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INTRODUCTION 

 

Eurasian water-milfoil (Myriophyllum spicatum L., EWM) is a submersed aquatic 

plant native to Europe, Asia and north Africa (Couch and Nelson 1985). EWM has 

become one of the most problematic submersed aquatic plants in North America (Smith 

and Barko 1990). The timing and means of EWM introduction are still being debated, 

and early reports of EWM are often complicated due to EWM’s close physical 

resemblance to the native northern water-milfoil (Myriophyllum sibiricum Komarov) 

(Smith and Barko 1990). Herbarium collections of EWM exist from the late 1800s (Reed 

1977), but Couch and Nelson (1985) argued that these were likely misidentified and the 

initial invasion did not occur until 1942. EWM was likely introduced to North America 

as a cultivated plant in Washington, D.C. (Couch and Nelson 1985) or through the 

aquarium trade (Reed 1977, Couch and Nelson 1985, Johnson and Blossey 2002). Since 

its initial invasion, EWM has primarily been spread to new waterbodies as a hitchhiker 

on recreational boats (Reed 1977, Johnstone et al. 1985, Eiswerth et al. 2000). Currently, 

EWM has spread to 3 Canadian provinces and all states except Hawaii in the United 

States (Berent et al. 2015). 

EWM was first identified as a nuisance species in the 1950s (Nichols 1975, Rawls 

1975, Smith and Barko 1990). EWM does not form specialized overwintering structures, 

but some shoots from the summer survive through the winter, and new shoots may sprout 

in the fall; these shoots remain dormant, storing carbohydrates in preparation for spring 

growth (Smith and Barko 1990). These overwintering shoots aid in EWM’s characteristic 

rapid spring growth, allowing it to quickly reach the surface and form a dense surface 

canopy (Nichols and Shaw 1986, Smith and Barko 1990).  These characteristics aid in its 
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early dominance in the spring and successful displacement of native macrophyte species 

(Nichols and Shaw 1986, Smith and Barko 1990, Madsen et al. 1991). While EWM is 

capable of producing seeds, it primarily colonizes through fragmentation and stolon 

production (Nichols and Shaw 1986, Smith and Barko 1990, Madsen and Smith 1997). 

Stolon formation allows for expansion within the immediate area, while fragmentation 

provides a means of distribution over longer distances (Madsen and Smith 1997). 

Fragmentation can take two forms: autofragmentation, in which internodes form 

adventitious roots and subsequently break apart, and allofragmentation due to mechanical 

damage caused by recreational activity, animals or wave action (Aiken et al. 1979, 

Madsen and Smith 1997). Fragmentation is of special concern, especially in areas of 

heavy recreational activity. Madsen and Smith (1997) found that 46% of EWM fragments 

that settled on suitable substrate successfully rooted and established new colonies. 

Furthermore, field experiments in northern Wisconsin have shown that bundles of EWM 

characteristic of those found wrapped around boat propellers survived up to 48 hours of 

air exposure (Bruckerhoff et al. 2015). Because boaters in this region tend to visit 

multiple lakes within a short period of time, the risk of spread due to fragmentation is 

increased (Bruckerhoff et al. 2015). 

EWM invasions can have significant negative effects on lake ecosystems. As 

EWM elongates, leaves are continuously lost as they become shaded by higher growth; 

this, coupled with high levels of decaying biomass at the end of the growing season, can 

lead to low dissolved oxygen concentrations and fish kills (Newroth 1985, Nichols and 

Shaw 1986). Dense surface mats of EWM also provide ideal habitat for mosquito larvae 
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(Batra 1977, Bates et al. 1985, Smith and Barko 1990), increasing the rate and spread of 

mosquito-borne diseases (Bates et al. 1985). 

EWM invasions can also impact sport fisheries. At high densities EWM has been 

linked to overpopulations of stunted sunfish (Lepomis spp.) and decreased density and 

diversity of littoral invertebrates (Keast 1984, Cheruvelil et al. 2000, Ward and Newman 

2006). Macrophyte beds provide a refuge for juvenile fish (e.g. bluegill, Lepomis 

macrochirus Rafinesque) against their predators (e.g. largemouth bass, Micropterus 

salmoides Lace ́pe ̀de) (Savino and Stein 1982, Werner et al. 1983, Olson et al. 1998, Sass 

et al. 2006). To reduce food limitation at high densities, bluegill often undergo dietary 

shifts with age. Individuals less than 100 mm are generally restricted to macrophyte beds 

as a refuge from predators, while larger individuals freed from predation risk can seek out 

more profitable pelagic zooplanktonic food sources (Mittelbach 1981, Sass et al. 2006). 

The benefit of these macrophyte beds is best under intermediate stem densities (Crowder 

and Cooper 1982). Under high stem densities, predators are excluded from the 

macrophyte beds, removing the check on bluegill populations and allowing them to 

become overpopulated (Savino and Stein 1982, Engel 1995, Dibble et al. 1997, Sass et al. 

2006). Also, foraging efficiency among high density beds is greatly decreased (Dibble et 

al. 1997, Sloey et al. 1997, Valley and Bremigan 2002). Several studies have also 

suggested that EWM supports a poorer macroinvertebrate community when compared to 

native macrophytes (Keast 1984, Cheruvelil et al. 2002, Wilson and Ricciardi 2009, 

Parsons et al. 2011). In mixed macrophyte beds, macroinvertebrate density depends more 

upon the quality of epiphyte communities than whether the macrophyte was native or 

invasive (Strimaitis and Sheldon 2011). However, EWM generally hosted lower 
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macroinvertebrate diversities, suggesting EWM may influence macroinvertebrate 

communities by altering epiphytic food sources (Strimaitis and Sheldon 2011). These 

shifts in macroinvertebrate communities, coupled with the decrease in sunfish foraging 

efficiency, can cause stunting in the overpopulated sunfish as they compete for the same 

limited food source (Dibble et al. 1997, Ward and Newman 2006, Parsons et al. 2011) 

(Figure 1). 

EWM invasions can also have significant economic effects on humans. EWM 

growth can interfere with swimming and boating and reduce the aesthetic appeal of 

popular waterways (Newroth 1985, Smith and Barko 1990). As such, the presence of 

EWM in a waterbody can negatively impact property values (Bates et al. 1985, Horsch 

and Lewis 2009, Zhang and Boyle 2010). In Connecticut, Zhang and Boyle (2010) found 

that property values decreased up to 16%, depending on the degree of EWM invasion. 

Horsch and Lewis (2009) found an average decrease of 13% following EWM invasions 

in Wisconsin. EWM is also known to clog industrial and power plant water intakes, 

resulting in further economic losses due to lost productivity and costs of removal (Bates 

et al. 1985). However, difficulty arises in assigning values to damages invaders cause to 

ecosystem services and the aesthetic value of waterbodies (Bates et al. 1985, Lovell et al. 

2006). As such, these studies fail to take into account economic losses due to effects on 

these properties (Lovell et al. 2006). Eiswerth et al. (2000) estimated that the effects of 

EWM alone on recreation cost the economy $30-$45 million annually. 

Because of the economic effects of nuisance aquatic plants, a lot of effort goes 

into their control. In 1993, the United States spent $135 million annually on aquatic plant 

control (OTA 1993, Pimentel et al. 2005). Control methods involve a variety of physical 
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methods, chemical treatments with herbicides and biological control (Table 1). Because 

control of EWM can be difficult, the particular method used varied between different 

waterbodies. The herbicide 2,4-D (2,4-dichlorophenoxy acetic acid) has been a popular 

control method since the 1950s (Gallagher and Haller 1990, cited in Nault et al. 2014). 

The popularity of 2,4-D owes to its effective killing of EWM, while having limited 

effects on native species (Bates et al. 1985). However, such results require careful timing 

of application and avoiding concentrations that are too high (Nault et al. 2014). 

Unfortunately, EWM often hybridizes with the native northern water-milfoil 

(Myriophyllum sibiricum Komarov) (Moody and Les 2007), and hybrids are less sensitive 

to 2,4-D than EWM. EWM hybridization with northern water-milfoil has thus made 

traditional applications of herbicides less effective (Parsons et al. 2009, LaRue et al. 

2013). In whole lake 2,4-D applications, long-term exposure to low doses (≤ 500 µg L-1) 

resulted in multi-year EWM control (Nault et al. 2014). The herbicide persisted in the 

water longer than expected and longer exposure to 2,4-D resulted in unanticipated 

damage to several native species (Nault et al. 2014).  

Another popular method for controlling EWM is mechanical harvesting, which 

involves mowing the aquatic plants a few feet below the water surface. A major 

drawback of mechanical harvesting is the fact that this method is indiscriminate, 

removing much of the plant community, greatly influencing fish and invertebrates 

associated with the macrophytes (Haller et al. 1980, Shireman et al. 1982, Mikol 1985, 

Dawson et al. 1991). Such harvesting also increases the likelihood of fragmentation and 

further spread of EWM (Nichols and Shaw 1986). Crowell et al. (1994) reported that 
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EWM biomass returned to initial levels within 6 weeks post-harvest, implying that 

harvesting may have to occur multiple times per growing season to effectively control.  

Another method for EWM control is manual removal by hand. This method is 

labor intensive and is thus impractical for large infestations (Kelting and Laxson 2010). 

Identification of EWM by divers is complicated by the similar appearance of EWM, 

northern watermilfoil and hybrids of the two species. EWM and northern water-milfoil 

are typically distinguished by paired leaflet numbers, with EWM having more than 13 

pairs and northern water-milfoil less than 12 pairs. Hybrid specimens show considerable 

overlap of leaflet pairs with the parent species (Moody and Les 2007).  

Biological control of EWM has gained increased interest within the last two 

decades. Grass carp (Ctenopharyngodon idella Val.) are an exotic fish species commonly 

used to control nuisance aquatic plant growth. Unfortunately, EWM is one of the least 

preferred food sources for the fish, and they will often eat all native macrophytes and 

leave EWM untouched (Pine and Anderson 1991). In addition, grass carp have become 

invasive themselves, colonizing many regions of the U.S. Several aquatic insects have 

been investigated as biological controls for EWM (Newman 2004). The milfoil weevil 

(Euhrychiopsis lecontei Dietz, Coleoptera: Curculionidae) has shown the most promise as 

a possible biological control agent for EWM (Creed and Sheldon 1993). The milfoil 

weevil is a native herbivorous insect whose native host is northern water-milfoil. When 

EWM is present, the weevil seems to prefer and develop better on the exotic when 

compared to the native (Creed and Sheldon 1993, Sheldon and Creed 1995, Solarz and 

Newman 1996, 2001, Sutter and Newman 1997, Mazzei et al. 1999, Sheldon and Jones 

2001, Roley and Newman 2006).  
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The milfoil weevil undergoes complete metamorphosis with four life stages: egg, 

larva, pupa, and adult (Figure 2). In spring, adults emerge from overwintering in 

shoreline leaf litter to fly to an EWM bed (Newman et al. 2001). Once there, the adult 

weevil lays 1–2 eggs per day on the apical meristem of the EWM stems (Creed and 

Sheldon 1991, Sheldon and Jones 2001, Newman 2004). The eggs hatch into first instar 

larvae that consume and destroy the apical meristems (Jester et al. 2000). Later instars 

mine the center vascular tissue of each stem (Jester et al. 2000), causing the plant to 

collapse and reduce its canopy-forming potential (Creed et al. 1992).  The larvae mine 

about 15 cm of the stem (Mazzei et al. 1999) before exiting and crawling down a short 

distance to reenter the stem and pupate (Newman 2004). Under temperatures typical of 

the epilimnion of north temperate lakes in summer (25°C), egg development takes about 

5 days; larvae and pupae develop in 7–8 days each (Newman 2004). At 25°C, the entire 

life cycle takes about 21 days, allowing weevils to complete multiple generations, 

depending on the length of the growing season (Newman 2004). In late August to mid-

September, adults develop flight muscles and return to overwintering sites onshore 

(Newman et al. 2001).  

Although EWM declines in several locations have been linked to the milfoil 

weevil (Creed and Sheldon 1995, Creed 1998), weevil densities in many lakes are not 

high enough to effectively control EWM (Newman 2004). Some lakes with excessive 

EWM may benefit from augmented weevil populations. A preliminary study by Jester et 

al. (2000) showed significant declines in EWM five weeks post-augmentation. However, 

the generality of this response is unknown. Furthermore, we know little about the 

prospects for establishing a long-term predator-prey cycle (Batra 1982). A recent project 
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was designed to test the weevil-control hypothesis using experimental manipulations of 

weevil densities in four northern Wisconsin lakes over a four-year period (Knight and 

Havel 2016). Following sampling of background conditions in 2012, weevils were 

stocked during 2013 in eight beds (two beds in each lake), with eight additional beds 

serving as controls (two beds in each lake). Stocking involved collecting adult weevils, 

inoculating weevil eggs onto sprigs of host EWM in the laboratory, and transplanting 

thousands of eggs and larvae with the host plants, which were tied to resident plants in 

the EWM beds (C. Marquette, pers. com.). A similar procedure was followed by Parsons 

et al. (2011) in their augmentation of a weevil population in Washington. Although 

stocking of the Knight and Havel study beds was discontinued in 2014, weevil population 

dynamics and correlated patterns of plant diversity and biomass were monitored in the 16 

beds during 2013-2015 (Knight and Havel 2016). 

One concern with using this method of biocontrol is the fate of weevils following 

introduction. Weevil larvae and pupae are hidden while living in the EWM stems and 

thought to be immune to predation (Sutter and Newman 1997, Newman 2004). The 

black-and-white-striped adults (ca. 3mm), however, are conspicuous to the naked eye and 

presumably also to sight-feeding predators such as sunfish (e.g., bluegill). Several studies 

have tested for the effects of fish predation on the milfoil weevil (Table 2). Newbrough 

(1993) reported that bluegill consumed weevil adults in the laboratory. In field 

experiments using fish enclosures, the larval stage was the only stage significantly 

affected by fish predation (Newbrough 1993). In similar enclosure experiments, Ward 

and Newman (2006) found weevil densities to be negatively correlated with bluegill 

densities. Milfoil weevils occur in the stomachs of bluegill and pumpkinseed (Lepomis 
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gibbosus Linnaeus) in Minnesota lakes, suggesting that fish predation may be one factor 

limiting weevil densities (Sutter and Newman 1997). However, not all fishes consume 

weevils. Yellow perch (Perca flavescens Mitchell) did not prey upon milfoil weevils in 

studies in Vermont and Minnesota (Table 2) (Creed and Sheldon 1992, Creed et al. 1993, 

Sutter and Newman 1997, Creed 2000). 

High sunfish populations are frequently associated with dense macrophyte stands. 

High density EWM beds could establish a positive feedback cycle in which littoral 

sunfish density increases following EWM invasion and the fish in turn lower herbivorous 

insect density (Ward and Newman 2006). Fish predation may therefore have an indirect 

but positive impact on EWM by suppressing herbivorous insects (Ward and Newman 

2006). Moreover, because EWM beds support a lower diversity of aquatic invertebrates 

(Keast 1984), inordinate pressure may be exerted on weevils by fish foraging in these 

depauperate invertebrate communities (Sutter and Newman 1997) (Figure 1).  

Successful control of EWM by augmented weevil populations in a Washington 

lake saw a return to a more balanced community of predator and prey fish (Parsons et al. 

2011). Can we expect a similar response in Wisconsin lakes? The Knight and Havel 

(2016) experimental lakes (Figure 3) provide a convenient study system test for the 

effects of fish predation on weevil populations and other invertebrates in submerged plant 

communities. Although further weevil stocking in the main study was discontinued, the 

16 beds showed a very large range in weevil abundance (0–3.2 weevils/stem) (Knight and 

Havel 2016) and thus provide a good environmental template for study of the food web. 

The primary goal of my study was to test whether bluegill in the four main study 

lakes consume weevils. If so, do bluegill prefer to consume weevils compared to other 
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invertebrate taxa and their availability in the environment? Secondary objectives were to 

quantify the invertebrates associated with submersed macrophytes in the study lakes and 

to test for their importance and preference in the diets of bluegill. 
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METHODS 

 

Study Sites 

 The four lakes included in this study are part of a larger project investigating the 

use of the native milfoil weevil as a biological control of Eurasian water-milfoil (Knight 

and Havel 2016). Four lakes in the Northern Highland Lakes District of Wisconsin were 

chosen for the study: Boot Lake, Little Bearskin Lake, Long Lake, and Manson Lake 

(Table 3, Figure 3). All four lakes have public boat launches and extensive macrophyte 

beds. Within each lake, four EWM beds were sampled, with their boundaries mapped 

using a handheld GPS (Garmin GPSmap78, Olathe, Kansas). 

Boot Lake (Figure 4) is located in Vilas County, Wisconsin, about 13 km 

northwest of Eagle River. The shallow depth of Boot Lake results in frequent 

resuspension of bottom sediments and nutrients, causing high turbidity in the water 

column. Previous collections from the EWM beds during 2013–2014 revealed 13 species 

of submersed plants (Knight and Havel 2016).  

Little Bearskin Lake (Figure 5) is located in Oneida County, Wisconsin, about 21 

km south of Minocqua. This lake has high submersed plant diversity in the EWM beds, 

with 24 species collected (Knight and Havel 2016).  

Long Lake (Figure 6) is located in Iron County, Wisconsin, about 11 km north of 

Mercer. Long Lake is stained with tannins, resulting in low clarity (Table 3). Although 

this lake as a whole has high plant diversity (S. Knight, pers. com.), the study EWM beds 

have the lowest diversity of submersed plants (12 species) among the study lakes. In 

Long Lake, I sampled Bed C during the first time period (Table 4), but eliminated this 

bed from my study due to the very low abundance of macrophytes during the rest of the 
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summer. In the summers of 2012 and 2013, this site had moderate biomass of EWM and 

other submerged plants, but most plants were absent in 2014 for unknown reasons 

(Knight and Havel 2016). 

Manson Lake (Figure 7) is located in Oneida County, Wisconsin, about 24 km 

west of Rhinelander. Manson Lake is the deepest and clearest of the study lakes (Table 3) 

and has 21 species of submersed plants (Knight and Havel 2016). 

 

Fish Sampling 

Fish were collected under Wisconsin Department of Natural Resources Scientific 

Collectors Permit No. NOR-SCP and University of Wisconsin-Madison Animal Care and 

Use Protocol L00205-0-11-12.  

During three time periods in May–August 2014 (Table 4), I sampled fish from 

each of the 16 EWM beds using three methods: angling, minnow traps, and 

electrofishing. 

During June and again in August (Table 4), I angled from a boat using ultralight 

to medium action fishing rods with size 10 bait hooks and a bobber. Hooks were baited 

with small segments of night crawlers (Lumbricus terrestris Linnaeus). At each EWM 

bed, the boat was anchored at bow and stern on the outer edge of a macrophyte bed, and 

the line was cast into the bed. Each bed was fished for 1 angler-hour, or until a minimum 

of fifteen panfish (bluegill, pumpkinseed, or yellow perch) were captured. All fish 

captured were kept in a live well until processing.  

During June and August (Table 4), I set three groups of modified 23 × 44 cm 

Gee’s minnow traps (Tackle Factory, Fillmore, New York), hung in tiers of three (Figure 
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8), within each bed. Traps were constructed of 6.4 mm mesh galvanized steel wire and 

had double entrance openings (38.0 ± 0.4 mm). Traps were hung ca. 0.3 m apart and 

suspended using a 13 x 28 cm orange bullet-nose float. Each trap was baited with a 

handful (ca. 21 g) of dry dog food (Old Roy, Doane Pet Food, Brentwood, Tennessee) 

stuffed in a black nylon sock. Trap tiers were deployed at locations selected by tossing 

three marker buoys arbitrarily into each bed. Traps were fished for about two hours and 

then retrieved.  

I sampled fish via night pulsed-DC electrofishing during July (Table 4). I began 

sampling at dusk with a crew of four (two dippers, one live-well monitor, and one driver). 

I sampled each bed until about fifteen panfish were collected. To target smaller fish, I 

used a pulse rate of 20 Hz and a duty cycle of 25%.  

 

Fish Processing 

All fish were identified to species, measured for total length (mm), and weighed 

on a digital scale (± 1 g). I permanently clipped the anal fin from all bluegill, 

pumpkinseed and yellow perch to estimate population density through mark and 

recapture; however, no marked fish were recaptured during the study period, and no 

further analysis of population density was attempted. Scales were also collected from 

each fish from beneath the depressed pectoral fin and made available for a companion 

study of fish growth rates (Sickler 2015). 

Stomach contents were collected using gastric lavage (Figure 9) where possible. 

The small gape size of bluegill and pumpkinseed limited my use of gastric lavage to 

individuals ≥ ca. 80 mm (pers. observation). The inner straw of a 500-mL wash bottle 
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was removed and the tip of the spout snipped to increase water flow. With each fish held 

upside down, I inserted the spout through the mouth and into the esophagus of the fish. 

Constant pressure was applied to the bottle as the spout was moved back and forth to 

allow flushing of the stomach. When the stream of water from the stomach became clear, 

I assumed that all contents had been flushed. To concentrate the sample, contents were 

flushed into a plugged funnel with cut “windows” (Figure 9A) lined with 200 µm mesh 

(Nitex, Sefar AG, Switzerland). After concentration and plug removal, the diet contents 

in the funnel were flushed with 95% ethanol into a 60-mL bag (Whirl-Pak, Nasco, Fort 

Atkinson, Wisconsin). Following the measures and collection of diet samples, these 

larger fish were released back to the lake. 

Bluegill and pumpkinseed with total lengths below 80 mm were euthanized using 

a lethal dose of MS222 (250 mg/L aqueous), placed in ethanol and stored on ice. 

Stomachs were removed within 8 hours after return to the laboratory. 

 

Environmental Sampling 

I collected aquatic plants (Figure 10) during July to compare epiphytic 

invertebrate taxa available in the environment with taxa present in the fish diet samples. I 

tossed ten marker buoys into the boundary of each EWM bed. A SCUBA diver equipped 

with a 2-gallon (7.6 L) bag (Ziploc, SC Johnson, Racine, Wisconsin) swam to each buoy 

and lowered the bag over the plant closest to the buoy. The diver collected the entire 

plant by cutting it at the sediment surface and sealing the bag underwater, trapping 

invertebrates associated with the plant. The diver then brought the sample back to the 

boat, where I filtered it through a 250-µm sieve. I washed the invertebrate sample into a 
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125-ml jar and preserved it with 95% ethanol (final concentration > 70%). The plant was 

placed in a 1-quart (0.9 L) bag (Ziploc, SC Johnson, Racine, Wisconsin) and brought 

back to the laboratory. There, the plant was visually inspected on a lightbox for any 

remaining invertebrates. All the plants sampled from each bed were separated into tared 

drying pans by species, and dried at 60°C for about 48 hours. Dry weights were then 

measured using a digital scale (± 0.01 g) in a dehumidified room.  

 

Sample Analysis 

 I analyzed all samples from plants and fish diets under a dissection microscope 

(Wild-Leitz, Heerbrugg, Switzerland) at 6× magnification. Samples were removed from 

ethanol by filtering through 200 µm mesh (Nitex, Sefar AG, Switzerland) and washed 

with water into a graduated cylinder. I identified contents using the keys in Edmondson 

(1959), Merritt and Cummins (1996), Voshell Jr. (2002), and Thorp and Covich (2009),  

to a resolution that depended on taxonomic group (Appendix C). Samples with high 

densities were subsampled after removing and counting larger individuals of less 

abundant species. Subsamples (2 mL) were taken from the entire sample diluted in a 100 

mL graduated cylinder with a Hensen-Stempel pipette, until a minimum of 200 

individuals were counted. Due to differences in plant biomass collected in each 

environmental sample, invertebrate counts from environmental samples were expressed 

as number per gram dry weight of plant.  

For diet and environmental samples, mean proportion by number (P̅i) was 

calculated using a slight modification of the formula from Chipps and Garvey (2007): 
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P̅i = 
1

k
∑

(

Nij

∑ Nij

L

i=1

)

k

j=1

 (1) 

where: Nij       = Number of prey type i in sample j 

 k        = Number of samples that contain at least one prey item 

 L = Number of prey types possible. 

The changes to the Chipps and Garvey (2007) formula included substituting P̅i for MNi, k 

for P, and L for Q.  

 

Weevil Densities 

 In the overall weevil project (Knight and Havel 2016), 50 EWM stems were 

collected to estimate weevil densities within each EWM bed in each lake. A stem was 

defined as 50 cm long from the apical tip, including all lateral stems that branch off the 

main stem closer than 50 cm from the apical tip. Stems were viewed under a dissecting 

microscope and all weevil life stages (eggs, larvae, pupae, adults) were recorded for each 

stem (Knight and Havel, unpublished data). 

 In the current study, I identified weevil larvae and adults (results below), but was 

not able to discriminate eggs or pupae. 

 

Prey Preference 

 Prey preference was analyzed using Manly-Chesson’s alpha (Chesson 1978, 

1983, Krebs 1989, Järv et al. 2011): 
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αi= 

ri

p
i
(

1

∑
𝑟𝑖

𝑝𝑖

𝑚

𝑖=1

)
 

(2) 

where: αi = Manly-Chesson’s alpha (preference index) for prey type i 

 ri      = Proportion of prey type i in the diet (i = 1, 2, 3,…, m) 

 pi        = Proportion of prey type i in the environment 

 m = Number of prey types possible. 

Where α i  = m-1 , no selection (preference) occurs; where  α i  > m-1 , positive selection 

occurs; and where α i  < m-1, negative selection (avoidance) occurs. The proportion of 

prey item i in the diet (ri) and environment (ni) were calculated as: 

 
ri , ni =  

Ni

∑ Nij

m

i=1

 
(3) 

where: Ni      = Number of prey type i in the sample 

 m = Number of prey types possible. 

Manly-Chesson’s α was calculated for each fish, using ri calculated from each individual 

diet and the mean ni (P̅𝑖, eq. 1) from the environmental samples at each site. All α values 

for each prey taxon were then averaged to obtain mean α values (±1 SE) for each prey 

taxon in each lake. Efforts were made to avoid confusion between situations in which 

prey taxa were abundantly available but rare in the diet vs. situations in which prey taxa 

were rare in the environment and therefore rare in the diet (Chesson 1983). Taxa for 

which P̅𝑖 (eq. 1) fell below 0.05 were dropped from the Manly-Chesson’s alpha analysis. 

For example, in a situation with 4 prey taxa in which taxa 3 (α3) was eliminated, new 

alpha values for the remaining taxa would be calculated as follows (Chesson 1978): 
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[
α1

α2
α4

] = [

α1 (α1 + α2 + α4)
-1

α2 (α1 + α2 + α4)
-1

α4 (α1 + α2 + α4)
-1

] (4) 

Non-parametric Wilcoxon Signed-Rank tests were performed using Minitab release 16 

(Minitab Inc., State College, PA) to test whether α values differed significantly from the 

values of no selection (αi = m-1). My decision to reject the null hypothesis was based on a 

type-1 error rate of 0.05.  Small p-values indicate significant departure from the null 

hypothesis, and the difference between the median alpha value and H0 indicates whether 

a prey group is significantly over-represented (positive selection) or under-represented in 

the diet.
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RESULTS 

 

Fish Collected for Diet Samples 

During three sampling periods, 14 fish species were caught from the four study 

lakes (Table 5). Bluegill made up the majority of fish sampled from Little Bearskin and 

Manson lakes (70.3 and 85.6%, respectively), while yellow perch were the most abundant 

fish sampled from Boot and Long lakes (56.1 and 64.3%). Nevertheless, bluegill were 

abundant in the catch from these lakes as well (22.6 and 27.9%, respectively). Bluegill 

were the most numerous fish collected in my study and therefore were the focus of my 

analysis.  

Different units were used to report effort for each gear type: angling – 0.5 angler-

hours; minnow traps – 2 hour trap sets; electrofishing – minutes. Except in Long Lake, 

bluegill CPUE varied among the different beds within each lake (Table 6), and each lake 

differed significantly from one another (Table 7). CPUE for the three methods combined 

was highest in Little Bearskin Lake and lowest in Long Lake. Mean CPUE for angling 

was lowest in Boot Lake and highest in Manson Lake. Minnow trap mean CPUE was low 

in Boot and Long lakes, while higher in Little Bearskin and Manson lakes. Mean CPUE 

for electrofishing was highest in Little Bearskin Lake, followed by Manson and Boot 

lakes. Electrofishing mean CPUE for bluegill was lowest in Long Lake, likely a 

reflection of the higher number of yellow perch captured in this lake (Table 5). To test for 

the effects of lake, bed, and gear type on bluegill CPUE, effort units were converted to 

minutes for all three gear types. CPUE was affected by every factor tested, with lake, 

bed, gear, and their interactions all showing significant effects (Table 7). Although these 
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interactions cloud our ability to interpret main effects, CPUE was significantly different 

among the three sampling methods (Table 7, electrofishing highest). 

Use of the three sampling methods ensured that bluegill from a broad range of 

lengths were captured (31–200 mm) (Figure 11). Lake, gear type, and the interactions 

between the two factors all had significant effects on bluegill length (Table 8). Bluegill 

captured by angling had significantly longer mean lengths than those captured by 

electrofishing and minnow traps (Table 8). Bluegill mean lengths from Boot and Long 

lakes were significantly larger than in Little Bearskin and Manson lakes (Table 8). 

Bluegill length distributions varied among the study lakes (Figure 12). Bluegill mean 

length was greatest in Long Lake, followed by Boot, Manson, and Little Bearskin lakes 

(Table 9).  

 

Taxonomic Composition of Fish Diet Samples  

 Across all lakes and time periods, 78,415 invertebrates were identified from 468 

bluegill diet samples into 40 different taxonomic units (Appendix C). Diet contents were 

expressed using the mean proportion by number (P̅𝑖, eq. 1). During July, dipterans 

(primarily chironomids) comprised the major proportion of diet samples from Boot 

(Figure 13) and Little Bearskin (Figure 14) lakes, with fewer other insects, 

microcrustaceans, and other groups. Daphnia spp. were the main component of July diet 

samples from Long (Figure 15) and Manson (Figure 16) lakes, with chironomids second 

most common in Manson Lake. The P̅𝑖 values for taxa in bluegill diet samples from all 

time periods are shown in Appendix D. 
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Weevils in Diet Samples 

The milfoil weevil occurred infrequently within the bluegill diet samples. Of 442 

bluegill diet samples examined, only 13 contained at least one weevil; 2 from Little 

Bearskin Lake, 5 from Long Lake, and 6 from Manson Lake (Table 10). More weevils 

were found in diet samples collected from June (120 weevils from 156 sampled diets) 

than in other months (Table 11). A total of 114 larvae and seven adults were found in all 

these samples, starkly lower than the many thousands of other invertebrates counted in 

the fish diet samples (Appendix C). Although weevils most often occurred singly in diet 

samples, several fish had consumed large numbers of weevil larvae, with up to 52 larvae 

found in a single fish (Figure 17). 

 

Taxonomic Composition of Environmental Samples 

Eurasian water-milfoil was the most frequent macrophyte collected in July 

environmental samples (n = 150), although nine native species were also collected 

(Appendix A). These submersed plants vary a great deal in size of individuals. Thus, 

smaller individuals sometimes contributed only trace amounts to biomass (Appendix B). 

A total of 74,475 invertebrates were identified to 38 different taxonomic units 

(Appendix E). Dipterans (primarily chironomid larvae) and oligochaetes were the 

primary invertebrates in environmental samples collected from all lakes (Figures 13–16). 

Little Bearskin Lake also had high proportions of ostracods and gastropods in the 

samples (Figure 14). Besides chironomids and oligochaetes, ostracods and calanoid and 

cyclopoid copepods occurred in high proportions in Long Lake (Figure 15). Manson 

Lake environmental samples had a higher proportion of littoral cladocerans (primarily 



22 

chydorids) than did the other lakes (Figure 16). The P̅𝑖 values for taxa in environmental 

samples are shown in Appendix F. 

Milfoil weevil densities were highly variable among lakes and among beds in 

single lakes (Knight and Havel 2016) (Table 12). During 2014, weevil densities were 

highest in Little Bearskin Lake (0.68 ± 0.16 weevils per stem) and Boot Lake (0.59 ± 

0.20), and lowest in Manson Lake (0.05 ± 0.03). Weevil densities showed a general 

decline over the course of the summer.  

Weevils occurred rarely in environmental samples collected during the current 

study (Table 11). One adult and one larva were detected in samples from Little Bearskin 

Lake. A single larva was found in a sample from Long Lake. No weevils were found in 

environmental samples from Boot or Manson lakes. 

 

Prey Preference 

Boot Lake bluegill diet (n = 16) and environmental samples (n = 40) suggested a 

statistically significant preference for amphipods and Daphnia spp. and avoidance of 

littoral cladocerans, ostracods and gastropods (Table 13, Figures 13, 18).  

Little Bearskin Lake bluegill diet samples (n = 47) exhibited a significant positive 

selection for ephemeropterans, while avoiding littoral cladocerans, ostracods, gastropods 

and oligochaetes (Table 14, Figures 14, 19). Manly-Chesson α values for chironomids 

and caddisflies did not differ from the null value, suggesting that bluegill showed no 

preference for or against these taxa. 

Although larger samples were collected in other periods, only two bluegill were 

caught while sampling during July on Long Lake (Table 9). Due to the low sample size, I 
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did not compare diet samples and environmental samples using Manly-Chesson’s alpha. 

See Figure 15 and Appendices C and D for an account of the composition of bluegill diet 

samples from Long Lake. 

A high degree of variability existed in the bluegill diet samples (n = 129) 

collected from Manson Lake (Figures 16, 20). Despite this, results of the one-sample 

Wilcoxon Signed-Rank tests suggested that bluegill from Manson Lake had a significant 

strong preference for Daphnia spp. while significantly avoiding other taxa common in the 

environmental samples (Table 15). 
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DISCUSSION 

 

The primary goal of this study was to test whether bluegill in the four study lakes 

under the main project (Knight and Havel 2016) consumed weevils. My results suggest 

that, though rare, weevils did occur in bluegill stomachs from 3 of the 4 study lakes. 

Secondary goals were to quantify the invertebrates associated with submersed 

macrophytes in the study lakes and relate prey taxa available in the environment to those 

taxa preferred by bluegill. Below, I consider the potential effects that EWM may have on 

centrarchid sunfish populations, the effects of various control methods on the aquatic 

community, factors affecting milfoil weevils in the environment, and subsequent impacts 

on their uses for biological control of EWM. 

 

Impacts of Dense EWM on Sunfish Populations 

The tendency of EWM to form monotypic stands with high stem densities can 

have significant effects on sports fisheries by excluding large piscivores, such as 

largemouth bass, while providing refugia for juvenile fish (Werner et al. 1981, Savino 

and Stein 1982, Olson et al. 1998, Sass et al. 2006). However, this refuge may not be 

high quality habitat if food resources are poor. EWM has been shown to be a poor host 

for epiphytic macroinvertebrates when compared to native plant species (Keast 1984, 

Cheruvelil et al. 2000, Ward and Newman 2006). High bluegill densities and diminished 

macroinvertebrate communities, coupled with decreased foraging efficiencies at high 

stem densities, can lead to stunted centrarchid sunfish populations (Engel 1995, Dibble et 
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al. 1997). Preliminary work is underway to determine if stunting is occurring within these 

study systems (Sickler 2015). 

 

Multiple Effects from Chemical and Mechanical Control of EWM 

Current methods for controlling EWM include herbicides, mechanical harvesting, 

and manual removal. While effective, herbicides can have an adverse effect on native 

macrophyte species and are less effective at treating EWM-northern water-milfoil hybrids 

(Parsons et al. 2009, LaRue et al. 2013). There is also growing concern among members 

of lake associations, who are wary of adding chemicals to their lakes.  

Mechanical harvesting is indiscriminate, removing native macrophytes as well as 

fish and invertebrate communities associated with the plants (Haller et al. 1980, Shireman 

et al. 1982, Mikol 1985, Dawson et al. 1991). Furthermore, since the milfoil weevil lays 

its eggs on the apical meristem and spends much of its life in the upper 1.5 m of the 

EWM stem, mechanical harvesting can have a significant detrimental effect on weevil 

populations (Sheldon and O’Bryan 1996). Such harvesting also increases the likelihood 

of fragmentation and further spread of EWM (Nichols and Shaw 1986).  

 

The Role of Milfoil Weevils in Controlling EWM 

The recent field experiment to investigate the use of the native milfoil weevil to 

control EWM in four northern Wisconsin lakes (Knight and Havel 2016) follows two 

decades of previous research (Newman 2004). In some lakes, the milfoil weevil appears 

to be an effective control while in others the weevil is less effective (Newman 2004, 

Reeves et al. 2008). In Minnesota lakes, Newman and Biesboer (2000) suggested that 
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weevil densities reaching 1.5 weevils/stem were adequate to control EWM, while lower 

densities initiated EWM declines in some instances. A study using EWM enclosures in 

Vermont observed declines in EWM with a weevil density of 1.4 weevils/stem (Creed 

and Sheldon 1995). Parsons et al. (2011) conducted an augmentation experiment from 

2002–2008 in a Washington lake. They reported weevil densities that ranged from zero 

weevils per stem in 2002 to 0.29 weevils per stem in 2008, though they sampled during 

different months in the different years which could confound the reported densities 

(Parsons et al. 2011). Although higher densities were ideal in initiating EWM declines, 

Newman (2004) summarized reports of EWM declines with a wide range of weevil 

densities (0.07–2.4 weevils per stem) in field and laboratory studies. Generally, the 

milfoil weevil occurs naturally in numbers too low to control EWM (Newman 2004), so 

its population must be augmented to densities that can control EWM. In a Washington 

lake, weevil augmentations over a 5 year period allowed weevil populations to establish 

and initiate significant declines in EWM (Parsons et al. 2011). In the current study lakes, 

milfoil weevils were stocked in just a single year, which had little or no effect on 

increasing weevil densities or negatively affecting EWM (Knight and Havel 2016).  

 

Fate of Milfoil Weevil Populations 

The fate of milfoil weevils and factors affecting their survival at individual life 

stages is relatively unknown. The adult weevil is about 3 mm long and conspicuously 

yellow and black in color. They are relatively poor swimmers (Reeves and Lorch 2011) 

and are fairly active while climbing around the apical meristem of the milfoil (pers. obs.). 

Their conspicuous color and increased activity may increase their vulnerability to sight 
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predators such as insectivorous fishes. In diet and enclosure studies in Vermont, yellow 

perch did not consume or have an effect on the density of milfoil weevils (Creed and 

Sheldon 1992, Creed et al. 1993). Similarly, Sutter and Newman (1997) found weevils in 

the stomachs of bluegill and pumpkinseed, but not yellow perch. Therefore, bluegill have 

the potential to negatively affect weevil populations. 

Adults are also dependent on undeveloped shoreline habitat to survive the winter 

(Newman et al. 2001). Weevil larvae spend most of their time inside the stem mining the 

central tissue and are generally thought to be protected from fish predation (Sutter and 

Newman 1997, Newman 2004). However, the larvae will leave the interior and crawl on 

the exterior of the stem to move around nodes and also to find a location to pupate 

(Newman 2004). During those periods, the larvae are more vulnerable to fish predators. 

Such behavior may explain occasionally high densities of larvae in my bluegill diet 

samples. Pupae are immobile and likely protected from predation within the pupal 

chambers inside the EWM stem (Newbrough 1993, Sutter and Newman 1997). 

 

Weevil Densities in the Environment 

Weevil densities from environmental samples collected in my study were much 

lower than the densities for the same lakes and study period reported by Knight and 

Havel (2016) (cf. Tables 11 and 16). For the main project, weevils per stem were lowest 

in Manson Lake (0.10 weevils/stem) and highest in Little Bearskin Lake (0.73 

weevils/stem). Although this trend was also true of environmental samples from my 

study, the much lower densities I detected (ca. 0.02 weevils/stem) suggests that many 

weevils were missed in my study. There are two chief sources of this underestimate. 
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First, because of the large number of invertebrates I counted from environmental samples 

(Appendix E), it was not practical to filter and identify the eggs. Eggs are often the 

dominant life stage counted, particularly when the weevils are most abundant early in the 

summer (Knight and Havel 2016). A second source of underestimation is with larvae (the 

next most dominant stage). Since larvae typically spend the majority of time burrowed in 

the stem, Knight and Havel (2016) dissected each EWM stem in order to discover these 

hidden larvae. Such an approach was not included in the methods of the current study.  

 Densities reported by Knight and Havel (2016) were highly variable across years 

and typically declined throughout the summer in all four lakes. In Fish Lake, Wisconsin, 

Lillie (2000) reported similar annual fluctuations and declines over summer in weevil 

densities. From 1995–1998, weevil densities averaged 0.065 weevils per stem (Lillie 

2000). In a survey of 31 Wisconsin lakes with confirmed weevil populations, Jester et al. 

(2000) found weevil densities to range from undetectable to 2.5 weevils per stem. 

Although weevil densities greater than 1.0 weevil per EWM stem seem to be able to 

control EWM, lower densities (>0.1 weevils per stem) may sometimes effect control 

(Newman 2004). 

 

Weevils in Bluegill Diet Samples 

The low frequency of occurrence of weevils in bluegill diet samples is likely a 

result of low weevil densities in the lakes. Although weevils occurred infrequently in 

bluegill diet samples, they sometimes occurred in high numbers in the individual bluegill 

that had consumed them. Prior studies indicated epiphytic invertebrates exhibit a high 

degree of spatial variability (Downing and Cyr 1985, Cheruvelil et al. 2000, Alwin et al. 



29 

2010). Thus it is not surprising that invertebrate densities observed in my environmental 

samples and fish diet samples were highly variable. Newbrough (1993) and Knight and 

Havel (2016) found high variability among individual EWM plants in their weevil 

densities, revealing the patchy distribution of weevils within the EWM bed. Such 

patchiness may account for the occasional high number of weevil larvae within individual 

diet samples if bluegill happen upon a particularly dense aggregation of weevils in the 

EWM bed.  

An alternative explanation involves fish predation behavior. Several studies have 

shown significant variation in learning and foraging behavior among bluegill (Werner et 

al. 1981, Gotceitas and Colgan 1988, Ehlinger 1989, Colgan et al. 1991). “Fast-learners” 

may be more likely to take advantage of weevils as a novel food choice. This behavior 

would be reinforced on subsequent encounters with the weevil, causing the weevil to 

form a greater component of the diet in those individuals when compared to the 

population as a whole.  

 The presence of weevils in bluegill diet samples from my study reinforces several 

other studies that have shown that bluegill and other centrarchid sunfish will prey upon 

weevils. In a study conducted in two Minnesota lakes, Sutter and Newman (1997) found 

weevils in 27 out of 330 bluegill and pumpkinseed diets. Adult weevils were regularly 

consumed, but larvae were only rarely consumed (Sutter and Newman 1997). They 

predicted that the greatest effect of predation would be at high sunfish densities and low 

weevil densities (Sutter and Newman 1997). Ward and Newman (2006) found weevil 

densities to be negatively correlated with sunfish densities in the field and were highest 

within fishless enclosures. A fish enclosure experiment with varying bluegill densities 







 

 

 

7
2
 

 
 

Figure 14. Proportions of each taxonomic group in Little Bearskin Lake, based on counts of 47 bluegill diet samples and 40 

environmental samples, 4 beds pooled, collected in July 2014. Mean ± SE. Taxa that make up less than 5% (fall below the dotted line) 

of the counts from both environmental and diet samples are considered to be too rare to provide an accurate estimate of electivity.  

Sample sizes (n): diets—number of fish, environmental—number of plants. The taxonomic list is from all lakes combined, with some 

taxa missing from individual lakes with some taxa missing from individual lakes. See Appendices D and F for complete lists of P̅𝑖  for 

diet and environmental samples from each lake.
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Figure 15. Proportions of each taxonomic group in Long Lake, based on counts of 2 bluegill diet samples and 30 environmental 

samples, 4 beds pooled, collected in July 2014. Mean ± SE. Taxa that make up less than 5% (fall below the dotted line) of the counts 

from both environmental and diet samples are considered to be too rare to provide an accurate estimate of electivity.  Sample sizes (n): 

diets—number of fish, environmental—number of plants. The taxonomic list is from all lakes combined, with some taxa missing from 

individual lakes with some taxa missing from individual lakes. See Appendices D and F for complete lists of P̅𝑖 for diet and 

environmental samples from each lake.
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Figure 16. Proportions of each taxonomic group in Manson Lake, based on counts of 133 bluegill diet samples and 40 environmental 

samples, 4 beds pooled, collected in July 2014. Mean ± SE. Taxa that make up less than 5% (fall below the dotted line) of the counts 

from both environmental and diet samples are considered to be too rare to provide an accurate estimate of electivity.  Sample sizes (n): 

diets—number of fish, environmental—number of plants. The taxonomic list is from all lakes combined, with some taxa missing from 

individual lakes with some taxa missing from individual lakes. See Appendices D and F for complete lists of P̅𝑖 for diet and 

environmental samples from each lake.
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Figure 20. Manly-Chesson’s alpha electivity for Manson Lake, based on 40 plant samples 

and 133 bluegill diet samples from July 2014. Each Box plot indicates the quartiles and 

median, while whiskers represent the 10th and 90th percentiles. Dots represent outliers. 

The dotted line represents the value at which no selection occurs. Values higher in value 

than this line indicate preference, values lower indicate avoidance. 

 

 

 

 

 

 


