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Temperature and herbicide impacts on
germination of water chestnut seeds
PATRICIA R. RECTOR, PETER J. NITZSCHE, AND SALVATORE S. MANGIAFICO*
ABSTRACT
Water chestnut (Trapa natans L.) is a nonnative, annual
invasive species that has infested fresh water bodies in the
eastern United States (US). Management techniques intended to control or eradicate water chestnut include mechanical or physical removal and herbicide treatments.
Information is limited regarding the impact of lake
drawdowns on the viability of water chestnut seeds as a
complement to other control measures. Experiments were
conducted to determine the inﬂuence of freezing and
simulated drawdowns on the viability of fruit from water
chestnut plants growing in herbicide-treated and nontreated areas. In a laboratory experiment, water chestnut
fruit frozen in water for 35 d did not germinate. In 2 yr of
mesocosm studies, simulated drawdowns did not have a
signiﬁcant inﬂuence on water chestnut seed germination,
whereas fruit collected from areas treated with herbicide
had a signiﬁcantly different germination rate than those
collected from untreated areas. In these studies, the mass of
fruit collected from plants in areas treated with herbicide(s)
(2,4-D, and/or glyphosate) was signiﬁcantly less than fruit
collected from plants growing in untreated areas. These
data suggest that herbicide applications may have a greater
or more consistent impact on water chestnut seed viability
than lake drawdowns.
Key words: aquatic species, invasive species, seed bank,
Trapa natans.
INTRODUCTION
Water chestnut (Trapa natans L.) is an annual, invasive
species that originated in Asia (O’Neill 2006) and forms a
ﬂoating rosette composed of leaves with serrated edges. The
fruit of water chestnut is a nut that has four sharp horns.
The seed requires a cold stratiﬁcation period before
germination can occur (Kurihara and Kusima 1991, Cozza
et al. 1994), and can exhibit delayed dormancy, thus forming
a seed bank in the sediment lasting approximately 5 yr or
longer (Kunii 1988, Kishbaugh 2009).
Water chestnut has been observed in areas of the eastern
United States (US) including Lake George and Adirondack
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Lakes, NY (Madsen 1994), Albany County, NY (Methé et al.
1993), the Chesapeake Bay watershed including the Bird and
Sassafras Rivers (Naylor 2003), the Hudson River Estuary,
NY (Nieder et al. 2009), Lake Champlain, VT and NY since
the 1940s (O’Neill 2006, Marsden and Hauser 2009), and in
Massachusetts from 1879 to present (Sorrie 2005) Despite
this range, water chestnut has only recently become an
invasive species in the state of New Jersey. The earliest
documented occurrence of water chestnut in New Jersey
was a few isolated stands in Lake Musconetcong identiﬁed in
2008 (Shannon 2008). These stands expanded to over 30%
coverage of the 133-ha lake by the next year.
Several methods have previously been used to manage
water chestnut. Chemical management includes the use of
the herbicides 2,4-D (Hummel and Kiviat 2004, Kisbaugh
2009) and triclopyr (Hummel and Kiviat 2004, Poovey and
Getsinger 2007). Mechanical harvesting is often a more
effective approach for controlling water chestnut than with
other invasive species, because water chestnut does not
reproduce by fragmentation (Galanti and Esposito 1996,
Kisbaugh 2009). Weed harvesting, with proper timing, can
also reduce the deposition of new seeds to the seed bank of
water chestnut (Methé et al. 1993). Nevertheless, weed
harvesting may be costly, time consuming, and difﬁcult to
conduct in the shallow areas where water chestnut is
frequently found. Hand pulling (Kisbaugh 2009) and stem
cutting while leaving the rosette in place (Methé et al. 1993)
have been shown to be more cost-effective methods for
controlling water chestnut than mechanical harvesting, and
also signiﬁcantly reduce seed production. A well-coordinated hand-pulling effort removed 18,000 to 27,000 kg (wet
weight) of water chestnut from a New Jersey water body in 1
d (Rector and Nitzsche 2013). A multifaceted program is
often warranted to control water chestnut populations
sufﬁciently.
One management measure that is currently not available
for use on water chestnut is a biological control agent.
Biological control with the leaf beetle (Galerucella nymphaeae
L.) was investigated but did not substantially impact water
chestnut plants (Ding and Blossey 2005). Studies in China
documented that Galerucella birmanica Jacoby signiﬁcantly
reduced water chestnut leaf canopy; this beetle, however, is
not host speciﬁc (Ding et al. 2006, Ding et al. 2007, Kisbaugh
2009) and could be problematic in lakes containing
beneﬁcial native or endangered plant species.
Reducing lake water levels to expose the shoreline
sediment (i.e., partial lake drawdown) is a management
technique that has shown a varied response across several
different species of macrophytes (Cooke 1980, Madsen 2000,
Phillips et al. 2000, Holdren et al. 2001, New York State
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Department of Environmental Conservation [NYS DEC]
2005). In previous studies, lake drawdowns controlled nonseed-bearing aquatic species, but seed bearers were not
affected (Holdren et al. 2001, New Hampshire Department
of Environmental Services [NH DES] 2010). The duration of
drawdowns and freezing temperatures are crucial factors in
determining the success or failure of a drawdown program
(Goldsby et al. 1978, NH DES 2010). Minimal information is
available in the literature on the impact of drawdowns on
water chestnut seed germination.
Lake Musconetcong is a shallow (mean depth 1.1 m, max
depth 3.05 m) state-owned lake located in northwestern
New Jersey (Princeton Hydro 2011). Several plant species
considered to be rare in New Jersey can be found in Lake
Musconetcong, including the endangered species, Robbins’
pondweed (Potamogeton robbinsii Oakes).There are also
several aquatic weeds that have been problematic in Lake
Musconetcong for decades, including curly leaf pondweed
(Potamogeton crispus L.), algae (Oedogonium, Bulbochaete, Spondylosium, and Desmidium spp.) (Princeton Hydro, pers.
comm.), coontail (Ceratophyllum demersum L.), and Eurasian
watermilfoil (Myriophyllum spicatum L.) (Princeton Hydro
2006, Shannon 2008). The aquatic weed problem may in
part be due to the shallowness of the lake and also a result of
excess phosphorus concentrations. The lake has a total
maximum daily load for phosphorus, and the majority of
the phosphorus load is generated from the outlet of Lake
Hopatcong (67%) and stormwater runoff (24%), with 4% of
the annual load from internal cycling of the sediments
(Princeton Hydro 2006).
The Lake Musconetcong Regional Planning Board
(LMRPB) is a nonproﬁt board created to oversee the
environmental health of Lake Musconetcong, including a
focus on aquatic invasive species management. The
LMRPB has been addressing the issue of water chestnut
with a multifaceted attack that includes mechanical
harvesting, chemical herbicide treatment, and hand pulling. At the request of the LMRPB, studies were conducted
to determine the inﬂuence of freezing and simulated
drawdowns on the viability of seed germination from the
fruit of water chestnut collected from herbicide-treated
and untreated areas. These studies were designed to
provide information regarding the potential of a partial
drawdown as an additional management measure, along
with information on impacts of herbicide on seed
production.
MATERIALS AND METHODS
Seed source
Lake Musconetcong provides suitable habitat for growth
of water chestnut via relatively thick (0.6 m), unconsolidated sediments overlaying 1.3 m of peat (Princeton Hydro
2011). The pH ranges from 7.4 to 8.9 (Princeton Hydro
2011), and nutrient concentrations are high (New Jersey
Department of Environmental Protection [NJDEP] 2003,
Princeton Hydro 2006, Princeton Hydro 2011). Fruit were
collected from Lake Musconetcong in 2010, 2011, and
2012.
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Study design
Experiments were conducted over 3 yr (2010, 2011, and
2012) to investigate the germination rate of seeds from
water chestnut fruit. The experiment in 2010 tested the
effect of 35 d of freezing temperatures versus refrigerated
controls. In 2011, a 2 by 2 factorial experiment tested the
effect of a simulated lake drawdown environment versus
refrigerated controls, with seed source as a second factor,
comparing seeds from either herbicide-treated or untreated
areas of the lake. In 2012, a 2 by 2 factorial experiment in a
mesocosm was conducted with similarities to the 2011
experiment. The differences included: the fruit were from
areas of the lake treated once with herbicide (13) or with
multiple herbicide treatments (M3); the substrate in the
mesocosm was sediment from the lake bottom; and samples
were placed at three depths in the mesocosm.
Water chestnut freeze trial 2010
A completely randomized laboratory experiment was
designed to determine the impact of freezing water chestnut
fruit on seed germination.
Two hundred three water chestnut fruit were collected
from the bottom sediment1 of Lake Musconetcong with a
grab sample on 28 October 2010. Multiple samples were
taken from areas of the lake known to have extensive growth
of water chestnut. On 1 November 2010, fruit were rinsed,
placed in plastic containers (13 cm by 13 cm), immersed in
tap water, and stratiﬁed in the dark at 4 C. After 107 d the
fruit were washed in tap water. One hundred water chestnut
fruit were submerged, loosely packed in two sealed plastic
containers (13 cm by 13 cm) ﬁlled with 700 ml of tap water
and 0.5 ml NaClO, and placed in a freezer for 35 d. The
other 103 water chestnut fruit were divided into two
replications (49 fruit and 54 fruit) and submerged in two
sealed plastic containers (13 cm by 13 cm) ﬁlled with 700 ml
of tap water and 0.5 NaClO and placed in a refrigerator at 4
C. On 23 March 2011, all fruit were washed, placed in four
separate growing containers (plastic, 94 cm by 48 cm by 18
cm internal dimensions) with tap water as growing medium
in a greenhouse at 18 to 29 C under photosynthetically
active radiation (PAR) approximately 25 to 35 mol m2 d1
(Torres and Lopez no date). Germination rate was measured
on 28 April 2011.
In order to test for delayed dormancy, on 29 April 2011,
nongerminated water chestnut fruit from both the freezing
treatment and refrigeration treatments were submerged in
two sealed plastic containers ﬁlled with 700 ml tap water
and 0.5 ml NaClO for a second cold stratiﬁcation at 4 C. On
2 June 2011, the water chestnut fruit were submerged in tap
water in plastic containers exposed to outdoor sunlight and
temperatures (June monthly average 22 C and July monthly
26 C). Germination rate was measured on 1 August 2011.
Water chestnut drawdown mesocosm and freeze trials
2011
A 2 by 2 factorial experiment was conducted to assess the
effect of simulated lake drawdown conditions (mesocosm)
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TABLE 1. THE

EXPERIMENTAL DESIGN FOR THE TREATMENT, NUMBER OF WATER

CHESTNUT FRUIT, AND REPLICATIONS IN THE

2011

EXPERIMENT.

Herbicide treatment Drawdown treatment Replication No. fruit per bag
Untreated
Untreated
Untreated
Untreated
Untreated
Untreated
Untreated
Untreated
Treated
Treated
Treated
Treated
Treated
Treated
Treated
Treated
Untreated
Untreated

Refrigerator
Refrigerator
Refrigerator
Refrigerator
Mesocosm
Mesocosm
Mesocosm
Mesocosm
Refrigerator
Refrigerator
Refrigerator
Refrigerator
Mesocosm
Mesocosm
Mesocosm
Mesocosm
24-h freeze
24-h freeze

1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2

11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11
11

versus refrigerated control (as conducted in 2010), and
herbicide application at the seed source as the second
factor, with seeds from lake areas that were either treated
with herbicide or untreated. The response variable was the
proportion of seeds that germinated.
On 5 December 2011, fruit were collected from the
bottom sediment of Lake Musconetcong, utilizing a modiﬁed clam rake, from areas that 1) were mechanically
harvested but not treated with herbicide applications or 2)
areas of the lake that had been treated with herbicide.
Herbicide treatments had been Sculpin-G (2,4-D, ai ¼ 20%)
applied at 170 to 227 kg ha1 by broadcast spreader in June
and July 2011 and Aquaneat (glyphosate, ai ¼ 53.8%) applied
topically at 7 L ha1 by hand spray in August 2011 (Allied
Biological 2013). In the treated area the ﬁrst 13 rake pulls
generated zero fruit, but collection continued throughout
the area until sufﬁcient fruit were harvested to conduct the
experiment. In contrast, for the untreated area each rake
pull generated 8 to 10 fruit pull1. Rake pulls were
continued until approximately 100 fruit were collected.
On 19 December 2011 the fruit from the treated area (n ¼
89) and the untreated area (n ¼ 113) were divided into 18
subsamples (Table 1). Several unviable ﬂoating fruit were
removed and discarded. All subsamples were weighed. Two
subsamples of fruit from the untreated area were submerged in two sealed plastic containers ﬁlled with 700 ml
tap water and 0.5 ml NaClO and placed in a freezer for 24 h
before returning to refrigeration for a 24-h freeze experiment. Four control subsamples (two treated and two
untreated) were submerged in sealed plastic containers
ﬁlled with 700 ml of tap water and 0.5 ml NaClO and placed
in a refrigerator at 4 C. A 300-gal Rubbermaid structural
foam stock tank (1.8 m by 1.6 m by 0.6 m) was utilized for the
mesocosm study and ﬁlled with 22 cm of a clay substrate
(calcium bentonite). The eight subsamples were placed in
nylon stockings and buried in the substrate at a depth of 15
cm, with hay bales placed around the stock tank. To mimic
lake drawdown conditions, the tank was ﬁlled with water
and then immediately allowed to drain. On 14 March 2012,
all samples (control, freeze, and mesocosm) were submerged
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in tap water in individual 3-gal buckets in the greenhouse.
Germination rate was measured on 19 April 2012. Nongerminated, nonﬂoating water chestnut fruit were submerged in two sealed plastic containers ﬁlled with 700 ml
tap water and 0.5 ml NaClO and placed in a refrigerator at 4
C for a second cold stratiﬁcation. On 5 July 2012 all
nongerminated fruit (treated area and untreated) were
submerged in tap water in two 3-gal buckets (drawdown and
control) in the greenhouse. Germination rate was measured
on 7 August 2012.
Temperature was recorded in the mesocosm every 2 h for
the duration of the mesocosm study with three temperature
sensors2 and placed in the clay substrate at the same depth
as the fruit (15 cm).
Water chestnut drawdown mesocosm trial 2012
A 2 by 2 factorial experiment was conducted following
the procedure developed in 2011 with three exceptions. In
the 2012 experiment fruit were taken from areas of the lake
that had been either treated once with herbicide or treated
multiple times with herbicide. No fruit came from untreated lake areas. Additionally, fruit were placed at three depths
in the mesocosm, and the substrate was bottom sediment
from Lake Musconetcong.
On 28 August 2012 water chestnut fruit were removed
from plants collected by a mechanical harvester in Lake
Musconetcong. Eighty-nine fruit were collected from plants
in areas of the lake that were treated once with herbicide
(13) on 19 June 2012, and 104 fruit were collected from
areas that had been retreated after the initial June
treatment on 23 July 2012 and also potentially on 7 August
2012. All fruit collected from the retreated area is
considered as multiple treated (M3), as it could not be
determined whether an individual fruit was collected from
an area that received the third treatment on 7 August 2012.
Applications during the summer of 2012 were with Sculpin
G (2,4-D, ai ¼ 20%) applied at 170 to 227 kg ha1 by
broadcast spreader in June Platoon (2,4-D, ai ¼ 46.8%)
applied at 9.5 to 14 L ha1 by broadcast spray in July, and
Aquaneat (glyphosate, ai ¼ 53.8%) applied topically at 7 L
ha1 by hand sprayer in August (Allied Biological 2013).
The mesocosm described previously in the 2011 trial was
utilized and ﬁlled to a depth of 34 cm with bottom sediment
from Lake Musconetcong. On 13 December 2012 fruit were
rinsed with tap water and randomly separated to four
treatments: refrigerated control (R), surface (S), 7-cm depth
and 15-cm depth. Each treatment contained three replications (Table 2). Control (R) fruit was refrigerated following
methods developed in 2010 experiment. Fruit for the
drawdown experiment were buried in the mesocosm
substrate at the speciﬁed depths. On 3 April 2013 water
chestnut fruit were removed from the mesocosm and
refrigerator and placed in tap water in individual 11.4-L
plastic buckets in a greenhouse. Germination was measured
on 3 June 2013.
Temperature was recorded during the experiment with
three temperature sensors.2 One sensor was placed at the
surface, one at a depth of 7 cm, and one at 15 cm.
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TABLE 2. THE

EXPERIMENTAL DESIGN FOR THE TREATMENT, NUMBER OF WATER

CHESTNUT FRUIT, AND REPLICATIONS IN THE

Herbicide
treatment

Depth in mesocosm
(cm)

2012

EXPERIMENT.

Replication

TABLE 3. WATER

No. fruit per
bag

Refrigerator
Refrigerator
Refrigerator
Surface
Surface
Surface
7
7
7
15
15
15
Refrigerator
Refrigerator
Refrigerator
Surface
Surface
Surface
7
7
7
15
15
15

1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3

7
7
8
7
7
8
7
7
8
7
8
8
9
9
8
9
9
8
9
9
8
9
9
8

Statistical analyses
Germination data for 2010 were analyzed by contingency
table with Fisher’s exact test to determine if there was an
association between germination counts and temperature
treatment (35-d freeze or refrigerated control) (PROC
FREQ, SAS/STAT, SAS Institute, Cary, NC).
Germination data for 2011 were analyzed with logistic
regression where the dependent variable was the proportion of seeds germinated, and independent variables were
the source of the seeds, drawdown treatment, and the
interaction of these factors. The source of the seeds variable
indicated if seeds came from treated or untreated areas of
the lake; the drawdown treatment variable indicated if seeds
were subjected to refrigerated control or drawdown
mesocosm treatment. A generalized linear model was
employed with a logit link function and a binomial
distribution (Johnston no date, SAS Institute 2013). Differences in treatment means were determined by pairwise
comparisons (a ¼ 0.05) (PROC GENMOD, SAS/STAT, SAS
Institute, Cary, NC). The 1-d freeze experiment data were
analyzed by contingency table with Fisher’s exact test to
determine if there was an association between germination
counts and temperature treatment (1-d freeze or refrigerated control).
Germination data for 2012 were analyzed similarly to
2011 data by logistic regression; however, because there
were zero counts of germinated seeds for most treatments,
treatment effects could not be reliably determined with this
procedure. A contingency table with Fisher’s exact test was
then used to determine if there was an association between
germination counts and the combinations of seed source
(areas of the lake once treated with herbicide or areas
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2010

EXPERIMENT.

FISHER EXACT
(P ,

TEST CONFIRMED THE ASSOCIATION BETWEEN TREATMENT AND GERMINATION

0.0001).
Treatment

13
13
13
13
13
13
13
13
13
13
13
13
M3
M3
M3
M3
M3
M3
M3
M3
M3
M3
M3
M3

CHESTNUT SEED GERMINATION RATES FROM THE FROZEN TREATMENTS

AND REFRIGERATED (CONTROL) TREATMENTS IN THE

Frozen
Refrigerated
Total

Number germinated

Number not germinated

Total

0
54
54

100
49
149

100
103
203

treated twice or more) and drawdown treatment (refrigerated control or drawdown mesocosm).
Fruit mass data were pooled across 2011 and 2012, and an
analysis of variance was conducted to determine differences
in fruit mass for herbicide treatments (untreated, treated,
once treated, or twice treated). Analysis was conducted with
a general linear model (PROC GLM, SAS/STAT, SAS
Institute, Cary, NC), and residuals were checked for
normality and equal variance among treatments. Differences in means for treatments were determined with Tukeyadjusted pairwise comparisons (a ¼ 0.05), and linear
contrasts were used to compare means of fruit mass
between treatments within years. The effect of years on
fruit mass could not be determined statistically, because
herbicide treatments varied across the years.
RESULTS AND DISCUSSION
Water chestnut freeze trial 2010
In 2010, 52% of the refrigerated control seeds germinated within 5 wk, whereas none of the seeds subjected to a 35d freeze germinated (Table 3). Fisher’s exact test conﬁrmed
the association of treatment and germination counts (P ,
0.0001). The fruit returned to refrigeration after freezing to
test for potential delayed dormancy showed no additional
germination.
Germination rates for the refrigerated controls were
similar to Menegus et al. (1992), who reported a 50%
germination rate of water chestnut seeds after a period of
cold storage in water. Cozza et al. (1994) observed a 68%
germination rate for cold storage seeds.
Water chestnut drawdown mesocosm trial 2011
For the logistic model predicting the proportion of seeds
germinating, seed source (treated or untreated areas of the
lake) was signiﬁcant (P , 0.0001), whereas drawdown
treatment (refrigerated control or drawdown mesocosm)
and the interaction factor were not (P  0.7) (Fig. 1). Mean
values for the proportion of seed germinating were
signiﬁcantly greater for untreated areas of the lake than
for herbicide-treated areas, with mean germination rates of
75 and 77% for seeds from untreated areas, and mean
germination rates of 7 and 5% for seeds from treated areas.
The reduction in germination of fruit from treated areas
suggests that herbicide application may provide a greater
inﬂuence on the successive year’s crop of water chestnut
than would a lake drawdown.
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Figure 1. Proportion of Trapa natans seeds that germinated in relation to seed source (herbicide-treated areas of the lake or untreated areas) and drawdown
treatment (refrigerated control or drawdown mesocosm). Means with the same letter are not statistically different (a ¼ 0.05).

A 1-d freeze did not have a signiﬁcant effect on water
chestnut seed germination (73% germination, n ¼ 22)
compared to the refrigerated control (77% germination, n
¼ 44) (P ¼ 0.8).
Water chestnut drawdown mesocosm trials 2012
Of 89 seeds collected from once-treated areas in 2012,
only 3 germinated (3.4%), and all these were in the
mesocosm drawdown treatment (Table 4). None of the 104
seeds collected from multiple-treated lake areas germinated. Fisher’s exact test showed no signiﬁcant association
between germination and the combination of seed source
TABLE 4. WATER CHESTNUT SEED GERMINATION RATES FROM LAKE AREAS TREATED WITH
HERBICIDE ONCE (ONCE-TREATED) OR TWO OR MORE TIMES (MULTIPLE-TREATED), AND
FOR CONTROLS (REFRIGERATOR) OR SEEDS SUBJECTED TO DRAWDOWN MESOCOSMS
(MESOCOSMS) IN 2012.
Herbicide treatment1
Once treated3
Once treated
Multiple treated4
Multiple treated

Drawdown treatment

Germination rate2 (%)

Refrigerator
Mesocosm
Refrigerator
Mesocosm

0
4.5
0
0

(once-treated or multiple-treated areas of the lake) and
drawdown treatment (refrigerated control or drawdown
mesocosm) (P ¼ 0.19). These results suggest that the
herbicide treatments applied to the areas in the source lake
impacted seed viability; however, it is difﬁcult to measure
the magnitude of this impact due to a lack of seeds from
plants in the untreated areas.
Temperature
The average temperature varied during the 2 yr of the
mesocosm trial (Table 5). In 2011, there were 12 consecutive
d below freezing at a substrate depth of 15 cm and 44 d in
2012. There were interannual variations between 2011 and
2012, such as cooler mean January (2011) and warmer March
TABLE 5. SUMMARY

OF TEMPERATURE DATA FOR BURIAL DEPTH OF DATA LOGGERS IN

2011 AND 2012 STUDIES. TEMPERATURE WAS RECORDED
27 DECEMBER 2011 TO 14 MARCH 2012 DURING THE 2011 STUDY.
FOR THE 2012 STUDY TEMPERATURE WAS RECORDED EVERY 2 H FROM 12 DECEMBER
2012 TO 31 MARCH 2013. THE TEMPERATURE LOGGERS WERE BURIED AT THE SAME
DEPTHS AS THE WATER CHESTNUT SAMPLES.

SEDIMENT IN MESOCOSMS FOR
EVERY

2

H FROM

1

Association of treatment-drawdown combinations and germination counts not
signiﬁcant by Fisher’s exact test P ¼ 0.19.
2
n ¼ 22 for once-treated refrigerated; 67 for once-treated mesocosm; 26 for twicetreated refrigerated; 78 for twice-treated mesocosm.
3
Once-treated application was Sculpin G (2,4-D, ai ¼ 20%) applied at 170 to 226.8 kg
ha1 by broadcast spreader in June.
4
Multiple-treated applications were treated with the above herbicide and with Platoon
(2,4-D, ai ¼ 46.8%) applied at 9.5 to 4.3 L ha1 by broadcast spray (July) and potentially
Aquaneat (glyphosate, ai ¼ 53.8%) applied topically at 7 L ha1 by hand spray (August).
Treatment data provided by Allied Biological (2013).
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2012

2011
Depth (in cm)

Longest stretch of consecutive days at
or below 0 C
Total number of days at or below 0 C

Depth (in cm)

15

Surface

7

15

12
20

8
57

27
58

45
45
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Figure 2. Comparison among monthly average temperatures in mesocosms, monthly average air temperature for northern New Jersey in 2011 and 2012,
and 30-yr normal air temperature averages for northern New Jersey. Air temperature averages for 2011 and 2012 were downloaded from the Ofﬁce of the
State Climatologist at Rutgers University. Thirty-year normal air temperatures are based on values from 1981 to 2010 and are preliminary.

(2012) temperatures (Ofﬁce of the State Climatologist at
Rutgers University 2014) (Fig. 2).
Temperature has considerable effect on water chestnut
fruit, by instituting and breaking dormancy (Kurihara and
Kusima 1991, Menegus et al. 1992, Cozza et al. 1994) as well
as altering germination rates (Kurihara and Kusima 1991,
Cozza et al. 1994). During partial drawdowns newly
dewatered shorelines may expose plants, fruit, or seeds to
freezing.
Winter temperature variability is one reason the impact
of drawdowns as an aquatic weed management measure can
be variable, as typically a sustained period of freezing is
required to provide the necessary environment to achieve
control (Bellaud 2009). Furthermore, temperature differences were observed at different depths in the mesocosm
substrate in 2012, suggesting that water chestnut fruit may
be exposed to varying temperatures depending on burial
depth. Water chestnut fruit will often be at, or near, the
surface, where they may be exposed to broader temperature
ﬂuctuations than at lower sediment depths where temperatures may be more consistent for longer periods of time
(Table 5).
Mass of fruits
Mean mass of water chestnut fruits varied signiﬁcantly by
seed source (P , 0.0001) (Fig. 3). In 2011, mean fruit mass
were 3.16 g fruit1 for treated areas and 3.88 g fruit1 for
untreated areas. In 2012, mean fruit mass were 5.69 g fruit1
for once-treated areas and 3.62 g fruit1 for multipletreated areas. Within years, linear contrasts indicated
signiﬁcant differences in means of fruit mass between
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herbicide treatments (herbicide treated and untreated areas
for 2011, and once-treated and multiple-treated areas for
2012 (P ¼ 0.0047, P , 0.0001, respectively). It was not
possible to compare mass of the fruits between years
statistically, because treatments varied across years. Observation of the fruit from the multiple-treated source area
showed numerous fruit that were twisted, deformed, or
missing horns, deviating from the signature water chestnut
fruit morphology and potentially related to the lower mass.
Groth et al. (1996) observed that the mass of the fruit was
correlated with seed size and that seed size may also impact
the early stages of development, including the seed’s ability
to compete during those early stages. Therefore, fruit in this
study that were found to be signiﬁcantly smaller in size may
have contained seeds with a lesser competitive ability. Other
literature indicates that, at least for some terrestrial species,
seed mass and emergence are at least partially regulated by
the inﬂuence of environmental factors on the parent plant
(Stanton 1984).
Decreasing the existing population may be insufﬁcient as
a management measure, in light of a seed bank. Water
chestnut fruit have been known to form a considerable seed
bank (Methé et al 1993) with some reports of seeds
remaining viable in the sediments to 10 yr (Kisbaugh
2009). Water chestnut is capable of increasing the number
of ramets under low density conditions, thereby quickly
achieving higher densities (Kurihara and Kusima 1991,
Groth et al. 1996) and greater total fruit production per
plant (Groth et al. 1996). A strategy that could provide a
reduction of the seed bank, at least along the shoreline,
through the use of partial lake drawdown was therefore
worthy of investigation. Water chestnut fruit frozen in water
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Figure 3. Mass of Trapa natans fruit in relation to seed source (untreated areas of the lake or herbicide treated areas in 2011, and areas once treated with
herbicide or multiple-treated areas in 2012). Means with the same letter are not statistically different by Tukey-adjusted comparisons (a ¼ 0.05). Error bars
indicate standard error of the mean.

for 35 d had a zero germination rate, but this may not mimic
drawdown conditions. These studies provide data indicating
drawdowns may be a viable management method in
sufﬁciently cold conditions.
The results of these studies indicate that herbicide
application may have a signiﬁcant impact on the surviving
plants’ ability to produce viable fruit. The seeds may either
be nonviable or of smaller mass and lack vigor. Although as
noted by Poovey and Getsinger (2007), herbicide applications may not provide complete control of water chestnut,
this study indicates that herbicide applications may provide
additional control in subsequent years through impacts on
seed germination.
SOURCES OF MATERIALS
1

Petite Ponar model SKU 1728-G40, Wildlife Supply, 8645 Gene Lassere
Blvd. Yulee, FL. 32097
2
One Wire Viewer: Maxim Integrated 160 Rio Robles, San Jose 95134

ACKNOWLEDGEMENTS
Thank you to the Association of Agricultural Agents of
New Jersey for funding this research. We would like to
extend our appreciation to the Lake Musconetcong
Board, who initiated and assisted with this project,
especially Robert Hathaway and Earl Riley. We would
also like to acknowledge Rutgers Research and Extension
Farm at Clifford E. and Melda C. Snyder Farm, especially
Edwin Dager. We extend great appreciation to Glenn
Sullivan, Allied Biological for information on herbicide
J. Aquat. Plant Manage. 53: 2015

applications in Lake Musconetcong that were critical to
this paper.
LITERATURE CITED
Allied Biological. 2013. Report to Lake Musconetcong Planning Board.
Sullivan, G.P. Allied Biological, Hackettstown, NJ.
Bellaud MD. 2009. Cultural and physical control of aquatic weeds, pp. 35–
40. In: A. Gettys, W. T. Haller, and M. Bellaud (eds.). Biology and control
of aquatic plants. Aquatic Ecosystems Restoration Foundation, Gainesville, FL.
Cooke GD. 1980. Lake level drawdown as a macrophyte control technique.
Water Resources Bulletin. Am. Water Res. 16:317–22.
Cozza R, Galanti G, Bitonti MB, Innocenti AM. 1994. Effect of storage at low
temperature on the germination of the waterchestnut (Trapa natans L.).
Verlag Ferdinand Berger Sohne, Horn, Austria.
Ding J, Blossey B. 2005. Impact of the native water lily leaf beetle Galerucella
nymphaeae (Coleoptera: Chrysomelidae), attacking introduced water
chestnut, Trapa natans, in the northeastern United States. Environ.
Entomol. 34:683–689.
Ding J, Blossey B, Du Y, Zheng F. 2006. Impact of Galerucella birmanica
(Coleoptera: Chrysomelidae) on growth and seed production of Trapa
natans. Biol. Control 37:338–345.
Ding J, Wang Y, Jin X. 2007. Monitoring populations of Galerucella birmanica
(Coleoptera: Chrysomelidae) on Brasenia schreberi and Trapa natans
(Lythraceae): Implications for biological control. Biol. Control 43:71–77.
Galanti G, Esposito AT. 1996. The invasive capacity of water chestnut as
shown in the management of a natural population in Lagodi Candia.
Lakes Reservoirs: Res. Manage. 2:31–36.
Goldsby T, Bates AL, Stanley RA. 1978. Effect of water level ﬂuctuation and
herbicide on Eurasian watermilfoil in Melton Hill Reservoir. J. Aquat.
Plant Manage. 16:34–38.
Groth AT, Lovett-Doust L, Lovett-Doust J. 1996. Population density and
module demography in water chestnut (Trapaceae), an annual, clonal
aquatic macrophytes. Am. J. Bot. 83:1406–1415.
Holdren C, Jones W, Taggart J. 2001. Managing lakes and reservoirs. North
American Lake Management Society and Terrene Institute, in cooper-

111

ation with Ofﬁce of Water Assessment Watershed Protection Division,
U.S. Environmental Protection Agency, Madison, WI.
Hummel M, Kiviat E. 2004. Review of world literature on water chestnut
with implications for management in North America. J. Aquat. Plant
Manage. 42:17–28.
Johnston G. No date. SAS software to ﬁt the generalized linear model.
SASInstitute, Accessed December 2013. Cary, NC. http://support.sas.
com/rnd/app/stat/papers/genmod.pdf
Kishbaugh SA. 2009. Waterchestnut. Chapter 13.3, pp. 99–104. In: A. Gettys,
W. T. Haller, and M. Bellaud (eds.). Biology and control of aquatic plants.
Aquatic Ecosystems Restoration Foundation, Gainesville, FL.
Kunii H. (1988). Longevity and germinability of buried seeds. In: Trapa sp.
Mem. Fac. Sci. Shimane Univ. 22:83–91.
Kurihara M, Kusima I. 1991. The ecology of the seed in water chestnut var.
Japonica in a eutrophic lake. Vegetatio 97:117–124.
Madsen JD. 1994. Invasions and declines of submersed macrophytes in Lake
George and other Adirondack Lakes. Lake Reservoir Manage. 10:19–23.
Madsen JD. 2000. Advantages and disadvantages of aquatic plant
management techniques. LakeLine 20:22–34.
Marsden JE, Hauser M. 2009. Exotic species in Lake Champlain. J. Great
Lakes Res. 35:250–265.
Menegus F, Cattaruzza L, Scaglioni L, Ragg E. 1992. Effects of oxygen level
on metabolism and development of seedlings of Trapa natans and two
ecologically related species. Physiol. Plant. 86:168–172.
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