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ABSTRACT 

As shoreline development continues to increase at a rapid rate, there is increased concern 

regarding the role macrophytes play in the structural and functional integrity of littoral 

zones oflakes. The objectives of this study were to: (1) quantify relations between 

macrophyte structure and fish abundance; (2) analyze structural differences in 

macrophyte communities as potential fish habitat; (3) quantify relations between 

macrophyte bed structure and fish community structure; (4) determine if relations were 

consistent across lakes. Abundance, density and morphology of macrophytes were 

quantitatively assessed in eighteen 5 X 15m randomly selected shoreline study sites in 

twelve north temperate lakes using systematically placed quadrats. T-tests revealed that 

the abundance of a number of fish species was significantly higher in macrophyte sites 

verse non-macrophyte sites. Using univariate and multiple linear regression, macrophyte 

bed characteristics were related to fish community metrics across sites in each lake. 

Although there were some trends among macrophyte-fish relations, many were not 

consistent across lakes despite measures taken to minimize other sources of variation 

within lakes. Benthic fish including the Iowa darter Etheostoma exile, johnny darter 

Etheostoma nigrum, and yellow bullhead Ictalurus natalis abundance increased as the 

area of submergent vegetation, short-shrub leaf, complex leaf, and the mean submergent 

plant height values increased (r2 = 0.34-0.63). Abundance of other benthic fish including 

fantail darter Etheostoma flabellare, tadpole madtom Notorus gyrinus, and mottled 

sculpin Cottus bairdi decreased as the area of submergent vegetation, short-shrub leaf, 

short leaf, and the mean submergent plant height increased (r2 = 0.31-0.45). Bluegill 

Lepomis macrochirus, pumpkinseed Lepomis gibbosus, yellow perch Percafl.avescens, 
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and black crappie Pomoxis nigromaculatus abundance increased as macrophyte 

complexity increased, and decreased as macrophyte bed porosity increased (r2 = 0.24-

0.62) with one exception; pumpkinseed abundance decreased in relation to short-shrub 

leaf vegetation in one lake (r2 = 0.34). Similar to the univariate models, we were not 

consistently able to predict fish species distributions across lakes using multiple linear 

regressions. However, there were 12 significant multiple regression models in which 

morphological characteristics of macrophytes explained 28 to 79% of the variation in the 

abundance of a number of fish species. In addition to individual species analyses, fish 

community analyses were also analyzed in relation to macrophyte bed characteristics. 

Significant species-environment gradients were derived using canonical correspondence 

analyses (CCA) in six of twelve possible lakes. Macrophyte-fish relations were not 

consistent among lakes. Differences in relations were an artifact of differences in 

macrophyte structure or fish species present among lakes. Despite these differences, 

CCA analyses in 6 of 12 study lakes were able to explain 84.3 to 99.6% of the variation 

in species-environmental relations. A single linkage Euclidian distance cluster analysis 

using the presence/absence of fish species in six lakes resulted in three clusters but did 

not aid in being able to combine sites across lakes. Clearly macrophytes are important to 

fish; however the relations between macrophytes and fish are not consistent across lakes. 

These results suggest that future lake management likely needs to focus on lake-by-lake 

analysis of macrophyte-fish relations. 
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LITERATURE REVIEW 

Understanding relations between abiotic and biotic components in lakes is crucial for 

effective management of riparian areas and littoral zones. One of the important biotic 

components in the littoral zone of lakes are macrophytes. Macrophytes play an important 

role in providing habitat for spawning, foraging, and protection for numerous fish species 

(Diggins et al 1979; Becker 1983; Keast 1984; Gotceitas and Colgan 1987; Engel 1988; 

Rozas and Odum 1988; Killgore et al. 1989; Savino and Stein 1989; Schramm and Jirka 

1989; Lillie and Budd 1992). Because macrophyte beds serve as spawning habitat for a 

number of fish species in north temperate lakes, including the northern pike Esox lucius, 

muskellunge Esox masquinongy, largemouth bass Micropterus salmoides, yellow perch 

Perea flavescens, walleye Stizostedion vitreum, bowfin Amia calva, and central 

mudminnow Umbra limi among others, abundance of key macrophytes may limit their 

production. A study by Randall et al. (1996) concluded that fish production was 

significantly greater in lakes of higher submergent macrophyte abundance than in lakes 

with low macrophyte abundance which may be related to reproductive potential of these 

systems. Macrophytes play an important functional role in the egg incubation process. 

Macrophytes help to hold the eggs above the bottom sediments, keeping the eggs from 

oxygen-depleted areas and avoiding fungal growth, which increases egg survival 

(Threinen et al. 1978). As fish deposit their eggs, the adhesive eggs settle on the plant 

stems instead of the sediments. The eggs of the central mudminnow are deposited 

individually on leaves of submersed plants (Becker 1983). Muskellunge prefer to spawn 

on softer bottoms of detritus and dead vegetation in early spring (Oehmcke et al. 1977; 

Dombeck 1979) and their survival may depend upon the degree to which eggs avoid 
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sediments with low dissolved oxygen (Dombeck 1984). Yellow perch and largemouth 

bass have also been observed spawning in macrophyte beds (Herman et al. 1978; 

Niemuth et al. 1978; Becker 1983; Rossier et al. 1996). Once hatching occurs, in many 

instances, the young-of-year fish may stay in close proximity to vegetation until autumn. 

Macrophytes provide substrate for a variety of invertebrates that fish use as forage. 

Increased abundances of invertebrates on and around macrophytes are especially 

important to the diet of young and adult fish, especially centrarchids, cyprinids, and 

percids (Becker 1983). For instance, bluegill Lepomis macrochims are known to feed on 

damselfly nymphs, Jschnura sp., which inhabit macrophyte beds (Gotceitas 1990). 

Pumpkinseeds Lepomis gibbosus tend to feed on gastropods that can be found attached to 

macrophyte leaves (Becker 1983; Sheldon 1987). Young yellow perch also feed on 

invertebrates found on macrophytes in the littoral zone (Becker 1983). Because a number 

of smaller fish feed on the invertebrates that inhabit macrophyte beds, it is not surprising 

that piscivorous fish also forage in macrophyte beds. Common predacious fish in 

macrophyte beds include such species as northern pike, muskellunge, walleye, yellow 

perch, largemouth bass, and bowfin (Becker 1983). 

Complexity in macrophyte structure is important in protecting smaller fish from 

piscivorous birds and fish. Many piscivorous fish such as centrarchids, percids, and 

esocids depend on sight to find food. In areas of increased plant density and complexity, 

the predation rate of piscivorous fish decreases as a result of decreased visibility (Savino 

and Stein 1982; Gotceitas and Colgan 1987; Nelson and Bonsdorf 1990). Savino and 
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Stein (1982) studied largemouth bass-bluegill interactions at different densities of 

artificial plant stems and found that predation success was similar at 0 and 50 stems/m2 

and declined to near zero at 250 and 1000 stems/m2, concluding that increased stem 

densities produced visual barriers to the largemouth bass resulting in decreased foraging 

success. Another study of largemouth bass-bluegill interactions in artificial vegetation 

conducted by Gotceitas and Colgan (1987) also discovered that predation success was 

lowest at the highest stem density of 1000 stems/m2 and concluding that areas of 

increased vegetation densities increased protection offered to young bluegills. A similar 

study by Nelson and Bonsdorff (1990) using perch Percafluviatilus and ten-spined 

stickleback Pungitius pungitius and simulated reed beds, concluded that increased reed 

densities reduced the predatory success of perch. 

Three main categories of macrophytes: floating, submergent, and emergent, may provide 

three different types of foraging and protective cover for fish based on gross differences 

in their morphology. Floating-leafmacrophytes, such as duckweed Lemna sp. and pond 

lilies Nuphar sp. and Nymphaea sp. and submergent macrophytes with floating leaves, 

such as Potamogeton natans, provide shade and overhead cover (Jennings et al. 1996). 

Reifman (1979) and Engel (1990) concluded that fish were attracted to shade-producing 

objects because they are better able to see approaching organisms under cover while 

remaining cryptic. However, floating-leaf macrophytes have narrow, widely-spaced ( or 

absent) stems that provide little lateral underwater structural cover for fish (Jennings et al. 

1996). Emergent macrophytes such as sedges Scirpus sp. and bulrush Carex sp. provide 

some overhead cover from the stems extending out of the water, sometimes up to 2 m 
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above water. These emergent macrophytes also provide some lateral underwater cover 

due to their closely spaced, slender stems (Jennings et al. 1996). Submergent 

macrophytes, which tend to have a more complex leaf pattern, provide both lateral 

underwater and overhead cover (Jennings et al. 1996). Because of differences in general 

morphological types among these three groups, and within groups, the presence, and 

structure of macrophyte communities likely determines the amount of protection it might 

provide for fish (Engel 1988). 

The presence or absence of macrophytes may alter the distribution of fish in littoral 

zones. Rossier et al. (1996) found that perch less than 9 cm were more abundant in 

vegetation than in unvegetated areas, but larger perch (greater than 18 cm) were equally 

distributed. Hall and Werner (1977) found that bluegills aggregated in areas populated 

by Potamogeton ampNfolius in the spring and fall. Bluegills less than 50 mm were 

confined to vegetated areas while bluegills that were approximately 75 mm were found 

hovering about 1 m above the vegetation (Hall and Werner 1977). Since larger bluegills 

are not easily captured by largemouth bass, they were presumably safe in areas above the 

vegetation, but likely stayed in close proximity to the vegetation possibly due to food 

availability (Hall and Werner 1977). Simulating macrophyte habitat using differing stem 

densities, Savino and Stein (1982) were able to show that the number of bluegill preyed 

upon by other fish increased at low and high stem densities and decreased at midrange of 

stem densities. In a study by Engel (1987; 1988) small bass and bluegills, 39 to 119 mm 

in total length, sought shelter among dense macrophytes and avoided barren areas along 

the shore. Werner et al. (1983) concluded that predation pressure from largemouth bass 
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restricted bluegills to vegetated habitat for protection, and in the autumn months small 

bluegill tended to move to localized regions of upright vegetation for protection. Due to 

the die-off of many macrophytes in the winter, bluegills and other prey are less protected 

from predation. Because of this, Hall and Werner (1977) saw a significant increase in the 

predation of small bluegills by largemouth bass during winter. 

The abundance and structure of macrophytes appears to restrict fish movement in the 

littoral zone. Engel (1988) reviewed macrophytes species composition, macrophyte 

biomass, and fish composition, and suggested that submergent macrophytes selectively 

restricted fish movements. Engel (1988) suggested that narrow-leafed pondweeds 

Potamogeton sp. provided freer access by large predatory fish to small bass and bluegill 

than matted foliage created by water stargrass Zosterella dubia. Engel (1988) also found 

that food consumed by largemouth bass dropped in July and speculated that high 

macrophyte densities restricted the movement of the predator. Similarly, Barnett and 

Schneider (1974) found that predation of small fish by larger piscivorous fish decreased 

in dense macrophyte beds, presumably because the macrophyte density restricted the 

movement of larger predatory fish into these areas. Randall et al. (1996) concurred with 

the findings of Barnett and Schneider (1974) by showing that fish size was consistently 

smaller at high densities of macrophytes. Increasing plant density above some 

"threshold" level may significantly reduce a predator's foraging success by restricting 

their movement (Gotceitas and Colgan 1987). While adult yellow perch were found in 

species rich and abundant vegetation, they were not found in dense macrophytes due to 

their large size (Weaver et al. 1997). However, as macrophytes senesce, predators may 
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use the areas of dead and decaying macrophytes as cruising lanes for foraging (Engel 

1988). Moreover, Hall and Werner (1977) found that in winter there was less vegetation 

to restrict movement, which resulted in predator diets having higher amounts of 

macrophyte-dwelling prey. 

High macrophyte abundance can have a profound effect on the quality of a fishery (Wiley 

et al. 1984; Bettoli et al. 1992), causing panfish and game fish to become stunted (Olson 

et al. 1998). Trebitz et al. (1997) used a model to simulate bluegill and largemouth bass 

responses to additional edge created by mowing channels through macrophyte beds and 

concluded that largemouth bass abundance and growth rates increased after most 

simulated vegetation removals because their access to prey increased. While bluegills 

grew fastest when about 30% of the vegetation was cut, there was a negative response if 

there was greater than 50% reduction in macrophytes. Applying the model by Trebitz et 

al. ( 1997), Olson et al. ( 1998) removed macrophytes from 20% of the littoral zone in four 

Wisconsin lakes (Fish, Heidmann, Silver, and Tuma lakes) for one year and concluded 

that age-3 and -4 bluegills had the strongest positive response in growth rates and 

although growth rates for most largemouth bass age classes increased, the changes were 

not statistically significant. 

Macrophytes play an important role physically, chemically, and biologically in aquatic 

systems, but the specific relations between macrophyte structure and fish community 

structure are not understood. It is likely that the presence of macrophytes affects the 

distribution of fish in littoral zones oflakes. It would further appear that density and 
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morphology of macrophyte beds would also likely influence the distribution of fish and 

that major morphological differences in plant types would contribute to these 

distributions. In the first chapter of this thesis univariate and multiple linear regression 

analyses were used to assess if there were links between the morphological characteristics 

of macrophytes and fish species abundance in the littoral zone of lakes and if those 

relations were consistent across a suite of lakes. In the second chapter, multivariate 

analyses were used to determine if there were consistent links between macrophyte 

community structure and entire fish communities in the littoral zone of lakes. 
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CHAPTER I 

RELATIONS BETWEEN MACROPHYTE CHARACTERISTICS AND 

FISH SPECIES IN NORTH TEMPERATE LAKES 

Abstract 

As shoreline development increases at a rapid rate, there is concern regarding the role 

macrophytes play in the structural and functional integrity of littoral zones of lakes. The 

objectives of this study were to (1) quantify relations between macrophyte structure and 

fish abundance and (2) assess if those relations were consistent across lakes. Abundance, 

density and morphology of macrophytes were quantitatively assessed in eighteen 5 X 

15m randomly selected shoreline study sites in twelve north temperate lakes using 

systematically placed quadrats. T-tests revealed that in four lakes some fish abundances 

were greater in macrophyte sites than in non-macrophyte sites. Univariate and multiple 

linear regressions were used to assess relations between macrophyte bed characteristics 

and fish community metrics within each lake. Although there were some trends in 

macrophyte-fish relations, many were not consistent across lakes despite measures taken 

to minimize other sources of variation within lakes. Benthic fish including the Iowa 

darter Etheostoma exile, johnny darter Etheostoma nigrum, and yellow bullhead Jctalurus 

natalis abundance increased as the area of submergent vegetation, short-shrub leaf, 

complex leaf, and the mean submergent plant height values increased (r2 = 0.34-0.63). 

Abundance of other benthic fish including fantail darter Etheostoma flabellare, tadpole 

madtom Notorus gyrinus, and mottled sculpin Cottus bairdi decreased as the area of 

submergent vegetation, short-shrub leaf, short leaf, and the mean submergent plant height 

increased (r2 = 0.31-0.45). Rockbass Ambloplites rupestris abundance significantly 
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decreased as the area of submergent vegetation, short-shrub leaf, and the mean 

submergent plant height increased (r2 = 0.24-0.26). Bluegill Lepomis macrochirus, 

pumpkinseed Lepomis gibbosus, yellow perch Perea flavescens, and black crappie 

Pomoxis nigromaculatus abundance increased as macrophyte complexity increased, and 

decreased as macrophyte bed porosity25 and porosity85 increased (r2 = 0.24-0.62) with 

one exception; pumpkinseed abundance decreased in relation to short-shrub leaf 

vegetation in one lake (r2 = 0.34). Two tolerant species, bluntnose minnow Pimephales 

notatus and central mudminnow Umbra limi, had negative relations with macrophyte bed 

porosity25 and porositys5 (r2 = 0.23-0.60); however, their relations to other macrophyte 

morphological characteristics were not consistent. There were 12 significant multiple 

regression models in which morphological characteristics of macrophyte explained 28 to 

79% of the variation in the abundance of a number of fish species. Understanding the 

relations between macrophyte morphology and fish assemblages in near-shore littoral 

zones of lakes will assist with the management of both macrophyte and fish populations. 
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INTRODUCTION 

Macrophytes play an important role in providing habitat for spawning, foraging, and 

protective cover for numerous fish species (e.g., Scott and Crossman 1973; Diggins et al 

1979; Becker 1983; Keast 1984; Gotceitas and Colgan 1987; Engel 1988; Rozas and 

Odum 1988; Killgore et al. 1989; Savino and Stein 1989; Schramm and Jirka 1989; Lillie 

and Budd 1992). Because macrophyte beds serve as spawning habitat for a number of 

fish species in north temperate lakes, including the northern pike Esox lucius, 

muskellunge Esox masquinongy, yellow perch Perea jlavescens, bowfin Amia calva, and 

central mudminnow Umbra limi among others, abundance of key macrophytes may limit 

their production. Macrophytes play an important functional role in the egg incubation 

process. Macrophytes help to hold eggs above the bottom sediments, keeping the eggs 

from oxygen-depleted areas and avoiding fungal growth, which increases egg survival 

(Threinen et al. 1978). As fish deposit their eggs, the adhesive eggs settle on the plant 

stems and leaves instead of the sediments. The high abundance of invertebrates found on 

and around macrophytes (e.g., Rosine 1955; Keast 1984; Engel 1985; Schramm et al. 

1987; Cyr and Downing 1998; Engel 1990; Beckett et al. 1991) is especially importantto 

the diet of young fish as well as adults, specifically centrarchids, cyprinids, and percids 

(e.g., Werner et al. 1977; Laughlin and Werner 1980; Becker 1983; Mittlebach 1984; 

Keast 1985; Schramm et al. 1987; Chick and Mcivor 1994; Cyr and Downing 1998). 

Due to the number of small fish that feed on invertebrates in macrophyte beds, 

macrophyte beds are also important foraging areas for larger piscivorous fish. Different 

macrophyte growth forms can affect both the ability of small fish to capture invertebrate 

prey and the ability of predators to capture small fish (Ryer 1988; Dionne and Folt 1991; 



Lillie and Budd 1992; Chick and Mcivor 1994) and thus the presence and structure of 

macrophyte communities influences the amount of protection it likely provides for fish 

(Engel 1988) and is especially important to juvenile fish for providing food and shelter 

(Werner et al. 1983; Gotceitas and Colgan 1987; Rossier et al. 1996). 

There are three main morphological categories of macrophyte growth forms: floating

leaf, emergent, and submergent, each providing different types of habitat for protection 

and foraging to fish. Floating-leafed macrophytes such as duckweed Lemna sp. and pond 

lilies Nuphar sp. and Nymphaea sp. provide shade and overhead cover (Jennings et al. 

1996) which may be especially important to young fish (Dibble et al. 1996). Due to their 

narrow, widely spaced ( or absent) stems, little lateral underwater structural cover is 

provided to fish by floating-leafed macrophytes (Jennings et al. 1996). However, shade 

provided by floating macrophytes may make fish more cryptic (Reifman 1981 ). Johnson 

(1993) showed that shaded habitats with low complexity were selected by bluegill 

Lepomis macrochirus more often than habitat with high complexity and no shade. 

Emergent macrophytes, such as sedges Scirpus sp. and bulrush Carex sp., provide some 

lateral underwater cover due to their closely spaced, slender stems (Jennings et al. 1996) 

and can also provide overhead cover as the stems may extend 2 m above the water 

surface. Submergent macrophytes tend to have more complex and diverse leaf patterns, 

which provide both lateral underwater and overhead cover (Jennings et al. 1996). The 

specific arrangement of the leaves and stems of submergent macrophytes may influence 

spatial and temporal distributions offish (Dionne and Falt 1991; Lillie and Budd 1992; 

Harrel and Dibble 2001). Dibble et al. (1996) suggests that unique structural differences 
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in submergent macrophytes provide specific criteria that may influence the quality of 

habitat for fish. For instance, a complex leaf macrophyte, Ceratophyllum demersum, is a 

free-floating or loosely rooted submergent (Borman et al. 1997) that provides fish habitat 

at low densities, but dense stands create complex habitat that may not be suitable for 

some species offish (Fink 1997; Harrel and Dibble 2001). According to Harrel and 

Dibble (2001) the short-leaf macrophyte, Elodea canadensis, is a rooted or free-floating 

macrophyte (Aulbach-Smith and deKozlowski 1996) and provides similar habitat to C. 

demersum. Potamogeton amplifolius has broad, long leaves (Borman et al. 1997), similar 

in structure to P. illinoensis, and wide vertical and horizontal gaps between the stem and 

leaves providing low spatial complexity (Harrel and Dibble 2001). 

Studies have focused on relations between macrophytes and species of fish but most 

studies have been single system studies. A study by Hall and Werner (1977) on fish in 

Lawrence Lake, Michigan determined that bluegill <50 mm in length were confined to 

areas of vegetation, but bluegills >75 mm were found above vegetation. In the same 

study, shiners (including golden Notemigonus crysoleucas, common Luxilus cornutus, 

blackchin Notropis heterodon, and blacknose Notropis heterolepis) were consistently 

found over dense beds of Scirpus subterminals. Keast et al. (1978) studied relations 

between a number of fish species and differing littoral zone areas of Lake Opinicon, 

Ontario, Canada. Bluegill (<80 mm), pumpkinseed Lepomis gibbosus, rock bass 

Ambloplites rupestris, black crappie Pomoxis nigromaculatus, yellow perch (small to 

medium sized), and blackchin shiners were all found in the weedy shallows (0.75-1.6 m 

depth) (Keast et al. 1978). Young-of-year largemouth bassMicropterus salmoides were 
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found throughout the inshore margin and YOY smallmouth bass Micropterus dolomieu 

typically occupied the vertical cliffs and rocky shelf areas (Keast et al. 1978). According 

to Keast et al. (1978) the bluntnose minnow Pinephales notatus was more widespread 

then the other fish species, with a slight preference for deeper weedy areas (1.7-2.0 m). 

A study by Lyons (1987) on littoral fish of Sparkling Lake, Wisconsin, found that Iowa 

darters Etheostoma exile were found in shallow ( <l m) macrophyte beds near logs and 

rocks, but johnny darters Etheostoma nigrum were not found in macrophyte beds. 

Macrophytes play an important role physically, chemically, and biologically in aquatic 

systems, but the specific relations between macrophyte structure and fish community 

structure are not fully understood. Density and morphology of macrophyte beds may 

influence the distribution of fish and major morphological differences in plant types 

would contribute to these distributions. And while fish have been shown to use 

macrophyte beds for a variety of purposes, the generality of these relations remains 

untested across lakes. The objective of this study was to assess relations between the 

morphological characteristics of macrophytes and fish species abundance in the littoral 

zone of north temperate lakes to determine if there are consistent trends across lakes. 

METHODS 

Study Area 

Twelve small (<80 ha) lakes in Vilas, Oneida, Iron, Price and Lincoln counties in 

northern Wisconsin were sampled during summer 2000 and 2001 to assess relations 

between macrophyte and fish community structure. To eliminate the effects of 
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differences in ecoregional and limnological factors (e.g., parent material, drainage basin, 

and biotic communities), lakes were selected from counties in the Northern Highlands 

ecoregion (Martin 1965) and South Superior Mixed Forest ecoregion (Bailey 1976) 

(Figure 1). The twelve lakes were selected along a gradient of total phosphorus (TP) 

concentrations that would contribute to variation in macrophyte community structure. 

In each lake, eighteen nearshore littoral zone sites were randomly selected from two 

strata (sites with macrophytes (n=12) and sites without macrophytes (n=6)) using 

compass bearings generated from a random number table. A macrophyte site was 

classified as one having at least ten individual plants within the site. The process of 

selecting sites continued until 18 sites (ideally 12 sites with macrophytes and 6 without) 

were identified. After either group of sites had been completely sampled, only sites from 

the alternate strata were selected until all 18 sites were sampled. Each sample site 

extended 5 m out from shore, was 15 m in shoreline length, and extended to a maximum 

depth of 1 m (see Jennings et al. 1999). If sites were steeper (i.e., 1 m contour was 

reached before 5 m distance from shore was attained) or silt substrate was deeper than 2.5 

cm, a new site was selected. The 5 by 15 m sample site was enclosed with a 5.6 mm

mesh block seine prior to habitat sampling to prevent escape of fish (Jennings et al. 

1999). Macrophyte and habitat sampling was conducted prior to fish sampling to 

minimize disturbance of macrophyte beds and habitat during fish sampling. 

Macrophyte sampling at each site was conducted from June through August when 

macrophytes are at there highest abundance (Rossier et al. 1996). Within the 5 by 15 m 
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Figure 1. Map of Wisconsin with 12 study lakes indicated by ♦ . Lakes are located in 
counties within the Northern Highlands ecoregion (Martin 1965) and the South 
Superior Mixed Forest ecoregion (Bailey 1976). 
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sample sites, four transects were placed perpendicular to shore at 3-meter intervals along 

the shoreline (3, 6, 9, and 12 m) and three equidistant (1.0, 2.5, and 4.0 m) 1 m2 quadrats 

were used to collect macrophyte and site habitat data (Figure 2). 

In each quadrat, all macrophytes were identified, counted, and categorized by leaf 

morphology in each of the twelve 1 m2 quadrats at each site (Table 1). All macrophytes 

were identified to species and individual stems counted in the field. If a macrophyte 

could not be identified in the field it was taken back to the laboratory for identification. 

One specimen of each species from each lake was collected, pressed, and dried for 

documentation purposes and is stored in the herbarium at the University ofWisconsin

Stevens Point. Percent cover was estimated visually in each 1 m2 quadrat for floating, 

emergent, and submergent macrophytes. Submergent macrophytes were further 

subdivided into six categories: (1) ribbon leaf, (2) short-shrub leaf, (3) complex leaf, (4) 

short leaf, (5) long-wide leaf, and (6) long-narrow leaf (Appendix A and B). Mean plant 

height for all submergent vegetation was estimated from four measurements centered 

within each quarter of the quadrats (Appendix C). Plant porosity (i.e., degree of open 

space in the macrophyte bed) was estimated by counting the number of2.5 cm diameter 

dots observed on a 27.5 by 25.0 cm board with 25 circular dots (Figure 3; Appendix D 

and E). The board was placed vertically in the center of the quadrat in the macrophyte 

bed (0.5 m from an observer underwater) and each dot that was not intersected by any 

piece of a macrophyte was counted. Greater numbers of dots visible indicates increased 

porosity. An additional bottom row of 5 dots was added after the 2rd lake to capture 
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Figure 2. Schematic of the four transects and twelve sample quadrats used to sample macrophytes at each site. Distances 
indicated are from shore to the quadrat center. 



Table I. List of variables and descriptions used for macrophyte sampling. See also 
Appendix B. Note plant species can change form during growth and thus shift 
categories. 

Macrophyte Characteristic 

Total Percent Area 

Floating (%) 

Submergent (%) 

Ribbon leaf(%) 

Short-shrub leaf(%) 

Complex-leaf(%) 

Short-leaf(%) 

Long-wide leaf(%) 

Long-narrow leaf(%) 

Emergent (%) 

Submergent Height (m) 

Porosity25 (%) 

Porosity85 (%) 

Description 

Area of quadrat with plants having a majority of 
leaves floating on water surface. 

Area of quadrat with plants having a majority of 
leaves below the water surface ( combines all 6 
submergent categories). 

Species with long, thin leaves; typically from basal 
rosette. 

Species that extend vertically < 1/3 the depth of 
the water column, typically from basal rosette. 

Species with dense whorled or complex leaf 
patterns. 

Species with leaves < 2cm long, but not in whorls 
or complex patterns, and stems extending >I/3 the 
depth of the water column. 

Species with leaves > 2cm long, > 1 cm wide, and 
branching along stem. 

Species with leaves > 2cm long, < I cm wide, and 
branching along stem. 

Area of quadrat with plants having a majority 
extend above the water surface, but are not 
floating on the water surface. 

Average height of all submergent macrophytes. 

Degree of open space in the macrophyte bed 
starting 3cm above the bottom. 

Degree of open space in the bottom 3 cm of the 
macrophyte bed. 
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Figure 3. Diagram of porosity board. Dots above dotted line used to measure 
Porosity25 . Five dots below dotted line used to measure Porosity85 . Each dot is 2.5 cm 
in diameter. Porosity was defined as the number of dots completely visible in a 
macrophyte bed at 0.5 m from an observer. 

19 



variation in plants less than 3 cm in height, which may influence the distribution of 

benthic fish (Figure 3). 

Following macrophyte sampling; a two-person crew used a Wisconsin Department of 

Natural Resources and University of Wisconsin-Madison built towed DC generator with 

two diamond-shaped electrodes to make two electrofishing passes through the site 

(Jennings et al. 1999). Current was pulsed D.C. with a range of250 to 500 volts at 0.1 to 

3 amperes. After electrofishing, an additional single pass was made with a 3/16-inch 

mesh size bag seine (Jennings et al. 1996). All fish species and size classes of fish within 

the sample site were collected and identified to species. Total length was recorded for up 

to 30 randomly selected fish of each species collected by electrofishing and up to 20 fish 

collected by seining. Separate tabulations were kept for age-0 fish; age-1 and older fish 

were grouped together (Hatzenbeler et al. 2000). Fish that could not be identified in the 

field were preserved in 10% formalin and identified in the laboratory. 

Statistical Methods 

To determine significant differences in fish species abundance between macrophyte and 

non-macrophyte sites, a series of one- and two-sample t-tests were conducted for fish 

species in lakes that had at least three non-macrophyte sites using SYSTAT 9.0 (SPSS 

Inc., 1999). Two-sample t-tests were used when fish species were found in both 

macrophyte and non-macrophyte sites of a given lake. One-sample t-tests were used 

when the abundance of a fish species was zero at either macrophyte or non-macrophyte 

sites. 
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To examine relations between fish species distributions and macrophyte morphology, 

simple and multiple linear regression analyses were conducted using the statistical 

package SYST AT 9. 0 (SPSS Inc., 1999). Scatter plots were examined to detect 

deviations from normal and linear distributions. Six transformations were examined and 

LOG10 minimized residual error in most cases. For multiple-linear regressions, variables 

were selected using the forward stepwise procedure in two steps using SYSTAT 9.0 

(SPSS Inc., 1999). In the first step, enter and remove limits were set at p s 0.15 to allow 

variables to more easily enter the model and be retained. Variables remaining after that 

analysis were then used in the second step where remove limits were set at p s 0.05. 

Any models where interactions among variables during the stepwise procedure appeared 

to affect the final model were reexamined and manual stepwise regression was 

performed. 

RESULTS 

Despite the fact that all twelve study lakes were less than 80 ha and were found within 

two ecoregions no two lakes had identical macrophyte and fish species present. Overall, 

92 plant species and twelve macrophyte characteristics were represented across the 

twelve lakes (Table 2; Appendix B). Arrowhead Lake, Mercer Lake, and Stone Lake had 

the highest assortment of macrophytes represented by ten different morphological 

characteristics, followed by Brandy Lake, Johnson Lake, and Sweeney Lake with nine. 

Diamond Lake and Hodstradt Lake had the least macrophyte variety with only four and 

five morphological characteristics, respectively. 

21 



Table 2. Distribution of morphological characteristics of macrophytes when that characteristic was present in at least 5 of 18 sites for 
each lake. 

Lakes 

Plant Characteristic Arrowhead Brandy Diamond Hodstradt Johnson Mercer Pesabic Six Sparkling Stone Sweeney Tug 

General Plant Type 

Floating X X 

Emergent X X X X X X X X 

Submergent X X X X X X X X X X X X 

Submergent Plant Types 

Ribbon leaf X X X X X 
N 
N 

Short-shrub leaf X X X X X X X X X X X 

Complex leaf X X X X X X X X 

Short leaf X X X X X X 

Long-wide leaf X X 

Long-narrow leaf X X X X X X X 

Other 

Mean submergent height X X X X X X X X X X X X 

Porosity25 X X X X X X X X X X X 

PorosityB5 X X X X X X X X X 



Twenty-four adult fish species were found across the twelve lakes (Table 3), with sixteen 

species occurring in at least five of eighteen sites for each lake (Table 4). Sweeney Lake 

had the highest adult fish species richness of nine, followed by Mercer Lake with seven. 

Brandy Lake and Pesabic Lake only had two adult species present in at least 5 of 18 sites. 

The most common fish, bluegill, was found in nine lakes, followed by mottled sculpin 

Cottus bairdi, six lakes, and bluntnose minnow and Iowa darter, five lakes. Six fish 

species: black crappie, blackchin shiners, central mudminnow, fantail darter Etheostoma 

flabellare, largemouth bass, and tadpole madtom Notorus gyrinus were each only present 

in one lake. Young-of-year fish were found in eight lakes with one to three YOY species 

identified per lake (Table 3 and 5). The most common YOY species was largemouth 

bass found in Johnson Lake, Mercer Lake, Pesabic Lake, and Lake Six. YOY bluegill 

and YOY cyprinid were represented in only one lake each. 

T-Tests 

In four lakes, Diamond, Mercer, Pesabic Lakes and Lake Six, some fish abundances were 

greater in macrophyte sites than in non-macrophyte sites (Table 6). In three lakes, 

Hodstradt, Johnson, and Tug Lakes, there were no significant differences between 

macrophyte and non-macrophyte sites for any fish species. In Sparkling Lake, mottled 

sculpin abundance was significantly more abundant in non-macrophyte sites than in 

macrophyte sites. In Diamond Lake, total adult fish abundance and Iowa darter 

abundance were significantly higher in macrophyte sites verses non-macrophyte sites. 

Total adult fish, pumpkinseed, and largemouth bass YOY abundances were higher in 

macrophyte sites in Mercer Lake than in non-macrophyte sites. In Pesabic Lake, total 

YOY abundance and yellow perch abundance were also higher in macrophyte sites. Iowa 
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Table 3. List offish species found in lakes during this study. YOY cyprinids, 
centrarchids, and esocids were combined due to taxonomic difficulty in identification. 
Common and scientific names offish according to Becker (1983). 

Common Fish Name Scientific Name 

Adult Blackchin shiner Notropis heterodon 
Blacknose shiner* Notropis heterolepis 
Black bullhead* Jctalurus me/as 
Black crappie Pomoxis nigromaeulatus 
Bluegill Lepomis maeroehirus 
Bluntnose minnow Pimephales notatus 
Brook stickleback* Culaea ineonstans 
Bullhead sp. * Jctalurus sp. 
Central mudminnow Umbra limi 
Creek chub* Semotilus atromaeulatus 
Fantail darter Etheostoma .flabellare 
Golden shiner* Notemigonus erysoleueas 
Iowa darter Etheostoma exile 
Johnny darter Etheostoma nigrum 
Largemouth bass Mieropterus salmoides 
Logperch* Pereina eaprodes 
Mimic shiner* Notropis volueellus 
Mottled sculpin Cottus bairdi 
Northern pike* Esox lueius 
Pumpkinseed Lepomis gibbosus 
Rock bass Ambloplites rupestris 
Smallmouth bass Mieropterus dolomieui 
Tadpole madtom Notorus gyrinus 
Yell ow bullhead Jctalurus natalis 
Yellow perch Perea flaveseens 

Young-of-Year Bluegill Lepomis maeroehirus 
Centrarchid * Centrarehidae 
Cyprinid Cyprinidae 
Esocid* Esoeidae 
Largemouth bass Mieropterus salmoides 
Smallmouth bass Mieropterus dolomieui 
Walleye* Stizostedion vitreum 
White sucker Catostomus eommersoni 
Yellow perch Perea flaveseens 

* These fish species not included in analyses because they were found in< 5 of 18 sites. 
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Table 4. Fish species present in at least 5 of 18 sites are represented with X. Fish present in less than 5 of 18 sites are represented 
with x. 

Lakes 

Fish Species Arrowhead Brandy Diamond Hodstradt Johnson Mercer Pesabic Six Sparkling Stone Sweeney Tug 

Blackchin shiner X 

Blacknose shiner X 

Black bullhead X X 

Black crappie X 

Bluegill X X X X X X X X X X X 

N Bluntnose minnow X X X X X X X X 
V, 

Brook stickleback X X 

Bullhead sp. X 

Central mudminnow X X X X X X X X 

Creek chub X X 

Fantail darter X 

Golden shiner X X X 

Iowa darter X X X X X X X 

Johnny darter X X X X X 

Largemouth bass X X X X 



Table 4. ( continued) Fish species present in at least 5 of 18 sites are represented with X. Fish present in less than 5 of 18 sites are 
represented with x. 

Lakes 

Fish Species Arrowhead Brandy Diamond Hodstradt Johnson Mercer Pesabic Six Sparkling Stone Sweeney Tug 

Logperch X 

Mimic shiner X 

Mottled sculpin X X X X X X 

Northern pike X X 

Pumpkinseed X X X X X X X X X 

t,.) Rock bass 
0\ 

X X X X X X 

Smallmouth bass X X X X X 

Tadpole madtom X 

Yellow bullhead X X X X X X 

Yellow perch X X X X X 



Table 5. Young-of-year fish species present in at least 5 of 18 sites are represented with X. YOY fish present in less than 5 of 18 
sites are represented with x. YOY fish were not found in Diamond or Stone Lakes. 

Young-of-Year Lakes 

Fish Species Arrowhead Brandy Hodstradt Johnson Mercer Pesabic Six Sparkling Sweeney Tug 

Bluegill X 

Centrarchid X 

Cyprinid X X 

Esocid X X X X X 

Largemouth bass X X X X X X X 

N Smallmouth bass --.J X X X X X 

Walleye X X 

White sucker X X X 

Yellow perch X X X X X X 



Table 6. Results oft-test analyses for fish abundances in macrophyte and non-macrophyte sites for 8 lakes. Values represent the mean 
+/- the standard error. Significant results are shown in bold. 

Lake Variable Macroehyte Non-Macroehyte t E 
Diamond Total adult abundance 32.75 ± 6.98 12.33 ± 5.76 -2.257 0.039 

Bluegill 6.75 ± 4.67 5.33 ± 3.22 -0.250 0.806 

Iowa darter 22.25 ± 5.32 5.00 ± 2.08 -3.019 0.009 

Pumpkinseed 0.17 ± 0.11 0.50 ± 0.50 0.650 0.542 

Rock bass 1.67 ± 1.02 0.67 ± 0.67 -0.822 0.423 

Smallmouth bass 1.92 ± 0.63 0.83 ± 0.40 -1.445 0.168 

N Hodstradt Total adult abundance 257.17 ± 169.87 12.17 ± 6.15 -1.441 0.177 00 

Total YOY abundance 33.00 ± 17.92 5.67 ± 4.42 -1.481 0.164 

Bluegill 202.50 ± 136.29 9.67 ± 5.86 -1.414 0.185 

Bluntnose minnow 48.42 ± 35.74 0.33 ± 0.33 -1.345 0.206 

Central mudminnow 0.08 ± 0.08 1.000 0.339 

Iowa darter 0.25 ± 0.18 0.33 ± 0.21 0.301 0.769 

Largemouth bass 0.33 ± 0.23 1.483 0.166 

Rock bass 0.17 ± 0.17 1.000 0.363 

Smallmouth bass 1.83 ± 1.30 1.33 ± 1.15 -0.288 0.777 

Yellow bullhead 0.17 ± 0.11 0.33 ± 0.21 0.698 0.505 



Table 6. (continued) Results oft-test analyses for fish abundances in macrophyte and non-macrophyte sites for 8 lakes. Values 
represent the mean+/- the standard error. Significant results are shown in bold. 

Lake Variable Macroehyte Non-Macrophyte t E 
Hodstradt ( continued) Yellow perch 3.58 ± 2.24 1.599 0.138 

Centrarchid YOY 0.08 ± 0.08 1.000 0.339 

Cyprinid YOY 4.50 ± 4.50 1.17 ± 1.17 -0.717 0.487 

Smallmouth bass YOY 10.08 ± 10.08 4.33 ± 4.33 -0.524 0.608 

Walleye YOY 0.17 ± 0.17 1.000 0.339 

White sucker YOY 18.17 ± 15.64 0.17 ± 0.17 -1.151 0.274 

N Johnson Total adult abundance 13.571 ± 4.157 7.25 ± 2.056 -1.363 0.192 \0 

Total YOY abundance 7.571 ± 2.476 3.25 ± 1.797 -1.413 0.18 

Bluegill 1.071 ± 0.675 0.25 ± 0.25 -1.141 0.271 

Bluntnose minnow 7 ± 2.801 1.25 ± 0.75 -1.983 0.067 

Brook stickleback 0.071 ± 0.071 1 0.336 

Central mudminnow 0.143 ± 0.143 1 0.336 

Creekchub 0.25 ± 0.25 1 0.391 

Iowa darter 0.75 ± 0.75 1 0.391 

Johnny darter 2.929 ± 0.707 4.5 ± 1.555 0.92 0.406 

Mottled sculpin 1.643 ± 0.753 0.25 ± 0.25 -1.755 0.099 



Table 6. (continued) Results oft-test analyses for fish abundances in macrophyte and non-macrophyte sites for 8 lakes. Values • 
represent the mean+/- the standard error. Significant results are shown in bold. 

Lake Variable MacroEhyte Non-Macroehyte t E 

Johnson ( continued) Pumpkinseed 0.714 ± 0.507 1.408 0.183 

Largemouth bass YOY 7.571 ± 2.476 3.25 ± 1.797 -1.413 0.18 

Yellow perch YOY 0.5 ± 0.374 1.336 0.205 

Mercer Total adult abundance 16.93 ± 4.19 6.67 ± 2.33 -2.141 0.050 

Total YOY abundance 3.73 ± 0.67 2.67 ± 0.67 -1.133 0.295 

Blackchin shiner 1.80 ± 1.80 1.000 0.334 

w 
Bluegill 3.87 ± 2.16 2.33 ± 1.86 -0.538 0.604 0 

Bluntnose minnow 2.20 ± 1.67 1.319 0.208 

Central mudminnow 2.33 ± 1.60 1.456 0.167 

Fantail darter 0.93 ± 0.45 1.00 ± 0.58 0.091 0.931 

Iowa darter 0.80 ± 0.44 1.824 0.090 

Johnny darter 0.07 ± 0.07 1.000 0.334 

Largemouth bass 0.13 ± 0.09 1.468 0.164 

Northern pike 0.07 ± 0.07 1.000 0.334 

Pumpkinseed 3.27 ± 0.99 0.67 ± 0.33 -2.483 0.025 

Rock bass 0.33 ± 0.16 0.33 ± 0.33 0.000 1.000 



Table 6. (continued) Results oft-test analyses for fish abundances in macrophyte and non-macrophyte sites for 8 lakes. Values 
represent the mean+/- the standard error. Significant results are shown in bold. 

Lake Variable MacroEhyte Non-MacroEhyte t E 
Mercer ( continued) Tadpole madtom 0.20 ± 0.11 2.00 ± 1.16 1.552 0.259 

Yell ow bullhead 0.87 ± 0.42 0.33 ± 0.33 -0.989 0.346 

Yellow perch 0.07 ± 0.07 1.000 0.334 

Largemouth bass YOY 2.93 ± 0.69 4.231 0.001 

Smallmouth bass YOY 0.80 ± 0.30 2.67 ± 0.67 2.559 0.088 

Yellow perch YOY 0.13 ± 0.13 1.000 0.334 

w Pesabic Total adult abundance 28.25 ± 14.79 4.50 ± 0.72 -1.603 0.137 -
Total YOY abundance 7.50 ± 2.04 2.50 ± 1.15 -2.134 0.049 

Bluegill 6.83 ± 1.79 4.50 ± 0.72 -1.211 0.246 

Central mudminnow 0.08 ± 0.08 1.000 0.339 

Golden shiner 19.33 ± 14.33 1.349 0.204 

Pumpkinseed 0.33 ± 0.26 1.301 0.220 

Smallmouth bass 0.08 ± 0.08 1.000 0.339 

Yell ow perch 1.58 ± 0.69 2.293 0.043 

Esocid YOY 0.08 ± 0.08 1.000 0.339 

Largemouth bass YOY 7.33 ± 2.05 2.50 ± 1.15 -2.057 0.057 



Table 6. (continued) Results oft-test analyses for fish abundances in macrophyte and non-macrophyte sites for 8 lakes. Values 
represent the mean+/- the standard error. Significant results are shown in bold. 

Lake Variable MacroEhyte Non-MacroEhyte t p 

Mercer ( continued) Tadpole madtom 0.20 ± 0.11 2.00 ± 1.16 1.552 0.259 

Yellow bullhead 0.87 ± 0.42 0.33 ± 0.33 -0.989 0.346 

Yell ow perch 0.07 ± 0.07 1.000 0.334 

Largemouth bass YOY 2.93 ± 0.69 4.231 0.001 

Smallmouth bass YOY 0.80 ± 0.30 2.67 ± 0.67 2.559 0.088 

Yellow perch YOY 0.13 ± 0.13 1.000 0.334 

w Pesabic Total adult abundance 28.25 ± 14.79 4.50 ± 0.72 -1.603 0.137 N 

Total YOY abundance 7.50 ± 2.04 2.50 ± 1.15 -2.134 0.049 

Bluegill 6.83 ± 1.79 4.50 ± 0.72 -1.211 0.246 

Central mudminnow 0.08 ± 0.08 1.000 0.339 

Golden shiner 19.33 ± 14.33 1.349 0.204 

Pumpkinseed 0.33 ± 0.26 1.301 0.220 

Smallmouth bass 0.08 ± 0.08 1.000 0.339 

Yellow perch 1.58 ± 0.69 2.293 0.043 

Esocid YOY 0.08 ± 0.08 1.000 0.339 

Largemouth bass YOY 7.33 ± 2.05 2.50 ± 1.15 -2.057 0.057 



Table 6. (continued) Results oft-test analyses for fish abundances in macrophyte and non-macrophyte sites for 8 lakes. Values 
represent the mean+/- the standard error. Significant results are shown in bold. 

Lake Variable MacroEhyte Non-MacroEhyte t p 

Pesabic ( continued) Smallmouth bass YOY 0.08 ± 0.08 1.000 0.339 

Six Total adult abundance 30.57 ± 5.81 19.50 ± 6.20 -1.303 0.225 

Total YOY abundance 20.79 ± 6.53 5.50 ± 1.85 -2.251 0.040 

Bluegill 1.50 ± 0.73 2.049 0.061 

Bluntnose minnow 24.43 ± 5.93 19.00 ± 6.46 -0.619 0.551 

Central mudminnow 1.50 ± 1.03 1.462 0.167 
w 

Golden shiner 0.14 1.472 0.165 w ± 0.10 

Iowa darter 2.21 ± 0.47 0.50 ± 0.29 -3.104 0.007 

Largemouth bass 0.14 ± 0.10 1.472 0.165 

Northern pike 0.07 ± 0.07 1.000 0.336 

Pumpkinseed 0.07 ± 0.07 1.000 0.336 

Yell ow perch 0.50 ± 0.34 1.455 0.169 

Bluegill YOY 17.07 ± 6.81 0.25 ± 0.25 -2.467 0.028 

Largemouth bass YOY 3.71 ± 0.82 5.25 ± 1.70 0.814 0.457 

Yellow perch YOY 3.50 ± 0.82 0.50 ± 0.29 -3.462 0.003 



Table 6. (continued) Results oft-test analyses for fish abundances in macrophyte and non-macrophyte sites for 8 lakes. Values 
represent the mean+/- the standard error. Significant results are shown in bold. 

Lake Variable Macroehyte Non-Macroehyte t e 

Sparkling Total adult abundance 7.25 ± 4.35 9.83 ± 3.05 0.486 0.634 

Total YOY abundance 5.75 ± 4.32 0.17 ± 0.17 -1.290 0.223 

Bluntnose minnow 2.83 ± 2.23 1.273 0.229 

Brook stickleback 0.25 ± 0.18 1.393 0.191 

Iowa darter 1.58 ± 0.89 0.33 ± 0.33 -1.313 0.211 

Mimic shiner 2.42 ± 2. 15 0.17 ± 0.17 -1.043 0.319 

w 
Mottled sculpin 4.83 ± 1.54 3.145 0.026 

~ 
Rock bass 0.17 ± 0.11 4.00 ± 2.62 1.462 0.204 

Smallmouth bass 0.50 ± 0.50 1.000 0.363 

Esocid YOY 0.17 ± 0.17 1.000 0.339 

Smallmouth bass YOY 5.42 ± 4.35 0.17 ± 0.17 -1.206 0.253 

Walleye YOY 0.17 ± 0.17 1.000 0.339 

Tug Total adult abundance 8.08 ± 1.54 7.33 ± 1.75 -0.322 0.753 

Total YOY abundance 10.50 ± 7.09 0.17 ± 0.17 -1.457 0.173 

Black bullhead 0.08 ± 0.08 1.33 ± 1.33 0.936 0.392 

Bluegill 2.42 ± 0.47 2.67 ± 0.99 0.229 0.825 



Table 6. (continued) Results oft-test analyses for fish abundances in macrophyte and non-macrophyte sites for 8 lakes. Values 
represent the mean+/- the standard error. Significant results are shown in bold. 

Lake Variable Macroehyte Non-Macrophyte t p 

Tug ( continued) Central mudminnow 1.25 ± 1.01 0.17 ± 0.17 -1.060 0.311 

Northern pike 0.17 ± 0.11 1.483 0.166 

Pumpkinseed 0.17 ± 0.17 0.17 ± 0.17 0.000 1.000 

Smallmouth bass 0.08 ± 0.08 1.000 0.339 

Yellow bullhead 0.92 ± 0.45 0.50 ± 0.50 -0.618 0.547 

Yellow perch 3.00 ± 0.74 2.50 ± 1.15 -0.366 0.722 

Esocid YOY 0.33 ± 0.19 0.17 ± 0.17 -0.663 0.517 
w 
v-, 

Yellow perch YOY 10.17 ± 6.92 1.469 0.170 



darter, total YOY, bluegill YOY, and yellow perch YOY abundance were greater in 

macrophyte sites than non-macrophytes in Lake Six. 

Simple Linear Regression 

Of the sixteen adult fish species occurring across twelve lakes, thirteen had significant 

univariate relations with morphological characteristics of macrophyte plants and bed 

characteristics (Table 7). Among benthic fish, there were two general responses to 

macrophytes. Iowa darter, johnny darter, and yellow bullhead Ictalurus natalis 

abundance increased with increased macrophyte abundance; each species increased as at 

least one of the following increased: emergent vegetation, submergent vegetation, ribbon 

leaf, short-shrub leaf, complex leaf, short leaf, long-wide leaf, or mean submergent plant 

height. Moreover, Iowa darters significantly decreased as porosity85 increased and 

yellow bullhead abundance decreased as porosity25 increased. In contrast, fantail darter, 

tadpole madtom, and mottled sculpin abundance decreased as at least one of the 

following increased: submergent vegetation, short-shrub leaf, short leaf, or mean 

submergent plant height. Mottled sculpin and tadpole madtom abundance had a 

significant positive relation with porosity85. Significant relations were found between 

nine of the macrophyte morphological characteristics and bluegill, pumpkinseed, yellow 

perch, and black crappie. Their abundance increased as macrophyte complexity 

increased, and as porosity25 and porosity85 decreased. One exception was pumpkinseed 

in one lake where pumpkinseed abundance decreased with an increase in short-shrub leaf 

submergent vegetation. Two tolerant species (species capable of persisting under a wide 

range of degraded conditions) (Lyons 1992; Jennings et al. 1996), bluntnose minnow and 

central mudminnow, had negative relations with porosity2s and porosityss; however, their 
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Table 7. Results of simple linear regression analyses for 12 lakes using macrophyte morphology to predict fish species abundance. 
Fractions indicate the number of lakes in which there is a significant relation per the number of lakes in which the fish or macrophyte 
characteristic was present. Plants or fish had to be present in at least 5 of 18 sites to be included in the analyses. Values in bold 
indicate the range of coefficients of determination found in significant relations. A + or - indicates a positive or negative significant 

relation. A u(Ia)u indicates that in one lake a single point is making the relation significant. A "-" indicates that there were no lakes in 
which macrophyte characteristics or fish existed to perform any analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porosity85 

Blackchin Oil Oil Oil Oil Oil Oil Oil Oil Oil Oil 
shiner 

Black Oil 0/1 Oil 1/1 Oil Oil Oil Oil Oil Oil 

crappie 0.29+ 

t.,J Bluegill 0/2 1/5 1/9 0/3 0/8 1/5 0/4 0/2 015 2/9 4/8 (la) 317 (la) 

-...J 
0.33+ 0.24+ 0.32+ 0.34-0.47+ 0.27-0.71" 0.23-0.41" 

Bluntnose 012 1/5 0/3 1/5 0/4 013 0/1 1/3 2/5 1/5 1/4 

minnow 0.38+ 0.47+ 0.24- 0.25-0.27+ 0.60- 0.3T 

Central Oil 0/1 1/l (la) Oil 0/1 0/1 1/1 Oil 1/1 1/1 

mudminnow 0.47+ 0.35+ 0.23- 0.53-

Fantail Oil 0/1 Oil 1/1 0/1 Oil Oil 0/1 Oil Oil 

darter 0.33-

Iowa darter 1/3 3/5 012 315 114 (la) 0/2 Oil 012 315 014 314 (la) 

0.30+ 0.38-0.58+ 0.37-0.63+ 0.58+ 0.41-0.52+ 0.25-0.64-

Johnny Oil 0/3 0/3 1/3 0/3 0/3 Oil 013 0/3 013 0/2 

darter 0.27+ 



Table 7. (continued) Results of simple linear regression analyses for 12 lakes using macrophyte morphology to predict fish species 
abundance. Fractions indicate the number oflakes in which there is a significant relation per the number oflakes in which the fish or 
macrophyte characteristic was present. Plants or fish had to be present in at least 5 of 18 sites to be included in the analyses. Values in 
bold indicate the range of coefficients of determination found in significant relations. A + or - indicates a positive or negative 

significant relation. A ,,(Ia),, indicates that in one lake a single point is making the relation significant. A "-" indicates that there were 
no lakes in which macrophyte characteristics or fish existed to perform any analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porosity85 

Largemouth 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 

bass 

Mottled 0/1 0/4 1/6 0/4 1/5 0/6 0/5 0/2 0/5 1/6 0/6 1/4 

sculpin 0.35" 0.35" 0.34" 0.22+ 

w Pumpkin- 1/1 0/2 0/3 1/2 2/2 1/3 0/3 0/2 0/3 1/3 0/3 1/2 
00 

seed 0.27+ 0.27+ 0.34--0.47+ 0.24+ 0.42+ 0.25· 

Rock bass 0/2 1/4 0/2 1/4 0/3 0/2 0/1 0/2 1/4 0/3 0/3 

0.26" 0.26" 0.24" 

Smallmouth 0/2 0/2 0/2 0/1 0/2 

bass 

Tadpole 0/1 1/1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 1/1 

madtom 0.45" 0.31" 0.27+ 

Yellow 0/1 1/3 1/4 1/3 0/4 1/3 1/3 1/1 0/3 1/4 2/4 0/1 

bullhead 0.27+ 0.62+ 0.54+ 0.34+ 0.34+ 0.25+ 0.23+ 0.24-0.46" 

Yellow 0/1 1/2 1/3 1/1 0/3 0/1 0/1 0/1 0/2 0/3 1/3 (la) 1/l (la) 

perch 0.62+ 0.28+ 0.62+ 0.38" 0.28· 



Table 7. (continued) Results of simple linear regression analyses for 12 lakes using macrophyte morphology to predict fish species 
abundance. Fractions indicate the number of lakes in which there is a significant relation per the number of lakes in which the fish or 
macrophyte characteristic was present. Plants or fish had to be present in at least 5 of 18 sites to be included in the analyses. Values in 
bold indicate the range of coefficients of determination found in significant relations. A + or - indicates a positive or negative 

significant relation. A u(la)u indicates that in one lake a single point is making the relation significant. A "-" indicates that there were 
no lakes in which macrophyte characteristics or fish existed to perform any analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porosity85 

Largemouth Oil 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1 
bass 

Mottled 0/1 0/4 1/6 0/4 1/5 0/6 0/5 0/2 0/5 1/6 0/6 1/4 
sculpin 0.35- 0.35- 0.34- 0.22+ 

w Pumpkin- 1/1 0/2 0/3 1/2 2/2 1/3 0/3 0/2 0/3 1/3 0/3 1/2 '° 
seed 0.27+ 0.27+ 0.34--0.47+ 0.24+ 0.42+ 0.25-

Rock bass 0/2 1/4 0/2 1/4 0/3 0/2 0/1 0/2 1/4 0/3 0/3 

0.26- 0.26- 0.24-

Smallmouth 0/2 0/2 0/2 0/1 0/2 

bass 

Tadpole 0/1 1/1 0/1 0/1 0/1 1/1 0/1 0/1 0/1 1/1 

madtom 0.45- 0.3r 0.27+ 

Yellow 0/1 1/3 1/4 1/3 0/4 1/3 1/3 1/1 0/3 1/4 2/4 0/1 

bullhead 0.27+ 0.62+ 0.54+ 0.34+ 0.34+ 0.25+ 0.23+ 0.24-0.46-

Yellow 0/1 1/2 1/3 1/1 0/3 0/1 0/1 0/1 0/2 0/3 113 (la) 1/l (la) 

perch 0.62+ 0.28+ 0.62+ 0.38- 0.28-



relations to other macrophyte morphological characteristics were not consistent. 

Bluntnose minnow had a significant positive relation with submergent, short-shrub, and 

mean submergent plant height and a negative relation with long-narrow leaf submergent 

vegetation. Central mudminnow abundance increased as ribbon leaf and long-narrow 

leaf submergent vegetation increased. Similar to the mottled sculpin, rock bass 

abundance significantly decreased with increased submergent, short-shrub, and mean 

submergent plant height. 

In many cases, fish-macrophyte relations were not necessarily consistent across lakes. 

However, increased Iowa darter abundance was predicted by increased abundance of 

submergent macrophytes and increased abundance of short-shrub macrophytes in three of 

five lakes. In three of four lakes, Iowa darter abundance increased with decreased 

porosity of macrophyte beds. In contrast, bluegills were found in nine lakes, but in most 

lakes bluegill abundance was not related to macrophyte abundance, with the majority 

being one of nine or fewer lakes. But in four of eight lakes, bluegill abundance did 

increase with decreasing porosity. Bluntnose minnow, mottled sculpin, rock bass, 

yellow bullhead, and yellow perch abundance in relation to macrophyte morphological 

characteristics were also inconsistent across lakes. 

All YOY fish had at least one significant relation with macrophyte characteristics (Table 

8). YOY cyprinid abundance decreased as mean height increased in Brandy Lake. YOY 

bluegill abundance increased as emergent vegetation increased and decreased as 

porosity2s and porosity8s increased in Lake Six. YOY yellow perch abundance increased 
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Table 8. Results of simple linear regression analyses for 8 lakes using macrophyte morphology to predict young-of-year fish species abundance. 
Fractions indicate the number of lakes in which there is a significatant relation per the number of lakes in which the YOY fish or macrophyte 
characteristic was present. Plants or fish had to be present in at least 5 of 18 sites to be included in the analyses. Values in bold indicate the range of 

coefficients of determination found in significant relations. A + or - indicates a positive or negative significant relation. A "-" indicates that there 
were no lakes in which macrophyte characteristics or fish existed to perform any analysis. 

Young-of-Year Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosify25 Porosit}'as 

Bluegill 1/1 Oil 0/1 Oil Oil 1/1 1/1 
0.47+ 0.66- 0.5T 

Cyprinid Oil 0/1 0/1 0/1 0/1 0/1 0/1 1/1 Oil 

0.21-

~ 
Largemouth 1/3 3/4 1/2 3/4 0/3 1/2 1/3 2/4 2/4 2/4 

...... 
bass 0.50+ 0.33-0.74+ 0.47+ 0.30-0.51+ 0.29+ 0.44+ 0.31-0.47+ 0.23-0.30- 0.55-0.62-

Smallmouth 1/3 1/3 0/2 1/3 1/3 0/2 1/2 0/3 2/3 2/3 

bass 0.32+ 0,39- 0.56- 0.41- 0.24- o.26+-o.5r o.2s--o.4r 

White 0/1 1/2 0/1 1/2 0/1 Oil 0/1 0/2 0/2 0/2 

sucker 0.40+ 0.35+ 

Yellow 1/2 1/2 0/1 1/2 0/2 Oil 0/1 0/2 1/2 1/2 

perch 0.45+ 0.36+ 0.27+ 0.44- 0.35-



in Lake Six as emergent vegetation increased and decreased in beds with higher porosity. 

In Arrowhead Lake, YOY yellow perch abundance increased as submergent and short

shrub leaf vegetation increased. YOY largemouth bass had significant positive relations 

with seven plant morphological characteristics and negative significant relations with 

both porosity values across Johnson, Mercer, and Pesabic Lakes. YOY smallmouth bass, 

however, increased as emergent vegetation increased in Sparkling Lake, but decreased in 

Mercer Lake as submergent vegetation, short-shrub leaf, complex leaf, and long-narrow 

leaf plants increased. YOY small mouth bass abundance increased with increased 

porosity in Mercer Lake and decreased with increased porosity in Sparkling Lake. 

The relations between YOY fish abundance and morphological characteristics of 

macrophytes were generally consistent across lakes. YOY largemouth bass were found 

in four lakes and typically relations were significant in one-half to three-fours of the 

lakes. Significant plant-fish relations for YOY white suckers Catostomus commersoni 

and yellow perch were seen in about half of the lakes in which they were present. 

Although significant relations between porosity and YOY smallmouth were found in two 

of three lakes, they were positive in one lake and negative in the other. 

Multiple Linear Regression 

There were twelve significant multiple regression models where macrophyte 

morphological characteristics predicted fish species abundance in lakes; rarely was the 

abundance of a specific fish species predicted by morphological characteristics in more 

than one lake (Table 9). The adjusted r2 values ranged from 0.279 to 0. 791. Not all lakes 

had all combinations of fish species and macrophyte morphological characteristics so 
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Table 9. Results of multiple linear regression analyses offish species-plant morphological characteristics in 10 lakes. Macrophyte 
characteristics were used to predict fish species abundance lake-by-lake. All variables in models are significant at p ~ 0.05. Number 
in ( ) indicates number of lakes in which that species was present. 

Lake Fish Species Plant Characteristic Coefficient Modelp 2 d. r a J. 

Arrowhead Bluntnose minnow (5) Constant -25.885 <0.001 0.680 

Emergent 2.211 
Porosity2s 13.418 

Short-shrub 0.786 

Yell ow perch YOY (2) Constant 1.370 0.004 0.514 

Submergent 3.898 

.i:,. Mean height -54.159 
w 

Short-shrub -3.050 

Brandy Mottled sculpin ( 6) Constant 0.101 0.019 0.331 

Submergent 1.258 

Short-shrub -1.359 

Diamond Smallmouth bass (2) Constant -3.968 0.034 0.279 

Mean height 37.581 
PorosityB5 2.093 

Hodstradt Bluegill (9) Constant 40.821 <0.001 0.781 
Porosity25 -26.794 

PorosityB5 6.721 



Table 9. (continued) Results of multiple linear regression analyses offish species-plant morphological characteristics in 10 lakes. 
Macrophyte characteristics were used to predict fish species abundance lake-by-lake. All variables in models are significant at p :s__ 
0.05. Number in () indicates number of lakes in which that species was present. 

Lake Fish Species Plant Characteristic Coefficient Modelp 2 d" r a~-

Mercer Central mudrninnow ( 1) Constant 3.859 <0.001 0.738 

Submergent -0.567 
Porosity85 -1.903 

Ribbon 0.616 

Rockbass ( 4) Constant 0.090 0.014 0.359 

Short-shrub 0.197 

Complex -0.829 
~ 
~ 

Pesabic Yellow perch (3) Constant 0.018 <0.001 0.677 

Emergent 0.774 

Short-shrub -0.209 

Six Yellow perch YOY (2) Constant 0.136 <0.001 0.655 

Emergent 0.745 

Mean height -27.630 

Sparkling Smallmouth bass YOY (3) Constant 23.318 <0.001 0.791 

Emergent -0.725 
Porosity25 -11.559 

Mean height -43.390 

Complex 7.405 



Table 9. (continued) Results of multiple linear regression analyses offish species-plant morphological characteristics in 10 lakes. 
Macrophyte characteristics were used to predict fish species abundance lake-by-lake. All variables in models are significant at p ~ 
0.05. Number in () indicates number oflakes in which that species was present. 

Lake Fish Species Plant Characteristic Coefficient Modelp r adj. 

Stone Pumpkinseed (3) Constant 0.024 0.002 0.552 

Floating 0.578 

Complex -2.069 

Short 0.488 

Sweeney Iowa darter ( 5) Constant 0.109 0.012 0.374 

Submergent 0.586 

Ribbon -0.679 



comparisons among systems were difficult. In Arrowhead Lake, bluntnose minnow 

abundance increased as emergent vegetation, short-shrub leaf submergent vegetation, and 

porosity25 increased (r2 adj. = 0.680). YOY yellow perch abundance increased as 

submergent vegetation increased and as mean submergent plant height and short-shrub 

leaf vegetation decreased (r2 adj.= 0.514). In contrast, YOY yellow perch abundance in 

Lake Six was predicted by an increase in emergent vegetation and a decrease in mean 

submergent plant height (r2 adj.= 0.655). Adult yellow perch abundance increased as 

emergent vegetation increased and short-shrub leaf vegetation decreased in Pesabic Lake 

(r2 adj.= 0.677). In Diamond Lake, smallmouth bass abundance was predicted with an 

increase in mean submergent plant height and porosity25 (r2 adj.= 0.279) whereas YOY 

smallmouth bass abundance increased with an increase of complex-leaf vegetation and 

decreased mean submergent plant height, porosity2s, and emergent vegetation in 

Sparkling Lake (r2 adj.= 0.791). In Hodstradt Lake, bluegill abundance increased with 

decreased in porosity25 and increased porosity85 (r2 adj.= 0.781). Pumpkinseed 

abundance in Stone Lake increased with increased floating-leaf vegetation and short-leaf 

submergent vegetation and decreased complex-leaf vegetation (r2 adj= 0.552). Mottled 

sculpin abundance in Brandy Lake increased with increased submergent vegetation and 

decrease short-shrub leaf vegetation (r2 adj. = 0.331). The abundance of Iowa darters in 

Sweeney Lake increased with increased submergent vegetation and decreased ribbon-leaf 

vegetation (r2 adj= 0.374). In Mercer Lake, central mudminnow abundance increased 

with increased ribbon-leaf vegetation and decreased submergent vegetation and 

porosity85 (r2 adj.= 0.738) while rock bass abundance increased with decreased complex

leaf vegetation and increased short-shrub leaf vegetation (r2 adj. = 0.359). 

46 



DISCUSSION 

In this study we used twelve morphological characteristics of macrophyte plants and beds 

to describe the distributions of adult and YOY fish in twelve small(< 80 ha) north 

temperate lakes. Studies directly addressing links between macrophytes and effects on 

fish distributions usually have focused on predator-prey interactions (Crowder and 

Cooper 1982; Savino and Stein 1982; Bettoli et al. 1992), a single lake (Hall and Werner 

1977; Weaver et al. 1997), or more general descriptions of macrophyte beds when 

multiple lake studies have been conducted (Tonn and Magnuson 1982; Hinch and Collins 

1993). This study was unique because we studied all fish species (including YOY) 

present within a suite of twelve lakes, all lakes were within one ecoregion, and the 

macrophyte community was sampled in greater detail. Since plant growth forms 

influence prey visibility and location and fish foraging maneuvers (Dionne and Folt 1991; 

Chick and Mcivor 1994; Harrel and Dibble 2001), it is not surprising that macrophyte 

morphological characteristics predicted fish abundance in our study lakes. We found that 

in four lakes, some fish were more abundant in macrophyte beds than in lake areas that 

had no macrophytes. Of the sixteen adult fish species analyzed by univariate linear 

regressions, thirteen had significant relations with macrophyte characteristics. All eight 

species of YOY fish had a significant relation with at least one, but as many as eleven, 

morphological macrophyte characteristics. We found twelve significant multiple linear 

regression models that used macrophyte morphology of plants and beds to predict the 

abundance of nine adult and two YOY species offish. 

47 



By using stringent lake selection criteria to reduce variation in limnological 

characteristics and biogeographical distributions, we had expected to see more consistent 

fish abundance-macrophyte relational trends across the twelve study lakes. Inconsistent 

trends are clearly partially the result of differences in plant morphology and fish species 

present across lakes. There are a number of factors that influence macrophyte species 

composition and structure including seasonal variation, levels of different nutrients, and 

type of sediments. We attempted to reduce effects of seasonal variation (see Hatzenbeler 

et al. 2000) in macrophytes by sampling all lakes between June and August when 

macrophytes are at their highest abundance. However, different forms and species of 

macrophytes will grow at different rates and emerge at different times, which may 

influence the density and variation we found in macrophyte morphology among lakes. A 

number of studies have also shown that the water chemistry and substrate composition of 

a lake influences the macrophyte community (Moyle 1945; Spence 1967; Seddon 1972; 

Nichols 1990). For example, short-shrub leaf submergent macrophytes such as Jsoetes 

echinospora, Lobelia dortmanna, and Myriophyllum tenellum are plants typical of soft, 

sterile water (Moyle 1945; Swindale and Curtis 1957; Nichols 1990) and hard bottoms 

(Nichols and Yandell 1995). According to Nichols (1990), species such as Brasenia 

schreberi, Nymphaea odorata, Dulichium arundinaceum, Potamogeton natans, and P. 

pusillus, are associated with lakes with the lowest alkalinity, pH, and conductivity, and 

prefer soft bottoms. We did not sample sites with silt greater than 2.5 cm and is likely 

why we only found floating vegetation such as Brasenia schreberi, Nymphaea odorata, 

and Nuphar variegata abundant in Stone and Tug Lakes. Long-wide leaf submergent 

vegetation such as Potamogeton amplifolius and P. richardsonnii are more abundant in 
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deeper water according to Fink (1997)and may be the reason that long-wide leaf 

submergent vegetation was only abundant in Stone and Sweeney Lakes. The remaining 

ten morphological characteristics of macrophyte plants and beds were more consistent 

across lakes. Arrowhead, Mercer, Stone, Brandy, Johnson, and Sweeney Lakes each had 

between nine and ten of the twelve macrophyte plant and bed morphological 

characteristics present. 

To minimize differences in fish community composition across lakes, all lakes Wyre 

selected from the same drainage basin. However, we still observed differences in the fish 

species assemblage, which could be an artifact of extirpation and/or recolonization 

processes (Tonn and Magnuson 1982), lake water quality, seasonal variation, and lake 

connectedness. Jennings et al. (1999) observed shifts in fish species assemblage between 

systems with low total phosphorus levels and systems with high levels of total 

phosphorus .. Hatzenbeler et al. (2000) studied differences in fish species richness and 

abundance based on seasonal variability using spring (May to mid-June), summer (mid

July to mid-August), and fall (September to early October) and found that the abundance 

of rock bass, pumpkinseed, and yellow perch in nearshore littoral zones differed 

significantly across seasons. On the contrary, the abundance oflowa darters, johnny 

darters, mottled sculpin, bluntnose minnows, golden shiners, yellow bullheads, 

largemouth bass, bluegills, and smallmouth bass remained relatively unchanged across 

seasons (Hatzenbeler et al. 2000) thus suggesting that seasonal variation likely only 

affects some fish. Riera et al. (2000) concluded that fish species richness was correlated 

to lake order (i.e., a measure of a lakes position in the landscape); as lake connectedness 
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increased fish richness increased. And clearly differences in YOY assemblages are likely 

a result of seasonal variation in spawning and hatching. 

Regardless of differences across lakes, the morphological characteristics of macrophyte 

plants and beds were important in predicting the abundance of some fish in our study 

lakes. Multiple linear regression analysis accounted for 28-79% of the variation in fish 

species abundance based on macrophyte morphological characteristics. Simple linear 

regression analyses revealed a variety of fish related to different macrophyte 

characteristics and showed some trends across lakes. Benthic fish had two different 

responses to macrophytes. The abundance oflowa darter, johnny darter, and yellow 

bullhead increased as the abundance of one or more of the following increased: emergent 

vegetation, submergent vegetation, short-shrub leaf, complex leaf, ribbon leaf, and mean 

submergent height. In addition, the abundance of Iowa darters decreased as porositya5 

increased which is consistent with the findings of Lyons (1987) in which Iowa darters 

occurred in macrophyte beds in Sparkling Lake, Wisconsin. The abundance of yellow 

bullhead decreased as porosity25 increased, which is consistent with Becker (1983). In 

contrast, fantail darter, tadpole madtom, and mottled sculpin abundances decreased as 

submergent vegetation, short leaf, and short-shrub leaf submergent macrophytes 

increased. Lyons (1987) found mottled sculpin in shallow rocky areas of Sparkling Lake, 

Wisconsin, areas that generally do not support high abundances of macrophytes. 

Therefore, it is not surprising that mottled sculpin abundance decreased as submergent 

vegetation increased in our study although, Becker (I 983) suggests that large areas of 

vegetation provide secondary hiding places for mottled sculpin. In many studies, darter 
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species are reported collectively, including a study by Bryan and Scarn~cchia (1992), 

which concluded that darter species are most tolerant of vegetation removal and therefore 

were found in developed sites (i.e., sites with homes, boat docks, and beaches). 

Analyzing darters by species in this study demonstrated that darters do not respond 

collectively to differences in macrophyte morphology. 

Bluegill, pumpkinseed, yellow perch, and black crappie abundances increased as 

macrophyte abundance increased; specifically floating vegetation, emergent vegetation, 

submergent vegetation, ribbon leaf, short-shrub leaf, complex leaf, and mean submergent 

plant height. The abundance of these panfish also decreased as porosity2s and porosityss 

increased (i.e., as macrophyte beds became more sparse). Our findings are consistent 

with those of Keast ( I 978), Keast et al. ( 1978), Hinch and Collins (1993 ), and Weaver et 

al. (1997). Although rock bass were found in four lakes, the abundance of rock bass only 

decreased as submergent vegetation, short-shrub leaf macrophytes, and mean submergent 

plant height increased in Sparkling Lake. Finding rock bass in sites with decreased or no 

vegetation is consistent with the findings of Weaver et al. (1997) in which rock bass were 

found primarily in non-vegetated sites in Lake Mendota. Bluntnose minnow abundance 

increased as submergent vegetation increased, but decreased as long-narrow leaf 

submergent plants increased. Although bluntnose minnows were found in five lakes, 

significant relations were found in only two lakes for individual macrophyte 

morphological characteristics. According to Reifman (1981) and Lyons (1987), the 

distribution of bluntnose minnows is partially determined by predators, which varied 

across our lakes and may be why we did not see consistent relations across lakes. 
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Although YOY fish were only found in eight lakes, we saw more trends between 

macrophyte habitat and the distribution of YOY fish suggesting that nearshore littoral 

zone macrophyte beds may be important to the early life stage of fish. The abundance of 

YOY bluegill, largemouth bass, smallmouth bass, and yellow perch all increased with 

increased emergent vegetation and with the exception of the YOY smallmouth bass, 

YOY abundance increased as the abundance of submergent vegetation, ribbon leaf, short

shrub leaf, short leaf, long-narrow leaf, and mean submergent plant height increased. 

Finding opposite relations between YOY smallmouth bass and largemouth bass and 

morphological characteristics of macrophyte plants and beds is consistent with Hubbs 

and Bailey (1938) and Becker (1983) in which young smallmouth bass avoided thick 

beds of vegetation in shallow waters where YOY largemouth bass commonly congregate. 

Our study also found that in areas of increased porosity, the abundance ofYOY bluegill, 

yellow perch, largemouth bass, and smallmouth bass (in one of two lakes) decreased. 

Our results for YOY bluegill, yellow perch, and largemouth bass support the findings of 

Hall and Werner (1977), Keast (1978), Herman et al. (1978), Gotceitas and Colgan 

(1987), Bryan and Scarnechhia (1992), and Weaver et al. (1997). Finding YOY 

small mouth bass in areas of emergent vegetation differs from the results of Weaver et al. 

(1997) in which YOY smallmouth bass in Lake Mendota were not in vegetated sites. A 

higher abundance ofYOY smallmouth bass in emergent vegetation and opposite relations 

between two lakes with respect to porosity may be linked to the understanding that YOY 

fish are found in areas of increased macrophyte abundance to avoid predation and to find 

an abundance of food (Gotceitas and Colgan 1987; Hall and Werner 1977). 
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Despite the fact that trends in macrophyte-fish relations were generally not consistent 

across lakes, the morphology of macrophytes and macrophyte beds clearly influenced the 

distribution of fish within lakes. Overall, macrophyte structure was particularly 

important to YOY fish in the near-shore littoral zone of these north temperate lakes. 

These conclusions are not surprising since macrophytes influence the food available to 

fish (e.g., Werner et al. 1977; Mittlebach 1984; Keast 1985; Schramm et al. 1987; 

Beckett et al. 1991; Chick and Mcivor 1994; Randall et al. 1996; and Cyr and Downing 

1998) and the vulnerability offish to predation (Dionne and Folt 1991; Chick and Mcivor 

1994; Harrel and Dibble 2001). Clearly macrophytes are important to fish; however the 

relations between macrophytes and fish were not consistent across lakes. Biologists may 

need to pay closer attention to these lake-specific differences and not apply across-lake 

strategies for managing macrophyte communities for lakes. 
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CHAPTER II: RELATIONS BETWEEN MACROPHYTE BED CHARACTERISTICS 

AND FISH COMMUNITIES IN NORTH TEMPERATE LAKES. 

Abstract 

Characteristics and composition of macrophyte beds influences the distribution of fish in 

littoral zones of north temperate lakes. The objectives of this study were to 1) analyze 

structural differences in macrophyte communities as potential fish habitat and 2) quantify 

relations between macrophyte bed structure and fish community structure across a suite 

of north temperate lakes. Abundance, density, and morphology of macrophyte beds and 

abundance of fish species were quantitatively assessed in eighteen, 5 X 15 m randomly 

selected shoreline study sites in twelve north temperate lakes. Significant species

environment gradients were derived using canonical correspondence analyses (CCA) in 

six of twelve lakes explaining 84.3 to 99.6% of the variation in species-environmental 

relations. In all six lakes, overall submergent and short-shrub leaf submergent 

macrophytes were highly correlated, whereas, porosity25 and emergent macrophytes were 

negatively correlated and were also the most variable within lakes. A variety of fish 

species are associated with macrophyte community characteristics across the study lakes, 

but few across lake trends emerged. Fish community-macrophyte relations were not 

consistent among lakes and differences appear to be an artifact of differences in 

macrophyte bed structure and fish species present among lakes. Understanding the 

complex relations between macrophyte morphology and fish assemblages in near-shore 

littoral zones oflakes will assist with the management of both macrophyte and fish 

populations. 

54 



INTRODUCTION 

Macrophytes are important in providing habitat for spawning, foraging, and protective 

cover for numerous fish species (e.g., Scott and Crossman 1973; Diggins et al 1979; 

Becker 1983; Keast 1984; Gotceitas and Colgan 1987; Engel 1988; Rozas and Odum 

1988; Killgore et al. 1989; Savino and Stein 1989; Schramm and Jirka 1989; Lillie and 

Budd 1992). Macrophyte beds serve as spawning habitat for a number of fish species in 

north temperate lakes, including the northern pike Esox lucius, muskellunge Esox 

masquinongy, yellow perch Percaflavescens, walleye Stizostedion vitreum, bowfin Amia 

calva, and central mudminnow Umbra limi, among others. The high abundance of 

invertebrates found on and around macrophytes (e.g., Rosine 1955; Keast 1984; Engel 

1985; Schramm et al. 1987; Cyr and Downing 1988; Engel 1990; Beckett et al. 1991) is 

important to the diet of young fish as well as adults, expecially centrarchids, cyprinids, 

and percids (e.g., Werner et al. 1977; Laughlin and Werner 1980; Becker 1983; 

Mittlebach 1984; Keast 1985; Schramm et al. 1987; Chick and Mcivor 1994; Cyr and 

Downing 1998). Due to the number of small fish that feed on invertebrates in 

macrophyte beds, macrophyte beds are also important foraging areas for larger 

piscivorous fish. Different macrophyte growth forms may affect both the ability of fish 

to capture small fish and the ability of small fish to escape predation and capture 

invertebrate prey (Ryer 1988; Dionne and Folt 1991; Lillie and Budd 1992; Chick and 

Mcivor 1994). Increased morphological complexity in macrophyte beds may protect 

smaller fish from piscivorous fish and birds (Chick and Mcivor 1994; Harrel and Dibble 

2001). Many piscivorous fish such as centrarchids, percids, and esocids depend on sight 

to find food and in areas of increased plant density and complexity, the predation rate of 
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piscivorous fish decreases as a result of decreased visibility (Savino and Stein 1982; 

Gotceitas and Colgan 1987; Nelson and Bonsdorf 1990). 

Macrophyte beds vary in plant species composition, plant density, porosity, and plant 

height, all of which may affect habitation by different fish species. Dibble et al. (1996) 

suggests that unique structural differences in macrophytes supply specific criteria ( e.g. 

shade, surface area for macroinvertebrates, and spatial complexity) that may influence the 

quality of macrophyte beds as habitat for fish. Three main morphological categories of 

macrophytes: floating, emergent, and submergent, each provide different general types of 

habitat for protection of and foraging by fish. Floating-leafed macrophytes such as 

duckweed Lemna sp. and pond lilies Nuphar sp. and Nymphaea sp. primarily provide 

shade and overhead cover (Jennings et al. 1996). Their widely spaced (or absent) stems 

provide little lateral underwater structural cover to fish (Jennings et al. 1996). However, 

shade provided by floating macrophytes may make fish more cryptic (Reifman 1981). 

Emergent macrophytes, such as sedges Scirpus sp. and bulrush Carex sp., provide some 

lateral underwater cover due to their closely spaced, slender stems (Jennings et al. 1996) 

and can also provide overhead cover as the stems may extend up to 2 m above the water 

surface. Submergent macrophytes tend to have more complex and diverse leaf patterns, 

which provide both lateral underwater and overhead cover (Jennings et al. 1996). The 

specific arrangement of the leaves and stems of submergent macrophytes may influence 

spatial and temporal distributions offish (Dionne and Folt 1991; Lillie and Budd 1992; 

Harrel and Dibble 2001). For instance, a complex leaf macrophyte, Ceratophyllum 

demersum, is a free-floating or loosely rooted submergent (Borman et al. 1997) that 
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provides fish habitat at low densities, but dense stands create complex habitat that may 

not be suitable for fish (Fink 1997; Harrel and Dibble 2001). Chick and Mcivor (1994) 

and Weaver et al. (1997) suggest that different species offish relate to different 

characteristics of macrophyte beds; bluegills Lepomis macrochirus often select areas with 

intermediate to high densities of submergent macrophytes (Gotceitas and Colgan 1987; 

Savino and Stein 1989; Johnson 1993), largemouth bass Micropterus salmoides and other 

mobile predators utilize cruising lanes for foraging (Engel 1987), and northern pike 

which ambush predators are often concealed within macrophyte beds (Threinen 1969). 

In many lakes, macrophytes are a prominent feature of littoral zones. While some studies 

have assessed relations between individual fish species and macrophytes, the specific 

relations between macrophyte bed structure and the fish community inhabiting these 

areas are less understood. It would appear that density and morphology of macrophyte 

beds would likely influence the distribution of fish and that major morphological 

differences in plant types would contribute to these distributions. Moreover, one would 

hypothesize that relations between fish and macrophytes would be generalizable across 

lakes. The objective of this study was to assess relations between the morphological 

characteristics of macrophyte beds and fish communities in the littoral zone of north 

temperate lakes to determine if there are consistent trends among lakes. 
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METHODS 

Study Area 

Twelve small (<80 ha) lakes in Vilas, Oneida, Iron, Price and Lincoln counties in 

northern Wisconsin were sampled during summer 2000 and 2001 to assess relations 

between macrophyte and fish community structure. To eliminate the effects of 

differences in ecoregional and limnological factors (e.g., parent material, drainage basin, 

and biotic communities) influencing fish-macrophyte relations, lakes were selected from 

counties in the Northern Highlands ecoregion (Martin 1965) and South Superior Mixed 

Forest ecoregion (Bailey 1976) (Figure 1). The twelve lakes were selected along a 

gradient of total phosphorus (TP) concentrations that would contribute to variation in 

macrophyte community structure. 

In each lake, eighteen nearshore littoral zone sites were randomly selected from two 

strata (sites with macrophytes (n=12) and sites without macrophytes (n=6)) using 

compass bearings generated from a random number table. A macrophyte site was 

classified as one having at least ten individual plants within the site. The process of 

selecting sites continued until 18 sites (ideally 12 sites with macrophytes and 6 without) 

were identified. After either group of sites had been completely sampled, only sites from 

the alternate strata were selected until all 18 sites were sampled. Each sample site 

extended 5 m out from shore, was 15 m in shoreline length, and extended to a maximum 

depth of 1 m (see Jennings et al. 1999). If sites were steeper (i.e., 1 m contour was 

reached before 5 m distance from shore was attained) or silt substrate was deeper than 2.5 

cm, a new site was selected. The 5 by 15 m sample site was enclosed with a 5.6 mm-
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Figure 1. Map of Wisconsin with 12 study lakes indicated by ♦. Lakes are located in 
counties within the Northern Highlands ecoregion (Martin 1965) and the South 
Superior Mixed Forest ecoregion (Bailey 1976). 
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mesh block seine prior to habitat sampling to prevent escape of fish (Jennings et al. 

1999). 

Macrophyte and habitat sampling was conducted prior to fish sampling to minimize 

disturbance of macrophyte beds and habitat during fish sampling. Macrophyte sampling 

at each site was conducted from June through August when macrophytes are at there 

highest abundance (Rossier et al. 1996). Within the 5 by 15 m sample sites, four 

transects were placed perpendicular to shore at 3-meter intervals along the shoreline (3, 6, 

9, and 12 m) and three equidistant (1.0, 2.5, and 4.0 m) 1 m2 quadrats were used to collect 

macrophyte and site habitat data (Figure 2). 

In each quadrat, all macrophytes were identified, counted, and categorized by leaf 

morphology type in each of the twelve 1 m2 quadrats at each site (Table 1). All 

macrophytes were identified to species and individual stems counted in the field. If a 

macrophyte could not be identified in the field, it was taken back to the laboratory for 

identification. One specimen of each species from each lake was collected, pressed, and 

dried for documentation purposes and is stored in the herbarium at the University of 

Wisconsin-Stevens Point. Percent cover was estimated visually in each 1 m2 quadrat for 

floating, emergent, and submergent macrophytes. Submergent macrophytes were further 

subdivided into six categories: (1) ribbon leaf, (2) short-shrub leaf, (3) complex leaf, (4) 

short leaf, (5) long-wide leaf, and (6) long-narrow leaf (Appendix A and B). Mean plant 

height for all submergent vegetation was estimated from 4 measurements centered within 

each quarter of the quadrats (Appendix C). Plant porosity (i.e., degree of open space in 
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Figure 2. Schematic of the four transects and twelve sample quadrats used to sample macrophytes at each site. Distances 
indicated are from shore to the quadrat center. 



Table 1. List of variables and descriptions used for macrophyte sampling. See also 
Appendix B for species assignment to morphological type. Note: plant species can 
change form during growth and thus shift morphological categories. 

Macrophyte Characteristic 

Total Percent Area 

Floating (%) 

Submergent (%) 

Ribbon leaf(%) 

Short-shrub leaf(%) 

Complex leaf(%) 

Short leaf(%) 

Long-wide leaf(%) 

Long-narrow leaf(%) 

Emergent (%) 

Submergent Height (m) 

Porosity2s (%) 

Porosity85 (%) 

Description 

Area of quadrat with plants having a majority of 
leaves floating on water surface. 

Area of quadrat with plants having a majority of 
leaves below the water surface ( combines all 6 
submergent categories). 

Species with long, thin leaves; typically from basal 
rosette. 

Species that extend vertically < 1/3 the depth of the 
water column, typically from basal rosette. 

Species with dense whorled or complex leaf 
patterns. 

Species with leaves < 2cm long, but not in whorls 
or complex patterns, and stems extending > 1/3 the 
depth of the water column. 

Species with leaves > 2cm long, > 1 cm wide, and 
branching along stem. 

Species with leaves > 2cm long, < 1 cm wide, and 
branching along stem. 

Area of quadrat with plants having a majority 
extend above the water surface, but are not floating 
on the water surface. 

Average height of all submergent macrophytes. 

Degree of open space in the macrophyte bed 
starting 3cm above the bottom. 

Degree of open space in the bottom 3cm of the 
macrophyte bed. 
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the macrophyte bed) was estimated by counting the number of2.5 cm diameter dots 

observed on a 27.5 by 25.0 cm board with 25 circular dots (Figure 3; Appendix D and 

E). The board was placed vertically in the center of the quadrat in the macrophyte bed 

(0.5 m from an observer underwater) and each dot that was not intersected by any piece 

of a macrophyte was counted. Greater numbers of dots visible indicates increased 

porosity. An additional bottom row of 5 dots was added after the 3rd lake to capture 

variation in plants less than 3 cm in height, which may influence the distribution of 

benthic fish (Figure 3). 

Following macrophyte sampling; a two-person crew used a standardized Wisconsin 

Department of Natural Resources and University of Wisconsin-Madison-built towed DC 

generator with two diamond-shaped electrodes to make two electrofishing passes through 

the site (Jennings et al. 1999). Current was pulsed D.C. with a range of 250 to 500 volts 

at 0.1 to 3 amperes depending on conductivity and capture efficiency. After 

electrofishing, an additional single pass was made with a 3/16-inch mesh size bag seine 

(Jennings et al. 1996). All fish species and size classes of fish within the sample site 

were collected and identified to species. Total length was recorded for up to 30 randomly 

selected fish of each species collected by electrofishing and up to 20 fish collected by 

seining. Separate tabulations were kept for age-0 fish; age- I and older fish were grouped 

together (Hatzenbeler et al. 2000). Fish that could not be identified in the field were 

preserved in 10% formalin and identified in the laboratory. 
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----25cm----

Figure 3. Diagram of porosity board. Dots above dotted line used to measure 
Porosity25 . Five dots below dotted line used to measure Porosity85 . Each dot is 2.5 cm 
in diameter. Porosity was defined as the number of dots completely visible in a 
macrophyte bed at 0.5 m from an observer. 
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Statistical Methods 

Canonical correspondence analysis (CCA) was used to examine relations between fish 

species distributions and morphology of macrophyte beds using the software CANOCO 

(Windows version 4.0; ter Braak and Smilauer 1998) for each lake. CCA is a direct 

gradient analysis that uses species' relative abundance and environmental conditions 

collected among sites to derive synthetic gradients (i.e. orthogonal ordination axes) from 

the measured environmental variables that maximize niche separation among species (ter 

Braak 1986, 1987; ter Braak and Verdonschot 1995). Ordination diagrams (biplots) are 

derived to help visualize patterns of community variability and main features of species 

distributions along environmental gradients (ter Braak 1987; ter Braak and Verdonschot 

1995). CCA was performed using plant bed morphological characteristics: percent 

floating, emergent, and submergent vegetation; percent ribbon, short-shrub, complex, 

short, long-wide, and long-narrow leafmacrophytes; mean submergent plant height; 

porosity25 and porsotitya5 and fish species abundance. The fish species used in analyses 

comprised at least 1 % of the mean of the adult fish assemblage for all 12 study lakes 

combined; all young-of-year present were used (Table 2). 

Of the 12 lakes studied, only six lakes had significant fish-macrophyte relations 

explained in biplots and only those six are presented herein (Appendix G-R). Attempts to 

assess fish distributions relative to environmental gradients for all lakes combined failed 

to produce significant relations primarily because of differences in macrophyte 

communities and fish communities among lakes where the absence of an individual 

species would negate relations found in another lake. A series of single and centroid 
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Table 2. Fish species present :.:-1% frequency in 12 lakes during this study. Species of 
YOY cyprinids and also ofYOY centrarchids were combined due to taxonomic difficulty 
in identification. Common and scientific names offish according to Becker (1983). 

Adult 

Young-of-year 

Common Fish Name 

Blackchin shiner 

Bluegill 

Bluntnose minnow 

Central mudminnow 

Golden shiner 

Iowa darter 

Johnny darter 

Mimic shiner 

Mottled sculpin 

Pumpkinseed 

Rock bass 

Yell ow bullhead 

Yellow perch 

Bluegill 

Centrarchid 

Cyprinid 

Esocid 

Largemouth bass 

Smallmouth bass 

Walleye 

White sucker 

Yellow perch 
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Scientific Name 

Notropis heterodon 

Lepomis maeroehirus 

Pimephales notatus 

Umbra limi 

Notemigonus erysoleueas 

Etheostoma exile 

Etheostoma nigrum 

Notropis volueellus 

Cottus bairdi 

Lepomis gi,bbosus 

Ambloplites rupestris 

Jctalurus natalis 

Perea .flaveseens 

Lepomis maeroehirus 

Centrarehidae 

Cyprinidae 

Esoeidae 

Mieropterus salmoides 

Mieropterus dolomieui 

Stizostedion vitreum 

Catostomus commersoni 

Perea .flavescens 



linkage, Euclidian-distance, hierarchical cluster analyses based on the presence of plant, 

fish, and plant and fish communities combined in an attempt to group like systems were 

performed using SYSTAT 9.0 (SPSS Inc., 1999), but again significant fish community

plant bed characteristic gradients were not detected. However, a single linkage, 

Euclidian-distance, hierarchical cluster analysis was then conducted for the six lakes 

based on the presence/absence of adult and YOY fish species to verify the speculation 

that Brandy Lake, Johnson Lake, and Mercer Lake were similar; Pesabic Lake and Tug 

Lake were similar; and Sparkling Lake was most different. 

RESULTS 

Morphological characteristics of macrophytes were variable in all six lakes (Table 3). 

Emergent, submergent, short-shrub leaf, and long-narrow leaf plants were found in all six 

lakes. Floating leaf macrophytes were found in 5 of 6 lakes. Ribbon, complex, and short 

leaf macrophytes occurring in 4 of 6 lakes and long-wide leaf macrophytes occurring in 3 

of 6 lakes were less common. The mean percent coverage of floating-leaf vegetation per 

m2 ranged from 0% in Sparkling Lake to 2.4% in Johnson Lake, the mean percent 

coverage of emergent vegetation per m2 ranged from 1.1 % in Sparkling Lake to 9. 7% in 

Tug Lake, and the mean percent coverage of submergent vegetation per m2 ranged from 

3.2% in Tug Lake to 23.6% in Johnson Lake. In Brandy Lake, 36 species of macrophytes 

were collected at 16 macrophyte sites with 4 floating-leaf, 9 emergent, and 23 

submergent species present. There were 32 species of macrophytes collected in 15 

macrophyte sites in Johnson Lake (3 floating-leaf, 5 emergent, and 24 submergent). In 

Mercer Lake, 35 species of macrophytes were collected in 15 macrophyte sites (5 
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Table 3. Distribution of morphological characteristics of macrophytes across 6 lakes. Values indicate mean percent coverage+/-

standard error. Plant codes are those used in canonical correspondence analysis biplots. A "-" indicates not present in lake. 

Lakes 

Plant Characteristic Plant Code Brandy Johnson Mercer Pesabic Sparkling Tug 

General Plant Type 

Floating FLOATING 1.57 ± 1.07 2.43 ± 2.03 0.45 ± 0.36 0.03 ± 0.02 1.26 ± 0.79 

Emergent EMERGENT 4.49 ± 1.81 1.42 ± 1.00 1.80 ± 0.86 3.17 ± 1.08 1.08 ± 0.38 9.74 ± 2.69 

Submergent SUBMERG 15.94 ± 4.01 23.57 ± 6.87 16.37 ± 4.22 12.76 ± 4.14 10.12 ± 4.14 3.17 ± 1.48 

Submergent Plant Types 

O"I Ribbon leaf RIBBON 0.42 ± 0.17 0.23 ± 0.13 2.16 ± 1.20 0.01 ± 0.01 
00 

Short-shrub leaf S-S 12.62 ± 3.38 22.54 ± 6.84 8.56 ± 2.72 12.09 ± 4.11 10.09 ± 4.12 2.42 ± 1.16 

Complex leaf COMPLEX 1.18 ± 0.83 0.12 ± 0.07 0.44 ± 0.13 0.05 ± 0.04 

Short leaf SHORT 0.43 ± 0.19 0.28 ± 0.10 3.94 ± 1.21 0.00 ± 0.00 

Long-wide leaf L-W 0.09 ± 0.08 0.09 ± 0.06 0.00 ± 0.00 

Long-narrow leaf L-N 1.30 ± 0.57 0.32 ± 0.12 1.17 ± 0.53 0.67 ± 0.27 0.00 ± 0.00 0.74 ± 0.74 

Other 

Mean submergent height xHT 0.06 ± 0.01 0.03 ± 0.01 0.07 ± 0.01 0.04 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 

Porosity25 POROSITY2s 81.99 ± 4.69 90.08 ± 4.44 82.66 ± 4.48 77.98 ± 6.68 91.93 ± 2.69 65.86 ± 7.95 

PorosityB5 POROSITYBs 59.82 ± 8.26 50.37 ± 6.14 79.82 ± 7.32 74.91 ± 6.56 



floating-leaf, 10 emergent, and 20 submergent). Twenty species of macrophytes were 

collected in twelve macrophyte sites within Pesabic Lake with 1 floating-leaf, 8 

emergent, and 11 submergent species. A total of 21 species were collected in 12 

macrophyte sites in Tug Lake with 3 floating-leaf, 14 emergent, and 4 submergent 

species. Sparkling Lake had the fewest number of macrophyte species collected from 12 

macrophyte sites; zero floating-leaf, 3 emergent, and 11 submergent species for a total of 

14. 

It is clear that a variety of fish species are associated with macrophyte community 

characteristics in the near-shore littoral zones of these six lakes. Yearling and older 

individuals of species such as bluegill, pumpkinseed Lepomis gibbosus, and central 

mudminnow and YOY largemouth bass and esocids were highly associated with 

characteristics of macrophyte beds across lakes. Bluntnose minnow and YOY 

smallmouth bass were generally not related to macrophyte bed characteristics. However, 

fish-macrophyte relations for a number of other fish species were not consistent among 

lakes. 

In all six lakes, overall submergent and short-shrub leaf submergent macrophytes were 

highly correlated, and porosity2s and emergent macrophytes were negatively correlated. 

With the exception of Brandy Lake, long-narrow leaf macrophytes were highly correlated 

with submergent and short-shrub leaf macrophytes. Mean submergent plant height was 

either negatively correlated or not correlated with porosity25 . Based on the length of the 

vectors, porosity2s and emergent macrophytes were the most variable within lakes. The 
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least variable characteristics included submergent, short-shrub leaf, long-narrow leaf, 

long-wide leaf, short leaf, complex leaf macrophytes, mean submergent plant height, and 

porosityB5 but this was not consistent across lakes. 

Overall, there were thirteen adult species of fish and seven young-of-year species 

collected among study lakes at the 1 % frequency level (Table 4). As few as five adult 

species were found in Pesabic Lake and as many as ten adult species were found in 

Mercer Lake. For YOY fish, two species were found in Tug and Johnson Lakes whereas 

five fish species were found in Brandy Lake. The most common fish species among the 

six lakes were bluegill, pumpkinseed, and central mudminnows occurring in 5 of 6 lakes 

followed by bluntnose minnows Pimephales notatus, YOY exocid, and YOY largemouth 

bass occurring in 4 of 6 lakes. Rare species included the blackchin shiner Notropis 

heterodon, golden shiner Notemigonus crysoleucas, mimic shiner Notropis volucellus, 

YOY cyprinid, YOY walleye, and YOY white sucker Catostomus commersoni, which 

were each, only found in one lake. 

Significant plant morphology-fish community relations as determined using canonical 

correspondence analysis (CCA) explained 84.3 to 99.6% of the variation in species

environmental relations through the environmental gradients (Figures 4-9; Tables 5-10). 

CCA revealed that porosity tended to be inversely related to macrophyte abundance. 

CCA also revealed that bluegill and pumpkinseed were found in areas of increased 

macrophyte complexity in Brandy Lake, Johnson Lake, and Mercer Lake, but in Pesabic 

Lake and Tug Lake, these two species were found in macrophyte beds with increased 
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Table 4. Fish species present at ~1% frequency across 6 lakes. Values indicate mean abundance+/- standard error. Species ofYOY 
cyprinids were combined due to taxonomic difficulty in identification. Fish codes are those used in canonical correspondence analysis 

biplots. A "-" indicates species was not collected from lake by either gear type. 

Lakes 

Fish Code Brandy Johnson Mercer Pesabic Sparlding Tug 

Adult 
Blackchin shiner BCS 1.50 ± 1.50 

Bluegill BG 1.89 ± 1.31 0.89 ± 0.53 3.61 ± 1.82 6.06 ± 1.23 2.50 ± 0.44 

Bluntnose minnow BNM 0.17 ± 0.12 5.72 ± 2.24 1.83 ± 1.40 1.89 ± 1.50 

-..J Central mudminnow MUDMIN 0.28 ± 0.18 0.11 ± 0.11 1.94 ± 1.34 0.06 ± 0.06 0.89 ± 0.68 -
Golden shiner GS 12.89 ± 9.67 

Iowa darter ID 0.17 ± 0.17 0.67 ± 0.37 1.17 ± 0.61 

Johnny darter JD 0.22 ± 0.10 3.28 ± 0.65 0.06 ± 0.06 

Mimic shiner MIMIC 1.67 ± 1.44 

Mottled sculpin M.SCULPIN 0.61 ± 0.23 1.33 ± 0.60 1.61 ± 0.73 

Pumpkinseed PSEED 0.61 ± 0.33 0.56 ± 0.40 2.83 ± 0.86 0.22 ± 0.17 0.17 ± 0.12 

Rockbass RB 0.33 ± 0.14 1.44 ± 0.93 

Yell ow bullhead YBULL 0.33 ± 0.11 0.78 ± 0.36 0.78 ± 0.34 

Yell ow perch yp 0.06 ± 0.06 1.06 ± 0.49 2.83 ± 0.61 
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Table 4. (continued) Fish species present at_?-1% frequency across 6 lakes. Values indicate mean abundance+/- standard error. 
Species of YOY cyprinids were combined due to taxonomic difficulty in identification. Fish codes are those used in canonical 

correspondence analysis biplots. A "-" indicates species was not collected from lake by either gear type. 

Lakes 

Fish Code Brandy Johnson Mercer Pesabic Sparkling Tug 

Young-of-Year 

Cyprinid YOYCYPRIN 21.61 ± 7.70 

Esocid YOYESOX 0.22 ± 0.13 0.06 ± 0.06 0.11 ± 0.11 0.28 ± 0.14 

Largemouth bass YOYLMB 0.39 ± 0.23 6.61 ± 2.00 2.44 ± 0.63 5.72 ± 1.50 

Smallmouth bass YOYSMB 1.11 ± 0.31 0.06 ± 0.06 3.67 ± 2.92 

Walleye YOYWAL 0.11 ± 0.11 

White sucker YOYWS 0.11 ± 0.08 

Yellow perch YOYYP 0.50 ± 0.39 0.39 ± 0.29 0.11 ± 0.11 6.78 ± 4.69 
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Figure 4. Canonical correspondence analysis biplot offish species relative to 
macrophyte characteristics in Brandy Lake, Wisconsin. See Table 3 for macrophyte 
abbreviations and Table 4 for fish species abbreviations. 
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Table 5. Correlations of environmental variables with species axes as determined 
by a canonical correspondence analysis ordination of Brandy Lake. 

Variable Axis 1 Axis2 Axis 3 Axis4 

Floating 0.5016 -0.2074 0.5299 -0.2103 

Emergent 0.9029 -0.0850 -0.0050 -0.1628 

Submergent -0.0098 -0.1195 0.2806 0.0384 

Porosity25 -0.6580 -0.0130 -0.0315 0.0514 

Mean height 0.5404 0.2158 0.1020 -0.0301 

Ribbon leaf 0.4373 0.4797 0.1230 -0.1514 

Short-shrub leaf -0.0553 -0.1842 0.2992 0.0028 

Complex leaf 0.0134 0.0737 0.0750 0.0179 

Short leaf 0.6170 -0.0737 0.1588 0.3142 

Long-narrow leaf 0.1230 0.1690 -0.0436 0.2551 

Eigenvalues 0.723 0.330 0.253 0.156 

Cumulative % variance explained 42.7 62.2 77.1 86.3 

p 0.0050 
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Figure 5. Canonical correspondence analysis biplot of fish species relative to 
macrophyte characteristics in Johnson Lake, Wisconsin. See Table 3 for macrophyte 
abbreviations and Table 4 for fish species abbreviations. 

75 



Table 6. Correlations of environmental variables with species axes as determined 
by a canonical correspondence analysis ordination of Johnson Lake. 

Variable Axis 1 Axis2 Axis 3 Axis4 

Floating -0.4893 0.4304 -0.1781 -0.6351 

Emergent -0.2650 0.3958 -0.2043 -0.6364 

Submergent -0.0985 0. 1637 0.4404 0.4804 

Porosity25 0.2514 -0.4304 0.1115 0.5625 

Porosity85 0.4350 -0.3156 -0.2764 -0.2096 

Mean height -0.2251 0.6704 0.1252 -0.0312 

Ribbon leaf 0.2632 0.1258 -0.0993 -0.2354 

Short-shrub leaf -0.0947 0. 1507 0.4436 0.4820 

Complex leaf -0.4733 0.1226 -0.0836 0.2639 

Short leaf -0.2415 0.4082 -0.1915 -0.4375 

Long-wide leaf -0.2469 -0.1028 -0.0907 0.1253 

Long-narrow leaf -0.1400 0.4764 -0.1617 0.1595 

Eigenvalues 0.311 0.251 0.158 0.116 

Cumulative % variance explained 31.4 56.7 72.7 84.3 

p 0.0300 
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Figure 6. Canonical correspondence analysis biplot offish species relative to 
macrophyte characteristics in Mercer Lake, Wisconsin. See Table 3 for macrophyte 
abbreviations and Table 4 for fish species abbreviations. 
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Table 7. Correlations of environmental variables with species axes as determined 
by a canonical correspondence analysis ordination of Mercer Lake. 

Variable Axis 1 Axis2 Axis 3 Axis4 

Floating 0.9789 0.1540 0.0843 -0.0525 

Emergent 0.5257 -0.0475 0.0448 -0.0800 

Submergent -0.3420 -0.3087 0.7025 -0.0674 

Porosity25 -0.4016 0.2746 -0.4609 0.1249 

Porosity85 0.1454 0.2493 -0.8367 0.0553 

Mean height 0.1194 0.1374 0.4757 0.071 

Ribbon leaf -0.1141 -0.4616 0.6123 -0.2335 

Short-shrub leaf -0.2526 -0.3823 0.3153 0.3970 

Complex leaf 0.1147 -0.1208 0.1222 0.6422 

Short leaf -0.4542 0.4155 0.6779 -0.0210 

Long-wide leaf -0.2114 0.1519 0.0324 0.0395 

Long-narrow leaf -0.1431 -0.3827 0.6572 -0.0946 

Eigenvalues 0.715 0.624 0.514 0.332 

Cumulative % variance explained 27.6 51.7 71.5 84.3 

p 0.0050 
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Figure 7. Canonical correspondence analysis biplot offish species relative to 
macrophyte characteristics in Pesabic Lake, Wisconsin. See Table 3 for macrophyte 
abbreviations and Table 4 for fish species abbreviations. 
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Table 8. Correlations of environmental variables with species axes as determined 
by a canonical correspondence analysis ordination of Pesabic Lake. 

Variable Axis 1 Axis2 Axis 3 Axis 4 

Floating -0.1723 -0.3262 0.0983 0.5172 

Emergent -0.5287 -0.0093 -0.0064 0.4874 

Submergent -0.0030 0.5835 -0.2827 -0.0344 

Porosity25 0.2271 -0.1619 0.0635 -0.5724 

Porosity8 5 -0.1131 0.0250 0.0387 -0.5266 

Mean height -0.0421 0.0773 0.8026 0.0682 

Ribbon leaf 0.2126 -0.0642 -0.0941 -0.1462 

Short-shrub leaf 0.0101 0.5724 -0.3187 -0.0191 

Long-wide leaf 0.1159 -0.1047 -0.0459 -0.1536 

Long-narrow leaf -0.2320 0.3524 0.5513 -0.2737 

Eigenvalues 0.685 0.210 0.099 0.030 

Cumulative % variance explained 65.4 85.4 94.9 97.7 

p 0.0150 
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Figure 8. Canonical correspondence analysis biplot offish species relative to 
macrophyte characteristics in Sparkling Lake, Wisconsin. See Table 3 for 
macrophyte abbreviations and Table 4 for fish species abbreviations. 
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Table 9. Correlations of environmental variables with species axes as determined 
by a canonical correspondence analysis ordination of Sparkling Lake. 

Variable Axis 1 Axis2 Axis 3 Axis4 

Emergent -0.1893 0.7601 -0.4327 0.0737 

Submergent -0.3335 0.2321 0.7720 -0.2113 

Porosity25 0.4208 -0.6608 0.4743 -0.0881 

Porosity85 0.2896 -0.7897 -0.2174 0.0031 

Mean height -0.1067 0.6862 0.5187 -0.2013 

Short-shrub leaf -0.3329 0.2323 0.7726 -0.2103 

Complex leaf -0.3406 0.1242 0.6003 -0.4210 

Short leaf -0.0808 0.0285 0.3393 -0.2003 

Long-narrow leaf -0.2580 0.0927 0.6286 -0.4167 

Eigenvalues 0.909 0.828 0.532 0.286 

Cumulative % variance explained 35.1 67.1 87.6 98.7 

p 0.0100 
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Figure 9. Canonical correspondence analysis biplot of fish species relative to 
macrophyte characteristics in Tug Lake, Wisconsin .. See Table 3 for macrophyte 
abbreviations and Table 4 for fish species abbreviations. 
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Table 10. Correlations of environmental variables with species axes as 
determined by a canonical correspondence analysis ordination of Tug Lake. 

Variable Axis 1 Axis2 Axis 3 Axis4 

Floating 0.6317 0.0830 0.9700 0.0694 

Emergent -0.2613 0.5064 -0.1968 0.0394 

Submergent 0.7457 0.2349 0.0707 0.0709 

Porosity25 -0.1349 -0.4719 0.1799 -0. 1818 

Mean height 0.6684 0.1166 0.0660 0.0797 

Short-shrub leaf 0.6148 0.4653 0.0969 0.0603 

Long-narrow leaf 0.6697 0.0749 0.0442 0.0627 

Eigenvalues 0.720 0.261 0.099 0.044 

Cumulative % variance explained 63.8 86.9 95.7 99.6 

p 0.0100 
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porosity. In Brandy Lake, Mercer Lake, and Sparkling Lake where they were present, 

bluntnose minnows were more abundant in macrophyte beds with increased ~ean 

submergent plant height. Central mudminnows were consistently found in macrophyte 

beds with decreased levels of porosity and increased overall macrophyte complexity (five 

of five lakes). Central mudminnows were also found among beds with a higher percent 

of emergent vegetation in Brandy Lake, Johnson Lake, and Tug Lake. 

The trends across lakes for YOY fish were not as apparent as those of some adult fish 

species (Figures 4-9). Despite differences, YOY esocid in Brandy Lake, Pesabic Lake, 

and Sparkling Lake were found in increased emergent and/or floating vegetation and in 

areas of decreased porosity25 in all four lakes. YOY largemouth bass were found among 

both floating and emergent macrophytes in Brandy Lake whereas they were found away 

from floating and emergent macrophytes in Pesabic Lake. In Brandy Lake, Pesabic Lake, 

and Mercer Lake, YOY largemouth bass were in areas of increased ribbon leaf 

submergent macrophytes, but in Johnson Lake they were in areas with fewer ribbon leaf 

macrophytes. YOY yellow perch also had inconsistent trends. In Mercer Lake and 

Brandy Lake, YOY yellow perch were present in macrophyte beds with increase 

porosity; however in Johnson Lake and Tug Lake YOY yellow perch were in beds with 

intermediate levels of porosity. In Brandy Lake and Johnson Lake, YOY yellow perch 

were found in beds with decreased amounts of ribbon leaf submergent macrophytes. In 

Mercer Lake the YOY yellow perch and the adult yellow perch were found in 

macrophyte beds with similar morphological complexity. 
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Cluster Analysis 

Cluster analysis using the presence/absence of 20 fish species for six lakes resulted in 

three clusters: (I) Brandy Lake, Johnson Lake, and Mercer Lake, (2) Pesabic Lake and 

Tug Lake and (3) Sparkling Lake (Figure 10). In the first cluster there were seven 

species of fish: bluegill, bluntnose minnow, central mudminnow, johnny darter 

Etheostoma nigrnm, pumpkinseed, YOY largemouth bass, and YOY yellow perch, were 

consistent across the three lakes. Tug and Pesabic Lakes had four fish species in 

common: bluegill, pumpkinseed, yellow perch, and YOY esocids. Mimic shiners and 

YOY walleye were only found in Sparkling Lake, which had the most dissimilar species 

composition from the other five lakes. 

Detailed Lake-by-Lake Analysis 

Despite similar location and lake size, there were not consistent trends across lakes with 

respect to macrophyte communities. Floating, emergent, and submergent macrophytes 

are strongly correlated in Johnson Lake. In Brandy Lake and Mercer Lake, floating and 

emergent macrophytes are strongly correlated, but independent of submergent 

macrophytes. In Tug Lake, floating and submergent macrophytes are correlated, but are 

independent of emergent vegetation. Emergent macrophytes are independent of floating 

and submergent vegetation in Pesabic Lake; however, submergent and floating 

macrophytes are negatively correlated. Sparkling Lake lacked floating macrophytes, but 

emergent and submergent macrophytes were strongly correlated. Since overall trends in 

macrophyte community relations are not apparent, it is necessary to assess lakes on an 

individual basis. 
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Figure 10. Dendogram of single linkage Euclidean distance cluster analysis based on 
presence/absence of fish species among six lakes. 
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Brandy Lake 

The macrophyte community of Brandy Lake showed that the percent coverage of 

submergent vegetation was independent of emergent and floating macrophytes, which 

were highly correlated (Figure 4). Macrophyte bed porosity2s was negatively correlated 

with floating, emergent, ribbon leaf, short leaf, and mean submergent plant height, and 

independent of overall submergent, short-shrub leaf, long-narrow leaf, and complex leaf 

macrophytes. Long-narrow leaf and complex leaf submergent macrophytes were 

positively correlated to each other and negatively correlated with overall submergent and 

short-shrub leaf submergent macrophytes. Submergent and short-shrub leaf macrophyte 

variables were also positively correlated. The highest abundance of bluegill, 

pumpkinseed, and YOY largemouth bass were in macrophyte beds of increased floating, 

emergent, submergent, and mean submergent plant height and decreased porosity. 

Yellow bullheads Ictalurus natalis and central mudminnows preferred locations with 

increased floating, emergent, submergent, short leaf, and short-shrub leaf macrophytes. 

High abundance ofYOY esocids were also found within floating, emergent, submergent, 

and short-shrub leaf vegetation with decreased porosity. YOY yellow perch, YOY 

white suckers, and other YOY cyprinids were in areas of increased porosity. Johnny 

darter and mottled sculpin Coitus bairdi abundances increased in areas of increased long

narrow leaf, complex leaf, and ribbon leaf submergent macrophytes. Bluntnose minnows 

had a high association with long-narrow leaf and ribbon leaf submergent macrophytes. 
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Johnson Lake 

The macrophyte community in Johnson Lake showed that floating, emergent, and 

submergent vegetation, including short-shrub leaf, short leaf, and long-narrow leaf 

macrophytes, and mean submergent plant height were strongly correlated, but negatively 

correlated with porosity2s and porositya5 (Figure 5). Long-wide leaf and ribbon leaf 

submergent macrophytes were negatively correlated with each other and independent of 

all other macrophyte variables. Bluegill, pumpkinseed, and central mudminnows were 

found in highest abundance in areas with increased abundance of floating, emergent, and 

submergent vegetation, particularly short-shrub leaf, short leaf, and long-narrow leaf 

submergents, and increased mean submergent plant heights. Iowa darters and johnny 

darters were located in areas of increased porosity. Both YOY yellow perch and 

bluntnose minnows were found in areas of increased ribbon leaf submergent 

macrophytes, while YOY largemouth bass were in areas of increased long-wide leaf 

submergent macrophytes. 

Mercer Lake 

In Mercer Lake floating and emergent macrophytes were highly correlated, but 

independent of submergent macrophytes (Figure 6). Submergent vegetation, short-shrub 

leaf, long-narrow leaf, and ribbon leaf macrophytes were highly correlated. These four 

variables were negatively correlated with mean submergent plant height and porosityas. 

Long-wide leaf and short leaf submergent macrophytes and porosity2s were positively 

correlated to each other, but negatively correlated with complex leaf macrophytes and 

independent of overall submergent, short-shrub leaf, long-narrow leaf, and ribbon leaf 
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macrophytes, porosityas, and mean submergent plant height. In addition, floating and 

emergent macrophytes were strongly correlated and used by blackchin shiners. YOY and 

adult yellow perch and bluntnose minnows were typical in areas of increased porosity25, 

porosityas, mean submergent plant height, long-wide leaf and short leaf submergent 

macrophytes. YOY largemouth bass, bluegill, and pumpkinseeds were grouped in the 

areas of increased submergent vegetation including short-shrub leaf, long-narrow leaf, 

and ribbon leaf macrophytes. Iowa darters, johnny darters, rock bass and central 

mudminnows were in highest abundance in areas of increased short-shrub leaf, long

narrow leaf, ribbon leaf, and complex leaf submergent macrophytes. 

Pesabic Lake 

Overall, submergent and floating macrophytes were negatively correlated in Pesabic 

Lake and independent of emergent vegetation (Figure 7). Submergent and short-shrub 

submergent variables were highly correlated and were negatively correlated with floating 

macrophytes. Ribbon leaf and long-wide leaf submergents and porosity25 were also 

positively correlated to one another, but negatively correlated with long-narrow leaf 

submergents, mean submergent height, and porosity85. Floating macrophytes were 

independent of ribbon leaf, long-wide leaf and long-narrow leaf submergents, mean 

submergent plant height, porosity2s, and porosity8s. Higher abundances of pumpkinseeds 

were in beds with increased floating macrophytes, long-wide leaf and ribbon leaf 

submergent macrophytes, and porosity25. Bluegill abundance was also higher in ribbon 

and long-wide leaf submergent beds with increase porosity25 . Golden shiners were 

typically found in macrophyte beds with emergent macrophytes and increased porosity85. 
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YOY smallmouth bass and YOY largemouth bass were both found in macrophyte beds 

with short-shrub leaf and ribbon leaf submergent vegetation while YOY esocids were in 

areas of increased emergent and floating vegetation. 

Tug Lake 

In Tug Lake, floating and submergent macrophytes were strongly correlated, but 

independent of emergent vegetation (Figure 8). Emergent macrophytes and porosity2s 

were negatively correlated. Overall submergent, short-shrub leaf, long-narrow leaf, mean 

submergent plant height, and floating vegetation were positively correlated and 

independent of emergent vegetation and porosity25 . YOY yellow perch congregated in 

macrophyte beds with increased floating and submergent macrophytes, specifically long

narrow leaf and short-shrub leaf submergent vegetation. High abundances of central 

mudminnows were typical of emergent macrophyte beds. Pumpkinseed, bluegill, and 

yellow perch were each in areas of increased porosity25. 

Sparkling Lake 

The macrophyte community in Sparkling Lake lacked floating vegetation, but showed 

that emergent and submergent vegetation were correlated (Figure 9). In addition, 

emergent and mean submergent plant height were highly correlated to each other, but 

negatively correlated with porosity2s and porosity8 s. Overall submergent, short-shrub 

leaf, complex leaf, short leaf, and long-narrow leaf submergent vegetation were highly 

correlated and independent of porosity. Rock bass and mottled sculpin were found in 

high abundance in areas of increased porosity while YOY smallmouth bass, YOY 
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esocids, and Iowa darters were in macrophyte beds with increased amounts of short-shrub 

leaf, long-narrow leaf, complex leaf, and short leaf submergent macrophytes. The final 

group of fish, YOY walleye, mimic shiners, and bluntnose minnows, were found in beds 

with increased emergent vegetation and higher mean submergent plant heights. 

DISCUSSION 

This study focused on assessing relations between fish communities and macrophyte 

morphology in the nearshore littoral zone of small(< 80ha) north temperate lakes. While 

some trends did emerge among community analyses, relations between plant morphology 

and fish abundance were not entirely consistent among lakes. Some differences in 

relations among lakes could have resulted from differences in plant and fish 

communities. We sampled lakes from the same geographic region and of similar size 

(i.e., surface area) to minimize inter-lake differences in geographic location, plant type, 

and fish community. Despite this, there were still clear differences in macrophyte and 

fish community structure among lakes. The number of macrophyte species varied across 

lakes with Sparkling Lake having the lowest species richness of 14 macrophyte species to 

Johnson, Mercer, and Brandy Lakes having the highest species richness of 32, 35, and 36 

respectively. Pesabic Lake and Tug Lake were intermediate, having 20 and 21 different 

species collected respectively. In addition, the amount of floating, emergent, and 

submergent macrophytes also differed among lakes. The mean percent of floating 

vegetation per m2 ranged from zero in Sparkling Lake to 2.4% in Johnson Lake. The 

amount of emergent macrophytes varied from 1.1 % per m2 in Sparkling Lake to 9. 7% per 

m2 in Tug Lake. The amount and type of submergent vegetation also varied among lakes 
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from 3 .2% per m2 in Tug Lake ( comprised of short-shrub and long-narrow leaf 

macrophytes) to 23.6% per m2 in Johnson Lake in which all six submergent macrophyte 

types were present. 

There are a number of factors that affect macrophyte species composition and bed 

structure, including spatial and seasonal variation in plant species among lakes, levels of 

different nutrients, type of sediments, and colonization/extirpation of species within 

lakes. We attempted to reduce seasonal variation in macrophytes by sampling all lakes 

between June and August when macrophytes are at there highest abundance. However, 

different forms and species of macrophytes will grow at different rates and beginning at 

different times, which may influence the density and variation we found in macrophyte 

morphology among lakes. A number of studies have also shown that the water chemistry 

and substrate composition of a lake influences the macrophyte community (Moyle 1945; 

Spence 1967; Seddon 1972; Nichols 1990). For example, short-shrub leaf submergent 

macrophytes such as Jsoetes echinospora, Lobelia dortmanna, and Myriophyllum 

tenellum are plants typical of soft, sterile water (Moyle 1945; Swindale and Curtis 1957; 

Nichols 1990) and hard bottoms (Nichols and Yandell 1995). According to Nichols 

(1990), species such as Brasenia schreberi, Nymphaea odorata, Dulichium 

arundinaceum, Potamogeton natans, and P. pusillus, are associated with lakes with the 

lowest alkalinity, pH, and conductivity, and prefer soft bottoms. Despite apparent 

differences, we did find trends in macrophyte morphology across lakes. Brandy, Mercer, 

and Johnson Lakes had the widest range of plant morphological types, whereas, the 

remaining lakes had fewer plant types. At the bed scale, porosity of the macrophyte 
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community increased in four of six lakes in relation to decreasing submergent 

macrophyte abundance. In Mercer Lake porosity was positively related to short leaf and 

long-wide leaf submergent plants while independent of most other plant types. In 

Pesabic Lake porosity was positively related to long-wide leaf and ribbon leaf 

macrophytes, but opposite of emergent and long-narrow leaf plants. 

To minimize differences in fish community composition for across lake comparisons, all 

lakes were selected from the same drainage system. However, we still observed 

differences in fish species assemblage at the 1 % frequency level, which could be an 

artifact of lake water quality, lake connectedness, seasonal variation, and 

colonization/extirpation. A study of 18 northern Wisconsin lakes by Tonn and Magnuson 

(1982) suggested that their study lakes were comprised of two discrete fish assemblages 

resulting primarily from differences in winter oxygen concentrations and lake 

connectedness. Jennings et al. (1999) observed shifts in fish species assemblage between 

systems with low total phosphorus levels and systems with high levels of total 

phosphorus. Riera et al. (2000) concluded that fish species richness was correlated to 

lake order (a measure of a lakes position in the landscape); as lake connectedness 

increased, fish species richness increased. 

Hatzenbeler et al. (2000) studied differences in fish species richness and abundance based 

on seasonal variability using spring as May to mid-June and summer as mid-July to mid

August and found that the abundance of rock bass, pumpkinseed, and yellow perch in 

nearshore littoral zones were significantly different across seasons. On the contrary, the 
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abundance of Iowa darters, johnny darters, mottled sculpin, bluntnose minnows, golden 

shiners, yellow bullheads, largemouth bass, bluegills, and smallmouth bass remained 

relatively unchanged across seasons relative to macrophytes (Hatzenbeler et al. 2000) and 

thus relations might be considered to be more consistent across lakes. 

Fish relate to numerous types of physical structure within lakes for foraging, spawning 

habitat, shade, and protective cover. Macrophytes are one such type of structure that 

provides habitat within littoral zones. Aquatic plants serve as structure and food for 

invertebrates, which in tum serve as food to numerous fish species including many 

centrarchids. Fish, including central mudminnows, yellow perch, and northern pike, 

spawn on macrophytes (Herman et al. 1978; Threinen et al. 1978; Becker 1983). Other 

fish such as largemouth bass and bluegill may utilize macrophytes as protection around 

their spawning redds. Floating-leaf, emergent, and submergent vegetation with floating 

leaves also provide shade and protective cover for fish. Fish are attracted to shade

producing objects because they are better able to see approaching organisms while 

remaining cryptic (Reifman 1979; Engel 1990). 

Despite the basic understanding that fish relate to macrophytes; how fish perceive 

differences in macrophyte beds and bed structure and orient to or within them is unclear. 

Many previous studies have found in single lake analyses that macrophytes clearly are 

important to fish (Bettoli et al. 1992; Chick and Mcivor 1994; Weaver et al. 1997; Harrel 

and Dibble 2001). However, during summer, there may be wide plasticity in the use of 

macrophyte beds depending on the purpose of use and changing environmental 
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conditions. For instance, bluegills using macrophyte beds for cover may choose the 

densest beds, whereas during foraging they may seek out beds with greater porosity 

(Crowder and Cooper 1982; Savino and Stein 1982; Gotceitas and Colgan 1987). 

Predation of bluegills by largemouth bass in the study by Savino and Stein (1982) was 

about zero when bluegills sought cover in sites with 250 and I 000 stems/m2. Crowder 

and Cooper (1982) found that bluegills in macrophyte beds with intermediate stem 

densities consumed more prey. This may at least help explain some differences in fish

macrophyte relations. 

We attempted to cluster lakes having similar fish, macrophyte, and fish-macrophyte 

communities, but still found large differences in relations across lakes. Brandy Lake, 

Johnson Lake, and Mercer Lake had seven species offish in common: bluegill, 

pumpkinseed, bluntnose minnows, central mudminnows, johnny darters, YOY 

largemouth bass and YOY yellow perch. This is a common assemblage for northern 

Wisconsin lakes (Becker 1983; Fago 1992). Bluegills are ubiquitous throughout small, 

north temperate lakes and are usually inclined to inhabit macrophyte beds for foraging 

(Werner et al. 1983). In our study lakes, bluegill and pumpkinseed abundance generally 

increased as macrophyte cover increased, which is similar to the findings of Hinch and 

Collins (1993) on pumpkinseed and bluegill abundance in central Ontario lakes. 

Different macrophyte bed types may be more conducive to more efficient foraging and 

thus increase the use in some lakes. Darters are believed to be intolerant (fishes sensitive 

to degradation of habitat) (Jennings et al. 1996) benthic fish often found among complex 

lake shoreline substrates (Jennings et al. 1999). Darters are cryptic (Becker 1983) and 
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likely use macrophyte beds for protection when predator abundance is high. Among 

three study lakes containing Iowa and/or johnny darters, relations to macrophytes were 

inconsistent. In one lake, we found both johnny and Iowa darters in more porous 

macrophyte beds while in the other three, these species were found at intermediate levels 

of submergent macrophytes and porosity; areas typically with hard bottom substrate. In 

this study, the central mudminnow was found in macrophyte beds with intermediate to 

high levels of floating and short-shrub submergent vegetation. The slow swimming 

(Becker 1983) central mudminnow is highly susceptible to predation by fish and birds 

and likely use high densities of vegetation to reduce the risk of predation (Tonn and 

Magnuson 1982). 

In contrast, Sparkling Lake had the least similar fish assemblage to the first three lakes 

with only bluntnose minnow in common with those lakes. Common species in Sparkling 

Lake which differed from the first three lakes included YOY walleye and mottled 

sculpin. Rock bass and mottled sculpin were in littoral zones with increased porosity 

while bluntnose minnows, mimic shiners and YOY walleye were found at intermediate 

levels of porosity with a slight preference for emergent vegetation. Iowa darters, YOY 

smallmouth bass, and YOY esocids were found in beds with increased submergent 

vegetation. While increased esocid abundance in macrophytes is expected (Threinen et 

al. 1978; Becker 1983), macrophyte use by smallmouth bass, an inhabitant of 

oligotrophic systems, was surprising. Perhaps oligotrophic lakes have better spawning 

habitat, but once hatched, YOY smallmouth bass may seek complex habitats for 

protective cover. A previous study of Sparkling Lake (Lyons 1987) also found mottled 
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sculpin in shallow water with rocky cover, Iowa darters in vegetation, and mimic shiners 

and bluntnose minnows confined to depths <1 m where emergent vegetation tends to be 

restricted. 

Tug Lake and Pesabic Lake both contained bluegill, pumpkinseeds, yellow perch, and 

YOY esocids. Although these two lakes were similar in species composition, the 

relations among fish were also not consistent. We expected bluegill and pumpkinseeds to 

utilize macrophyte beds with similar characteristics (Hinch and Collins 1993); however 

this was not the case. In Pesabic Lake, pumpkinseeds were relating to macrophyte beds 

with floating leaves and increase porosity, while bluegills were in slightly less porous 

macrophyte beds with higher amounts of ribbon leaf and long-wide leaf submergent 

vegetation. In Tug Lake, pumpkinseeds were highly associated with increased porosity, 

while bluegills were in less porous macrophyte beds. Harrel and Dibble (2001) found 

that bluegill foraging duration increased with decreased light in the middle stratum of 

macrophyte beds in Devils Lake, Wisconsin. A study by Olson et al. (1998) found that 

when deep channels were cut in dense macrophyte beds bluegills growth rates increased, 

likely as a result of increase foraging opportunities. Tug Lake and Pesabic Lake are 

stained lakes and, bluegills and pumpkinseeds were found in macrophyte beds that were 

intermediate to highly porous, perhaps increasing their ability to forage. 

Surprisingly, relations between macrophytes and young-of-year fish assemblages were 

reasonably consistent among lakes. Some differences were clearly a result of seasonal 

variation in spawning and hatching. Despite differences in YOY assemblages, three 
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species ofYOY, largemouth bass, yellow perch, and esocids, were consistently found in 

beds with decreased porosity. Use of macrophytes by YOY largemouth bass differed 

across lakes. While YOY largemouth bass were found in macrophytes in all three lakes, 

in two lakes they were found in beds with decreased porosity, but in the third lake they 

were in beds with increased porosity. YOY yellow perch were found in four lakes. In 

three of four lakes YOY yellow perch were found in intermediate levels of porosity, in 

the forth lake they were in areas of higher porosity. YOY esocids were also found in four 

lakes. In three of four lakes they were in macrophyte beds with increased floating, 

emergent, and submergent vegetation and decreased porosity, while in the forth lake they 

were at intermediate porosity levels. Consistently finding YOY species in macrophyte 

beds with decreased porosity is consistent with other studies that concluded that 

macrophyte beds provide effective shelter against predation (Werner et al. 1983; Rossier 

et al. 1996). 

Studies directly addressing links between macrophytes and effects on fish distributions 

usually have focused on predator-prey interactions (Savino and Stein 1982), a single lake 

(Weaver et al. 1997), or coarse estimates of macrophyte cover and fish relations among 

multiple lakes (Tonn and Magnuson 1982). This study was unique because we studied 

all fish species (including YOY) present within a suite of 6 lakes of relatively similar size 

(<80 ha in surface area), and all in the same ecoregion (Northern Highlands ecoregion 

(Martin 1965) and the South Superior Mixed Forest ecoregion (Bailey 1976)). Moreover, 

the macrophyte communities in these systems were sampled in greater detail. Despite 

similarities, these six systems had some distinct differences. Pesabic Lake and Sparkling 
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Lake are seepage lakes and had the lowest plant species richness. The other four lakes 

are drainage lakes, which tended to have a higher diversity of macrophytes possibly as a 

result of their increased connectedness to other lakes (Riera et al. 2000). Tug Lake and 

Pesabic Lake are also tannic lakes whereas the other four lakes are not. In Pesabic and 

Tug Lakes, bluegills were found in macrophyte beds that were more porous, perhaps 

improving their ability to forage. Other physical (i.e., surface area and maximum depth) 

and limnological (i.e., secchi depth, dissolved oxygen, phosphorus, and alkalinity) 

differences may also influence macrophyte-fish relations within these lakes (Tonn and 

Magnuson 1982; Chick and Mcivor 1994; Randall et al. 1996). 

This study is also unique because it focuses on the macrophyte and fish communities of 

the very nearshore littoral zone. A number of studies have assessed macrophyte-fish 

relations in aquaria or small study ponds in which only one or two species of fish were 

analyzed and artificial or limited macrophyte species were used (Savino and Stein 1982; 

Gotceitas and Colgan 1987; Dionne and Folt 1991; Valley and Bremigan 2002). Studies 

that have focused on macrophyte-fish relations in lakes have primarily focused on deeper 

water macrophyte beds (Werner et al. 1977; Tonn and Magnuson 1982; Weaver et al. 

1997). Clearly, macrophytes are important to fish; however the relations between 

specific macrophyte characteristics and fish communities are not consistent among lakes. 

Variation in macrophyte community structure and fish communities likely contributes to 

these inconsistencies. Biologists may need to pay closer attention to lake-specific 

differences and not apply across-lake strategies for managing macrophyte communities in 

lakes. In addition, it may be necessary for biologists and lake managers to assess whole-
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lake macrophyte conditions for unique and critical habitat verses using site-by-site 

assessments and management practices. 
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Vallisneria Americana 
RIBBON LEAF 

Nqjas flexi/is 
SHORT LEAF 

Lobelia dortmanna 
SHORT-SHRUB LEAF 

Potamogeton praelongus 
LONG-WIDE LEAF 

Ceratophyllum demersum 
COMPLEX LEAF 

Potamogeton divers!folius 
LONG-NARROW LEAF 

Appendix A. Representative drawings based on leaf structure of each of the 
six categories of submergent macrophytes. 
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Appendix B. The classification of 50 species of macrophytes found during this study into 
the six submergent macrophyte types. Species placed in multiple categories as a result of 
seasonal variability in growth form or lake nutrient variability resulting in leaf size and 
shape differences are noted by an"*". 

Ribbon 
Eleocharis acicularis* 
Potamogeton epihydrus* 
Sagittaria sp. 
Sparganium angustifolium 
Sparganium emersum 
Sparganium sp. * 
Vallisneria americana 

Short-Shrub 
Elatine minima 
Eleocharis acicularis* 
Eriocaulon aquaticum 
Isoetes echinospora 
Isoetes lacustris 
Isoetes sp. 
Juncus pelocarpus 
Lobelia dortmanna 
Mimulus ringens 
Myriophyllum tenellum 
Najas flexilis* 
Nupharsp. * 
Polygonum punctatum * 
Ranunculus flammula 
Sagittaria cuneata 
Sagittaria graminea 
Sparganium sp. * 
Zosterella dubia* 

Long-Wide 
Brasenia schreberi 
Nuphar5p. * 
Nymphaea odorata 
Potamogeton alpinus 
Potamogeton amplifolius 
Potamogeton crispus 
Potamogeton richardsonii* 
Potamogeton sp. 
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Complex 
Ceratophyllum demersum 
Charasp. 
Equsetum arvense 
Megalodonta bee/di 
Myriophyllum sibiricum 
Nitella sp. 
Ranunculus aquatilis 

Long-Narrow 
Potamogeton diversifolius 
Potamogeton epihydrus* 
Potamogeton foliosus 
Potamogeton friesii 
Potamogeton gramineus 
Potamogeton natans 
Potamogeton pusillus 
Potamogeton pusillus tenuissinus 
Potamogeton richardsonii* 
Potamogeton robbinsii 
Potamogeton zosteriformis 
Salix sp. roots 
Stuckenia pectinata 
Zosterella dubia* 

Short 
Elodea canadensis 
Elodea nuttallii 
Nqjas flexilis* 
Polygonum punctatum * 
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Appendix C. Schematic of sampling quadrat showing 4 points at which submergent 
plant heights were measured. 
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Appendix D 1. Board dimensions and dot diameters for nine porosity boards tested in Allequash Lake. The porosity board is named 
for the number of columns by the number of rows of dots. Space between dots is equal to the dot diameter. Note: The 10 X 10 
porosity board was not used due to extremely large number of small dots, which were too difficult to count underwater. 

Porosity Boards Number of Dots Dot Diameter ( cm) Board Height (cm) Board Width ( cm) 

6X6 36 2.5 30 30 

5X5 25 2.5 25 25 

6X3 18 2.5 15 30 

3X6 18 2.5 30 15 

5X3 15 2.5 15 25 

3X5 15 2.5 25 15 

10X5 50 1.5 15 30 

5 X 10 50 1.5 30 15 

lOX 10 100 1.5 30 30 



.... .... 
v-, 

Appendix D2. Macrophyte density and respective porosity values for eight porosity boards tested in Allequash Lake. The 
porosity board is named for the number of columns by the number of rows of dots. Porosity was the percent of dots completely 
visible to an observer at 0.5m. Plants were Scirpus sp. emergent vegetation. 

Density Porosity Boards 

(# stems/m2) 6X6 5X5 6X3 3X6 5X3 3X5 10 X 5 5 X 10 

42 61% 64% 78% 56% 87% 67% 80% 82% 

44 89% 88% 100% 94% 93% 80% 98% 94% 

54 58% 48% 56% 72% 60% 60% 80% 76% 

60 78% 72% 72% 78% 60% 73% 76% 66% 

71 86% 84% 94% 89% 87% 87% 92% 92% 

81 58% 56% 33% 50% 53% 20% 66% 62% 

96 47% 52% 56% 33% 73% 67% 68% 80% 

102 39% 28% 50% 56% 53% 33% 66% 58% 

125 54% 44% 39% 73% 33% 58% 60% 88% 



Appendix D3. Pearson correlation matrix for nine variables used in testing porosity board dimensions. Coefficient of determination 

(r2) and p values listed respectively with p values in italic. Densities ranged from 42-125 stems/m2 of Scirpus sp. The nine variables 
are named for the number of columns by the number of rows of dots on the porosity board. Porosity was the percent of dots 
completely visible to an observer at 0.5m. 

DENSITY 6X6 5X5 6X3 3X6 5X3 3X5 10X5 5 X 10 

DENSITY 1.000 

6X6 -0.615 1.000 

0.078 

5X5 -0.653 0.956 1.000 

0.057 <0.001 - 6X3 -0.685 0.804 0.829 1.000 -O'I 

0.042 0.009 0.006 

3X6 -0.369 0.183 0.625 0.635 1.000 

0.328 0.008 0.072 0.066 

5X3 -0.739 0.598 0.740 0.875 0.254 1.000 

0.023 0.089 0.023 0.002 0.509 

3X5 -0.424 0.694 0.713 0.829 0.569 0.630 1.000 

0.256 0.038 0.031 0.006 0.110 0.069 

10X5 -0.784 0.838 0.835 0.931 0.691 0.852 0.704 1.000 

0.012 0.005 0.005 <0.001 0.039 0.004 0.034 

5 X 10 -0.187 0.551 0.592 0.605 0.504 0.503 0.772 0.577 1.000 

0.630 0.124 0.093 0.084 0.167 0.167 0.149 0.104 
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Appendix D4. Porosity as a function of stem count (#/m2) in Allequash Lake for eight different porosity boards. Solid lines 
correspond to solid circles; dashed lines correspond to shaded squares. 



Appendix E. Linear and non-linear models of macrophyte cover and porosity as 
functions of stem density for floating leaf, emergent, and submergent vegetation. 

Note: Porosity is the number of dots not intersected by plants per twenty-five dots. Porosity5o is 
the number of dots not at least 50% covered by plants per twenty-five dots. PorosityBs is the 
number dots not intersected by plants per the bottom row of five dots. PorosityBstso is the number 
of dots not at least 50% covered by plants per the bottom row of five dots. (See Figure 3) 

Panel 
a. Floating, Emergent, Submergent Macrophytes 

Stem count (#) vs. Cover (%) - Linear and Non-Linear 
b. Floating Species: Nuphar sp., Brasenia schreberi, and Nymphaea odorata 

Stem count (#) vs. Cover (%) - Linear and Non-Linear 
c. Emergent Species: Pontederia cordata, Equisetumjluviatile, Sparganium eurycarpum, 

and Typha sp. 
Stem count(#) vs. Cover(%)- Linear and Non-Linear 

d-e. Submergent Species: Elodea canadensis, Ceratophyllum demersum, Potamogeton 
richardsonii, P. natans, Juncus pelocarpus,and Sparganium angustifo/ium 

Stem count (#) vs. Cover (%) - Linear and Non-Linear 
f. Floating Leaf Macrophytes 

Stem count (#) vs. Porosity (%) - Linear and Non-Linear 
Stem count(#) vs. Porosity50 (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityB (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%) - Linear and Non-Linear 

g. Emergent Macrophytes 
Stem count(#) vs. Porosity(%)- Linear and Non-Linear 
Stem count(#) vs. Porosity50 (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityB (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%) - Linear and Non-Linear 

h. Submergent Macrophytes 
Stem count(#) vs. Porosity(%) - Linear and Non-Linear 
Stem count(#) vs. Porosity50 (%)- Linear and Non-Linear 
Stem count (#) vs. PorosityB (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%)- Linear and Non-Linear 

1. Floating Species: Nuphar sp. 
Stem count(#) vs. Porosity(%) - Linear and Non-Linear 
Stem count(#) vs. Porosity50 (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityB (%)- Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%) - Linear and Non-Linear 

J. Floating Species: Brasenia schreberi 
Stem count(#) vs. Porosity(%)- Linear and Non-Linear 
Stem count(#) vs. Porosity50 (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityB (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%) - Linear and Non-Linear 

k. Floating Species: Nymphaea odorata 
Stem count(#) vs. Porosity(%) - Linear and Non-Linear 
Stem count(#) vs. Porosity50 (%)- Linear and Non-Linear 
Stem count(#) vs. PorosityB (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%)- Linear and Non-Linear 
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I. Emergent Species: Pontederia cordata 
Stem count(#) vs. Porosity (%)-Linear and Non-Linear 
Stem count(#) vs. Porosityso (%)- Linear and Non-Linear 
Stem count (#) vs. PorosityB (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%)- Linear and Non-Linear 

m. Emergent Species: Equisetum jluviatile 
Stem count(#) vs. Porosity(%)- Linear and Non-Linear 
Stem count (#) vs. Porosity50 (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityB (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%) - Linear and Non-Linear 

n. Emergent Species: Sparganium eurycarpum 
Stem count(#) vs. Porosity(%)- Linear and Non-Linear 
Stem count(#) vs. Porosity5o (%)- Linear and Non-Linear 
Stem count(#) vs. PorosityB (%)- Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%) - Linear and Non-Linear 

o. Emergent Species: Typha sp. 
Stem count(#) vs. Porosity(%) - Linear and Non-Linear 
Stem count(#) vs. Porosityso (%)- Linear and Non-Linear 
Stem count(#) vs. PorosityB (%)- Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%)- Linear and Non-Linear 

p. Submergent Species: Elodea canadensis 
Stem count(#) vs. Porosity(%)- Linear and Non-Linear 
Stem count (#) vs. Porosity50 (%) - Linear and Non-Linear 
Stem count (#) vs. PorosityB (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%) - Linear and Non-Linear 

q. Submergent Species: Ceratophyllum demersum 
Stem count(#) vs. Porosity(%)- Linear and Non-Linear 
Stem count(#) vs. Porosity50 (%)- Linear and Non-Linear 
Stem count (#) vs. PorosityB (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%)- Linear and Non-Linear 

r. Submergent Species: Potamogeton richardsonii 
Stem count(#) vs. Porosity(%)- Linear and Non-Linear 
Stem count(#) vs. Porosity5o (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityB (%)- Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%) - Linear and Non-Linear 

s. Submergent Species: Potamogeton natas 
Stem count(#) vs. Porosity(%)- Linear and Non-Linear 
Stem count(#) vs. Porosity5o (%)- Linear and Non-Linear 
Stem count(#) vs. PorosityB (%)- Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%) - Linear and Non-Linear 

t. Submergent Species: Juncus pelocarpus 
Stem count(#) vs. Porosity(%) - Linear and Non-Linear 
Stem count(#) vs. Porosity50 (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityB (%)- Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%) - Linear and Non-Linear 

u. Submergent Species: Sparganium angustifolium 
Stem count(#) vs. Porosity(%) - Linear and Non-Linear 
Stem count(#) vs. Porosity so(%) - Linear and Non-Linear 
Stem count(#) vs. PorosityB (%) - Linear and Non-Linear 
Stem count(#) vs. PorosityBso (%) - Linear and Non-Linear 
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Linear Model Non-linear Model 

Floating Leaf Macrophytes Floating Leaf Macrophytes 
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" > > 60 0 60 0 u u 
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Emergent Macrophytes Emergent Macrophytes 
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~ 

y = I .2444x0·"73 .. 80 y = 0.0886x + 7.6403 .. 80 
" " ~ 60 R2 = 0.31 8 60 R2 =0.45 
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l! 40 = 40 • " ••,r e,o 
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ol 
100 

ol 
100 

> 80 y = 0.261x + 1.3414 > 80 y = -0.0003x2 + 0.2885x + 0.9854 0 0 u 
R2 = 0.79 

u 
R2 = 0.79 ... 60 .... 60 = ,.._ = -;-.. :!c. ~c ~~ 40 40 

" cu 
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.&> 20 •• .&> 20 • = = 00 00 
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Stem Count (#/m1) Stem Count (#/m1) 

Panel a. Linear and non-linear models ofmacrophyte cover (i.e.,% area covered per 

lm2 quadrat) as a function of stem density for floating, emergent, and submergent 
vegetation. Models contain all species present for each type of macrophyte; see page 1 
of Appendix E for species. 
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Linear Model Non-linear Model 

Nupharsp. Nupharsp. 
,-.. 100 'c' 100 t ~ ... 80 y = 0.7868x + 6.8219 ':' 80 y = 0.7868x + 6.8219 ., ., 

R2 = 0.59 ;,-
60 R2 =0.59 

;,-
60 0 0 u 

~ 
u • tll) 40 tll) 40 • .5 ·! • t;j 20 OS 20 0 £ Ii'.: • 0 0 

0 10 20 30 40 50 0 10 20 30 40 
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Brasenia schreberi Brasenia schreberi 
,-.. 100 ,.... 100 
-;;?_ -;;?_ 
~ 80 y = 0.2719x + 4.3023 ~ 80 ... ... y = 0.9407x0·m• ., 

R' = 0.62 
., 

;,-
60 ;,-

60 R2 =0.71 0 0 u u 
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Nymphaea odorata Nymphaea odorata 
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Panel b. Linear and non-linear models of macrophyte cover as a function of stem 
density for floating vegetation. Models contain all floating leaf species present; see 
page 1 of Appendix E for species. 
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40 

Panel c. Linear and non-linear models of macrophyte cover as a function of stem 
density for emergent vegetation. Models contain all emergent species present; see page 
1 of Appendix E for species. 
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Linear Model Non-linear Model 
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Panel d. Linear and non-linear models of macrophyte cover as a function of stem 
density for submergent vegetation. Potamogeton natans was evaluated for only the 
submergent portion of the plant for % coverage; stem count reflects the number of 
plants. 
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Linear Model Non-linear Model 
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Panel e. Linear and non-linear models of macrophyte cover as a function of stem 
density for submergent vegetation. Potamogeton natans was evaluated for only the 
floating portion of the plant for% coverage; stem count reflects the number of plants. 
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Linear Model 
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Panel f Linear and non-linear models of porosity as a function of stem density for 
floating vegetation. Models contain all floating species present; see page 1 of 
Appendix E for species. 
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Linear Model Non-linear Model 
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Panel g. Linear and non-linear models of porosity as a function of stem density for 
emergent vegetation. Models contain all emergent species present; see page I of 
Appendix E for species. 
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Linear Model Non-linear Model 
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Panel h. Linear and non-linear models of porosity as a function of stem density for 
submergent vegetation. Models contain all submergent species present; see page 1 of 
Appendix E for species. 
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Linear Model Non-linear Model 
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Panel i. Linear and non-linear models of porosity as a function of stem density for 
floating leaf macrophyte Nuphar sp. 
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Linear Model Non-linear Model 
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Panel j. Linear and non-linear models of porosity as a function of stem density for 
floating leaf macrophyte Brasenia schreberi . 
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Linear Model Non-linear Model 
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Panel k. Linear and non-linear models of porosity as a function of stem density for 
floating leaf macrophyte Nymphaea odorata . 
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Linear Model Non-linear Model 
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Panel 1. Linear and non-linear models of porosity as a function of stem density for 
emergent macrophyte Pontederia cordata . 
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Linear Model Non-linear Model 
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Panel m. Linear and non-linear models of porosity as a function of stem density for 
emergent macrophyte Equisetum fluviatile . 
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Linear Model Non-linear Model 
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Panel n. Linear and non-linear models of porosity as a function of stem density for 
emergent macrophyte Sparganium eurycarpum . 
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Linear Model Non-linear Model 
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Panel o. Linear and non-linear models of porosity as a function of stem density for 
emergent macrophyte Typha sp. 
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Linear Model Non-linear Model 
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Panel p. Linear and non-linear models of porosity as a function of stem density for 
submergent macrophyte Elodea canadensis . 
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Linear Model Non-linear Model 

Ceratophyllum demersum Ceratophyllum demersum 
100 • • 100 

,..,. 80 ,..,. 80 t e 
.€ 60 . €' 60 

y = O. I 83 lx2 - 6.3256x + 108.41 • "' 40 "' 40 e y = -3. I 982x + 99.228 e 
0 

R2 = 0.32 ~ R2 =0.34 
~ 20 • 20 • 

0 0 

0 4 8 12 16 0 4 8 12 

Stem Count (#/m2) Stem Count (#/m2) 

Ceratophyllum demersum Ceratophyllum demersum 
100 100 

,..,. 
80 

,..,. 
80 ~ ::?. 

~ ~ 

.l 60 .§ 60 

"' 40 • "' 40 • e y = -2.7899x + 103.22 e y = 0.0316x2 - 3.3302x + 104.81 0 20 0 20 ~ R2 = 0.39 ~ 
R2 =0.39 

0 0 

0 4 8 12 16 0 4 8 12 

Stem Count (#/m2) Stem Count (#/m2) 

Ceratophyl/um demersum Ceratophyllum demersum 
100 100 

,..,. 
80 • ,..,. 

80 
y = 0.7228x2 - 13.131x + 92.63 

t e R2 =0.43 

_j 60 • • • • l 60 • 
"' 40 y = -0.3454x + 54.093 

., 40 e ! 0 20 R2 =0.01 • • 20 • • ~ 

0 0 

0 4 8 12 16 0 4 8 12 

Stem Count (#/m1) Stem Count (#/m1) 

Ceratophyllum demersum Ceratophyllum demersum 
JOO 100 ,..,. ,..,. 

e 80 • • • ::?. 80 • • ~ 
0 0 y = 0.6027x2 - I I .542x + 96.072 

.€ 
60 J 60 

R2 = 0.24 

"' 
40 y = -0.8808x + 63.938 ·;;; 40 

e 
20 R2 = 0.03 • • e 20 0 0 • • ~ ~ 

0 0 

0 4 8 12 16 0 4 8 12 

Stem Count (#/m2) Stem Count (#/m2) 

Panel q. Linear and non-linear models of porosity as a function of stem density for 
submergent macrophyte Ceratophyllum demersum . 

136 

• 

16 

16 

• 

16 

• 

16 



Linear Model Non-linear Model 
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Panel r. Linear and non-linear models of porosity as a function of stem density for 
submergent macrophyte Potamogeton richardsonii . 
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Linear Model Non-linear Model 
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Appendix F. Results of simple linear regression analyses for Arrowhead Lake using macrophyte morphology to predict fish species 

abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha was set at 
p S 0.05. Both independent and dependent variables are log10(x+ 1) transformed for all models. Plants or fish had to be present in at 

least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porosity85 

Blackchin 0.081 0.214 0.000 0.192 0.070 0.040 0.017 0.086 0.060 0.023 

shiner 0.252 0.053 0.983 0.069 0.289 0.429 0.611 0.237 0.326 0.547 

Bluntnose 0.072 0.384 0.118 0.473 0.023 0.012 0.098 0.003 0.168 0.089 

minnow 0.280 0.006 0.163 0.002 0.552 0.663 0.205 0.843 0.091 0.230 

Iowa darter 0.086 0.313 0.010 0.127 0.007 0.036 0.000 0.058 0.166 -0.636 

0.238 0.141 0.695 0.147 0.749 0.449 0.944 0.335 0.093 <0.001 

Johnny 0.002 0.003 0.019 0.002 0.101 0.001 0.000 0.002 0.000 0.000 

darter 0.848 0.822 0.587 0.866 0.198 0.891 0.932 0.873 0.992 0.097 

Mottled 0.154 0.000 0.181 0.010 0.023 0.205 0.110 0.066 0.056 0.001 

sculpin 0.108 0.932 0.078 0.699 0.551 0.059 0.179 0.305 0.343 0.927 



Appendix F. ( continued) Results of simple linear regression analyses for Arrowhead Lake using macrophyte morphology to predict 

fish species abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha 
was set at p :S 0.05. Both independent and dependent variables are log10(x+l) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A 11- 11 indicates that insufficient macrophytes existed to perform any 
analysis. 

Young-of-Year Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porosity85 

Smallmouth 0.006 O.Oll 0.019 0.019 0.017 0.078 0.022 0.072 0.016 0.010 

bass 0.751 0.679 0.590 0.583 0.605 0.262 0.555 0.280 0.616 0.695 

White sucker 0.056 0.401 0.005 0.351 0.023 0.040 0.022 0.153 0.041 0.201 .... 
.i::,,. 0.346 0.005 0.780 0.010 0.552 0.429 0.559 0.108 0.421 0.062 N 

Yellow perch 0.066 0.362 0.043 0.270 0.129 0.021 0.097 0.168 0.030 0.173 

0.302 0.008 0.412 0.027 0.143 0.568 0.208 0.091 0.490 0.086 



Appendix F. ( continued) Results of simple linear regression analyses for Brandy Lake using macrophyte morphology to predict fish 

species abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha 
was set at p :S 0.05. Both independent and dependent variables are log10(x+l) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any 
analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porosity85 

Mottled 0.007 0.027 0.053 0.082 0.013 0.000 0.156 0.055 0.002 

sculpin 0.744 0.512 0.359 0.249 0.654 0.946 0.105 0.350 0.868 

Yellow 0.273 0.004 0.035 0.003 0.102 0.023 0.003 0.011 -0.242 -~ bullhead 0.026 0.801 0.456 0.830 0.197 0.551 0.834 0.680 0.038 w 

Young-of-Year Fish Species 

Cyprinid 0.122 0.015 0.044 0.001 0.004 0.163 0.008 -0.274 0.138 

0.155 0.632 0.401 0.930 0.801 0.096 0.725 0.026 0.129 
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Appendix F. ( continued) Results of simple linear regression analyses for Diamond Lake using macrophyte morphology to predict 

fish species abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha 
was set at p .:S 0.05. Both independent and dependent variables are log10(x+l) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any 
analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porosity85 

Bluegill 0.049 0.052 0.000 0.102 

0.379 0.363 0.936 0.196 

Iowa darter 0.404 0.633 0.425 -0.251 

0.005 0.005 0.003 0.034 

Rock bass 0.000 0.000 0.014 0.045 

0.956 0.966 0.637 0.398 

Smallmouth 0.022 0.026 0.045 0.144 

bass 0.553 0.527 0.398 0.120 



..... 

Appendix F. ( continued) Results of simple linear regression analyses for Hodstradt Lake using macrophyte morphology to predict 

fish species abundance. Values are the coefficient of determination (r2) and p-value. Significant·relations are indicated in bold. Alpha 
was set at p .::S 0.05. Both independent and dependent variables are log10(x+l) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any 
analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porositya5 

Bluegill 0.035 0.009 0.167 -0.713 -0.406 

0.455 0.703 0.092 <0.001 0.004 

Bluntnose 0.121 0.058 0.274 -0.599 -0.369 

~ minnow 0.157 0.336 0.026 <0.001 0.008 Vl 

Smallmouth 

bass 

Young-of-Year Fish Species 

White sucker 

0.007 

0.747 

0.047 

0.386 

0.006 

0.768 

0.047 

0.386 

0.167 

0.092 

0.017 

0.610 

0.010 

0.695 

0.035 

0.458 

0.014 

0.643 

0.018 

0.598 



Appendix F. ( continued) Results of simple linear regression analyses for Johnson Lake using macrophyte morphology to predict fish 

species abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha 
was set at p ~ 0.05. Both independent and dependent variables are log10(x+l) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any 
analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity2s Porosity85 

Bluegill 0.043 0.031 0.036 0.013 0.102 0.155 0.341 -0.589 0.154 

0.408 0.486 0.453 0.649 0.196 0.106 0.011 <0.001 0.107 

Bluntnose 0.050 0.202 0.031 0.030 0.004 0.031 0.246 0.126 0.125 

..... minnow 0.373 0.061 0.485 0.493 0.792 0.482 0.036 0.148 0.150 
~ 
O'I 

Johnny 0.005 0.0ll 0.003 0.148 0.154 0.067 0.035 0.081 0.006 

darter 0.791 0.683 0.816 0.115 0.107 0.300 0.456 0.251 0.758 

Mottled 0.127 0.056 0.ll7 0.015 0.003 0.033 0.177 0.025 0.151 

sculpin 0.147 0.346 0.166 0.633 0.841 0.473 0.082 0.528 0.111 

Young-of-Year Fish Species 

Largemouth 0.384 0.061 0.369 0.001 0.000 0.055 0.472 -0.233 -0.623 

bass 0.006 0.323 0.007 0.911 0.980 0.350 0.002 0.042 <0.001 



Appendix F. ( continued) Results of simple linear regression analyses for Lake Six using macrophyte morphology to predict fish 

species abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha 
was set at p :S 0.05. Both independent and dependent variables are log10(x+l) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any 
analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porosity85 

Bluegill 0.327 0.144 0.144 0.094 0.069 0.176 -0.255 

0.013 0.121 0.121 0.215 0.294 0.083 0.033 

Bluntnose 0.034 0.002 0.001 0.017 0.006 0.131 0.096 

minnow 0.465 0.862 0.894 0.611 0.758 0.140 0.210 .... 
..i::,. 
--.J 

Iowa darter 0.296 0.377 0.374 0.080 0.410 0.203 0.216 

0.019 0.007 0.007 0.255 0.004 0.061 0.052 

Young-of-Year Fish Species 

Bluegill 0.468 0.135 0.140 0.011 0.153 -0.660 -0.568 

0.002 0.133 0.126 0.681 0.108 <0.001 <0.001 

Largemouth 0.024 0.066 0.068 0.149 0.071 0.091 0.143 

bass 0.535 0.304 0.296 0.114 0.284 0.225 0.122 

Yellow 0.445 0.000 0.000 0.096 0.002 -0.439 -0.347 

perch 0.002 0.988 0.989 0.211 0.859 0.003 0.010 



Appendix F. ( continued) Results of simple linear regression analyses for Mercer Lake using macrophyte morphology to predict fish 

species abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha 
was set at p .:S 0. 05. Both independent and dependent variables are log10(x+ 1) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any 
analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porosity85 

Bluegill 0.001 0.000 0.022 0.023 0.002 0.019 0.001 0.033 0.001 0.009 

0.904 0.972 0.555 0.552 0.858 0.588 0.921 0.472 0.915 0.711 

Fantail 0.023 0.121 0.079 -0.333 0.068 0.000 0.030 0.004 0.003 0.071 

..... darter 0.552 0.157 0.258 0.012 0.295 0.978 0.490 0.816 0.826 0.286 
~ 
00 

Central 0.077 0.214 0.468 0.202 0.005 0.069 0.346 0.125 -0.227 -0.529 

mudminnow 0.265 0.053 0.002 0.061 0.783 0.293 0.010 0.151 0.046 0.001 

Pumpkinseed 0.055 0.185 0.069 0.471 0.047 0.007 0.088 0.048 0.190 -0.251 

0.350 0.075 0.291 0.002 0.388 0.744 0.231 0.383 0.071 0.034 

Rock bass 0.001 0.067 0.105 0.130 0.047 0.002 0.102 0.018 0.065 0.146 

0.913 0.301 0.190 0.142 0.390 0.867 0.196 0.598 0.306 0.117 

Tadpole 0.001 -0.452 0.176 0.180 0.102 -0.310 0.129 0.130 0.023 0.271 

madtom 0.906 0.002 0.083 0.079 0.195 0.016 0.144 0.141 0.549 0.027 

Yellow 0.071 0.004 0.004 0.007 0.012 0.005 0.001 0.106 0.027 0.001 

bullhead 0.286 0.806 0.807 0.740 0.665 0.779 0.927 0.188 0.518 0.926 
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Appendix F. ( continued) Results of simple linear regression analyses for Mercer Lake using macrophyte morphology to predict fish 

species abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha 
was set at p :S 0.05. Both independent and dependent variables are log10(x+l) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any 
analysis. 

Young-of-Year 
Short- Long- Long- Mean 

Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porosity BS 

Largemouth 0.007 0.735 0.469 0.509 0.163 0.287 0.435 0.305 0.120 -0.549 

bass 0.740 <0.001 0.002 0.001 0.097 0.022 0.003 0.017 0.159 <0.001 

Smallmouth 0.162 -0.391 0.114 -0.558 -0.411 0.023 -0.236 0.118 0.258 0.474 

bass 0.098 0.006 0.170 <0.001 0.004 0.551 0.041 0.163 0.031 0.002 
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Appendix F. ( continued) Results of simple linear regression analyses for Pesabic Lake using macrophyte morphology to predict fish 

species abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha 
was set at p :S 0.05. Both independent and dependent variables are log10(x+l) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 PorosityB5 

Bluegill 0.055 0.077 0.094 0.006 0.000 0.154 -0.225 

0.347 0.264 0.217 0.764 0.958 0.107 0.046 

Yellow 0.623 0.147 0.170 0.026 0.023 -0.375 -0.280 

perch <0.001 0.116 0.089 0.526 0.551 0.007 0.024 

Young-of-Year Fish Species 

Largemouth 0.501 0.326 0.304 0.119 0.060 -0.303 0.173 

bass 0.001 0.013 0.018 0.161 0.326 0.018 0.086 
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Appendix F. ( continued) Results of simple linear regression analyses for Sparkling Lake using macrophyte morphology to predict 

fish species abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha 
was set at p :S 0.05. Both independent and dependent variables are log10(x+l) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any 
analysis. 

Short- Long- Long-
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow 

Iowa darter 

Rock bass 

Mottled 

sculpin 

Young-of-Year Fish Species 

Smallmouth 

bass 

0.056 

0.345 

0.042 

0.417 

0.196 

0.066 

0.316 

0.015 

0.581 

<0.001 

-0.261 

0.030 

-0.346 

0.010 

0.157 

0.104 

0.581 0.579 

<0.001 <0.001 

-0.261 

0.030 

-0.346 

0.010 

0.156 

0.105 

0.040 

0.424 

0.040 

0.424 

0.092 

0.220 

Mean 
Height 

0.516 

0.001 

-0.240 

0.039 

-0.339 

0.011 

0.089 

0.230 

Porosity2s Porosityas 

0.029 

0.496 

0.030 

0.492 

0.164 

0.095 

-0.508 

0.001 

-0.515 

0.001 

0.130 

0.142 

0.223 

0.048 

-0.284 

0.023 



Appendix F. ( continued) Results of simple linear regression analyses for Stone Lake using macrophyte morphology to predict fish 

species abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha 
was set at p :S 0.05. Both independent and dependent variables are log10(x+ 1) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any 
analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porosity85 

Bluegill 0.045 0.204 0.052 0.050 0.075 0.175 0.003 0.094 -0.274 0.140 

0.399 0.060 0.361 0.373 0.273 0.084 0.831 0.216 0.026 0.126 

Black 0.068 0.020 0.028 0.292 0.081 0.007 0.018 0.082 0.035 0.105 

_. crappie 0.295 0.572 0.504 0.021 0.252 0.740 0.591 0.251 0.455 0.189 
V'I 
N 

Largemouth 0.020 0.005 0.052 0.000 0.005 0.086 0.089 0.110 0.002 0.000 

bass 0.571 0.789 0.362 0.974 0.783 0.239 0.229 0.179 0.876 0.940 

Mottled 0.061 0.116 0.001 0.004 0.001 0.044 0.016 0.012 0.046 0.017 

sculpin 0.323 0.166 0.916 0.906 0.907 0.402 0.620 0.667 0.392 0.607 

Pumpkinseed 0.270 0.045 0.003 0.086 0.036 0.002 0.023 0.008 0.001 0.008 

0.027 0.400 0.818 0.239 0.448 0.866 0.549 0.730 0.915 0.719 



Appendix F. (continued) Results of simple linear regression analyses for Sweeney Lake using macrophyte morphology to predict fish 

species abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha 
was set at p ~ 0.05. Both independent and dependent variables are log10(x+l) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any 
analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porosity85 

Bluegill 0.238 0.138 0.096 0.320 0.033 0.006 0.085 0.469 -0.254 

0.040 0.130 0.210 0.014 0.473 0.758 0.241 0.002 0.033 

Bluntnose 0.152 0.006 0.089 0.164 0.197 0.014 -0.240 0.081 0.203 

- minnow 0.110 0.769 0.228 0.095 0.065 0.635 0.039 0.253 0.061 
Vl 
w 

Iowa darter 0.006 0.214 0.037 0.016 0.008 0.004 0.140 0.049 0.000 

0.756 0.053 0.442 0.612 0.719 0.800 0.127 0.376 0.996 

Johnny 0.002 0.030 0.271 0.122 0.063 0.000 0.002 0.169 0.041 

darter 0.873 0.493 0.027 0.155 0.315 0.969 0.865 0.090 0.418 

Mottled 0.155 0.086 0.023 0.176 0.004 0.073 0.015 0.140 0.178 

sculpin 0.107 0.238 0.552 0.083 0.805 0.277 0.626 0.126 0.081 

Pumpkinseed 0.206 0.270 -0.341 0.242 0.099 0.161 0.189 0.415 0.121 

0.058 0.027 0.011 0.038 0.203 0.099 0.072 0.004 0.157 

Rock bass 0.025 0.215 0.180 0.004 0.034 0.001 0.075 0.041 0.009 

0.528 0.053 0.079 0.799 0.467 0.916 0.272 0.419 0.702 
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Appendix F. ( continued) Results of simple linear regression analyses for Sweeney Lake using macrophyte morphology to predict fish 

species abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha 
was set at p :S 0.05. Both independent and dependent variables are log10(x+l) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any 
analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 PorosityB5 

Yellow 0.615 0.536 0.001 0.339 0.342 0.249 0.145 0.230 -0.458 

bullhead <0.001 0.001 0.893 0.011 0.001 0.035 0.119 0.044 0.002 

Yellow 0.278 0.623 0.137 0.039 0.002 0.000 0.023 0.101 0.048 

perch 0.025 <0.001 0.131 0.434 0.844 0.932 0.552 0.200 0.384 
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Appendix F ( continued). Results of simple linear regression analyses for Tug Lake using macrophyte morphology to predict fish 

species abundance. Values are the coefficient of determination (r2) and p-value. Significant relations are indicated in bold. Alpha 
was set at p:::: 0.05. Both independent and dependent variables are log10(x+l) transformed for all models. Plants or fish had to be 

present in at least 5 of 18 sites within the lake for analysis. A "-" indicates that insufficient macrophytes existed to perform any 
analysis. 

Short- Long- Long- Mean 
Fish Species Floating Emergent Submergent Ribbon Shrub Complex Short Wide Narrow Height Porosity25 Porosity85 

Bluegill 0.019 0.001 0.008 0.009 0.000 0.001 

0.581 0.885 0.726 0.701 0.943 0.898 

Yellow 0.125 0.025 0.027 0.021 0.033 0.043 

bullhead 0.151 0.532 0.519 0.564 0.471 0.407 

Yellow 0.008 0.086 0.030 0.037 0.003 0.160 

perch 0.732 0.237 0.490 0.443 0.818 0.100 
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Appendix G. Canonical correspondence analysis biplot of fish species relative to 
macrophyte characteristics in Arrowhead Lake, Wisconsin. See Table 3 for 
macrophyte abbreviations and Table 4 for fish species abbreviations. 
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Appendix H. Correlations of environmental variables with species axes as 
determined by a canonical correspondence analysis ordination of Arrowhead 

Variable Axis 1 Axis2 Axis 3 Axis4 

Floating -0.1243 0.0004 -0.0860 0.3049 

Emergent 0.2866 0.3547 -0.1056 0.2360 

Submergent 0.7392 -0.0167 -0.2967 -0.0963 

Porosity25 -0.3171 -0.6802 0.0903 -0.0712 

Porosity85 -0.7154 -0.2074 0. 1983 0.0499 

Mean height 0.0867 0.3118 0.1874 -0.0172 

Ribbon leaf -0.1265 0.3319 0.2147 0.1204 

Short-shrub leaf 0.7556 -0.0640 -0.3341 -0.0896 

Complex leaf -0.1077 0.0618 0.1946 -0.2834 

Short leaf -0.2972 0.1544 0.1710 0.0505 

Long-wide leaf 0.4556 -0.5137 0.0559 -0.2249 

Long-narrow leaf -0.1969 0.3819 0.2716 0.0923 

Eigenvalues 0.166 0.104 0.045 0.017 

Cumulative % variance explained 44.9 73.0 85.0 89.6 

p 0.7350 
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Appendix I. Canonical correspondence analysis biplot offish species relative to 
macrophyte characteristics in Diamond Lake, Wisconsin. See Table 3 for macrophyte 
abbreviations and Table 4 for fish species abbreviations. 
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Appendix J. Correlations of environmental variables with species axes as 
determined by a canonical correspondence analysis ordination of Diamond Lake. 

Variable Axis 1 Axis2 Axis 3 Axis4 

Emergent 0.0361 0.3450 0.0676 0.0000 

Submergent 0.3585 -0.1687 0.0034 0.0000 

Porosity85 -0.4770 0.2535 0.0141 0.0000 

Mean height 0.2552 -0.0528 0.2378 0.0000 

Ribbon leaf -0.2484 -0.2988 0.2509 0.0000 

Short-shrub leaf 0.3595 -0.1671 0.0022 0.0000 

Eigenvalues 0.169 0.027 0.009 0.426 

Cumulative % variance explained 82.4 95.6 100.0 0.0 

p 0.4700 
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Appendix K. Canonical correspondence analysis biplot of fish species relative to 
macrophyte characteristics in Hodstradt Lake, Wisconsin. See Table 3 for 
macrophyte abbreviations and Table 4 for fish species abbreviations. 
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Appendix L. Correlations of environmental variables with species axes as 
determined by a canonical correspondence analysis ordination of Hodstradt Lake. 

Variable Axis 1 Axis2 Axis 3 Axis4 

Floating -0.7188 -0.4859 -0.0026 -0.0393 

Emergent -0.2207 -0.2123 0.0444 -0.4624 

Submergent -0.2371 -0.0209 -0.1026 -0.4920 

Porosity25 0.7366 0.4181 0.0368 0.2053 

Porosity85 0.4936 0.3589 0.1191 0.3895 

Mean height -0.3731 -0.1093 -0.1386 0.4134 

Ribbon leaf -0.4164 -0.0224 -0.1435 0.3969 

Short-shrub leaf -0.1938 -0.0182 -0.0866 -0.4965 

Eigenvalues 0.868 0.402 0.386 0.068 

Cumulative % variance explained 48.9 71.5 93.3 97.0 

p 0.1750 
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Appendix M. Canonical correspondence analysis bi plot of fish species relative to 
macrophyte characteristics in Lake Six, Wisconsin. See Table 3 for macrophyte 
abbreviations and Table 4 for fish species abbreviations. 
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Appendix N. Correlations of environmental variables with species axes as 
determined by a canonical correspondence analysis ordination of Lake Six. 

Variable Axis 1 Axis2 Axis 3 Axis4 

Emergent -0.4831 0.0866 -0.2629 0.3543 

Submergent -0.0414 -0.0090 -0.2859 0.2348 

Porosity25 0.7380 0.0149 0.2204 -0.1700 

Porosity85 0.6983 -0.0724 0.2684 -0.1866 

Mean height -0.1526 -0.2557 -0.5086 0.2074 

Short-shrub leaf -0.0490 -0.0136 -0.2888 0.2425 

Complex leaf 0.1093 0.0770 -0.1997 0.0852 

Long-narrow leaf 0.0673 0.0668 -0.1630 -0.0844 

Eigenvalues 0.417 0.084 0.054 0.021 

Cumulative % variance explained 69.8 83.7 92.7 96.2 

p 0.0950 
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Appendix 0. Canonical correspondence analysis biplot of fish species relative to 
macrophyte characteristics in Stone Lake, Wisconsin. See Table 3 for macrophyte 
abbreviations and Table 4 for fish species abbreviations. 
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Appendix P. Correlations of environmental variables with species axes as 
determined by a canonical correspondence analysis ordination of Stone Lake. 

Variable Axis 1 Axis2 Axis 3 Axis4 

Floating 0.4521 -0.0800 -0.2269 -0.4827 

Emergent 0.6275 -0.3193 0.3921 -0.0520 

Submergent 0.1038 0.3526 -0.0028 0.6570 

Porosity25 -0.4179 0.5307 -0.0098 -0.1638 

Porosity8s -0.5061 0.2543 0.0415 -0.4309 

Mean height 0.3532 0.0827 0.1422 0.5003 

Ribbon leaf 0.4250 0.0253 0.5335 -0.0050 

Short-shrub leaf 0.2007 -0.2014 -0.2207 -0.1033 

Complex leaf 0.0105 0.0800 0.0684 0.1434 

Short leaf 0.2291 0.3919 -0.4122 0.4503 

Long-wide leaf 0.4793 0.1664 0.6198 0.0203 

Long-narrow leaf -0.0140 0.2004 0.1779 0.5191 

Eigenvalues 0.689 0.409 0.263 0.155 

Cumulative % variance explained 42.9 68.3 84.7 94.4 

p 0.5500 
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Appendix Q. Canonical correspondence analysis biplot of fish species relative to 
macrophyte characteristics in Sweeney Lake, Wisconsin. See Table 3 for macrophyte 
abbreviations and Table 4 for fish species abbreviations. 
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Appendix R. Correlations of environmental variables with species axes as 
determined by a canonical correspondence analysis ordination of Sweeney Lake. 

Variable Axis 1 Axis2 Axis 3 Axis 4 

Floating -0.3964 0.0350 -0.4002 0.3724 

Emergent -0.1201 0.2493 -0.0644 -0.1561 

Submergent -0.4865 -0.2383 -0.5938 -0.2319 

Porosity25 0.6969 0.0920 0.3486 · 0.0238 

Mean height -0.7222 -0.2496 -0.0280 -0.1519 

Ribbon leaf -0.1946 -0.4973 -0.5199 -0.3507 

Short-shrub leaf -0.0745 0.5027 0.0344 -0.3361 

Complex leaf -0.5828 0.0075 -0.3128 0.2791 

Short leaf -0.3928 0.2487 -0.3781 -0.1299 

Long-wide leaf -0.2223 0.0568 -0.2821 0.0807 

Long-narrow leaf -0.6519 0.2837 -0.0233 0.0911 

Eigenvalues 0.473 0.301 0.164 0.130 

Cumulative % variance explained 39.0 63.8 77.4 88.2 

p 0.1350 
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