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A B S T R A C T

Submerged aquatic vegetation (SAV) plays a critical role in biogeochemical cycling, primary productivity, se-
diment dynamics and current flow within the systems they inhabit. SAV communities in the Upper Hudson River
Estuary are comprised of species assemblages dominated by two very morphologically distinct species: the native
Vallisneria americana, which has wide-strap shaped leaves that are completely submerged underwater, and the
invasive Trapa natans, which produces leaf rosettes that float at the water’s surface. Using characteristics of
modeled tidal/riverine flow, we examined the distribution and composition of the predominant SAV in the
estuary. SAV habitat space was, on average, well described by depth and flow. From a hydrodynamic standpoint
however, the two species occupied very similar niche spaces. Species-specific distribution patterns and co-oc-
currence rates did not appear to be strongly controlled by physical tolerances of topography or flow. Other
ecological drivers such as disturbance regimes, dispersal strategies, plant-animal interactions, and sediment
chemistry and composition might explain distribution patterns and T. natans expansion more accurately, rather
than hydrodynamics alone. Sixty years after reaching the Hudson River Estuary, T. natans appears unable to fully
displace V. americana, despite significant overlap in habitat space and spatial distribution. Future management of
the exotic T. natans should consider its role as an ecosystem engineer, adding to overall habitat diversity, rather
than the current focus on its perceived invasibilty.

1. Introduction

Submerged aquatic vegetation, or SAV, refers to lacustrine, riverine,
estuarine and marine submerged plants often dominated by rooted
vascular plants. The distribution of SAV has been shown to be a good
indicator of water quality conditions (Orth et al., 1993). As creators of
biogenic habitat, SAV has been long understood to provide important
ecosystem services (Carpenter and Lodge, 1986). For example, SAV
plays a critical role in biogeochemical cycling (Marbà et al., 2006),
primary productivity (Adams and McCracken, 1974; Duarte and
Chiscano, 1999; Penhale, 1977), and the dynamics of sediments and
current flow (Fonseca and Fisher, 1986). Not only does it provide
shelter (Orth et al., 1984), foraging ground (Orth et al., 1984), and
detritus for macro-organisms (Roman, 1984), SAV also generates three-
dimensional substrate for highly productive epiphytic algae that fuel
recreationally and economically important secondary production
(Jones, 1984; Penhale, 1977).

Because rivers and estuaries are heavily trafficked by intra- and
international trade ships, native SAV in many parts of the world are

threatened by the introduction of exotic and invasive species. Invasive
aquatic floras tend to tolerate a wide range of environmental conditions
(Cook and Lüönd, 1982), form dense root mats (Boylen et al., 1999)
with tall or overlaying canopies (Cook and Lüönd, 1982; Penfound and
Earle, 1948), mature at a faster rate (Westbrooks, 1998) and employ
rapid and prolific propagation methods (e.g., fragmentation, seed dis-
persal; Westbrooks 1998). Examples of invasive SAV in North America
include water hyacinth (Eichhornia crassipes), hydrilla spp. (Hydro-
charitaceae), Eurasian watermilfoil (Myriophyllum spicatum), and the
water chestnut (Trapa natans). Loss of native SAV as a result of invasive
aquatic species has been well documented (Boylen et al., 1999; Moody
and Les, 2007; Stiers et al., 2011).

In North America, the range of the invasive SAV Trapa natans (water
chestnut) has expanded. Believed to be first introduced to Middlesex
County, Massachusetts in 1874, T. natans has extended its range further
north, reaching portions of southern Quebec, Canada (Countryman,
1978). It has markedly increased its coverage since its introduction to
the Hudson River during the 1930’s (Muenscher, 1937; Winne, 1950).
Trapa natans often overlaps with other submerged plants, including
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several native species. It has a dense floating rosette of leaves, which
allow it to readily shade the underlying water column and subsequently
outcompete native benthic rooted SAV for light (Crow and Hellquist,
2000). The floating leaf structure also forces primarily atmospheric
ventilation, significantly depleting dissolved oxygen (DO) levels in the
underlying water column (Caraco and Cole, 2002). In lacustrine set-
tings, this can result in large anoxic regions and wholesale shifts in
benthic and demersal communities (Caraco and Cole, 2002). In the
Hudson River estuary, T. natans co-occurs with Vallisneria americana, a
deep-rooted macrophyte with wide, strap-shaped leaves that are cap-
able of extending 2 m into the water column (Catling et al., 1994;
Korschgen and Green, 1988), and other less abundant species such as
Potamogeton crispus, Myriophyllum spicatum, and Najas flexilis (Findlay
et al., 2006). Considerable interest exists in differentiating the habitat
requirements of T. natans and V. americana because these species dif-
ferentially impact community composition, water chemistry, habitat
structure, and food resources (Hummel and Findlay, 2006; Strayer and
Malcolm, 2007). Further, the invasive water chestnut, T. natans, has a
greater biomass per area than does the native V. americana, despite it
forming comparably dense beds (Strayer et al., 2003).

In the Hudson River estuary, the distribution of SAV is often light-
limited, primarily as a result of suspended sediments (Harley and
Findlay, 1994); however, SAV, tidal currents, riverine discharge, and
water depth all interact to control sediment re-suspension within the
river. Contrary to other studies in estuaries and river systems, SAV in
the Hudson River Estuary is not a successful sediment stabilizer
(Findlay et al., 2006). Compared to the deeper main channel, shoreline
SAV is incapable of dampening current flow, decreasing its ability to
enhance particle deposition and water clarity (Findlay et al., 2006).
This effect may be further exacerbated by the role of wind velocity on
suspension and turbidity (Carper and Bachmann, 1984). SAV distribu-
tion is not only a product of environmental control (i.e. suspended se-
diment, light, and depth) but also of human induced effects. Anthro-
pogenic shoreline changes disrupt natural flow dynamics of river
systems, altering depth, habitat composition, and natural erosional
processes (Di Stefano et al., 2013; Lewin et al., 2014). In the Hudson
River, the construction of railroads during the 1820’s along both shores
of the Hudson wiped out beds that were previously thought to be areas
of high SAV production (Nieder et al., 2004). Then, between 1920 and
1965, it is estimated that approximately one third of the estuary was
dredged and filled for navigation channel maintenance, severely redu-
cing SAV coverage (Miller et al., 2006). Today, watershed and land-use
changes continue to impact this already dynamic system, including
SAV; so it is unclear how well SAV distribution maps reflect current
habitat space or what effect, if any, these stressors have had on V.
americana–T. natans competition.

Physical factors can be used to predict the spatial pattern of SAV
cover (Fonseca and Bell, 1998). Flow dynamics and water depth are
known to affect the growth and distribution of SAV and have therefore
been widely used in the development of predictive habitat distribution
models (Bekkby et al., 2008; Kelly et al., 2001; Lehmann et al., 2002;
Narumalani et al., 1997). Stream velocity as it relates to type of sub-
strate, and in turn SAV composition, was first described by Butcher
(1933). Water movement can directly affect SAV by straining or
breaking down the physical structure of the macrophyte and can in-
directly affect SAV by altering the chemical composition (i.e., dissolved
oxygen concentration and reduced boundary layers) of the overlying
water and the underlying substrate (Madsen et al., 2001). Water depth
plays a crucial role in light availability and is therefore widely included
in modeling efforts (Bekkby et al., 2008; Greve and Krause-Jensen,
2005; Kelly et al., 2001; March et al., 2013; Narumalani et al., 1997). It
is important for conservation and management to develop predictive
habitat models using multiple physical factors to gain a better under-
standing of the controlling processes.

Few studies have attempted to quantify SAV abundance in the
Hudson River. Both Nieder et al. (2004) and Findlay et al. (2014) used

field sampling and aerial photo-interpretation to broadly delineate the
extent and distribution of SAV in the Hudson River from Troy south to
Hastings on Hudson between 1997 and 2007. They determined that
SAV was distributed over ∼6% of the river, or ∼18% of the shallows
Trapa natans, on the other hand, covered ∼2% of the river area and
∼6% of the shallows (Nieder et al., 2004). The highly dynamic riverine
system saw marked declines in SAV coverage (30%) over this time,
although expansion in some areas was noted. The invasive T. natans
remained constant throughout the 10-year study period (Findlay et al.,
2014; Nieder et al., 2004) while the patchiness of V. americana in-
creased more than doubled (Findlay et al., 2014). Despite the potential
for expansion, T. natans has not yet come to dominate the Hudson River
Estuary.

In the current study, we developed binomial and multinomial lo-
gistic regression models aimed at characterizing the habitat space of a
co-occurring native (Vallisneria americana) and an invasive (Trapa na-
tans) aquatic plant within the Upper Hudson River Estuary. The pri-
mary objective of this study was to relate characteristics of modeled
tidal/riverine flow to SAV composition and distribution to better un-
derstand factors affecting persistence and competition between these
two species. To do so, we used depth and various aspects of flow (i.e.,
mean, minimum, maximum, and standard deviation of various current
vectors and shear stresses) along with historical SAV distribution data
for the Hudson River Estuary over a 10-year period from 1997 to 2007.
We hypothesized that on large spatiotemporal scales SAV distribution
would be constrained by depth and flow, while morphological differ-
ences between species would dictate separation in their respective
tolerances. Identifying such differences could be useful in under-
standing general patterns of T. natans invasion.

2. Methods

2.1. Database development

In cooperation with the New York State Department of
Environmental Conservation (NYSDEC), a depth-integrated Regional
Ocean Modeling System (ROMS) model for use in the Upper Hudson
River Estuary was developed (Flood and Wilson pers. comm.). This
locally adapted Finite Volume Coastal Ocean Model (FVCOM) covered
more than 145 km of the Hudson River from Malboro to Green Island,
NY. It was run at hourly time steps from April 1, 1996 to November 30,
2006. Output summaries from each of its 10,091 nodal cells (rectan-
gular in shape, 3,279.6–29,865.9 m2) were packaged as an ESRI
(ArcGIS) shapefile appended with 41 quantitative attributes, 35 of
which were statistical parameters derived from the modeled flow (i.e.,
mean, minimum, maximum, standard deviation of various current
vectors and shear stresses). These data, along with historical SAV dis-
tributions obtained from the NYSDEC and the Cornell Institute for
Resource Information Sciences (Cornell IRIS), and a high-resolution
multi-beam dataset received from Roger Flood of Stony Brook
University, formed the quantitative basis of this study.

Species coverage data were available for V. americana in 1997, 2002
and 2007, and for T. natans in 2002 and 2007; therefore, all species-
specific analyses were conducted using only the 2007 data, as it pro-
vided the most current assessment of community composition patterns
in the river. To address habitat requirements of SAV as a community, a
complete amalgamation of species coverage data was created in ArcGIS,
merging all available GIS data (1997, 2002, and 2007) for SAV in the
Hudson. The data layer, referred to as ‘merged SAV’ or ‘mSAV’, re-
presented our complete understanding of SAV habitat space over the
last decade and was used in a second set of general SAV analyses. Under
the assumption that the gross geomorphology and flow characteristics
of the estuary remained relatively unchanged during the SAV time-
series, the combined dataset thereby reduced the relative influence of
inter-annual variation in distribution and un-modeled biotic and abiotic
drivers on SAV change.
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2.2. Development and application of a multinomial logistic regression model
(MLR)

A MLR was chosen as the statistical framework for relating model
output to SAV distribution whereby multi-categorical data (in this case:
‘V. americana’, ‘T. natans’, ‘Both’, and ‘Other’) could be probabilistically
linked to continuous independent variables, and computed as either a
hardened or soft prediction surface. All such analyses were conducted
in IDRISI Selva using the MULTILOGISTICREG module (Clark and
Hosking, 1986; Menard, 2001), and checked for accuracy using
CROSSTAB. Prior to this, a systematic approach for selecting appro-
priate independent variables was adopted. Potential independent vari-
ables were interviewed on a three-point basis: (1) ranked ANOVA,
followed by Tukey’s HSD tests were performed by habitat (only those
variables for which a significant difference between None and one or
both SAV categories existed, were further considered), (2) differences in
normalized median values by habitat were maximized (either None v.
SAV or Trapa v. Vallisneria) and (3) Spearman rank correlations were
used to select uncorrelated candidates from collinear groups. This
protocol produced two sets of independent variables, a group of 6
predictors optimized for general SAV delineation (Table 1) and 5 pre-
dictors for species-specific habitat differentiation (Table 2). ‘DEPTH’,
‘STD_U’, ‘MEAN_DOWNS’, ‘MEAN_SPEED’, ‘STDEV_DOWN’ and ‘MIN_U’
were found to best explain SAV occurrence, while ‘RESULTANT’,
‘STD_U’, ‘MIN_U’, ‘MEAN_SPEED’ and ‘STD_SPEED’ generated the
greatest differences by species.

Because the principle data sources (i.e., the flow model and SAV
distribution data) were not purpose-built for this study, there were
significant challenges in reconciling their spatial grain sizes and or-
ientation relative to river boundaries. To mitigate the influence that
coarse grained flow model data and high-resolution SAV coverage in-
formation had on regression performance a threshold approach was
adopted, wherein flow model cells were excluded from consideration
based on the percentage of river and SAV that they contained.
Ultimately, following experimentation with various threshold values,
we determined that a 50% threshold for river coverage and a 0%
threshold for SAV coverage sufficiently minimized effects on model
error. Model performance was assessed by tracking changes in the
corresponding confusion matrices. Further, to improve upon the limited
depth information provided at the scale of the flow model, we used
high-resolution acoustic depth data, nominally 1-m but averaged to 10-
m scales, to summarize depth characteristics within each cell. ArcGIS
was used to extract depth and aspect statistics by flow model cell. Only
mean aspect and minimum depth (hereafter ‘ASPECT’ and
‘MINDEPTH’, respectively) were found to be of any predictive value.

Given that T. natans may have occupied some portion of suitable V.
americana habitat space, and that the total SAV space may itself be
under-utilized in the urbanized Hudson estuary, we sought to maximize
the training environment for the species-specific MLR model. The 5-
predictor set was used to train a species-specific presence or absence
model on cells that held 100% coverage of either T. natans or V.
americana. Model output was then masked to only those cells that held
some portion of either species, but not cells that contained both si-
multaneously. The logistic regression formula for the final model is as
follows:

G1(χ) = Logit(Cat 1 v.s. Cat 2) = 4.0915 − 0.7143(MINDEPTH)
−3.4995(STD_U) − 43.4265(MEAN_DOWNS) + (MEAN_SPEED)
+ 0.2894(STDEV_DOWN) + 0.6760(MIN_U)

where: Cat 1 is ‘SAV Habitat’; Cat 2 is ‘Other’; G1(χ) is the logit function
of Cat 1 relative to Cat 2; and χ is the independent variable vector.

3. Results

The model results show a poor ability of the regression (mis-
classification rate of 0.770) to predict T. natans occurrence against the
background of V. americana, even when trained on sites completely
covered by the target species (Table 3). Following this, project focus
shifted toward predicting SAV habitat from the merged SAV dataset
described above. The most successful regression model utilized a 6-
predictor set, was trained on cells with 50% or greater river coverage,
and had its output masked to those same training cells (Table 4).

As evidenced by an extremely high correct classification rate (0.871;
Table 4), and remarkably similar sensitivity and specificity scores
(0.895 and 0.859 respectively; Table 4), it appears that depth and flow
dynamics, with respect to the predictor variables used (see Table 1),
explain the bulk of SAV occurrence. Depth was the strongest correlate
with SAV occurrence. More specifically, the model highlights the role
that hydrodynamic and bathymetric settings play on negatively con-
trolling SAV distributions in the Upper Hudson River; that is to say, that
these physical forces appear to constrain habitat over decadal time-
scales, setting maximum distribution limits within which other factors
predominate annually. Specifically, it appears that over the last decade,
SAV coverage has varied within nearly its entire habitable space,
though never completely filling this space during any single mapping.
The latter finding was corroborated by the failings of the 2-species
models utilizing the 2007 data alone.

The influence of river coverage (as a percent of nodal cell) was ef-
fectively minimized by the 50% threshold, but there was some evidence
that a 60% value might have further reduced error rates, albeit only
slightly (Fig. A.2). The issue of SAV coverage by nodal cell remains a
conceptual one (see Discussion), however, its removal by threshold
adjustment does not seem feasible. Although the majority of miss-as-
signed cells were of low percent coverage (Fig. 1), the model correctly
predicted occurrence at low coverage a large number of times (Fig. 2).

Table 1
Predictor variables for SAV delineation.

Name Description

DEPTH depth of node center (m, NAVD88)
STD_U standard deviation of north-south flow component (m/s)
MEAN_DOWNS mean downstream shear stress (Pa)
MEAN_SPEED mean unsigned flow speed (m/s)
STD_DOWN standard deviation of downstream shear stress (Pa)
MIN_U minimum north-south flow component (m/s)

Table 2
Predictor variables for species-specific habitat differentiation.

Name Description

RESULTANT resultant direction of shear stress (degrees T)
STD_U standard deviation of north-south flow component (m/s)
MIN_U minimum north-south flow component (m/s)
MEAN_SPEED mean unsigned flow speed (m/s)
STD_SPEED standard deviation of unsigned flow speed (m/s)

Table 3
Error rate measures of the MLR model.

Measure Error Rate

Correct Classification Rate 0.230
Misclassification Rate 0.770
Sensitivity (true positive rate) 0.343
Specificity (true negative rate) 0.216
False Positive Rate 0.784
False Negative Rate 0.657

The confusion matrix was set up as a T. natans prediction model with T.
natans = 1. The 5-predictor set was used to train a binary model on cells
that held 100% coverage of either T. natans or V. americana. Model output
was masked to only those cells that held some portion of either species, but
not cells that contained both simultaneously.
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The spatial distribution of regression error was consistent with the
notion that SAV is negatively controlled by topographic and hydro-
dynamic considerations, and that it has been routinely held below ha-
bitat saturation (as delineated by flow). If these assertions are true, one
would expect false negatives to be randomly distributed throughout the
river, while false positives should show spatial aggregation concurrent
with forms of negative controls not included in the model (e.g.,

sediment type, ice scour, boat traffic, human removal, etc.). These
patterns were confirmed for this model, as false negatives were con-
sistently low and fairly evenly dispersed, both in terms of latitude and
contiguity, while false positives were spatially clumped and strongly
aggregated between 41.9–42.1 and 42.2–42.5 ° latitude (Figs. 3 and 4).

4. Discussion

In this study, SAV habitat was successfully modeled in the Upper
Hudson River using logistic regression approaches; however, species-
specific habitat space could not be delineated. The autecology of the
two principle species, at least in regard to topographic and hydro-
dynamic requirements are either (1) too similar to resolve their re-
spective distributions, (2) too strongly limited by un-modeled factors,
or (3) too finely expressed to be captured by the spatiotemporal scales
of the current dataset to allow for complete expression of physical
tolerances to be observed. This work suggests that ecological con-
siderations such as disturbance regimes, dispersal strategies, barriers
and patterns, reproductive phenology and success rates, and plant-an-
imal interactions might explain inter-annual patterns and T. natans
expansion to a greater degree than does the hydrodynamic environment
alone. Other such factors include un-measured physiochemical para-
meters such as sediment chemistry and water quality.

Although the two foundation species have highly disparate
morphologies, their hydrodynamic environment and physical toler-
ances, given the particular parameters examined and scale-dependent
limitations, appear too similar to tease apart. Vallisneria americana,
having a more densely rooted system and not extending very far into
the water column, can withstand slightly stronger current velocities
(∼7 cm s−1; Merrell, 1996) than T. natans (minimal to no flow<5
cm s−1; Janauer et al., 2010). Strap-shaped flexible macrophytes, such
as V. americana, have the ability to withstand strong water flow by
reducing drag (Koch et al., 2006). At high current velocities, the leaves
of V. americana bend and form a shielding canopy that are compressed
just above the substrate, exposing only the top surface of the leaves to
flow (Koch, 1994; Sand-Jensen, 1997). The reduced drag results from a
decrease in the surface area of leaves exposed to high velocities (Koehl,
1984). Trapa natans, on the other hand, does not have the capability of
reducing drag to the extent V. americana does, due to its floating rosette
leaves. Trapa natans, a canopy-forming species, is more susceptible to
wind driven turbulence, waves, and stronger water velocities, and is

Table 4
Error rate measures of the MLR model.

Measure Error Rate

Correct Classification Rate 0.871
Misclassification Rate 0.129
Sensitivity (true positive rate) 0.895
Specificity (true negative rate) 0.859
False Positive Rate 0.141
False Negative Rate 0.105

The confusion matrix was set up as a SAV prediction model with SAV = 1.
A 6-predictor set was trained on cells with 50% or greater river coverage,
and had its output masked to those same.

SAV|SAV SAV|None None|SAV None|None

0.
0

0.
2

0.
4

0.
6

0.
8

Fig. 1. Error type by SAV coverage for the merged SAV.
The 6-predictor with ‘MINDEPTH’ MLR trained with and masked to cells with greater
than 50% river coverage. Boxplots mark median values with a central bar, the 1st and 3rd
quartiles with a box, the +/− 1.5 interquartile ranges with ‘Tukey whiskers’ and outliers
with open circles.
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Fig. 2. Model error by percent SAV coverage for the merged SAV.
The 6-predictor with ‘MINDEPTH’ MLR trained with and masked to cells with greater
than 50% river coverage. Prediction errors have been broken down by type and displayed
in the form: Prediction|Actual.
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Fig. 3. Model error by latitude for the merged SAV.
The 6-predictor with ‘MINDEPTH’ MLR trained with and masked to cells with greater
than 50% river coverage. Prediction errors have been broken down by type and displayed
in the form: Prediction|Actual.
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consequently more prevalent in low energy systems (Hummel and
Kiviat, 2004). Similarly, Stewart et al. (1997) demonstrated that an-
other canopy-forming species, M. spicatum, has a higher susceptibility
to wave disturbance than V. americana.

Improvements to the regression model should strive to minimize
differences in scale between the model nodes and the SAV maps, as well
as more finely delineate the subtle differences in flow requirements
exhibited by V. americana and T. natans. Though the multinomial lo-
gistic regression model failed to resolve differences between species
distributions (Table 2), it strengthened our ability to predict how future
changes in flow dynamics (by human modification or as a result of
climate change), given the correct environmental conditions (i.e., se-
diment type, water quality), will affect potential SAV distribution.

The comparative distribution of T. natans and V. americana over the
entire observation period (1997–2007) showed a near complete lack of
T. natans north of 42.4°. This region could indicate T. natans exclusion
or simply represent a dispersal barrier in the face of north-south flow.

Growth requirements for T. natans include full sun, soft substrate, and
high sediment organic content (Kiviat, 1993; Winne, 1950). Vallisneria
americana, on the other hand, can handle moderate to low light (5–25%
surface irradiance; Carter and Rybicki, 1985; Doyle and Smart, 2001;
Meyer et al., 1943), a range of sandy to soft substrate (Adair et al.,
1994; Rybicki and Carter, 1986), and low sediment organic content
(preferential for seed germination; Campbell, 2005). Locations in which
T. natans is currently not present or is not in direct competition with the
native SAV may result from unmeasured physiochemical factors re-
quired for settlement and growth. Differences in the expansion of the
exotic species may also be due to the failure of seed germination in
salinities of> 1 ppt (Vuorela and Aalto, 1982), exposure to Ca(HCO3)2
and Mg(HCO3)2 (Vuorela and Aalto, 1982), or drastic fluctuations in
water level (Vuorela and Aalto, 1982).

Analysis of V. americana and T. natans distribution over the 10-year
study period (1997–2007) suggests that the invasive water chestnut is
not a major factor driving SAV loss (Findlay et al., 2014). Although they

Fig. 4. Error mapping for the merged SAV, 6-predictor with ‘MINDEPTH’MLR trained with and masked to cells with greater than 50% river coverage. View extent was chosen to illustrate
greatest model disagreement with the merged SAV distribution.
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found a general decline in native SAV, Findlay et al. (2014) report no
consistent replacement by the exotic. Trapa natans net cover did not
change significantly while V. americana coverage remained inter-an-
nually volatile. When conditions are favorable, water chestnut has the
capacity to cover nearly 100% of the water surface (Kurihara and
Ikusima, 1991), completely shading out other submerged macrophytes
(Hummel and Kiviat, 2004), although the displacement of native un-
derlying SAV (with regard to T. natans and V. Americana in the Hudson)
is only apparent and not well documented. Vallisneria americana may
have the capacity to withstand a certain degree of shading by T. natans,
and subsequently compete with the invasive. Meyer et al. (1943) de-
monstrated that out of five species of SAV found in Lake Erie, V.
americana was the most shade adapted species. Their results indicate a
considerable photosynthetic rate at 10 m depth (25% of the surface
rate), even though light intensity dropped to only 0.5% of that at the
surface. These results, however, do not imply that V. americana is im-
pervious to shading by invasive species. The effects of shading on V.
americana by T. natans was examined by Fox et al. (2013). When
shading was experimentally increased to 50%, above- and below-
ground biomass of V. americana was significantly reduced, and less
biomass was allocated to reproduction (Fox et al., 2013). The success of
T. natans in various ecosystems worldwide may be partially attributed
to its high productivity of seeds at low density conditions, its flexible
growth form as well as its ability to apportion greater biomass to re-
productive structures (Groth et al., 1996). Trapa natans also has a very
strong competitive ability, capable of producing up to 50 ro-
settes m−2 yr−1 (Besha and Countryman, 1980; Hummel and Kiviat,
2004; Jordan et al., 2008).

There is compelling evidence for invasive species outcompeting
natives in both marine and terrestrial environments. Caulerpa taxifloria,
an invasive tropical marine algae, appeared in the Mediterranean Sea
during the 1980’s (Jousson et al., 1998; Meinesz and Hesse, 1991). The
invasive has rapidly spread throughout most of the North Mediterra-
nean, covering approximately 131 km2 of benthos along 191 km of
coastline nearly thirty years later (Jousson et al., 1998; Meinesz et al.,
1997). Kudzu (Pueraria lobate), a comparable terrestrial example which
was purposefully introduced in 1876, spreads annually at an estimated
150,000 acres, or approximately one foot per day (Blaustein, 2001).
Despite various removal and control efforts, there seems to be no clear
sign of relief in the near future for either invasive. Contrary to these and
other biological invasion events (Blaustein, 2001; Groth et al., 1996;
Kunni and Maeda, 1982; Meinesz et al., 1997), T. natans has not yet
demonstrated the capacity to directly overtake native SAV in the Upper
Hudson River nor continue spreading at exponential rates.

Albeit an invasive to this environment, T. natans may provide sev-
eral ecosystem-wide functions, such as an increase in availability of
food to higher trophic levels (Coote et al., 2001; Kornijów et al., 2010;
Yozzo and Odum, 1993), and an increase in overall beta diversity
(Feldman, 2001; Strayer et al., 2003). Despite having nearly identical
surface area per unit mass to V. americana, macroinvertebrate densities
within T. natans beds equal or supersede those within native SAV beds
(Cattaneo et al., 1998; Strayer et al., 2003). This suggests that the
variation in densities is a result of the higher standing biomass asso-
ciated with T. natans, which can surpass V. americana by more than
500% (Strayer et al., 2003). The composition of both epiphytic and
benthic macroinvertebrate communities also differ in the presence of T.
natans (Strayer et al., 2003); physical structure, oxygen concentrations
and fish predation have been forwarded as putative causes. The epi-
phytic invertebrate community structure associated with T. natans is
dominated by Cricotopus sp. A (Chironomidae), P. leidyi (Oligochaeta),
and S. crystalline (Cladocera), while Rheotanytarsus sp. (Chironomidae),
S. lacustris (L.) (Oligochaeta), and Hydra sp. (Cnidaria) dominate V.
americana (Strayer et al., 2003). Feldman (2001) found consistently
greater numbers of taxa inhabiting T. natans beds than V. americana.

The morphological structure of T. natans contributes to the overall di-
versity of microhabitat types, therefore increasing availability of space
and resources to other organisms. Kornijów et al. (2010) demonstrated
that invertebrate community composition and species richness was
highly dependent on microhabitat within this species (e.g. between
floating leaves, stems and sediment). Despite intermittent short-term
hypoxic conditions due to atmospheric ventilation, T. natans beds
support highly dense and diverse invertebrate communities (Kornijów
et al., 2010; Strayer et al., 2003). The higher standing biomass and
different morphological structure could lead to an overall increase in
system-wide species diversity and ecosystem function.

Despite ample evidence in the literature, the contribution of T. na-
tans to ecosystem function has been overlooked by managers to date.
Trapa natans has been perceived as a major invasive to the Hudson with
many deleterious effects to the environment (Jordan et al., 2008).
Management plans have previously included an increase in biodiversity
and productivity as a benefit to the control and removal of the invasive
(Miller, 2013). However, some literature contradicts this outcome
(Cattaneo et al., 1998; Galanti et al., 1990). Restoration plans must
therefore re-evaluate the environmental effects and economic cost of
removal efforts.

Direct physical disturbance (currents, waves) has been found to be a
major driving force in SAV spatial structure (Fonseca and Bell, 1998),
and our model suggests equal physical control over SAV distribution in
the Hudson. Therefore, management and conservation efforts focused
on specific hydrodynamic environments would prove ineffective. Fur-
ther research into the mechanisms for macrophyte invasion may assist
in predictive and preventative management efforts, while a focus on
environmental and anthropogenic variables may clarify the main
driving forces controlling SAV presence. Sixty years after its introduc-
tion into the Hudson River Estuary, the forewarned T. natans takeover
has yet to manifest. Future management of SAV and the exotic should
consider the dynamicity of the system and potential benefits the new
foundation species may provide.
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