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Wetlands seem to be especially vulnerable to invasions. Even
though ≤6% of the earth’s land mass is wetland, 24% (8 of 33) of
the world’s most invasive plants are wetland species. Furthermore,
many wetland invaders form monotypes, which alter habitat struc-
ture, lower biodiversity (both number and “quality” of species),
change nutrient cycling and productivity (often increasing it), and
modify food webs. Wetlands are landscape sinks, which accumu-
late debris, sediments, water, and nutrients, all of which facilitate
invasions by creating canopy gaps or accelerating the growth of op-
portunistic plant species. These and other disturbances to wetlands,
such as propagule influx, salt influx, and hydroperiod alteration,
create opportunities that are well matched by wetland opportunists.
No single hypothesis or plant attribute explains all wetland inva-
sions, but the propensity for wetlands to become dominated by
invasive monotypes is arguably an effect of the cumulative impacts
associated with landscape sinks, including import of hydrophytes
that exhibit efficient growth (high plant volume per unit biomass).

Keywords dominance, exotic species, landscape sink, monotype,
Phalaris, Typha x glauca

I. INTRODUCTION

Many wetland plants fit the definition of “invasive plants” as

species or strains that rapidly increase their spatial distribution

by expanding into native plant communities (Richardson et al.,

2000). For example, southern Brazil’s Alternanthera philoxe-

roides [Mart.] Griseb.; (alligator weed) arrived in Australia via

ballast water in the 1940s. Within 60 years, it was considered a

noxious weed throughout the continent because it roots in ponds,

stream edges, floodplains, and wet croplands, and it expands veg-

etatively via hollow stems that facilitate flotation (Sainty et al.,

1998). Also, its dense mats clog waterways, increase sedimenta-

tion, degrade pastures and crops, and enhance mosquito breed-
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ing (Sainty et al., 1998). Such invasive plants not only affect

biodiversity and ecosystem functioning but also human use and

enjoyment of wetlands.

The susceptibility of communities to invasion needs more at-

tention (Prieur-Richard and Lavoral, 2000). Why are so many

of the worst weeds invaders of wetlands? In Australia, little

of the continent is wet, yet four of the most invasive weeds

occur in wetlands (http://www.dlwc.nsw.gov.au/care/wetlands/

facts/paa/weeds/), and a dozen other wetland species are seri-

ous problems (G. Vivian-Smith, Weed Ecologist, Alan Fletcher

Research Station, Department of Natural Resources, Mines &

Energy and CRC for Australian Weed Management, personal

communication, 2004). Also, why do so many wetland plant in-

vaders form monotypes rather than simply adding to native plant

richness? We argue that wetlands are vulnerable to invasion in

part because wetlands are landscape “sinks” that accumulate ma-

terials resulting from both terrestrial and wetland disturbances

(excess water, nutrients, sediments, salts, heavy metals, other

contaminants, and debris). Nearly every disturbance to an up-

land watershed causes some change downstream. For example,

sediments that flow into wetlands transform topographically het-

erogeneous sites, such as tussocky meadows, into flat plains that

support few plant species (Figure 1; Werner and Zedler, 2002;

Larkin et al., In press). In addition, debris that floats downstream

tends to accumulate in wetlands, where it can smother vegeta-

tion and create canopy gaps. We propose that the accumulation

of materials in wetlands makes them particularly vulnerable to

invasion, while at the same time supplying invaders with the

resources they need to form monotypes.

Below we discuss a selection of invasive wetland plants and

the wetlands they invade. Wetland invaders differ from many

upland invaders in that (1) seeds are often dispersed via water—

61% of the 441 wetland plant species listed in Middleton’s

(1999) Appendix 1 are known to be water dispersed; (2) whole

plants and plant fragments can be dispersed via flotation;
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FIG. 1. Sedimentation flattens Wisconsin’s topographically heterogeneous tussock sedge meadows; P. arundinacea becomes dominant (from Werner and Zedler,

2002; redrawn by K. Elliot).

(3) abundant aerenchyma (air tissue) protects belowground plant

tissues from flooding and anoxic soils (Soukup et al., 2000), as

well as allowing efficient use of carbon in above- and below-

ground growth; and (4) rapid nutrient uptake, allowing rapid

growth.

Many invaded wetlands differ from invaded uplands in

having, among other consequences of being landscape sinks,

(1) through-flowing water, (2) frequent canopy gaps due to in-

flowing materials, (3) anoxic soils, and (4) ample nutrient in-

fluxes. While several hypotheses have been proposed to ex-

plain causes and consequences of invasions, we focus on five

for which experimental data are available; these concern en-

emy release, broader tolerance, efficient use, hybrid vigor, and

allelopathy. We then describe several “opportunity–opportunist

matches” that help explain the tendency for lowlying wetlands

to support invasions.

We confine our review to flowering plants. We exclude sub-

mersed and floating plants of aquatic (deepwater) habitats—not

because deeper water wetlands are less threatened by invasives,

but to limit the scope of our review. Thus, we consider emergent

species that occupy permanent standing water, plants that occur

in wet soils and soils with intermittent drying, and vegetation in

transitions from wetland to upland. The following sections con-

cern the following: invasion opportunities (factors that make

wetlands vulnerable), opportunists (wetland invasive species

and their attributes), current hypotheses of plant invasiveness

(experimental evidence), opportunity–opportunist matches, out-

comes (both negative and positive impacts) of invasives on wet-

land functions, the vulnerability of wetlands to invasions, and

conclusions.

II. OPPORTUNITIES: WHAT MAKES A WETLAND
VULNERABLE TO INVASION?

Various authors note that lowlying lands support high pro-

portions of exotic species (e.g., Sobrino et al., 2002). But alien

species abundance overall correlates with road density, suggest-

ing that landscape position interacts with dispersal routes and

disturbances to facilitate plant establishment. If dispersal routes

are a strong factor, then it is understandable that riparian habi-

tats are especially prone to invasion, as claimed by Stohlgren

et al. (1998) and Tickner et al. (2001). Also, riparian wetlands

are subject to flood pulses and mechanical disturbance, as well

as inflows of materials from surface-water flows. Most wetlands

occur in the low positions of the landscape, and many occur

along river networks. Most are wetted by surface runoff in addi-

tion to rainfall and, in many cases, groundwater (Brinson, 1993).

Hence, it is not surprising that Detenbeck et al. (1999) found a

high number of exotics species in wetlands of the Great Lakes

region in the U.S.

Wetlands fed by surface water from agricultural and ur-

banized watersheds tend to have many invasive species

(Galatowitsch et al., 1999). Species richness is low and plants

are of low “quality” (Kercher and Zedler, 2004). By quality we

refer to coefficients of conservatism (CC) that have been as-

signed by expert botanists who distinguish high-quality species

as those occurring in the least-disturbed remnants of native veg-

etation (Lopez and Fennessy, 2002; Mushet et al., 2002; Bern-

thal, 2003; Matthews, 2003). Such species score up to CC =

10, while the weediest species are scored as CC = 0–1. Inva-

sive species in Great Lakes wetlands tend to be accompanied

by species with CC <5 (C. Frieswyk, University of Wisconsin,

personal communication).

Wetlands that are not fed primarily by surface water (e.g.,

slope wetlands, vernal pools, and high-altitude fens, bogs, and

pools) have small watersheds and depend more on rainfall or

groundwater than on surface-water runoff for their water sup-

plies (e.g., Bedford and Godwin, 2003). These wetlands tend to

be species rich and relatively free of invasive plants. Fens in the

U.S. are noted for both their high species richness and high num-

ber of rare, threatened, and endangered species (Amon et al.,

2002)—for animals as well as plants (Bedford and Godwin,

2003). Their high species richness is generally attributed to low

nutrient concentrations in groundwater. The exceptions would

be wetlands that receive large influxes of nitrogen from the at-

mosphere (Koerselman and Verhoeven, 1995).

Studies in Wisconsin show that wetlands with a history of hy-

drological disturbance (as evidenced by the presence of culverts
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and drainage ditches) show more widespread invasions than

“reference sites” (high-diversity vegetation where indicators of

hydrological disturbance are lacking; Kercher et al., In press).

In comparing 12 sites (3 reference and 9 disturbed), we found

an interaction between hydrological disturbance indicators and

dominance by an invader that shows two patterns: (1) fewer

species of native plants occur where the invader is present

in plots in hydrologically disturbed wetlands, and (2) species

of lower quality are mostly what is found in that situation

(Figure 2). Hydrological disturbance affects nutrient availability,

not just water levels, as nitrates are readily leached from oxidized

soil during drainage and phosphorus is liberated upon rewetting

(Olde Venterink et al., 2002). We concluded that disturbance fa-

cilitates wetland invasion and that the result is a decline in both

the quantity and quality of native plant species.

The effect of nutrient inflows on wetland plant diversity was

further investigated by Drexler and Bedford (2002) in New York

fens. Eutrophication of one fen occurred by multiple pathways—

the phosphorus and potassium loadings were traced to surface

water from a nearby farm, while nitrogen loadings were en-

hanced by groundwater inflow from the same field. In both cases,

diversity was reduced and a few plant species (e.g., Calama-

grostis Canadensis [Michx.] Beauv. [bluejoint], Typha latifolia

L. [broadleaf cattail]) produced monotypic stands.

Despite our emphasis on increased influxes as an invasion-

causing disturbance, dewatering of landscapes also affects wet-

lands through drought-induced impacts on obligate wetlands

FIG. 2. Lower species richness (top graph shows mean number of species

per m2 plot) and lower vegetation quality (bottom graph shows mean coefficient

of conservatism per m2 plot; see text) are associated with sites that have indicators

of hydrological disturbances. Plots came from 12 stands that had indicators of

hydrological disturbance (+dist) or not (−dist) and either had P. arundinacea

present (+Pa) or did not (−Pa) (From Kercher et al., In press).

plants. Some invasives are particularly abundant where dams

have reduced flood flows (e.g., Tamarix L. [tamarisk] spp.; Cox,

1999). Both increased and decreased runoff will alter wetland

water regimes; the general point is that landscape sinks can be

expected to respond to changes in the influx of materials.

III. OPPORTUNISTS: WHICH SPECIES
INVADE WETLANDS?

Invasive wetland plants are often exotic (e.g., Lythrum sali-

caria L. [purple loosestrife]), but not always. Some are na-

tive (Typha domingensis Pers. [southern cattail] in the Florida

Everglades), some are hybrids (e.g., Typha x glauca Godr., which

is a cross between the native T. latifolia and the exotic T. angus-

tifolia L. [narrowleaf cattail]; Galatowitsch et al., 1999), and

some are exotic strains of a species that is native (e.g., Phrag-

mites australis [Cav.] Trin. Ex Steud. [common reed] in the U.S.;

Saltonstall, 2002). Still others are native strains that display in-

vasiveness in response to environmental change. One popula-

tion of Phragmites australis that invaded a wetland along Lake

Superior was hypothesized to be exotic, but genetic analysis

proved it to belong to the native strain (Lynch and Saltonstall,

2002). Finally, some wetland invasive species have uncertain

origins. Phalaris arundinacea L. (reed canary grass) in the U.S.

might be native, an exotic strain from Europe, or a hybrid strain

(Galatowitsch et al., 1999).

We describe about two dozen species for which inva-

sions into wetlands are treated in recent scientific publi-

cations (Table 1; naming as in USDA, 2004). Of these, Arundo

donax L. (giant reed), Polygonum cuspidatum Sieb. & Zucc.

(Japanese knotweed = Fallopia japonica = Reynoutria japon-

ica), Lythrum salicaria, Melaleuca quinquenervia (Cav.) Blake

(punktree), Mimosa pigra L. (black mimosa), Schinus tere-

binthifolius Raddi (Brazilian peppertree), Spartina anglica C. E.

Hubbard (common cordgrass), and Tamarix ramosissima Ledeb.

(saltcedar) are among the 100 “Worst Invasive Alien Species”

listed by the Global Invasive Species Database (LFT, 2004). The

following descriptions focus on plant attributes and character-

istics of the wetlands they invade. Of all the cases considered,

the invasion ecology of Spartina alterniflora Loisel. (smooth

cordgrass) in European coastal wetlands is probably the most

researched and best understood.

A. Grasses

Spartina alterniflora (Poaceae) was accidentally introduced

to England; by 1872, it had hybridized with the native S. mar-

itima (M. A. Curtis) Fern. (small cordgrass) to form S. x

townsendii H. & J. Groves, and it became fertile after chromo-

some doubling (forming S. anglica). Rapid spread is attributed to

its fertile seeds and its ability to spread vegetatively (30 cm/year

in Dovey Estuary) and the fact that it grows well on tidal mud-

flats that are too frequently inundated for native plants to colo-

nize (Thompson, 1991). Other attributes noted are its ability to

establish tussocks that accrete sediment, its C4 photosynthetic
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TABLE 1

Selected invasive wetland plants and seven of their attributes in invaded regions

Forms Viable Perennial Hollow

monotype? Clonal? seed? or annual? stems? Tall? Salt tolerant?

Grasses

Spartina anglica Yes Yes Yes P Yes <2 m Seawater

Spartina densiflora Yes Yes ? P Yes <2 m Seawater

Phragmites australis Yes Yes No P Yes >2 m Seawater

Phalaris arundinacea Yes Yes Copious P Yes ∼2 m

Arundo donax Yes Yes No P Yes >2 m

Polypogon monspeliensis No Copious A Yes <1 m Somewhat

Parapholis incurva No Copious A Yes <1 m

Agrostis avenacea Copious A Yes <1 m

Graminoids

Typha x glauca Yes Yes No P Yes >2 m Somewhat

Typha domingensis Yes Yes Copious P Yes >2 m Somewhat

Typha orientalis Yes Yes Copious Yes >2 m Somewhat

Juncus articulatus Yes Yes P Yes

Forbs

Polygonum cuspidatum Yes Yes No P Yes >2 m

Lythrum salicaria Copious P Yes? ∼2 m

Alternanthera philoxeroides Yes Yes ? P Yes <1 m

Impatiens glandulifera Yes No Yes A Yes? 2.5 m

Shrubs and trees

Mimosa pigra P No 4–5 m

Melaleuca quinquinervia Yes Copious P No >2 m

Schinus terebinthifolius Yes Copious P No >2 m

Tamarix ramosissima Yes Copious P No >2 m Up to 1/2 seawater

Triadica sebifera Yes Copious P >2 m Somewhat

pathway, salt tolerance, allopolyploid vigor, and morphological

variation (both phenotypic and genetic; Thompson, 1991).

S. alterniflora was also introduced to the U.S. Pacific North-

west Coast, in this case deliberately to stabilize dredge spoils. It

has recently become highly invasive in three states, Washington,

Oregon, and California’s San Francisco Bay (Ayres et al., 1999;

CSCC, 2004). It is now problematic in over 8,093 ha along the

coast of Washington (Hedge et al., 2003). As in Europe, it oc-

cupies habitats lower than native vegetation, but it also occupies

higher elevations, with a vertical intertidal range of ∼1 m. Oyster

growers and bird watchers both complain that it has eliminated

valuable mudflat habitat. In San Francisco Bay, it grows up-

slope into native stands of S. foliosa (Callaway and Josselyn,

1992), with which it hybridizes (Ayres et al., 1999; Hedge et al.,

2003). Vigorous hybrids of S. alterniflora and S. foliosa threaten

to displace the native S. foliosa throughout San Francisco Bay

(Daehler and Strong, 1997; Ayres et al., 1999).

In Humboldt Bay, California, Spartina densiflora (dense-

flower cordgrass; Poaceae) occurs in all 393 ha of salt marsh,

where it was long considered to be a tussock-forming variant of

S. foliosa. Chromosome and morphological comparison showed

it to be an exotic from South America (Spicher and Josselyn,

1985) that was likely introduced with ballast water from ships

involved in the timber trade. The species is also expanding in

San Francisco Bay (Callaway and Josselyn, 1992; CSCC, 2004),

where it was planted and where it occupies an elevation that is

broader than the native S. foliosa. While it is a prolific seed

producer (∼2000 viable seeds/plant), germination is limited to

episodes of lowered salinity; hence, most spread is vegetative

(Kittelson and Boyd, 1997).

Phragmites australis (Poaceae) has a nearly global dis-

tribution, but recent genetic work shows the USA invasive

strain to differ from more natural and noninvasive populations

(Saltonstall, 2002). Along the USA Atlantic Coast, this species

has greatly increased its distribution into the upper reaches of

salt marshes (invading Spartina alterniflora), where it was con-

sidered a less desirable species for wildlife and fish. Recent

research, summarized in a special issue of Estuaries (Vol. 26,

No. 2B) somewhat rebuts the claim that P. australis fails to

support native fish and wildlife. Nevertheless, many salt marsh

restoration projects have as a principal goal the replacement

of P. australis with S. alterniflora. Although plants are sterile,

the fragments of rhizome and stems can disperse and expand

vegetatively (Bart and Hartman, 2003). The invasive strain is
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highly productive (Farnsworth and Meyerson, 2003). It is draw-

ing notice throughout its temperate-region distribution in the

U.S. because its salt tolerance allows it to expand along high-

ways where salt is used to melt snow and ice (Galatowitsch et al.,

1999).

Phalaris arundinacea (Poaceae) is invasive across its

temperate-region range in North America (Galatowitsch et al.,

1999; Paveglio and Kilbride, 2000). In Wisconsin alone, it dom-

inates (>80% cover) more than 40,000 ha of wetlands (Bernthal

and Willis, 2004). In addition to seed and rhizome reproduc-

tion, it forms roots in the axils of its branches, and branches

and node-bearing plant fragments can both establish new plants.

European strains were introduced to North America (and are still

used) for forage and streambank erosion control. Few species

remain where this plant dominates (Kercher et al., In press).

Wetlands with enhanced runoff, sediments, and nutrients are

particularly vulnerable to invasion by this species (Kercher and

Zedler, 2004).

Arundo donax (Poaceae) was introduced from the Mediter-

ranean and elsewhere in the Old World to many regions, includ-

ing Mexico, the Caribbean, and California for use in thatch-

ing adobe buildings of the Spanish missions. It occurs widely

throughout the southern U.S. (USDA, 2004) and has recently

expanded its distribution along coastal California, especially in

riparian wetlands (J. Zedler, personal observation). Plants re-

semble Phragmites australis but grow much taller (up to 10 m).

It does not produce viable seed, but it reproduces vegetatively by

both rhizomes and node-bearing plant fragments (Dudley, 2000).

Polypogon monspeliensis (L.) Desf. (annual rabbitsfoot

grass; Poaceae) is an annual grass that expands episodically in

high salt marshes of southern California. When rainfall is suffi-

cient to lower soil salinities, the numerous seeds of this species

germinate and establish seedlings (Callaway and Zedler, 1998;

Kuhn and Zedler, 1997). Since annual grasses are not a natural

component of this community, its presence is obvious during the

dry summer, when its pale dead stems contrast with evergreen

halophytes. In experiments, P. monspeliensis produced higher

biomass than a native associate, Salicornia virginica (Callaway

and Zedler, 1998).

Parapholis incurva (L.) C. E. Hubbard (curved sicklegrass;

Poaceae) is another annual species that occurs in coastal states

and, in southern California, invades the high salt marsh of coastal

wetlands. At Tijuana Estuary, the plants co-occur with an endan-

gered species, Cordylanthus maritimus Nutt. ex Benth. ssp. mar-

itimus (saltmarsh bird’s-beak), which is a hemiparasite. Because

the hemiparasite is an annual, and because it must tap into roots

of a perennial-plant host in order to obtain sufficient water and

nutrients to live long enough to produce seeds, P. incurva can

interfere with the endangered species’ survival. Fellows (1999)

showed that C. maritimus can attach to the roots of P. incurva

but that this host dies before the endangered plant can reproduce.

The endangered species is “tricked” by the invasive host, like

a habitat sink. At Tijuana Estuary, where the endangered plant

persists, up to 92% of seedlings were exotics, with P. incurva

the most abundant (Noe and Zedler, 2001).

Agrostis avenacea J. F. Gmel (Pacific bentgrass; Poaceae) is

an Australian annual and facultative perennial grass that is be-

coming a strong threat to biodiversity by rapidly invading vernal

pools in southern California (Zedler and Black, In review). These

pools support several rare and endangered plants and animals;

hence, dominance by an invasive threatens an entire rare ecosys-

tem. Over 90% of historical vernal pools of southern California

have been urbanized, as the depressions occur within flat mesas

near the coast, which are prime sites for housing developments.

B. Graminoids

Typha x glauca (Typhaceae), a hybrid between the native

T. latifolia and the exotic T. angustifolia, is an aggressive in-

vader of disturbed wetlands across much of the eastern U.S.

(Galatowitsch et al., 1999). F1 plants are sterile, but the par-

ents are abundant and widely sympatric, and offspring expand

aggressively via rhizomes. Hybrids are common wherever both

parents occur (Galen Smith, University of Wisconsin, personal

communication, 2004). This invader responds more rapidly

to nutrient addition than sedge meadow vegetation (Woo and

Zedler, 2002), and it crowds out many native species, leaving

only those of low quality (thus having a monotype form of dom-

inance, cf. C. Frieswyk, University of Wisconsin, personal com-

munication). Great Lakes wetlands have an abundance of this in-

vader, especially where watersheds are urbanized, such as along

Lake Erie and within Lake Michigan’s Green Bay (Frieswyk

et al., In review).

Typha domingensis (Typhaceae) has greatly expanded its dis-

tribution in the Florida Everglades in response to increased phos-

phorus runoff from sugar cane fields (Miao and Sklar, 1998).

Its distribution into native Cladium jamaicense Crantz (Jamaica

swamp sawgrass) vegetation follows canals that drain agricul-

tural lands; from there it expands vegetatively into the native

vegetation. T. domingensis also tends to be invasive in southern

California, where its expansion into saline wetlands is catalyzed

by freshwater inflows (Beare and Zedler, 1987). Once estab-

lished (during low-salinity windows), it persists vegetatively.

Typha orientalis C. Presl (cumbungi; Typhaceae) is native to

eastern but not western Australia. Near Perth, this species moves

into Juncus krausii marshes where soil salinity is reduced by

urban runoff (Zedler et al., 1990). Gaps in the canopy along

drainage ditches would thus allow seedlings to establish, and

rhizome growth would allow penetration into native vegetation

(Zedler et al., 1990).

Juncus articulatus L. (jointleaf rush; Juncaceae) is native to

the U.S. and Europe and invasive in Australian temporary wet-

lands, creeks, and drainage channels, where it germinates from

long-lived seed banks and expands via rhizomes (Smith and

Brock, 1998). J. articulatus produced many more tillers and

much higher biomass than a native associate, Glyceria australis,

in experiments by Smith and Brock (1996).

Another graminoid to watch is Juncus acutus L. (spiny rush;

Juncaceae), which is common in coastal wetlands of the Mediter-

ranean Sea and is native (but rare) in southern California coastal
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wetlands. This species appears to be increasingly weedy in west-

ern Australia (J. Zedler, personal observation), especially in wet

places where agricultural activities cause secondary salinization

of soil (Williams, 2001).

C. Forbs

Polygonum cuspidatum (Polygonaceae) is native to eastern

Asia but it is now widespread in central and northern Europe

and it occurs in most of the U.S. It is most invasive in ripar-

ian wetlands (Brock et al., 1995; Sukopp and Starfinger, 1995).

Plants are tall, rhizomatous, herbaceous to shrubby, persistent,

and difficult to control (Seiger and Merchant, 1997). Sometimes

called a “giant herb,” it can grow to 4.5 m tall and accumu-

late biomass of 200 t/ha (Sukopp and Starfinger, 1995). Because

seeds of this species produced outside Japan are not viable, re-

production is largely by rhizomes or rhizome fragments (Bailey

et al., 1995) and stem fragments (Brock et al., 1995). Disper-

sal occurs via flowing water (Sukopp and Starfinger, 1995). In

the U.S. Pacific Northwest, Toney et al. (1998) identified this

plant as the most rapidly spreading invader, and in Switzerland

Weber (2000) listed it as a species of “high concern.” In the

British Isles, P. cuspidatum crosses with native species to form

invasive hybrids that produce hybrid seeds (Bailey et al., 1995),

suggesting increasing invasiveness.

Lythrum salicaria (Lythraceae) is a subshrub from Europe

that was introduced to North America for its purple flowers;

however, it probably also arrived accidentally by dispersal of

its copious small seeds (Galatowitsch et al., 1999). It is now

highly invasive along riverbanks and in wetlands across temper-

ate North America (Galatowitsch et al., 1999; Lindgren, 2003),

where it is a competitive dominant (Hagert, 2004) that forms

monotypes (Thompson et al., 1987). In Manitoba, infestations

increased 13-fold between 1991 and 2001, with over 4000 ha

infested in the central part of the province. Blossey et al. (2001)

cite multiple impacts of this species on ecosystem functioning

(cf. section VI) and on the native L. elatum, which can have

reduced pollination and lower seed production in the presence

of L. salicaria.

Alternanthera philoxeroides (Amaranthaceae) is a clonal forb

that is native to South America but highly invasive in California

and Florida waterways and in Australia (Sainty et al., 1998).

It was deliberately introduced to Australia as a vegetable and

medicinal herb. Stems are long, branched and hollow; dispersal

occurs as fragments, as reproduction is entirely vegetative. It

establishes readily from stem nodes and rhizomes, especially

along riverbanks; plants can break away from the parent clone

and persist as free-floating mats (Sainty et al., 1998).

Impatiens glandulifera Royle (ornamental jewelweed; Bal-

saminaceae) is a tall (∼2.5 m) annual forb from Himalaya that

forms monospecific stands along river banks and other moist

habitats in UK and Europe (Beerling and Perrins, 1993; Tickner

et al., 2001). Beerling and Perrins (1993) describe its distribu-

tion in UK as widespread and among the top 20 alien problems.

While each plant produces only 4 to 16 seeds per flower, a square

meter with 20 plants produces 700 to 800 seeds, which are dis-

persed via explosive dehiscence (up to 4 m from the plant); in

the following year, seeds germinate synchronously to produce

a monotype (Beerling and Perrins, 1993). Adventitious roots

help it remain upright. Extrapolating from data on water con-

tent of stems (91%) and tall growth form (Beerling and Perrins,

1993), which are shared by our Wisconsin congener, I. capensis

Meerb. (jewelweed), we speculate that this species has “efficient

growth” (section IV) via hollow stems. I. capensis behaves as an

invasive in Wisconsin, although its ability to dominate appears

to be moisture and competition limited (personal observation).

Other notable forbs that invade wetlands are Heracleum man-

tegazzianum Sommier & Levier (giant hogweed, Apiaceae)— a

5-m tall perennial (rhizomatous) plant from the Caucasus that

is invasive in a few northern states in the U.S. of great concern

in riparian areas of UK (Tickner et al., 2001), and expanding

along streambanks in Ireland (Caffrey, 2001)—and Lepidium

latifolium L. (broadleaved pepperweed, Brassicaceae), which is

expanding rapidly in northern California (Howald, 2000). Like

Pastinaca sativa L. (wild parsnip) in the U.S., H. mantegazza-

nianum produces phototoxic chemicals that sensitize the skin

where people touch the plants.

D. Shrubs and Trees

Mimosa pigra (Mimosaceae), from Central and South

America, is a highly invasive shrub in Australia, Southeast Asia,

and Florida, where it grows to 6 m in shrubby, prickly thickets

(Langeland and Craddock Burks, 2000). Introduced as a cu-

riosity plant, its seeds are dispersed in annual floodwaters, and

its establishment is facilitated by grazing disturbances on flood-

plains (Zedler and Rea, 1998). Infestations covering 800 km2 are

described for Australia (Langeland and Craddock Burks, 2000).

In Northern Territory, it germinates en masse on floodplains and

grows rapidly to reproductive maturity (Rea, 1998).

Melaleuca quinquenervia (Myrtaceae) was planted as an or-

namental in Florida and now infests over 200,000 ha of south

Florida wetlands, of which 10,000 to 20,000 ha are virtual mono-

cultures (Turner et al., 1998). The Everglades “river of grass”

is being transformed into wooded swamps dominated by this

fire-adapted tree. Fire not only leads to resprouting, it also re-

leases copious seeds (∼20 million per tree) that readily establish

seedlings on the fertile ash bed. The species invades along canal

banks and roads, as well as in cypress swamps, pine flatwoods,

bottomland forests, and mangrove swamps (Turner et al., 1998).

It is Florida’s greatest invasive threat in wetlands, causing up to

80% loss in biodiversity (Turner et al., 1998). The species ma-

tures rapidly and can produce up to 5 seed crops per year (Turner

et al., 1998). In Puerto Rico, it forms monotypes in abandoned

agricultural fields where both flooding and fire occur; this com-

bination of disturbances is not tolerated by any native tree (Lugo,

2004).

Schinus terebinthifolius (Anacardiaceae) is a small tree (10 m

tall) that forms densely intertwined braches (thickets). It is na-

tive to South America but was introduced as an ornamental to the
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southern U.S. It is highly invasive in Texas and Florida wetlands.

In the Florida Everglades areas that were rock plowed (porous

limestone substrate crushed to allow cultivation), nutrients (es-

pecially phosphorus) were released and a monoculture of this

tree developed (Simberloff et al., 1997; Li and Norland, 2001).

Concentrations of phosphorus in leaves were 5 times those of

the native sawgrass (Simberloff off et al., 1997; Li and Norland,

2001). While trees could be bulldozed and burned, the complete

removal of nutrient-rich soil was necessary to prevent their re-

colonization (Dalrymple et al., 2003).

Tamarix ramosissima (Tamaricaceae) and its congeners are

native trees in Europe and Asia and highly invasive in Texas and

the western U.S. (Stevens, 1989; Cox, 1999; Lesica and Miles,

2001; Ellis et al., 2002) and Australia. This tree colonizes open

riparian wetlands and floodplains, especially where dams have

reduced flood frequency (Ellis et al., 2002; Sher et al., 2002).

It grows rapidly to 4 m in the first year of growth. Its abundant,

wind-dispersed seeds germinate upon wetting, including in soils

that are saline at the surface, and seedlings rapidly grow roots that

reach the water table (Lesica and Miles, 2001). Branches that are

buried by flood-borne sediments grow into new shoots, forming

clones (Lesica and Miles, 2001); it also forms adventitious roots.

Its ability to accrete sediments is seen as a cause of increased

flooding, and its high water use and evapotransiration rates have

high economic impacts throughout its arid-region distribution

(Zavaleta, 2000). Cox (1999) reports that 90% of New Mexico’s

bosque (woodland) is heavily modified, and remnants are dom-

inated by three species of Tamarix, along with many other inva-

sive species.

Triadica sebifera (L.) Small (= Sapium sebiferum; tal-

lowtree; Euphorbiaceae) from eastern Asia is expanding its al-

ready widespread distribution in the southeastern U.S., where it

occurs in wetlands and moist uplands (USDA, 2004). This tree

grows rapidly and forms monotypes, crowding out native plants.

In Louisiana and Texas, it replaces imperiled coastal prairie

(Barrilleaux and Grace, 2000; Rogers and Siemann, 2003). It

also replaces forested wetlands following hurricanes (Conner

et al., 2002). The species is considered naturalized along the

coastal plain from Texas to North Carolina (Conner et al., 2002).

Another tree of concern is Acer negundo L. (boxelder, Ac-

eraceae) from North America, as it is increasingly abundant

in Wisconsin’s riparian woodlands (J. Zedler, personal obser-

vation) and invading riparian habitats in southwestern France

(Tabacchi and Planty-Tabacchi, 2003).

IV. WHY ARE SOME WETLAND PLANTS
HIGHLY INVASIVE?

Several hypotheses have been proposed to explain invasive-

ness in plants in general (Rejmanek, 2000), and the ability to

predict species that might become pests has improved (Daehler

et al., 2004). For P. arundinacea, any one of the following traits

might confer invasiveness: some strains were bred for productiv-

ity; it is wind pollinated; it is highly productive of seeds; its seeds

germinate within six days of wetting; germination rates are high

upon wetting, but some seeds remain dormant and can germinate

after storage for 3 years; new populations can established from

dispersed seeds, whole plants, and branch fragments; it produces

rhizomes with numerous buds; new ramets benefit from a clonal

subsidy; plants can grow into tussocks as well as swards; it grows

over a longer season than most native plants in Wisconsin; it can

make use of nutrient pulses; it has a broad ecological niche; it

displays morphological plasticity (e.g., branching upright when

stems fall); its leaves and stems show little evidence of her-

bivory in Wisconsin; and its hollow stems allow great height

growth per biomass investment. Indeed, all of the species we

discuss (section III) possess multiple characteristics that might

be what makes them formidable invaders. It is the systematic

testing of alternatives that advances understanding.

In a review of 150 studies, Levine et al. (2003) found that

fewer than 5% tested the processes responsible for plant inva-

sions. We focus on five that have been tested experimentally,

or are testable, using wetland species: release from natural en-

emies, broad tolerance limits or tolerance of harsh conditions,

more efficient or complete use of resources, hybrid vigor, and

allelopathy. This list is not exhaustive, nor are the hypotheses of

invasiveness exclusive of one another.

A. The Enemy Release Hypothesis

This hypothesis predicts that exotic species are released from

pathogens when introduced into new areas and that a relatively

greater release from pathogens correlates with increased inva-

siveness. Support for this hypothesis comes from Klironomos

(2002) and Mitchell and Power (2003). Using Lythrum sali-

caria as the test species, however, Willis and Thomas (1999)

found no evidence that a plant with fewer enemies allocated

fewer resources to defense and increased its competitive abil-

ity. In contrast, Siemann and Rogers (2001) found that invasive

genotypes of Triadica sebifera from recently colonized areas in

North America had the strongest growth but poorly defended

leaves, while native Asian genotypes had the weakest growth

and well-defended leaves, and genotypes from its original intro-

duction site in North America were intermediate in both growth

and leaf defense. Rogers and Siemann (2003) also found T. seb-

ifera to be herbivore tolerant. While most experimental tests of

the predator/pathogen release hypothesis have focused on agri-

cultural and upland species, wetland species may have differ-

ent susceptibilities to pathogenic viruses, fungi, and herbivores.

The screening of potential biocontrol agents is inherently an

experimental test of the enemy release hypothesis, and several

studies report reductions in the productivity and vigor of inva-

sive wetland plants upon exposure to host-specific biocontrol

agents (e.g., for Lythrum salicaria in North America, Blossey

et al., 1994a, 1994b; Voegtlin, 1995; Nyvall and Hu, 1997; for

Spartina alterniflora in Washington, U.S. Grevstad et al., 2003).

B. The Broader Tolerance Hypothesis

This hypothesis predicts that invasive species have broader

tolerance limits, tolerate extreme environmental conditions
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better than noninvasive species, or both. Goodwin et al. (1999)

identified 165 congeneric pairs of European plant species; each

pair consisted of one species that has invaded North America

and one species that has not. Upon comparing life form, stem

height, flowering period, and European range as predictors in a

logistic regression model, only the latter was reliable, predicting

invasiveness correctly 70% of the time. Greater tolerance would

favor wetland plant invasions where hydrological shifts occur

(Newman et al., 1996; Kercher and Zedler, In review).

Several studies have tested growth responses under different

hydroperiods. Experiments with invasive cattail Typha domin-

gensis and the native Everglades species Cladium jamaicense

and Eleocharis interstincta (Vahl) Roemer & J. A. Schultes

(knotted spikerush) showed that only T. domingensis responded

positively to increased water depth (15, 30, and 60 cm) by

increasing biomass as much as 60% (Newman et al., 1996).

Greater flood tolerance in T. domingensis over the native species

may be due to higher levels of aerenchyma in the former (Chabbi

et al., 2000). Likewise, P. arundinacea had higher biomass and

higher aerenchyma than 16 other taxa tested across four hy-

droperiods (Kercher and Zedler, In review). Similarly, Spartina

anglica exhibited enhanced exchange of O2 and H2S between the

rhizosphere and atmosphere compared to that of its native North

American congener Spartina alterniflora (Lee, 2003). Evidence

against the hypothesis of greater tolerance to harsh conditions

comes from a study of six species in the family Lythraceae,

including Lythrum salicaria. All six species had very similar

responses to flooding (Lempe et al., 2001).

Hydrological shifts also include changes in salinity, sedimen-

tation, and pollutant inflows. Lowered salinity increased inva-

sion by Polypogon monspeliensis into salt marshes (Callaway

and Zedler, 1998), sedimentation increased P. arundinacea in-

vasions into sedge meadows (Werner and Zedler, 2002), and

Lythrum salicaria was able to grow even with lead levels as

high as 2000 mg per liter (Uveges et al., 2002). Further tests

of the greater-tolerance hypothesis are warranted, since shifts in

hydrology involve multiple environmental factors and potential

interactions.

C. The Efficient Use Hypothesis

This hypothes states that invasive species make more effi-

cient or complete use of light and nutrient resources than nonin-

vasive species. Several experimental studies have demonstrated

relatively greater growth responses in invasive species to in-

creases in light, nutrients, or both. To facilitate light capture,

invasive species may have one or more of the following: an

extended growing season, morphological plasticity or a fixed

but advantageous architecture, and higher photosynthetic rates.

These traits have been reported to occur in invasive species in

uplands (e.g., Grotkopp et al., 2002; Morris et al., 2002; Stratton

and Goldstein, 2001) as well as wetlands (e.g., for phenology

and growth form of P. cuspidatum along alpine rivers Marigo and

Patou, 1998; for phenology of Rhamnus cathartica Harrington

et al., 1989).

As with light, some invasive plants have a greater capacity

to utilize nutrients to promote their expansion at the expense of

noninvasive species. For example, Newman et al. (1996) found

that nutrient enrichment increased growth of T. domingensis

but not Everglades marsh natives. Similarly, Woo and Zedler

(2002) found increased Typha x glauca biomass but no change

in native Carex L. spp. biomass due to nutrient addition. Green

and Galatowitsch (2002) showed increases in P. arundinacea

biomass and suppression of native wet meadow species with

high levels of nitrate-N addition, and Kercher and Zedler (2004)

found that nutrient enrichment caused a greater relative increase

in P. arundinacea than in native wet prairie species.

Kercher and Zedler (2004) tested a related hypothesis con-

cerning fluctuating resources (Davis et al., 2000), which states

that invasion occurs when the system has an excess of resources,

either through reduced uptake by resident species or increased

supply. P. arundinacea became more invasive in a wet prairie

assemblage as nutrients, sediment, and flooding increased (3 lev-

els of each factor, full-factorial design). In one growing season,

factors synergized to produce a monotype of P. arundinacea in

3 of 28 treatments (Kercher and Zedler, 2004).

D. The Hybrid Vigor Hypothesis

This hypothesis focuses on invaders with different species

as parents. Ellstrand and Schierenbeck (2000) present evidence

that hybridization is a major and underappreciated cause of in-

vasiveness. They documented 28 examples supported by strong

evidence that hybridization events preceded invasiveness, in-

cluding the wetland taxa Spartina anglica, Lythrum salicaria x

L. alatum Pursh (winged lythrum), and Spartina alterniflora x S.

foliosa Trin. (California cordgrass) in North America (see also

Ainouche et al., 2004 re. Spartina hybrids). Typha x glauca is

another example of a hybrid invasive wetland plant (Galatow-

itsch et al., 1999). Highly invasive Tamarix spp have also been

shown to be novel hybrids of European genotypes that were

geographically isolated in Eurasia (Gaskin and Schaal, 2003;

Schaal, et al., 2003). Experimental work on Polygonum cusp-

idatum in the Czech Republic has shown that hybrids that are

genetically intermediate between the parents have greater regen-

eration rates (Pysek et al., 2003).

E. The Allelopathy Hypothesis

This hypothesis predicts that some plants become invasive

monotypes through the release of biochemical toxins that inhibit

the growth and germination of species in the area of introduction,

as those species have not had a chance to evolve resistance to

the phytotoxins. To date, the most convincing example is a new

study on Centaurea maculosa, an invasive plant of grasslands

(Bais et al., 2003). Although the case for allelopathy in wetland

invasive species is weaker, phytotoxic compounds have been

isolated in several Typha species (reviewed in Gallardo et al.,

1998a, 1999, 2002), and experiments with root tissue extracts of

invasive T. domingensis have revealed detrimental effects on the

germination and growth of some species (e.g., Gallardo et al.,
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1998b). Clearly, allelopathy is worthy of more rigorous bio-

chemical and ecological research regarding invasiveness.

F. Overview

The above tests of five hypotheses involve only a few wet-

land species, notably Typha spp. The results for Typha provide

evidence in support of four hypotheses, indicating that multi-

ple traits can confer invasiveness. At the same time, a trait that

enhances invasiveness in one species might not in another. For

example, the production of copious seeds should increase in-

vasiveness (and probably does for Impatiens grandulifera and

Melaleuca quinquenervia), but one species that does not pro-

duce viable seed outside its native range is one of the worst in-

vaders of wetlands in Europe and parts of North America (Poly-

pogon cuspidatum), and the non-seed-producing Typha x glauca

is also a widespread invader. Likewises, tall plants should shade

out competitors, but annual grasses of short stature are among

the most troublesome invaders in California wetlands (Parapho-

lis incurva, Polypogon monspeliensis). Although no single trait

explains all invasions, some traits provide multiple benefits to

wetland invaders. A high proportion of aerenchyma (air tissue)

simultaneously improves flood tolerance by increasing oxygen

flow to roots, allows detached plants to float (disperse), and

allows a plant to achieve high volume and height per biomass

invested (efficient growth). Wetland plant traits and invasiveness

do not follow a single or simple pattern.

V. OPPORTUNITY–OPPORTUNIST MATCHES

From the perspective of the potentially invaded community,

no single species is invasive in all types of wetlands, although

some species can invade multiple wetland types. So, with a va-

riety of wetland species that have multiple “invader” attributes

and a variety of potentially invaded wetland types that are sinks

for a variety of materials and other disturbances, what generali-

ties emerge? We agree with Sobrino et al. (2002) that invasions

can be explained by considering the ecological requirements of

the alien species and environmental factors. We argue that wet-

land opportunists are particularly invasive by virtue of having

multiple attributes that match one or more of the opportunities

afforded by disturbances that are common to landscape sinks.

Opportunities arise whenever natural or human-caused dis-

turbances either introduce or free up resources (Davis et al.,

2000). Increased flooding, sedimentation, and debris deposition

are especially common in wetlands, and they combine multi-

ple impacts that favor invaders. First, flooding can disadvantage

resident vegetation, creating canopy gaps that allow high-light-

requiring invaders to establish (P. arundinacea; Lindig-Cisneros

and Zedler, 2001, 2002a). Simultaneously inflowing water and

sediments add or liberate nutrients from sediments, thereby en-

hancing growth of opportunistic plants (P. arundinacea; Kercher

and Zedler, 2004). We propose several opportunity–opportunists

matches (Table 2):

A. Examples
• Runoff is augmented when native habitats are replaced

by agricultural fields or urban hardscapes. Species that

readily disperse by water, and whose seeds, plant frag-

ments, or whole plants establish well on bare ground,

are well equipped to invade bare spaces along stream

banks and floodplains (Tickner et al., 2001). When

flooding occurs, sediments are both scoured and de-

posited, and flowing debris can create canopy gaps by

ripping out some plants during transport while smother-

ing others upon deposition. However formed, a canopy

gap that is created by flooding can be quickly colo-

nized by species with propagules that are carried to

the site by the same floodwaters. Plants with float-

ing propagules should be at an advantage, especially

plant fragments that benefit from soaking in water (e.g.,

P. cuspidatum; Bimova et al., 2003) and mats that can

continue growth while floating and establish rapidly

upon settling (e.g., Alternanthera philoxeroides; Sainty

et al., 1998). Flowing water and dispersal are integrally

linked. In fact, a model by Campbell et al. (2002) sug-

gests that river network characteristics can accurately

predict plant dispersal rates.
• A flush of nutrients typically accompanies runoff from

agricultural and urban land into wetlands. Species that

can take up nutrients rapidly (e.g., T. domingensis in the

Florida Everglades; Miao and Sklar, 1998) can bene-

fit from such nutrient pulses. T. domingensis is able to

take up and use nutrients by funneling them into grow-

ing tissues, while the native species it replaces (Cla-

dium jamaicense), if it responds at all, retains a lim-

ited quantity of nutrients in stem bases or belowground

plant parts (Miao and Sklar, 1998). T. x glauca behaves

similarly in Wisconsin (Woo and Zedler, 2002). Nu-

trient pulses are matched by nutrient slurpers. Flushes

of phosphorus accompany peat fires, and species with

high phosphorus uptake capability (e.g., T. domingen-

sis) can respond rapidly to this disturbance (Smith and

Newman, 2001).
• Sediments are exposed by floodwater scouring and sed-

iment deposition. Species that establish readily and sta-

bilize loose sediments can take advantage of this op-

portunity. Tamarix spp. are notable for this ability (Ellis

et al., 2002), as is P. arundinacea, and both have been

deliberately planted for the purpose of streambank ero-

sion control. The former not only germinates well in

open moist soil but also produces adventitious branches

from buried roots and branches.
• Floodwaters accumulate in wetlands, and anoxia chal-

lenges all but the most flood-tolerant species, e.g.,

plants with aerenchyma or pressure ventilation. Plants

with aerenchyma can also achieve high plant volume

per biomass investment (i.e., “efficient growth”), po-

tentially growing tall very rapidly (e.g., P. cuspidatum;
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TABLE 2

Opportunities in wetlands and the opportunists that appear to take advantage of them, based on the

literature and personal observation

Opportunity Opportunist with Examples of species

Canopy gap Propagules that require high Melaleuca quinquenervia,

light levels Phalaris arundinacea,

Impatiens glandulifera

Canopy gap Rapid height growth, e.g., via Arundo donax,

hollow stems Phalaris arundinacea,

Phragmites australis,

Polygonum cuspidatum

Flattened vegetation after Rapid upright branching to Phalaris arundinacea

flooding recapture light

Nutrient pulse Rapid nutrient uptake Schinus terebinthifolius,

Typha domingensis

Fresh sediment from scouring Rapid anchoring of shoreline Tamarix spp.,

or sediment deposition Phalaris arundinacea

Fresh sediment (flood Hydrochory or viable floating Polygonum cuspidatum

scouring or sediment propagules

deposition)

Unvegetated mudflat Inundation tolerance Spartina anglica,

Spartina alterniflora

Increased water depth Aerenchyma Alternanthera philoxeroides,

Typha x glauca

Increased water depth Adventitious roots and Phalaris arundinacea

tussock formation

Warm water inflows in spring Prolonged growing season Phalaris arundinacea

and fall

Flooding, rapidly flowing Dense rhizome mats that float Alternanthera philoxeroides,

water Phalaris arundinacea,

Typha x glauca

Altered hydroperiod Broad ecological tolerance Agrostis avenacea

Increased salinity Salt tolerance Tamarix ramosissima

Sea level rise Salt and inundation tolerance Spartina spp.

Decreased salinity Rapid germination of seeds Parapholis incurva,

(low-salinity window) plus salt-tolerant adults Polypogon monspeliensis,

Typha domingensis,

Typha orientalis

L. Seiger, personal communication). Roots that are rich

in aerenchyma can extend further per unit biomass and

take up nutrients over larger areas than roots without.

While the value of belowground aerenchyma in mov-

ing oxygen to active tissues is well known (Jackson

and Armstrong, 1999), efficient growth is not typi-

cally considered. Plants with aerenchymatous roots can

make use of saturated soils, thereby solving the water-

availability constraints of hollow stems. Plants with

aerenchyma match several opportunities afforded by

wetlands that experience excess water inflows.
• Species that initiate growth earlier in spring and con-

tinue growth late in fall effectively extend the grow-

ing season. This trait has been shown to be effective

for an upland invader (Rhamnus cathartica) that out-

competes native shrubs without having a higher pho-

tosynthetic rate (Harrington et al., 1989). That is, the

species can outgrow natives by photosynthesizing at a

similar rate but for a longer time. P. arundinacea be-

gins to sprout earlier than wet prairie and earlier than

many sedge meadow plants in Wisconsin, and it is more

capable of invading wet prairie than sedge meadow,

presumably because more light is available (Maurer

and Zedler, 2002; Lindig-Cisneros and Zedler, 2002b).

The prolonged seasonal growth of P. arundinacea is

well known; in fact, its persistent green color after
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native species have senesced allows it to be mapped

from satellite imagery (Bernthal and Willis, 2004).

Wetlands are made vulnerable to early-growing plants

when snow on urban and agricultural lands begins to

thaw. Dark-colored fields, asphalt streets, and rooftops

produce early spring meltwater that flows downstream,

where it warms the wetland soil next to drainage chan-

nels, accelerates thawing, and prompts early-spring

growth of P. arundinacea (J. Zedler, personal observa-

tion). Late in fall, runoff likely continues longer from

fields and towns, allowing such species a late-season

advantage over species that senesce with the first cold

weather. Thus, species with extended growing seasons

are well matched to wetlands that receive agricultural

and urban runoff.
• Open and standing water develops when runoff accu-

mulates in wetlands or impoundments (dams) obstruct

outflows. Species that produce tightly intertwined roots

and rhizomes, especially if they are aerenchymatous,

can allow plants to expand their distributions into wa-

ter that would otherwise be too deep for emergent

plants. Alternanthera philoxeroides extends outward

from stream banks as floating mats (Sainty et al., 1998),

while P. arundinacea forms tussocks that emerge above

standing water. The propensity for the latter species

to produce adventitious roots (Kercher and Zedler,

In press) contributes to its ability to grow tussocks

(J. Zedler, personal observation). Rising water is inhab-

itable if an invader can elevate itself by 20 to 30 cm,

which P. arundinacea readily accomplishes (Werner

and Zedler, 2002). Increased flooding and stabilized

water levels are well matched by opportunists that form

floating mats or tussocks.
• Many structures (dams, levees, berms, culverts) placed

in the landscape alter hydroperiods (frequency, depth,

timing, and duration of high water). Species that are

broadly tolerant of different hydroperiods (e.g., P. arun-

dinacea; Miller and Zedler, 2003) should be well

matched to sites that experience unusual hydroperiods

due to such structures. A new invader, Agrostis ave-

nacea, was first collected in San Diego County in 1987

in a vernal pool that had become larger and deeper

when highway construction formed a berm that im-

pounded water longer than natural vernal pools (Zedler

and Black, In review). By 1998 A. avenacea had spread

widely by “tumbleweed dispersal” into adjacent natural

vernal pools that lacked significant human disturbance.

This species grows taller and more robust than the re-

gion’s native vernal pool grasses, most of which are

diminutive. Since many opportunists are transported by

vehicles, species that can take advantage of roadway-

modified wetlands should have both a dispersal and

invasion advantage.
• Salinity regimes are altered when the boundary be-

tween fresh and saline waters shifts position. Where

wetland soils become more saline, as where roads

are salted to melt ice, or where secondary saliniza-

tion occurs in arid regions due to the intensification

of agriculture, diversion of water, and mining activities

(Williams, 2001), an opportunity is provided for inva-

sion by species with euryhaline propagules (i.e., seeds

or fragments that are tolerant of a wide range of salin-

ities). Typha angustifolia and Phragmites australis are

frequent invaders of Midwestern road ditches, no doubt

benefitting from vehicle dispersal and road construc-

tion disturbances, along with reduced cover by salt-

intolerant native vegetation (Galatowitsch et al., 1999).

Where sea levels rise due to subsidence or global warm-

ing, invasive salt marsh species, e.g., Spartina spp., can

be expected to move inland.

Where wetland soils become less saline, due to an unusually

pulse of freshwater, species with stenohaline propagules can in-

vade, and if the adult plants can tolerate salt they can persist. For

example, T. domingensis invaded the San Diego River in 1980

during a prolonged period of freshwater inflows; the initial flood

pulse was a natural event, but inflows were extended for months

by reservoir releases that were intended to increase floodwater

storage capacity upstream (Beare and Zedler, 1987). Subsequent

experiments showed that seed germination and seedling stages

were sensitive to salt, while rhizome-bearing plants could toler-

ate hypersaline conditions (Beare and Zedler, 1987). The same

pattern held for Polypopogon monspeliensis in high salt marsh

(Callaway and Zedler, 1998) following heavy rainfall events

and T. orientalis invasions to the Canning Estuary in Western

Australia following excavation of drainage ditches to accom-

modate urban runoff (Zedler et al., 1990).

B. Overview

The kinds of disturbances that occur in wetlands and the

attributes of wetland invaders seem to be well matched and suf-

ficiently different from those in uplands to warrant separate at-

tention. The interaction of opportunity and opportunist often

involves more than one aspect of either the site or the species.

Some opportunities attract multiple opportunists, and some op-

portunists respond to multiple opportunities. Hence, predictions

of which species will invade a wetland can only be general, based

on the likelihood of bare space being made available, the simul-

taneous presence of an invader’s propagules, and knowledge of

any constraints on establishment, such as unusual salinity or

hydroperiod (including drought) as well as any catalysts (e.g.,

nutrient pulses). Rarely would we know all of these factors for

specific sites. But we do know that bare space does not remain

bare for long in shallow-water wetlands, and that given time and

chance dispersal of invasive plant propagules, invasive species

are likely to establish. We also recognize that habitats subject

to frequent mechanical disturbance, such as flood scouring, are

readily colonized by “weedy” species, such as A. negundo and

many species of Salix L., so it is not surprising that colonizers
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native to one region become invasive in other regions and

continents.

Because some of the disturbances that create space also cat-

alyze plant growth, wetlands are vulnerable to invasions. As

demonstrated in tests of excess water, nutrients, and sediments

on invasion by P. arundinacea, synergisms among flooding, nu-

trient influxes, and sediment influxes doubled the invasion rate

over what was predictable by adding the individual treatment

effects (Kercher and Zedler, 2004). Because stormwater runoff

includes all three factors (flooding, nutrients, and sediments), it

is understandable that wetlands downstream of agricultural lands

or overfertilized lawns are susceptible to invasion and conver-

sion to monotypic P. arundinacea. More multifactor experimen-

tal tests along these lines would lead to a more comprehensive

understanding of wetland-invasive plants.

VI. OUTCOMES: HOW ARE WETLANDS ALTERED
BY THEIR INVADERS?

Invasive plants impact ecosystem functions both directly and

indirectly. Direct impacts involve canopy height and other at-

tributes of architecture, shifts from herbaceous to woody plants

(or vice versa), increased productivity and litter, different litter-

breakdown rates, altered nutrient regimes, and either increased

or decreased flammability. Indirect impacts concern associa-

tions with microorganisms such as bacteria and mycorrhizae

and larger invertebrate and vertebrate animals. The ecosystem

functions mediated by plants that have received the most at-

tention in the ecological literature involve biodiversity support,

productivity, and nutrient cycling. Recent work on food web

effects in marshes invaded by Phragmites australis is notable,

however.

A. Impacts on Habitat Structure

Many invasives are unwanted because of the effects they

have on habitat structure. In the U.S. Pacific Northwest,

Spartina alterniflora changes tidal mudflats into salt marsh,

thereby eliminating oyster habitat and bird-foraging habitat. In

the Everglades, Melaleuca quinquenervia shifts the sawgrass-

dominated “river of grass” to a swamp, and in Puerto Rico,

it shifts diverse forests to monotypes (Lugo, 2004). Unlike

Tamarix spp., M. quinquenervia does not increase transpiration

(Allen et al., 1997). In the arid southwestern U.S., Tamarix spp.

replace desert and riparian species (willows and cottonwood;

Stohlgren et al., 1998) along intermittent streams and washes,

shifting vegetation from deciduous to evergreen and notably de-

watering sites in the process by increasing transpiration rates.

In addition, Tamarix spp. stabilize river banks and contribute to

downcutting of river flow channels, resulting in narrow, deep

channels that reduce the ability of rivers to meander and flood

(Figure 3). The ultimate effect is to inhibit the natural regime of

flood pulsing (Ellis et al., 2002). At the same time, the increased

density of these flammable woody plants and litter increases

fire frequency and intensity (Cox, 1999), and the invader lowers

water tables to the disadvantage of native species. The magni-

tude of water loss due to invasive species is hard to estimate,

although Le Maitre et al. (2000) calculated that South African

catchments lose billions of cubic meters of water per year due

to exotic invasive shrubs and trees.

P. australis has multiple impacts on marsh geomorphology

by building up the marsh plain elevation (via increased sedi-

mentation and organic matter production). Accretion of mate-

rials, including litter, can be twice as high as in marshes that

this species replaces (Rooth et al., 2003) with rates that are 3 to

4 mm higher than uninvaded sites. In addition, P. australis is

known for its ability to fill in small creeks (Lathrop et al., 2003).

At Hog Island, New Jersey, a P. australis invasion of 20+ years

appears to have eliminated 8% of the length of first-order tidal

creeks. When marsh elevation increases more rapidly than sea

level rises, the marsh becomes drier; when creeks are filled in,

access to the marsh by nekton is reduced. Together, the effect is

to eliminate aquatic microhabitats that are important to juvenile

mummichugs (Figure 4).

Species that greatly alter the physical structure of a site have

high potential for shifting hydrological conditions and animal

use. It is doubtful, however, if structural shifts and their sec-

ondary impacts are more dramatic in wetlands than in uplands.

B. Impacts on Biodiversity

Invasive wetland plants are generally assumed to reduce both

plant and animal diversity, and our recent studies confirm this

assumption (Werner and Zedler, 2002; Kercher et al., In press;

Kercher and Zedler, 2004). As low species richness sometimes

confers greater invasibility, the potential for positive feedbacks

exists. An invader that causes a site to lose native species could

become even more invasible.

Wetlands near Madison have the fewest species and lower

quality species where P. arundinacea is present in sites with

indicators of hydrological disturbance (e.g., drainage ditches

that lower water tables or culverts that direct agricultural or ur-

ban runoff into the site) and where invasive species are present

(Kercher et al., In press). Canopy architecture is also altered

when native species are lost and invasives become dominant

(A. Herr-Turoff, University of Wisconsin, unpublished data).

Richburg et al. (2001) found that high salt concentrations and P.

australis act independently to decrease species richness, even-

ness, and cover of native species in a fen community. Thus, inva-

sive species degrade plant community integrity in multiple ways.

Evidence of plant invasion impacts on animal diversity is

accumulating. Mensing et al. (1998) identified correlations

between bird diversity and near-stream landscape condition

and between fish composition and broader land use patterns.

Blossey et al. (2001) reported reduced habitat in Lythrum sali-

caria stands for numerous insect and bird species that are

habitat specialists (e.g., marsh wrens); likewise, Benoit and

Askins (1999) found significantly fewer species of birds and
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FIG. 3. Geomorphological impacts of tamarix on the Green River, Utah, as recorded from 1871 to 1976. Note that the invader is credited with destabilizing the

floodplain and river banks, such that the channel became narrower and deeper and no longer able to meander. Redrawn by K. Elliot from Graf (1978), with the

author’s permission.

state-listed species in phragmites-dominated wetlands than in

native cordgrass marshes. However, E. Kirsch and M. Meier

(USGS LaCrosse, WI, personal communication) did not find

major differences in bird use of wet meadows dominated by

natives versus those invaded by P. arundinacea, although some

differences in invertebrate foods were evident.

Cox (1999) lists many impacts of Tamarix invasions on ani-

mal species, including reducing bird diversity and numbers, and

reduced use by mule deer (Oidocoileus hemionus), beaver (Cas-

tor canadensis), and white-throated woodrats (Neotoma leuco-

pus). Several studies have compared animal diversity in marshes

invaded by P. australis with uninvaded Spartina alterniflora

marshes. Fell et al. (1998) reported similar macroinvertebrates

(snails, amphipods, and isopods) and use by the fish, Fundulus

heteroclitus; Meyer et al. (2001) likewise found no differences

in nekton abundance, biomass, and use in P. australis and na-

tive S. alterniflora marshes. Impacts on food webs, however, are

detectable (see below). According to Able and Hagan (2000),

the effects on F. heteroclitus are size specific; they found neg-

ative effects on larval and small juvenile fish but less or no ef-

fect on larger fish and on decapod crustaceans. Talley and Levin

(2001) reported lower abundances of epifaunal gastropods (Suc-

cinea wilsoni and Stagnicola catascopium) and fewer arachnids,

midges, tubuficid, and enchytraeid oligochaetes in phragmites

marshes than in uninvaded marshes; however, phragmites stands

supported more podurid insects, sabellid polychaetes, and per-

acarid crustaceans, and had greater habitat-wide taxon richness,

as measured by rarefaction, than the uninvaded stands. Never-

theless, variations in salinity, age of stand, and seasonal effects

may have influenced the patterns observed.

It is rarely clear how an invader eliminates individual native

species. Two exceptions concern rare plant species. L. alatum

had lower seed set in experiments with pure versus mixed pollen

(Brown and Mitchell, 2001). In this case, pollen from L. sali-

caria interferes with the congener’s reproduction. In the study

of Parapholis incurva and Cordylanthus maritimus ssp. mar-

itimus, root-attachment points on the invasive annual grass were

too short-lived to support the endangered hemiparasite’s haus-

toria (Fellows, 1999).

C. Impacts on Productivity, Nutrient Cycling,
and Microorganisms

Invasive plants that differ from native species in biomass and

productivity, tissue chemistry, plant morphology, or phenology

can alter soil nutrient dynamics (Ehrenfeld, 2003). Ehrenfeld’s

recent review of upland and wetland plants provides tables com-

paring invasives versus natives for variables related to biomass,

soil carbon, soil nitrogen, and other soil properties and fluxes

(Ehrenfeld, 2003). Most of the species for which data are
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FIG. 4. P. australis changes marsh microtopography by filling in tidal creeks. Redrawn by K. Elliot from Able et al. (2003), with permission of the Estuarine

Research Federation and approval from Ken Able.

available are terrestrial plants, but L. salicaria, P. australis, and

Tamarix sp. appear repeatedly in the survey. While there are

many studies that document effects of invasives, there are in-

consistencies in pattern for different species and for the same

species in different places (Ehrenfeld, 2003). Impacts on ecosys-

tem function are can be site and species specific.

Much of the work on the effects of wetland invasive species

on productivity, biomass, and nutrient cycling has been done in
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the northeastern U.S. In Windham and Meyerson’s (2003) re-

view, P. australis was described as increasing N standing crop,

slowing whole-plant decomposition rates, and allocating more

N to leaves, with less to stems, in comparison with the species it

replaced. Effects on marsh N pools were highly variable and at-

tributed to specific site effects. Ravit et al. (2003) found reduced

diversity of phospholipid fatty acids, which in turn indicate lower

activity of microbial populations in soils dominated by P. aus-

tralis than S. alterniflora. Otto et al. (1999) evaluated microbial

biomass and nutrient pools in stands of P. australis and L. sali-

caria that were invading Typha angustifolia in the Hudson River

freshwater tidal marshes. P. australis had higher biomass than

that of typha, and both P. australis and L. salicaria had higher N

concentration in plant tissues, suggesting greater sequestration

than typha. Soil nitrogen was reduced in L. salicaria and avail-

able inorganic N was higher in P. australis, changes that indicate

important differences in N processing and retention, because the

site has low N concentrations. Likewise, Templer et al. (1998)

reported higher biomass for P. australis (∼2×) and L. salicaria

than for T. angustifolia, and P. australis had higher N content

(∼3×) than T. angustifolia. These authors conclude that the re-

cent invaders have “subtle but ecologically significant effects

on nutrient cycling,” while Otto et al. (1999) concluded that

they had no evidence that P. australis and L. salicaria changed

nitrogen-removal capacity of this Hudson River wetland. Since

T. angustifolia is also an invasive species, albeit an earlier ar-

rival, the lack of major differences in nutrient-processing among

these three species is understandable.

D. Impacts on Food Webs

Invasive species can affect food webs in multiple ways, by

altering the quantity or quality of food, by changing food ac-

cessibility, or by changing vulnerability to predators. Perhaps

the best-studied case concerns P. australis in the Northeastern

U.S. There, Abel et al. (2003), Raichel et al. (2003), Osgood

et al. (2003), and Fell et al. (2003) all found fewer juvenile

fish on the marsh surface where P. australis was dominant com-

pared to S. alterniflora, and Currin et al. (2003) suggested that

fish consume P. australis somewhat in relation to its abundance

in marshes, although benthic microalgae are more important

sources of assimilated food. Both Raichel et al. (2003) and

Osgood et al. (2003) found fewer invertebrates in P. phragmites

versus S. alterniflora stands at some, but not all, times of the

year. Jivoff and Abel (2003) found that Callinectes sapidus Rath-

bun (blue crab) preferentially fed on S. alterniflora compared to

P. australis marsh surfaces. Fell et al. (2003) related higher num-

bers of Palaemonetes pugio Holthius (ghost shrimp) and lower

numbers of Uca minax (LeConte; redjointed fiddler crab) to

differences in marsh elevation where P. australis was dominant.

The effect of P. australis on nesting by long-legged wading birds

gave mixed results in a Delaware Bay study that compared the

invaded marsh with upland habitats: four species nested equally

in P. australis and upland, one species avoided P. australis, and

one species confined itself to P. australis. One species had a

higher reproductive rate in nests formed within P. australis. To

summarize, the effects of P. australis on animals are not all nega-

tive. Impacts on invertebrates and food webs appear to be tightly

linked with the effects that this invader has on marsh elevation

and microtopography: by reducing hydroperiod and the area of

tidal pools, habitat for aquatic animals is diminished (Figure 4).

Synthesizing the above, a reasonable scenario is that Phrag-

mites invasion reduces topographic heterogeneity and raises the

marsh plain elevation. Both of these “structural effects” would

reduce the number and area of pools that would otherwise sup-

port benthic microalgae and invertebrates. The structural effect

also involves a reduction in the length of small creeks, which

would reduce the number and extent of access routes used by

mummichog larvae to gain access to food reservoirs on the marsh

surface. With fewer fish on the marsh surface, birds might have

less food available. At the same time, primary productivity might

increase, but if the biomass is less palatable to key consumers,

it would not sustain the natural food web. One might expect a

shift from a grazer-based toward a detritivore-based food web.

VII. ARE WETLANDS MORE VULNERABLE
TO INVASIONS THAN UPLANDS?

We have not considered all wetland invaders nor compared

the proportions of upland and wetland plants that are invasive.

We offer one calculation: The Global Invasive Species Database

lists 33 plants among the 100 worst alien species; the fact that

8 of the 33 plants are wetland species seems disproportionate to

the area of wetlands globally (4 to 6% of the global land mass;

Mitsch et al., 1994). That is, 24% of the worst plant invaders

plague systems that cover ≤6% of the earth. We encourage a

more thorough comparison of upland and wetland invasions.

We also encourage broader comparisons of the dominance

forms of invasive and native plants in uplands versus wetlands.

The dominance index of C. Frieswyk (University of Wisconsin,

personal communication) provides a straightforward means of

comparing species behavior across wetlands and larger spatial

scales. For the Great Lakes region, species known to be invasive

(Typha x glauca, P. arundinacea, and P. australis) all exhib-

ited the monotype form of dominance, while native dominants

tended to serve as matrix species that coexisted with several

other native species (Frieswyk et al., In review). Even if wet-

lands do not host a disproportionate share of the world’s invaders,

they seem to be particularly vulnerable to invasions that become

monotypes (Figure 5 and Table 1).

The formation of monotypic stands occurs among clonal

species, nonclonal perennials, and some annuals (e.g., I. glan-

dulifera; Beerling and Perrins, 1993). The fact that wetlands

are landscape sinks for water and nutrients helps to explain the

widespread development of monotypes (Figure 6). As shown

by Kercher and Zedler (2004), the strong synergism between

flooding, nutrients, and sediments promoted the formation of

monotypes of P. arundinacea, with the highest biomass of the

invader and greatest loss of resident species occurring where

flooding was continuous, nutrients were added at the highest

level, and sediment addition was nutrient-rich topsoil.
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FIG. 5. Tamarix ramossissima monotype on the Rio Grande River, Texas. Photo taken in 1992 by Michael Collier, U.S. Geological Survey, courtesy of

Environmental Defense (Mary Kelley).

Sedimentation is both a cause and an effect of wetland in-

vasions. Where topographically complex wetlands are smoth-

ered in inflowing sediments, invasive plants find canopy gaps

and bare soils to colonize (Werner and Zedler, 2002, Figure 1).

Where sturdy invasive plants colonize streambanks, sediments

accrete and change riparian geomorphology (Figures 4 and 5).

The outcomes are similar—a simplification of topographic het-

erogeneity that is detrimental to the native community’s ability

to support species-rich vegetation. At the same time, sediments

carry nutrients (especially phosphorus) that cause eutrophica-

tion and more rapid growth of many invasive plants.

Many invasive plants respond to the influx of water, nutri-

ents, and sediments by increasing their growth rates. We argue

that rapid height growth is achieved by many wetland plants

via efficient growth; stems that are hollow and tissues that have

high aerenchyma use little biomass. There are some constraints,

however. Continuous water uptake is needed to compensate for

high transpiration rates (caused by a low investment in biomass

and lack of sclerophylly), and wetlands have ample water to

replace evaporative losses. Also, hollow-stemmed plants can-

not necessarily remain upright, as plants that invest little in

structural material are vulnerable to windthrow, water damage,

or trampling. Hollow stems should be able to remain upright,

however, if they have a leaf or branch structure allows them to

(1) intertwine (as in Alternanthera philoxeroides), (2) rest on

their own standing dead biomass (as in Typha spp.), or (3) pro-

duce upright branches once the main stem has been flattened

(as in P. arundinacea). Thus, we propose that plants with effi-

cient growth via hollow stems and low investment in structural

biomass have an advantage in wetlands.

A belowground attribute that likely contributes to monotype

formation is the ability to produce dense root and rhizome mats.

Those who attempt to excavate belowground biomass in Typha x

glauca stands (e.g., I. Woo, personal communication) find little

space for other species. Very likely the ability to form dense mats

is related to the existence of aerenchyma, which both allows a

high volume of belowground material and ensures that dense

roots can remain functional by supplying oxygen.

Because wetlands function as sinks for water, nutrients, sed-

iments, and other materials, and because many wetland invasive

plants can take advantage of conditions, growing tall via efficient

growth, wetlands appear to be more vulnerable than uplands to

the formation of invasive monotypes (Figure 6). Elsewhere, we

suggest that when a single disturbance, such as a stormwater

pulse, simultaneously makes the wetland more invasible and

the invader more invasive, the resident plant community will go
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FIG. 6. Conceptual model showing how wetland position (as a landscape sink) has multiple influences on the formation of monotypes by wetland invasive plants:

(1) Landscape sinks are subject to inflowing debris and flooding, which create canopy gaps that create opportunity for invasion, (2) floods bring in propagules

(seeds, viable plant fragments, floating mats) of opportunistic species, and (3) flooding supplies water and nutrients that accelerate invasion and formation of

monotypes. The opportunist is often one that initiates growth early in spring and grows tall quickly (e.g., P. arundinacea, which grows efficiently, producing high

plant volume per unit biomass via hollow stems and aerenchyma). Illustrated by K. Elliot.

beyond accommodating the new species; it will likely shift to-

ward a monotype (Maurer et al., 2003; Kercher et al., In press).

VIII. CONCLUSIONS
• Invasive plants in wetlands include grasses,

graminoids, forbs, shrubs, and trees.
• Comparison of ∼20 invasive wetland plants, including

8 that are among the100 most invasive species on earth,

failed to reveal any one attribute that explains their

invasiveness.
• Wetland invaders share features with upland species

(e.g., high productivity with nutrient influxes and abil-

ity to extend the growing season), as well as fea-

tures that are not common to most upland plants

(highly efficient growth, i.e., high plant volume per unit

biomass; tolerance to waterlogging; and water disper-

sal of propagules, including seeds, floatable plant parts,

and vegetatively reproducing mats).
• Five hypotheses (enemy release, broader tolerance, ef-

ficient use, hybrid vigor, and allelopathy) have been

tested, and each helps explain some wetland invasions.

While no theory predicts the species that will invade

a site or a region, several hypotheses have explanatory

value a posteriori.
• Invasions in wetlands can be explained by simultane-

ously considering the nature of the opportunity and
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the availability of opportunists. Invasive plants estab-

lish where soils are bare (mudflats, riverbanks) and

where disturbances create bare soil (erosion, sedimen-

tation, debris deposition), all of which are associated

with landscape sinks (wetlands). The species that take

advantage of each opportunity depend on access (dis-

persal mode) and constraints (e.g., salt, native competi-

tors). A posteriori, the opportunities seem well matched

by the opportunists. Some opportunities attract multi-

ple opportunists; some opportunists respond to multi-

ple opportunities.
• Disturbances that involve multiple factors (e.g.,

stormwater inflows that involve flooding, nutrients, and

sediments) likely increase invasion rates substantially,

accelerating the rate of conversion from species-rich

native vegetation to a monotype of an invasive species.
• Wetland invasive plants have substantial and persis-

tent effects on habitat structure (including vegetating

bare mudflats, stabilizing riverbanks, and reducing mi-

crotopographic heterogeneity), biodiversity (generally

reducing numbers of species of plants and animals),

and food web functioning (sometimes increasing food

supplies, sometimes changing food quality). For the

most part, outcomes are considered detrimental. Wet-

land that becomes dominated by invasive plants tend

to support fewer native animal species, and ultimately

more invasive animals will likely be attracted.
• We propose that wetlands are especially susceptible to

invasions that become monotypes due to their land-

scape sink position, where disturbances, moisture, and

nutrients all accumulate.
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