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Editor’s Note: 

This Wisconsin’s Green Fire special report is an update to our original literature review “The 

Effects of Wake Boats on Lake Ecosystem Health: A Literature Review,” released in February 

2024. This updated version, published in May 2024, includes corrected and expanded 

information. While most of the conclusions in this report are similar to the recommendations we 

provided in our February 2024 report, our conclusions here more fully and accurately represent 

the scientific literature. Here, we also include more Wisconsin-specific community strategies for 

regulating wake boats and provide an expanded and updated set of references.  
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Executive Summary 

Wisconsin's Green Fire examines the effects of wake boats on lake ecosystem health with 

this updated literature review based on peer-reviewed research, published reports, and personal 

communications with topical experts. We have summarized the current research findings and 

acknowledge that future studies will improve understanding and build upon our conclusions. 

While all motorized boats can impact lake ecosystems, our work suggests that wake boats are 

causing profound ecological issues for lakes. Research on wake boats has primarily focused on 

the effects of waves on shorelines, deep-reaching propeller turbulence, and the spread of 

aquatic invasive species. Throughout this document, wakes generated for recreational activities 

such as wakeboarding or wakesurfing will be referred to as “recreational wakes.”  

Based on scientific literature, this review focuses on how wake boats affect: 1) aquatic 

invasive species, 2) shoreline erosion, 3) aquatic plants, 4) sediment resuspension, and 5) birds 

and fish. It is important to note that this report does not address the critical topic of human 

safety regarding wake boats and other lake uses such as swimming and kayaking. 

Summary Effects of Wake Boats on Lake Ecosystems 
1) Aquatic Invasive Species (AIS) 

● Wake boats can retain up to 23 gallons of water inside ballasts and bilge after 

being drained with electric pumps. The transport of this water spreads AIS (e.g., 

Eurasian watermilfoil, spiny water flea, zebra mussel) between waterbodies.  

2) Shoreline Erosion 

● Wake boats can produce wakes that are 2–3 times larger than motorized non-

wake boats and transfer up to 12 times more power to shorelines, requiring more 

than 600 ft to dissipate. 

● Armoring shorelines with riprap to repair or reduce erosion has high 

environmental and financial costs, reducing biodiversity and habitat quality, 

exacerbating AIS issues, and increasing nutrient runoff into lakes. 

3) Aquatic Plants 

● Recreational wakes, propeller turbulence, and direct damage from deep hulls 

and propellers can disturb and destroy aquatic plant communities, worsening 

erosion and habitat loss. 

● Native aquatic plants help secure shorelines and lake bottoms and are essential 

cornerstones of food webs. Manoomin (wild rice) is especially susceptible to 

intense turbulence and is of serious concern because of its cultural significance. 

4) Sediment Resuspension 

● Wake boats can resuspend lake sediments at deeper depths than other 

watercraft, reducing water quality and clarity. The resuspension of lake sediment 

can also reintroduce stored and previously inaccessible phosphorus back into the 

water column, fueling algal growth. 

5) Birds and Fish 

● Enhanced wakes, noise levels, and turbulence can negatively impact wildlife, 

including near-shore nesting birds (e.g., common loons), and fish. 
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Summary Community Strategies  
This review includes examples of community strategies from Wisconsin, other U.S. states, and 

Australia to mitigate effects of wake boats. These strategies typically include restrictions such as 

increasing no-wake distances from shore, speed limits, limiting wake boat use during fish 

spawning periods, and free AIS inspection stations. Some communities are restricting or 

banning the use of wake boats, or equipment used to create recreational wakes, on any 

waterbody.  

 

Summary Conclusions: 
These conclusions are derived from our review of the scientific literature and best professional 

judgment of the available information. It is important to state that there are notable gaps in the 

scientific understanding of the full effects of wake boats on lake ecosystems. We intend these 

conclusions to be considered and applied together, not taken separately.  

1. Wake boating activities that create recreational wakes should be done only in areas 

that meet the following criteria:  

a. At least 20 feet deep,  

b. At least 600 feet from any shoreline. 

2. To limit the spread of aquatic invasive species (AIS), exterior surfaces and internal 

ballast systems of wake boats should be sanitized with hot water (≥140°F) before 

accessing other lakes.  

a. Inspections for AIS and aquatic plants must include internal and external ballasts. 

3. Consider restricting timing of wake boat access to lakes until after fish spawning and 

common loon reproduction. 

4. Create and require online training for wake boat users about proper use and risks 

involved with wake boating and environmental impacts. 

5. Make informational signs and documents about the environmental risks of wake boating 

available at boat launches and dealerships. 

6. Encourage lake users to document and report inappropriate behavior by wake boat 

operators to the Wisconsin Department of Natural Resources and conservation wardens. 

 

Summary Data Gaps and Research Recommendations: 
Researchers, policymakers, and lake users are just beginning to understand the effects of wake 

boats on Wisconsin lakes. Scientific research focused on wake boats is scarce and significant 

knowledge gaps exist. This literature review often includes information on motorboats that has 

been extrapolated to wake boats. To better understand wake boat effects on lakes, future 

studies must focus on determining recreational wake-to-shore distances, mixing depth of single 

and multiple boats, AIS sanitation protocol for ballasts, and effects on plants and animals. In 

addition to initial research on these topics, studies must be repeated consistently so our 

knowledge of ecological impacts is concurrent with the yearly incremental changes of wake 

boats (i.e., size, weight, speed, and ability to create wakes).  
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Introduction 
What are Wake Boats? 

The popularity of wake boats for recreational activities has surged. Over 13,000 units were sold 

in the United States in 2020, marking a 20% increase from the previous year (“U.S. Boat Sales 

Reached 13-Year High,” 2021). Wake boats range in length from 18–25 ft. They are designed to 

displace large quantities of water with their deep V-shaped hull, 200+ horsepower (hp) engine, 

internal ballast systems, and wake shaping attachments such as wake plates and wedges (i.e., 

wake shapers) (Wallace, 2022). The most distinctive features of wake boats are the ballast 

system and wake shapers. Ballasts are containers that can be filled with water to increase the 

boat's total weight, lowering the boat deeper below the water’s surface. The deeper a wake boat 

sits in the water column, the more water is available to displace, creating taller wakes. The wake 

wedge allows wake boats to displace more water, amplifying the already tall wake. Wake plates 

create a smoother and steeper wake, but not necessarily taller.  

Wakeboarding and wakesurfing are similar activities performed using wake boats, albeit 

with important differences. When wakeboarding, a rider on a wakeboard is towed behind a wake 

boat, enabling the rider to jump from the wakes and perform tricks while airborne. Wakesurfing 

is similar in that a rider is initially towed while on a longer board. However, the rider moves to 

the top of the tall wake created by the wake boat and releases the tow line, resembling ocean 

surfing. Wakeboarding is usually done above 15 mph, while wakesurfing generally occurs 

between 10–12 mph. Wakesurfing occurs while the bow of the boat is angled approximately 15 

degrees above the waterline and requires full ballasts (or several passengers) to create wakes 

large enough for surfing. Throughout this document, wakes generated for recreational activities 

such as wakeboarding or wakesurfing will be collectively referred to as “recreational wakes.”  

This literature review focuses on using wake boats on freshwater lakes, but they can 

also operate in rivers and marine ecosystems. We provide a general overview of the ecological 

consequences of wake boats on lakes, a review of responses from communities to minimize 

those negative effects, conclusions from the literature that could be implemented to lessen the 

ecological impacts, and current knowledge gaps about wake boats. 

Ecological Issues that Wake Boats Present 

Since the 1970s, aquatic scientists and government agencies, such as the United States 

Environmental Protection Agency (EPA), have been monitoring and quantifying the influence of 

motorized boats on lakes (Yousef, 1974; Yousef et al., 1980). Although all motorized boats have 

negative ecological consequences in aquatic ecosystems (Mosisch & Arthington, 1998), wake 

boats present novel risks to lakes. While wake boats bring enjoyment to users, the lake 

ecosystems where wake boats are used are not sterile or isolated pools. These ecosystems 

have complex and delicate water quality and habitat conditions. Lakes are also areas of cultural 

and spiritual importance to many communities. Major issues of concern from wake boats and 

recreational wakes include elevated risks of spreading aquatic invasive species, accelerating 

shoreline erosion, damaging aquatic plants (macrophyte) communities, resuspending lake 

sediment, water column mixing, and disturbing fauna (birds and fish).  
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Aquatic Invasive Species 

Aquatic invasive species (AIS), also referred to as non-native species, are major concerns in all 

aquatic systems (Leppäkoski et al., 2002). Since 1971, global entities have spent $345 billion on 

containing, controlling, and monitoring AIS, with the U.S. spending $166 billion (Cuthbert et al., 

2021). The State of Wisconsin spends approximately $4 million yearly on efforts to minimize the 

effects of AIS on waterbodies (Campbell, 2018). Removing established AIS from a system is 

nearly impossible without intense trapping, use of chemicals, or extreme modification of aquatic 

ecosystems (Escobar et al., 2018; Lawson et al., 2015; Lund et al., 2018; Nico & Walsh, 2011). 

The establishment of AIS in an aquatic ecosystem is often associated with a reduction in overall 

ecosystem health and increased vulnerability to future AIS invasions (Havel et al., 2015). AIS 

have disrupted and restructured ecosystems ranging in size from ponds to Lake Michigan 

(Vander Zanden et al., 1999, 2010). Should AIS effectively establish itself in a waterbody, they 

can alter lake ecosystem functions, appearances, and ways humans interact with the lake. 

Given Wisconsin’s location along one of North America’s main AIS ports of entry, the 

Great Lakes, several invasive organisms warrant careful attention (Davidson et al., 2021). Some 

species of concern to freshwater lakes include zebra, quagga, and golden mussels (Belz et al., 

2012; Benson et al., 2023; Boltovskoy et al., 2006; Johnson et al., 2006; Strayer, 2009; Zhu et 

al., 2006), Eurasian watermilfoil (Buchan & Padilla, 2000), purple loosestrife (Reinartz et al., 

1987), spiny water fleas (Kerfoot et al., 2011; Martin et al., 2022), rusty crayfish (Olden et al., 

2006), various species of carp (Bajer & Sorensen, 2010; Wittmann et al., 2014), microbes (Kelly 

et al., 2013), and diseases/viruses (Thiel et al., 2021). Each of these AIS has been documented 

to negatively alter aquatic ecosystems. For example, zebra mussels are responsible for 

outperforming native mussel communities (Strayer & Malcom, 2007), and overconsuming 

zooplankton, which can incite algal blooms (Boegehold et al., 2019). Spiny water fleas are large 

predatory zooplankton that can outcompete native zooplankton and, in some cases, even limit 

food availability to fish species that consume zooplankton (Walsh et al., 2016; Yan et al., 2002). 

Eurasian watermilfoil and purple loosestrife outcompete native plants with rapid growth rates, 

displacing vital habitats to birds, fish, and invertebrates that depend on native flora (Brown et al., 

2002; Buchan & Padilla, 1999). In addition to the ecological effects that AIS can cause in 

waterbodies, there are real societal and economic impacts like losing recreational opportunities 

(Eiswerth et al., 2000, Halstead et al., 2003), clogging pipes at water treatment and electric 

power generation facilities (Connelly et al., 2007), and impeding water navigation and industry 

(Lovell et al., 2006; O’Neill, 1997). The negative ecological effects of AIS are numerous. 

Therefore, minimizing the risk of new introductions and spread of AIS is a global priority.  

The risk of new AIS introductions in Wisconsin lakes is not limited to species that have 

already invaded the state but those inhabiting a large geographical area (Collas et al., 2021). 

Motorized boats are often kept and transported on trailers between unconnected waterbodies. 

Boat owners have been documented traveling long distances to recreate on pristine or popular 

waterbodies (Buchan & Padilla, 2000; Johnson et al., 2006). Transportation of AIS via boat 

trailers has been well documented despite significant efforts to minimize this mechanism of 

spreading AIS (Minchin et al., 2006; Rothlisberger et al., 2010). For example, one study 

observed that 45% of boaters exiting a lake had aquatic plants (AIS and native) and 

invertebrates attached to the hull or trailer (Rothlisberger et al., 2010). Wisconsin boaters who 
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moved between unconnected lakes often (more than once every 5 days) were categorized to be 

at a greater risk of transmitting AIS (Witzling et al., 2016). 

Aquatic plant fragments can survive up to three days while completely dry and up to 36 

days if constantly damp with minimal access to nutrients (Madsen & Boylen, 1988). Zebra 

mussels can survive more than three days out of water and even longer if kept moist (Paukstis 

et al., 1999; Ricciardi et al., 1995). Quagga mussels, on the other hand, can survive up to 27 

days (Choi et al., 2013). Infrequent boaters can also transmit AIS because of the longevity of 

several AIS outside of waterbodies. Rinsing trailers, boat hulls, decks, and equipment with 

pressurized hot water can dramatically reduce the risk of spreading AIS to the next water body 

(Comeau et al., 2011; Elwell & Phillips, 2021; Sims & Moore, 1995). Hot water can kill most AIS 

within 10 seconds of contact with water ≥140°F. In contrast, spiny water flea (Bythotrephes 

longimanus) eggs are much more resilient than most other AIS (Comeau et al., 2011), requiring 

10 minutes of exposure to water of ≥122°F to prevent hatchings (Branstrator et al., 2013). While 

hot water can efficiently prevent AIS from spreading via boats, only 56% of boaters and 

approximately 80% of trained professionals successfully removed all AIS during a controlled 

study (Angell, 2023).  

Wake boats pose unique risks of spreading AIS because of their capacity to hold large 

volumes of water within their internal ballast systems (Doll, 2018). Internal ballasts can hold 

over 6,000 pounds (2,722 kg or 718 gal) of water. Ballasts are emptied and filled with stationary 

electric pumps. Currently, pumps cannot completely drain internal ballasts, leaving behind an 

average of 8.37 gallons (31.7L), but in some cases, up to 22.9 gallons (86.8L) (Campbell et al., 

2016) (Figure 1).  

 
 Figure 1. Adapted from Campbell et al. (2016) for general layout of wake boat internal ballasts. 
This figure is only used as a visual aid to help communicate that the pumps of internal ballasts 
are generally placed in locations that cannot effectively drain the entire tank. The relative size, 
number, and placement of ballast tanks will vary depending on the make, model, and owner. 
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As the volume of water on board boats increases, so does the number of AIS found (Kelly et al., 

2013). In addition to holding a large quantity of water internally, placing external ballast bags on 

the deck is common practice and further increases the amount of water onboard. External 

ballast bags range between 15–206 gals (56–781 L) of additional water. Zebra mussel veligers 

(larval stage, 0.002–0.0078 in) and round goby larvae (Neogobius melanostomus) have also 

been found in small outboard motor cooling systems (Bussmann et al., 2022); however, that risk 

is trivialized by the vast difference in water volume held by wake boats versus small outboard 

motor systems (De Ventura et al., 2016). Fishing boats with holding wells are also a source of 

AIS but are easier to rinse with hot water than internal ballast systems (Davis et al., 2016).  

Properly sanitizing the internal ballasts of wake boats is essential for reducing spread of 

AIS. To effectively sanitize internal ballast systems with hot water (≥122°F), repeated flushing is 

likely required, as large quantities of cold lake water left in the ballast systems will lower the hot 

water temperature to below effective thresholds. Owner’s manuals of wake boats suggest that 

flushing an unspecified volume of hot water (120°F or 49°C) for a few seconds in their ballast 

systems is sufficient to prevent spreading AIS. Using a basic thermodynamics equation of heat 

transfer, the volume of hot water needed to bring the remaining ballast water up to a 

temperature fatal to all AIS can be calculated: 

Eq.1      Q1 +(-Q2) = 0 

Eq.2      Qx = mx*cx*ΔTx 

In equations 1 and 2; Q is the amount of heat transferred in joules (J), m represents the mass of 

the material in grams, c is the specific heat capacity (J/g) of the material, and ΔT is the change 

in temperature that the material will undergo in degrees Celsius.  

We set Equation 1 to zero, assuming that all heat will transfer from the hot water (Q2) to 

the colder water in the ballast (Q1), achieving the desired equilibrium temperature. The 

temperature goal is to bring all the ballast water up to 122°F (50°C) to create an environment 

that is fatal to all known AIS. For this exercise, we assume that the specific heat capacity (c) of 

water is held constant at 4.18 J/g. We also assume that the ballasts are holding 23 gal (87 L) of 

water at 68°F (20°C) and that the temperature of the hot water being added to the ballast is 

known to be 131°F (55°C). Bringing the 23 gal of unpumped ballast water up to 122°F from 

68°F would require 138 gals (522 L) of water at 131°F. This exercise also assumes that no heat 

is lost while hot water is added to the tank and that the tank is a perfectly insulated container. 

Realistically, more than 138 gals of hot water would be required to create an environment 

inhospitable to all AIS. Even if wake boat owners follow manual instructions to flush ballasts, it 

still may not be sufficient to eliminate the risk of transmitting AIS to new waterbodies.  

Because of how internal ballasts of wake boats are designed, they present a new and 

unique risk of spreading AIS compared to traditional motorboats. The large amount of water 

stored in internal and external ballasts increases the odds that AIS will be onboard and 

transmitted. This risk is also amplified by the increased complexity of properly decontaminating 

the large volumes of remaining water inside ballast tanks. If ballasts of wake boats cannot be 

decontaminated, they are likely violating state laws of transporting AIS. Wisconsin’s “invasive 

species rule,” makes it “illegal to possess, transport, transfer or introduce certain invasive 

species in Wisconsin without a permit,” (Wis. Admin Code NR § 40, 2022). 
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Shoreline Erosion 

Shoreline erosion refers to the loss of soil and other material along the shores of a waterbody. 

Shoreline erosion is associated with increased turbidity from the removed shore material 

entering the water column and releasing nutrients (Lemieux et al., 2024). There are two major 

components in shoreline erosion: the composition of the shoreline and the active forces 

removing material (Alavinia et al., 2019; Allen & Tingle, 1993). Shoreline composition includes 

characteristics such as the material (e.g., mud, sand), slope, and the amount (or lack) of natural 

protection from waves (Kobayashi et al., 1987). Active shoreline erosion forces include waves, 

frost thaw, precipitation runoff, lake level, ice, and wind. Understanding the baseline potential for 

shoreline erosion is essential when assessing new erosion risks to waterbodies.  

Shoreline erosion rates in lakes and reservoirs throughout the Midwest have an average 

recession rate between 0.35–5.9 ft per year (Eco-Resource Consulting, Inc., 2018; Gatto & Doe, 

1996). These high erosion rates are likely driven by past forest clearcutting practices, the 

removal of lake-fringe wetland ecosystems, the installation of dams, and streamlining hydrology 

within watersheds (Alverson et al., 1988; Bodensteiner & Gabriel, 2003; Brock & Brock, 2004; 

Reinartz & Warne, 1993; Steen-Adams et al., 2007). These environmental changes, along with 

relatively recent shoreline development on Wisconsin lakes, have primed shorelines to be 

sensitive to any new erosion force.  

All motorized boats create wakes and can contribute to eroding lake shorelines, but 

those that create larger and more powerful wakes have a greater impact (Amin & Davidson-

Arnott, 1997; Bauer et al., 2002; Bilkovic et al., 2019; Nanson et al., 1994; Priestas et al., 2015; 

Reid, 1984). Over a summer of monitoring on an 877-acre Canadian lake, 72% of all total wave 

energy was attributed to recreational boats; monitoring occurred at approximately 902 ft from a 

main sailing line and 1,640 ft from allocated wakeboarding areas (Houser et al., 2021). Wake 

boats can produce recreational wakes that are 5–13 inches taller than wakes from motorized 

non-wake boats (2–3 times taller) and can generate 9–12 times more power (energy transferred 

over a distance) at 100 ft (Marr et al., 2022). The total wave power produced by recreational 

wakes 600 ft away from where the wake was created is equivalent to the wave power produced 

by a motorized non-wake boat’s wake at 200 ft (Marr et al., 2022, p. 90). Ray (2020), Goudey 

and Associates (2015), and Marr et al. (2022) suggest that recreational wakes need more than 

600 ft (180 m) to dissipate. However, no study has yet identified the distance at which a 

recreational wake ceases to have a measurable influence on nearby shorelines.  

Compared to motorized non-wake boats, recreational wakes can transfer more energy to 

the shore and accelerate shoreline erosion (Goudey & Associates, 2015; Ray, 2020; Ruprecht 

et al., 2015). Conservative modeling efforts by the boating industry suggest that the influence of 

wake boats on shorelines is minimal at distances as near as 200 ft (61 m) from shore (Fay et 

al., 2022). However, these methodologies and analyses have been questioned by several 

topical experts; see link to: collection of critiques via the Vermont Department of Environmental 

Conservation. Critiques include serious issues with modeling effort, height of modeled wakes, 

depth of propellers, and referencing highly uncommon wind speeds to draw comparisons to 

recreational wakes. Without adequate distance for recreational wakes to dissipate, these effects 

can result in the loss of ecologically, financially, and culturally important ecosystems. 

https://dec.vermont.gov/sites/dec/files/wsm/lakes/docs/Critiques%20of%20NMMA%20CFD%20Study%2020220419.pdf
https://dec.vermont.gov/sites/dec/files/wsm/lakes/docs/Critiques%20of%20NMMA%20CFD%20Study%2020220419.pdf
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Shoreline erosion has driven lake managers and residents to pursue methods to 

minimize shoreline losses. Installing riprap is a common approach to minimize erosion, involving 

the placement of large rocks or concrete on shores of concern (Gittman et al., 2015; Scyphers 

et al., 2015). While riprap stabilizes shorelines against erosion, it has environmental 

consequences and high financial costs. Environmental consequences of hardened shorelines 

include new habitat for AIS (Roche et al., 2021), loss of overall biodiversity (Brauns et al., 2011), 

relocating erosion to unhardened areas and near shore lake bottoms (Strayer & Findlay, 2010), 

and increased nutrient runoff into lakes (Wetzel, 1993). The installation of riprap smothers 

native riparian and macrophyte habitats by the heavy machinery and the armoring material 

itself, causing the loss of vital shoreline habitat (Lee et al., 2003; Schoonover et al., 2005; 

Gabriel & Bodensteiner, 2012; Wensink & Tiegs, 2016). Commonly, after the installation of 

riprap near the shoreline, habitats are homogenized. Riparian habitat is often converted to non-

native grasses and macrophyte beds are lost, resulting in a loss of the overall diversity of plants 

and the organisms that depend on the habitat (O’Connell et al., 1993; Cole et al., 2020), and 

what was an efficient filter of nutrients from the watershed (Bornette & Puijalon, 2011; 

Ostendorp et al., 1995). Reduced nearshore plant habitats have been related to lakes 

supporting less young-of-year fish and lowered diversity (Quigley & Harper, 2004). Replacing 

vital native macrophytes and riparian vegetation with riprap can open niches for AIS to invade 

and establish themselves (Patrick et al., 2014). 

While an important ecological issue, shoreline erosion also has economic 

consequences, such as decreased property values. Decreasing water clarity, an effect of 

shoreline erosion can decrease properties by nearly $600 per foot of shoreline for every lost 

meter in clarity in the lake (Krysel et al., 2003). In some instances, the reduction of water quality 

(clarity, algae, smell) has decreased overall nearshore property values by up to 20% (Nicholls & 

Crompton, 2018). The loss of shoreline health due to riprap and shoreline erosion can also drive 

away recreational users from those impacted waterbodies (Landry et al., 2003).  

Shoreline erosion varies from lake to lake, but the historical priming that Wisconsin has 

undergone makes its lake shores more susceptible to new erosion risks, including recreational 

wakes. The installation of riprap and its negative ecological effects include increased nutrient 

runoff, increased habitat for AIS, and opening niches for invasive aquatic and terrestrial plants. 

Lakeshore stabilization efforts are often more successful when native riparian and aquatic 

plants are restored to act as a buffer from waves and to stabilize lake sediment, even if 

timelines for projects are longer and require more upfront effort (Eerdt, 1985; Elias & Meyer, 

2003; Hartig et al., 2011; Manis et al., 2015; Scyphers et al., 2015).  
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Aquatic Plants 

Aquatic plants (i.e., macrophytes) have several ecological roles. Aquatic plants stabilize lake 

bottoms and shorelines with their root systems (Madsen et al., 2001), dampen the effects of 

wind-generated waves (Augustin et al., 2009), oxygenate littoral zones through photosynthesis 

(Hartman & Brown, 1967), uptake and sequester nutrients (Chen & Barko, 1988), promote 

decomposition of organic matter (Brix, 1994), and keep the water column cool with shading 

effects (Carpenter & Lodge, 1986). Aquatic plant beds are also nurseries for most fish species, 

the home of smaller fish species, and the primary habitat for aquatic invertebrates (Randall et 

al., 1996; Schultz & Dibble, 2012).  

While aquatic plants can help stabilize lake bottoms and reduce shoreline erosion, they 

have structural limits. Aquatic plants are susceptible to being run over, cut, or uprooted by 

boats, which can hinder their growth and survival (Asplund & Cook, 1999; Liddle & Scorgie, 

1980; Sagerman et al., 2020). Several species of aquatic plants native to Wisconsin have high 

light requirements, such as chara (Chara vulgaris) and Manoomin (wild rice, Zizania palustris) 

(David, 2018; Santamaría, 2002). Long term sediment resuspension or shoreline erosion can 

negatively affect such light-sensitive species. Areas with constant boat traffic resuspending 

sediment or damaging aquatic plants can create bare sediment patches on lake bottoms, 

commonly referred to as “propeller scars” (Burfeind & Stunz, 2006; Dawes et al., 1997).  

Wake boats present elevated levels of disturbance to aquatic plants from the 

recreational wakes, depth of propellers, and turbulence generated (Zhang et al., 2017; 

Sagerman et al., 2020). Recreational wakes are several times more powerful than other 

motorized boats, and those wake effects are felt at extended distances (>600 ft), either 

physically damaging aquatic plants or limiting the amount of light they receive (Asplund & Cook, 

1997). Wake boats have deep hulls whose propellers can be as deep as 3 ft (0.9 m) when 

creating recreational wakes, doubling the depths of most motors used in freshwater systems. 

This deeper propeller and greater turbulence can cut and uproot aquatic plants if wake boat 

operators are not carefully monitoring their speeds and water depth. The relatively steep bow 

angle (15°) while creating recreational wakes directs propeller turbulence more toward lake 

sediments and plant roots. Non-wake boats generally operate with their bow parallel to the 

water’s surface, minimizing the effect of their prop and turbulence on the lake bottom. Lakes 

without aquatic plants are more likely to be algae-dominant systems (i.e., eutrophic) (Canfield 

Jr. et al., 1984; Le Bagousse-Pinguet et al., 2012).  

Aquatic plants are also important to Indigenous communities, specifically the Ojibwe 

people with Manoomin (Barton, 2018). Manoomin is highly valued within Ojibwe culture as a 

high-calorie and nutrient-dense food source, an essential source of income, and central to 

Ojibwe origin stories. Manoomin has relatively shallow root systems and is submerged 

underwater in its early life stages, making it difficult to spot while boating. When driven over, 

Manoomin is especially susceptible to being damaged or uprooted (Preiner & Williams, 2018). 

Manoomin is one of several species sensitive to water clarity (David, 2018), which could be 

affected by shoreline erosion or sediment resuspension.  

As integral components of aquatic ecosystems and cultures, the value of aquatic plants 

plays a crucial role in fisheries. Fisheries science has identified that aquatic plants are essential 

in recruiting and sustaining fish populations (Jeppesen et al., 1997; Perrow et al., 1999; 
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Radomski et al., 2019). The relationship between aquatic plant communities and fisheries is so 

strong that altering aquatic plant communities can directly affect fish growth rates (Olson et al., 

1998; Wiley et al., 1984). Increased diversity of aquatic plants also leads to greater species 

richness of fishes (Slagle & Allen, 2018). Studies have shown that decreases in aquatic plants 

in lakes can lead to negative cascading effects, ultimately causing decreases in fisheries 

(Hansen et al., 2019; Hawkins et al.,1983) and potential for ecosystem instability (Mrnak et al., 

2023). Minimizing the loss of overall aquatic plant populations and native species has important 

implications for more stable and diverse fisheries. 

Motorized boats have also introduced contaminants into the waterbodies and 

consequently into a vital food source for local and Indigenous communities. These contaminants 

include hydrocarbons, metals, antifreeze, acids, and solvents. Emerging worries surround the 

potential harm posed by chemicals, which may be absorbed by aquatic plants or fish and 

consequently ingested by humans (Amoatey & Baawain, 2019; Bennett et al., 2000; Brungs et 

al., 1978). Boat manufacturers recommend winterizing wake boat ballasts with antifreeze to 

prevent damage to tanks and pumps during long-term cold storage. With current internal 

ballasts that do not fully drain, residual antifreeze will likely enter lakes after the first use after 

winterization. Allowing antifreeze to enter a waterbody is illegal under federal and state laws, 

even if the antifreeze is labeled as “environmentally friendly” (Clean Water Act, 1977; Hunt et 

al., 1996; LaKind et al., 1999; US EPA, 2023; Wis. Admin Code NR § 661 Appendix VIII, 2020). 

Deep propellers, intense turbulence created by powerful motors, and recreational wakes 

causing erosion all contribute to wake boats likely having a more profound effect on aquatic 

plant communities than other motorized watercraft. While focused research has not quantified 

the differences in effects between wake boats and motorized non-wake boats on aquatic plants 

and their cascading consequences, wake boats are likely to cause more damage to these 

delicate organisms.  

 

Sediment Resuspension and Water Column Mixing 

Sediments on the bottom of lakes accumulate over centuries and store large quantities of 

nutrients (generally nitrogen and phosphorus) from the watershed (Macintosh et al., 2018). This 

report focuses mainly on phosphorus (P), which is usually considered the limiting factor for algal 

growth in lakes (Schindler, 1977). Fertilizers used within watersheds collect in lake sediments, 

increasing the already large and old pool of nutrients (Arbuckle & Downing, 2001; Mayer et al., 

2006; North et al., 2015). These nutrients remain unavailable on the lake bottom to most 

primary producers, such as algae and plants (Forsberg, 1989). There are a few exceptions 

when the surface waters have access to the nutrient storage of the bottom waters: during lake 

destratification (i.e., turnover) in the spring or fall, if thermoclines are weakened, or if sediments 

are disturbed (Bengtsson & Hellström, 1992; Orihel et al., 2015; Orihel et al., 2017).  

When lakes are stratified (warm top layer, cold bottom layer) (Figure 2), the layers 

essentially become separate resource pools separated by a thermocline (layer of water with the 

greatest change in temperature and density) (Sommer et al., 2012).  



 

Page | 12  
 

 WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

Figure 2. Illustrated cross-section of a stratified lake showing potential effects of recreational 
wakes. The yellow gradient represents the thermocline, which prevents the epilimnion and 
hypolimnion from mixing. The orange icons represent turbulence and destabilization of the 

thermocline. The brown cycling arrow represents sediment resuspension and erosion. 
 

Thermocline stability varies throughout the year and is generally weakest during early spring 

and late fall. The thermocline varies in depth for different lake sizes, shapes, and latitudes 

(Boehrer & Schultze, 2008). However, lakes with a shallower or weaker thermocline are more 

susceptible to mixing events and sediment disturbance. Lake stratification creates a difference 

in P and oxygen concentrations; the epilimnion (top layer) is generally P-poor and oxygen-rich, 

while the hypolimnion (bottom layer) is P-rich and oxygen-poor. As P enters the well-

oxygenated portion of a lake, some proportion is quickly taken up by primary producers (Currie 

& Kalff, 1984; Istvànovics et al., 1994; Schindler & Fee, 1974). In most lakes, the P not 

consumed in the epilimnion will likely bind to calcium, manganese, aluminum, or iron depending 

on element availability and pH (Eckert & Nishri, 2014; Jensen & Andersen, 1992; Mortimer, 

1942). Regardless of the element that P binds to, it becomes biologically unavailable and will 

eventually sink to the bottom of the lake. Additionally, P can accumulate in the sediment when 

organic matter from phytoplankton, aquatic plants, and fish settle to the bottom (Yu et al., 2022). 

Under hypoxic (low oxygen) conditions in the hypolimnion, P can dissociate from the element 

and become biologically available again (Albright et al., 2022, Koski-Vähälä & Hartikainen, 

2001). Concentrations of P in the hypolimnion can become high as uptake rates are low under 

low light and cold temperatures. 

Regular conditions can cause some P-rich hypolimnetic waters to be mixed with the 

epilimnion, such as the lake turning over, weakening of the thermocline, or sediment 

disturbances (Dunn, et al., 2017, Gautreau et al., 2020). Wisconsin lakes generally have 

thermoclines about 8–9 ft from the surface and are dimictic (lakes where water columns only 

mix in the fall and spring) (Lewis, 1983). Lakes less than 16 ft (5 m) in maximum depth are likely 

polymictic, meaning they mix several times throughout the year (Padisák & Reynolds, 2003). 

These mixing events can be a large portion of a lake’s primary producers’ P requirements 
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(Hanson et al., 2020). If lakes have a shallow or weak thermocline, a prolonged disturbance 

(strong winds or boats) can cause mixing and entrain hypolimnionic water and biologically 

available P (Bennett et al., 1999; Roberts et al., 2019). This movement of nutrient-rich bottom 

water to the epilimnion can incite algae blooms in lakes (Orihel et al., 2015). 

Motorboats have generally increased sediment disturbance and resuspension in lakes, 

streams, and rivers (Nedohin & Elefsiniotis, 1997). Efforts to limit sediment disturbance and 

shoreline erosion are the primary reasons for no-wake zones in shallow areas near shores. 

Beachler & Hill (2003) suggest that motorized non-wake boat turbulence from propellers is 

minimal and only influences the very top layers of sediment, but the majority of P is found in the 

top centimeter (0.39 in) of sediment (Doig et al., 2017). The minimal sediment resuspension by 

motorized non-wake boats used in Doig et al. (2017) likely had relatively shallow propeller 

angles. When disturbed, fine silt particles found in lake sediment can take days to settle back to 

the bottom of the lake, reducing water clarity for extended periods (Douglas et al., 2003; Yousef 

et al., 1980).  

Early studies on boat effects on lakes found that the mixing depth of boats was linearly 

related to motor horsepower (hp) (Yousef, 1974) and dependent on sediment material 

composition (Yousef et al., 1980). Yousef (1974) reported that a 100 hp motor was able to mix 

the top 10 ft (3 m) of water of a 62-acre lake within 20 minutes. Yousef (1974) also provides 

evidence that a 50 hp motor could resuspend sediment 15 ft (4.5 m) below the surface. The 

material composition of the lake bottom determined resilience to resuspension; sandy bottoms 

were more resistant than those made of organic matter (i.e., muck). In 1974, there were no 

common power boats with horsepower capabilities comparable to today’s powerful watercraft. 

The linear relationship between horsepower and depth presented by Yousef (1974) suggests 

that mixing depths have only increased with greater horsepower capabilities seen in modern 

wake boats.  

Compared to motorized non-wake boats, wake boats had the largest disturbance of 

sediment and release of nutrients after driving past sampling locations once (Daeger et al., 

2022). Unfortunately, Daeger et al. (2022) did not include trials of wake boats with wake wedges 

or wake shapers to quantify a more robust estimate of mixing depth and concluded that wake 

boats could not disturb sediment when in water deeper than 10 ft (3 m). Terra Vigilis 

Environmental Services Group (2022) provides evidence to support that wake boats creating 

recreational wakes were found to disturb water 20 ft (6 m) below the surface. This evidence 

supports the increased potential of wake boats to reduce water clarity and quality by 

resuspending P-rich sediment and weakening the thermocline.  

Sediment resuspension caused by boating can be more pronounced if intense boating 

occurs in a small area (Abu Hanipah & Guo, 2019; Alexander & Wigart, 2013; Sagerman et al., 

2020). This effect is likely to also apply when nearby boats create a deeper cumulative mixing 

depth, extending their influence to the thermocline depths of larger lakes. Wake boat owner 

manuals and websites discourage repeated use of small areas to limit adverse effects. 

However, studies have yet to focus on measuring the distances in proximity or areas at which 

cumulative effects occur. Without published area requirements for wakesurfing or 

wakeboarding, we turn to the related sport of waterskiing to understand spatial needs. The 

Maryland Department of Natural Resources (2020) recommends that water skiing should occur 

in an area of at least 14 acres. Baud-Bovy and Lawson (1977) recommend that the area be 25 
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acres. Based on the area recommendations for waterskiing, a reasonable starting range for 

allocating space for each wake boat creating recreational wakes is 14–25 acres. If we assume 

that wake boat recreation requires a similar area (it has not yet been quantified in the literature), 

this area would also need to be at least 20 feet deep and the entire activity would need to occur 

at least 600 feet from shore to minimize wave impacts and water column mixing. 

Wake boats and their enhanced ability to resuspend sediment and weaken thermoclines 

compared to motorized non-wake boats raise serious ecological concerns. Mixing depths of 

wakesurfing are estimated to be as deep as 20 ft. At this depth, thermoclines (especially during 

early spring or late fall) and sediments will likely be disturbed at locations far from shore. Not all 

wake boats or equipment have the same ability to create recreational wakes (Ruprecht et al., 

2015); the same is likely true for their mixing depth. Deep water mixing is more concerning than 

sediment resuspension in shallow areas because the increased turbidity is visually apparent 

and a signal to relocate the boat. When mixing occurs in deeper areas, leading to sediment 

resuspension or the influx of P-rich water into the epilimnion, the resulting consequences, such 

as algae growth, will require time to become apparent. These adverse effects are likely 

enhanced when wake boats create recreational wakes near each other, but the distance or area 

specifically for wake boats is currently unknown. 

 

Birds and Fish 

The presence and behavior of humans in nature can disturb nearby wildlife (Bird, 2015; Inkpen, 

2017). Over the past one hundred and fifty years, our disturbances have increased as 

combustion engines have become more central to our daily lives. While humans have embraced 

this new trajectory, aquatic organisms have not been as quick to adapt to the new soundscape 

and effects from combustion motors.  

Motorized boats can disturb birds from distances up to 778 ft (237 m), but on average, 

this distance is closer to 197–262 ft (60–80 m) (Burger, 1998; Mayer et al., 2019; Ortega, 2012; 

Rodgers & Smith, 1997). Several factors influence the distance at which birds are flushed, 

including the boat size, speed, noise, bird species, and seasonal behaviors (such as breeding or 

chick rearing) (Rodgers & Smith, 1997). Noise levels of boats sold and operated in Wisconsin 

are not to exceed 86 decibels (Wis. Stat. § 30.62(2)(b), 1987). Although wake boat 

manufacturers typically target noise levels below 86 decibels while idle or cruising, these noise 

requirements are met while the engines operate at only a fraction of their capacity. When 

creating recreational wakes, wake boat motors have to move full ballasts (combined weight of 

>13,000 lbs.) with a high bow angle (~15 degrees above the water). Under usual recreational 

wake-creating conditions, wake boats are likely exceeding the noise limitations in Wisconsin 

with motor revolutions per minute (RPM) near 4000 RPM. Wake boats, being larger and louder 

than most other boats on lakes, are likely to disturb birds over long distances. (See link to: 

detailed noise levels by boat makes and models via Boating Magazine.) 

Human disturbance of common loons (Gavia immer) has been a primary focus of study 

in Wisconsin. The common loon has been described as an apex predator and an indicator 

species, living up to 30 years (McIntyre, 1994; Strong, 1990). Common loons are territorial and 

prey on many organisms, from crayfish to small walleye. Because of their high position in the 

https://www.boatingmag.com/boats
https://www.boatingmag.com/boats
https://www.boatingmag.com/boats
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food web, loons reflect the health of lake ecosystems over their long lifespans. Loons face 

several environmental risks aside from effects of wake boats; these risks include accumulation 

of mercury in their bodies (Mitro et al., 2008; Scheuhammer et al., 2016), lead poisoning 

(Michael, 2006; Pokras, 1992), lake acidification (McNicol, 2002), warming climates (Piper et al., 

2024), and fluctuating water levels (Desorbo et al., 2007; Fair & Poirier, 1993). If loons can 

overcome these obstacles, they generally become sexually mature between four to six years of 

age. Loons have been found to successfully reproduce when nests are on shorelines of lakes 

larger than 25 acres and more likely to nest on lakes with minimal development (Piper et al. 

2012). Successful loon nests are generally found within one foot (~ 0.3 m) of the water’s edge 

and on small islands (Bianchini et al., 2020; Heimberger et al., 1983; Kelly, 1992; Lindsay et al., 

2002; Spilman et al., 2014; Tischler, 2011). Loons also tend to create nests on shores close to 

the direction of the dominant wind to minimize fetch effects on nests (Kelly, 1992). Loons are 

selective with nest location relative to the lake because they struggle to walk on land. 

Approaching boats can disrupt nesting loons (Kelly, 1992). Any boat producing wakes 

close enough to shore can scare loons off their nests, flood them, or erode prime nesting 

locations. These disturbances can increase the time that incubating loons are away from nests 

or chicks and increase the chances of a clutch being abandoned (McIntyre & Olson, 1998), 

increasing predation risks (Cooley et al., 2019; McCarthy & DeStefano, 2011), and increasing 

the caloric need for adults (Kahl, 1993). If elevated noise or recreational wakes from wake boats 

flush adult birds enough times, it can force them to spend almost twice the amount of time 

foraging for food away from nests or chicks (Rodger & Smith, 1997). These nests are especially 

vulnerable to tall and powerful recreational wakes across long distances. When loon nests are 

flooded, the nest structure and potentially any eggs or chicks are damaged or injured. After 

approximately 30 days of incubating, mostly ending in late July (W. Piper, personal 

communication, March 8, 2024), loon chicks hatch and spend the following eight weeks within 

490 ft of shore in lake areas that are less than 10 ft in depth (Barr, 1996; Desorbo et al., 2007; 

Jung, 1991). Until young loons achieve independence, they remain vulnerable to recreational 

wakes, predation (especially if nearby adults flush), and direct strikes from boats (Bianchini et 

al., 2020). These negative effects are not exclusive to the common loon but are likely to affect 

several birds that spend time in shallow areas and nest near shorelines (Bowles, 1995). 

Fish have been impacted by motorized boats through turbulence, physical collisions, 

noise disturbances, and introductions of AIS. Turbulence from boats has negatively affected fish 

eggs, young fish, and benthic invertebrates (Bozek et al., 2011; Gabel et al., 2011; Hawkins et 

al., 1983; Neuswanger et al., 2015; Zajicek & Wolter, 2019). Boat-generated turbulence and 

wakes can move eggs away from bedding areas like during storms (Raabe & Bozek, 2015; 

Wolter & Arlinghaus, 2003). Wakes can also move smaller and young fish away from their 

desired habitat, exposing them to a higher predation risk (Becker et al., 2013). Turbulence from 

recreational wakes can also increase the risk of egg predation by displacing or limiting a fish’s 

ability to guard its nest (Mueller, 1980). 

Turbulence can move benthic invertebrates from their habitat, potentially changing 

resource availability for fish (Gabel et al., 2011). Boats have an increased risk of disturbing flora 

and fauna while navigating shallow waters (Heinrich et al., 2012; Lima et al., 2015). As 

previously described, the loss of aquatic plants can result in a feedback loop with declining 

water clarity and sediment resuspension. Reduction in water clarity has been shown to limit 
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fishes’ ability to hunt using their vision, such as walleye (Sander vitreus) and other species 

(Nieman et al., 2018; Nieman & Gray, 2019). Recreational wakes from wake boats, if not 

operated at least 600 ft from shorelines, may be an unaccounted factor contributing to the 

reduced future sustainability of fisheries across Wisconsin as described by Hansen et al. (2017) 

and Rypel et al. (2018).  

Studies focusing on noise generated by boat motors found that this noise can hinder fish 

communication, cause physical damage to their internal ears, and increase stress (Popper & 

Hastings, 2009; Slabbekoorn et al., 2010). Fish are more sensitive to combustion boat motor 

noise than canoe or electric motor noises. Fish were found to have increased stress hormone 

(cortisol) concentrations in their bodies up to 40 minutes after exposure to the noise generated 

from a 9.9 hp combustion motor for only 60 seconds (Graham & Cooke (2008). The effect of 

motor noise was demonstrated in an observational study in a lake, showing that boating had a 

larger effect on smaller fish species (Jacobsen et al., 2014). There were lasting adverse effects 

on poor-conditioned fish if constantly exposed to boat engine noise, such as reducing swim 

distances and increasing predation (Harding et al., 2020).  

In addition to noise stress, boat motors can muffle sounds from fish that vocalize. 

Freshwater species that communicate with sound include freshwater drum, catfish, perch, and 

some minnows (Bass & Chagnaud, 2012; Codarin et al., 2009; Pieniazek et al., 2020). Their 

communication strategies have been observed to be changed by anthropogenic noises, mainly 

by boat motors. This includes shifting when they vocalize to times during the day when loud 

noises occur less frequently and resorting to visual cues (Radford et al., 2014). In addition to 

fish altering their communications due to boating, there is evidence that species with sensitive 

internal ears can experience hearing loss (Popper & Hastings, 2009). The unnoticed 

consequences of loud motor noise on fisheries (Venohr et al., 2018) can be minimized by 

increasing the distance from shorelines and depths at which boats operate, but wake boats 

likely need to be further away. 

In addition to the negative effects of turbulence and noise on fisheries, the introduction of 

AIS by wake boats can have negative implications for fish communities in lakes. For example, 

rusty crayfish (Orconectes rusticus) can consume aquatic plant communities, benthic 

invertebrates, and fish eggs (Hein et al., 2007). The disturbance caused to nearshore habitats 

and benthic invertebrates has adverse effects on lower trophic fish species, which rely more 

heavily on aquatic plants for shelter and their primary food resource. As another example, 

rainbow smelt (Osmerus mordax), an invasive fish, has negative effects on native fish 

populations such as yellow perch (Perca flavescens) and cisco (Coregonus artedi) (Lawson & 

Carpenter, 2014). In addition to these visible AIS threats, a highly contagious waterborne virus, 

viral hemorrhagic septicemia virus (VHSV), has been detected in a wide range of freshwater fish 

species at all trophic levels and has a high mortality rate (Bain et al., 2010). AIS disruption of 

fish communities has larger implications for disrupting the entire food web structure and how 

people recreate on lakes.   
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Community Strategies for Mitigating Effects of Wake Boats on Lakes 

Wisconsin communities are not alone in experiencing the effects of wake boats on lake 

ecosystems. Communities around the US and abroad have struggled to balance recreational 

activities with ecosystem protection and protecting delicate ecosystems. This list includes 

examples from communities who have created stricter boating regulations in an attempt to 

minimize the adverse effects of wake boats on their lakes. 

 

➢ Mequon and Thiensville, Wisconsin: Banned wake-enhancing equipment; this 

ordinance applies to two waterbodies and a section of the Milwaukee River (ordinance). 

➢ Rhine, Wisconsin: Banned the use of ballasts or wake-enhancing equipment on Crystal 

and Elkhart Lakes (ordinance). 

➢ Sawyer County, Wisconsin: (Town of Hayward, Bass Lake, and Round Lake 

townships): Prohibit large recreational wakes from being created within 700 feet from 

shore or dock; combined, these ordinances apply to over 28 waterbodies. 

 

➢ Lake Minnetonka, Minnesota: Adopted a 300 ft no-wake zone from shore (ordinance). 

➢ Lake Tahoe, California and Nevada: 600 ft no-wake zone from shore, a 100 ft no-wake 

zone near swimmers and paddlers, and a 200 ft no-wake from structures. Lake Tahoe 

also has required boat and internal ballast inspections for AIS. If needed, boaters are 

responsible for the cost of decontamination. To help their boaters abide by their no-wake 

laws, they provide online maps and apps for inspection stations and authorized 

decontamination providers (ordinances). 

➢ Lake Sunapee, New Hampshire: No-wake zones up to 500 ft and 700 ft from shore 

within town boundaries (ordinances). 

➢ Montana: Instituted AIS inspection points with free decontamination (AIS laws), lakes 

with 200–500 ft no-wake zone, liability to boaters for damage caused by wake, lakes 

less than 35 acres (0.14 km2) are no-wake lakes (wake regulations). 

➢ South Carolina: No wakeboarding or wakesurfing within 200 ft from shore (regulations). 

➢ Tennessee: No wakeboarding or wakesurfing within 200 ft from shore (regulations). 

➢ Vermont: Wakeboating is restricted to defined “wakesport zones” with a “Home Lake 

Rule” to limit spread of AIS (Wakeboat Rule). 

 

➢ Victoria, Australia: Instituted a 5 knots (7 mph) limit within 50 m (164 ft) of any shore, 

fixed, or floating structure for all boats and lakes (ordinances).  

https://library.municode.com/wi/mequon/codes/code_of_ordinances?nodeId=PTIICOOR_CH90WA_S90-5PREQ
https://townrhine.com/wp-content/uploads/2024/01/2023-Chapter-5.-Boat-Code.pdf
https://townofhayward.com/wp-content/uploads/2021/07/07-2021-Motorboat-Wake-Ord-1.pdf
https://www.cola-wi.org/s/Boat-wake-Bass-Lake-Twp-Protection-Area-Ordinance-final.pdf
https://www.townofroundlakewi.org/town-government/town-ordinances/
https://lmcd.org/wp-content/uploads/2022/08/Ordinance-244-Watercraft-PWC-Speed-Limits-Adopted-0810202-Effective-01012023-Redline-Web.pdf
https://www.trpa.gov/programs/environmental-improvement-program/watercraft/
https://www.nhsp.dos.nh.gov/our-services/field-operations-bureau/marine-patrol/restricted-bodies-water#s
https://fwp.mt.gov/conservation/aquatic-invasive-species/rules
https://fwp.mt.gov/activities/boating/registration#:~:text=A%20%22no%2Dwake%22%20speed,to%20a%20dock%20or%20shore.
https://www.scstatehouse.gov/code/t50c021.php
https://www.tn.gov/twra/boating/regulations-and-safety-concerns.html
https://dec.vermont.gov/watershed/lakes-ponds/vermont-use-public-waters-rules/wakeboats
https://www.marinesafety.sa.gov.au/your-safety-and-operations/safe_vessel_speeds
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Conclusions 

These conclusions stem from an analysis of the latest peer-reviewed scientific literature, 

published reports, and personal communications with topical experts in relation to the ecological 

effects of boating, water skiing, and wake boats. However, it is important to note that there is a 

sizable gap in our understanding of the full implications of wake boats on lake ecosystems. We 

intend for these conclusions to be applied together, not taken separately.  

1. Wake boating activities creating recreational wakes should be done only in areas that 

meet the following criteria:  

a. At least 20 feet deep (Yousef, 1974; Terra Vigilis Environmental Services Group, 

2022). If there is no bathymetry data to assess if a lake meets the depth 

requirements accurately, then creating recreational wakes should not be allowed. 

b. At least 600 feet from any shoreline, including shorelines of islands (Marr et al., 

2022). 

2. To limit the spread of aquatic invasive species (AIS) by wake boats (Branstrator et al., 

2013; Comeau et al., 2011; Elwell & Phillips, 2021): 

a. Exterior boat surfaces need to be sanitized with hot water (≥140°F) before 

accessing other lakes.  

b. Internal ballasts should be sanitized by bringing internal temperatures up to at 

least 122°F.  

c. Inspections for AIS and aquatic plants must include internal and external ballast 

tanks. 

3. Consider restricting the timing of wake boat access to lakes until after fish spawning and 

common loon reproduction (i.e., late July) (Bozek et al. 2011; Neuswanger et al., 2015; 

Piper et al., 2012; W. Piper, personal communication, March 8, 2024). 

4. Create and require online training for wake boat users about proper use and risks 

involved with wake boating as well as environment impacts (Kinsley et al., 2022; 

Seekamp et al., 2016). 

5. Informational signs and documents about the environmental risks of wake boating 

should be available at boat launches and dealerships. 

6. Encourage lake users to document and report inappropriate behavior by wake boat 

operators to the Wisconsin Department of Natural Resources and conservation wardens, 

and potentially create a specific hotline for volunteers to document incidences of wake-

zone violations. 
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Data Gaps and Research Recommendations: 

Researchers, policymakers, and lake users are just beginning to understand the effects of wake 

boats on Wisconsin lakes. Scientific research focused on wake boats is scarce and significant 

knowledge gaps exist. Accordingly, this literature review often references information from 

studies focused on less powerful watercraft. Thus, we attempted to use our best professional 

judgment when extrapolating these findings to wake boats. 

To achieve a more comprehensive understanding of the effects of wake boats on lake 

ecosystems, we recommend empirical studies on the following topics: 

➢ Visual limitations while creating recreational wakes;  

➢ Safe distance requirements between wake boats and other lake users; 

➢ Minimum distance from shore for recreational wakes to have an undetectable effect on 

shoreline erosion; 

➢ Average lake area that each wake boat uses while wakeboarding or wakesurfing, so that 

proper space requirements and allocations can be made per boat; 

➢ Water mixing depth from wakesurfing and wakeboarding and disturbance to 

thermoclines and lake bottoms; 

➢ Cumulative mixing and wake effects from wake boats operating near each other;  

➢ Effects of recreational wakes on lake biota (plants, birds, fish, mammals, reptiles, 

invertebrates, etc.);  

➢ Noise from wake boats during actual use conditions (filled ballast, people in the boat, 

towing, creating recreational wakes, etc.);  

➢ Effectiveness of AIS hot water sanitization protocol of internal ballasts;  

➢ Effectiveness of filters specifically designed for internal ballasts; 

➢ Effectiveness of antifreeze flushing protocols to stop antifreeze from entering lakes; 

➢ Potential unique issues from wake boat use in rivers. 

In addition to initial research on these topics (which do not represent an exhaustive list), studies 

must be repeated regularly. This element of ongoing research is critical for understanding 

patterns in effects over time, and to keep scientific understanding of the ecological impacts 

concurrent with ongoing design changes of wake boats (i.e., size, weight, speed, and ability to 

create wakes). 

 



 

Page | 20  
 
 
 

  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

References  

Abu Hanipah, A. H., & Guo, Z. R. (2019). Reaeration caused by intense boat traffic. Asian 
Journal of Water, Environment and Pollution, 16(1), 15–24. 
https://doi.org/10.3233/AJW190003 

Alavinia, M., Saleh, F. N., & Asadi, H. (2019). Effects of rainfall patterns on runoff and rainfall-
induced erosion. International Journal of Sediment Research, 34(3), 270–278. 
https://doi.org/10.1016/j.ijsrc.2018.11.001 

Albright, E. A., Rachel, F. K., Shingai, Q. K., & Wilkinson, G. M. (2022). High inter‐ and intra‐
lake variation in sediment phosphorus pools in shallow lakes. Journal of Geophysical 
Research: Biogeosciences, 127(7), e2022JG006817. 
https://doi.org/10.1029/2022JG006817 

Alexander, M. T., & Wigart, R. C. (2013). Effect of motorized watercraft on summer nearshore 
turbidity at Lake Tahoe, California–Nevada. Lake and Reservoir Management, 29(4), 
247–256. https://doi.org/10.1080/10402381.2013.840704 

Allen, H. H., & Tingle, J. L. (1993). Proceedings, U.S. Army Corps of Engineers Workshop on 
Reservoir Shoreline Erosion: A National Problem, 26-30 October 1992, McAlester, OK. 
(Miscellaneous Paper W-93-1).U.S. Army Corps of Engineers. 

Alverson, W. S., Waller, D. M., & Solheim, S. L. (1988). Forests too deer: edge effects in 
Northern Wisconsin. Conservation Biology, 2(4), 348–358. 
https://doi.org/10.1111/j.1523-1739.1988.tb00199.x 

Amin, S. M. N., & Davidson-Arnott, R. G. D. (1997). A statistical analysis of the controls on 
shoreline erosion rates, Lake Ontario. Journal of Coastal Research, 13(4).  

Amoatey, P., & Baawain, M. S. (2019). Effects of pollution on freshwater aquatic organisms. 
Water Environment Research, 91(10), 1272–1287. https://doi.org/10.1002/wer.1221 

Angell, N. (2023). Cost-effectiveness of aquatic invasive species prevention techniques 
[University of Minnesota]. https://hdl.handle.net/11299/258841 

Arbuckle, K. E., & Downing, J. A. (2001). The influence of watershed land use on lake N: P in a 
predominantly agricultural landscape. Limnology and Oceanography, 46(4), 970–975. 
https://doi.org/10.4319/lo.2001.46.4.0970 

Asplund, T. R., & Cook, C. M. (1997). Effects of motor boats on submerged aquatic 
macrophytes. Lake and Reservoir Management, 13(1), 1–12. 
https://doi.org/10.1080/07438149709354290 

Asplund, T. R., & Cook, C. M. (1999). Can no-wake zones effectively protect littoral zone habitat 
from boating disturbance? Lakeline, 16–52. 

Augustin, L. N., Irish, J. L., & Lynett, P. (2009). Laboratory and numerical studies of wave 
damping by emergent and near-emergent wetland vegetation. Coastal Engineering, 
56(3), 332–340. https://doi.org/10.1016/j.coastaleng.2008.09.004 

Bain, M. B., Cornwell, E. R., Hope, K. M., Eckerlin, G. E., Casey, R. N., Groocock, G. H., 
Getchell, R. G., Bowser, P. R., Winton, J. R., Batts, W. N., Cangelosi, A., & Casey, J. W. 
(2010). Distribution of an invasive aquatic pathogen (Viral Hemorrhagic Septicemia 



 

Page | 21  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Virus) in the Great Lakes and its relationship to shipping. PLoS ONE, 5(4), e10156. 
https://doi.org/10.1371/journal.pone.0010156 

Bajer, P. G., & Sorensen, P. W. (2010). Recruitment and abundance of an invasive fish, the 
common carp, is driven by its propensity to invade and reproduce in basins that 
experience winter-time hypoxia in interconnected lakes. Biological Invasions, 12(5), 
1101–1112. https://doi.org/10.1007/s10530-009-9528-y 

Barr, J. F. (1996). Aspects of common loon (Gavia immer) feeding biology on its breeding 
ground. Hydrobiologia, 321(2), 119–144. https://doi.org/10.1007/BF00023169 

Barton, B. J. (2018). Manoomin: The Story of Wild Rice in Michigan. MSU Press. 

Bass, A. H., & Chagnaud, B. P. (2012). Shared developmental and evolutionary origins for 
neural basis of vocal–acoustic and pectoral–gestural signaling. Proceedings of the 
National Academy of Sciences, 109 (supplement_1), 10677–10684. 
https://doi.org/10.1073/pnas.1201886109 

Baud-Bovy, M., & Lawson, F. R. (1977). Tourism and recreation development. The Architectural 
Press; CBI Pub. Co. 

Bauer, B. O., Lorang, M. S., & Sherman, D. J. (2002). Estimating boat-wake-induced levee 
erosion using sediment suspension measurements. Journal of Waterway, Port, Coastal, 
and Ocean Engineering, 128(4), 152–162. https://doi.org/10.1061/(ASCE)0733-
950X(2002)128:4(152) 

Beachler, M. M., & Hill, D. F. (2003). Stirring up trouble? Resuspension of bottom sediments by 
recreational watercraft. Lake and Reservoir Management, 19(1), 15–25. 
https://doi.org/10.1080/07438140309353985 

Becker, A., Whitfield, A. K., Cowley, P. D., Järnegren, J., & Næsje, T. F. (2013). Does boat 
traffic cause displacement of fish in estuaries? Marine Pollution Bulletin, 75(1), 168–173. 
https://doi.org/10.1016/j.marpolbul.2013.07.043 

Belz, C. E., Darrigran, G., Netto, O. S. M., Boeger, W. A., & Ribeiro, P. J. (2012). Analysis of 
four dispersion vectors in inland waters: the case of the invading bivalves in South 
America. Journal of Shellfish Research, 31(3), 777–784. 
https://doi.org/10.2983/035.031.0322 

Bengtsson, L., & Hellström, T. (1992). Wild-induced resuspension in a small shallow lake. 
Hydrobiologia, 241(3), 163–172. https://doi.org/10.1007/BF00028639 

Bennett, E. M., Reed-Andersen, T., Houser, J. N., Gabriel, J. R., & Carpenter, S. R. (1999). A 
Phosphorus Budget for the Lake Mendota Watershed. Ecosystems, 2(1), 69–75. 
https://doi.org/10.1007/s100219900059 

Bennett, J. P., Chiriboga, E., Coleman, J., & Waller, D. M. (2000). Heavy metals in wild rice from 
northern Wisconsin. Science of The Total Environment, 246(2–3), 261–269. 
https://doi.org/10.1016/S0048-9697(99)00464-7 

Benson, A. J., Raikow, D., Larson, J., Bogdanoff, A. K., & Elgin, A. (2023). Dreissena 
polymorpha (Pallas, 1771): U.S. Geological Survey, Nonindigenous Aquatic Species 
Database. https://nas.er.usgs.gov/queries/FactSheet.aspx?speciesID=5 



 

Page | 22  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Bianchini, K., Tozer, D. C., Alvo, R., Bhavsar, S. P., & Mallory, M. L. (2020). Drivers of declines 
in common loon (Gavia immer) productivity in Ontario, Canada. Science of The Total 
Environment, 738, 139724. https://doi.org/10.1016/j.scitotenv.2020.139724 

Bilkovic, D. M., Mitchell, M. M., Davis, J., Herman, J., Andrews, E., King, A., Mason, P., 
Tahvildari, N., Davis, J., & Dixon, R. L. (2019). Defining boat wake impacts on shoreline 
stability toward management and policy solutions. Ocean & Coastal Management, 182, 
104945. https://doi.org/10.1016/j.ocecoaman.2019.104945 

Bird, R. B. (2015). Disturbance, complexity, scale: new approaches to the study of human–
environment interactions. Annual Review of Anthropology, 44(1), 241–257. 
https://doi.org/10.1146/annurev-anthro-102214-013946 

Bodensteiner, L. R., & Gabriel, A. O. (2003). Response of mid-water common reed stands to 
water level variations and winter conditions in Lake Poygan, Wisconsin, USA. Aquatic 
Botany, 76(1), 49–64. https://doi.org/10.1016/S0304-3770(03)00013-5 

Boegehold, A. G., Johnson, N. S., & Kashian, D. R. (2019). Dreissenid (quagga and zebra 
mussel) veligers are adversely affected by bloom forming cyanobacteria. Ecotoxicology 
and Environmental Safety, 182, 109426. https://doi.org/10.1016/j.ecoenv.2019.109426 

Boehrer, B., & Schultze, M. (2008). Stratification of lakes. Reviews of Geophysics, 46(2), 
2006RG000210. https://doi.org/10.1029/2006RG000210 

Boltovskoy, D., Correa, N., Cataldo, D., & Sylvester, F. (2006). Dispersion and ecological impact 
of the invasive freshwater bivalve Limnoperna fortunei in the Río de la Plata Watershed 
and beyond. Biological Invasions, 8(4), 947–963. https://doi.org/10.1007/s10530-005-
5107-z 

Bornette, G., & Puijalon, S. (2011). Response of aquatic plants to abiotic factors: A review. 
Aquatic Sciences, 73(1), 1–14. https://doi.org/10.1007/s00027-010-0162-7 

Bowles, A. E. (1995). Responses of wildlife to noise. In R. L. Knight & K. J. Butzwiller (Eds.), 
Wildlife and Recreationists: Coexistence through Management and Research (pp. 109–
156). Island Press, Washington, DC. 

Bozek, M. A., Baccante, D. A., & Lester, N. P. (2011). Walleye and sauger life history. In 
Biology, management, and culture of Walleye and Sauger. American Fisheries Society. 

Branstrator, D. K., Shannon, L. J., Brown, M. E., & Kitson, M. T. (2013). Effects of chemical and 
physical conditions on hatching success of Bythotrephes longimanus resting eggs. 
Limnology and Oceanography, 58(6), 2171–2184. 
https://doi.org/10.4319/lo.2013.58.6.2171 

Brauns, M., Gücker, B., Wagner, C., Garcia, X. F., Walz, N., & Pusch, M. T. (2011). Human 
lakeshore development alters the structure and trophic basis of littoral food webs. 
Journal of Applied Ecology, 48(4), 916–925. https://doi.org/10.1111/j.1365-
2664.2011.02007.x 

Brix, H. (1994). Functions of macrophytes in constructed wetlands. Water Science and 
Technology, 29(4), 71–78. https://doi.org/10.2166/wst.1994.0160 

Brock, T. D., & Brock, K. M. (2004). Oak Savanna Restoration: A Case Study. Proceedings of 
the North American Prairie Conferences, 83. 



 

Page | 23  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Brown, B. J., Mitchell, R. J., & Graham, S. A. (2002). Competition for pollination between an 
invasive species (purple loosestrife) and a native congener. Ecology, 83(8), 2328–2336. 
https://doi.org/10.1890/0012-9658(2002)083[2328:CFPBAI]2.0.CO;2 

Brungs, W. A., Carlson, R. W., Horning, W. B., McCormick, J. H., Spehar, R. L., & Yount, J. D. 
(1978). Effects of pollution on freshwater fish. Journal (Water Pollution Control 
Federation), 50(6), 1582–1637. 

Buchan, L. A. J., & Padilla, D. K. (1999). Estimating the probability of long-distance overland 
dispersal of invading aquatic species. Ecological Applications, 9(1), 254–265. 
https://doi.org/10.1890/1051-0761(1999)009[0254:ETPOLD]2.0.CO;2 

Buchan, L. A. J., & Padilla, D. K. (2000). Predicting the likelihood of Eurasian watermilfoil 
presence in lakes, a macrophyte monitoring tool. Ecological Applications, 10(5), 1442–
1455. https://doi.org/10.1890/1051-0761(2000)010[1442:PTLOEW]2.0.CO;2 

Burfeind D. D., & Stunz G. W. (2006). The effects of boat propeller scarring intensity on nekton 
abundance in subtropical seagrass meadows. Marine Biology, 148(5):953–962. 
https://doi.org/10.1007/s00227-005-0136-9. 

Burger, J. (1998). Effects of motorboats and personal watercraft on flight behavior over a colony 
of common terns. The Condor, 100(3), 528–534. https://doi.org/10.2307/1369719 

Bussmann, K., Hirsch, P., & Burkhardt-Holm, P. (2022). Invasive goby larvae: First evidence as 
stowaways in small watercraft motors. Management of Biological Invasions, 13(1), 191–
203. https://doi.org/10.3391/mbi.2022.13.1.11 

Campbell, T., Verboomen, T., Montz, G., & Seilheimer, T. (2016). Volume and contents of 
residual water in recreational watercraft ballast systems. Management of Biological 
Invasions, 7(3), 281–286. https://doi.org/10.3391/mbi.2016.7.3.07 

Campbell, T. (2018). Wisconsin Aquatic Invasive Species Management Plan. Wisconsin 
Department of Natural Resources Bureau of Research. 

Canfield Jr., D. E., Shireman, J. V., Colle, D. E., Haller, W. T., Watkins II, C. E., & Maceina, M. 
J. (1984). Prediction of chlorophyll a concentrations in Florida lakes: Importance of 
aquatic macrophytes. Canadian Journal of Fisheries and Aquatic Sciences, 41(3), 497–
501. https://doi.org/10.1139/f84-059 

Carpenter, S. R., & Lodge, D. M. (1986). Effects of submersed macrophytes on ecosystem 
processes. Aquatic Botany, 26, 341–370. https://doi.org/10.1016/0304-3770(86)90031-8 

Chen, R. L., & Barko, J. W. (1988). Effects of Freshwater Macrophytes on Sediment Chemistry. 
Journal of Freshwater Ecology, 4(3), 279–289. 
https://doi.org/10.1080/02705060.1988.9665177 

Choi, W. J., Gerstenberger, S., McMahon, R., & Wong, W. H. (2013). Estimating survival rates 
of quagga mussel (Dreissena rostriformis bugensis) veliger larvae under summer and 
autumn temperature regimes in residual water of trailered watercraft at Lake Mead, 
USA. Management of Biological Invasions, 4(1), 61–69. 
https://doi.org/10.3391/mbi.2013.4.1.08 

Clean Water Act, 33 U.S.C. § 1251 (1977). https://www.govinfo.gov/content/pkg/USCODE-
2018-title33/pdf/USCODE-2018-title33-chap26.pdf 



 

Page | 24  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Codarin, A., Wysocki, L. E., Ladich, F., & Picciulin, M. (2009). Effects of ambient and boat noise 
on hearing and communication in three fish species living in a marine protected area 
(Miramare, Italy). Marine Pollution Bulletin, 58(12), 1880–1887. 
https://doi.org/10.1016/j.marpolbul.2009.07.011 

Cole, L. J., Stockan, J., & Helliwell, R. (2020). Managing riparian buffer strips to optimize 
ecosystem services: A review. Agriculture, Ecosystems & Environment, 296, 106891. 
https://doi.org/10.1016/j.agee.2020.106891 

Collas, F., Arends, E., Buuts, M., & Leuven, R. (2021). Effect of airflow on overland transport 
potential of the invasive quagga mussel (Dreissena bugensis). Management of 
Biological Invasions, 12(1), 165–177. https://doi.org/10.3391/mbi.2021.12.1.11 

Comeau, S., Rainville, S., Baldwin, W., Austin, E., Gerstenberger, S., Cross, C., & Wong, W. H. 
(2011). Susceptibility of quagga mussels (Dreissena rostriformis bugensis) to hot-water 
sprays as a means of watercraft decontamination. Biofouling, 27(3), 267–274. 
https://doi.org/10.1080/08927sdt014.2011.564275 

Connelly, N. A., O’Neill, C. R., Knuth, B. A., & Brown, T. L. (2007). Economic impacts of zebra 
mussels on drinking water treatment and electric power generation facilities. 
Environmental Management, 40(1), 105–112. https://doi.org/10.1007/s00267-006-0296-
5 

Cooley, J. H., Harris, D. R., Johnson, V. S., & Martin, C. J. (2019). Influence of nesting bald 
eagles (Haliaeetus leucocephalus) on common loon (Gavia immer) occupancy and 
productivity in New Hampshire. The Wilson Journal of Ornithology, 131(2), 329. 
https://doi.org/10.1676/18-75 

Currie, D. J., & Kalff, J. (1984). The relative importance of bacterioplankton and phytoplankton 
in phosphorus uptake in freshwater. Limnology and Oceanography, 29(2), 311–321. 
https://doi.org/10.4319/lo.1984.29.2.0311 

Cuthbert R. N., Pattison, Z.., Taylor, N. G., Verbrugge, L., Diagne, C., Ahmed, D. A., Leroy, B., 
Angulo, E., Briski, E., Capinha, C., Catford, J. A., Dalu, T., Essl, F., Gozlan, R. E., 
Haubrock, P. J., Kourantidou, M., Kramer, A. M., Renault, D., Wasserman, & R. J., 
Courchamp, R. J. (2021). Global economic costs of aquatic invasive alien species. 
Science of The Total Environment, 775:145238. 
https://doi.org/10.1016/j.scitotenv.2021.145238 

Daeger, A., Bosch, N. S., Johnson, R., College, G., & Way, L. (2022). Impacts on nutrient and 
sediment resuspension by various watercraft across multiple substrates, depths, and 
operating speeds in Indiana’s largest natural lake. Proceedings of The Indiana Academy 
of Science. 

David, P. F. (2018). Manoomin (Wild Rice) Seeding Guidelines (Admin. Report 18–09). Great 
Lakes Indian Fish & Wildlife Commission. 

Davidson, A. D., Tucker, A., Chadderton, L., & Weibert, C. (2021). Development of a 
surveillance species list to inform aquatic invasive species management in the 
Laurentian Great Lakes. Management of Biological Invasions, 12(2), 272–293. 
https://doi.org/10.3391/mbi.2021.12.2.05 



 

Page | 25  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Davis, E., Wong, W. H., & Harman, W. (2016). Livewell flushing to remove zebra mussel 
(Driessena polymorpha) veligers. Management of Biological Invasions, 7(4), 399–403. 
https://doi.org/10.3391/mbi.2016.7.4.09 

Dawes, C. J., Andorfer, J., Rose, C., Uranowski, C., & Ehringer, N. (1997). Regrowth of the 
seagrass Thalassia testudinum into propeller scars. Aquatic Botany, 59(1–2), 139–155. 
https://doi.org/10.1016/S0304-3770(97)00021-1 

De Ventura, L., Weissert, N., Tobias, R., Kopp, K., & Jokela, J. (2016). Overland transport of 
recreational boats as a spreading vector of zebra mussel Dreissena polymorpha. 
Biological Invasions, 18(5), 1451–1466. https://doi.org/10.1007/s10530-016-1094-5 

Desorbo, C. R., Taylor, K. M., Kramar, D. E., Fair, J., Cooley, J. H., Evers, D. C., Hanson, W., 
Vogel, H. S., & Atwood, J. L. (2007). Reproductive advantages for common loons using 
rafts. The Journal of Wildlife Management, 71(4), 1206–1213. 
https://doi.org/10.2193/2006-422 

Doig, L. E., North, R. L., Hudson, J. J., Hewlett, C., Lindenschmidt, K.-E., & Liber, K. (2017). 
Phosphorus release from sediments in a river-valley reservoir in the northern Great 
Plains of North America. Hydrobiologia, 787(1), 323–339. 
https://doi.org/10.1007/s10750-016-2977-2 

Doll, A. (2018). Occurrence and survival of zebra mussel (Dreissena polymorpha) veliger larvae 
in residual water transported by recreational watercraft. [Thesis]. University of 
Minnesota.https://hdl.handle.net/11299/202094 

Douglas, R. W., Rippey, B., & Gibson, C. E. (2003). Estimation of the in-situ settling velocity of 
particles in lakes using a time series sediment trap. Freshwater Biology, 48, 512–518. 
https://doi.org/10.1046/j.1365-2427.2003.01027.x 

Dunn, R., Waltham, N., Teasdale, P., Robertson, D., & Welsh, D. (2017). Short-term nitrogen 
and phosphorus release during the disturbance of surface sediments: a case study in an 
urbanised estuarine system (Gold Coast Broadwater, Australia). Journal of Marine 
Science and Engineering, 5(2), 16. https://doi.org/10.3390/jmse5020016 

Eckert, W., & Nishri, A. (2014). The Phosphorus Cycle. In T. Zohary, A. Sukenik, T. Berman, & 
A. Nishri (Eds.), Lake Kinneret: Ecology and Management. Springer Netherlands. 
https://doi.org/10.1007/978-94-017-8944-8 

Eco-Resource Consulting, Inc. (2018). Lake Sinissippi improvement district Anthony Island 
shoreline and near-shore lakebed assessment and shoreline restoration plan. 
http://lakesinissippi.org/2017/wp-content/uploads/2018/12/2018_LSID_Report.pdf 

Eerdt, M. M. (1985). The influence of vegetation on erosion and accretion in salt marshes of the 
Oosterschelde, The Netherlands. Vegetatio, 62(1–3), 367–373. 
https://doi.org/10.1007/BF00044763 

Eiswerth, M. E., Donaldson, S. G., & Johnson, W. S. (2000). Potential environmental impacts 
and economic damages of Eurasian watermilfoil (Myriophyllum spicatum) in Western 
Nevada and Northeastern California 1. Weed Technology, 14(3), 511–518. 
https://doi.org/10.1614/0890-037X(2000)014[0511:PEIAED]2.0.CO;2 



 

Page | 26  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Elias, J. E., & Meyer, M. W. (2003). Comparisons of undeveloped and developed shorelands, 
northern Wisconsin, and recommendations for restoration. Wetlands, 23(4), 800–816. 
https://doi.org/10.1672/0277-5212(2003)023[0800:COUADS]2.0.CO;2 

Elwell, L. C., & Phillips, S. (2021). Uniform minimum protocols and standards for watercraft 
inspection and decontamination programs for dreissenid mussels in the western United 
States (p. 55) [UMPS IV]. Pacific States Marine Fisheries Commission. 

Escobar, L. E., Mallez, S., McCartney, M., Lee, C., Zielinski, D. P., Ghosal, R., Bajer, P. G., 
Wagner, C., Nash, B., Tomamichel, M., Venturelli, P., Mathai, P. P., Kokotovich, A., 
Escobar-Dodero, J., & Phelps, N. B. D. (2018). Aquatic invasive species in the Great 
Lakes region: an overview. Reviews in Fisheries Science & Aquaculture, 26(1), 121–
138. https://doi.org/10.1080/23308249.2017.1363715 

Fair, J., & Poirier, B. M. (1993). Managing for common loons on hydroelectric project reservoirs 
in northern New England. In The Loon and its Ecosystem: Status, Management, and 
Environmental Concerns. Proceedings of the 1992 Conference on the Loon and Its 
Ecosystem. US Fish and Wildlife Service, Concord, NH. 

Fay, E. M., Gunderson, A., & Anderson, A. (2022). Numerical study of the impact of wake 
surfing on inland bodies of water. Journal of Water Resource and Protection, 14(03), 
238–272. https://doi.org/10.4236/jwarp.2022.143012 

Forsberg, C. (1989). Importance of sediments in understanding nutrient cyclings in lakes. 
Hydrobiologia, 176/177, 263–277. 

Gabel, F., Stoll, S., Fischer, P., Pusch, M. T., & Garcia, X. F. (2011). Waves affect predator–
prey interactions between fish and benthic invertebrates. Oecologia, 165(1), 101–109. 
https://doi.org/10.1007/s00442-010-1841-8 

Gabriel, A. O., & Bodensteiner, L. R. (2012). Impacts of riprap on wetland shorelines, Upper 
Winnebago Pool Lakes, Wisconsin. Wetlands, 32(1), 105–117. 
https://doi.org/10.1007/s13157-011-0251-y 

Gatto, L. W., & Doe, W. W. (1987). Bank conditions and erosion along selected reservoirs. 
Environmental Geology and Water Sciences, 9(3), 143–154. 
https://doi.org/10.1007/BF02449947 

Gautreau, E., Volatier, L., Nogaro, G., Gouze, E., & Mermillod-Blondin, F. (2020). The influence 
of bioturbation and water column oxygenation on nutrient recycling in reservoir 
sediments. Hydrobiologia, 847(4), 1027–1040. https://doi.org/10.1007/s10750-019-
04166-0 

Gittman, R. K., Fodrie, F. J., Popowich, A. M., Keller, D. A., Bruno, J. F., Currin, C. A., Peterson, 
C. H., & Piehler, M. F. (2015). Engineering away our natural defenses: An analysis of 
shoreline hardening in the US. Frontiers in Ecology and the Environment, 13(6), 301–
307. https://doi.org/10.1890/150065 

Goudey, C. A., & Associates. (2015). Characterization of wake-sport wakes and their potential 
impact on shorelines. Watersport Industry Association Orlando, Florida. 
https://www.wsia.net/wp-content/uploads/2019/04/Wave-Energy-Study-C.A.-Goudey-
Assoc.-Final.pdf 



 

Page | 27  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Graham, A. L., & Cooke, S. J. (2008). The effects of noise disturbance from various recreational 
boating activities common to inland waters on the cardiac physiology of a freshwater 
fish, the largemouth bass (Micropterus salmoides ). Aquatic Conservation: Marine and 
Freshwater Ecosystems, 18(7), 1315–1324. https://doi.org/10.1002/aqc.941 

Halstead, J. M., Michaud, J., Hallas-Burt, S., & Gibbs, J. P. (2003). Hedonic analysis of effects 

of a nonnative invader (Myriophyllum heterophyllum) on New Hampshire (USA) lakefront 

properties. Environmental Management, 32(3), 391–398. https://doi.org/10.1007/s00267-

003-3023-5 

Hansen, G. J. A., Read, J. S., Hansen, J. F., & Winslow, L. A. (2017). Projected shifts in fish 

species dominance in Wisconsin lakes under climate change. Global Change Biology, 

23(4), 1463–1476. https://doi.org/10.1111/gcb.13462 

Hansen, J. P., Sundblad, G., Bergström, U., Austin, Å., Donadi, S., Eriksson, B. K., & Eklöf, J. 

S. (2019). Recreational boating degrades vegetation important for fish recruitment. 

AMBIO: A Journal of the Human Environment, 48(6), 539–551. 

https://doi.org/10.1007/s13280-018-1088-x 

Hanson, P. C., Stillman, A. B., Jia, X., Karpatne, A., Dugan, H. A., Carey, C. C., Stachelek, J., 
Ward, N. K., Zhang, Y., Read, J. S., & Kumar, V. (2020). Predicting lake surface water 
phosphorus dynamics using process-guided machine learning. Ecological Modelling, 
430, 109136. https://doi.org/10.1016/j.ecolmodel.2020.109136 

Harding, H. R., Gordon, T. A. C., Wong, K., McCormick, M. I., Simpson, S. D., & Radford, A. N. 
(2020). Condition-dependent responses of fish to motorboats. Biology Letters, 16(11), 
20200401. https://doi.org/10.1098/rsbl.2020.0401 

Hartig, J. H., Zarull, M. A., & Cook, A. (2011). Soft shoreline engineering survey of ecological 
effectiveness. Ecological Engineering, 37(8), 1231–1238. 
https://doi.org/10.1016/j.ecoleng.2011.02.006 

Hartman, R. T., & Brown, D. L. (1967). Changes in internal atmosphere of submersed vascular 
hydrophytes in relation to photosynthesis. Ecology, 48(2), 252–258. 
https://doi.org/10.2307/1933107 

Havel, J. E., Kovalenko, K. E., Thomaz, S. M., Amalfitano, S., & Kats, L. B. (2015). Aquatic 
invasive species: Challenges for the future. Hydrobiologia, 750(1), 147–170. 
https://doi.org/10.1007/s10750-014-2166-0 

Hawkins, C. P., Murphy, M. L., Anderson, N. H., & Wilzbach, M. A. (1983). Density of fish and 
salamanders in relation to riparian canopy and physical habitat in streams of the 
northwestern United States. Canadian Journal of Fisheries and Aquatic Sciences, 40(8), 
1173–1185. https://doi.org/10.1139/f83-134 

Heimberger, M., Euler, D., & Barr, J. (1983). The impact of cottage development on common 
loon reproductive success in central Ontario. Wilson Bulletin, 95(3), 431–439.  

Hein, C. L., Vander Zanden, M. J., & Magnuson, J. J. (2007). Intensive trapping and increased 
fish predation cause massive population decline of an invasive crayfish. Freshwater 
Biology, 52(6), 1134–1146. https://doi.org/10.1111/j.1365-2427.2007.01741.x 



 

Page | 28  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Heinrich, G. L., Walsh, T. J., Jackson, D. R., & Atkinson, B. K. (2012). Boat strikes: a threat to 
the Suwannee cooter. Herpetological Conservation and Biology, 7(3), 349–357. 

Houser, C., Smith, A., & Lilly, J. (2021). Relative importance of recreational boat wakes on an 
inland lake. Lake and Reservoir Management, 37(3), 227–234. 
https://doi.org/10.1080/10402381.2021.1879325 

Hunt, R. G., Franklin, W. E., Hildebrandt, C. C., Buchanan, G. H., & Hoffsommer, K. K. (1996). 
Life Cycle Assessment of Ethylene Glycol and Propylene Glycol Antifreeze. 961027. 
https://doi.org/10.4271/961027 

Inkpen, S. A. (2017). Are humans disturbing conditions in ecology? Biology & Philosophy, 32(1), 
51–71. https://doi.org/10.1007/s10539-016-9537-z 

Istvànovics, V., Padisàk, J., Pettersson, K., & Pierson, D. C. (1994). Growth and phosphorus 
uptake of summer phytoplankton in Lake Erken (Sweden). Journal of Plankton 
Research, 16(9), 1167–1196. https://doi.org/10.1093/plankt/16.9.1167 

Jacobsen, L., Baktoft, H., Jepsen, N., Aarestrup, K., Berg, S., & Skov, C. (2014). Effect of boat 
noise and angling on lake fish behaviour. Journal of Fish Biology, 84(6), 1768–1780. 
https://doi.org/10.1111/jfb.12395 

Jensen, H. S., & Andersen, F. O. (1992). Importance of temperature, nitrate, and pH for 
phosphate release from aerobic sediments of four shallow, eutrophic lakes. Limnology 
and Oceanography, 37(3), 577–589. https://doi.org/10.4319/lo.1992.37.3.0577 

Jeppesen, E., Jensen, J. P., Søndergaard, M., Lauridsen, T., Pedersen, L. J., & Jensen, L. 
(1997). Top-down control in freshwater lakes: The role of nutrient state, submerged 
macrophytes and water depth. In L. Kufel, A. Prejs, & J. I. Rybak (Eds.), Shallow Lakes 
’95 (Vol. 119, pp. 151–164). https://doi.org/10.1007/978-94-011-5648-6_17 

Johnson, L. E., Bossenbroek, J. M., & Kraft, C. E. (2006). Patterns and pathways in the post-
establishment spread of non-indigenous aquatic species: the slowing invasion of North 
American inland lakes by the zebra mussel. Biological Invasions, 8(3), 475–489. 
https://doi.org/10.1007/s10530-005-6412-2 

Jung, R. (1991). Effects of human activities and lake characteristics on the behavior and 
breeding success of common loons. Passenger Pigeon, 53(3), 207–218. 

Kahl, R. (1993). Boating disturbance of canvasbacks during migration at Lake Poygan, 
Wisconsin. Biological Conservation, 65(1), 95. https://doi.org/10.1016/0006-
3207(93)90227-R 

Kelly, L. M. (1992). The effects of human disturbance on common loon productivity in 
northwestern Montana. [Thesis]. Montana State University. 
https://scholarworks.montana.edu/xmlui/handle/1/7174 

Kelly, N. E., Wantola, K., Weisz, E., & Yan, N. D. (2013). Recreational boats as a vector of 
secondary spread for aquatic invasive species and native crustacean zooplankton. 
Biological Invasions, 15(3), 509–519. https://doi.org/10.1007/s10530-012-0303-0 

Kerfoot, W. C., Yousef, F., Hobmeier, M. M., Maki, R. P., Jarnagin, S. T., & Churchill, J. H. 
(2011). Temperature, recreational fishing and diapause egg connections: Dispersal of 
spiny water fleas (Bythotrephes longimanus). Biological Invasions, 13(11), 2513. 
https://doi.org/10.1007/s10530-011-0078-8 



 

Page | 29  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Kinsley, A. C., Haight, R. G., Snellgrove, N., Muellner, P., Muellner, U., Duhr, M., & Phelps, N. 
B. D. (2022). AIS explorer: Prioritization for watercraft inspections-A decision-support 
tool for aquatic invasive species management. Journal of Environmental Management, 
314, 115037. https://doi.org/10.1016/j.jenvman.2022.115037 

Kobayashi, N., Otta, A. K., & Roy, I. (1987). Wave reflection and run‐up on rough slopes. 
Journal of Waterway, Port, Coastal, and Ocean Engineering, 113(3), 282–298. 
https://doi.org/10.1061/(ASCE)0733-950X(1987)113:3(282) 

Koski-Vähälä, J., & Hartikainen, H. (2001). Assessment of the risk of phosphorus loading due to 
resuspended sediment. Journal of Environmental Quality, 30, 960–966. 
https://doi.org/10.2134/jeq2001.303960x 

Krysel, C., Boyer, E. M., Parson, C., & Welle, P. (2003). Lakeshore property values and water 
quality: Evidence from property sales in the Mississippi headwaters region. Mississippi 
Headwaters Board and Bemidji State University. 
https://www.leg.mn.gov/docs/2003/mandated/030502.pdf 

LaKind, J. S., McKenna, E. A., Hubner, R. P., & Tardiff, R. G. (1999). A review of the 
comparative mammalian toxicity of ethylene glycol and propylene glycol. Critical 
Reviews in Toxicology, 29(4), 331–365. https://doi.org/10.1080/10408449991349230 

Landry, C. E., Keeler, A. G., & Kriesel, W. (2003). An economic evaluation of beach erosion 
management alternatives. Marine Resource Economics, 18(2), 105–127. 
https://doi.org/10.1086/mre.18.2.42629388 

Lawson, Z. J., & Carpenter, S. R. (2014). A morphometric approach for stocking walleye 
fingerlings in lakes invaded by rainbow smelt. North American Journal of Fisheries 
Management, 34(5), 998–1002. https://doi.org/10.1080/02755947.2014.943860 

Lawson, Z. J., Vander Zanden, M. J., Smith, C. A., Heald, E., Hrabik, T. R., & Carpenter, S. R. 
(2015). Experimental mixing of a north-temperate lake: Testing the thermal limits of a 
cold-water invasive fish. Canadian Journal of Fisheries and Aquatic Sciences, 72(6), 
926–937. https://doi.org/10.1139/cjfas-2014-0346 

Le Bagousse‐Pinguet, Y., Liancourt, P., Gross, N., & Straile, D. (2012). Indirect facilitation 
promotes macrophyte survival and growth in freshwater ecosystems threatened by 
eutrophication. Journal of Ecology, 100(2), 530–538. https://doi.org/10.1111/j.1365-
2745.2011.01931.x 

Lee, K. H., Isenhart, T. M., & Schultz, R. C. (2003). Sediment and nutrient removal in an 
established multi-species riparian buffer. Journal of Soil and Water Conservation. 
Journal of Soil and Water Conservation, 58(1), 1–8. 

Lemieux, V., Lavoie, M., Bouffard, V., Robin, C., & Petitclerc, D. (2024). Summer recreational 
boating impacts on erosion, turbidity, and phosphorus levels in Canadian freshwater 
lakes. Canadian Water Resources Journal / Revue Canadienne Des Ressources 
Hydriques, 1–13. https://doi.org/10.1080/07011784.2023.2299872 

Leppäkoski, E., Gollasch, S., & Olenin, S. (Eds.). (2002). Invasive aquatic species of Europe. 
distribution, impacts and management. Springer Science & Business Media. 
https://doi.org/10.1007/978-94-015-9956-6 



 

Page | 30  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Lewis, W. M. Jr. (1983). A revised classification of lakes based on mixing. Canadian Journal of 
Fisheries and Aquatic Sciences, 40. https://doi.org/10.1139/f83-207  

Liddle, M. J., & Scorgie, H. R. A. (1980). The effects of recreation on freshwater plants and 
animals: A review. Biological Conservation, 17(3), 183–206. 
https://doi.org/10.1016/0006-3207(80)90055-5 

Lima, S. L., Blackwell, B. F., DeVault, T. L., & Fernández‐Juricic, E. (2015). Animal reactions to 
oncoming vehicles: A conceptual review. Biological Reviews, 90(1), 60–76. 
https://doi.org/10.1111/brv.12093 

Lindsay, A. R., Gillum, S. S., & Meyer, M. W. (2002). Influence of lakeshore development on 
breeding bird communities in a mixed northern forest. Biological Conservation, 107(1), 
1–11. https://doi.org/10.1016/S0006-3207(01)00260-9 

Lovell, S. J., Stone, S. F., & Fernandez, L. (2006). The economic impacts of aquatic invasive 
species: a review of the literature. Agricultural and Resource Economics Review, 35(1), 
195–208. https://doi.org/10.1017/S1068280500010157 

Lund, K., Cattoor, K. B., Fieldseth, E., Sweet, J., & McCartney, M. A. (2018). Zebra mussel 
(Dreissena polymorpha) eradication efforts in Christmas Lake, Minnesota. Lake and 
Reservoir Management, 34(1), 7–20. https://doi.org/10.1080/10402381.2017.1360417 

Macintosh, K. A., Mayer, B. K., McDowell, R. W., Powers, S. M., Baker, L. A., Boyer, T. H., & 
Rittmann, B. E. (2018). Managing Diffuse Phosphorus at the Source versus at the Sink. 
Environmental Science & Technology, 52(21), 11995–12009. 
https://doi.org/10.1021/acs.est.8b01143 

Madsen, J. D., & Boylen, C. W. (1998). Vegetative spread of Eurasian watermilfoil in Lake 
George, New York. Journal of Aquatic Plant Management, 26, 47–50. 

Madsen, J. D., Chambers, P. A., James, W. F., Koch, E. W., & Westlake, D. F. (2001). The 
interaction between water movement, sediment dynamics and submersed macrophytes. 
Hydrobiologia, 444, 71–84. 

Manis, J. E., Garvis, S. K., Jachec, S. M., & Walters, L. J. (2015). Wave attenuation 
experiments over living shorelines over time: A wave tank study to assess recreational 
boating pressures. Journal of Coastal Conservation, 19(1), 1–11. 
https://doi.org/10.1007/s11852-014-0349-5 

Marr, J., Riesgarf, A., Herb, W., Lueker, M., Kozarek, J., & Hill, K. (2022). A field study of 
maximum wave height, total wave energy, and maximum wave power produced by four 
recreational boats on a freshwater lake (St. Anthony Falls Project Report No. 600). 
University of Minnesota. 

Martin, B. E., Walsh, J. R., & Vander Zanden, M. J. (2022). Rise of a native apex predator and 
an invasive zooplankton cause successive ecological regime shifts in a north temperate 
lake. Limnology and Oceanography, 67(S1). https://doi.org/10.1002/lno.12049 

Maryland Waterski Laws and Safety Tips. (2020). Maryland Department of Natural Resources. 
https://dnr.maryland.gov/nrp/Documents/BoatingSafety/waterski.pdf 

Mayer, M., Natusch, D., & Frank, S. (2019). Water body type and group size affect the flight 
initiation distance of European waterbirds. PLOS ONE, 14(7), e0219845. 
https://doi.org/10.1371/journal.pone.0219845 



 

Page | 31  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Mayer, T., Simpson, S. L., Thorleifson, L. H., Lockhart, W. L., & Wilkinson, P. (2006). 
Phosphorus geochemistry of recent sediments in the South Basin of Lake Winnipeg. 
Aquatic Ecosystem Health & Management, 9(3), 307–318. 
https://doi.org/10.1080/14634980600876039 

McCarthy, K. P., & DeStefano, S. (2011). Common loon nest defense against an American 
mink. Northeastern Naturalist, 18(2), 247–249. https://doi.org/10.1656/045.018.0212 

McIntyre, J. W. (1994). Loons in freshwater lakes. Hydrobiologia, 279/280, 393–413. 

McIntyre, J. W., & Olson, A. (1988). The common loon: spirit of northern lakes. The Auk, 
107,(2), 457–458. University of Minnesota Press. https://doi.org/10.2307/4087646 

McNicol, D. K. (2002). Relation of lake acidification and recovery to fish, common loon and 
common merganser occurrence in Algoma lakes. Water, Air, and Soil Pollution, 2, 151–
168. 

Michael, P. (2006). Fish and Wildlife Issues Related to the Use of Lead Fishing Gear. (FPT 06-
13). Washington Department of Fish and Wildlife. 
https://www.wdfw.wa.gov/sites/default/files/publications/00037/wdfw00037.pdf 

Minchin, D., Floerl, O., Savini, D., & Occhipinti-Ambrogi, A. (2006). Small craft and the spread of 
exotic species. In J. Davenport & J. L. Davenport (Eds.), The Ecology of Transportation: 
Managing Mobility for the Environment (Vol. 10, pp. 99–118). Springer Netherlands. 
https://doi.org/10.1007/1-4020-4504-2_6 

Mitro, M. G., Evers, D. C., Meyer, M. W., & Piper, W. H. (2008). Common loon survival rates 
and mercury in New England and Wisconsin. The Journal of Wildlife Management, 
72(3), 665–673. https://doi.org/10.2193/2006-551 

Mosisch, T. D., & Arthington, A. H. (1998). The impacts of power boating and water skiing on 
lakes and reservoirs. Lakes & Reservoirs: Science, Policy and Management for 
Sustainable Use, 3(1), 1–17. https://doi.org/10.1111/j.1440-1770.1998.tb00028.x  

Mortimer, C. H. (1942). The exchange of dissolved substances between mud and water in 
lakes. The Journal of Ecology, 30(1 ), 147. https://doi.org/10.2307/2256691 

Mrnak, J. T., Sikora, L. W., Zanden, M. J. V., & Sass, G. G. (2023). Applying panarchy theory to 
aquatic invasive species management: a case study on invasive rainbow smelt Osmerus 
mordax. Reviews in Fisheries Science & Aquaculture, 31(1), 66–85. 
https://doi.org/10.1080/23308249.2022.2078951 

Mueller, G. (1980). Effects of Recreational River Traffic on Nest Defense by Longear Sunfish. 
Transactions of the American Fisheries Society, 109(2), 248–251. 
https://doi.org/10.1577/1548-8659(1980)109<248:EORRTO>2.0.CO;2 

Nanson, G. C., Von Krusenstierna, A., Bryant, E. A., & Renilson, M. R. (1994). Experimental 
measurements of river‐bank erosion caused by boat‐generated waves on the Gordon 
River, Tasmania. Regulated Rivers: Research & Management, 9(1), 1–14. 
https://doi.org/10.1002/rrr.3450090102 

Nicholls, S., & Crompton, J. L. (2018). The contribution of scenic views of, and proximity to, 
lakes and reservoirs to property values. Lakes & Reservoirs: Science, Policy and 
Management for Sustainable Use, 23(1), 63–78. https://doi.org/10.1111/lre.12207 



 

Page | 32  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Nedohin, D. N., & Elefsiniotis, P. (1997). The effects of motor boats on water quality in shallow 
lakes. Toxicological & Environmental Chemistry, 61(1–4), 127–133. 
https://doi.org/10.1080/02772249709358479 

Neuswanger, D. J., Wolter, M., & Griffin, J. (2015). A synoptic review of the ecology and 
management of bluegill sunfish (Lepomis macrochirus) with implications for fishery 
management in Wisconsin. Wisconsin Department of Natural Resources. 
https://dnr.wisconsin.gov/sites/default/files/topic/Fishing/Pubs_BluegillLiteratureReviewFi
nal.pdf 

Nico, L. G., & Walsh, S. J. (2011). Non-indigenous freshwater fishes on tropical Pacific islands: 
A review of eradication efforts. In Island Invasives: Eradication and management. 
Proceedings of the International Conference on Island Invasives. International Union for 
Conservation of Nature, 97107. 

Nieman, C. L., & Gray, S. M. (2019). Visual performance impaired by elevated sedimentary and 
algal turbidity in walleye Sander vitreus and emerald shiner Notropis antherinoides. 
Journal of Fish Biology, 95(1), 186–199. https://doi.org/10.1111/jfb.13878 

Nieman, C. L., Oppliger, A. L., McElwain, C. C., & Gray, S. M. (2018). Visual detection 
thresholds in two trophically distinct fishes are compromised in algal compared to 
sedimentary turbidity. Conservation Physiology, 6(1). 
https://doi.org/10.1093/conphys/coy044 

North, R. L., Johansson, J., Vandergucht, D. M., Doig, L. E., Liber, K., Lindenschmidt, K.-E., 
Baulch, H., & Hudson, J. J. (2015). Evidence for internal phosphorus loading in a large 
prairie reservoir (Lake Diefenbaker, Saskatchewan). Journal of Great Lakes Research, 
41, 91–99. https://doi.org/10.1016/j.jglr.2015.07.003 

O’Connell, M. A., Hallett, J. G., & West, S. D. (1993). Wildlife Use Of Riparian Habitats: A 
Literature Review. Timber, Fish & Wildlife. 
https://geo.nwifc.org/CMER/PublicDocs/TFWDocs/TFW_WL1_93_001%20Wildlife%20U
se%20of%20Riparian%20Habitats%20A%20literature%20Review.pdf 

Olden, J. D., McCarthy, J. M., Maxted, J. T., Fetzer, W. W., & Vander Zanden, M. J. (2006). The 
rapid spread of rusty crayfish (Orconectes rusticus) with observations on native crayfish 
declines in Wisconsin (U.S.A.) over the past 130 years. Biological Invasions, 8(8), 1621–
1628. https://doi.org/10.1007/s10530-005-7854-2 

Olson, M. H., Carpenter, S. R., Cunningham, P., Gafny, S., Herwig, B. R., Nibbelink, N. P., 
Pellett, T., Storlie, C., Trebitz, A. S., & Wilson, K. A. (1998). Managing Macrophytes to 
Improve Fish Growth: A Multi-lake Experiment. Fisheries, 23(2), 6–12. 
https://doi.org/10.1577/1548-8446(1998)023<0006:MMTIFG>2.0.CO;2 

O’Neill, C. R. (1997). Economic impact of zebra mussels—results of the 1995 national zebra 
mussel information clearinghouse study. Great Lakes Research Review, 3(1) 35–42. 

Orihel, D. M., Baulch, H. M., Casson, N. J., North, R. L., Parsons, C. T., Seckar, D. C. M., & 
Venkiteswaran, J. J. (2017). Internal phosphorus loading in Canadian fresh waters: A 
critical review and data analysis. Canadian Journal of Fisheries and Aquatic Sciences, 
74(12), 2005–2029. https://doi.org/10.1139/cjfas-2016-0500 

Orihel, D. M., Schindler, D. W., Ballard, N. C., Graham, M. D., O’Connell, D. W., Wilson, L. R., & 
Vinebrooke, R. D. (2015). The “nutrient pump:” Iron‐poor sediments fuel low nitrogen‐to‐



 

Page | 33  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

phosphorus ratios and cyanobacterial blooms in polymictic lakes. Limnology and 
Oceanography, 60(3), 856–871. https://doi.org/10.1002/lno.10076 

Ortega, C. P. (2012). Chapter 2: Effects of noise pollution on birds: A brief review of our 
knowledge. Ornithological Monographs, 74(1), 6–22. 
https://doi.org/10.1525/om.2012.74.1.6 

Ostendorp, W., Iseli, C., Krauss, M., Krumscheid-Plankert, P., Moret, J.-L., Rollier, M., & 
Schanz, F. (1995). Lake shore deterioration, reed management and bank restoration in 
some Central European lakes. Ecological Engineering, 5(1), 51–75. 
https://doi.org/10.1016/0925-8574(95)00014-A 

Padisák, J., & Reynolds, C. S. (2003). Shallow lakes: the absolute, the relative, the functional 
and the pragmatic. Hydrobiologia, 506, 1–11. 
https://doi:10.1023/B:HYDR.0000008630.49527.29. 

Patrick, C. J., Weller, D. E., Li, X., & Ryder, M. (2014). Effects of shoreline alteration and other 
stressors on submerged aquatic vegetation in subestuaries of Chesapeake Bay and the 
Mid-Atlantic Coastal Bays. Estuaries and Coasts, 37(6), 1516–1531. 
https://doi.org/10.1007/s12237-014-9768-7 

Paukstis, G. L., Tucker, J. K., Bronikowski, A. M., & Janzen, F. J. (1999). Survivorship of 
aerially-exposed zebra mussels (Dreissena polymorpha) under laboratory conditions. 
Journal of Freshwater Ecology, 14(4), 511–517. 
https://doi.org/10.1080/02705060.1999.9663709 

Perrow, M. R., Jowitt, A. J. D., & Stansfield, J. H. (1999). The practical importance of the 
interactions between fish, zooplankton and macrophytes in shallow lake restoration. 
Hydrobiologia, 395, 199–210. https://doi.org/10.1007/978-94-017-3282-6_19 

Pieniazek, R. H., Mickle, M. F., & Higgs, D. M. (2020). Comparative analysis of noise effects on 
wild and captive freshwater fish behaviour. Animal Behaviour, 168, 129–135. 
https://doi.org/10.1016/j.anbehav.2020.08.004 

Piper, W. H., Grear, J. S., & Meyer, M. W. (2012). Juvenile survival in common loons Gavia 
immer: Effects of natal lake size and pH. Journal of Avian Biology, 43(3), 280–288. 
https://doi.org/10.1111/j.1600-048X.2012.05633.x 

Piper, W. H., Glines, M. R., & Rose, K. C. (2024). Climate change‐associated declines in water 
clarity impair feeding by common loons. Ecology, e4291. 
https://doi.org/10.1002/ecy.4291 

Pokras, M. A., & Chafel, R. (1992). Lead toxicosis from ingested fishing sinkers in adult 
common loons (Gavia immer) in New England. Journal of Zoo and Wildlife Medicine, 
23(1), 92–97. https://www.jstor.org/stable/20460274 

Popper, A. N., & Hastings, M. C. (2009). The effects of anthropogenic sources of sound on 
fishes. Journal of Fish Biology, 75(3), 455–489. https://doi.org/10.1111/j.1095-
8649.2009.02319.x 

Preiner, K., & Williams, K. (2018). Expanding the narrative of tribal health: the effects of wild rice 
water quality rule changes on tribal health. Fond du Lac Band of Lake Superior 
Chippewa Health Impact Assessment. 



 

Page | 34  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Priestas, A., Mariotti, G., Leonardi, N., & Fagherazzi, S. (2015). Coupled wave energy and 
erosion dynamics along a salt marsh boundary, Hog Island Bay, Virginia, USA. Journal 
of Marine Science and Engineering, 3(3), 1041–1065. 
https://doi.org/10.3390/jmse3031041 

Quigley, J. T., & Harper, D. J. (2004). Streambank protection with rip-rap: an evaluation of the 
effects on fish and fish habitat (2701). Canadian Manuscript Report of Fisheries and 
Aquatic Sciences, 2701. 

Raabe, J. K., & Bozek, M. A. (2015). Influence of wind, wave, and water level dynamics on 
walleye eggs in a north temperate lake. Canadian Journal of Fisheries and Aquatic 
Sciences, 72(4), 570–581. https://doi.org/10.1139/cjfas-2014-0320 

Radford, A. N., Kerridge, E., & Simpson, S. D. (2014). Acoustic communication in a noisy world: 
Can fish compete with anthropogenic noise? Behavioral Ecology, 25(5), 1022–1030. 
https://doi.org/10.1093/beheco/aru029 

Radomski, P., Carlson, K., & Perleberg, D. (2019). Advancing aquatic vegetation management 
for fish in north temperate lakes. Lake and Reservoir Management, 35(4), 355–363. 
https://doi.org/10.1080/10402381.2019.1610923 

Randall, R. G., Minns, C. K., Cairns, V. W., & Moore, J. E. (1996). The relationship between an 
index of fish production and submerged macrophytes and other habitat features at three 
littoral areas in the Great Lakes. Canadian Journal of Fisheries and Aquatic Sciences, 
53(1) 

Ray, A. (2020). Analyzing Threats to Water Quality from Motorized Recreation on Payette Lake, 
Idaho (pp. 1–20). Big Payette Lake Water Quality Council, Valley County. 

Reid, J. R. (1984). Shoreline erosion processes: Orwell Lake, Minnesota (CRREL Report 84-
32). U.S. Army Cold Regions Research and Engineering Laboratory. 

Reinartz, J. A., Popp, J. W., & Kuchenreuther, M. A. (1987). Purple loosestrife (Lythrum 
salicaria): Its status in Wisconsin and control methods. Field Station Bulletin, 20(1), 25-
35. 

Reinartz, J. A., & Warne, E. L. (1993). Development of vegetation in small created wetlands in 
southeastern Wisconsin. Wetlands, 13(3), 153–164. https://doi.org/10.1007/BF03160876 

Ricciardi, A., Serrouya, R., & Whoriskey, F. G. (1995). Aerial exposure tolerance of zebra and 
quagga mussels (Bivalvia: Dreissenidae): Implications for overland dispersal. Canadian 
Journal of Fisheries and Aquatic Sciences, 52. https://doi.org/10.1139/f95-048 

Roberts, D. C., Moreno‐Casas, P., Bombardelli, F. A., Hook, S. J., Hargreaves, B. R., & 

Schladow, S. G. (2019). Predicting wave‐induced sediment resuspension at the 
perimeter of lakes using a steady‐state spectral wave model. Water Resources 
Research, 55(2), 1279–1295. https://doi.org/10.1029/2018WR023742 

Roche, K., Šlapanský, L., Trávník, M., Janáč, M., & Jurajda, P. (2021). The importance of rip-
rap for round goby invasion success – a field habitat manipulation experiment. Journal of 
Vertebrate Biology, 70(4). https://doi.org/10.25225/jvb.21052 

Rodgers, J. A., & Smith, H. T. (1997). Buffer zone distances to protect foraging and loafing 
waterbirds from human disturbance in Florida. Wildlife Society Bulletin, 25(1), 139–145. 



 

Page | 35  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Rothlisberger, J. D., Chadderton, W. L., McNulty, J., & Lodge, D. M. (2010). Aquatic invasive 
species transport via trailered boats: what is being moved, who is moving it, and what 
can be done. Fisheries, 35(3), 121–132. https://doi.org/10.1577/1548-8446-35.3.121 

Ruprecht, J. E., Glamore, W. C., Coghlan, I. R., & Flocard, F. (2015). Wakesurfing: Some 
Wakes are More Equal than Others. 201, 15–18. 

Rypel, A. L., Goto, D., Sass, G. G., & Vander Zanden, M. J. (2018). Eroding productivity of 
walleye populations in northern Wisconsin lakes. Canadian Journal of Fisheries and 
Aquatic Sciences, 75(12), 2291–2301. https://doi.org/10.1139/cjfas-2017-0311 

Sagerman, J., Hansen, J. P., & Wikström, S. A. (2020). Effects of boat traffic and mooring 
infrastructure on aquatic vegetation: A systematic review and meta-analysis. AMBIO: A 
Journal of the Human Environment, 49(2), 517–530. https://doi.org/10.1007/s13280-019-
01215-9 

Slagle, Z. J., & Allen, M. S. (2018). Should we plant macrophytes? Restored habitat use by the 
fish community of Lake Apopka, Florida. Lake and Reservoir Management, 34(3), 296–
305. https://doi.org/10.1080/10402381.2018.1443179 

Santamaría, L. (2002). Why are most aquatic plants widely distributed? Dispersal, clonal growth 
and small-scale heterogeneity in a stressful environment. Acta Oecologica-International 
Journal of Ecology, 23(3), 137–154. https://doi.org/10.1016/s1146-609x(02)01146-3 

Scheuhammer, A. M., Lord, S. I., Wayland, M., Burgess, N. M., Champoux, L., & Elliott, J. E. 
(2016). Major correlates of mercury in small fish and common loons (Gavia immer) 
across four large study areas in Canada. Environmental Pollution, 210, 361–370. 
https://doi.org/10.1016/j.envpol.2016.01.015 

Schindler, D. W. (1977). Evolution of phosphorus limitation in lakes: Natural mechanisms 
compensate for deficiencies of nitrogen and carbon in eutrophied lakes. Science, 
195(4275), 260–262. https://doi.org/10.1126/science.195.4275.260 

Schindler, D. W., & Fee, E. J. (1974). Experimental lakes area: whole-lake experiments in 
eutrophication. Journal of Fisheries Board of Canada, 31(5), 937–953. 

Schoonover, J. E., Williard, K. W. J., Zaczek, J. J., Mangun, J. C., & Carver, A. D. (2005). 
Nutrient attenuation in agricultural surface runoff by riparian buffer zones in southern 
Illinois, USA. Agroforestry Systems, 64(2), 169–180. https://doi.org/10.1007/s10457-004-
0294-7 

Schultz, R., & Dibble, E. (2012). Effects of invasive macrophytes on freshwater fish and 
macroinvertebrate communities: The role of invasive plant traits. Hydrobiologia, 684(1), 
1–14. https://doi.org/10.1007/s10750-011-0978-8 

Scyphers, S. B., Picou, J. S., & Powers, S. P. (2015). Participatory conservation of coastal 
habitats: the importance of understanding homeowner decision making to mitigate 
cascading shoreline degradation. Conservation Letters, 8(1), 41–49. 
https://doi.org/10.1111/conl.12114 

Seekamp, E., McCreary, A., Mayer, J., Zack, S., Charlebois, P., & Pasternak, L. (2016). 
Exploring the efficacy of an aquatic invasive species prevention campaign among water 
recreationists. Biological Invasions, 18(6), 1745–1758. https://doi.org/10.1007/s10530-
016-1117-2 



 

Page | 36  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Sims, J. G., & Moore, D. W. (1995). Protocol for conducting sediment bioassays with materials 
potentially containing zebra mussels (Dreissena polymorpha) (Miscellaneous Paper D-
95-1). U.S. Army Corps of Engineers. 

Slabbekoorn, H., Bouton, N., Van Opzeeland, I., Coers, A., Ten Cate, C., & Popper, A. N. 
(2010). A noisy spring: The impact of globally rising underwater sound levels on fish. 
Trends in Ecology & Evolution, 25(7), 419–427. 
https://doi.org/10.1016/j.tree.2010.04.005 

Sommer, U., Adrian, R., De Senerpont Domis, L., Elser, J. J., Gaedke, U., Ibelings, B., 
Jeppesen, E., Lürling, M., Molinero, J. C., Mooij, W. M., Van Donk, E., & Winder, M. 
(2012). Beyond the Plankton Ecology Group (PEG) Model: Mechanisms driving plankton 
succession. Annual Review of Ecology, Evolution, and Systematics, 43(1), 429–448. 
https://doi.org/10.1146/annurev-ecolsys-110411-160251 

Spilman, C. A., Schoch, N., Porter, W. F., & Glennon, M. J. (2014). The effects of lakeshore 
development on common loon (Gavia immer) productivity in the Adirondack Park, New 
York, USA. Waterbirds, 37(sp1), 94–101. https://doi.org/10.1675/063.037.sp112 

Steen-Adams, M. M., Langston, N., & Mladenoff, D. J. (2007). White pine in the northern 
forests: an ecological and management history of white pine on the Bad River 
Reservation of Wisconsin. Environmental History, 12(3), 614–648. 
https://doi.org/10.1093/envhis/12.3.614 

Strayer, D. L. (2009). Twenty years of zebra mussels: Lessons from the mollusk that made 
headlines. Frontiers in Ecology and the Environment, 7(3), 135–141. 
https://doi.org/10.1890/080020 

Strayer, D. L., & Findlay, S. E. G. (2010). Ecology of freshwater shore zones. Aquatic Sciences, 
72(2), 127–163. https://doi.org/10.1007/s00027-010-0128-9 

Strayer, D. L., & Malcom, H. M. (2007). Effects of zebra mussels (Dreissena polymorpha) on 
native bivalves: The beginning of the end or the end of the beginning? Journal of the 
North American Benthological Society, 26(1), 111–122. https://doi.org/10.1899/0887-
3593(2007)26[111:EOZMDP]2.0.CO;2 

Strong, P. I. V. (1990). The suitability of the common loon as an indicator species. Wildlife 
Society Bulletin, 18, 257–261. https://www.jstor.org/stable/3782211 

Terra Vigilis Environmental Services Group. (2022). Water quality and wave impact study phase 
2 report. 
https://www.safewakes.org/_files/ugd/2936a3_e64f2cd98fcb49c9b060fa11a959fbd0.pdf 

Thiel, W. A., Toohey‐Kurth, K. L., Giehtbrock, D., Baker, B. B., Finley, M., & Goldberg, T. L. 
(2021). Widespread seropositivity to viral hemorrhagic septicemia virus (vhsv) in four 
species of inland sport fishes in Wisconsin. Journal of Aquatic Animal Health, 33(1), 53–
65. https://doi.org/10.1002/aah.10120 

Tischler, K. B. (2011). Species conservation assessment for the common loon (Gavia immer) in 
the Upper Great Lakes. United States Department of Agriculture. 

United States Environmental Protection Agency. (2023). Guidance for Vessel Sewage No-
Discharge Zone Applications (Clean Water Act Section 312(f)). EPA 842-F-23-001. 



 

Page | 37  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

U.S. Boat Sales Reached 13-Year High in 2020, Recreational Boating Boom to Continue 
through 2021. (2021, January 6). National Marine Manufacturers Association. 
https://www.nmma.org/press/article/23527 

Vander Zanden, M. J., Casselman, J. M., & Rasmussen, J. B. (1999). Stable isotope evidence 
for the food web consequences of species invasions in lakes. Nature, 401(6752), 464–
467. https://doi.org/10.1038/46762 

Vander Zanden, M. J., Hansen, G. J. A., Higgins, S. N., & Kornis, M. S. (2010). A pound of 
prevention, plus a pound of cure: Early detection and eradication of invasive species in 
the Laurentian Great Lakes. Journal of Great Lakes Research, 36(1), 199–205. 
https://doi.org/10.1016/j.jglr.2009.11.002 

Venohr, M., Langhans, S. D., Peters, O., Hölker, F., Arlinghaus, R., Mitchell, L., & Wolter, C. 

(2018). The underestimated dynamics and impacts of water-based recreational activities 

on freshwater ecosystems. Environmental Reviews, 26(2), 199–213. 

https://doi.org/10.1139/er-2017-0024 

Walsh, J. R., Carpenter, S. R., & Vander Zanden, M. J. (2016). Invasive species triggers a 

massive loss of ecosystem services through a trophic cascade. Proceedings of the 

National Academy of Sciences, 113(15), 4081–4085. 

https://doi.org/10.1073/pnas.1600366113 

Wallace, B. (2022, November 14). What’s the difference between a wake boat and a ski boat? 
https://www.lakenwatersports.com/blog/whats-the-difference-between-a-wake-boat-and-
a-ski-boat--53845  

Wensink, S. M., & Tiegs, S. D. (2016). Shoreline hardening alters freshwater shoreline 
ecosystems. Freshwater Science, 35(3), 764–777. https://doi.org/10.1086/687279 

Wetzel, R. G. (1992). Gradient-dominated ecosystems: Sources and regulatory functions of 
dissolved organic matter in freshwater ecosystems. Hydrobiologia, 229(1), 181–198. 
https://doi.org/10.1007/BF00007000 

Wiley, M. J., Gorden, R. W., Waite, S. W., & Powless, T. (1984). The Relationship between 
Aquatic Macrophytes and Sport Fish Production in Illinois Ponds: A Simple Model. North 
American Journal of Fisheries Management, 4(1), 111–119. 
https://doi.org/10.1577/1548-8659(1984)4<111:TRBAMA>2.0.CO;2 

Wis. Admin. Code NR § 40. (2022). 
https://docs.legis.wisconsin.gov/code/admin_code/nr/001/40 

Wis. Admin. Code NR § 661, Appendix VIII. (2020). 
https://docs.legis.wisconsin.gov/code/admin_code/nr/600/661_viii 

Wis. Stat. § 30.62(2)(b). (1987). https://docs.legis.wisconsin.gov/statutes/statutes/30/v/62/2/b 

Wittmann, M. E., Jerde, C. L., Howeth, J. G., Maher, S. P., Deines, A. M., Jenkins, J. A., 
Whitledge, G. W., Burbank, S. R., Chadderton, W. L., Mahon, A. R., Tyson, J. T., Gantz, 
C. A., Keller, R. P., Drake, J. M., & Lodge, D. M. (2014). Grass carp in the Great Lakes 
region: Establishment potential, expert perceptions, and re-evaluation of experimental 
evidence of ecological impact. Canadian Journal of Fisheries and Aquatic Sciences, 
71(7), 992–999. https://doi.org/10.1139/cjfas-2013-0537 



 

Page | 38  
 
 

 
  WISCONSIN’S GREEN FIRE | wigreenfire.org | MAY 2024 

 

Witzling, L., Shaw, B., & Seiler, D. (2016). Segmenting boaters based on level of transience: 
Outreach and policy implications for the prevention of aquatic invasive species. 
Biological Invasions, 18(12), 3635–3646. https://doi.org/10.1007/s10530-016-1254-7 

Wolter, C., & Arlinghaus, R. (2003). Navigation impacts on freshwater fish assemblages: The 
ecological relevance of swimming performance. Reviews in Fish Biology and Fisheries, 
13(1), 63–89. https://doi.org/10.1023/A:1026350223459 

Yan, N. D., Girard, R., & Boudreau, S. (2002). An introduced invertebrate predator 
(Bythotrephes) reduces zooplankton species richness. Ecology Letters, 5(4), 481–485. 
https://doi.org/10.1046/j.1461-0248.2002.00348.x 

Yousef, A. (1974). Assessing effects on water quality by boating activity (Vol.1). National 
Environmental Research Center, Office of Research and Development, US 
Environmental Protection Agency. 

Yousef, Y., Mclellon, W., & Zebuth, H. (1980). Changes in phosphorus concentrations due to 
mixing by motorboats in shallow lakes. Water Research, 14(7), 841–852. 
https://doi.org/10.1016/0043-1354(80)90265-1 

Yu, W., Yang, H., Chen, J., Liao, P., Chen, Q., Yang, Y., & Liu, Y. (2022). Organic phosphorus 
mineralization dominates the release of internal phosphorus in a macrophyte-dominated 
eutrophication lake. Frontiers in Environmental Science, 9, 812834. 
https://doi.org/10.3389/fenvs.2021.812834 

Zajicek, P., & Wolter, C. (2019). The effects of recreational and commercial navigation on fish 
assemblages in large rivers. Science of The Total Environment, 646, 1304–1314. 
https://doi.org/10.1016/j.scitotenv.2018.07.403 

Zhang, Y., Jeppesen, E., Liu, X., Qin, B., Shi, K., Zhou, Y., Thomaz, S. M., & Deng, J. (2017). 
Global loss of aquatic vegetation in lakes. Earth-Science Reviews, 173, 259–265. 
https://doi.org/10.1016/j.earscirev.2017.08.013 

Zhu, B., Fitzgerald, D. G., Mayer, C. M., Rudstam, L. G., & Mills, E. L. (2006). Alteration of 
ecosystem function by zebra mussels in Oneida Lake: impacts on submerged 
macrophytes. Ecosystems, 9(6), 1017–1028. https://doi.org/10.1007/s10021-005-0049-y 


