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INTRODUCTION

 

Many lakes in the United States have been occupied by
non-indigenous and invasive species that have altered ecosys-
tem functions (Mills et al. 1994, Ricciardi 2001, Zhu et al.
2006, 2007). Predicting future invasion success of these spe-
cies is important for allocation of resources to prevent inva-
sions (Madsen 1998). These lakes are also undergoing
environmental changes associated with global warming,
which may affect the growth and spread of invasive species
(Rybicki and Carter 2002, Verburg et al. 2003, van der Heide
et al. 2006). Predicting invasion success requires understand-
ing the response to these environmental changes. In addi-
tion, lakes with different trophic levels may have different
potential for invasive success (Madsen 1998, Hummel and
Kiviat 2004). In this study, we investigated whether the inva-
sive non-native aquatic plant European frogbit (

 

Hydrocharis
morsus-ranae 

 

L.) is likely to invade the oligotrophic-meso-
trophic Finger Lakes of New York State given the range of
trophic conditions in these lakes and the predicted increase
in temperature over the next century.

European frogbit is a floating aquatic plant that reproduc-
es vegetatively through development of stolon buds and turi-
ons (Catling et al. 2003). European frogbit is native to
Eurasia and was first introduced to North America in 1932 in
an arboretum in Ottawa, Canada, via specimens from Swit-
zerland (Minshall 1940). It escaped to the Rideau Canal sys-
tem in 1939, spreading rapidly by means of water movement,
birds, boats, and humans. In 1974, the plant invaded the St.
Lawrence River in New York, United States (Roberts et al.
1981). Since then, it has spread south and west to Lake On-
tario, south to Lake Champlain north of the Hudson River,
and west to Lake Erie (Catling and Porebski 1995, Catling et
al. 2003). Recently it was reported in Michigan and Washing-
ton (Catling et al. 2003). Similar to water chestnut (

 

Trapa na-
tans 

 

L.), European frogbit can form dense floating mats and
has detrimental effects on native aquatic vegetation by block-
ing light, on animals by reducing food plants and dissolved
oxygen, and on human commercial and recreational activi-
ties by interfering with boating, fishing, swimming, and hunt-
ing (Hummel and Kiviat 2004). European frogbit reached a
local density of 512 plantlets/m

 

2

 

 in some bays of Oneida
Lake, and dissolved oxygen (DO) concentrations as low as
1.9 mg/L were reported underneath the plants (Zhu, un-

published data). European frogbit has the potential to be-
come a major weed with substantial environmental and
economic impacts in the United States, especially in the
northern states such as New York.

The 11 Finger Lakes are located south of Lake Ontario
and east of Lake Erie in close proximity to the current range
of European frogbit (Catling et al. 2003). Water quality is
generally categorized as oligotrophic to mesotrophic with to-
tal phosphorus (TP) concentrations ranging from 4.0 to 24.2
µg/L (Callinan 2001). European frogbit is believed to favor
mesotrophic lakes (Madsen 1998, Catling et al. 2003), similar
to other invasive, non-native aquatic plants, such as Eurasian
watermilfoil (

 

Myriophyllum spicatum

 

 L.), and may have diffi-
culty invading the relatively low productivity Finger Lakes.
However, the response of European frogbit to different nutri-
ent levels has not been tested experimentally and the plant
has been found in the Oneida River, which connects to the
Finger Lakes (Zhu, unpublished data). Higher water temper-
atures (to 30 C) have been reported to promote growth of
aquatic plants (Santamaria and Hootsmans 1998, Rybicki and
Carter 2002, van der Heide et al. 2006). Increasing water tem-
perature associated with predicted climate change may there-
fore increase the likelihood of invasion success by European
frogbit in the Finger Lakes. Our goals in this study were to in-
vestigate the growth of European frogbit under two tempera-
tures (simulating current and future temperatures) and two
TP concentrations (simulating oligotrophic and mesotrophic
lakes), and to infer its invasion success in the Finger Lakes.

 

MATERIALS AND METHODS

 

We used a fully factorial experimental design (2 

 

×

 

 2 

 

×

 

 5):
two temperatures (25 and 30 C), two TP concentrations (19
and 36 µg/L), and five replicates for each treatment. We col-
lected nearshore Seneca Lake water (TP = 19 ± 2.1 µg/L,
mean ± SE) because European frogbit usually starts to estab-
lish close to shore. Seneca Lake is typically considered as oli-
gotrophic lake and has a relatively low nutrient
concentration lakewide, about 8.5 µg/L TP in 2007 (J. D.
Halfman, Hobart and William Smith Colleges, unpublished
data), but nearshore waters often have higher nutrient con-
centrations than the offshore, especially in dreissenid-invad-
ed lakes (Hecky et al. 2004). We dissolved KH
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4

 

 into
Seneca Lake water to simulate mesotrophic conditions with
TP of 36.3 ± 1.3 µg/L. Twenty individual plants of European
frogbit with similar sizes, collected from Oneida Lake, New
York, were randomly placed in 20 white plastic containers
(diameter = 0.3 m and height = 0.35 m) with 15 L of water in
each container (one plant per container). The containers
were divided into four groups based on the four treatments:
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A. temperature 25 C and TP 19 µg/L (LT-LP); B. tempera-
ture 25 C and TP 36 µg/L (LT-HP); C. temperature 30 C and
TP 19 µg/L (HT-LP); and D. temperature 30 C and TP 36
µg/L (HT-HP). Groups of LT-LP and LT-HP were transport-
ed and arranged randomly in one growth chamber (Convi-
ron E15, Controlled Environments Ltd, Winnipeg,
Manitoba, Canada) with temperature at 25 C, and the other
two groups were in another chamber with temperature at 30
C. The maximum light intensity (~830 µmol/s/m

 

2

 

) was ap-
plied for 14 hours each day for 21 days in July 2007. The posi-
tion of the containers was randomly switched each week to
decrease potential differences in light intensity at different
locations in the growth chamber.

To ensure a similar growth environment for plants at the
beginning, we measured pH and DO concentrations for
each container using a YSI 556 Multiprobe System (YSI, Inc.,
Yellow Springs, OH) and TP following the procedures of
APHA (2005). We also measured the attributes of the plants:
leaf number, leaf area, stem number, stem length, root num-
ber, and root length. At the end of the experiment, we mea-
sured the same variables as well as stolon number, stolon
length, base number (indicating number of plantlets), and
biomass for all the parts of the plants. Biomass was weighed
after drying at 65 C for 72 hrs when a constant weight was
achieved. Data were analyzed using ANOVA (GLM proce-
dure of SAS 9.0, SAS Institute, Cary, NC) to test the tempera-
ture and phosphorus effects (Kuehl 2000). No
transformations were needed following tests for heterosce-
dasticity. All ANOVA was followed by least significant differ-
ence (LSD) analysis to compare different treatments at the
level 

 

α

 

 = 0.05. Due to phosphorus contamination in two con-
tainers and plant consumption by a snail in one container,
only 17 of 20 samples (4, 5, 4, and 4 in each group) were in-
cluded for analysis. We used the Type III sum of square meth-
ods to determine the main effects of TP and temperature
because the discrepancy in sample sizes was small and the
consequence of unequal sample size was negligible.

 

RESULTS AND DISCUSSIONS

 

The initial pH and DO concentrations did not differ
among the four groups (ANOVA, df = 3, F = 0.35, p = 0.787
for pH and df = 3, F = 0.66, p = 0.592 for DO), and there
were no significant differences in plant leaf number, leaf ar-
ea, stem number, stem length, root number, and root length
among the four groups at the beginning of the experiment
(p > 0.05). Concentrations of TP were higher in groups with
phosphorus addition (df = 1, F = 84.8, p < 0.001). Thus, the
initial differences of TP concentration and temperature
among treatments were likely to contribute to the differenc-
es observed at the end of experiment.

We found temperature had mixed effects on European
frogbit. Higher temperature significantly reduced the base
number from 5.5 ± 2.0 (mean ± SE) to 3.0 ± 1.1 (df = 1, F =
5.25, p = 0.039) whereas numbers of leaves, stems, stolons,
and roots did not differ (Figure 1A). Because each base rep-
resents a plantlet, the results indicate there were fewer plant-
lets at higher temperature. In contrast, higher temperature
induced greater leaf area (+36.8%) and root length
(+23.6%) (df = 1, F = 8.04, p = 0.005 and df = 1, F = 6.31, p =

0.013 respectively; Figure 1B). It also significantly increased
stem biomass, stolon biomass, root biomass, and total biom-
ass of each plantlet (p < 0.05; Figure 1C). These data suggest
higher temperature promotes plant growth but not division;

Figure 1. Responses of European frogbit at two temperatures and two total
phosphorus concentrations in growth chambers: A. numbers of parts of the
plant; B. measured values of parts of the plants; and C. biomass per plantlet
of different plant parts. LT = Low Temperature (25 C); HT = High Tempera-
ture 30 C; LP = Low TP = 19 µg/L; and HP = High TP = 36 µg/L. Different
letters denote significant differences among treatments at α = 0.05 level
using the LSD analysis in ANOVA.
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therefore, it is difficult to evaluate the resulting effect of tem-
perature on invasion success of European frogbit. Slower
vegetative reproduction at higher temperatures would likely
decrease their ability to spread at higher temperatures.

This finding is in contrast to our expectation that higher
temperature would promote invasion success by promoting
growth. Higher temperature often increases growth rates in
aquatic plants (Rybicki and Carter 2002, van der Heide et al.
2006). For example, several floating species, including inva-
sive giant salvinia (

 

Salvinia molesta 

 

Mitchell) and several sub-
merged macrophytes such as invasive hydrilla (

 

Hydrilla
verticillata

 

), were found to reach their maximum growth rate
at temperatures between 25 and 30 C. However, reproductive
rates may be more important than individual growth for pre-
dicting invasion success. In this study, vegetative reproduc-
tion was markedly reduced at 30 C, suggesting lower
likelihood of invasion success. This finding was surprising,
but certainly not unique. For example, Santamaria and
Hootsmans (1998) reported the optimal reproduction tem-
perature for submerged macrophyte 

 

Ruppia drepanensis

 

 Tin-
eo seedlings was 20 C whereas there was no reproduction at
30 C. Another study on sprouting of the tubers of Chinese
water chestnut (

 

Eleocharis tuberosa

 

 Roem) revealed the high-
est sprouting rate and speed occurred at 25 C when tested
across a series of temperatures ranging from 15 to 30 C (Ter-
abayashi et al. 2004). Therefore, global warming 

 

per se

 

 is not
likely to facilitate invasion of European frogbit to new areas
when the water temperature reaches over 30 C. Instead, it
will probably inhibit plant reproduction (Figure 1A) and
may limit future southern expansion of the species. However,
temperature varies among years, and a maximum water tem-
perature of 30 C may not be reached in the near future. For
example, water surface summer temperature (Jun-Aug) in
Oneida Lake averaged 21.2 C in 2000-2004, ranging from
14.3 to 26.8 C, and the mean summer temperature at 1-m
depth in Seneca Lake was 20.1 C with a range of 10.4 to 28.4
C. The nearshore water temperature is expected to be high-
er than the temperature at 1-m water depth but is still lower
than 30 C. Therefore the current nearshore temperature in
the Finger Lakes is likely to promote the rapid growth rate
(Figure 1B, C) and facilitate European frogbit’s spreading in
the Finger Lakes in the near future.

In this study, no significant TP effects were observed on
plant growth or reproduction in terms of number, size, or
biomass of different parts of the plants (ANOVA, all p >>
0.05). We used the higher phosphorus concentration (36
µg/L) to simulate the nearshore water in mesotrophic lakes
like Oneida Lake and Honeoye Lake (one of the Finger
Lakes) and the nearshore concentration (19 µg/L) in olig-
otrophic Seneca Lake (TP = 8.5 µg/L lake-wide) to simulate
more oligotrophic Finger Lakes. Therefore, our result indi-
cated plant growth or reproduction did not differ between
moderately oligotrophic and mesotrophic water. This has a
significant implication for European frogbit invasion to olig-
otrophic lakes like the Finger Lakes. European frogbit
should be equally able to invade oligotrophic lakes (at least
moderately oligotrophic lakes) as to invade mesotrophic
lakes where they are more commonly observed (Madsen
1998, Catling et al. 2003). Therefore the Finger Lakes would
be susceptible to European frogbit invasion.

From these results, we concluded that mild gradual global
warming would likely facilitate invasion of European frogbit
in either oligotrophic or mesotrophic lakes by increasing
growth rate, if not promoting the vegetative reproduction.
We predict that the Finger Lakes of New York will likely be in-
vaded by European frogbit in the near future. Thus, it is im-
portant to educate the public about this species. One
possibility is the “adopt-a-shoreline” program in operation in
several New York lakes that is designed to detect and eradi-
cate invasive plants such as European frogbit and water
chestnut (Amy Samuels, Cornell Cooperative Extension,
pers. comm.). It is also important for aquatic plant managers
to make informed decisions about invasive species control,
with priority and resource allocation based on research.
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Control of West Indian Marsh Grass
with Glyphosate and Imazapyr
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ABSTRACT

 

West Indian marsh grass (

 

Hymenachne amplexicaulis

 

[Rudge] Nees), hereafter referred to as WIMG, is a non-na-
tive invasive species present in at least 14 counties of central
and south Florida. This perennial grass species out-competes
native vegetation and is capable of rapid spread by both
seeds and vegetative tissue. Experiments were conducted to
determine the optimal timing and herbicide strategy for
WIMG in natural areas and to determine the effect of water
depth on WIMG control with herbicides. Glyphosate (N-
(phosphonomethyl)glycine) at 4.2 kg ai/ha, imazapyr (2-
[4,5-dihydro-4-methyl-4-(1-methylethyl)-5-oxo-1-H-imidazol-2-
yl]-3-pyridinecarboxylic acid) at 1.1 and 1.7 kg ai/ha, and
glyphosate + imazapyr at 4.2 + 1.1 kg ai/ha provided at least
90% control 3 months after treatment (MAT) at Myakka Riv-
er State Park and the St. John’s River. However, by 6 MAT re-
growth of WIMG resulted in only 70% control with
glyphosate alone, which was significantly lower than all other
treatments. Although timing did not have an impact on
WIMG control, it did appear to have some impact on reestab-
lishment of native species. The reestablishment of native spe-
cies may have been impacted more by the extreme drought
conditions following the fall application in 2006. Water
depth does not appear to influence control of WIMG with
these herbicides. Regardless of water depth, glyphosate +
imazapyr reduced WIMG biomass by as much as 97% com-
pared to the untreated control. These data indicate that ex-
cellent control of WIMG can be obtained using glyphosate,
imazapyr, or a tank-mix of these herbicides at any time dur-
ing the growing season.

 

 

Key words:

 

 floodplains, aquatic grasses, 

 

Hymenachne amplex-
icaulis

 

, invasive aquatic plants.

 

INTRODUCTION

 

Invasion of exotic plant species poses a serious threat to
Florida’s natural areas. International trade, tourism, as well
as agricultural and urban disturbance have increased the
likelihood of establishment of exotic plants. Exotic aquatic
plant species in Florida wetlands spread rapidly due to
floods, large interconnected waterway systems, and increased
use of commercial and recreational boats. Additionally, fertil-
izer and sediment runoff from agricultural and urban land-
scapes contribute to successful establishment of exotic
aquatic plant species.

Wunderlin and Hansen (2007) reported 1,365 exotic
plant species in Florida, with 129 species considered serious
threats to natural areas according to the Florida Exotic Pest
Plant Council (FLEPPC 2007). Of those, 67 are considered
to be highly invasive because they are disruptive to native
plant communities. West Indian marsh grass (

 

Hymenachne
amplexicaulis

 

) is among the 67 highly invasive species listed as
a category 1 species (FLEPPC 2007).

West Indian marsh grass, hereafter referred to as WIMG,
is a native of South America and the West Indies and has
spread to most countries of the neotropics. The timing of in-
troduction of this species into Florida is unknown; however,
the first herbarium record was from a wet pasture in Palm
Beach County in 1957 (University of Florida Herbarium).
This suggests that the grass could have been intentionally in-
troduced as a forage species. Current records indicate that
WIMG is present in wetlands and rivers in 14 Florida coun-
ties (Wunderlin and Hansen 2007); however, personal obser-
vations (B. Sellers) suggest that this species is likely found in
the southern-most 24 counties of Florida.

West Indian marsh grass is well adapted to wetland envi-
ronments and changes in water depth. In the Brazilian Pan-
tanal, its native range, WIMG grows within four habitats:
marsh ponds, waterlogged basins, tall grasslands, and forest
edges (Pinder and Ross 1998). Observations of marshes in
Florida indicate that when subjected to inundation, WIMG is
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