns of clinal variation with latitude were evident, data
were analyzed by ANCOVA and MANCOVA, with country
considered a fixed factor and latitude a continuous covariate.
A significant effect of country indicates that populations dif-
fer on average between their native range in central
USA and in Japan. A significant effect of latitude indicates
that the pattern of population-means corresponds to their lat-
itudinal position and, therefore, clinal patterns of variation
are present overall. A significant interaction between coun-
try and latitude indicates that the slope of population-means
differs between USA and Japan.

Data were transformed where necessary to meet the as-
sumptions of homoscedasticity and normality of the resid-
uals. Leaf number was log transformed and leaf width was
squared. Data from the two Hillsboro, Texas, populations
were merged and treated as a single population in these
analyses.

Results
The mean of all traits tended to be greater for Japanese

plants than US plants for all measurements (Fig. 1). Consid-
ering all traits jointly by MANCOVA, these differences
were highly significant (Table 2). However, in univariate
analyses, US and Japanese plants differed significantly only
with respect to leaf width. On average, leaves of Japanese
plants were 21% wider than those of US plants (Fig. 1D).

Significant patterns of clinal variation across latitude were
found for all traits (Fig. 1; Table 2). Plants from higher lat-
itudes tended to be taller and with more leaves, and had lon-
ger and wider leaves, thicker stems, and shorter stomatal
guard cells. Furthermore, the slope of these phenotypic
clines did not differ in Japan and the US for height, leaf
number, leaf length, stem diameter, or stomatal guard cell
size, as evidenced by a lack of significant country � latitude
interactions (Figs. 1A, 1B, 1C, and 1E). However, the slope
of the cline in leaf width was significantly different in the
US and Japan. Northern Japanese populations had substan-

tially wider leaves than the more southern Japanese popula-
tions, resulting in a steep cline for this trait. In contrast, the
slope of leaf widths across latitude among US populations
was negligible (Fig. 1D). Stomatal guard-cell size of one
US population (Story City, Iowa) was significantly smaller
than all other populations according to a post-hoc contrast
(F1,362 = 140.82, P < 0.0001)

No Japanese plants initiated flowering before the first
frost. Twenty-five US plants flowered before the first frost,
but there was no clear relationship between the percent of
plants that flowered and latitude (northern to southern popu-
lation: 21%, 28%, 14%, 40%, 3%, 0%, 0%). In addition, the
date of first flower emergence was not significantly associ-
ated with latitude among the US plants that did bloom
(F1,23 = 3.4, P = 0.08).

Mortality rates were generally low. No plants sampled
from Japanese populations died during the course of the
study. However, 92 of 200 (47%) of the Story City popula-
tion died before measurement, as well as one plant from
each of Hillsboro and Northfield, Minnesota.

Discussion
Solidago altissima occupies a broad latitudinal gradient

across its invasive range in Japan (268N–438N) and in its
native range in the US (258N–438N). Our common garden
study of populations sampled across the native and invasive
ranges indicates that genetically based clinal patterns of var-
iation that correspond to latitude have evolved for all meas-
ured traits. With the exception of one trait, leaf width, no
significant differences were found between the overall
means of Japanese and US populations, or the slopes of the
means across latitude. This is in contrast to a similar com-
mon garden study of native US and invasive European pop-
ulations of a related species, S. gigantea, that showed
significant differences in growth pattern but no difference in
leaf traits between continents (Güsewell et al. 2006). Our
data suggest that similar clinal patterns of selection across
latitude are molding plant phenotype in the US and Japan,
producing parallel patterns of phenotypic divergence among
populations.

The evolution of clinal variation among populations of
S. altissima in Japan has occurred since it was introduced
within the last century. Previous studies of invasive herba-
ceous species in North America have documented the evolu-
tion of clines in morphology and phenology over a similar
time frame (Daucus carota L., Lacey 1988; Verbascum
thapsus L., Reinartz 1984). In Europe where S. altissima is
also invasive, phenotypic clines corresponding to latitude
have evolved within the last 250 years after a putative single
introduction (Weber and Schmid 1998). Photoperiod is
likely an important agent of selection, because it varies cli-
nally with latitude and is a reliable indicator of favorable
conditions for growth (Fitter and Hay 1987). Many critical
physiological processes including seed germination, stem
elongation, and flower initiation rely upon photoperiodic
cues (Garner and Allard 1920). Temperature also differs cli-
nally with latitude across the US and Japan although the
gradient is steeper in the mid-continent of the North Amer-
ica by comparison with the islands of Japan, presumably
owing to the moderating effects of the nearby oceans.
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Solidago altissima has become widespread in Japan in the
last few decades, suggesting that there has been a recent and
rapid expansion of this species (Ecological Society of Japan
2002; Shimizu 2003). Because the invasion history is not
well known, however (i.e., site of introduction, pattern and
rate of spread, number of introductions), it is not possible to
precisely estimate the rate of evolutionary change among
populations. If the Japanese populations were founded by a
few individuals that have since propagated across this coun-
try, it is necessary to invoke substantial evolutionary change
to explain the current geographic patterns of variation. For
example, leaf width varies by 6.5 phenotypic standard devi-
ations between the extreme Japanese populations. In contrast
to the European invasion of S. altissima, where records

document a single intentional introduction of this species,
there is no evidence to suggest a single founding event in
Japan. Furthermore, the timing of the initial introduction
corresponds to a period of heightened post World War II ex-
change between the US and Japan after 1945. Thus, it is
more likely that S. altissima populations were established
by individuals from multiple US locations. To some extent,
the current pattern of clinal variation in Japan could then be
accounted for by natural selection favoring clonal lineages
that originated from similar US environments. However,
given that propagation by seed is important for colonization
in this species, it is also likely that genetic mixing of differ-
ent US populations has occurred, which may produce unique
genotypes and increase the range of phenotypes for selection

Fig. 1. Least square means (±2 SE) of seven US populations (open symbols) and five Japanese populations (filled symbols) of
Solidago altissima sampled from a latitudinal gradient and grown in a common garden experiment in a greenhouse environment. (A)
Height; (B) leaf number; (C) leaf length; (D) leaf width; (E) stem diameter; and (F) stomatal guard-cell size. Trait means for each country
are shown on the left of each panel (symbols with hatch marks). Lines show the slope of population means according to latitude in degrees
north as estimated by ANCOVA for US populations (broken line) and Japanese populations (solid line).
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to differentiate among populations. By either mechanism,
natural selection has quite rapidly produced a cline in phe-
notype that corresponds to latitude.

Clinal variation among populations in both the US and Ja-
pan may be associated with the distribution of diploid, tetra-
ploid, and hexaploid cytotypes of this species. Numerous
studies have shown marked differences in the geographic
distributions of polyploid cytotypes (Soltis 1984; van Dijk
et al. 1992; Keeler 1990; Burton and Husband 1999). Stud-
ies report that cytotypes are strikingly different in the field
(Hardy et al. 2000), distinguishable only when reared in a
common garden (van Dijk and van Delden 1990; Maceira et
al. 1993; Keeler and Davis 1999). Our current understanding
of the geographic distribution of S. altissima cytotypes in
North American is very limited (Semple 1992) and is com-
pletely unknown for Japan. The stomatal guard-cell size data
of this experiment does not suggest that there is extensive
cytotype polymorphism in these populations. Only one
US population has significantly smaller stomatal cells than
other populations. However, further study of the relationship
between this trait and ploidy level is necessary to determine
whether this is a reliable indicator of cytotype.

Despite presumed similarities in the selection gradient
across latitude in Japan and the US, some differences un-
doubtedly exist. For example, numerous insect herbivores
native to North America, including an entire guild of stem
gallers, are absent in the invasive range (Yukawa and Uechi
1999). The herbivore species that were introduced from
North America with S. altissima differ in the timing, popula-
tion densities, and impact on plant growth (Ohgushi 2007;
Y.A. Ando, T.O. Ohgushi, and T.P. Craig, unpublished
data, 2001-2003). Furthermore, the relative abundance of
leaf chewers, leaf suckers, and leaf miners that attack
S. altissima in Japan differs (Y.A. Ando and T.O. Ohgushi,
unpublished data, 2001). Herbivores are potent agents of se-
lection on S. altissima, reducing seed production at low her-
bivore abundance, completely eliminating sexual
reproduction, and severely inhibiting vegetation growth at
high abundances (Root 1996). Intense herbivory has also
been shown to alter competitive interactions between
S. altissima and other plant species and alter patterns of
plant dominance in communities (Carson and Root 1999).
In other plant species, insect herbivory has been associated
with differences in plant morphology including leaf size
(Whitham 1978; Ribeiro et al. 1994), stem diameter (Raman
and Abrahamson 1995; Craig and Ohgushi 2002), shoot
length (reviewed in Price 2003), trichome density, defensive
compounds, and nutrient and water content (reviewed in
Gutschick 1999; Pérez-Harguindequy et al. 2003). Thus, the
herbivore communities in the US and Japan could exert dif-
ferent patterns of selection on plant populations, and this
could contribute to overall differences in morphology evi-
dent in this common garden study.

Solidago altissima is an extremely successful invasive
species in Japan and Europe. The capacity for rapid adaptive
evolution in response to different environments may have
played a key role in its success. Future studies will help elu-
cidate of the pattern of spread of S. altissima across Japan
and identify the agents of selection that have contributed to
population divergence across both the native and invasive
range.T
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