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Summary

1

 

The expansion histories of  two South American species of  

 

Cortaderia

 

, similar in
morphology but differing profoundly in their breeding systems, were compared in
California, USA.

 

2

 

Both species were introduced to California in the mid-1800s, but herbarium records
indicate that the sexual 

 

C. selloana

 

 has expanded spatially at twice the rate of the asexual

 

C. jubata

 

.

 

3

 

The invasiveness of 

 

C. selloana

 

 has increased over time, whereas that of 

 

C. jubata

 

 has
remained relatively constant. Populations of 

 

C. selloana

 

 now occupy more vegetation
types and more non-ruderal habitats than 

 

C. jubata

 

.

 

4

 

Populations of 

 

C. selloana

 

 have experienced directional morphological change,
whereas the morphology of  

 

C. jubata

 

 has been constant over the 90 years for which
preserved specimens are available.

 

5

 

The invasion of an alien species appears to be a malleable process, rather than a sin

 

-

 

gular event. Species traits, such as inbreeding, can be advantageous at some stages
but disadvantageous at others. Alien species also adjust over time to the novel and
diverse selective regimes that they encounter as they expand spatially. Sexual species
may have a greater ability to adjust to diverse selective landscapes relative to asexual
species.
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Introduction

 

Plant invasions are inherently historical processes.
The introduction of non-native species, their establish-
ment in novel environments and their spread across
landscapes occur over decades or even centuries.
Despite this, historical studies of plant invasions are
rare. For example, in western North America where
numerous non-native plant species have profoundly
altered the landscape over the past 200 years, com-
paratively few studies have documented the historical
patterns of establishment, spread and ecosystem change
associated with these invasions (see Forcella & Har-
vey 1981; Mack 1986; Knapp 1996; Gerlach 1997).

Historical records have frequently been used in an
attempt to understand why some introductions become

invasive pests, while others remain relatively benign
(see Bazzaz 1986; Newsome & Noble 1986; Rejmánek
& Richardson 1996), but most of these simply compare
the extent of invasion at two, often widely separated,
points in time. However, small differences in species
traits or propagule pressure and in the patterning of
habitats across landscapes can interact during the
course of an introduction to produce large differences
in invasive patterns, and this has limited the usefulness
of such studies (Roy 1990; Daehler & Strong 1993;
Thébaud 

 

et al

 

. 1996).
Detailed examinations of how specific plant invasions

develop over time can, however, help identify processes
that moderate the invasion process. Empirical data and
theoretical models suggest that invasions occur in three
distinct phases: a founding phase, during which an
initial population or populations are established; an
expansion phase, during which populations increase
spatially; and a saturation phase, characterized by slower
expansion rates once biotic or abiotic barriers have
been encountered (Hengeveld 1989; Andow 

 

et al

 

. 1990;
Cousens & Mortimer 1995; Shigeseda & Kawasaki
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1997). Both demographic characteristics that influence
population growth rates and autecological traits that
affect the pattern of offspring production and dispersal
are thought to determine onset of expansion, as well as
its subsequent rate (Skellman 1951; Okubo 1980).

Species capable of colonizing asexually are thought
to be at an advantage during the founding and early
expansion phases, when population sizes are small, but
the ecotypic flexibility associated with sexual reproduc-
tion may be a requirement for expansion from ruderal
habitats into competitively more demanding commu-
nities (Baker 1965, 1986; Lynch 1984). Blossey &
Notzold’s (1995) hypothesis that the invasiveness of
non-indigenous plants is a result of shifts in photosyn-
thate allocation from herbivore defence to competitive
traits, such as vegetative growth and reproductive
output, further predicts that invasiveness may evolve as
a result of selection in novel habitats favouring com-
petitive over defensive genotypes.

This study reconstructed the expansion history of
two perennial grasses that are invasive in the Mediter-
ranean-type climate zone of California, USA. The
genus 

 

Cortaderia

 

 is comprised of 24, mostly South
American, species of perennial tussock grass (Connor
& Edgar 1974). The large exerted plumes of species
such as 

 

C. selloana

 

 (Schultes) Asch. & Graebner and

 

C. jubata

 

 (Lemoine) Stapf make them attractive as gar-
den plants and they have become widely cultivated as a
result of the global nursery trade. The two species are
now naturalized pests in New Zealand (Connor 1965;
Edgar 

 

et al

 

. 1991), South Africa (Robinson 1984), the
Hawaiian islands (Chimera 1997) and along the Pacific
coast of the USA. In the late 1870s the pioneering nurs-
eryman, Joseph Sexton, grew and marketed the plumes
of 

 

C. selloana

 

 in the Goleta Valley near Santa Barbara,
USA, but 

 

C. jubata

 

 was never grown on a commercial
scale (Thompkins 1966).

The taxonomy of the genus has been much confused
(Connor 1971; Connor & Edgar 1974; Costas-Lippmann
1976), but by the late 1950s it was recognized that at
least one species had escaped from cultivation and
was spreading invasively in California (Munz & Keck
1959; Cooper 1967; Munz 1968; Cowan 1976). Costas-
Lippmann (1976, 1977) identified this invasive species
as 

 

C. jubata

 

 and reported that 

 

C. selloana

 

 ‘with the
exception of one population … does not show signs of
escaping from cultivation into a weedy state.’ She par-
tially attributed this differential invasiveness to marked
differences in the reproductive systems of Californian
populations of the two species: 

 

C. jubata

 

 individuals
are female and produce seed through agamospermy,
whereas 

 

C. selloana

 

 individuals are dioecious and
outcrossing.

This initial assessment was used as a basis for
subsequent reviews of  the status of  

 

Cortaderia

 

 in
California (Kerbavaz 1985; Madison 1992), but strong
conclusions about the relative invasiveness of the two
species or their potential for future spread are impos-
sible from Costas-Lippmann’s study alone.

I use historical data, principally in the form of
herbarium records, to reconstruct the pattern and rate
of spread of 

 

C. selloana

 

 and 

 

C. jubata

 

 in California,
and to assess whether their relative invasiveness has
changed over the 

 

c.

 

 130 years since their introduction.
Historical patterns are considered, together with the
current distribution and habitat preferences of the two
species, to predict potential for further expansion.
Finally, I assess whether 

 

Cortaderia

 

 spp. have experi-
enced morphological changes since their introduction
and whether these are correlated with changes in
invasiveness.

 

Methods

 

 

 

Herbarium records

 

I searched the collections of 19 separate herbaria for
specimens of 

 

Cortaderia

 

 collected in California. Only
those specimens (

 

n

 

 = 105) which could be positively
identified as either 

 

C. selloana

 

 or 

 

C. jubata

 

 using the
diagnostic characters of Connor (1971), Connor &
Edgar (1974), Costas-Lippmann (1976), Edgar 

 

et al.

 

(1991) and Hickman (1993; also for nomenclature)
were included in the analyses. These records were used
to derive a reduced set of 94 distinct populations by
treating all records within 1 km of each other as
belonging to the same population and eliminating all
but one record from the data set.

 

Census data in Costas-Lippmann (1976)

 

The census data in Costas-Lippmann (1976) cover
52 populations of  the two species of  

 

Cortaderia

 

 in
California from 1968 to 1972. The published specific
determinations had to be used as no voucher material
was available for study.

 

New censuses

 

I censused a further 19 populations of 

 

C. selloana

 

 and

 

C. jubata

 

 in California during September to October
1998. Voucher specimens were made for each popula-
tion and deposited at the herbarium of the University
of California, Los Angeles. Initial field determinations
of species identity were confirmed by the analysis of
morphological characters on the preserved voucher
material.

None of the populations from the three data sources
were from the same location; the total data set therefore
consisted of 165 distinct populations. Slightly different
subsets of these data were used in the different analyses.

 

    

 

The analysis of geographical spread, population accu-
mulation rates and habitat preferences considered only

 

JEC524.fm  Page 89  Monday, March 12, 2001  4:52 PM



 

90

 

J. G. Lambrinos

 

© 2001 British 
Ecological Society, 

 

Journal of Ecology

 

, 

 

89

 

, 88–98

 

populations that could be unambiguously determined
as naturalized.

Analysis of geographical spread used all naturalized
populations whose location could be identified. When
locality was not precisely defined, I used the locality
and altitude of the nearest geographical feature included
in the USGS Geographic Names Information System.
Location information was standardized to decimal
degrees and visualized using 

 

 

 

® (ESRI,
Redlands, CA, USA).

Geographic range differences were analysed by
comparing the relative frequency of  records of  the
two species north and south of  Point Conception,
CA (34

 

°

 

26

 

′

 

55

 

″

 

 N, 120

 

°

 

28

 

′

 

14

 

″

 

 W), the biogeographic
boundary between the Central Western and South-
western California floristic regions (Hickman 1993).
Locality data were converted to area occupied by
calculating the number of 0.5

 

°

 

 

 

×

 

 0.5

 

°

 

 grid squares
occupied by populations of each species. Exponential,
logistic and linear functions were fitted to the curves
both for number of naturalized records and for grid
square accumulation.

 

   

 

The 75 naturalized populations for which sufficient
environmental data had been recorded were scored for
habitat association. Although habitat could, in most
cases, be defined more finely, only three habitat categories
(ruderal, coastal shrublands and wetlands) were used
for analysis. Ruderal habitats, defined as those subject
to frequent or acutely intense anthroprogenic dis-
turbance, included roadsides, cleared areas and vacant
lots. Records from logged coastal redwood forest were
also included in this category. Coastal shrublands
included coastal sage scrub, chaparral and northern
coastal scrub plant associations, whereas wetlands
included coastal wetland, riparian and lacustrine
habitats.

The invasive status of each population was classified
as introduced, established or pest, using categories
modified from Williamson & Brown (1986) and
Williamson & Fitter (1996). Populations that appeared
not to be self-sustaining, including those (usu-
ally consisting of a single individual) which the label
information described as ornamentals or as garden
escapes, were regarded as introduced. Populations
described as naturalized or clearly self-sustaining, but
whose location on highly disturbed sites or small size
meant that they imposed a relatively minor impact
on native vegetation, were classified as established.
Label information indicating a ruderal habitat or the
presence of fewer than three individuals in non-ruderal
habitats was sufficient for this category. Self-sustaining,
naturalized populations pre-empting space and
resources in non-ruderal habitats were categorized
as being of  pest status. Although logged redwood
forest was classified as a ruderal habitat (see above),
populations there were also included in the pest

category as they inhibit natural succession patterns by
preventing the establishment of trees in clearcuts
(Cooper 1967). Eight of  the 165 populations, which
could not be classified definitively, were excluded
from the analysis of  invasive status. Change over
time was analysed by calculating the percentage of
populations falling into each category for each species
as a function of time of collection grouped in 10-year
increments.

 

  

 

The morphological traits used in various combinations
as diagnostic characters for the two species neverthe-
less show a considerable amount of variation both in
the field and on herbarium specimens. Principal
components analysis of variance within and between
species was used to confirm that the characters used
for identification produced consistent species-specific
groupings, and to determine whether species have
experienced morphological change over time. All her-
barium records were scored for three binary characters,
seven quantitative characters (three continuous, four
discrete) and three qualitative characters (see Results).
Staminate and incomplete specimens were excluded
from analysis. For the quantitative variables, a mean of
three measurements for each specimen was taken for
analysis.

 

 

 

All statistical analyses were performed using 

 



 

®
vs. 8.0 (SPSS Inc., Chicago, IL, USA).

 

Results

 

    

 

The earliest herbarium record of 

 

Cortaderia

 

 in California
was an ornamental specimen of 

 

C. selloana

 

 collected
near the campus of  the University of  California,
Berkeley in 1915, but the genus does not appear to have
naturalized until 1929 when a female specimen of

 

C. selloana

 

 was collected near a pond in Mandeville
Canyon, Los Angeles. 

 

C. jubata

 

 remained unrecorded
until a naturalized individual growing along San Antonio
Creek in Ventura County was collected in 1946, but
thereafter both species spread rapidly from southern
California. 

 

C. selloana

 

 has spread from two foci in the
San Francisco Bay Area and in southern California,
migrating up the deltas of the Sacramento and San
Joaquin rivers, as well as along the coast during the
1960s and 1970s (Fig. 1). In contrast, 

 

C. jubata

 

 spread
rapidly both north and south along the coast without
forming distinct centres of expansion, and it did not
expand inland (Fig. 2). Despite an overlap in distribu-
tion, infestation by 

 

C. selloana

 

 is heavier south of Point
Conception, whereas 

 

C. jubata

 

 occurs mainly north of
the point (Table 1).
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Naturalized 

 

C. selloana

 

 was collected almost three
times as frequently as naturalized 

 

C. jubata

 

, and has

been recorded as occupying almost twice the area. For
both species, there was a distinct lag phase following
first introduction before an increase in both collection
rate and areal spread of naturalized populations.

Fig. 1 The spatial expansion of Cortaderia selloana in California. Points are record localities of naturalized populations derived
from herbarium records, populations censused by Costas-Lippmann (1976) and populations censused by the author. Counties
containing at least one naturalized record are shaded. / indicates the boundary between the Central Western California and South-
western California floristic regions at Point Conception (34°26′55″ N, 120°28′14″ W).
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Although 

 

C. selloana

 

 is confirmed as having been present
in California in 1872 and 

 

C. jubata

 

 was probably
introduced sometime later in the nineteenth century,
there were still only seven collections of naturalized
populations recorded by 1950. Both species, however,
experienced a rapid increase in collections and area
occupied after this date (Fig. 3). Although logistic
equations are given for Fig. 3, the 

 

C. jubata

 

 data could
also be described by an exponential function, and
post-1930 records for both species by linear functions
(Table 2). These linear functions indicate that 

 

C. selloana

 

has expanded at 

 

c.

 

 218 km

 

2

 

 per year compared with

Fig. 2 The spatial expansion of Cortaderia jubata in California (convention as in Fig. 1).

Table 1 Geographic separation of naturalized Cortaderia popu-
lations in California. Values are the percentage of total records
for each species with respect to Point Conception (34°26′55″
N, 120°28′14″ W). Data are from herbarium records, populations
censused by Costas-Lippmann (1976) and populations
censused by the author. Species distributions are significantly
different (Pearson’s χ2 = 47.002; d.f. = 1; P < 0.0001)

C. jubata C. selloana

North of Point Conception 90.77 33.75
South of Point Conception 9.23 66.25
n 65 80
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107 km

 

2

 

 per year for 

 

C. jubata

 

 (slopes of 

 



 

 were
significantly different, 

 

F

 

1,10

 

 = 52.2, 

 

P 

 

< 0.001).
The two species differed in their habitat associations.

 

C. jubata

 

 was found to be occupying primarily ruderal
habitats, with only a small percentage of records reported

from coastal shrublands and wetlands, compared with

 

C. selloana

 

 in which > 60% of  records were from
non-ruderal habitats (Table 3).

The relative invasive status of the two species changed
over time. The majority of the early 

 

C. selloana

 

 records
were of introduced status (ornamental specimens), but
the proportion of 

 

C. selloana

 

 records derived from
established or pest populations has increased linearly
over time since 1950 (Fig. 4; linear regression, 

 

R

 

2

 

 = 0.756,

 

F

 

1,4

 

 = 12.383, 

 

P 

 

= 0.024). Established and pest records
have predominated for 

 

C. jubata

 

, from first records
to the current day. However, only 19% of  

 

C. jubata

 

populations, but > 33% of 

 

C. selloana

 

 populations
were classified as pests (Table 4).

 

  

 

The first two components of the principal components
analysis accounted for > 55% of  the variation in
morphological traits recorded for the two species. The
first component was composed primarily of plume and
flower characters, whereas the second component was
a descriptor of sheath, blade and rachis pubescence
(Table 5). 

 

C. selloana

 

 and 

 

C. jubata

 

 could be readily
distinguished using the inflorescence characters described
by the first component, but the two species broadly

Table 2 Summary of regression statistics for curves fit to the expansion of naturalized Cortaderia populations over the last
99 years. Record curves are fit to the total number of herbarium records summed cumulatively in 10-year increments (n = 11); area
grid curves are fit to the total number of 0.5° latitude by 0.5° longitude grid squares occupied by herbarium records summed
cumulatively in 10-year increments (n = 11). Linear curves are fit to data accumulated after 1930 (n = 7)

C. selloana C. jubata

R2 F d.f. P R2 F d.f. P

Records
Logistic 0.996 1138.4 2,8 < 0.001 0.989 359.9 2,8 < 0.001
Exponential No convergence 0.922 106.9 1,9 < 0.001
Linear 0.957 111.8 1,5 < 0.001 0.986 355.3 1,5 < 0.001

Area grids
Logistic 0.994 682.0 2,8 < 0.001 0.983 228.3 2,8 < 0.001
Exponential No convergence 0.740 727.3 1,9 < 0.001
Linear 0.984 301.5 1,5 < 0.001 0.967 146.8 1,5 < 0.001

Fig. 3 The growth of naturalized Cortaderia populations
recorded in California: (a) total number of herbarium records
summed cumulatively in 10-year increments (n = 11); (b) total
number of 0.5° latitude by 0.5° longitude grid squares
occupied by herbarium records summed cumulatively in 10-
year increments (n = 11). Logistic regression equations are fit
to the data for both species.

Table 3 Habitat distribution of naturalized Cortaderia popu-
lations in California. Values are the percentage of total records
(all sources) for each species in different categories (see text).
The distribution of population records among habitat types is
not independent of species (Pearson’s χ2 = 33.639; d.f. = 1;
P < 0.0001)

C. jubata C. selloana

Ruderal habitats 83.08 35.37
Coastal shrublands 7.69 32.93
Wetlands 9.23 31.71
n 65 82
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overlapped in their pubescent characteristics (Fig. 5).
There have been significant changes over the past
90 years with respect to the morphological character
states reflected in the first principal component for
C. selloana, but not for C. jubata (Fig. 6).

Fig. 4 Change in invasive status of  Cortaderia populations
in California. Data are from herbarium records. Invasive
categories are defined in the text. The total number of
populations whose invasive status could be classified were 68
for C. jubata and 89 for C. selloana.

Table 4 The invasive status of Cortaderia populations in
California. Values are the percentage of total records (all
sources) for each species in different categories (see text). The
distribution of populations among invasive status is not
independent of species (Pearson’s χ2 = 13.908; d.f. = 2;
P = 0.001)

C. jubata C. selloana

Introduced 4.41 17.98
Established 76.47 48.32
Pest 19.12 33.71
n 68 89

Table 5 Diagnostic species characters and characters used for
principal components analysis and factor loadings. The first
two factors accounted for 44.8% and 10.3% of the variance,
respectively

Factor 1 Factor 2

Binary 
characters

Grain easily separating
Lemma acute
Stigmas exerted

0.585 0.223
0.838 0.121

–0.867 0.135

Quantitative 
characters

Blade width
Spikelet length
Awn length
Sheath hairiness
Rachis pubescence
Floret number

0.444 –0.126
–0.743 –0.051
–0.761 –0.151

0.607 0.491
0.472 0.662

–0.178 0.361
–0.733 0.045

Qualitative 
characters

Blade colour
Plume colour
Spikelet colour

0.636 –0.131
0.723 –0.525
0.784 –0.333

Fig. 5 Principal components analysis of Cortaderia morpholo-
gical characters.

Fig. 6 Morphological change of Cortaderia populations in
California. See Table 5 for loadings on Factor 1.
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Discussion

 

Costas-Lippmann’s (1976, 1977) evaluation of  the
status of  Cortaderia naturalized in California could
not predict the future invasive potential of  the two
species. Only nine of the 53 populations censused were
C. selloana and, of these, only one (Newport Beach)
showed unambiguous signs of expansion, even though
herbarium records indicate that at that time the two
species were similarly abundant and that both were
beginning to expand following a long period of quies-
cence. Herbarium records indicate that C. selloana has
subsequently been the more invasive so that in California
it currently occupies more area, has a more diverse
distribution across habitat types and occupies non-
ruderal habitats more frequently than C. jubata. Forty-six
of the 53 populations surveyed by Costas-Lippmann
were located north of Point Conception, and it seems
clear that she under-sampled southern California (where
there are may herbarium records) and consequently
underestimated its prevalence. The narrow time frame
further precludes prediction of  relative changes in
invasive status. The historical records, however, suggest
that the relative impact on the Californian landscape of
the two species of Cortaderia has changed over the past
80 years. Not only has C. selloana expanded at a greater
rate than C. jubata, but a greater proportion of  its
populations have colonized relatively undisturbed native
plant communities compared with C. jubata.

Unfortunately, the long-term data required to make
statements about the expansion trajectories of many
invasions are poor or non-existent. Herbarium records,
the most common source, are often few in number or
represent spatially or temporally biased samples, and
many invasive species are collected only once they have
expanded greatly or have become serious pests (Cousens
& Mortimer 1995).

The morphological similarity of the two species, as
well as the taxonomic confusion which reigned during
much of their collection history, suggests that taxo-
nomic bias is not a problem in this study. Nevertheless,
it is possible that the recent expansion of both species in
herbarium records is a direct consequence of awareness
generated by Costas-Lippmann’s (1976, 1977) study,
while the possible current slowing of collection rates (at
least for C. jubata see Fig. 3) may represent a growing
disinclination to collect a common weedy species. Natu-
ralized record collections, however, began to increase
over the 10 years prior to Costas-Lippmann’s study,
and the abrupt expansion of Cortaderia is confirmed by
largely independent floras. A species of Cortaderia
reported in a state flora to have become naturalized
from Ventura to Monterey Counties (Munz & Keck
1959) had expanded as far north as Humboldt County
by the time a supplement was published 9 years later
(Munz 1968). The growing amount of money and
management effort spent in California on the control

of these species makes it unlikely that occurrences are
now being unrecorded.

The short recording history and the overall lack of
records, however, still make it difficult to discriminate
between different patterns of expansion and to predict
future expansion trajectories. Although the expansion
pattern of both species is best described by a logistic
function, it is impossible to rule out other patterns. In
California, C. jubata may well be entering the saturation
phase: although it is a serious threat to many increas-
ingly fragmented and restricted plant communities
along the central and northern coast (DiTomaso et al.
1999; Lambrinos 2000), it is restricted to a thin coastal
strip and herbarium records indicate a propensity for
ruderal habitats. In contrast, C. selloana, which has
expanded inland along the tributaries of San Francisco
Bay, and is found increasingly in non-ruderal habitats,
seems set to continue invasion.

  

Self-compatibility may help to ensure reproduction in
the absence of pollinators or under the demographic
constraints of small population sizes (Baker 1965,
1974; Antonovics 1968), and Baker (1986), like Costas-
Lippmann (1976), attributed the apparent invasive
success of C. jubata compared with C. selloana to its
apomictic breeding system. However, the more
extensive data reported here do not indicate such an
advantage for C. jubata during the early colonization
and establishment phase: the two species experienced
a similar lag phase after introduction to California.
Furthermore, once colonization started in the 1940s
C. selloana expanded at twice the rate of C. jubata.

Small founding populations often encounter demo-
graphic constraints, but the agamospermic C. jubata
and the wind pollinated C. selloana are not restricted
by the need for pollination vectors. Furthermore, both
species undoubtedly experienced multiple introduc-
tions as well as secondary dispersal by humans within
California. In particular, Joseph Sexton had 5000
plants of C. selloana in production in Santa Barbara at
the height of the pampas plume industry in 1889, and
exported almost 500 000 plumes per year with an
additional 500 000 plumes per year exported by other
growers (Bailey 1950; Thompkins 1966). Ornamental
plantings of many individuals would allow for adequate
pollination and seed set to found new populations. In
California both species expanded in a pattern consist-
ent with populations establishing by long-distance
dispersal (natural or anthroprogenic) and then expand-
ing independent of each other (Shigesada & Kawasaki
1997). A growing amount of evidence suggests that
introduction patterns greatly influence the establish-
ment success of  alien species. Novak et al. (1993)
concluded that multiple introductions may be the
rule rather than the exception, and Lonsdale (1999)
estimated that as much as 56% of the variance in exotic
species richness between global regions could be explained
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by differences in propagule pressure. The establishment
probability of  Cortaderia may well depend on the
pattern and frequency of introduction.

  

Another proposed advantage of inbreeding for colon-
izing species is that it conserves finely coadapted gene
complexes. Many colonizing species posses low levels
of  intrapopulation genetic variance, but can never-
theless occupy large new ranges or invade a diversity of
habitats (Groves 1986; Novak et al. 1991; Williams
et al. 1995). The hypothesis that these species possess
fixed ‘general purpose genotypes’ that exhibit high
rates of phenotypic plasticity and broad environmental
tolerances (Allard 1965; Baker 1965; Antonovics 1968;
Lynch 1984) is supported by several empirical examples.
The apomictic perennial African grass, Pennisetum
setaceum, has the largest altitudinal range of any grass
on the island of Hawaii, and much of this success can be
attributed to the impressive plasticity of its morpho-
logical and physiological traits (Williams et al. 1995).
The cleistogamous invasive grass, Bromus tectorum, is
the most widespread annual grass in the western USA;
populations exhibit high rates of phenotypic plasticity
for a number of ecologically relevant traits, although
ecotypic differentiation accounts for much of  the
interpopulation variation in flowering time and seed
germination phenology (Rice & Mack 1991; Meyer &
Allen 1999).

Low amounts of genetic variation, however, may
severely limit the potential of a colonizing species for
expansion in a strongly heterogeneous or competitively
demanding environment. Jain & Martins (1979) found
that colonization ability is correlated with increased
outbreeding and genetic variation in populations
of  Trifolium hirtum invading California. Michaels
& Bazzaz (1989) demonstrated that apomictic popula-
tions of the herbaceous perennial Antennaria parlinii
are adapted for the opportunistic colonization of
disturbed sites, but that dioecious outcrossing popula-
tions exhibit characteristics that promote competitive
ability. Also, Carlquist (1974) has argued that the
high proportion of  dioecy in the Hawaiian flora is a
result of  selection for outcrossing in colonizing
populations.

Costas-Lippmann & Baker (1980) found no allozyme
variation across five enzyme systems for Californian
populations of C. jubata, but considerable variation in
C. selloana, albeit less than in its New Zealand and
Argentinean populations. The genetic structure of an
introduced species in its new range can be strongly
influenced by its introduction history (Barrett &
Husband 1990; Whitlock & McCauley 1990; Novak &
Mack 1993). Reduced genetic variation in C. jubata
could result from a smaller number of introduction
events or from more restricted sampling of the genetic
diversity present, both leading to more intense founder
effects. Joseph Sexton may have intentionally sampled

a number of source populations of C. selloana looking
for varieties with commercially useful traits. The
limited data on the genetic structure of  Cortaderia
in California and in its native South American range
makes it impossible to discriminate between this
hypothesis and the greater genetic diversity exhibited
by C. selloana being a direct consequence of outcross-
ing and a subsequent greater propensity for ecotypic
differentiation.

C. selloana inhabits a greater range of environmental
conditions in California, expanding into continental
climatic zones, whereas C. jubata has remained restricted
to a narrow climatic zone. In addition, the distribution
of C. selloana across vegetation types is more diverse
than C. jubata. These results are consistent with the
hypothesis that genetic variability enables better
utilization of heterogeneous habitats as well as promot-
ing greater competitive abilities.

Correlations between geographical distribution and
sexual system have been reviewed by Glesner & Tilman
(1978) and Lynch (1984): compared with close but
asexual relatives, sexual organisms tend to be found in
what are thought to be competitively more demanding
environments, i.e. lower latitudes and altitudes, in
mesic rather than xeric habitats, and in undisturbed as
opposed to disturbed habitats. Thus, in its native South
America, C. selloana is found along streams and in the
low wet areas of Argentina and southern Brazil,
whereas C jubata is a native of the Andean regions of
Ecuador, Peru and Bolivia, and has been recorded
growing on eroded hillsides as high as 4000 m (Costas-
Lippmann 1976; J.G. Lambrinos, unpublished data).
In California, although both species are restricted
to low elevations, C. selloana has a more southerly
centred distribution than C. jubata, invades intact
native vegetation more frequently and invades wetland
habitats. Such a distribution suggests that C. selloana
is the better competitor, but could also be the con-
sequence of preadaptation of this species to the mesic
lowland habitats of California.

Costas-Lippmann (1976) conducted common garden
experiments which demonstrated that C. jubata has a
greater ability to germinate on a variety of soil types,
has a shorter juvenile period and a longer flower-
ing period than C. selloana. In contrast, field experi-
ments in central California showed that C. selloana
exhibited consistently greater germination, growth and
survivorship across a variety of habitat types than
C. jubata (Lambrinos 2000). These conflicting results
may be due to differences in seed provenance. Costas-
Lippmann used only one southern Californian popula-
tion (C. selloana at Newport Beach), and reported that
its seeds generally displayed greater and more continu-
ous germination than other populations of this species. It
is possible that the predominately southern California
populations of C. selloana used for my studies repres-
ent more invasive ecotypes, or that more invasive lines
have expanded in southern California in the years fol-
lowing Costas-Lippmann’s study.
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The change in invasive status of populations over the
past 80 years, and the change in morphological traits
over the same time suggest that populations of C. selloana
have experienced genetic adjustments since their intro-
duction into California. Over the past 80 years the
inflorescences of C. selloana have become more similar
to those of C. jubata. The plumes have darkened, the
spikelets and awns have shortened and the number of
florets has decreased. Hybridization between the two
species is unlikely, and the apparent convergence of
floral form probably represents an adjustment to
changing selective pressures. In C. jubata the stigmas
are not exserted until after embryo development, and
aposporic embryo sac formation is followed immedi-
ately by diploid parthenogenesis (Costas-Lippmann
1976). Heavy selection pressure for floral traits, e.g. for
platinum white plumes that were full and possessed
long flexuous spikelets (Bailey 1950; Thompkins 1966),
faded with the plume industry fad at the turn of the
century. The few situations in which such short-term
evolutionary changes have been studied in wild popu-
lations concern colonizing populations adjusting to
novel selective regimes (Shontz & Shontz 1972; Cody &
Overton 1996). Its greater genetic diversity, directional
morphological change and changes in invasiveness
suggest that populations of C. selloana have a greater
potential than those of C. jubata to adjust to the novel
selective regimes encountered in California.

This study demonstrates the importance of continu-
ously monitoring invasions. Not only are future
invasion potentials difficult to predict from spatially or
temporally limited studies, but the speed and nature of
invasions can change over time as invading species
adjust to novel selective environments. Management
decisions, such as how to prioritize limited budgets for
the control of invasive species, have to be re-evaluated
periodically as invasion conditions change. The malleable
nature of invasions means that currently benign intro-
ductions cannot be permanently labelled non-invasive.

The results of this study suggest that the eventual
impact of an introduced plant species is partly dependent
on its ability to adjust to novel environmental conditions.
While the potential for asexual reproduction may
provide distinct advantages during early colonization
and establishment, extreme cases of  inbreeding, such
as that exhibited by C. jubata, can hinder the future
spread of a coloniser, particularly into selectively diverse
landscapes.
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