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INTRODUCTION

Biological invasions are major threats to global bio-
diversity (Lubchenco et al. 1991, Lodge 1993, Cohen &
Carlton 1998, Carlton 2001, Grosholz 2005) and the
ecosystem services inherent to species-rich native eco -
systems (Mack et al. 2000, Zedler & Kercher 2004).
Surprisingly, however, recent studies focusing on large
spatial scales have found that plant invasions can add
to species richness in at least some invaded ecosystems
(Cleland et al. 2004, Smith et al. 2004, Capers et al.
2007). While invasions are known to occur across mul-

tiple trophic levels in a variety of ecosystems, most
studies report the effects of plant invasions on freshwa-
ter and terrestrial ecosystems (Carlton & Geller 1993,
Pysěk et al. 2008). Comparatively less is known about
the effects of invasions in estuaries (but see Silliman &
Bertness 2004), although we do know that invasions
are numerous and widespread in these ecosystems
(e.g. Duffy & Baltz 1998, Hicks et al. 2001, Peterson et
al. 2005, Martin & Valentine 2011). Furthermore, the
mechanisms by which some invasive species gain
footholds in  dynamic estuarine environments remain
uncertain (Cohen & Carlton 1998, Ruiz et al. 1999).
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hypothesized to have modified natural disturbance regimes to the point that numerous invasive
species now persist in oligohaline reaches of this estuary. Here, we provide the results of field sur-
veys and experiments designed to determine if the causeway facilitated the proliferation of the
dominant invasive species, Eurasian milfoil Myriophyllum spicatum Linnaeus, 1753, throughout
the Mobile-Tensaw Delta (MTD). Field surveys showed that the composition of submerged
aquatic vegetation (SAV) varies greatly with location in the MTD; SAV south of the causeway is
dominated by a  single native species, wild celery Vallisneria americana Michaux, 1803, while
 milfoil and canopy-forming native species dominate areas north of the causeway. We found no
evidence that the differences in species composition were related to differences in salinity,
 sediment grain size composition along the causeway, or competitive exclusion of the dominant
native species by milfoil. We did, however, find a strong negative relationship between milfoil bio-
mass and maximum wave force. These results suggest the causeway functions as a breakwater,
reducing the penetration of large, wind-driven waves into oligohaline embayments north of the
causeway. Counter to current thinking, these findings suggest that reductions in the intensity of
physical disturbances will create opportunities for invasive milfoil to proliferate in the estuarine
waters of the northern Gulf of Mexico.
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Estuaries in the northern Gulf of Mexico exist in
close proximity to sites of intense commercial activity
(e.g. Valentine et al. 2009). The cumulative effects of
the increasing globalization of the region’s economy
have created opportunities for cross-ecosystem deliv-
ery of non-native propagules and plant fragments
(for example, through increased ballast water dis-
charge, aquarium trade, poorly managed aquacul-
ture, etc.) (Mack et al. 2000). This, along with
increasing population densities and anthropogenic
disturbances around these coastlines, is thought to
have resulted in increasing rates of invasions in estu-
arine ecosystems (Ruiz et al. 1999).

Still, not all invasions are successful (sensu the
‘roulette hypothesis’—Carlton & Geller 1993, Vitou -
sek et al. 1996), and among the many hypotheses that
have been advanced to explain this variability in
invasion success has been the prediction that exotic
species are more likely to gain footholds in environ-
ments that are highly disturbed by humans than in
naturally disturbed environments. This typically
occurs in areas of extensive habitat alteration that are
presumed to result in the creation of ‘vacant niches’
(Elton 1958, Hobbs & Huenneke 1992,
Wiser et al. 1998, Mack et al. 2000). Estu-
aries, by their very nature, are physically
and physiologically challenging environ-
ments for native flora and fauna to persist
in. As such, their proximity to a probable
abundance of invasive propagules and
intense, persistent, anthropogenic distur-
bances suggests estuaries are at greater
risk of invasion than other marine sys-
tems (Cohen & Carlton 1998, Grosholz
2002). The uptake and subsequent re -
lease of both adult and larval stages of
marine species that have evolved a toler-
ance of natural environmental fluctua-
tions (i.e. temperature, salinity, etc.)
through ballast water ex change is thus
more likely as most shipping ports are
located in nearshore bays, harbors, and
estuaries (MacIsaac et al. 2002). Con-
versely, natural disturbance regimes,
such as wave action, may preclude inva-
sion by resisting initial establishment or
thwarting the growth and proliferation of
exotics, thus preventing the competitive
exclusion of native species by the domi-
nant competitor (Gross et al. 2005). A
growing body of research now suggests
that both invasive and native species may
respond similarly to environmental con-

ditions, and that the mere presence of higher species
richness does not automatically infer increased inva-
sion resistance (Levine & D’Antonio 1999, Lonsdale
1999, Cleland et al. 2004, Smith et al. 2004, Capers et
al. 2007).

Anthropogenic modifications to the landscape of
estuaries can take many different forms. Shoreline
stabilization devices and earthen causeways, as well
as ship channel excavations, are common hydrologi-
cal modifications in urbanized estuaries that may
facilitate the spread of introduced species as these
modifications open new routes for transfer as well as
creating disturbed habitats. Such construction pro-
jects dampen the intensity of many ecologically im -
portant disturbances (i.e. natural disturbances such
as salinity and wave action) known to regulate estu-
arine ecosystem structure. Specifically, we hy po -
thesized that reductions in the severity of natural,
episodic disturbances may allow non-native species
to colonize and then proliferate throughout the oligo-
haline waters of the northern Gulf of Mexico.

In Mobile Bay, Alabama, the construction of an
earthen causeway (hereafter referred to as the
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Fig. 1. Submerged aquatic vegetation (SAV) study sites in the Mobile-
Tensow Delta and Mobile Bay for surveys, environmental measure-

ments, and wave energy experiment
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causeway; Fig. 1) in the early 1920s physically sepa-
rates the northern reaches of Mobile Bay from the
deltaic rivers and embayments of the Mobile-Tensaw
Delta (MTD). This causeway effectively limits tidal
exchange (as well as freshwater discharge) to passes
below bridges constructed over 4 river channels, thus
creating a salinity gradient over a relatively small
area (Berrell 2002). The causeway also disturbs nat-
ural physical processes as a breakwater, blocking the
penetration of larger wind-generated waves into the
MTD (Schroeder & Wiseman 1985). The presence of
the causeway thus represents an unintended oppor-
tunity to gain new insights into the role of natural
 disturbance and habitat alteration in facilitating the
persistence of a single dominant invasive species,
Eurasian milfoil Myriophyllum spicatum, in the
 estuary.

Although the coverage of submerged aquatic veg-
etation (SAV) has varied among seasons and surveys,
Eurasian milfoil, first recorded in the MTD in the
1950s, is one of the most abundant species found in
the area. Milfoil has been found to cover up to 80% of
surveyed areas, and has been hypothesized to com-
petitively displace other SAV, such as the most abun-
dant native species, wild celery Vallisneria ameri-
cana (Beshears 1982, Vittor and Associates 2004).

A number of factors could influence the distribu-
tion and proliferation of milfoil in the area. Because
the estuaries of the northern Gulf of Mexico are
located at the base of some of the nation’s largest
watersheds, they are also exposed to extensive sea-
sonal and annual variation in salinity. Salinity peaks
in the MTD during fall, when freshwater inflow
declines and the salt wedge encroaches to its furthest
northward point along river banks (Berrell 2002).
Therefore, during low watershed input, the cumula-
tive effects of oligotrophic, higher salinity waters
may retard milfoil growth and reduce its areal cover-
age via the disruption of cellular processes (Haller et
al. 1974). Previous studies, conducted elsewhere,
found that Eurasian milfoil biomass is negatively cor-
related with salinity (Haller et al. 1974, Frazer et al.
2006), suggesting that salinity could be a key deter-
minant of milfoil distribution in the MTD. Specifi-
cally, Haller et al. (1974) found toxicity to occur at
13.32 psu. Moreover, milfoil is hypothesized to
 disperse primarily following plant fragmentation
(Kimbel 1982, Madsen et al. 1988) caused by either
episodic physical disturbances (e.g. storm-induced
wave action or boat propellers) or autofragmentation
(Madsen et al. 1988, Valley & Newman 1998) and as
such could be limited by physical forces. Therefore,
changes to the physical disturbance regime may rep-

resent an alternative mechanism to facilitate the
introduction and subsequent spread of milfoil in the
MTD.

Here, we present the findings of a study conducted
in the lower MTD and upper Mobile Bay, Alabama,
that was designed to evaluate the effects of changes
in disturbance intensity on the distribution of inva-
sive Eurasian milfoil. Specifically, we (1) documented
SAV distributional patterns and hydrographical con-
ditions on each side of the causeway and (2) experi-
mentally tested the influence of variation in salinity,
interspecific competition, and physical wave action
on the success of invasive Eurasian milfoil.

MATERIALS AND METHODS

Distribution patterns of 
submerged aquatic  vegetation (SAV)

The ecosystem-scale distribution of the SAV in
this river delta (which comprises ~110 000 ha) was
mapped in 2002 by Barry A. Vittor and Associates
with the aid of aerial photography, ground truthing,
and geographic information systems (GIS) (Vittor &
Associates 2004). We utilized these data and new
analyses to compare and contrast the distributional
patterns of the 2 most abundant SAV species found in
the area, invasive Eurasian milfoil Myriophyllum spi-
catum and native wild celery Vallisneria americana.
SAV beds containing milfoil and wild celery repre-
sented 41.5 and 40.2%, respectively, of the total
acreage surveyed.

The estimated total areal coverage (m2) of each
SAV species was compared to total water surface
area (m2). Then, comparisons of the relative areal
coverage of both milfoil and wild celery were made
north versus south, as well as in rivers versus
embayments north of the causeway. Because both
SAV species colonize similar depths (Titus &
Stephens 1983) and the available area was so much
greater south of the causeway, a ratio of the areal
coverage of the 2 species on each side of the cause-
way was also calculated.

To determine if differences in the relative abun-
dances of native and non-native species existed
among sites on a much finer spatial and temporal
scale than was mapped in the Vittor survey, we con-
ducted a second, more intensive mapping effort on
both sides of the causeway. Samples were taken
every 2 mo during the growing season (May to Sep-
tember 2007) at 40 preselected sites (20 sites located
north and the remaining sites located south). Repli-
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cate 10 cm dia meter cores were taken at 5 locations
within each site (n = 200 cores). Cores penetrated
~5 cm into the sediment, enclosing above- and
below ground plant material. Extruded cores were
transferred to pre-labeled individual Ziploc bags
placed on ice and returned to Dauphin Island Sea
Lab (DISL) for processing. Upon return, SAV con-
tained in samples were sorted by species, then
placed in pre-weighed aluminum pans and dried to
constant weight (±0.001 g) at 60°C.

Mesocosm experiments

Salinity tolerance

To document the extent to which salinity varied
with causeway location and to document the range of
physiological conditions that the SAV species are
exposed to, salinity was continuously measured from
May to September. To accomplish this, a YSI6600
was deployed north and south of the causeway and
programmed to measure salinity at 15 min intervals
throughout the SAV growing  season.

We further hypothesized that documented differ-
ences in sediment type (Valentine & Sklenar 2004)
observed on each side of the causeway may have a
contributing effect on milfoil growth since sediment
composition varies greatly between areas and may
affect plant growth. Sediments in areas north of the
causeway (hereafter referred to as ‘mud’) contain
less sand (34.62%) than do areas to the south
(53.02%). As a result, a second factor (sediment type)
was added to the experimental design. This factor
consisted of 2 treatments (sediments collected from
both sides of the causeway).

To test the influence of spatial variation in salinity
and sediment on milfoil growth and survival, a 3 × 2
factorial analysis of variance (ANOVA)-designed
laboratory experiment, consisting of 3 salinity treat-
ments (0, 5, or 15 psu) that bracketed the range ob -
served during the growing season in the MTD, and 2
sediment treatments (sand or mud from each side of
the causeway) was conducted in 18 replicated 98 l
tanks (n = 3 per unique treatment) in the wet labora-
tory at DISL.

SAV were collected from the north side of the
causeway, and epiphytes, algae, dead tissue, and
potential herbivores (primarily gastropods and
amphipods) were gently removed from the SAV by
hand prior to the experiment. Cleansed plants were
placed in a salad spinner, turned for 1 min
(~100 turns) to remove water before weighing (wet

weight, WW; ±0.01 g), and placed in tanks. Ten
plants were randomly stocked in each tank, and
nutrient conditions were kept consistent with current
field conditions throughout the trials. Salinities in the
experimental tanks were gradually increased at a
rate of 1 psu d−1 until the desired salinity level was
reached. Once the assigned salinity was reached,
treatments were held constant throughout the
remainder of the experiment. Lighting (held constant
between 150 and 250 µmol m−2 s−1 during day) was
set on a 12 h light:12 h dark cycle to mimic natural
conditions during summer. At Day 70 (end of the
experiment), plants were removed from the tanks,
returned to the salad spinner to remove water, and
reweighed. Final WWs were used to calculate milfoil
growth as percent change in biomass.

Competitive exclusion

To determine if the seeming dominance of
Eurasian milfoil was the result of milfoil competi-
tively displacing native SAV, as would be generally
suggested by the fundamental principles of invasion
theory (sensu Elton 1958), we performed an interspe-
cific competition experiment using milfoil and wild
celery (August to October 2006).

Because salinity may alter the strength of competi-
tive interactions, we included variation in salinity as
a factor in these experiments. The same 3 salinity
treatments used in the salinity tolerance experiments
(0, 5, and 15 psu) constituted 1 main effect. The sec-
ond main effect consisted of treatments comprised of
either wild celery grown in monoculture or wild cel-
ery grown in combination with milfoil. The influence
of these main effects on wild celery growth were
evaluated using a 3 × 2 factorial ANOVA design re -
pli cated 3 times per unique treatment in randomly
assigned 98 l tanks in the DISL’s recirculating wet
laboratory facility.

Ten plants (either 10 wild celery or a mix of 5 mil-
foil and 5 wild celery) harvested from monospecific
beds in Chocolatta Bay were transplanted to ran-
domly assigned tanks. These experimental densities
mimic the natural densities found in the SAV survey
described above. Small wild celery plants (<25 g)
and milfoil fragments (<5 g) were selected for this
experiment, as we expected growth rates to be high-
est for younger plants. Also, because milfoil’s main
mode of reproduction is thought to be through frag-
mentation (Kimbel 1982, Madsen et al. 1988), this
interaction of small milfoil fragments and established
adult wild celery plants mimics the natural first step
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for an introduction of milfoil to the area south of the
causeway. Procedures for herbivore and epiphyte or
algae removal, lighting, light–dark cycle, sediment
type (mud from Chocolatta Bay), and maintenance of
tanks were identical to those described above. Com-
parisons of wild celery WWs were made at the end of
the experiment (70 d).

Breaking strength, wave action, and shear forces

Winds are predominantly from the south in the
study area (Schroeder & Wiseman 1985) during the
SAV growing season, so we hypothesized that differ-
ences in maximum wave heights (and forces they
place on SAV) or tidal current velocities on each side
of the causeway may determine the distributional
patterns of milfoil and wild celery in our study area.

To determine the force needed to break milfoil
stems and wild celery leaves, we used a Lyman®

trigger pull gauge, an inexpensive tool used in the
gunsmithing industry to set the amount of force nec-
essary to initiate the trigger group on a firearm. The
ends of a nylon line were attached to the instrument
and 2 wooden blocks, which securely held plant
stems in place via 2 bolts and wing nuts (to prevent
pinching plants). Force was exerted until the plant
fragmented, and the maximum force (g) was re -
corded. We made these measurements in established
milfoil and wild celery beds in Chocolatta Bay.

To further test the hypothesis that the distribution
of milfoil could be controlled by physical forces, we
performed a field tethering experiment. Field sites
(n = 3 per treatment) were chosen based on antici-
pated variances in maximum wave height: ‘pro-
tected’ sites included enclosed embayments with
limited fetch north of the causeway and on the
northern side of emergent vegetation islands located
south of the causeway and ‘exposed’ sites on river
banks (where channeling should result in increased
shear forces) north of the causeway and south of
emergent vegetation islands south of the causeway
(Fig. 1). Milfoil fragments were harvested from the
MTD and stem lengths were measured (±0.1 cm);
the fragments were then returned to preselected
field sites and tethered to a polypropylene line
using a clothespin anchored to the bottom with wire
stakes. After 72 h, plants were retrieved and re -
turned to the DISL, stem lengths were remeasured,
and the percent loss was calculated. A laboratory
pilot study verified that the clothespin did not result
in milfoil fragmentation over the 72 h time frame
studied here.

Concurrent with this field experiment, we quanti-
fied current velocities and maximum wave heights at
each site to document treatment effects. We utilized a
combination of approaches to document differences
in wave height and current among sites. Gypsum
disks were used to provide a comparative measure of
water flow by documenting the weight loss of gyp-
sum casts during deployment (D’Amours & Scheib-
ling 2007, Hepburn et al. 2007). Disks were con-
structed of a gypsum (CaSO4·2H2O):water mixture of
1:1.75 (v:v), poured into a mold such that the result-
ing cylinder was ~5 cm wide × 5 cm deep and
allowed to dry for 1 wk (Reidenbach et al. 2006).
Gypsum disks were attached to PVC frames placed
~0.5 m above the sediment surface at each site.

Maximum wave energy was measured at the sites
using a dynamometer (cf. Bell & Denny 1994). These
dynamometers estimate maximum wave height by
documenting the stretch of a precalibrated spring
attached to a float. All springs were calibrated by
hanging 5 known masses from the instrument and
measuring the distance the spring stretched (simple
linear regression of spring stretch on mass; p < 0.001;
r2 ≥ 0.95). Each dynamometer was attached to a cin-
der block and fitted with identical floats ~0.3 m
above the sediment surface.

Statistical analyses

One-way ANOVA and t-tests were used to com-
pare and contrast the distributional patterns of milfoil
and wild celery qualitatively reported in the Vittor
and Associates (2004) survey. In the second, more
detailed survey, comparisons of plant species compo-
sition (percent biomass of the total found at each site)
were made using the non-parametric multivariate
analysis of similarity (ANOSIM; square root trans-
formed, Bray-Curtis similarity) technique (Warwick
& Clarke 1991). Biomass of each species was com-
pared using a Kruskal-Wallis test after assumptions
of parametric statistics were not satisfied. Salinity
was calculated as the weekly means from observa-
tions recorded on YSI instruments. Both laboratory
experiments were analyzed using a 2-way ANOVA
to determine if the dependent variable (salinity:
change in milfoil biomass; interspecific competition:
change in wild celery biomass) varied significantly
among treatments (salinity: salinity, sediment type,
and interaction; interspecific competition: presence/
absence of milfoil, salinity, and interaction). A 2-
 sample unpaired t-test was also used to compare the
breaking strength of milfoil and wild celery. Wave
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action measurements (mean velocity
and maximum energy) and milfoil
loss were compared among sites
using a regression. All results were
considered significant at p < 0.05 and
moderately significant at p < 0.10.

RESULTS

Milfoil distributional patterns

The areal coverage of milfoil
Myrio phyllum spicatum was ~1.5-
fold greater than that of wild celery
Vallisneria americana north of the
causeway (Fig. 2a). Conversely, the
areal coverage of wild celery was
 ~6-fold that of milfoil to the south.
Although the areal coverage of both
milfoil and wild celery appears to be greater north of
the causeway, this is an artifact resulting from large
differences in the total area of water (2.65 × 107 m2

north of the causeway versus 8.52 × 108 m2 south of
the causeway). To standardize for this difference in
survey size, the ratio of the 2 species was calculated
for each side of the causeway. A subsequent analysis
of the area just north of the causeway indicated mod-
erately significantly more milfoil occurred within
embayments than along river banks, which suggests
the importance of high-energy water flow in hinder-
ing the ability of milfoil to attach in areas of higher

physical disturbance (negative inverse transformed;
F1,10 = 4.65; p = 0.056; Fig. 2b).

Results from the ANOSIM of plant community
composition conducted on samples collected during
the second SAV survey found significant differences
in the relative abundances on each side of the cause-
way (Global R = 0.098; p = 0.001; Fig. 3). SAV species
richness was greater north of the causeway (Myrio-
phyllum spicatum, Vallisneria americana, Heteran-
thera dubia [Jacquin, 1768], Zannichellia palustris
[Linnaeus, 1753], Najas guadalupensis [Sprengel,
1870], and Ceratophyllum demersum [Linnaeus,
1753]) than to the south (Ruppia maritima [Linnaeus,
1753] and V. americana were the only species in
abundance). Kruskal-Wallis analysis showed that
wild celery biomass (g m−2, means ±1 SE) was signif-
icantly greater in cores taken south of the causeway
(n = 40, K1 = 18.131, p = 0.0001), and milfoil biomass
was moderately greater north of the causeway (n =
40, K1 = 3.563, p = 0.059).

Mesocosm experiments

Salinity experiments

Salinity was significantly higher south of the cause-
way during our surveys [t(59) = −4.57, p < 0.001]. Our
laboratory experiment, however, failed to detect sig-
nificant effects of variation in salinity (F2,12 = 1.18, p =
0.34), sediment type (F1,12 = 2.90, p = 0.114), or the
interaction between these 2 factors (F2,12 = 0.36, p =
0.703) on milfoil growth (Fig. 4).
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Interspecific competition

A 2-way ANOVA showed that while salinity had a
significant, negative effect on wild celery growth
(F2,12 = 15.82, p < 0.001), the presence of milfoil did
not (F1,12 = 0.06, p = 0.810) (Fig. 5). A significant inter-
action between these 2 main effects was not detected
either (F2,12 = 0.481, p = 0.778).

Wave action and shear forces

Trigger gauge measurements indicated that signif-
icantly more force is required to fragment wild celery
than milfoil stems [log transformed: t(18) = −4.094,
p < 0.001].

Gypsum dissolution varied significantly among
sites (Fig. 6a; negative inverse square transformed:
F3,44 =7.711, p < 0.001). Subsequent post hoc tests
indicated that currents in designated exposed sites
north and south of the causeway are areas of greater
dissolution than are protected sites (Fig. 6a). Maxi-
mum wave forces also varied significantly among
sites, again with greater forces detected at exposed
sites, especially south of the causeway (log trans-
formed: F3,44 = 5.741, p = 0.006; Fig. 6b).

Results from the tethering experiment indicated
that milfoil is susceptible to wave energy. Specifi-
cally, maximum wave force explained a significant
amount of the recorded variability in milfoil loss,
while mean current velocity did not (all data arcsine
square root transformed, mean current velocity:
F1,6 = 0.03, p = 0.861, R2 adj. = 0.0%; Fig. 7a; maxi-
mum wave force: F1,6 = 66.70, R2 adj. = 90.4%, p >
0.001; Fig. 7b).

DISCUSSION

Our observational and experimental study aimed
to combine a number of environmental and biologi-
cal variables to help explain the observed distribu-
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tions of an introduced and native species of SAV in
the MTD. Invasive Eurasian milfoil Myriophyllum
spicatum dominated the submerged landscape north
of the causeway, while wild celery Vallisneria ameri-
cana was more abundant than milfoil to the south.
The apparent segregation of invasive milfoil and
native wild celery in the MTD could be due to a num-
ber of environmental or biological variables that we
found to vary with causeway location such as physio-
logical response to salinity (Haller et al. 1974, Frazer
et al. 2006), sediment composition, inter specific com-
petition with native species, or physical wave action.
Results presented here provide insight into the
nature by which anthropogenic and natural distur-
bance regimes affect milfoil’s proliferation into estu-
aries of the northern Gulf of Mexico and, as such,
contains inherent value for environmental managers
and scientists alike.

Although salinity was significantly higher south of
the causeway, laboratory experiments failed to indi-
cate any effect of salinity treatments on milfoil growth
(Fig. 4). One possible explanation for this apparent
contradiction between our findings and those of
Haller et al. (1974) is that we gradually acclimated
plants to treatment salinities. This is most likely what
milfoil experiences as salinity increases slowly on a
seasonal basis, except in the case of extreme episodic
events such as hurricanes (Park et al. 2007).

Because estuaries are located at the interface be-
tween aquatic and marine ecosystems, estuarine
plants are exposed to an extraordinary number of
physiological and physical challenges, which, based
on the founding principles of invasion theory, may be
less resilient to invasion (Elton 1958). As such, it is
reasonable to predict that estuaries are at great risk of
invasion. Most estuaries of the northern Gulf of Mex-
ico are in close proximity to urban centers, and by ex-
tension sources of invasive propagules, and should be
characterized by an abundance of invasive species
(i.e. Duffy & Baltz 1998, Hicks et al. 2001, Peterson et
al. 2005, Martin & Valentine 2011). As these invaders
spread, the prevailing view among ecologists predicts
that their competitive dominance will lead to signifi-
cant reductions of native diversity through competi-
tive displacement (Elton 1958). Contrary to this para-
digm (Mooney & Cleland 2001, Didham et al. 2005),
we did not find that the presence of milfoil negatively
affected wild celery growth at any of the treatment
salinities. In fact, at lower salinities (0 and 5 psu), wild
celery grew better in the presence of milfoil, although
not significantly so, than in the absence of milfoil, in-
dicating facilitation may occur. Wild celery weight
was lower in the 15 psu treatment and is known to be
negatively affected by higher salinities (Kraemer et
al. 1999). Based on the results of our competition ex-
periment, higher salinity in experimental tanks, not
the presence of milfoil, affected wild celery growth.
Still, some caution should be exhibited in examining
these results as only milfoil fragments and young wild
celery plants were tested and it is possible that com-
petitive exclusion may occur between other life
stages of the plants. Milfoil fragments were chosen
because they are the main mode of reproduction and
dispersal (Kimbel 1982, Madsen et al. 1988), and
younger wild celery plants that have yet to reach
their maximum growth would be more likely to
demonstrate changes in growth rates. Future studies
should be directed at testing the competitive interac-
tions between the various life stages of the plants.

Recent studies in aquatic environments suggest
that introduced plants may not always competitively
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exclude native species and decrease local species
richness (Levine & D’Antonio 1999, Lonsdale 1999,
Cleland et al. 2004, Smith et al. 2004, Capers et al.
2007). In fact, Capers et al. (2007) found that invasive
SAV in Rhode Island lakes increased local diversity,
and the abundance of these invaders was positively
correlated with native SAV species. Results of these
studies suggest that both invasive and native plants
may respond in similar manners to environmental
challenges, and that the mere presence of higher spe-
cies richness does not automatically infer in creased
invasion resistance. The findings of the present study
echo these conclusions. We found no evidence that
the areas dominated by milfoil (north of the
causeway) in the MTD were the result of competitive
exclusion by this non-native species. In fact, areas
where milfoil was most abundant were also areas
with greater overall SAV species richness (Fig. 3).

Physical disturbance is known to prevent the
 process of competitive exclusion from becoming a
structuring force in many communities (Grime 1973,
Connell 1978), and may be an important factor influ-
encing the success of an introduced species. Physical
processes, such as waves or ice scour, have been
shown to continually reset the successional trajectory
of invaded communities (Stachowicz et al. 1999,
Seabloom et al. 2003, Gilbert & Lechowicz 2005,
Klein et al. 2005, Gross et al. 2005). The ex posed
waters south of the causeway were areas of greater
physical disturbance (greater wave height and
energy) than protected areas north of the causeway.
Although only 500 g of force is needed to break mil-
foil (compared to nearly 1700 g for wild celery), our
tethering experiment conducted in areas of differing
wave force and current velocities indicated that
mean current velocity explained very little of the
observed variability in the loss of tethered milfoil. In
contrast, >90% of the variability in tethered milfoil
loss was explained by maximum wave force. As mil-
foil exhibits characteristics favorable for low-energy
environments north of the causeway (i.e. low under-
ground biomass, absence of a root system, high
above-ground biomass) with episodic high-energy
events that increase reproduction via fragmentation,
this introduced species may not be able to survive
south of the causeway due to physical forces alone.

Reexamination of the data compiled in the fine-
scale SAV survey provides further indirect support
for this conclusion: there were more species with
broad canopies and fine root structures present north
of the causeway (such as Heteranthera dubia, Zan-
nichellia palustris, Najas guadalupensis, and Cerato-
phyllum demersum dubia) than to the south (Fig. 3).

This suggests that physical forces could be control-
ling the distribution patterns of these canopy-form-
ing native species in the MTD as well. While some of
these species could certainly be limited by salinity
(i.e. Kraemer et al. 1999) or other factors, their pres-
ence and morphological characteristics suggest they
are also susceptible to damage from large, forceful
waves.

It remains possible that other biotic and abiotic fac-
tors could play a contributory role in facilitating the
proliferation of milfoil in the MTD (sensu Underwood
1997). We think this is unlikely, however, due to sev-
eral lines of strong evidence that physical forces limit
milfoil’s proliferation to areas north of the causeway:
(1) similarity in morphological characteristics of
plants north of the causeway, (2) differences in the
breaking strength of the 2 dominant SAV in the area,
(3) the field experiment that showed milfoil fragmen-
tation increased with maximum wave forces, and
(4) increased milfoil areal coverage in quiescent
embayments relative to open rivers.

Intense disturbances are known to play a determin-
ing role in the establishment and proliferation of
foundation species in virtually every ecosystem on
earth (Connell 1978). We suggest that the reduction
of one form of natural disturbance (i.e. physical wave
action) facilitated the persistence and proliferation of
invasive Eurasian milfoil. Several other introduced
species have been shown to be affected by changes
in the disturbance regime, including low recruitment
of invasive rainbow trout during natural flood regimes
(Fausch et al. 2001), successful establishment of intro-
duced fish and bivalve species in highly polluted and
affected estuaries such as San Francisco Bay (Nichols
et al. 1990, Meng et al. 1994, Cohen & Carlton 1998),
and increased invasion success of invasive mussels in
fragmented seagrass beds (Reusch & Williams 1999).

Predicting where invasive species will occur in
space and time is one of the foremost goals in invasion
ecology (Elton 1958, Carey et al. 1996), and this work
adds valuable insight into the nature by which
canopy-forming SAV species, both native and exotic,
are able to develop persistent populations in the Mo-
bile Bay estuary. Natural disturbances have long been
hypothesized to be more capable of resisting invasions
(Lodge 1993, Moyle & Light 1996), but few studies
have documented how natural disturbance processes
may actually facilitate the introduction and spread of
an introduced species to date (Bennett 1990, Fausch
et al. 2001). As such, our study represents an im -
portant contribution towards the development of in-
vasion theory among the myriad of complex ecological
interactions occurring at a regional scale.
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