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High-density grass carp stocking effects on a
reservoir invasive plant and water quality
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ABSTRACT

Stocking grass carp [Ctenopharyngodon idella (Valenci-
ennes)] is a commonly applied technique to control
nuisance aquatic vegetation in reservoirs. Factors that
influence the degree of aquatic vegetation control are fish
stocking density, regional climate, abundance and species
composition of the aquatic plant community, and relative
grass carp feeding preferences for plant species. We
evaluated high-density grass carp stocking in a southeastern
U.S. reservoir for control of parrot-feather [Myriophyllum
aquaticum (Vell) Verdc.], an invasive aquatic plant that is not
preferentially consumed by grass carp and the associated
effects on water quality. Lookout Shoals Lake, a 528-ha
piedmont North Carolina reservoir, was stocked with
triploid grass carp at a density of 100 fish per vegetated
hectare. Parrot-feather biomass in the lake was significantly
reduced three months after grass carp stocking, compared
to biomass in in-situ exclosures. During the second year
after grass carp stocking, parrot-feather biomass in the lake
compared to biomass in in-situ exclosures indicated
continued control, but unexplained lack of growth within
most experimental exclosures precluded biomass analyses.
Increases in ambient water chlorophyll a, reactive phos-
phorus, and nitrate-nitrite concentrations were measured
after grass carp stocking. The biological significance of
observed changes in water chemistry and long-term effects
on lake biota remain undetermined. Our results demon-
strate that intensive grass carp stocking can control an
invasive aquatic plant that is not preferentially consumed by
grass carp and reveal associated changes in water quality.

Key words: biological control, Ctenopharyngodon idella,
exclosure, Myriophyllum aquaticum, parrot-feather.

INTRODUCTION

Stocking grass carp [Ctenopharyngodon idella (Valenci-
ennes)] is an increasingly employed control technique for
the management of nuisance aquatic vegetation, but control
has not been achieved in all grass carp applications (Allen

and Wattendorf 1987, Li and Moyle 1999). Factors that
influence the degree of vegetation control with grass carp
are fish stocking density (Fowler and Robson 1978), regional
climate (Van Dyke et al. 1984, Bonar et al. 1993), abundance
and species composition of the aquatic plant community
(Prowse 1971, Opuszynski 1972, Van Dyke et al. 1984), and
relative grass carp feeding preferences for the plant species
(Fowler and Robson 1978). Application of this technique
typically involves varying grass carp stocking densities in an
effort to achieve the desired amount of vegetation control.
High-density grass carp stocking (i.e., densities greater than
regional guidelines) to control persistent nuisance aquatic
vegetation is receiving increased attention as an applica-
tion, but scientific evaluation has been limited.

Aquatic plants perform important ecological functions
and benefits to humans, including provision of food and
cover for fish and wildlife, as well as aesthetic appeal (Hall
and Werner 1977, Savino and Stein 1982, Schramm and
Jirka 1989). Conversely, invasive plant infestations may
suppress native aquatic plants (Aiken et al. 1979, Madsen et
al. 1991, Boylen et al. 1999), clog water intake facilities
(Holm et al. 1969, Vinogradov and Zolotova 1974), degrade
water quality (Roach and Wickliff 1934, Wickliff and Roach
1937, Boyd and Tucker 1998), hinder recreation, and
provide habitat for nuisance insects (Aliyev and Bessmert-
naya 1968, Orr and Resh 1992). Management of nuisance
aquatic plants is a frequent problem for reservoir managers,
and stocking grass carp is commonly applied.

Grass carp exhibit selective herbivory in aquatic systems
with diverse macrophyte community structures. Field and
laboratory studies indicate a preference for succulent plant
species and an aversion to fibrous plant species (Avault
1965, Prowse 1971, Fowler and Robson 1978, Pine and
Anderson 1991, Catarino et al. 1997). Grass carp feeding
preference for a particular plant species may also vary by
region, as soil and water quality characteristics affect plant
texture or taste (Chapman and Coffey 1971, Leslie et al.
1987). Feeding preference is of particular concern if the
preferred vegetation is native or endemic to the system
(Allen and Wattendorf 1987), and grass carp could adversely
affect the species composition of the plant community
(Vinogradov and Zolotova 1974, Fowler and Robson 1978).
Thus, feeding preference for the target plant relative to
other aquatic vegetation is an important consideration for
determining stocking densities for aquatic plant control
(Fowler and Robson 1978).

High-density grass carp stocking is a potential manage-
ment technique for controlling target plants that are not
preferred by grass carp as a food source (Fowler and Robson
1978, Pine and Anderson 1991, Catarino et al. 1997).
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However, achieving control of aquatic vegetation not
preferentially consumed by grass carp with intensive
stocking could result in elimination of all aquatic vegetation
in the system, including native species (Shireman et al. 1985,
Kohler and Courtenay 1986, Allen and Wattendorf 1987).
High-density grass carp stocking and the associated effects
to the aquatic plant community may also impact water
quality. Excessive turbidity and accelerated eutrophication
are two issues of concern that may result from plant
removal, destabilized sediment, and the release of nutrients
via grass carp excreta (James and Barko 1994, Cassani 1996,
Bachmann et al. 2004).

Field investigations in reservoirs where grass carp have
controlled nuisance aquatic vegetation detected some
moderate changes in water quality. In general, aqueous
nutrient concentrations decrease, and water clarity increas-
es following aquatic plant infestations (Canfield et al. 1983).
Aquatic vegetation control using grass carp may result in
nutrient increases and decreased water clarity (Canfield et
al. 1983, Leslie et al. 1983). Conversely, decreases in nutrient
concentrations and increased water clarity have also
followed aquatic vegetation control with grass carp (Mitzner
1978). Water depth, retention time, nutrient loading,
relative abundance of vegetation to lake volume, and rate
of vegetation removal influence the impact grass carp may
have on lake and reservoir water quality (Mitzner 1978,
Leslie et al. 1983, Shireman et al. 1985, Cassani 1996). The
mechanisms producing such conflicting results remain
unclear and demonstrate the need for additional research.

Controlling aquatic plant species that are food sources
not preferred by grass carp with stocking densities of grass
carp that are higher than typically recommended is an
unproven practice, and the effects of such a practice on
reservoir aquatic plant communities and water quality
remain largely unknown. Greater insight into the efficacy
and the indirect effects of this practice would enhance the

aquatic plant management knowledge base and inform risk
analysis to guide nuisance plant control strategies (e.g.,
Zajicek et al. 2009). Thus, the objectives of our study were to
evaluate the efficacy of a high-density triploid grass carp
stocking to control nuisance levels of parrot-feather, a non-
native nuisance aquatic plant that is not a food source
preferred by grass carp and to detect associated changes in
the water quality in a piedmont North Carolina reservoir.

MATERIALS AND METHODS

Study area

Lookout Shoals Lake is a 528-ha reservoir located
between Lake Hickory and Lake Norman on the Catawba
River in the western piedmont of North Carolina (Figure 1).
The lake is jointly managed by Duke Energy and the North
Carolina Wildlife Resources Commission. It was impounded
in 1915 by the construction of the Lookout Shoals Dam and
Hydroelectric Station for power production, which is the
primary use of the reservoir; municipal water source and
recreation are secondary uses (Duke Power 1999, NCDWQ
2003). Parrot-feather and Brazilian elodea [Egeria densa
(Planch.) Casp.] are two invasive aquatic plant species that
dominate the submersed aquatic plant community of
Lookout Shoals Lake (Figure 1). Both are introduced from
South America that often form large, extensive mats on the
water surface that interfere with ecological processes and
human uses of the reservoir (Weatherby 1932, Blackburn et
al. 1969, Sutton 1985).

Water-level management and aquatic herbicides have
been utilized to control parrot-feather and Brazilian elodea
abundances and distributions. Brazilian elodea has been
successfully controlled with winter drawdowns of Lookout
Shoals Lake that have restricted the infestation to the
upstream riverine section of the impoundment. Visual
aerial surveys conducted during September 2004 estimated
that parrot-feather had infested 90 to 95 ha of the littoral
zone of the upper reservoir (17 to 18% of the entire
reservoir). Winter drawdowns were not effective at control-
ling its spread, and it had been selectively controlled with
aquatic herbicides. However, recent installation of a
municipal water facility resulted in increased restrictions
on the use of aquatic herbicides, and other control options
were sought for the management of this invasive aquatic
plant. Parrot-feather is not considered to be a food source
preferred by grass carp (Avault 1965, Pine and Anderson
1991, Catarino et al. 1997); thus, control of this nuisance
aquatic plant with grass carp was questionable. This
presented an opportunity to experimentally evaluate a
high-density grass carp stocking management technique in
an attempt to control a nuisance aquatic plant species that
was not a food source preferred by grass carp.

In May 2005, Lookout Shoals Lake was stocked with
approximately 9,200 grass carp (100 fish per vegetated ha).
This stocking rate is twice that recommended for North
Carolina public waters (Rice et al. 1999), and is higher than
those applied in previous studies (Bailey 1978, Fowler and
Robson 1978, Leslie et al. 1983, de Kozlowski 1994, Hanlon
et al. 2000). Stocked fish were approximately 350 mm in

Figure 1. Location of study site, Lookout Shoals Lake, parrot-feather and
Brazilian elodea approximate coverage, and experimental exclosure and
water quality sampling locations on Lookout Shoals Lake, North Carolina.
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total length and 525 g in weight. Additional detail on the
study reservoir and its management may be found in Garner
(2008).

Experimental exclosure and vegetation sampling

To determine grass carp efficacy as a control agent of
parrot-feather, eight 6-m square exclosures approximately 2
m high were installed prior to grass carp stocking to allow
vegetation growth within the exclosures without grass carp
influence (Figure 2). They were constructed in shallow
water, less than 2 m deep, in areas of known parrot-feather
occurrence. Galvanized pipe was driven into the substrate at
the exclosure corners, and plastic 1.3-cm square mesh
fencing was stretched around and held in place by vinyl-
coated galvanized cable at the top and reinforcement bar
weights at the bottom. An area of equal size and
morphology adjacent to each exclosure was delineated to
sample for comparison of parrot-feather biomass within the
corresponding exclosure.

Harvested plant biomass sampling was conducted for
sensitivity in detecting changes in parrot-feather abundance
to evaluate the degree of control (Madsen and Bloomfield
1993). Throughout the growing season, vegetation was
harvested from six rectangular quadrats within each
exclosure and the area adjacent to the exclosure. The
quadrats were 1 m wide by 6 m long and extended the
length of the exclosure perpendicular to the reservoir
shoreline. One quadrat from inside each exclosure and one
quadrat from outside each exclosure were sampled monthly
from July through September of 2005 and 2006 after grass
carp stocking. Rooted vegetation was completely harvested
by hand and by the same observer. The vegetation from
each quadrat was then spun in a mesh bag to remove excess
water, and fresh weight was measured (6 1 g). This process
was repeated until the weight stabilized. The first vegetation
samples (July 2005) from inside the exclosures were used to
verify an adequate sample size using the equation suggested
by Madsen (1993) for estimating adequate sample sizes
required for aquatic vegetation biomass sampling. Evidence
of non-normality was detected in the parrot-feather
biomass samples, which was not remedied by data transfor-
mation. Thus, a Wilcoxon signed rank test was used to
detect differences in parrot-feather biomass between inner
and outer quadrats. All statistical comparisons were
considered significant at a probability of less than 0.05
(alpha).

Water quality sampling

Lookout Shoals water quality was monitored monthly
from July 2005 through April 2007. Surface samples and
measurements were collected from two main lake locations
in the middle and upper lake areas and from inside and
outside each of the eight experimental exclosures (Figure 1).
Measurements of temperature, dissolved oxygen, and pH
were made using a Hydrolabt model MS5 multi-probe
datasonde and Surveyor 4a display unit. Surface samples for
ammonia, nitrate, nitrite, and reactive phosphorus were
filtered immediately under low pressure through a 0.45-l

glass fiber filter to remove suspended solids. Surface samples
were placed on ice immediately following collection or
collection and filtration and maintained at less than 4 C
until analyzed. Samples were analyzed within 24 h of
collection for total alkalinity (phenolphthalein and total
method) and total hardness (ethylenediaminetetraacetic
acid titration), and within 48 h of collection for ammonia
(salicylate method), nitrate (calcium reduction method),
nitrite (diazotization method), reactive phosphorus
(PhosVer 3 method), using a Hacht CEL/850 test kit.
Chlorophyll a samples were delivered to the Center for
Applied Aquatic Ecology, North Carolina State University,
within 24 h of collection, where they were analyzed using
the EPA 445.0 (revision 1.2) method (EPA 1997).

Lookout Shoals Lake water quality was also monitored
during the months of June, July, and August of 1997 and
2002 by the North Carolina Division of Water Quality
(NCDWQ 2003). One of these locations corresponds to one

Figure 2. Exclosures (6 m 3 6 m 3 2 m, 1.3-cm plastic mesh) used as
experimental controls to detect grass carp herbivory effects. The upper
photograph was taken during exclosure construction with a 1-m water-level
drawdown of Lookout Shoals Lake. Lower photograph depicts normal lake
level.
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(midlake) of the two main lake locations monitored for our
research. This location provides a comparison of water
quality parameters before (1997, 2002) and after (2005 to
2007) grass carp stocking. One-way analysis of variance
(ANOVA; JMP 7, Statistical Analysis Software, Cary, North
Carolina) was performed to detect differences among years
for water quality determinations available from the
NCDWQ (NCDWQ 2003) and those conducted for our
study. A one-way ANOVA was also used to detect
differences among seasons and years between the inner
and outer exclosure water quality determinations with
blocking by exclosure.

RESULTS AND DISCUSSION

Vegetation

Only three submersed aquatic plant taxa were encoun-
tered in the sampling for this research; they were Chara
(Chara spp.), Brazilian elodea, and parrot-feather (Table 1).
Chara and Brazilian elodea were only encountered in
quadrats inside the exclosures, while parrot-feather was
encountered inside and outside the exclosures. Parrot-
feather biomass was highly variable among exclosures and
sampling occasions (Table 2). Analysis of July 2005 parrot-
feather biomass indicated no significant difference in the
mean parrot-feather biomass from the quadrats available to
the grass carp (0.02 kg/m2) and the quadrats from inside the
exclosures (0.05 kg/m2) two months after grass carp were
stocked and one month into the parrot-feather growing
season (Figure 3). A significant reduction in parrot-feather
biomass was observed outside the exclosures, relative to that
inside, three and four months after grass carp were stocked.

Mean parrot-feather biomass from the quadrats available to
the grass carp was less than 0.01 kg/m2 in both August and
September, whereas mean parrot-feather biomass from the
quadrats in the exclosures was 0.60 kg/m2 and 0.54 kg/m2 in
August and September, respectively. These results demon-
strate an average difference in parrot-feather biomass
inside and outside of exclosures over 50-fold.

In the 2006 sampling season, no vegetation was encoun-
tered in any quadrat available to grass carp (Table 2). One
exclosure (number 7) contained more parrot-feather bio-
mass during all three months than in the corresponding
months of 2005. Among all exclosures, no growth was
observed in five of the eight quadrats in July, four of the
eight quadrats in August, and seven of the eight quadrats in
September. This absence of parrot-feather precluded
statistical analyses of abundance in 2006. However, on
average, parrot-feather biomass inside the exclosures was
0.06 kg/m2 during July, 0.18 kg/m2 during August, and 0.17
kg/m2 during September, relative to no plant biomass
outside of the exclosures.

Our analysis of parrot-feather biomass indicated that
control was achieved shortly after grass carp stocking. One
factor that may have influenced the degree of control is the
timing of the stocking. Grass carp were stocked in May, one
month prior to the initiation of the parrot-feather growing
season and two months prior to its peak growth period in
Lookout Shoals Lake. In this case, the plant biomass of a
major infestation did not require depletion to achieve
reasonable control; rather, grass carp could consume less
abundant vegetation as it grew. Grass carp presence at the
initiation of the parrot-feather growing season may be a key
factor contributing to the level of control observed. Also,
parrot-feather new growth may be more palatable to grass

TABLE 1. TOTAL SUBMERSED VEGETATION BIOMASS (G/M2) FROM INSIDE AND OUTSIDE EIGHT EXPERIMENTAL EXCLOSURES DURING JULY, AUGUST, AND SEPTEMBER OF 2005 AND 2006,
FOLLOWING THE MAY 2005 STOCKING OF GRASS CARP.

Species

2005 2006

July August September July August September

Inside
Chara spp. 223 142 45 140 0 0
Brazilian elodea 1 0 0 0 0 0
Parrot-feather 416 4,784 4,349 462 1,459 1,330

Outside
Parrot-feather 180 26 12 0 0 0

TABLE 2. PARROT-FEATHER BIOMASS (G/M2) FROM INSIDE (IN) AND OUTSIDE (OUT) EIGHT EXPERIMENTAL EXCLOSURES DURING JULY, AUGUST, AND SEPTEMBER OF 2005 AND 2006.

Exclosure

2005 2006

July August September July August September

In Out In Out In Out In Out In Out In Out

1 27 2 1,643 0 385 0 0 0 0 0 0 0
2 2 2 3 0 8 0 0 0 0 0 0 0
3 37 2 178 2 197 0 13 0 2 0 0 0
4 0 0 23 0 48 0 117 0 2 0 0 0
5 245 33 1,660 0 2,025 0 0 0 0 0 0 0
6 38 113 580 2 447 0 0 0 2 0 0 0
7 65 28 687 22 1,177 12 332 0 1,453 0 1,330 0
8 2 0 10 0 62 0 0 0 0 0 0 0
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carp facilitating early and continued control as the growing
season progressed (Prowse 1971, Leslie et al. 1994). This
factor (i.e., timing) may be of equal importance as density of
grass carp for controlling parrot-feather.

Lake wide visual estimation and quantitative quadrat
sampling indicated a lack of plant biomass and continued
vegetation control in 2006 and 2007. Visual field surveys
during all post-stocking years (2005–2012) detected no
occurrence of parrot-feather or Brazilian elodea in the
reservoir. The finding of little to no vegetation growth
inside the exclosures during 2006 was unexpected and may
be due to herbivore intrusion, sedimentation effects, or
annual variation in plant growth. Water-level fluctuations in
the reservoir are not a likely cause of the annual differences
in vegetation growth inside the exclosures, as parrot-feather
is generally tolerant and resilient to flooding and drawdown
events (Maltchik et al. 2007, Wersal and Madsen 2011). Doyle
et al. (1997) reported herbivory and sedimentation as
deterrents to the establishment of aquatic plants in
exclosures in two Texas reservoirs. Evidence of sedimenta-
tion and intrusion by painted turtles [Chrysemys picta
(Schneider)] was observed among all exclosures during our
study. Painted turtles are known to be omnivorous (Martof
et al. 1980) and may have sought the vegetation food source
within the exclosures as the vegetation outside the
exclosures was depleted. Further, other vertebrate or
invertebrate organisms may have been attracted to the
vegetation in the exclosures, as similar physical structure
became scarce throughout the lake. No clear explanation
for the interannual differences in results were revealed even
after careful field observation. Thus, we conclude that the
evidence we collected during the first plant-growing season
after high-density grass carp stocking clearly demonstrates
parrot-feather control by grass carp, but our findings of the
second post-stocking growing season are more equivocal,
yet parrot-feather remained at low densities within the
reservoir.

Water quality

No significant differences were detected before and after
grass carp stocking for temperature, pH, and secchi depth,
or dissolved oxygen, ammonia, and nitrate-nitrite concen-
trations from existing data and our sampling (Table 3).

There was a significant increase in chlorophyll a concen-
trations from 2002 and 2005 to 2006, but this change did not
coincide temporally with grass carp stocking.

Additional supporting water quality findings were re-
ported by Garner (2008). In general, water quality measure-
ments were similar between the two years following grass
carp stocking, but differences were found among seasons
and locations. No consistent water quality differences were
detected between the inside and outside of the experimen-
tal exclosures.

Of the significant changes detected in the water quality
parameters in Lookout Shoals Lake after grass carp
stocking, only those for nutrient and chlorophyll a
concentrations pose ecological significance. The elevation
in chorophyll a during the second year after grass carp were
stocked could be indicative of a shift in nutrient availability
to the phytoplankton community resulting from grass carp
excreta or resuspension of sediments (Boyd 1971, Shireman
et al. 1985). The elevated nitrogen and phosphorus levels
observed beginning in the summer of 2005 and through the
spring of 2006 were followed by a four-fold increase in
chlorophyll a concentrations during the summer of 2006.
Chlorophyll a serves as an index of primary production
(Brylinsky and Mann 1971). In lakes with extensive littoral
areas, aquatic macrophytes can comprise a significant
portion of the primary production as they sequester
nutrients and alter photic conditions early in the growing
season in competition with phytoplankton communities
(Boyd 1971). Aquatic macrophytes also have added compet-
itive advantages over phytoplankton by accessing nutrients
in the substrate as well as stabilizing those substrates
preventing nutrient recycling to the water (Bachmann et
al. 2004). However, attributing this increase in phytoplank-
ton production to the loss of littoral vegetation is not clear.
Lookout Shoals Lake water quality is influenced by
watershed inputs and releases from upstream impound-
ments (NCDWQ 2003), and our ability to detect any grass
carp influence on the water quality of Lookout Shoals is
confounded by these factors and a low water retention time.

Conclusions

Invasive aquatic vegetation is a persistent problem for
water resource managers. The triploid grass carp is an
increasingly useful biological control agent of aquatic
vegetation that can decrease cost and risk to public health
(Bailey 1978, Li and Moyle 1999), and our results demon-
strate that high-density grass carp stocking can be consid-
ered among management options for controlling aquatic
plant species considered to be food sources not preferred by
grass carp. We observed control of an invasive aquatic plant
previously considered difficult to control with grass carp,
presumably due to the high-density component of the
stocking. The changes observed in reservoir water quality
following vegetation control were not ecologically detri-
mental and likely of minimal concern for management and
water use.

In addition to stocking density, timing of grass carp
stocking may influence the degree of vegetation control.
Stocking soon after infestation or early in the season before

Figure 3. Mean biomass (kg/m2) of parrot-feather within eight exclosures
and corresponding quadrats outside exclosures during July, August, and
September 2005. Different letters indicate significant differences (P , 0.05)
between inside and outside quadrats within months.
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vegetation biomass reaches peak levels should enhance
successful control. This consideration may be critical for
control of invasive aquatic vegetation that is not preferred
by grass carp.

When developing a management strategy for the control
of invasive aquatic plants, one must consider the ecological
and economic impacts of control techniques versus the cost
of no control (Pimentel et al. 2005, Zajicek et al. 2009). The
array of benefits provided by native aquatic plants should be
included in such analyses. Our study did not address
possible impacts to native or endemic vegetation because
the aquatic plant community of the study reservoir was
dominated by invasive plant species, but we found evidence
of an impact to the macroalgae following grass carp
stocking (Table 1).

Our results confirm research on grass carp effects in
other water bodies that indicate full control of aquatic
plants is likely to result with high-density grass carp stocking
(Bailey and Boyd 1972, Martyn et al. 1986, Hanlon et al.
2000), and managers should expect full control and
depletion of aquatic vegetation with this strategy. Current
knowledge is not sufficient to understand and predict long-
term ecological effects of stocked grass carp (Dibble and
Kovalenko 2009). The changes that we observed in the
aquatic plant community and water quality of Lookout
Shoals Lake raise additional questions regarding the long-
term effects on littoral and shoreline aquatic plant and fish
species. Future research may address those issues, as well as
broader ecosystem-level effects. Our results and those of
other studies addressing the effectiveness and ecological
impacts of utilizing grass carp for aquatic plant control will
aid managers in developing aquatic plant management
plans. Relating the effectiveness and potential ecological
impacts of various control techniques is crucial in this
process.

ACKNOWLEDGEMENTS

We thank Bob Doby, Tommy Bowen, Kim Baker, David
Coughlan, Chuck Brawley, Bryan Kalb, John Shaw, Jason
Harkey, and Shawn Caulfield of Duke Energy; David Yow,

Kin Hodges, Kevin Hining, and David Deaton of the North
Carolina Wildlife Resources Commission; and Scott Favrot
and Dan Weaver of North Carolina State University for field
assistance. Larry McCord, Jim Tuten, John Morrison, Scott
Nelson, and John Inabinet of Santee Cooper provided grass
carp and stocking assistance. Joe Hightower and Ken
Pollock of North Carolina State University provided
constructive scientific guidance. This research was funded
by grants from Duke Energy, Duke Energy Foundation,
North Carolina Wildlife Resources Commission, North
Carolina Division of Water Resources, and North Carolina
Wildlife Habitat Foundation; Bob Curry, Kent Nelson, Rob
Emens, Eddie Bridges, and Wendy Moore assisted with
funding administration. The North Carolina Cooperative
Fish and Wildlife Research Unit is jointly supported by
North Carolina State University, North Carolina Wildlife
Resources Commission, U.S. Geological Survey, U.S. Fish
and Wildlife Service, and Wildlife Management Institute.
Any use of trade, product, or firm names is for descriptive
purposes only and does not imply endorsement by the U.S.
Government.

LITERATURE CITED

Aiken SG, Newroth PR, Wile I. 1979. The biology of Canadian weeds. 34.
Myriophyllum spicatum L. Can. J. Plant Sci. 59:201–215.

Aliyev DS, Bessmertnaya RY. 1968. Use of the grass carp [Ctenopharyngodon
idella (Val.)] to control the larvae of blood-sucking mosquitoes. Problems
in Ichthyology 8:319–321.

Allen SK, Jr., Wattendorf RJ. 1987. Triploid grass carp: Status and
management implications. Fisheries 12(4):20–24.

Avault JW. 1965. Preliminary studies with grass carp for aquatic weed
control. Prog. Fish Cult. 27:207–209.

Bachmann RW, Hoyer MV, Canfield DE, Jr. 2004. Aquatic plants and
nutrients in Florida lakes. Aquatics 26:4–11.

Bailey WM. 1978. A comparison of fish populations before and after
extensive grass carp stocking. Trans. Am. Fish. Soc. 107:181–206.

Bailey WM, Boyd RL. 1972. Some observations on the white amur in
Arkansas. Hyacinth Control J. 10:20–22.

Blackburn RD, Weldon LW, Yeo RR, Taylor TM. 1969. Identification and
distribution of certain similar-appearing submersed aquatic weeds in
Florida. Hyacinth Control J. 8(a):17–21.

Bonar SA, Thomas GL, Thiesfeld SL, Pauley GB, Stables TB. 1993. Effect of
grass carp on the aquatic macrophyte community of Devil’s Lake,
Oregon. N. Am. J. Fish. Manage. 13:757–765.

TABLE 3. MEAN, STANDARD ERROR (IN PARENTHESES), AND RANGE OF WATER QUALITY MEASUREMENTS FROM LOOKOUT SHOALS LAKE MONTHLY (JUNE TO AUGUST) IN 1997 AND

2002 (NCDWQ 2003) PRIOR TO GRASS CARP STOCKING, AND IN 2005 TO 2006 AFTER GRASS CARP STOCKING. WITHIN EACH PARAMETER, DIFFERENT SUPERSCRIPT LETTERS INDICATE

SIGNIFICANT DIFFERENCES (P , 0.05).

Parameter

Year

1997 2002 2005 2006

Temperature (8C) 25.3a (3.2) 26.0a (1.9) 24.7a (, 0.1) 27.8a (1.2)
19.7–30.9 22.3–28.1 24.7–24.8 26.0–30.0

pH 6.5a (0.3) 6.9a (0.2) 6.7a (0.2) 7.4a (0.3)
6.1–7.2 6.6–7.2 6.5–6.8 7.1–7.9

Dissolved oxygen (mg/L) 7.0a (0.8) 6.3a (0.9) 5.5a (1.0) 7.0a (0.5)
5.6–8.3 4.6–7.3 4.5–6.5 6.1–7.6

Secchi depth (m) 1.5a (0.3) 1.5a (0.5) 1.2a (0.6) 1.4a (0.1)
1.0–2.0 1.0–2.4 0.6–1.8 1.3–1.5

Chlorophyll a (lg/L) — 3.5a (1.5) 2.1a (0.4) 8.7b (0.6)
— 0.4–5.0 1.7–2.5 8.0–9.9

Ammonia (mg/L NH3-N) 0.05a (0.02) 0.03a (0.01) 0.07a (0.02) 0.02a (0.01)
0.01–0.07 0.02–0.04 0.05–0.08 , 0.01–0.03

Nitrate-nitrite (mg/L NO3
�-N, NO2

�-N) 0.25a (0.03) 0.07a (0.04) 0.31a (0.20) 0.27a (0.15)
0.22–0.30 0.02–0.15 0.11–0.52 0.06–0.56

32 J. Aquat. Plant Manage. 51: 2013



Boyd CE. 1971. The limnological role of aquatic macrophytes and their
relationship to reservoir management. American Fisheries Society
Special Publication 8:153–166.

Boyd CE, Tucker CS. 1998. Pond Aquaculture Water Quality Management.
Kluwer Academic, Boston, Massachusetts. 700 pp.

Boylen CW, Eichler LW, Madsen JD. 1999. Loss of native aquatic plant
species in a community dominated by Eurasian watermilfoil. Hydro-
biologia 415:207–211.

Brylinsky M, Mann KH. 1971. An analysis of factors governing productivity
in lakes and reservoirs. Limnol. and Oceanogr. 18:1–14.

Canfield DE, Jr., Maceina MJ, Shireman JV. 1983. Effects of hydrilla and
grass carp on water quality in a Florida lake. J. Am. Water Resour. Assoc.
19:773–778.

Cassani JR (ed.). 1996. Managing aquatic vegetation with grass carp.
American Fisheries Society, Introduced Fish Section, Bethesda, Mary-
land. 196 pp.

Catarino LF, Ferreira MT, Moreira IS. 1997. Preferences of grass carp for
macrophytes in Iberian drainage channels. J. Aquat. Plant Manage.
36:79–83.

Chapman VJ, Coffey BJ. 1971. Experiments with grass carp in controlling
exotic macrophytes in New Zealand. Hydrobiologia (Bucuresti) 12:313–
323.

de Kozlowski SJ. 1994. Stocking update and vegetation changes in Lake
Marion, South Carolina. pp. 186–187 In: Proceedings of the Grass Carp
Symposium. U.S. Army Corps of Engineers, Waterways Experiment
Station, Vicksburg, Mississippi.

Dibble ED, Kovalenko K. 2009. Ecological impact of grass carp: a review of
the available data. J. Aquat. Plant Manage. 47:1–15.

Doyle RD, Smart RM, Guest C, Bickell K. 1997. Establishment of native
aquatic plants for fish habitat: Test plantings in two north Texas
reservoirs. Lake Reservoir Manage. 13:259–269.

Duke Power. 1999. Access. Duke Energy Carolinas, Charlotte, North
Carolina.

EPA (Environmental Protection Agency). 1997. Method 445.0. National
Exposure Research Laboratory, Office of Research and Development,
Cincinnati, Ohio.

Fowler MC, Robson TO. 1978. The effects of the food preferences and
stocking rates of grass carp (Ctenopharyngodon idella Val.) on mixed plant
communities. Aquat. Bot. 5:261–276.

Garner AB. 2008. High-density grass carp stocking effects on a reservoir
invasive plant, water quality, and native fishes. Master’s thesis. North
Carolina State University, Raleigh, NC.

Hall DJ, Werner EE. 1977. Seasonal distribution and abundance of fishes in
the littoral zone of a Michigan lake. Trans. Am. Fish. Soc. 106:545–555.

Hanlon SG, Hoyer MV, Cichra CE, Canfield DE, Jr. 2000. Evaluation of
macrophyte control in 38 Florida lakes using triploid grass carp. J.
Aquat. Plant Manage. 38:48–54.

Holm LG, Weldon LW, Blackburn RD. 1969. Aquatic weeds. Science
166:699–709.

James WF, Barko JW. 1994. Macrophyte influences on sediment resuspen-
sion and export in a shallow impoundment. Lake Reservoir Manage.
10:95–102.

Kohler CC, Courtenay WR, Jr. 1986. American Fisheries Society position on
introductions of aquatic species. Fisheries 11(2):39–42.

Leslie AJ, Nall LE, Van Dyke JM. 1983. Effects of vegetation control by grass
carp on selected water-quality variables in four Florida lakes. Trans. Am.
Fish. Soc. 112:777–787.

Leslie AJ, Jr., Van Dyke JM, Hestand RS, III, Thompson BZ. 1987.
Management of aquatic plants in multi-use lakes with grass carp. Lake
Reservoir Manage. 3:266–276.

Leslie AJ, Nall LE, Jubinsky GP, Schardt JD. 1994. Effects of grass carp on
the aquatic vegetation in Lake Conway, Florida. Florida Department of
Environmental Protection, Tallahasee, Florida.

Li HW, Moyle PB. 1999. Management of introduced fishes, pp. 345–374 In:
C. C. Kohler and W. A. Hubert (eds.). Inland fisheries management in
North America, 2nd edition. American Fisheries Society, Bethesda,
Maryland.

Madsen JD. 1993. Biomass techniques for monitoring and assessing control
of aquatic vegetation. Lake Reservoir Manage. 7:141–154.

Madsen JD, Bloomfield JA. 1993. Aquatic Vegetation Quantification
Symposium: An overview. Lake Reservoir Manage. 7:137–140.

Madsen JD, Sutherland JW, Bloomfield JA, Eichler LW, Boylean CW. 1991.
The decline of native vegetation under dense Eurasian watermilfoil
canopies. J. Aquat. Plant Manage. 29:94–99.

Maltchik L, Rolon AS, Schott P. 2007. Effects of hydrological variation on
the aquatic plant community in a floodplain palustrine wetland of
southern Brazil. Limnology 8:23–28.

Martof BS, Palmer WM, Bailey JR, Harrison JR, III. 1980. Amphibians and
reptiles of the Carolinas and Virginia. University of North Carolina
Press, Chapel Hill, North Carolina. 264 pp.

Martyn RD, Noble RL, Bettoli PW, Maggio RC. 1986. Mapping aquatic
weeds with aerial color infrared photography and evaluating their
control by grass carp. J. Aquat. Plant Manage. 24:46–56.

Mitzner L. 1978. Evaluation of biological control of nuisance aquatic
vegetation by grass carp. Trans. Am. Fish. Soc. 107:135–145.

NCDWQ (North Carolina Department of Environment and Natural
Resources, Division of Water Quality). 2003. Basinwide Assessment
Report, Catawba River Basin. Raleigh, North Carolina.

Opuszynski K. 1972. Use of phytophagous fish to control aquatic plants.
Aquaculture 5:61–74.

Orr BK, Resh VH. 1992. Influence of Myriophyllum aquaticum cover on
Anopheles mosquito abundance, ovipostion, and larval microhabitat.
Oecologia 90:474–482.

Pimentel D, Zuniga R, Morrison D. 2005. Update on the environmental and
economic costs associated with alien-invasive species in the United
States. Ecol. Econ. 52:273–288.

Pine RT, Anderson WJ. 1991. Plant preferences of triploid grass carp. J.
Aquat. Plant Manage. 29:80–82.

Prowse GA. 1971. Experimental criteria for studying grass carp feeding in
relation to weed control. Prog. Fish Cult. 33:128–131.

Rice JA, Noble RL, Curry RL (eds.). 1999. Pond Management Guide. North
Carolina Cooperative Extension Service, North Carolina Wildlife
Resources Commission, Raleigh, North Carolina. 30 pp.

Roach LS, Wickliff EL. 1934. Relationship of aquatic plants to oxygen
supply, and their bearing on fish life. Trans. Am. Fish. Soc. 64:370–378.

Savino JF, Stein RA. 1982. Predator-prey interaction between largemouth
bass and bluegills as influenced by simulated, submersed vegetation.
Trans. Am. Fish. Soc. 111:255–266.

Schramm HL, Jirka KJ. 1989. Epiphytic macroinvertebrates as a food
resource for bluegills in Florida lakes. Trans. Am. Fish. Soc. 118:416–426.

Shireman JV, Hoyer MV, Maceina MJ, Canfield DE, Jr. 1985. The water
quality and fishery of Lake Baldwin, Florida: 4 years after macrophyte
removal by grass carp. pp. 201–206 In: Proceedings of the 4th Annual
Conference of the North American Lake Management Society, McAfee,
New Jersey.

Sutton DL. 1985. Biology and ecology of Myriophyllum aquaticum. pp. 59–71
In: L. W. J. Anderson (ed.). Proceedings of the First International
Symposium on Watermilfoil (Myriophyllum spicatum) and Related
Haloragaceae Species. Vancouver, British Columbia.

Van Dyke JM, Leslie AJ, Jr., Nall LE. 1984. The effects of the grass carp on
the aquatic macrophytes of four Florida lakes. J. Aquat. Plant Manage.
22:87–95.

Vinogradov VK, Zolotova ZK. 1974. The influence of the grass carp on
aquatic ecosystems. Hydrobiol. J. 10:72–78.

Weatherby CA. 1932. Anacharis densa on Long Island. Rhodora 34:151–152.
Wersal RM, Madsen JD. 2011. Comparative effects of water level variations

on growth characteristics of Myriophyllum aquaticum. Weed Res. 51:386–
393.

Wickliff EL, Roach LS. 1937. Some studies of impounded waters in Ohio.
Trans. Am. Fish. Soc. 66:76–86.

Zajicek PW, Weier T, Hardin S, Cassani JR, Mudrak V. 2009. A triploid grass
carp risk analysis specific to Florida. J. Aquat. Plant Manage. 47:15–20.

J. Aquat. Plant Manage. 51: 2013 33



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


