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Abstracr: The spread of invasive taxa, including Lythrum salicaria, Typha X glauca, Myriophyllum spi-
catum, Phalaris arundinacea, and Phragmites australis, has dramatically changed the vegetation of many
wetlands of North America. Three theories have been advanced to explain the nature of plant invasiveness.
Aggressive growth during geographic expansion could result because 1) growth is more favorable under new
environmental conditions than those of resident locales (environmental constraints hypothesis); 2) herbivores
may be absent in the new locale, resulting in selection of genotypes with improved competitive ability and
reduced allocation to herbivore defenses (evolution of increased competitive ability hypothesis); and 3)
interspecific hybridization occurred between a new taxon and one existing in an area, resulting in novel
phenotypes with selective advantages in disturbed sites or phenotypes that can grow under conditions not
favorable for either parent (introgression/hybrid speciation hypothesis). A review of published literature
found few studies that compare the growth and dynamics of invasive populations in their new range versus
those in historic ranges. However, there is evidence that hydrologic alterations could facilitate invasions by
Typha X glauca and Phalaris arundinacea and that increased salinity promoted spread of Typha angustifolia
(parental taxon) and Phragmites australis. The potential for reduced herbivory causing aggressive growth is
greatest for Lythrum salicaria. Introgressive hybridization is potentially a cause of invasiveness for all five
species but has been established only for Typha X glauca and Lythrum salicaria.
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INTRODUCTION ficult to remove, lowering the quality of existing wet-

lands and reducing the effectiveness of restoration ef-

f A substantial portion of the inland wetlands of forts (Cutright 1978, Teale 1982, Mack 1985, Barrett
1 North America have been impacted by perturbations, 1989, Rendall 1989, Mack 1991).

including vegetation removal, nutrient inputs, intro- Studies of the characteristics that relate to the in-

i duction of toxins, filling, surface and subsurface drain- vasive potential of species and those that relate to the

| age, flooding, and excavation. These physical and invasion of the community may provide information

) chemical responses are accompanied by the replace- that helps curtail further spread (Johnstone 1986).

1 ment of the indigenous vegetation by one to a few Considering species and community aspects separately

] invasive species. Invasive species are those that spon- does not effectively characterize the invasion process,

{ taneously (and aggressively) spread after deliberate or however (Johnstone 1986, Gilpin 1990). Since plants

1 inadvertant introduction to a new locale (Rejmanek require ‘‘safe sites” to establish (Harper 1977), an in-

! and Richardson 1996, in part). In the last century, sev- vasion can be viewed as the removal of barriers that

l eral aggressive taxa, including Typha X glauca Godr., previously excluded site occupation (Johnstone 1986).

Lythrum salicaria L., Myriophyllum spicatum L., The barriers removed can be botanical (e.g., reduced

] Phalaris arundincea L., and Phalaris australis (Cav.) competition) or non-botanical (e.g., changes in water

l Trin. have in vaded inland temperate wetlands in North chemistry), and the response to barrier removal can

; America. Large-scale disruptions of intact wetland affect all species or selected species. Removal of bar-

' ecosystems seem to open up new ecological niches riers creates invasion windows. Johnstone’s invasion

well-suited to the invaders (Barrett 1989). Invaders of- windows effectively generalize aspects of a commu-

ten readily exploit these new circumstances because nity that change invasion potential. However, the in-

they are both good colonizers and good competitors vasion window model does not explain why plants
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(e.g., Harper 1965). Once established, invaders are dif- tend to be more vigorous and taller in alien environ-
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ments and often produce more seed than in their native
distribution (Crawley 1987). So, while establishment
of some species may be predictable by the removal of
barriers, spread to dominance within a site requires
additional information.

Gilpin (1990) attributed the problem of predicting
invasion succession to the misconception that a given
taxa has intrinsic properties independent of its resident
ecological context. For example, allocation of resourc-
es to vegetative vs. reproductive effort, growth form,
and even tolerance to environmental conditions all
could potentially differ as a plant species migrates
from one continent to another. Developing sound hy-
potheses about potential impacts from invaders re-
quires knowledge of the coupling parameters between
the taxa and the new habitat. A plant may become
invasive because of differences between the resident
and new ecological context or because the new eco-
logical context causes changes in the intrinsic prop-
erties of the species.

Three hypotheses have been advanced to explain
plant invasiveness; they differ in their assumptions
about coupling between taxa and new habitats. First,
the environmental constraint hypothesis predicts that
plants in a new ecological context spread aggressively
when they occupy environments that are more favor-
able to their growth than found in their resident locale
(Crawley 1987, Bryant et al. 1988). This hypothesis
does not assume any intrinsic change in the properties
of the species in regions where it is invasive, only
differences in environmental conditions that increase
resource availability. The other two hypotheses assume
intrinsic changes to species explain the spread that oc-
curs after initial establishment. The second hypothesis,
evolution of increased competitive ability, predicts that
if herbivores are absent in the new context, selection
will favor genotypes with improved competitive abil-
ities and reduced allocation of resources to herbivore
defenses (Crawley 1987, Blossey and Notzold 1995).
Finally, the introgression hypothesis predicts that when
repeated, interspecific hybridization occurs between a
taxa new to a region and one existing in an area, fol-
lowed by backcrossing to either or both parental spe-
cies, the influx of new genetic information results in
novel phenotypes that have selective advantages in
disturbed sites or that use resources unexploited by
either parent species (Anderson 1949, Lewontin and
Birch 1966, Nagle and Mettler 1969,Barber 1970, Lev-
in and Bulinska-Radomska 1988). The primary im-
portance of introgression in evolution is one of greatly
enriching variation in the participating species (An-
derson 1949, Stebbins 1959, 1969).

Response to different control strategies for a given
species should vary depending on the nature of inva-
siveness. If a species has become invasive because en-

vironmental constraints have been eased, then wetland
manipulations altering hydrology, nutrient levels, or
water chemistry may be effective control strategies.
The absence of predation potentially creates both in-
vasion windows and instrinsic species changes, If
North American populations have evolved to allocate
less resources to defenses than to growing larger, re-
introducing insect herbivores may be an effective
long-term strategy for reducing invasiveness within a
region. Opportunities to control invasive spread will
be most limited for taxa that are products of intro-
gression. The loss of geographic and reproductive bar-
riers between the two parental species cannot be rea-
sonably re-established. Knowing when introgression
has been important would allow managers to minimize
human alterations and actions that favor introgressive
hybridization between natives and exotics.

This paper reviews information available from the
published literature on the nature of invasiveness for
five plant taxa that have aggressively spread in wet-
lands of temperate North America: Myriophyllum spi-
catum, Phalaris arundinacea, Phragmites australis,
Lythrum salicaria, and Typha X glauca. These species
have become the dominant vegetation in wetlands
throughout the Great Lakes basin and elsewhere on the
continent, The objectives of the review are to docu-
ment the biogeography and biology of each species in
North America in order to evaluate the relative im-
portance of three hypotheses of plant invasiveness.

EVIDENCE FOR THE THREE HYPOTHESES OF
PLANT INVASION

For most species, understanding the causes of in-
vasiveness is attempted long after significant geo-
graphic expansion has occurred. Consequently, much
of the relevant information is historical and circum-
stantial rather than directly observed. For populations
that are invasive because environmental constraints
have been minimized, resources used by the invader
increased relative to other members of the community.
If a commonly used resource (such as nutrients) in-
creased in a wetland, the invasive species is the one
that outcompeted others for use of this resource (e.g.,
Tilman 1990). Additional resources (e.g., light, space)
enabling rapid population growth of a species also re-
sult if changes in environmental conditions cannot be
tolerated by other species. The environmental con-
straints hypothesis may explain invasiveness for those
species whose increased vigor and spread consistently
has been coincidental with changes to environmental
conditions.

On average, herbivores consume more than ten per-
cent of plant production in natural communities (Coley
et al. 1985). Some species suffer high levels of her-
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bivory, yet have not evolved defensive mechanisms;
whereas others allocate resources, presumably because
protection has resulted in higher fitness (Coley et al.
1985). Both kinds of plants, those with and without
defenses, can potentially experience gains in individual
growth rates and population expansion if arrival in a
new geographic area is a release from herbivore pres-
sure. Species lacking defenses would be expected to
show immediate increases in standing crop compared
to plants in their historic range. If a species has
evolved to allocate substantial resources to defense, a
lag may be expected before growth increases. Defen-
sive mechanisms may be lost over time as selection
favors individuals with increased competitive ability
rather than herbivore defense (Blossey and Notzold
1995). In either case, knowing the relative extent of
herbivory in historic and newly invaded ranges is nec-
essary for understanding if invasiveness can potential-
ly be explained by release from herbivory. Whether
evolutionary changes have occurred in the new range
favoring resource allocation to competitive ability over
herbivore defense can be demonstrated experimentally
in common garden or reciprocal garden experiments
(Blossey and Notzold 1995).

For introgression to be invoked as a cause of inva-
siveness, changes to both wetland conditions and to
genetics of the taxa must have occurred. Alterations to
wetland condition, however, only needed to be present
at the time when hybrid populations initially estab-
lished. In the first major treatise on introgression, An-
derson (1949) showed that mutual introgression of Iris
hexagona Walt. and I fulva Ker-Gawl. resulted in hy-
brid populations with novel characteristics. These hy-
brids were found only in highly disturbed (i.e., over-
grazed) floodplain areas (Anderson and Hubricht 1938,
Anderson 1949). While the F, generation is usually
intermediate to both parents for most traits, the F, and
successive backcross generations segregate widely.
Thus, if both parents differ by only twenty distinctive
traits for habitat adaptation, the F, generation may seg-
regate with as many as one million different individ-
uals or genotypes (Anderson 1949). Over time, selec-
tion favors certain genotypes so that populations in late
successional communities have reduced genotypic di-
versity. Thus, “‘hybrid habitats™ (such as those created
by natural or cultural disturbances) are essential for
survival of introgressive individuals. So, introgression
is most likely for formerly allopatric populations that
have become sympatric in disturbed landscapes.

Incongruity can slow the rate of introgression or hy-
brid speciation such that a lag time of fifty or more
years may be necessary before hybrid populations be-
come invasive. When previously isolated taxa become
sympatric, interspecific crossing frequently ends in
failure. Observed aberrations and dysfunctions in such

crosses (i.e., incongruity) are from a lack or mismatch
of genetic information (genomic or cytoplasmic) in
one partner about the critical factors of the other (Bow-
ley and Taylor 1987, Haghighi and Ascher 1988).
While incongruity poses a barrier to gene exchange, it
evolves passively and is not selected.

Few suspected introgressed taxa have been the sub-
ject of either morphological or molecular characteriza-
tion. Historic and current observations that one or
more population(s) exist that deviate for diagnostic
characters of the parental species or that recombine
traits from two or more different species, often trigger
further consideration. Besides repeating the suspected
cross and backcrosses (with controlled pollinations)
and artificially creating the variation observed in nat-
ural populations, biochemical and molecular evidence
is considered to be most reliable for establishing the
introgressive history of a taxa (Heiser 1973). Modern
molecular techniques have been used to detect intro-
gressive hybridization events (Arnold et al. 1987,
Hamrick 1989, Keim et al. 1989, Bousquet et al. 1990,
Chechowitz et al. 1990). Comparison between cyto-
plasmic and nuclear genetic markers has produced the
most reliable evidence for introgression in natural pop-
ulations (Rieseberg et al. 1988, 1990). Measurements
of variation from these biochemical methods include
the number of alleles per locus and the percent poly-
morphic loci, allele frequency, and the average number
of heterozygous loci for each individual (Hamrick
1989).

Morphological evidence can be used to accurately
establish introgression if traits are selected carefully
and enough traits are available (Anderson and Hu-
bricht 1938). Reliable traits are those that are diag-
nostic for the parental species, whose expression is
constant through all possible growing environments.
Such traits are known as species genes (i.e., they char-
acterize a species and lack genotype X environment
(G X E) variation)(Lamprecht 1948). Traits controlled
by species genes are the same for all members of the
species (Lamprecht 1948, 1964). Species-specific traits
reliable for introgression studies are those such as
phyllotaxy and germination type (epigeal/hypogeal).
Quantitative trajts (e.g., lengths of corolla, leaves, and
internodes) are usually not species-specific and subject
to considerable G X E (Anderson 1949). Since these
traits are not controlled by species genes, they are var-
iable across environments, not diagnostic, and cannot
be used to establish the presence of introgression.
Once species gene traits have been identified, charac-
terization of the naturally occurring hybrid swarms for
morphological intermediacy or deviations can be per-
formed. Since the diagnostic traits of a species are of-
ten strongly linked, many generations of introgressive
hybridization are required before segregation (Ander-
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Figure 1. Changes in the distribution of Lythrum salicaria in Nor[ﬁ America (White and et al. 1993, Haber 1996).

son 1949). Thus, early hybrids of introgression may
be intermediate for all characters, whereas advanced
generations show recombinants or transgressive seg-
regants for any or all parental traits.

BIOGEOGRAPHY OF INVASIVE TAXA
Lythrum salicaria

Lythrum salicaria was first documented to be pre-
sent on the North American continent in 1814 by
Pursh. Nearly half (14 of 30) of the L. salicaria pop-
ulations reported before 1900 were located in the vi-
cinity of estuarine waste grounds in New England,
from Massachusetts to New Jersey (Thompson et al.
1987). Ship ballast from tidal flats in Europe deposited
on these estuaries likely contained L. salicaria seed
(Thompson et al. 1987, Wilcox 1989). In addition, L.
salicaria is known to have arrived in North America
in imported raw wood and on sheep, as well as having
been purposefully introduced by immigrants prior to
1900 (Thompson et. al 1987). Lythrum salicaria was
cultivated for its ornamental, medicinal, and bee-keep-

ing qualities (e.g. Pellett 1966, 1977). Opportunities
for initial introductions, whether from ballast, live-
stock, or immigrants, were greatest in the early to mid
1800s (Thompson et al. 1987). Because these popu-
lations did not appear to spread, the species was con-
sidered to be indigenous to North America until 1889
(Gray et al. 1889).

Lythrum salicaria migrated inland along canals and
other shipping waterways in the late 1800s (Figure 1),
Also at this time, L. salicaria escapes from cultivation
were widely reported (Stuckey 1980a). By 1900, in-
land populations were known from New Hampshire,
Quebec, Ontario, Manitoba, Pennsylvania, Michigan,
Ohio, West Virginia, and Tennessee (Stuckey 1980b).
These populations initially were not considered inva-
sive. Then, around 1930, L. salicaria began to rapidly
spread across pastures and wetlands in Quebec (Louis-
Marie 1944, Barabe 1951, Cutright 1986). Stuckey
(1980a) found that L. salicaria remained localized af-
ter introduction or escape for 20 to 40 years. After this
lag, aggressive spread from the source population has
been the norm.
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In spite of the history of L. salicaria in Quebec and
elsewhere in the region, horticultural interest continued
into the 1980s. The Morden Research Station in Man-
itoba developed Lythrum cultivars originating from
crosses of Lythrum virgatum L. and Lythrum alatum
Pursh from 1937 through the 1950s. Other growers
introduced varieties of L. salicaria, as well (Rendall
1989). Since L. virgatum and L. salicaria are not mor-
phologically distinct and can interbreed, L. salicaria
continued spread via garden escapes. Some states (e.g.,
Minnesota, Indiana, Ohio, Washington, and Wiscon-
sin) list both L. virgatum and L. salicaria as noxious
weeds, thereby preventing their commercial sale. Cur-
rently, within North America, L.salicaria occurs pri-
marily between the 40th and 50th parallels, west of the
100th meridian (Cutright 1986, Ithaca Journal 1989,
Rendall 1989, Stuckey 1980a).

Typha X glauca

Typha angustifolia L. was not documented in the
first floristic surveys of the Boston, New York, or Phi-
ladephia areas (prior to 1820). This species may have
arrived on the continent with European settlement
(Stuckey and Salamon 1987). Typha angustifolia was
apparently restricted to salt marshes of the Atlantic
coast of North America until sometime within the past
two hundred years (Smith 1987). As early as 1886,
both 7. latifolia L. and T. angustifolia, along with a
possible hybrid of the two parents (T. angustifolia var.
elongata, later recognized T. X glauca), were de-
scribed for wetlands in the Cayuga Lake basin of New
York State (Dudley 1886).

Migration of T. angustifolia to inland wetlands ini-
tially was reported from Michigan in 1900 (Stuckey
and Salamon 1987), Massachusetts (Roscoe 1927),
Towa (Hayden 1939), and Utah (Wetmore 1921). Utah
populations, assumed by Harris (1927) to be recent
introductions, were restricted to a few saline wetlands
near Great Salt Lake. Before the 1920s, 7. latifolia was
the only cattail species collected or reported from in-
land freshwater wetlands of the upper midwest despite
extensive collections by early naturalists (Fassett and
Calhoun 1952, Stuckey 1960). However, by 1949,
Hotchkiss and Dozier mapped the expansion of T. an-
gustifolia from the eastern seaboard to include Quebec,
Ontario, and 19 states from Maine to North Dakota,
Missouri to Pennsylvania (and isolated records in four
western states). Hybrid cattails (T. X glauca) were
documented from inland wetlands (inlcuding Great
Lakes) in Ontario, Maine, New York, Pennsylvania,
Michigan, Wisconsin, Minnesota, Iowa, and South Da-
kota (Figure 2) (Hotchkiss and Dozier 1949). From
1949 to 1967, the continuous range of 7. angustifolia
expanded westward to southeastern Manitoba, Mon-

tana, and northeastern Colorado (Smith 1967). Simi-
larly, hybrid populations reported from this enlarged
range include Quebec (Louis-Marie 1960), Manitoba
(Love and Bernard 1959), and Nebraska (McMillan
1959). Typha angustifolia continues to expand, as ev-
idenced by recent expansion into Saskatchewan
(Harms and Ledingham 1986).

Myriophyllum spicatum

The early history of Myriophyllum spicatum in
North America is confusing, owing to the existence of
herbarium samples of M. exalbescens (Fern.) incor-
rectly labeled as M. spicatum (Faegri 1982). Myrio-
phyllum sibiricum (Komarov) is considered a North
American endemic or circumboreal (Aiken and
McNeill 1980). While M. spicatum 1is generally
thought to have been introduced to North America, the
precise location(s) and timing of these events are dis-
puted (Reed 1977, Couch and Nelson 1988, Smith and
Barko 1990). Presumably, M. spicatum was introduced
into North America in the late 1880s from the emp-
tying of ship ballasts (Rawls 1978, Aiken et al. 1979,
Orth and Moore 1984). Its presence was first docu-
mented in 1902 in Chesapeake Bay (Nichols and Mori
1971, Steenis and Stotts 1961). Evidence from sedi-
ment cores substantiated its recent amival to Chesa-
peake Bay (Orth and Moore 1984). Submersed aquatic
vegetation was present before 1770, whereas M. spi-
catum dated to approximately 1935. Myriophyllum spi-
catum remained an obscure component in the ecosys-
tem until the 1950s (Springer and Stewart 1959, Cof-
fey and McNabb 1974, Reed 1977). By 1963, M. spi-
catum had increased to a monospecific stand covering
approximately 80,000 ha in Chesapeake Bay (Steenis
and King 1964). Before 1950, M. spicatum existed in
few other widely separated populations, including sites
in Ohio, Arizona, and California (Couch and Nelson
1985). The species quickly spread from the Chesa-
peake Bay area to the south and north (Figure 3) (Cof-
fey and McNabb 1974). Northward, M. spicatum
spread through the Hudson River Valley to the St.
Lawrence River Valley and west along the Great Lakes
to southern Michigan (Coffey and McNabb 1974).
During the 1960s, collections were first made in Ver-
mont, New York, Pennsylvania, New Jersey, Dela-
ware, Ontario, Quebec, Michigan, and Wisconsin
(Nichols and Mori 1971, Nichols 1975, Aiken et al.,
1979, Keast 1984). First recorded from the St. Clair-
Detroit River system in 1974, M. spicatum became one
of the dominant species within four years (Schloesser
and Manny 1984). Myriophyllum spicatum was not
known to occur in Minnesota until 1985 (Smith and
Barko 1990). Transport of plant fragments on boats or
trailers is commonly reported to be the major means
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Figure 2. Changes in the distribution of Typha X glauca (and Typha angustifolia) in North America (Hotchkiss and Dozier

1949, Smith 1967, Lee 1975, Harms and Ledingham 1986)

of intra-lake and interlake dispersal (Aitkin et al. 1979,
Kimbel 1982, Nichols and Shaw 1986, Madsen et al.
1988).

Spontaneous declines have been reported across the
range of M. spicatum in a diverse range of wetlands,
from coastal wetlands such as Chesapeake Bay and
Rondeau Bay, Ontario to inland lakes in Wisconsin
and Tennessee (Bayley et al. 1978, Aiken et al. 1979,
Carpenter 1980, Hanna 1984, Orth and Moore 1984,
Nichols and Shaw 1986, Painter and McCabe 1988,
Madsen 1994, Nichols 1994, Shearer 1994, Sheldon
1994, Titus 1994). These declines generally occurred
15 to 20 years after the rapid growth and were not
accompanied by rapid recolonization of other sub-
mersed aquatic vegetation.

Phalaris arundinacea

Reed canary grass, Phalaris arundinacea, has been
an important cultivated forage grass in northern tem-
perate regions of the world for nearly two centuries.

In Sweden, interest in cultivating P. arundinacea be-
gan in 1749 by Hesselgren (advised by Linnaeus) with
a study reporting its high palatability to livestock (Al-
way 1931). Subsequently, P. arundinacea was found
to have high yields and forage quality compared to
other hay grasses in Lapland (Alway 1931, Ostrem
1987). In contrast, most wild populations of P, arun-
dinacea found in England were presumed to have lim-
ited forage value: a variegated variety, however, was
cultivated for ornamental purposes by 1812 (Alway
1931). Norwegian populations had low germination
and long dormancy (Junttila et al. 1978, Berg 1982),
whereas populations from other locales (i.e., France)
had high germination, with no dormancy (Conchou
and Patou 1987). Sown forage varieties of P. arundi-
nacea were available across northern Europe by 1835
(Alway 1931).

Cultivation of P. arundinacea occurred around the
same time in North America, along the Northern At-
lantic coast and in the Pacific Northwest, as in Europe
(Marten and Heath 1985). Field trials of P, arundi-
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Figure 3. Changes in the distribution of Myriophyllum spicatum in North America (Reed 1977, Aiken, Newroth and Wile

1979, White et al. 1993).

nacea by rhizome transplants occurred in 1834 and
1835 in Connecticut and New Hampshire; a cultivated
stand was reported from Oregon in 1885 (Anonymous
1834, Harris 1835, Marten and Heath 1985). Because
they are adapted to wide extremes in soil moisture,
Phalaris cultivars are widely grown in irrigated and
non-irrigated forage systems and for land disposal of
wastewater (Zeiders and Sherwood 1985).

Phalaris arundinacea is considered indigenous to
the temperate regions of all five continents (Marten
and Heath 1985), although its early cultivation makes
its pre-agricultural distribution uncertain. Phalaris
arundinacea appears to be a cryptogenic species: a
species whose origin cannot be positively determined
(Carlton 1996). Within North America, P. arundinacea
is most abundant in the humid regions of the northern
half of the U.S. and the southern third of Canada (Fig-
ure 4). In Ontario, Dore and McNeill (1980) consider
P. arundinacea populations along the shores of the
northern Great Lakes and possibly the upper Ottawa
and French Rivers to be native genotypes, whereas in-
land stands in the southern part of the province are

European cultivars. However, native and introduced
genotypes are not morphologically distinct (Dore and
McNeill 1980).

Phragmites australis

Phragmites australis (syn. Phragmites communis
Trin.) was named from an Australian specimen in 1799
but is most abundant in the northern hemisphere, es-
pecially in Europe (Clayton 1968, Haslam 1973).
Phragmites australis is usually considered a circum-
boreal species that has not increased in range across
North America since European settlement (e.g., Fer-
nald 1950). There has been suspicion in recent decades
that P. australis, like Phalaris arundinacea, is a cryp-
togenic species (Marks et al. 1993). Phragmites aus-
tralis was described by Lindroth (1957) from ballast
sources in southwestern England used by sailing ships
in Newfoundland trade. However, remains of Phrag-
mites were present in 3,000-year-old peat samples
from tidal marshes in Connecticut (Niering and Warren
1977) and from 1,000-year-old artifacts (e.g., mats,
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Fhalaoris arunadinoceo

Figure 4. The distribution of Phalaris arundinacea in North America (Marten and Heath 1985, White et al, 1993).

woven objects) from Anasazi sites in southwestern
Colorado (Breternitz et al. 1986, Kane and Gross
1986,).

Within North America, P. australis occurs from the
Atlantic eastward to the prairie provinces (Figure 5).
While populations of P. australis have decreased in
Europe (Ostendorp 1989), dramatic increases in North
American populations in the Great Lakes basin, north-
castern United States, Atlantic coastal marshes, and
Mississippi River delta have beern reported within the
past forty years (Hauber et al. 1991, McNabb and Bat-
terson 1991, Marks et al. 1993, Wijte and Gallagher
1996). In Europe, stressors such as recreational use,
water-level changes, and eutrophication are considered
potentially responsible for regression of reed beds (Os-
tendorp 1989).

CAUSES OF ESTABLISHMENT AND SPREAD
Release from Environmental Constraints

Four possible changes in environmental conditions
have been linked to spread of these five invasive spe-

cies following intercontinental and continental trans-
port: increased nutrient loading, vegetation removal,
altered hydrology and increased salinity. Of these, only
increased nutrient loading represents a direct increase
in resource availability. The remaining factors result
in potential increases in resources as other vegetation
is removed or can no longer tolerate prevailing con-
ditions.

Increased Nutrient Loads. Eutrophication is often
mentioned as a potential cause to explain shifts to-
wards invasive species. However, evidence is surpris-
ingly scant in support of this hypothesis. All five spe-
cies show increases in productivity with nutrient ad-
ditions (particularly nitrogen) or appear to spread more
rapidly in nutrient rich situations (Haslam 1965, Aiken
et al. 1979, Marten and Heath 1985). In P. australis,
wetland fertility appears to alter water depth tolerance.
Phragmites australis does not extend beyond 0.75 m
in small, oligotrophic lakes in England, whereas it ex-
tends into deeper water in eutrophic lakes (Haslam
1972).

High nutrient levels may actually impede spread of

S e —
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Fhalaris crundingcea

Figure 4. The distribution of Phalaris arundinacea in North America (Marten and Heath 1985, White ot al. 1993).

woven objects) from Anasazi sites in southwestern
Colorado (Breternitz et al. 1986, Kane and Gross
1986,).

Within North America, P. australis occurs from the
Atlantic eastward to the prairie provinces (Figure 5).
While populations of P. australis have decreased in
Europe (Ostendorp 1989), dramatic increases in North
American populations in the Great Lakes basin, north-
eastern United States, Atlantic coastal marshes, and
Mississippi River delta have been reported within the
past forty years (Hauber et al. 1991, McNabb and Bat-
terson 1991, Marks et al. 1993, Wijte and Gallagher
1996). In Europe, stressors such as recreational use,
water-level changes, and eutrophication are considered
potentially responsible for regression of reed beds (Os-
tendorp 1989).

CAUSES OF ESTABLISHMENT AND SPREAD
Release from Environmental Constraints

Four possible changes in environmental conditions
have been linked to spread of these five invasive spe-

cies following intercontinental and continental trans-
port: increased nutrient loading, vegetation removal,
altered hydrology and increased salinity. Of these, only
increased nutrient loading represents a direct increase
in resource availability, The remaining factors result
In potential increases in resources as other vegetation
Is removed or can no longer tolerate prevailing con-
ditions.

Increased Nutrient Ioads. Eutrophication is often
mentioned as a potential cause to explain shifts to-
wards invasive species. However, evidence is surpris-
ingly scant in support of this hypothesis. All five spe-
cies show increases in productivity with nutrient ad-
ditions (particularly nitrogen) or appear to spread more
rapidly in nutrient rich situations (Haslam 1965, Aiken
et al. 1979, Marten and Heath 1985). In P. australis,
wetland fertility appears to alter water depth tolerance.
Phragmites australis does not extend beyond 0.75 m
in small, oligotrophic lakes in England, whereas it ex-
tends into deeper water in eutrophic lakes (Haslam
1972).

High nutrient levels may actually impede spread of
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Figure 5. The distribution of Phragmites australis in North America (Hitchcock 1935, Hocking et al. 1983).

the five species under consideration. For example,
Shamsi and Whitehead (1977) found L. salicaria to be
a better competitor against Epilobium hirsutum L. at
low nutrient levels but not consistently at high levels.
In Europe, eutrophication has been implicated in the
decline of P. australis (Ostendorp 1989). Smith and
Barko (1990) considered that invasion of M. spicatum
may be caused by lowered nutrient inputs in eutrophic
lakes. Nutrient and sediment loads to lakes decrease
during droughts because of lower rates of surface run-
off, reducing phytoplankton growth, and sediment-
generated turbidity. Increased water clarity may pro-
mote growth and spread of M. spicatum in these areas.

Vegetation removal. Waste sites from industrial land
use and construction activities are often documented
as sites for wetland plant invasions. The earliest re-
cords of L. salicaria indicate a habitat preference for
dumps and waste ground (Stuckey 1980a). Wilcox
(1989) noted that construction associated with high-
Wway maintenance exposes barren, moist soil with land

clearing and water-level reduction, conditions favor-
able for L. salicaria establishment.

Reestablishment of many wetland species (i.e., an-
nuals, emergent aquatics, trees, and shrubs), including
invasive species, occurs on bare soils exposed after
water levels recede (Harris and Marshall 1963, Stuck-
ey 1980b). For example, in Great Lakes coastal wet-
lands, drought conditions of the mid-1930s were fol-
lowed by an approximate 1 m rise in water levels by
the mid-1940s (McDonald 1955). Emergent vegetation
died en masse, presumably due to winter submergence.
As water levels receded, the aerial extent of coloni-
zation and spread of 7. X glauca was estimated to be
nine times greater than that of T. angustifolia. Simi-
larly, Shay and Shay (1986) report that 7. X glauca
became dominant following drawdown conditions at
Delta Marsh, Manitoba in the 1960s. Unlike other
emergent aquatics, stands of Typha X glauca did not
decline with prolonged (four years) deep water (0.6
m) (Harris and Marshall 1963). Harris and Marshall
(1963) noted that T, X glauca threatened to become a
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problem species at Agassiz National Wildlife Refuge,
Minnesota at high water by encroaching into openings
created with the decline of other emergents or into
areas that had not been previously vegetated. Typha X
glauca seedlings are more tolerant of both prolonged
flooding and partial drainage than is T. angustifolia
(Steenis et al. 1958, McMillan 1959).

Seedling establishment of L. salicaria, T. X glauca,
P. australis, and P. arundinacea is greatest on moist
soil exposed to sunlight (Sifton 1959, Haslam 1971,
Thompson et al. 1987, Conchou and Patou 1987, Blos-
sey et al. 1994). How long these condition need to
prevail is variable: Lythrum salicaria requires about
fifty days for successful seedling establishment
(Thompson et al. 1987), whereas P. australis requires
1-2 years (Haslam 1971). Shoot production of both L.
salicaria and P. australis is poor in closed-canopy
vegetation (Haslam 1971, Thompson et al. 1987). Lit-
ter removal by fire increases P. australis shoot density
(Thompson and Shay 1985).

Some invasions of M. spicatum appear to have been
triggered by drastic reductions in submersed aquatic
vegetation. In Cayuga Lake, New York, the standing
crop of M. spicatum dramatically increased while all
other submersed vegetation declined following Tropi-
cal Storm Agnes in 1972 (Oglesby and Vogel 1976).
The tropical storm prolonged the period of low water
transparency by increasing suspended sediments dur-
ing early summer. In other inland lakes, M. spicatum
colonized areas that had been previously unvegetated
(Keast 1984).

Altered Hydrology. All five species show a high de-
gree of morphological plasticity in response to hydro-
logic changes. For example, L. salicaria develops aer-
enchyma on submersed stems (Thompson et al. 1987).
Myriophyllum spicatum forms land-phase individuals
during drawdown, unlike M. sibiricum that lacks this
response (Menzie 1979).

Typha X glauca shows both individual and popu-
lation plasticity to increased water depth (Waters and
Shay 1990, 1992). Total shoot biomass production is
greater in high water versus low water levels (van der
Valk and Davis 1980). At Delta Marsh, Manitoba, T.
X glauca had a maximum shoot height and deunsity at
100 cm (Waters and Shay 1990, 1992). A second shoot
density maximum also occurred at 25 cm. Except in
deepest areas (100 cm), reduced density was coupled
with increased shoot height. Luxurient growth, in part,
may be an edge effect or due to a juvenile growth form
(Waters and Shay 1990). Waters and Shay (1990) con-
sider the plasticity shown by 7. X glauca to be a butfer
against environmental variability.

Phragmites australis can grow at water depths of 2
m or more (Bjork 1967), although in some locales it

has been incapable of vegetative spread at water
depths greater than 0.5 m (Shay and Shay 1986) or 1
m (Haslam 1970). Compared to other flood-tolerant
plants, P. australis roots consume very little O, (Gries
et al. 1990). Because it is phraetophytic, P. australis
can persist in areas where summer water levels are a
meter below ground surface (Shay and Shay 1986).
Sudden changes in water level, however, are deleteri-
ous to P. australis (Haslam 1970).

Phalaris arundinacea thrives in wetlands with high
armual or periodic fluctuations in water levels. Al-
though recognized for high biomass production in
flooded areas, P. arundinacea is more drought resis-
tant than many grass species from upland areas (Wil-
kins and Hughs 1932, Ostrem 1987, Rice and Pinker-
ton 1993). Sheaffer et al. (1992) found reductions in
above-ground standing crop of P. arundinacea to be
comparable to Bromus inermis Leyss., Dactylis glom-
erata L., and Phleum pratense L.. They considered P.
arundinacea to be among the most productive cool-
season grasses during drought.

Phalaris arundinacea populations along the Ga-
ronne River, France, show two distinctly different
growth strategies depending on prevailing water re-
gime (Conchou and Pautou 1987). Individuals in aer-
ated soils have a unimodal growth pattern and allocate
more resources to seed production than do those in
flooded areas. In persistently flooded areas, P. arun-
dinacea plants are bimodal, with the first generation
having low seed production and the second typically
sterile. Two generations of shoots within a growing
season were observed on the Garonne River in areas
that are flooded in spring but aerated later in the season
(Conchou and Fustec 1988). The first generation of
shoots emerges when soil is submerged. Waterlogged
conditions prevent growth of rhizomes and tillers, so
nutrients are translocated to shoots (Klimesova 1994).
Adventitious roots are common on shoots produced in
submersed conditions (Conchou and Patou 1987).
These shoots senesce in summer, as the water table
falls below the soil surface. A second generation of
shoots emerges during late summer drawdown. Uptake
of nutrients from soil by roots and downward trans-
location of carbon from shoots replenishes rhizomes
in fall before resubmergence. It is not known if these
plastic growth strategies afford P. arundinacea an ad-
vantage over other wetland species that are artificially
drained or receive stormwater inputs.

Increased Salinity. Increases in distribution of
Phragmites australis and Typha angustifolia (and con-
sequently 7. X glauca) have been linked to salt con-
tamination of wetlands because both taxa are known
to be more tolerant of saline conditions than many
other freshwater emergents, such as T. latifolia (Stuck-
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ey 1969, McNaughton 1970, McNaughton and Wolf
1970, Smith 1987). Road de-icing salts increase pH
and conductivity in inland wetlands in the vicinity of
roads (Wilcox 1986a). Wilcox (1986b) observed that
portions of Pinhook Bog (Indiana) contaminated by
road salt were being invaded by T. angustifolia, where-
as only T. latifolia was found in unimpaired areas of
the same wetland. This study is consistent with others
that have found T. angustifolia to grow in both brack-
ish (including naturally basic or saline) wetlands and
T. latifolia to be restricted to freshwater habitats (Fas-
sett and Calhoun 1952, McMillan 1959). In contrast,
Isabelle et al. (1987) found that T. latifolia and L. sal-
icaria germinated in pure roadside snowmelt, whereas
three other wetland species did not.

Recent increases of P. australis in mid-Atlantic and
Mississippi River deltaic coastal wetlands are often at-
tributed to saltwater intrusion associated with sequen-
tial tropical storms (Haslam 1979, Berstein 1981,
Hauber et al. 1991). Wijte and Gallagher (1996) found
germination in P. australis to be promoted under hyp-
oxic conditions at moderate salinity (5-10 g/L. NaCl).
They suggest that neglected coastal impoundments be-
come salinized beyond the limits of freshwater species
and are then invaded by Phragmites australis. Mc-
Nabb and Batterson (1991) have speculated that road
salt runoff has promoted population expansions of P.
australis in roadside ditches in Michigan. Hocking et
al. (1983) found, however, Phragmites australis to be
intolerant of high salinity, with growth reduced at
1.2%.

Although increased salinity has not been explicity
linked to outbreaks of M. spicatum, this species is
known to tolerate saline conditions (0—12%), unlike
many other submersed aquatic species, including M.
sibiricum (Menzie 1979, Reed 1980, Twilley and Bar-
ko 1990). Myriophyllum spicatum was a minor com-
ponent of Chesapeake Bay until major tropical storms
changed salinity and turbidity and submersed beds de-
clined (Bayley et al. 1978). Three tropical storms in
195455 pushed saline water further into the estuary
than typical tidal flows.

Reduced Herbivory and the Evolution of
Competitive Ability

In spite of significant interest in biocontrol as a
management tool, plant-insect data are scant for wet-
land species, with some reports on Phragmites aus-
tralis and more detailed studies of Typha spp., Myrio-
phyllum spicatum, and Lythrum salicaria. In Europe,
P. australis is a host (primary or secondary) to more
than twenty species of herbivores, saprovores, and par-
asitoids (Haslam 1972, Tscharntke 1992). Insects in-
fest approximately one-third of the shoots in Czecho-

slovakian P. australis beds (Skuhravy 1978). For ex-
ample, larvae of the stem-boring moth Archanara
geminipuncta Haworth infests and Kills three growing
shoots before pupating and overwintering inside thick
stems (van der Toorn and Mook 1982, Vogel 1984,
Mook and van der Toorn 1985, Tscharntke 1992).
Thick-stemmed shoots are typical of wet habitats,
whereas thin shoots are found in dry areas (Tscharntke
1990). Other important herbivores include Lasioptera
arundinis Schiner (stem-borer), a gall-inducing
midge—Giraudiella inclusa Fr., four gall-forming Li-
para spp., and a leaf-feeding aphid, Hyalopterus pruni
Geoffroy (Dill 1937, Skuhrava and Skuhravy 1981).
However, gall infestation causes shoot elongation, not
mortality, in affected P. australis ramets (Tscharntke
1989). Differences in herbivory between European and
North American populations have not been reported.

Penko (1985) encountered Bellura obliqgua Walker
(a stem borer) egg masses and larvae more frequently
on Typha latifolia than on T. angustifolia in Minne-
sota. He also noted that 7. X glauca stands can be
heavily infested by B. obligua. Bellura obligua can
reduce standing crop of 7. latifolia by up to 15% in
managed stands (Penko and Pratt, 19862). Penko and
Pratt (1986b) found that larvae reared on 7. latifolia
had a higher survival rate and were somewhat larger
than those reared on T. angustifolia. Several factors
could potentially make 7. angustifolia an inferior host.
First, the stem structure of T. angustifolia, narrow and
containing a tough central core, may be less inhabit-
able by growing Bellura larvae. Second, dispersal by
early instars and overwintering larvae may be less suc-
cessful in deeper water, where T. angustifolia is more
abundant. Finally, T. angustifolia contains unidentified
alkaloids and cyanogens not found in 7. latifolia. Since
T. X glauca is also heavily infested, it seems most
likely that stem structure or chemical composition is a
likely explanation for differential herbivory.

Spencer and Lekic (1974) found 15 insects associ-
ated with Myriophyllum spicatum in Yugoslavia, ten
in Pakistan, and only one in the Uuited States. They
found that most herbivory occurs from polyphagous
lepidopteran and coleopteran larvae. However, their re-
view was not based on comprehensive information for
North America, so it is not clear that M. spicatum pop-
ulations in Eurasia experience greater herbivory than
do those in North America. Creed and Sheldon (1994)
found that growth declines in Vermont M. spicatum
populations were caused by herbivory from a lepidop-
teran larvae, Acentria ephemerella Den. & Sch., and
a weevil, Euhrychiopsis lecontei Dietz. Besides direct
losses from herbivory, both insects seem to increase
stemn fragmentation and decrease bouyancy. Decreased
bouyancy could result in population declines, whereas
stem fragmentation may actually facilitate dispersal.
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More than 120 phytophagous insects are associated
with European populations of L. salicaria, including
fourteen that may be host specific (Batra et al. 1986).
A weevil, Nanophyes marmoratus Goeze is one of the
most common insects associated with . salicaria, de-
stroying up to 69% of the ovules of some plants. Spe-
cies of chrysomelids (e.g., Pyrrhalta sp.) have caused
50% defoliation of some popultions in Italy, Austria,
and Yugoslavia. In Northern Europe, the gall-forming
Dasineura salicariae Kiefer prevents flowering and
branching, reducing foliage production by 75% and
seed production by 80%. Recent studies (Blossey
1993) found the root-boring weevil, Hylobius trans-
versovittatus Goeze, to be present in two-thirds of the
populations in northern and central Europe, with an
attack rate of more than 75%. Intense herbivory by a
diverse host-specific insect assemblage is absent from
North America (Blossey and Notzold 1995).

Blossey and Notzold (1995) compared growth (ina
common garden) of Lythrum salicaria plants from two
locations (with and without herbivory in New York
and Lucelle, Switzerland) and compared the growth of
common herbivores (Galerucella pusilla Duff., Hylob-
lus transversovittatus) when fed plants from each lo-
cation, They predicted that if competitive ability has
been selected over herbivore defenses in North Amer-
ican Lythrum populations, they produce more biomass
than European populatons. In addition, specialized her-
bivores should have greater performance when grown
on North American Lythrum. New York populations
grew taller and had significantly greater biomass than
Swiss populations, Root-feeding larval survivorship
and growth was also greater for insects raised on New
York plants. Leaf feeders did not have improved per-
formance. Blossey and Notzold conclude that, al-
though they cannot exclude other possibilities, such as
plasticity and maternal effects, plant growth patterns
likely support the idea that North American popula-
tions have greater competitive ability since release
from herbivore pressure.

Introgression and Hybrid Speciation

Typha glauca. In the case of Typha X glauca, the
historic record of Sympatry between putative parental
species and rapid expansion of hybrid populations pro-
vides provocative and controversial insights into intro-
gression. The taxonomic literature has indicated that
hybrid populations are suspected on both the European
and North American continents—a rather rare event
(Hotchkiss and Dozier 1949, Smith, 1987). These pu-
tative hybrids have been described in a number of dif-
ferent ways: first as a varietas (T. angustifolia var.
elongata (Dudley) Wieg.), then as interspecific hybrids
(T X glauca Gordon), and finally as a separate species

(T. glauca). Since 1888, T. x glauca has been rec-
ognized as an interspecific hybrid in Europe, a product
of the cross T. angustifolia X T. latifolia (Smith 1987).
In Notth America, however, its hybridity is controver-
sial (Hotchkiss and Dozier 1949, Smith 1987). Inter-
specific hybridization within Typha is not uncommon;
many other hybrids have been reported: 7. angustifolia
X T. domingensis (Smith 1961), T. angustifolia X T.
shuttleworthii (Krattinger 1978), T. domingensis X T.
latifolia (Rothmaler 1940), T. domingensis X T. sub-
ulata (Crespo and Perez-Moreau 1967), T. latifolia x
T. shuttleworthii (Krattinger 1978), and T, latifolia X
T. subulata (Crespo and Perez-Moreau 1967),

An examination of the geographical distribution of
the putative parents and the hybrid populations pro-
vides several critical pieces of circumstantial evidence
why the hybridity of 7. x glauca has been accepted
in Europe more than in North America. Both 7. an-
gustifolia and T. latifolia are old species (pollen de-
posits found in the Mesozoic period) and endemic to
Eurasia; the former is found only in temperate regions
while the latter is distributed from boreal to subtropical
areas (Lee 1975, Smith 1987). While both Species cur-
rently share distributions similar to Europe in North
America, T. angustifolia may not be endemic to North
America. Spreading 7. angustifolia throughout the
continent since the mid-1800s has created many areas
of recent sympatry with T. latifolia. Since both species
are wind pollinated, introgressive hybridization could
have occurred simultaneously in different areas of
Sympatry during the late nineteenth and throughout the
twentieth centuries (Smith 1967, Stuckey 1980). This
would explain why European recognition of 7. x glau-
ca as an interspecific hybrid occurred as early as 1888
while North American recognition came much later,

Early studies of introgression in Typha documented
that different kinds of colonies existed in North Amer-
ica, ranging from nearly pure stands of 7. angustifolia
(New York), pure or nearly pure stands of T latifolia
(Michigan), to stands that were pure T. X glauca
(Hotchkiss and Dozier 1949, Fassett and Calhoun
1952). Mixed populations of both T angustifolia and
T. latifolia without T. X glauca were rarely reported,
The distribution of T. x glauca most closely paralleled
that of T. angustifolia throughout North America.
Field studies of natural hybrids showed that 7. x glau-
¢a occurred wherever the parental species were sym-
patric, particularly in disturbed habitats with altered
water and soil conditions (Smith 1967),

The body of circumstantial evidence regarding the
putative parents and 7. X glauca led many researchers
to study introgression in North American populations.
The majority of research reports have supported intro-
gressive hybridization (Calhoun 1952, Louis-Marie
1960, Smith 1961, 1967, Bayly and O’Neill 1971, Fas-
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Table 1. Potential species and nonspecies gene traits of Typha angustifolia and T. latifolia (Gleason and Cronquist 1991).

Diagnostic Traits T. angustifolia (L.)

T, latifolia (L.)

Stems 1-1.5 m

Leaf width 5-11 mm
Compound pedicels short, stout
Pollen monads

Pistillate bracteoles distally rounded
Pistillate color deep brown
Pistillate length/width 10-20 cn/1-2 ¢m
Stigma linear, thick

Sterile pistillate flower—
shape of tip

Staminate bracteoles

Staminate/pistillate por-

tions of spike

dilated into cuneate, truncate tip
brown, scale-like

normally separated

-3 m

(8-)10-23 mm
long, slender
tetrads

not present
brown

10-15 ¢m/2-3 cm
spatulate, broad

expanded inoto spatulate tip
white, capillary

contiguous or separated by <4 mm

Fruit 5-8 mm, copious hairs with brown tip 1 cm, copious white hairs arising near base (linc-
ar, not expanded upwards)
Achene usually distinctly above middle of whole fruit ~ above middle of whole fruit

Habitat

marshes, more tolerant of salt & alkali

freshwater marshes, less tolerant of high conduc-
tivity waters

sett and, Lee 1975, Esnault and Larher 1982), but one
has not (Sharitz et al. 1980). Early morphological stud-
ies by Fassett and Calhoun (1952) caused the most
controversy regarding introgression. Failure to find
pure stands of both parental species, failure to account
for intraspecific environmental variation, and problem-
atic identification of species vs. non-species genes
were major issues with their work (Smith 1967, Lee
1975). They chose six traits: gap between pistillate/
staminate parts of the spike, pistillate coloration, pis-
tillate bracteoles, stigma shape, sterile pistillate flower
shape, and hair shape in the sterile pistillate flowers.
A comparison of these traits with the major diagnostic
traits for the two putative parents (Table 1) shows that
only three of the traits examined are diagnostic, spe-
cies genes (pistillate bracteoles, stigma, shape of the
tip in sterile pistillate flowers). However, the three
traits selected by Fassett and Calhoun (1952) provide
evidence of introgression into the hybrid populations
(T. X glauca). Bayly and O’Neill (1971) found evi-
dence of introgression using an eighteen point hybrid
index for leaf width and four floral characteristics (gap
between staminate/pistillate portions of spike, pistillate
bracteoles, pistillate flowers, stigmas), of which two
traits were non-species genes.

Biochemical markers such as esterase (EST), malate
dehydrogenase (MDH), glutamate dehydrogenase
(GDH), aspartate aminotransferase (AAT or GOT),
isocitrate dehydrogenase (IDH), and alcohol dehydro-
genase (ADH) indicated that T. X glauca were hybrid
populations, although not all were necessarily F, hy-
brids (Lee and Fairbrothers 1973, Sharitz et al. 1980).
Typha X glauca had lowered specific activities but

more isozymes than either parent. Lee (1975) found
more isozyme variation within hybrid populations than
with morphological markers. The differences in iso-
zymes between the two parents correlated strongly
with the diagnostic morphology that distinguishes 7.
angustifolia from T. latifolia. Backcrosses probably in-
volve primarily 7. angustifolia, since many of the hy-
brids that were not intermediates overlapped only with
this parent.

Experimental hybridization between the putative
parents produced F, interspecific hybrids that resem-
bled natural hybrids with intermediate traits and de-
pressed fertility (Marsh 1962, Smith 1967). The sim-
ilarities between experimental and natural hybrids re-
moved doubts that the putative hybrids (7. X glauca)
were actually F, interspecific hybrids (Smith 1961,
1967). Later hybrid generations were rare and primar-
ily backcrosses (BC,, BC,) or recurrent backcrosses
that resembled the recurrent parent. Clearly, hybridiza-
tion between 7. angustifolia and T. latifolia is unusu-
ally commonplace in North America (as it is in Eu-
rope) and occurs virtually everywhere the parents are
sympatric and hybrid habitats exist (Smith 1967). Lee
(1975) detected little morphological variation in the
hybrids, concluding that diagnostic characters are
tightly linked in Typha. Observations of 7. X glauca
support the prediction that competitive ability is due,
in part, to the heterogeneity in habitat preferences: hy-
brid populations outcompete their parents (7. angus-
tifolia, T. latifolia) in a variety of ecological conditions
and tolerate water-level fluctuations better than either
parent (McDonald 1955, Grace and Wetzel 1981,
1982a, b, Smith 1987, Waters and Shay 1990, 1992).
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Table 2. Potential species and nonspecies gene traits of Lythrum alarum and L. salicaria (Anderson and Ascher 1994a,b,

1995, Anderson et al. 1993).

Character L. alatum (Pursh) L. salicaria (L.)
Styly Distylous Tristylous
Axillary flowers Solitary Whorled (>4) densely cymose
Calyx Glabrous, oblong Pubescent, urceolate
Phyllotaxy Alternate, lowermost opposite Opposite to whorled
Leaf shape Linear-lanceolate to oblong-ovate Lanceolate
Leaf base Rounded to subcordate Rounded or cordate
Leaf textore Glabrous Hirsute
Seed dormancy Yes (20-80%) None
Plant height 1.5-3’ 3-15’'
Stem appendages Winged None

Lythrum salicaria. Due to the myriad of dispersal
mechanisms, Lythrum salicaria has had many sepa-
rate, independent opportunities to form colonizing
populations in North America since the mid 1800s
(Anderson and Ascher 1995, Anderson et al. 1995).
Lythrum salicaria L. is a polyploid (4x, 6x), native to
Eurasia, and currently grows both in natural habitats
and in cultivated settings (Shamsi and Whitehead
1974). No other related species exist in its native range
with which to cross-pollinate. Lythrum salicaria pos-
sesses heterostyly, macroscopic floral differences in
pistil (stigma, style, ovary) and filament (anther)
lengths such that three forms (tristyly) exist within a
population (Darwin 1865). Eleven Lythrum species,
primarily diploid (2x) and distylous (short and long
pistils/filaments), are native to North America (Green
1889, Koehne 1885, 1903, Blackwell 1970, Graham
1975, Cody 1978). Lythrum alatum Pursh, winged
loosestrife, is the most cosmopolitan of the North
American species, being widespread throughout the
United States and eastern Canada (Cody 1978). Lyth-
rum alatum and L. salicaria can be distinguished by
diagnostic, morphological characters (Table 2). While
L. alatum is more mesophytic that L. salicaria, they
both occur in overlapping ecotopes (Levin 1970).
Lythrum alatum has been the genetic source of
dwarf, interspecific horticultural cultivars because of
its short stature (Anderson and Ascher 1993a). Despite
ploidy differences, L. salicaria (4x, 6x) and L. alatum
(2x) intercross freely in natural settings (Levin 1970).
The presence of 2n gametes in the pollen and eggs
allows for the production of fertile, tetraploid (4x) hy-
brids (Schoch-Bodmer 1938). This, coupled with the
extensive cultivation of domesticated plants by gar-
deners produced from interspecific hybridization be-
tween L. salicaria X L. alatum (‘Morden Gleam’,
‘Morden Rose’, and dwarf forms of ‘Robert’), provide
the opportunities for introgression between the two
species. Lythrum salicaria’s popularity as a colorful
garden perennial, widespread—but incorrect—belief

that cultivars are sterile, and occasional escapes into
nearby wetlands increased the opportunity for estab-
lishment in disturbed habitats (Anderson and Ascher
1993a). Interspecific hybridization in Lythrum, how-
ever, is not as easily accomplished as in Typha which
is wind pollinated. Pollen vectors (e.g., Apis mellifera
L., Bombus vagans Smith, and B. terricola Grene) that
frequent native Lythrum species also visit L. salicaria
(Levin and Kerster 1973). Thus, all of the necessary
components exist for introgression to occur between
L. salicaria and L. alatum.

Unlike the case of Typha X glauca, the taxonomic
literature is silent regarding the occurrence of hybrid
populations of Lythrum in North America. The lack of
such reports in Europe is understandable, since no spe-
cies are sympatric. In North America, the possibility
of hybridization is extremely high. Anderson and
Ascher (1993b, 1994a, 1995, Anderson et al. 1995)
characterized native L. alatum and naturalized L. sal-
icaria populations in Minnesota for morphological ev-
idence of introgressive hybridization. Deviations from
the diagnostic characters of the putative parental spe-
cies were found with regularity in these populations.
Lythrum salicaria individuals were found with L. ala-
tum traits: alternate leaves (1.2% of all individuals),
seed dormancy (>95%), solitary axillary flowers
(3.8%), and glabrous calyx or leaf texture (54.8%).
The most common L. alatum trait was seed dormancy;
open-pollinated seed collected from natural popula-
tions showed significant seed dormancy for five estab-
lished populations (Anderson and Ascher 1994b). For
L. salicaria, the only requirement for germination is
exposure to light (Lehmann 1918, Lehmann and
Lakshmana 1924, Keddy 1986, Nicholls 1987). Lyth-
rum alatum populations contained individuals with L.
salicaria traits: opposite leaves throughout the entire
stem and whorled, multiple (=4) axillary flowers.

Tristylous L. alatum is nonexistent in Minnesota, al-
though one has been found in neighboring Jowa (An-
derson and Ascher, unpublished data). Distylous indi-
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viduals of L. salicaria have also not been found in any
Minnesota population (Anderson and Ascher, unpub-
lished data). However, the integrity of tristyly and its
linkage with self incompatibility is being dramatically
eroded (Anderson and Ascher 1994a), causing a dis-
ruption of normal outcrossing. Seed set was rare
among all possible intraspecific, compatible crosses.
The average lengths of pistil and filaments are grad-
ually being reduced such that the distance between
shorts, mids, and longs is decreasing. Introgressive
populations have an increased tendency to self polli-
nate (Anderson and Ascher 19934, b, 1994a, b, O’Neill
1994), enabling small, isolated founder populations to
generate progeny without outside pollen sources. Sev-
eral new traits, not found in either L. alatum or L.
salicaria, also frequently surfaced in the purple loose-
strife populations: red or purple seed coat coloration,
serrate leaf margins, white flowers, striations in the
flower petals, and apetalous flowers (Anderson et al.
1995). Both L. salicaria and L. alatum were the par-
ents responsible for the traits observed in introgressive
populations.

Biochemical analysis of horticultural cultivars and
the same weedy L. salicaria populations have not been
significantly different (Strefeler et al. 1996). Enzymes
with the greatest polymorphisms were PGI, PGM, and
MDH, indicating a tendency for most allozymes to be
shared between Lythrum species. Lythrum alatum iso-
zymes are genetically distinct from weedy L. salicaria
and cultivars, suggesting that most isozymes in the
weedy form have been transmitted from L. salicaria.
This is not surprising since the direction of the cross
is always with L. salicaria as female: L. salicaria X
L. alatum (Anderson and Ascher 19944, b, 1995, An-
derson et al. 1995).

Experimental hybrids have been easily created as
the commercially grown ‘Morden Rose’, ‘Morden
Gleam’, and ‘Robert’, from the cross L. salicaria X L.
alarum (Harp 1957). Attempts to recreate this cross
have failed, although the reciprocal cross produced as
many as 114 seeds/capsule (Anderson and Ascher
19944, b, 1995, Anderson, et al. 1995). These hybrids
are intermediate to the parents for most species genes
(Table 2) with the exception of styly (all are tristylous).
Backcrosses to L. alatum, L. salicaria, or F, hybrid
cultivars also produced seed. Experimental hybridiza-
tion has not advanced far enough yet to elicit recom-
bination of the genes controlling heterostyly.

The continuous cultivation of interspecific hybrids
in gardens has meant they have been able to continu-
ally backcross with sympatric L. salicaria populations.
Since both habitats occupied by the F, and L. salicaria
are disturbed sites, introgressive hybrids could have
established future generations in either location. The
126+ year period, from L. salicaria’s introduction and

establishment in 1814 (Pursh 1814) to the 1930s, when
the first invasion of Quebec pastures and wetlands was
noted (Louis-Marie 1944, Barabe 1951), was sufficient
time for introgressive hybridization to begin and trans-
gressive segregants to surface. Either these initial in-
trogressives in Quebec served as the forerunners in the
creation of L. salicaria as a noxious weed throughout
North America or other introgressive events, occurring
in areas of sympatry, simultaneously produced trans-
gressive segregants that responded in a similar manner.

Myriophyllum spicatum. The case of M. spicatum
shares many similarities with the introgressive histo-
ries of Typha X glauca and Lythrum salicaria, espe-
cially their introduction via ship ballasts, confusing
taxonomic history and common misidentifications, a
lag time between introduction/establishment and the
sudden occurrence of invasive forms, and rapid spread
via asexual propagation. However, introgression in M.
spicatum is based primarily on circumstantial evidence
that raises sufficient questions regarding interspecific
hybridization.

Two common Myriophyllum species are widely dis-
tributed in North America: M. sibiricum and M. spi-
catum. Since the late 1950s, M. spicatum has become
a noxious weed in North America, while M. sibiricum
(considered a NA endemic) frequently remains an in-
nocuous member of aquatic plant communities. The
two taxa differ in floral bract and bracteole character-
istics, the presence of distinct black scales or hyda-
thodes, stem apex morphology, leaf and internode
length, phytochemistry, propagation by turions (only
M. sibiricum has turions), and number of leaf divisions
(5-12 in M. sibiricum, 12-20 in M. spicatum) (Patten
1954, Nichols 1975, 1984). Significant differences in
cold temperature requirements for these two species
also exist. While their ranges overlap in Europe and
North America, M. sibiricum does not grow south of
the mean January isotherm of 0°C on either continent
(Aiken and McNeill 1980, Aiken 1981, Faegri 1982).
In contrast, M. spicatum grows successfully in Florida
without a winter cold requirement but has been found
only as far north as 60°N latitude.

Both species are easily confused when using mor-
phological characters since there are few species genes
(Aiken 1979, Nichols 1984, Kane and Albert 1989a,
b). Myriophyllum sibiricum was first discovered and
independently named by two taxonomists: as M. sibir-
icum by Komarov (1914) and M. exalbescens by Fer-
nald (1919). The name M. exalbescens Fernald was
used until 1986 when Komarov’s work was discovered
(Ceska and Ceska 1986). Patten (1954) considered M.
sibiricum to be an interbreeding race of M. spicatum,
thereby being reduced to a subspecies by himself and
Hulten (1968). Nichols (1975) used 25 traits to distin-
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guish the species and agreed with Jepson (1925) that
it was a varietas, M. spicatum var. exalbescens (Fer-
nald) Jepson. In Europe, it was also distinguished as
a subspecies or varietas of M. spicatum using the ep-
ithet squamosum. ‘

Experimental crosses between M. spicatum and M.
sibiricum have produced almost 100% seed set, many
of which produced viable progeny (Patten 1956, Aiken
1979, Aiken et al. 1979). Myriophyllum spicatum is
extremely fertile; pistillate flowers are receptive prior
to pollen-shed on the same plant, thereby encouraging
outcrossing and maintaining genetic diversity (Aiken
et al. 1979). Seeds vary in their dormancy require-
ments, with prolonged dormancy and erratic germi-
nation (necessitating scarification treatments) while
others germinated immediately following harvest (Pat-
ten 1955, Sculthorpe 1967). Myriophyllum spicatum
seedlings have rarely been reported in North America;
neither have seedlings of other Myriophyllum species
possessing high levels of genetic variability been re-
ported. Although interspecific crosses between M. spi-
catum and M. sibiricum did not occur in the Chesa-
peake area (origin of many ballast species) during
1880 to 1950 (because M. sibiricum does not extend
this far south), such a cross was documented in New
Jersey (Patten 1954). It is highly probable that inter-
specific hybridizations have continued in other loca-
tions where the species are sympatric. Recent reports
from Lake Mary and surrounding areas in Arizona
suggest that this interspecific cross is occurring and
collected specimens of “‘uncertain identity’ are sus-
pected to be hybrids (Ricketson 1989).

Whether M. spicatum will also cross with the other
Myriophyllum species found in North America is un-
known. Interspecific crosses between other Myrio-
phyllum species could have occurred in the Chesa-
peake Bay, since M. heterophyllum Michx., M. verti-
cillatum L., and M. pinnatum (Walt.) B.S.P. occur in
this region. The differences in ploidy level between
such species In an interspecific cross can be overcome
by the natural production of 2n gametes and by suc-
cessive backcrosses to either parent. This could ex-
plain why the explosive growth of M. spicatum and
eventual predominance in Chesapeake Bay occurred
several decades after its introduction.

Biochemical analysis of isozyme variation has been
conducted in six Minnesota populations of Myriophyl-
lum spicatum and one individual from Wisconsin (Fur-
nier and Mustaphi 1992). Eleven enzyme systems,
controlled by nineteen putative loci were analyzed.
Three polymorphic loci existed and only two distinct
multilocus genotypes were found in all lakes. Such
isozyme information indicates that no more than two
genotypes of M. spicatum were introduced into these
lakes. While considerable seed production occurred in

these lakes, no segregation was found for any hetero-
zygous bands. RAPD (Random Amplification of Poly-
morphic DNA) analysis of these populations has been
conducted on these same populations (G. Furnier, per-
sonal communication). Due to the paucity of morpho-
logical, biochemical, and molecular genetic informa-
tion, it is not yet possible to determine if introgression
is an event giving rise to invasive M. spicatum popu-
lations in North America.

Phalaris arundinacea. While scientific data regard-
ing introgression in Phalaris is lacking, circumstantial
data suggest potential future studies. Three species of
Phalaris occur in northeastern North America (Glea-
son and Cronquist 1991). Phalaris arundinacea is
cross-pollinated, highly self-incompatible, and asexu-
ally propagated which lends itself readily to commer-
cial F, hybrid seed production (Casler and Hovin
1980). Several forage cultivars of reed canary grass
have been released from breeding programs, and con-
siderable effort has recently been devoted to determin-
ing heritability of forage yield, protein content, and
disease resistance (Casler and Hovin 1984, 1985,
Frank et al. 1985, Zeiders and Sherwood 19835, Su-
prenant et al. 1988). The circumstantial evidence avail-
able for P. arundinacea would suggest that introgres-
sion may be a causative factor in its tolerance of dif-
ferent soil conditions and yield. However, no definitive
research has been conducted to provide further data on
this possibility.

Phragmites australis. Phragmites australis possesses
many characteristics typical of introgressed taxa: an-
euploidy, perenniality, asexual propagation, and rapid
colonization of disturbed habitats (Hauber et al. 1991,
Gervais et al. 1993). However, P. australis has been
considered an extremely polymorphic speices (Dyky-
jova 1978), with few genotypic differences among
populations within a region (Clayton 1967, van der
Toorn 1972). Recent speculation that new, more in-
vasive genotypes may have been introduced from the
Old World (Metzler and Rosza 1987) is supported by
recent studies in the Mississippi River delta region
(Hauber et al. 1991). Infrared aerial photographs of the
Garden Island Bay subdelta revealed the existence of
clone-like circular patches and adjacent background
morphological types. Two isozyme genotypes were
found that correlated with the patch and background
morphology. Of the forty isozyme loci that were
scored, 20% were fixed for alternate alleles. The re-
markable genetic uniformity of the two phenotypes
provides evidence that P. australis is primarily vege-
tatively propagated. The invasive biotype differed ge-
netically from more stable populations; stable popu-
lations along the Gulf Coast are genetically similar
(Hauber 1992 in Marks et al. 1993). These data sug-
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Table 3. Summary of evidence supporting the three hypotheses of increased invasiveness: environmental constraints, increased

competetive ability, and introgression for the five North American taxa. Com

plete explanations provided in text. Strength of

evidence is indicated by: E = experimental study (for controlled comparative study), O = field observations, C = circumstantial

cvidence, S = speculation.

Myrio- Phalaris
Typha X  Lythrum  phyllum arundi-  Phragmite
Evidence supporting the hypothesis: glauca salicaria  spicatum nacea australis

Release from Environmental Constraints

Preference for devegetated areas (0] 0] 0 0] )

Relatively high tolerance to water level fluctuations 6] C E o

Relatively high tolerance to eutrophication E C E

Relatively high tolerance to salinity E S E
Increased Competitive Ability

Diverse herbivore fauna associated with species E E E E

Paucity of herbivores in North America (@) C

Long lags prior to expansion O O O

Decreased allocation to herbivore defense E
Introgression

Recent sympatry of species or varieties O (0] 0 s S

Cultivated varieties exist E E

Preference for devegetated areas 0] (@ O O O

Long lag prior to expansion 0] o) (o)

Presence of introgressive populations E E C

Hybrid populations possess non-parental traits E

Hybrid populations have broader environmental range than

parents E

gest that invasive biotypes have been recently intro-
duced to the Mississippi delta region.

CONCLUSIONS

The preponderance of available information related
to invasive plants in North American wetlands is de-
scriptive accounts of range expansions and general
habitat descriptions. Although understanding why cer-
tain plants are invasive is a logical prerequisite for
developing prevention and control strategies, explicit
studies to understand the factors promoting invasive-
ness have largely been limited to Typha X glauca and
Lythrum salicaria (Table 3). For all five species,
though, there has been surprisingly little experimen-
tation on the responses of North American populations
relative to European populations and to parental taxa
(i.e., T. angustifolia, T. latifolia).

The strongest evidence of environmental stressors
facilitating invasive expansion comes from the studies
by Waters and Shay (1990, 1992) showing the plastic-
ity of T. X glauca to grow vigorously over a great
range of water conditions compared with other Typha
spp. and from Conchou and Pautou (1987) and Con-
chou and Fustec (1988) who showed how Phalaris
arundinacea modifies growth form and reproductive
strategy in submersed and drawdown conditions. Com-

parable Phalaris research has not been conducted on
North American ecotypes, however.

The potential for reduced herbivory to allow ag-
gressive growth is greatest for Lythrum salicaria. The
diverse and abundant insect community associated
with L. salicaria in Europe is absent in North America.
Blossey and Notzold (1995) showed that decreased
herbivory has resulted in increased allocation to
growth in North American populations. Both Phrag-
mites australis and Myriophyllum spicatum are known
to have diverse insect communities associated with Eu-
ropean populations, but comparative North American
data are lacking. Since Typha latifolia experiences
greater herbivory (for at least one important stem bor-
er) than does the T. angustifolia (Penko and Pratt
(1986a, b), aggressiveness in 7. X glauca is unlikely
to be caused by a release from herbivores.

Introgressive hybridization is potentially a cause of
invasiveness for all five species but has been estab-
lished only for Typha X glauca and Lythrum salicaria
(Table 3). While the introgressive research conducted
on T. X glauca confirms it to be a hybrid, future work
is needed to clarify several confusing issues. Molec-
ular analyses would help dispute or support introgres-
sion in those populations whose morphology does not
differ markedly from parents (i.e., they do not appear
to be intermediate, primary F, hybrids). Comparative
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molecular analysis of F, and later cross and backcross
generations of experimental hybrids with natural hy-
brids could clarify what generations of hybrids are es-
tablished across North America. Such work could be
done concomittantly with morphological analysis, us-
ing species genes. Additional ecological studies are
needed to compare the competitive relationships be-
tween T. X glauca, T. angustifolia, T. latifolia, and
other wetland plants. Future studies of introgression in
L. salicaria should concern the use of molecular mark-
ers to provide additional data on gene flow between
the two parental species. A comparative analysis be-
tween European and introgressive North American L.
salicaria populations is needed to show the genetic
differences between the two forms. The consequences
of introgression to L. salicaria growth and environ-
mental tolerances also have not been investigated to
find out whether North American populations have
broader environmental tolerance than parental species,
as expected.

The genetic relationships between invasive popula-
tions and related taxa need to be established for M.
spicatum, P. arundinacea, and P. australis populations
in North America. For example, this information is
needed for P. arundinacea to determine whether cul-
tivars planted for soil erosion control and livestock for-
age are contributing to invasive spread. If so, curtailing
its use needs to be considered. If the presence of in-
trogression or hybrid speciation is established for any
of these five species, the logical control strategy for
uninvaded landscapes is to prevent any populations
from becoming established within a locale. Moody and
Mack (1988) considered the control of these ‘“‘nascent
foci” to be an effective way to limit the expansion of
exotic species.

Management strategies designed to mimic natural
disturbances (e.g., flooding, drawdown, fire) will not
likely be effective for any of the five species consid-
ered in this review. All five species are known to pref-
erentially colonize devegetated areas that routinely oc-
cur in wetlands from natural or cultural disturbances.
Hobbs and Huenneke (1992) note that mimicking nat-
ural disturbances is increasingly impractical because
altered landscape settings of remnant natural ecosys-
tems favor undesirable invasions. Species that have
newly evolved traits for aggressive growth (because of
reduced herbivory or introgression), will not likely
form co-dominant stands with native wetland vegeta-
tion over time.

For Lythrum salicaria, the introduction of biological
control agents is expected to reduce populations (Hight
et al. 1995). Three insects, two leaf-feeding beetles
(Galerucella calmariensis L., Galerucella pusilla) and
one root-feeding weevil (Hylobius transverovittatus),
have been released and produced successive genera-

tions. Because of abundant and persistent seed banks
of L. salicaria, there may be considerable lag time
until species control is achieved (Welling and Becker
1993). After herbivore communities have diminished
L. salicaria stands, community dynamics may still be
unpredictable because introgressant populations pos-
sess novel traits,

This review suggests that causes of invasiveness in
North American wetlands species are related to long-
term, large scale changes that cannot be reversed. In-
tercontinenal transport of propagules with ship ballast
and increasing connectivity between regions with
ditches and canals (often with increased pollutant and
nutrient loads) were likely the most important catalysts
for profound evolutionary changes in wetland taxa.
How these invasive species are altering community
dynamics in North American wetlands awaits further
study.
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