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Exotic invasive plant species can alter aquatic habitats potentially influencing the
macroinvertebrate community and foraging fishes. Therefore, I investigated the
hypothesis that Hydrilla verticillata will alter habitat important to macroinvertebrate
community structure and bluegill foraging efficiency. Studies were conducted in ponds
and aquaria. At the pond level, macroinvertebrate abundance, richness, and biomass in a
hydrilla-dominated habitat did not differ significantly from a diverse plant habitat.
Indicator taxa did differ significantly between respective treatments. The data suggest
hydrilla beds may not provide increased macroinvertebrate abundance and richness
compared to diverse plant beds as previously thought. In aquaria, habitat complexity (Ihv)
and light transmittance were influenced by increasing the homogeneity of hydrilla in an
aquatic bed habitat. In addition, bluegill foraging efficiency was affected negatively by
increasing spatial complexity of a hydrilla dominated habitat. Therefore, a shift to a

monotypic hydrilla habitat can alter macroinvertebrate community composition and
impact bluegill foraging success.
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CHAPTER I
INTRODUCTION
Aquatic plants are important biological components of aquatic ecosystems
providing food, refuge, and attachment substrate that influence predator-prey interactions
(Keast 1984; Kornijow et al. 1995; Savino and Stein 1982). Consumption of available
prey by fish is influenced by plant density and habitat complexity, defined as size and
abundance of horizontal and vertical interstices of aquatic plants (Dibble and Killgore
1994; Lillie and Budd 1992). Intermediate levels of complexity are optimal for foraging
and growth of largemouth bass (Micropterus salmoides) and bluegill (Lepomis
macrochirus), and stabilize predator-prey interactions (Crowder and Cooper 1982; Valley
and Bremigan 2002). When plant density and complexity rise above or below a moderate
level, foraging time, growth, and ultimately survival of fish may decrease (Hayse and
Wissing 1996).
Aquatic habitats are heterogeneous environments (Santamaria 2002), comprised
of a naturally coexisting plant mosaic which can be quickly disrupted by an exotic plant
invader. Invasive aquatic plants may alter the physical, biological and chemical
characteristics of natural aquatic ecosystems. Invasive plant species are present in most
states and comprise 8-47% of the total flora (Van Driesche et al. 2002). Within aquatic
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ecosystems the invasive species, i.e., Eurasian watermilfoil (Myriophyllum spicatum L.),
hydrilla (Hydrilla verticillata L.F. Royle), and waterhyacinth (Eichhornia crassipes) are
currently recognized as nationally problematic species by the U.S. Army Corps of
Engineers (Madsen 1997). The prolific growth of many of these non-indigenous species
may alter nutrient cycling and trophic interactions (Madsen 1997; Posey et al. 1993)
additionally threatening habitat composition. Hydrilla was first discovered in Florida in
1960 (Langeland 1996) and within the last 45 years has quickly colonized over 690 water
bodies within 190 drainage basins of 21 states (Jacono and Richerson 2007). Hydrilla
grows rapidly and forms dense monotypic canopies which often replace native multispecies complexes (Langeland 1996; Madsen 1997). In addition, hydrilla predominance
also may alter the physicochemical environment (Posey et al. 1993; Smart and Barko
1988) which can dramatically impact the biological community. Therefore, fish and
invertebrates may be subject to deleterious changes in a monotypic hydrilla environment
relative to natural habitats that contain diverse, native macrophytes (Minshall 1984;
Schramm et al. 1987; Valley and Bremigan 2002).
Effects of aquatic macrophytes on invertebrate communities
Aquatic vegetation influences life-history dynamics of aquatic invertebrates by
affecting colonization (de Szalay and Resh 2000), distribution (Beckett et al. 1992;
Waters and San Giovanni 2002), predation (Batzer and Resh 1991; Crowder and Cooper
1982; Schramm and Jirka 1989; Zimmer et al. 2000), food availability (Campeau et al.
1994; Kornijow et al. 1995; Nelson et al. 1990), and trophic relationships (de Szalay and
Resh 1996). As aquatic macrophytes vary spatially and temporally, so do the aquatic
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invertebrate species that inhabit these vegetative environments (Schramm et al. 1987).
Presence in submerged habitats varies according to the composition, biomass, and
productivity of an individual plant (Carpenter and Lodge 1986). For example,
populations of macroinvertebrates are more dense in plants with highly dissected leaves
or high complexity (Dibble et al. 1996a; Lillie and Budd 1992) when compared to less
complex plants (Krecker 1939). Overall, macrophytes support high macroinvertebrate
density, biomass, taxonomic richness, and diversity (Schramm et al. 1987; Waters and
San Giovanni 2002). Aside from providing structural habitat, plants are an important
food source for invertebrates.

Terrestrial insects primarily consume living plants (Foote

et al. 1988), whereas aquatic stages rely significantly on decaying plant matter and algae
associated with macrophytes (Campeau et al. 1994; Kornijow et al. 1995). Vascular
plants, in either a fresh or decomposed physiological state, are a preferred food choice for
freshwater macroinvertebrates (Kornijow et al. 1995). Temporal and spatial patterns of
aquatic vegetation control major aspects of nutrient cycling and food web structure in
freshwater habitats.
Aquatic macrophytes affect biotic variables, but also can affect the physical and
chemical parameters of aquatic environments. These effects may be a contributing factor
in determining aquatic invertebrate abundance, diversity and biomass. Macrophytes
influence abiotic characteristics such as light, temperature, water flow, and substrate.
Water temperature and availability of dissolved oxygen also are influenced by emergent
(Rose and Crumpton 1996), submergent, and floating leaf vegetation (Carpenter and
Lodge 1986; Frodge et al. 1990).
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Effects of aquatic plants on fish-invertebrate interactions
Populations of fish and invertebrate species are often associated positively with
vegetated habitats, where aquatic plant morphology and structural complexity may
influence predator-prey interactions (Dibble et al. 1996b; Keast 1984). Invertebrates are
consumed by many fish species during parts of their life histories, specifically comprising
a large component of bluegill diets (Werner et al. 1983). Size is an important component
of invertebrate selection, whereby bluegill alter invertebrate composition by preferential
removal of large invertebrate predators (Odonata) and herbivores (Amphipoda) (Crowder
and Cooper 1982). However, differences in invertebrate behavior may alter availability
and vulnerability to bluegill predation in structured environments (Crowder and Cooper
1982). Studies have shown that foraging efficiency declines as habitat structural
complexity increases (Savino and Stein 1982; Valley and Bremigan 2002) and is possibly
dependent upon specific predator-prey relationships (Savino and Stein 1989). Fish
unable to maximize energy gain while foraging may have less energy to channel to nonfeeding energy requirements such as protection, reproduction, and growth (Stephens and
Krebs 1986). Therefore, an understanding of the mechanisms whereby invasive species
may alter the structure of aquatic habitat is essential.

Objectives
This study was designed to add to the knowledge about community and
behavioral responses to changes in habitat heterogeneity caused by the invasive aquatic
plant, Hydrilla verticillata. I hypothesize that a shift from a heterogeneous native aquatic
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plant bed to a homogenous invasive plant bed will alter aquatic habitat such that bluegill
foraging efficiency and invertebrate colonization are significantly impacted. I
investigated this hypothesis along two spatial scales by conducting experiments in ponds
and aquaria. Design, results, and implications of the pond level experiments are
discussed in Chapter II. Specific objectives included comparisons of; (1)
macroinvertebrate community structure; (2) fish foraging effects on macroinvertebrate
community structure; and (3) water quality parameters among a diverse heterogeneous
native aquatic plant bed, a monotypic hydrilla bed, and a plantless habitat. Design,
results, and implications of the aquaria level experiments are discussed in Chapter III.
Specific objectives were to (1) quantify spatial complexity and light transmittance within
habitat along a gradient from a diverse heterogeneous native aquatic plant bed to a
monotypic hydrilla bed, simulating a progressive hydrilla invasion, (2) investigate
differences in bluegill foraging efficiency between habitats with and without aquatic
plants, and (3) investigate differences in bluegill foraging efficiency in response to
changes in complexity and light created by a gradient from a mixed heterogeneous native
aquatic plant bed to a monotypic hydrilla bed simulating a progressive hydrilla invasion.
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CHAPTER II
MACROINVERTEBRATE ASSEMBLAGES IN BEDS OF MONOTYPIC
HYDRILLA VERSUS NATIVE AQUATIC PLANTS
Introduction
Aquatic vegetation influences life-history dynamics of aquatic
macroinvertebrates by affecting colonization (de Szalay and Resh 2000), distribution
(Beckett et al. 1992; Waters and San Giovanni 2002), predation (Batzer and Resh
1991; Crowder and Cooper 1982; Schramm and Jirka 1989b; Zimmer et al. 2000),
food availability (Campeau et al. 1994; Kornijow et al. 1995; Nelson et al. 1990), and
trophic relationships (de Szalay and Resh 1996). As aquatic macrophytes vary
spatially and temporally, the aquatic macroinvertebrate species that inhabit these
vegetative environments may likewise vary (Schramm et al. 1987). Use of
submerged macrophytic habitats by macroinvertebrates varies according to
composition, biomass, and productivity of an individual plant (Carpenter and Lodge
1986). For example, plants with highly dissected leaves or high structural complexity
(Dibble et al. 1996a; Lillie and Budd 1992) provide greater substrate surface area and
consequently can become more densely inhabited by macroinvertebrates compared to
less complex plants (Krecker 1939). Overall, macrophytes generally support high
macroinvertebrate density, biomass, taxonomic
10
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richness, and diversity (Schramm et al. 1987; Waters and San Giovanni 2002).
Temporal and spatial patterns of aquatic vegetation and the respective habitat, influence
principal components of nutrient cycling and food web structure in freshwater habitats
(Carpenter and Lodge 1986).
Aquatic vegetation indirectly influences biotic variables such as aquatic
macroinvertebrate abundance, diversity and biomass by affecting physical and chemical
parameters of aquatic environments. Macrophytes influence abiotic characteristics such
as light, temperature, water flow, and substrate. Water temperature and availability of
dissolved oxygen are affected by emergent (Rose and Crumpton 1996), submergent, and
floating leaf vegetation (Carpenter and Lodge 1986; Frodge et al. 1990).
Exotic invasive aquatic plants such as hydrilla (Hydrilla verticillata L.F. Royle)
can substantially displace native vegetation and cause changes in the surrounding biota
by rapidly increasing in density and biomass (Dibble et al. 1996b; Haller 1978; Madsen
1997). Hydrilla invasions also may alter water quality parameters (Posey et al. 1993;
Smart and Barko 1988) which can dramatically alter the composition of the resident
biological community. Therefore, understanding the mechanisms by which invasive
species alter habitat and the corresponding abiotic and biotic properties of the aquatic
ecosystem is necessary.
This study was designed to determine community responses to changes in habitat
heterogeneity caused by hydrilla occupation. Habitat heterogeneity is assumed to
increase as species richness in a given area increases, assuming inherent differences in
spatial complexity and architecture of aquatic plants (Dibble et al. 1996a; Lillie and Budd

12
1992). Hydrilla dominated environments are very spatially complex, yet homogeneous
(monotypic). Therefore, I investigated the null hypothesis that there will be no
differences in macroinvertebrate assemblages among a heterogeneous native aquatic
plant bed, a homogenous hydrilla plant bed, and a habitat without plants. Specific
treatment-dependent response variables compared were; (1) macroinvertebrate
community structure; (2) fish foraging effects on macroinvertebrate community structure;
and (3) water quality parameters.
Methods
Experimental Design
Response of a macroinvertebrate assemblage to different aquatic habitats was
measured in earthen ponds that are part of the National Warmwater Aquaculture Center
facility located within Mississippi State University’s Leveck Animal Science Research
Center, Starkville, Mississippi. Six 0.04 ha earthen ponds were filled to half capacity
with well water and planted in early summer, 2004. Due to difficulty in the
establishment of native plants, planting continued through May 2005. Plants were
obtained from Noxubee National Wildlife Refuge, Noxubee County, Mississippi and
transplanted to respective ponds according to the proportional composition of plants
observed there. To ensure heterogeneity and promote growth, the diverse native
treatment was planted randomly in baby pools (10, 1.2 m diameter; 10, 1.8 m diameter)
filled with soil within each pond. Ponds were filled to full capacity, approximately 1.0
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meter, in June 2005, and maintained at that level by replenishing transpirative and
evaporative losses with well water.
The experimental treatments were: 1) no plants, 2) monotypic bed of hydrilla, and
3) diverse native plants, and there were two replicates (ponds) per treatment. Ponds
representing the diverse plant treatment contained a heterogeneous native vegetation bed
that is common to most southeastern aquatic systems and included bladderwort
Utricularia spp., fragrant water lily Nymphaea odorata, coontail Ceratophyllum
demersum, pondweed Potamogeton spp., water shield Brasenia spp., spikerush
Eleocharis spp., arrowhead Sagittaris spp., and water primrose Ludwigia hexapetala. A
small variety of incidental semi-aquatic grasses and sedges were present along the
perimeter of all ponds.
All ponds were stocked with juvenile largemouth bass (45-70 mm) at a density of
1250/ha (Meals and Miranda 1991) during June 2005. The effects of fish predation on
the macroinvertebrate community were evaluated through the stratified-random
placement (in vegetation) of two 2.5 mm mesh fish exclosures (1 m2) in each pond
representing the different treatments to exclude fish foraging. Macroinvertebrate metrics
including abundance, richness, and biomass were compared between areas within
exclosures, where macroinvertebrate populations were not subject to predation, and
outside where macroinvertebrates were vulnerable to the predatory fish.
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Macroinvertebrate, macrophyte, and water quality sampling
To compare macroinvertebrate assemblages among treatments,
macroinvertebrates were sampled monthly in each pond outside exclosures from July to
October 2005 using a randomized grid sampling method (Canfield 1941; Madsen et al.
1991). A randomized grid was applied to each pond, and at each sampling visit three
points were chosen using a random numbers table. Points without plants present were
excluded from selection. At each point, aquatic macrophyte stems were counted
(0.33m2). Also, nektonic and epiphytic macroinvertebrates were sampled using an
invertebrate D-frame sweep net and an invertebrate box sampler modified after Gerking
(1957). Sweep net and box samples were collected 0.5 m apart from each other and were
collectively used to quantify abundance and richness. In addition, the box samples (0.007
m3) were used to quantify the possible relationship between macroinvertebrate and plant
biomass. Those plant stems enclosed within the sample were severed by the plexi-glass
edges and biomass collected was expressed as grams dry weight/m3 (Harrel et al. 2001).
At each sampling visit all ponds were sampled from 0700 – 1200 and in random order.
Each macroinvertebrate sample was placed into separate containers, preserved in
95% ethanol to account for sample dilution, and identified with an internal and external
label. Abiotic factors such as water depth, temperature, pH, dissolved oxygen, and
conductivity were recorded at each sampling position to determine whether possible
relationships with macroinvertebrate colonization existed.
Once in the laboratory, the macroinvertebrate sample processing followed that
reported by Hilsenhoff (1987), but with slight modification. Prior to sorting, the sample

15
was rinsed through a number 35 standard sieve. Organisms retained were considered
macroinvertebrates and were placed uniformly into a sorting tray. Using a dissecting
microscope, macroinvertebrates were separated from debris and removed from the
sample using forceps, enumerated, identified to family (Merritt and Cummins 1996;
Pennak 1989), and placed into a vial containing 70% ethanol. Samples collected by the
box sampler were processed similarly, except plant material and macroinvertebrate
families were dried separately to a constant weight to obtain plant and macroinvertebrate
biomass.

Data Analysis
Because several measurements and samples were sequentially obtained from the
same experimental unit (pond) over time, I used a repeated measures design using the
Proc Mixed procedure in SAS version 9.1 (SAS 2003). Statistical significance was set at
α = 0.05 for all tests. The experimental design violated the classical assumption of
heterogeneous variance for repeated measures analysis of variance (ANOVA); therefore
the general linear mixed model was used to model the covariance structure (Littell et al.
1998). A subset of biologically reasonable covariance structures such as first-order
autoregressive, heterogeneous autoregressive, and heterogeneous compound symmetry
(Littell et al. 2006) was selected. Then, Akaike’s (1973) information criterion (AIC) was
used to select the best fit structure, which was first-order autoregressive. To avoid
pseudoreplication the macroinvertebrate metrics (abundance, richness, and biomass) were
averaged by sampling gear (sweep net and box sampler) for each sampling visit. Mean
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macroinvertebrate abundance and biomass were log10 (x+1) transformed to meet
normality assumptions.
To determine whether there were treatment-dependent effects on the response
variables (abundance, richness, and biomass), sampling visit was set as a fixed effect,
where treatment nested within pond was set as a random effect. Pairwise comparisons
evaluated for possible differences in macroinvertebrate metrics between treatments. In
addition, linear regression models were used in SAS to evaluate whether a relationship
between macroinvertebrate biomass and plant biomass existed.
Blocked multi-response permutation procedures (MRBP) (Mielke and Iyer 1982)
and indicator species analysis (Dufrene and Legendre 1997) were performed using PCORD (McCune and Mefford 1999) to determine whether differences in macroinvertebrate
community structure existed between treatment levels. Because it was a repeated
measures design, I blocked for time, and the a priori grouping was treatment. The
MRBP test calculates a test statistic (T) with an associated P-value as well as a chancecorrected within-group agreement statistic (A) which describes within group
homogeneity and often referred to as the “effect size”. Values of A range from 0 to 1 (all
items are identical within groups). Common values of A in community ecology are <0.1;
an A value > 0.3 is considered high (McCune and Grace 2002). Indicator species
analysis (Dufrene and Legendre 1997) was used in conjunction with MRBP to describe
the extent to which each macroinvertebrate family differentiates between treatments.
Indicator values range from zero (no indication) to 100 (perfect indication), where perfect
indicator taxa are always faithful and exclusive to a particular group.
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To analyze possible effects of fish foraging on the macroinvertebrate community,
SAS’s (2003) proc mixed also was used. Repeated measures analysis is not appropriate
when comparing metrics between areas with and without exclosures, where exclosures
were fixed throughout the sampling time. Therefore, I analyzed each sampling visit (N =
4) separately. MRBP and indicator species analysis also were used to identify possible
effects of largemouth bass on the macroinvertebrate community structure.
Results
Macrophytes and water quality
There was a significant interaction effect between treatment and time for stem
density (F3,6 = 10.48, P = 0.008). Hydrilla containing ponds had significantly greater
stem densities in September and October 2005 (Figure 2.1), achieving 100% coverage
between August and September. Plant biomass in the hydrilla treatment did not differ
statistically from the diverse ponds (F1,2 = 0.04, P = 0.852) (Figure 2.2). There was a
significant time effect on depth (F3,9 = 5.28, P = 0.023), temperature (F3,12 = 462.00, P =
<0.001), dissolved oxygen (F3,12 = 25.24, P = <0.001), pH (F3,12 = 19.43, P = <0.001), and
conductivity (F3,9 = 13.69, P = 0.001) (Table 2.2), where pH was the only variable that
had a significant interaction effect between treatment and time (F2,12 = 4.46, P = 0.013)
(Figure 2.3). pH was significantly greater than the diverse treatment in July and October
(P < 0.05).
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Macroinvertebrates
Over 7500 observations representing 33 macroinvertebrate families and 12 orders
were recorded from the sampling of ponds from July - October 2005 (Table 2.1).
Twenty-four taxa groups represented <1% of all macroinvertebrates collected. The most
abundant macroinvertebrate order was Diptera, and 6 families comprised 38% of the total
abundance. Annelida and Odonata were the next largest groups comprising 32% and
16% of the total abundance, respectively.
There was a significant treatment-by-month interaction effect on mean
macroinvertebrate abundance (F6,32 = 2.75, P = 0.029) (Figure 2.4a), taxonomic richness
(F6,32 = 2.74, P = 0.029) (Figure 2.4b), and biomass (F6,9 = 9.88, P = 0.002) (Figure 2.5).
Macroinvertebrate abundance and richness did not begin to differ between treatments
until September and October. There was no significant difference in abundance between
the hydrilla and diverse ponds during any month (P ≥ 0.05). Taxonomic richness differed
significantly among all treatment levels in October (P ≤ 0.05).
Regression analysis indicated a significant positive linear relationship (y = -3.405
+ 0.554 x, P = <0.001) between aquatic plant biomass and macroinvertebrate biomass,
describing 32% of the variation in macroinvertebrate biomass (Figure 2.6a). There also
was a significant positive linear relationship between aquatic plant biomass and
macroinvertebrate biomass when hydrilla (y = -4.176 + 0.752 x, P = 0.002) and diverse (y
= -3.024 + 0.462 x, P = 0.016) ponds were analyzed separately (Figure 2.6b).
There was no significant difference in macroinvertebrate community structure by
treatment (T = -0.424, A = 0.021, P = 0.302) or when comparing treatments individually
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using MRBP analysis for July-October 2005 (Table 2.3). Although, no significant
treatment-dependent difference in overall macroinvertebrate community structure was
found, certain macroinvertebrate taxa were significant indicators of a specific aquatic
plant condition. For example, Stratiomyidae (P = 0.025) and Mesovellidae (P = 0.003)
were significant indicator families for the diverse treatment (Table 2.5). Immature
Anisoptera (P = 0.033), Ceratopogonidae (P = 0.023), Chironomidae (P = 0.001),
Coenagrionidae (P = 0.018), and Cuclidae (P = 0.007) were significant indicator families
for the hydrilla treatment (Table 2.5).
Between August and September 2005, the greatest change in stem density was
observed in the hydrilla ponds where 100% pond coverage eventually occurred. During
September and October 2005, the density of hydrilla stems exceeded that of diverse stems
by 6 times; therefore, I investigated macroinvertebrate community structure during this
period. There was no significant difference in macroinvertebrate community structure by
treatment (P = 0.073), but there was large effect size (A = 0.329) (Table 2.4). Therefore,
a greater effect size was observed when stem density differences were greatest during
September and October 2005. Indicator species analysis from the last 2 sampling periods
indicated fewer, but similar species from the analysis of all sampling dates. Mesovellidae
(P = 0.007) was the only significant indicator for the native macrophyte treatment,
whereas Coenagrionidae (P = 0.04), Chironomidae (P = 0.017), and Cuclidae (P = 0.01)
were significant indicators for the hydrilla treatment (Table 2.6). For the no plant
treatment, no significant indicator species was identified from either analysis.
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There was no significant difference in macroinvertebrate abundance, richness, or
biomass (P ≥ 0.05) between areas with and without fish. Also, there was no significant
difference in macroinvertebrate community structure using MRBP analysis between fish
and fishless areas (A = -0.014, P = 0.594). Leptoceridae (P = 0.0280) and Hydracarina (P
= 0.012) were significant indicators for fish presence, where no significant indicators for
absence of fish, or exclosed areas, existed (Table 2.7).
Discussion
In September and October, macrophytes supported greater macroinvertebrate
abundance, taxonomic richness, and biomass compared to habitats with no macrophytes,
a relationship similarly found in previous research results (Beckett et al. 1992; Schramm
and Jirka 1989a; Thorp et al. 1997; Watkins II et al. 1983). Plants provide important
habitat for aquatic macroinvertebrates as attachment sites and refugia (Dibble et al.
1996b). However, innate differences in plant complexity (Dibble et al. 1996a; Dibble et
al. 2006) and composition of plant beds mediates vegetated habitat heterogeneity which
influences macroinvertebrate community structure.
Hydrilla ponds had ~6 times greater average stem density than the diverse ponds;
therefore I can infer the monotypic hydrilla ponds were significantly more complex than
the diverse ponds (Chapter III). Although this monotypic treatment level had greater
habitat structure, i.e. complexity and stem density; mean plant biomass between the two
plant conditions did not differ. Plants with highly dissected leaves or high complexity
(Dibble et al. 1996a; Lillie and Budd 1992) are often more densely inhabited by
invertebrates compared to less complex plants (Cheruvelil et al. 2002; Krecker 1939).
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Also, Schmude et al. (1998) observed greater macroinvertebrate abundance and richness
with substrates of increasing complexity. In addition, Watkins II et al. (1983) found
greater macroinvertebrate abundance in hydrilla beds compared to any other habitat.
Therefore, I expected to find increased abundance and richness in the highly complex
hydrilla versus the less complex diverse treatment. In contrast, the abundance, richness,
and biomass of macroinvertebrates did not differ significantly between the hydrilla and
diverse treatment with the exception of taxonomic richness in October. Although innate
variation in macroinvertebrate temporal (Hershey and Lamberti 2001) and spatial
distribution (Murkin et al. 1996) could possibly explain the lack of significance, the data
suggest complex hydrilla beds may not provide increased macroinvertebrate abundance
and richness as thought previously.
Besides the structural attributes in plants, aquatic insect distribution and
colonization can be influenced by environmental variables, (e.g. dissolved oxygen
concentration, water temperature, water chemistry, and substrate) (Hershey and Lamberti
2001). Although, macrophytes influence these abiotic characteristics (Carpenter and
Lodge 1986; Frodge et al. 1990; Rose and Crumpton 1996), I found no significant
difference in temperature, dissolved oxygen, or conductivity among treatments. However,
I did note that the monotypic hydrilla habitat exhibited greater pH. Other investigators
(Posey et al. 1993; Smart and Barko 1988) also have observed hydrilla affecting pH as
well as dissolved oxygen concentrations, resuspension rates, and bottom sediment
parameters, suggesting dramatic effects on the biological community. Though I didn’t
account for resuspension rates, Posey et al. (1993) found dense hydrilla beds trapped
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particulate matter resulting in a potential new food source for detritivores, fauna that
consume decaying organic matter. The Dipteran families Chironomidae and Culicidae
families feed on detritus, and the Odonata family Coenagrionidae is a predator which
feeds upon detritivores (Hilsenhoff 2001). These 3 families were all significant taxa
indicators for the monotypic hydrilla habitat signifying a potential relationship between
hydrilla dominated habitats and detritivores. For the diverse treatment level,
Mesoveliidae was the indicator taxa, the most abundant in a diverse plant community
(Hilsenhoff 2001).

Therefore, changes in an aquatic plant bed induced by hydrilla may

be reflected in macroinvertebrate taxa composition.
Indicator taxa may be useful for detecting changes in overall habitat structure and
complexity. When the hydrilla and diverse ponds were the most different in stem density
(September and October 2005), the MRBP effect size increased to above average, where
A > 0.3 is fairly high in community ecology (McCune and Grace 2002). Even though the
community structure did not differ significantly, there was a large separation in
macroinvertebrate assemblage between treatments. Lack of significance from the MRBP
analysis may be attributed to low replication, where a large effect size (A) is needed with
a small sample size to attain statistical significance (McCune and Grace 2002).
Although, I found no significant differences in overall macroinvertebrate community
structure between conditions with plants, specific taxa or indicator families were
influenced by a specific plant condition relative to their feeding strategies.
Macroinvertebrates are important prey for fish common to southern lentic
environments, such as bass and sunfish. This study did not reveal any significant effect
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of fish predation on the macroinvertebrate community. Although results of previously
reported studies suggest fish predation plays an important role in structuring
macroinvertebrate communities (Gilinsky 1984; Hanson and Riggs 1995), it may not be
the fundamental organizing mechanism (Thorp and Bergey 1981). Gilinsky (1984) and
Thorp and Bergey (1981) found fish predation had an impact on macroinvertebrate
density in plantless habitats, but no effect on epiphytic or benthic macroinvertebrate
densities inhabiting vegetated habitats. Therefore, Gilinsky (1984) and Thorp and
Bergey (1981) suggested macrophytes provide macroinvertebrate refuge, potentially
making them less available to predators. As plant density and complexity increase,
refuge area also may increase. Consequently, fish dependent on invertebrates for food
may experience decreased foraging efficiency in hydrilla dominated habitats that have
increased refuge area for macroinvertebrates without proportionally increasing
macroinvertebrate abundance and biomass.
Transforming the natural mosaic of vegetated patches to a more complex
monotypic habitat, such as hydrilla, may alter specific macroinvertebrate taxa based on
habitat preference and feeding strategies. Also, there may be negative implications for
predators that feed on invertebrates in a complex habitat like hydrilla. Additional
research is needed to investigate the influence of a monotypic hydrilla and diverse native
habitat on macroinvertebrate communities at larger spatial and temporal scales. A better
understanding of hydrilla’s impact on habitat that is important for macroinvertebrates and
fish should lead to the best management decisions.
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Table 2.1. Cumulative macroinvertebrate abundances by treatment (hydrilla, diverse, and
no plants) and by pond (A12, B12, B15, A16, B13, and B14) from July –
October 2005 in experimental earthen ponds, National Warmwater
Aquaculture Center, Oktibbeha County, Mississippi.
Taxa
Aeshnidae
Anisoptera (imm)
Aphidoidae
Baetidae
Belostomatidae
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Coenagrionidae
Corduliidae
Culicidae
Dytiscidae
Elmidae
Ephydridae
Gerridae
Hebridae
Hydracarina
Hydrometridae
Hydrophilidae
Hydroptilidae
Hymenoptera
Leptoceridae
Libellulidae
Mesoveliidae
Naucoridae
Nepidae
Noteridae
Notonectidae
Oligocheata
Pelecypoda
Physidae
Planorbidae
Pyralidae
Stratiomyidae
TOTAL

Hydrilla
A12
B12
2
7
24
1
24
5
8
12
3
0
0
0
30
131
0
96
258
468
300
102
5
0
45
4
0
0
0
1
1
0
2
0
0
0
19
11
0
0
12
2
0
0
1
0
2
5
19
6
2
0
1
0
1
0
1
0
15
0
93
454
0
23
5
6
0
0
7
0
1
2
884
1342

Diverse
B15
A16
0
0
3
0
7
175
2
3
0
1
1
0
12
4
13
5
50
59
42
86
3
0
1
0
0
0
0
0
0
1
0
0
8
7
2
16
0
0
1
5
3
0
0
6
5
4
3
0
6
23
0
1
1
0
4
0
4
2
81
95
0
2
38
10
13
0
7
8
6
5
316
519

No Plants
B13
B14
0
0
0
0
1
0
0
0
0
0
1
0
1
1
23
215
20
33
0
6
0
1
0
0
0
0
0
0
0
0
0
0
0
0
12
15
0
0
0
0
0
0
1
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
324
185
0
0
1
0
0
0
0
0
1
0
385
457

30

Table 2.2. Mean environmental variables including temperature, dissolved oxygen,
conductivity and depth by treatment (hydrilla, diverse, and no plants) and
month (July – October 2005) in experimental earthen ponds, National
Warmwater Aquaculture Center, Oktibbeha County, Mississippi. Bold faced
type indicates a significant effect (P < 0.05).

Temperature (ºC)
Treatment
Hydrilla
Diverse
No Plants

Dissolved
Oxygen (mg/l)

Conductivity (µS)

Depth (m)

23.02 (± 0.28 SE) 5.69 (± 0.45 SE) 163.52 (± 12.28 SE) 0.75 (± 0.05 SE)
23.82
5.49
164.32
0.89
24.02
5.62
185.58
0.92

Month
July
29.71 (± 0.33 SE) 3.84 (± 0.52 SE)
August
26.38
5.06
September
24.96
4.07
October
13.45
9.43

198.22 (± 8.41 SE)
162.67
170.32
153.34

0.72 (± 0.04 SE)
0.89
0.88
0.93
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Table 2.3. Summary statistics for blocked multi-response permutations procedures
(MRBP) using Euclidean distance matrices for the macroinvertebrate
community from July – October 2005 in experimental earthen ponds, National
Warmwater Aquaculture Center, Oktibbeha County, Mississippi.

Euclidean
Multiple Comparisons
Hydrilla vs. Diverse
Hydrilla vs. No Plants
Diverse vs. No Plants

T
-0.4240

A
0.0211

P
0.3024

-0.1438
-0.8210
-0.8209

0.0014
0.0231
0.0231

0.4545
0.2041
0.2041
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Table 2.4. Summary statistics for blocked multi-response permutations procedures
(MRBP) using Euclidean distance matrices for the macroinvertebrate
community for September – October 2005 in experimental earthen ponds,
National Warmwater Aquaculture Center, Oktibbeha County, Mississippi.

Euclidean
Multiple Comparisons
Hydrilla vs. Diverse
Hydrilla vs. No Plants
Diverse vs. No Plants

T
-1.5357

A
0.3290

P
0.0734

-1.0000
-1.0000
-1.0000

0.2383
0.3918
0.3918

0.1587
0.1587
0.1587
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Table 2.5. Indicator values (0-100) from indicator taxa analysis (PC-ORD) for each taxa
by treatment (hydrilla, diverse, and no plants) for July - October 2005 in
experimental earthen ponds, National Warmwater Aquaculture Center,
Oktibbeha County, Mississippi. Bold-faced type indicates significant values
(P ≤ 0.05).
Taxa
Aeshnidae
Anisoptera (imm)
Aphidoidae
Baetidae
Belostomatidae
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Coenagrionidae
Corduliidae
Culicidae
Elmidae
Ephydridae
Gerridae
Hebridae
Hydracarina
Hydrophilidae
Hydroptilidae
Hymenoptera
Leptoceridae
Libellulidae
Mesoveliidae
Naucoridae
Nepidae
Noteridae
Notonectidae
Oligocheata
Pelecypoda
Physidae
Planorbidae
Pyralidae
Stratiomyidae

Hydrilla
25
45
3
40
19
0
67
3
82
66
7
61
13
6
25
0
25
44
0
2
15
33
1
6
6
3
9
44
12
9
0
8
5

Diverse
0
1
21
8
3
6
4
3
12
24
4
0
0
6
0
38
15
11
13
9
33
3
70
6
6
10
7
14
1
60
25
34
55

No Plants
0
0
0
0
0
6
0
42
6
0
1
0
0
0
0
0
9
0
0
2
1
0
0
0
0
0
0
41
0
0
0
0
1
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Table 2.6. Indicator values (0-100) from indicator taxa analysis (PC-ORD) for each taxa
by treatment (hydrilla, diverse, and no plants) for September - October 2005
in experimental earthen ponds, National Warmwater Aquaculture Center,
Oktibbeha County, Mississippi. Bold-faced type indicates significant values
(P ≤ 0.05).
Taxa
Aeshnidae
Anisoptera (imm)
Aphidoidae
Baetidae
Belostomatidae
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Coenagrionidae
Corduliidae
Culicidae
Elmidae
Ephydridae
Gerridae
Hebridae
Hydracarina
Hydrophilidae
Hydroptilidae
Hymenoptera
Leptoceridae
Libellulidae
Mesoveliidae
Naucoridae
Nepidae
Noteridae
Notonectidae
Oligocheata
Pelecypoda
Physidae
Planorbidae
Pyralidae
Stratiomyidae

Hydrilla
50
64
7
61
25
0
51
0
87
83
0
98
0
0
0
0
33
17
0
3
23
67
0
0
0
5
0
51
0
13
0
8
3

Diverse
0
4
43
9
0
25
16
43
11
17
25
1
0
25
0
50
17
33
25
19
54
6
100
0
0
20
0
6
0
83
50
50
66

No Plants
0
0
0
0
0
0
0
4
2
0
0
0
0
0
0
0
0
0
0
3
0
0
0
0
0
0
0
43
0
0
0
0
0
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Table 2.7. Indicator values (0-100) from indicator taxa analysis (PC-ORD) for each taxa
by areas with fish and without fish for July - October 2005 in experimental
earthen ponds, National Warmwater Aquaculture Center, Oktibbeha County,
Mississippi. Bold-faced type indicates significant values (P ≤ 0.05).
Taxa
Aeshnidae
Anisoptera (imm)
Aphidoidae
Baetidae
Belostomatidae
Caenidae
Ceratopogonidae
Chaoboridae
Chironomidae
Coenagrionidae
Corduliidae
Culicidae
Elmidae
Ephydridae
Gerridae
Hebridae
Hydracarina
Hydrophilidae
Hydroptilidae
Hymenoptera
Leptoceridae
Libellulidae
Mesoveliidae
Naucoridae
Nepidae
Noteridae
Notonectidae
Oligocheata
Pelecypoda
Physidae
Planorbidae
Pyralidae
Stratiomyidae

Fish
27
48
55
46
22
13
62
69
68
69
35
37
17
33
8
19
80
29
10
40
79
33
41
33
33
48
48
31
31
57
11
31
50

Fishless
3
1
23
20
6
20
31
15
32
17
10
13
0
0
17
14
20
47
13
7
1
22
12
0
0
1
1
69
2
27
6
25
27
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Figure 2.1. Mean stem densities (N/m2) for each treatment (hydrilla and diverse) from
July – October 2005 in experimental earthen ponds, National Warmwater
Aquaculture Center, Oktibbeha County, Mississippi (N = 2 for each treatment
and each month). Means with different letters within each month differ
statistically (P ≤ 0.05).
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Figure 2.2. Mean dry plant biomass (g/m2) by treatment (hydrilla and diverse) from JulyOctober 2005 in experimental earthen ponds, National Warmwater
Aquaculture Center, Oktibbeha County, Mississippi (N = 8 for each
treatment). Means with different letters differ statistically (P ≤ 0.05).
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Figure 2.3. Mean pH for each treatment (hydrilla, diverse and no plants) from July –
October 2005 in experimental earthen ponds, National Warmwater
Aquaculture Center, Oktibbeha County, Mississippi (N = 2 for each treatment
and each month). Means with different letters within each month differ
statistically (P ≤ 0.05).
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Figure 2.4. Mean macroinvertebrate (a) abundance, (b) richness by treatment (hydrilla,
diverse, and no plants) from July-October 2005 in experimental earthen
ponds, National Warmwater Aquaculture Center, Oktibbeha County,
Mississippi (N = 2 for each treatment and each month). Means with different
letters within each month differ statistically (P ≤ 0.05).
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Figure 2.5. Mean dry macroinvertebrate biomass (g*10-1/m2) by treatment (hydrilla,
diverse, and no plants) from July-October 2005 in experimental earthen
ponds, National Warmwater Aquaculture Center, Oktibbeha County,
Mississippi (N = 2 for each treatment and each month). Means with different
letters within each month differ statistically (P ≤ 0.05).
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Figure 2.6. Relationships between plant biomass (g(dry weight)/m2) and
macroinvertebrate biomass (g(dry weight)/m2) including the hydrilla and
diverse treatment combined (N = 47) (a) and the hydrilla and diverse
treatments individually (N = 24) (b) for July-October 2005 in experimental
earthen ponds, National Warmwater Aquaculture Center, Oktibbeha County,
Mississippi. Each line represents a linear regression analysis.

CHAPTER III
HYDRILLA’S ALTERING EFFECT ON HABITAT COMPLEXITY AND BLUEGILL
FORAGING EFFICIENCY
Introduction
Fish and invertebrate distribution often corresponds well to vegetated habitats
relative to unvegetated habitats, because aquatic plant morphology and structural
complexity influence predator-prey interactions (Keast 1984, Dibble et al. 1996b).
Aquatic plant density and homogeneity increase during establishment of an exotic plant,
thereby leading to changes in invertebrate-fish interactions (Dibble et al. 1996b).
Hydrilla verticillata ((L.F.) Royle) is a submersed, rooted aquatic plant native to Asia,
and is currently listed as a U.S. federal noxious weed (Balciunas et al. 2002). Hydrilla’s
competitive growth and reproductive strategies cause it to be termed the “perfect aquatic
weed” (Langeland 1996) whereby worldwide distribution has been achieved within a
variety of freshwater habitats (Balciunas et al. 2002). This species frequently forms
large, dense monotypic mats that alter native ecosystems by displacing native vegetation,
and thereby reducing biodiversity (Haller 1978). Hydrilla’s introduction may alter
spatial complexity of native plant beds, as well as trophic interactions.
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Intermediate levels of spatial complexity are reported to be optimal for foraging
and growth of largemouth bass (Micropterus salmoides) and bluegill (Lepomis
macrochirus), as well as for stabilizing predator-prey interactions (Crowder & Cooper
1982, Valley & Bremigan 2002b). As structural complexity increases, foraging
efficiency declines (Savino & Stein 1982, Diehl 1988, Dibble & Harrel 1997, Valley &
Bremigan 2002b). Individuals unable to maximize energy consumption while foraging
may have insufficient energy to meet other non-feeding behaviors such as protection,
reproduction, and growth (Stephens & Krebs 1986). Therefore, fish may be less efficient
in foraging amid spatially complex habitats such as homogeneous hydrilla beds (Minshall
1984, Schramm et al. 1987, Valley & Bremigan 2002b).
Objectives
This study was designed to investigate if a shift from a heterogeneous native aquatic
plant bed to a homogenous bed created by an invasive plant will alter spatial complexity
and negatively impact the foraging ability of bluegill. I investigated the null hypothesis
that spatial complexity and foraging ability of bluegill will not significantly differ
between a heterogeneous native aquatic plant bed and a homogeneous invasive aquatic
plant bed. Specific objectives were to (1) quantify habitat differences, specifically spatial
complexity and light transmittance, along a gradient from a mixed heterogeneous native
aquatic plant bed to a homogeneous hydrilla bed with the intent to simulate a hydrilla
invasion, (2) investigate differences in bluegill foraging efficiency in response to changes
in complexity and light along a gradient from a mixed heterogeneous native aquatic plant
bed to a homogeneous hydrilla bed with the intent to simulate a hydrilla invasion, and (3)

44
investigate differences in bluegill foraging efficiency between habitats with and without
aquatic plants.
Methods
Plant Manipulation
The experimental design incorporated qualitative changes in plant composition
to simulate an invasive shift from a diverse native aquatic plant bed to a monotypic
hydrilla bed. The treatments represented the following aquatic plant conditions: (1)
100% native vegetation (control) (100N), (3) 50% native vegetation and 50% hydrilla
(50N/50H), (5) 100% hydrilla (100H), (6) 300% hydrilla (300H), and (7) no plants
(reference) (NP). Plant conditions 100N, 50N/50H, and 100H had intermediate basal
stem densities (151 stems/m2), whereas treatment 300H had a high basal density (454
stems/m2), all comparable to other studies (Crowder & Cooper 1982, Savino & Stein
1989, Valley & Bremigan 2002a). Native vegetation consisted of fragrant water lily
(Nymphaea odorata), coontail (Ceratophyllum demersum), and pondweed (Potamogeton
nodosus) in similar proportions to those found and measured in the field (0.4, 0.2, and 0.4
respectively) and comparable to other studies (Teels et al. 1976).
Artificial vegetation (plastic or nylon rope) has been commonly used in
previously reported foraging behavioral experiments (Savino & Stein 1989, Gotceitas
1990, Valley & Bremigan 2002a, Warfe & Barmuta 2004), but may not be effective in
accurately representing natural conditions. Therefore, I collected living segments of
vegetation from the field. Plant segments were rinsed and placed into an aquarium for a
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48 hour acclimation period prior to conducting the trials. Vegetation was anchored
randomly to a wire grid fixed to a plastic seedling tray (0.13226 m2) positioned on the
bottom of an observing arena. Each holding aquarium also contained the native
vegetation treatment (100N) anchored to a similar grid, in the same densities and
proportions.
Habitat variables
Habitat alteration in each treatment was created by manipulating the hydrilla
density and quantified using the spatial complexity index (Dibble et al. 1996a, Dibble &
Thomaz 2006) and light transmittance. Each treatment was digitally photographed in a 3dimensional viewpoint to quantify the level of complexity. Digital photographs were
downloaded onto a computer for analysis and Adobe Photoshop (version 6.0) software
was used to superimpose a randomly distributed horizontal and vertical line transect onto
each treatment’s image. Length (cm) and frequency of interstices per 0.6m were
calculated for each horizontal and vertical axis to obtain an index of spatial complexity
(Ihv) (Dibble et al. 1996a, Dibble & Thomaz 2006) where Ihv = fh/lh + fv/lv. Mean spatial
complexity was calculated based on five replicate transects for each treatment.
Light transmittance within the observing arena was measured with an underwater
sensor (Li-Cor Quantum; Model LI-190SA) in six locations at 3 depths (surface, 0.2, and
0.4m) following each trial. Percent light transmission from the surface was calculated as:

⎛ ⎛ IO − I z
⎜1 − ⎜
⎜ ⎜ I
O
⎝ ⎝

⎞⎞
⎟⎟ ⎟ *100
⎟
⎠⎠
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where Io = surface irradiance and Iz = irradiance at depth z, after Birge (1915, 1916) in
Wetzel and Likens (1991). Mean transmittance was determined at the surface, as well as
0.2 m and 0.4m below surface. In addition, the mean of all 6 transmittance values was
calculated to obtain a value per trial for each treatment.
Source and Holding of Bluegill
Bluegill were collected from the Private John Allen National Fish Hatchery
(Tupelo, Mississippi) and maintained in aquaria equipped with a closed filtering system.
Water was changed in all tanks between treatments to minimize accumulation of
compounds toxic to fish (Spotte 1970). Using 2-40 watt florescent bulbs, a natural
12:12h light:dark cycle was mimicked. Filtration, light and water quality (temperature
(20.8 ºC ± 0.7), dissolved oxygen (5.58 mg/l ± 0.9), pH (9.09 ± 0.3)) were similar
between the observing and housing aquaria to minimize potential sources of variation of
response. All fish received a visible implant alpha (VIA) tag (™Northwest Marine
Technology), a small fluorescent tag containing an alphanumeric code, in the transparent
tissue of the eyelid to identify individual foraging response. Bluegill were randomly
divided into three groups, preconditioned in separate aquaria with 100% native vegetation
(100N), and fed tethered waxworms (Galleria mellonella) (1 waxworm/fish) daily.
Foraging Observations
Bluegill foraging efficiency was observed and evaluated in an arena (75 cm h x
24.5 cm w x 63.7 cm l) constructed within a 130 gallon aquarium, that was divided by
plexi-glass into two sections, a holding and observing arena (Figure 3.1). A video camera
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was placed on a tripod facing the aquarium to record behaviors. The experiment
consisted of 110, fifteen-minute observational trials. A trial consisted of foraging
observations of one bluegill from one of three groups per treatment, where there were 22
replicates per treatment (Valley & Bremigan 2002a). All fish were observed between
10am and 3pm because a pilot study indicated that the greatest feeding activity occurred
then. Due to time constraints, one group could be observed per day. Foraging efficiency
variables were defined as: (1) latency (time to first bout (min)); (2) prey recognition
(proportion of tethered prey found); (3) foraging rate (total number of bouts/15 minutes);
and (4) inter-bout interval (time between bouts (min)). For this experiment, bout was
defined after Machlis (1977) as rapidly occurring foraging attempts or a successive
attempt separated by relatively long gaps (Martin & Bateson 1993).
Prior to each trial, total length (mm) and weight (g) were determined for each
bluegill to evaluate whether any relationship existed with foraging efficiency. For bluegill
to return to pre-treatment conditions in preparation for exposure to successive treatments,
groups were fed directly following a trial and the following day, and then starved for 48
hours to standardize protocol (Appendix 1).
Experimental bluegill for each treatment were selected randomly from one of the
three groups (Appendix 1) and acclimated for 10 minutes within the aquarium’s holding
area. Two minutes prior to the end of the acclimation period, six tethered waxworms
(Galleria mellonella)) were placed into the observing arena. Tethers were initially cut to
random lengths and positioned in random locations. Fresh waxworms were used and
were replaced for each trial. Video recording and time began when the divider between
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the observing and holding area was lifted and the bluegill entered the observing arena. A
Panasonic TV/VCR combo was used to review video samples to calculate foraging
metrics. After 15 minutes, based upon a reported mean forage duration for bluegill
(Harrel & Dibble 2001a), the trial was terminated. Once all fish from a group were
observed, they were returned to their specific housing aquarium.
Data Analysis
Because several measurements were sequentially recorded for the same
experimental unit (individual bluegill), I used a repeated measures design using the Proc
Mixed procedure in SAS version 9.1 (SAS 2003). I used α = 0.05 for all tests. The
foraging efficiency data violated the heterogeneous variance assumption of classical
repeated measures analysis of variance (ANOVA); therefore the general linear mixed
model was used to model the covariance structure (Littell et al. 1998) . A subset of
biologically reasonable covariance structures for temporally repeated measure analysis
such as first-order autoregressive, heterogeneous autoregressive, and heterogeneous
compound symmetry was selected (Littell et al. 2006). Then, Akaike’s (1973)
information criterion (AIC) was used to choose the best fit structure, which was firstorder autoregressive. Normality assumptions were met for all foraging behavior
variables.
Proc mixed was used for repeated measures analysis and pairwise comparisons
evaluated the differences in foraging rate, latency (to first bout), inter-bout interval, prey
recognition, and light transmittance among treatments. The mixed model may contain
both fixed and random effects (Littell et al. 2006), where fish group and the interaction

49
between fish group and treatment were first set as fixed effects to determine their effect
on the response variables. To determine treatment effects on the response variables
(foraging rate, latency, inter-bout interval, and prey recognition), treatment was set as a
fixed effect and fish group was set as a random effect. Only fish that had greater than
one bout/15 minutes were included in calculating average time between bouts. Time and
treatment were confounded in my analysis, whereas each treatment mimicked a
progression in hydrilla invasion through time. Foraging variables occurring in treatments
with plants (100N, 50N/50H, 100H, 300H) were averaged and compared to the no plant
treatment.
Spatial complexity measurements were analyzed with analysis of variance (PROC
GLM) to determine differences in fh, lh, fv, lv, and Ihv among treatments. Transformations
of Ihv (square root) and lv (log) were needed to meet normality and variance assumptions. I
also used regression analysis (α = 0.1) to evaluate possible relationships between mean
spatial complexity (Ihv) and either mean light transmittance or mean bluegill foraging
behavioral responses (bout frequency, latency, and prey recognition). Multiple
regression analysis was not used because complexity and transmittance had severe multicollinearity (VIF ≥ 10). Inter-bout interval was not significant (F3,22.9=2.44, P = 0.09) by
treatment and therefore was not included in regression analysis.
Results

Aquatic plant bed complexity (square root transformed) differed significantly
between treatments (F3,16 = 19.66, P = <0.001) (Figure 3.2). Values for Ihv, fh, lh, fv, and lv
were zero for the no plant treatment. Mean complexity ranged from 33 in the
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intermediate native treatment (100N) to 230 in the high density hydrilla treatment
(300H), approximately 7 times greater (Table 3.1). With the addition of hydrilla, mean
complexity increased, but did not differ significantly between treatments 100N and
50N/50H (P = 0.12). The complexity of the 100N treatment was significantly less than
that of the intermediate density of hydrilla (100H) (P = 0.022) and high density of
hydrilla treatment (300H) (P = <0.001).
Mean light transmittance differed significantly among treatments (F4,10 = 66.84, P
= <0.001) (Figure 3.3). Also, mean light transmittance by strata differed significantly
with treatment (top: F4,10 = 20.77, P = <0.001; mid-strata: F4,10 = 83.64, P = <0.001;
bottom: F4,10=29.23, P = <0.001) (Figure 3.4). Overall, mean light transmittance was
0.08 ± 0.02 in the 100N which was significantly less than that of each of the other
treatments (P ≤ 0.05). Mean transmittance of 100H was greater statistically from that of
300H (P = <0.001). The greatest transmittance was in 100H and NP which did not differ
significantly in the top strata, mid-strata, or overall mean.
I analyzed 1665 minutes of video recorded from 110 fish (22 fish/treatment).
During the 29-day experiment, mean individual bluegill weight significantly increased by
0.27 g, but did not significantly affect any response variables (P ≥ 0.05). Fish group had
no significant effect on bout frequency (F2,37 = 3.08, P = 0.058), latency (to first bout)
(F2,32.9 = 1.75, P = 0.190), inter-bout interval (F2,14.2 = 2.04, P = 0.166), or prey
recognition (F2,38.5 = 2.89, P = 0.068). Therefore, all three groups exhibited similar
responses to changes in aquatic plant bed complexity.

51
Fish placed into habitat with no plants had a significantly lesser foraging rate
(F1,106 = 8.62, P = 0.004) and prey recognition (F1,106 = 8.18, P = 0.005) than those for a
habitat containing plants (Figure 3.5 a,c). Bluegill exhibited greater latency (11.1 min ±
1.27 SE) within the NP condition compared to that determined for plant conditions (7.5
min ± 0.86 SE) (F1,106 = 7.18, P = 0.009) (Figure 3.5 b). Therefore, the absence of plants
reduced bluegill foraging rate and success.
Treatment had a significant effect on foraging rate (F3,62.7 = 4.00, P = 0.011),
latency (F3,63.3 = 7.28, P = 0.001), and prey recognition (F3,63.6 = 4.92, P = 0.004) (Figure
3.6). Treatment had no significant effect on inter-bout interval (min) (F3,22.9 = 2.44, P =
0.09). Mean bluegill foraging rate (bouts/min) and prey recognition decreased as hydrilla
density increased (Figure 3.6 a & c), where treatment 100N had the greatest mean
foraging rate (0.16 bouts/min ± 0.03 SE) and prey recognition (0.34 ± 0.06 SE). For
treatment 100N, foraging rate and prey recognition were significantly greater than those
values for treatments 100H, 300H and NP, but not different than those for treatment
50N/50H. Latency (to first bout) increased as hydrilla density increased (Figure 3.6b)
and treatment 100N had the least mean latency (3.74 min ± 1.48 SE) and was
significantly less than all other treatments.
No significant linear relationship was observed between spatial complexity and
light transmittance (R2 = 0.06, P = 0.758). Foraging rate (R2 = 0.88, P = 0.059) and prey
recognition (R2 = 0.89, P = 0.055) had a significant negative linear relationship with
complexity whereas latency (to first bout) (R2 = 0.83, P = 0.087) had a significant
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positive linear relationship (Figure 3.7 a,c,e). Light transmittance had a non-significant
(P ≥ 0.1) linear relationship for the similar response variables (Figure 3.7 b,d,f).
Discussion

The data suggest that spatial complexity of aquatic plant beds may be correlated
with plant density measurements specifically for hydrilla for which complexity appears to
increase proportionally beyond an intermediate density. Although previous studies have
shown that exotic monocultures display less complexity than that of native monocultures
(Dibble & Harrel 1997), Valley and Bremigan (2002a) found mean bed complexity of
imitation plants was greater for canopy monoculture than for a diverse plant at both a
moderate and high density.
A shift from diverse native plants to a hydrilla-dominated habitat altered the level
of available light within the plant bed. As the native plants were replaced by hydrilla at
an intermediate stem/plant density, light transmission increased, most likely due to the
reduction in floating leaf plants such as pond lily. Out of the plants used, pond lily was
the least dissected and therefore, the least amount of light passed through its canopy.
Horizontally oriented structure decreases light s more than vertically oriented structure
(Johnson 1993). Light transmittance s decreased as hydrilla density increased from
intermediate (100H) to high (300H). Therefore, increasing vertically oriented hydrilla
beyond an intermediate density causes transmittance effects similar to those of horizontal
oriented structure such as floating leaf aquatic plants.
Individual bluegill foraging efficiency and success were significantly altered due
to changes in aquatic plant composition, density, and complexity. Changes in spatial
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complexity rather were more closely correlated to a change in bluegill foraging
efficiency. Regardless of food, Johnson (1993) demonstrated the importance of light
intensity to bluegill individually or as a group. Bluegill preferred cover (lower light
intensity) to the presence of structure or structural architecture. Although light can not be
used to predict foraging efficiency, bluegill did forage most successfully in the treatment
having the least light transmission (100N). Harrel and Dibble (2001b) have suggested
greater energetic gain for bluegill that forage in low light environments. Therefore, a
diverse, intermediate density native habitat of which results in a low light environment
may provide greater energetic gain due to increased foraging success.
The increase of spatial complexity (Ihv) as hydrilla density increased affected
significantly bluegill foraging rate, prey recognition, and latency (to first bout).
Individual bluegill foraging rate and prey recognition decreased and latency increased as
aquatic habitat complexity increased. Although the importance of aquatic habitat
structure to fish foraging success has been well documented (Crowder & Cooper 1982,
Savino & Stein 1982, Savino & Stein 1989, Gotceitas 1990, Valley & Bremigan 2002a,
Warfe & Barmuta 2004), no previous studies have directly tested the effects of a hydrilla
invasion on bluegill foraging efficiency. These results imply preference for a familiar
native, diverse habitat of intermediate density to realize the greatest foraging efficiency
and success.
These results provide insight into mechanisms responsible for the lower foraging
efficiency within a habitat with no plants. I expected bluegill to search faster in a
plantless habitat, because plants provide additional structure that may restrict foraging
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behavior. The research results of Mittelbach (1981) supported this expectation by
showing that bluegill searching for similar prey types and prey densities exhibited the
least prey encounter rates in vegetation when compared to open water and bare
sediments. Also, Kieffer and Colgan (1991) reported that pumpkinseed sunfish fed more
rapidly in open-water habitat. Bluegills ranged from 64-117 mm TL and therefore
theoretically (ontogenetic shift theory) should find the open water/pelagic zone a more
profitable habitat in natural conditions (Werner et al. 1983a, Werner et al. 1983b).
Werner et al. (1983b) also noted that when populations of open water dominated prey
were the least due to seasonal fluctuations, benthic and epiphytic invertebrates comprised
a greater percentage of bluegill’s diets. Therefore, without natural open water prey in the
aquaria, benthic or vegetated habitats may provide a greater net energy gain for bluegill.
Fish have the ability to improve their foraging efficiency with experience (Hughes
et al. 1992). Learning allows a forager to adapt to inherent environmental variation. For
example, pumpkinseed sunfish increase feeding efficiency by altering jaw muscular
activity to reduce handling time on a familiar prey item (Wainwright 1986). Accepting
this possibility, one would expect foraging efficiency on a familiar prey item to increase
through time, a conclusion this is contrary to my results. Although memory of foraging
on a particular food item did not improve efficiency, bluegill may have exhibited habitatspecific learning behavior because they had the greatest foraging efficiency within the
most familiar habitat (100N). Ehlinger and Wilson (1988) attributed bluegill’s habitatspecific foraging behavior to differences in morphology. Bluegill collected from
vegetation had longer pectoral fins than bluegill collected from open water habitats

55
(Ehlinger & Wilson 1988) resulting in different feeding efficiencies between habitats
(Ehlinger 1990). Hydrilla’s rapid growth and opportunistic reproductive strategies
(Langeland 1996) may seriously interfere with habitat-specific foraging strategies.
Habitat variables such as complexity and light were altered by the simulated
hydrilla invasion, and as a result individual bluegill foraging efficiency was negatively
altered. Although hydrilla’s invasivibility is well-known, its effect on habitat and fish
foraging behavior has been inferred, but rarely validated empirically. Hydrilla’s
aggressive colonization abilities coupled with the high cost of its management pose a
serious threat to aquatic ecosystems (Langeland 1996). Results from this study provide
a better understanding on how an invasive exotic species, such as hydrilla, can influence
trophic interactions by altering habitat complexity. Further research investigating
hydrilla’s effect on habitat complexity and foraging efficiency of bluegill as well as other
fish would be beneficial on a larger scale, such as the mesocosm or pond. In addition,
individual foraging behavior is influenced by the presence of conspecifics and predators
(Hart 1993). Therefore, investigations of hydrilla’s effect on foraging efficiency in the
presence of conspecifics and predators would be valuable.
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Table 3.1. Measurements of horizontal (h) and vertical (v) frequencies (F) and interstitial
lengths (L) (cm) used to calculate spatial complexity (Ihv) by transect (N=5)
per treatment level (N=5) ((100N) 100% native vegetation (control),
(50N/50H) 50% native vegetation and 50% hydrilla, (100H ) 100% hydrilla,
(300H) 300% hydrilla, and (NP) no plants) in aquaria, Mississippi State
University, 2006.
Treatment

Transect
1
1
1
1
1
3
3
3
3
3
5
5
5
5
5
6
6
6
6
6
7
7
7
7
7

Fh
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

36
14
20
25
44
48
47
44
21
43
58
44
47
51
32
66
57
75
68
55
0
0
0
0
0

Lh
1.21
2.56
1.83
1.56
0.92
0.85
0.83
0.85
1.66
0.91
0.77
1.09
1.07
0.91
1.10
0.39
0.58
0.46
0.48
0.58
0
0
0
0
0

Fv
27
22
23
19
24
35
25
45
10
20
33
41
4
40
52
67
59
59
68
38
0 0
0 0
0 0
0 0
0 0

Lv
1.78
1.86
1.33
3.14
1.61
1.24
1.83
0.75
5.46
2.28
1.43
1.10
15.16
1.31
0.65
0.87
0.57
0.48
0.41
0.94
0
0
0
0
0

Ihv
44.81
17.31
28.28
22.12
62.80
84.41
69.97
111.49
14.49
55.84
98.27
77.69
44.23
86.94
109.61
245.24
200.75
285.17
307.84
134.73
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a.
180 cm

Observing
Arena

Holding
Area

75 cm

b.

Observing Arena
0.077 m3 (77 L)
Holding Area

75 cm

24.5 cm
50.8 cm

12.9 cm

Figure 3.1. Diagram of observing/holding areas (b) partitioned within aquarium (a) for
experiment investigating the hypothesis that a shift in a heterogeneous native
aquatic plant bed to a monotypic hydrilla plant bed will alter spatial
complexity and light transmittance important to bluegill foraging, Mississippi
State University, 2006.
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Figure 3.2. Mean spatial complexity (Ihv, Dibble & Thomaz 2006) (N = 5 for each treatment)
measured for different treatments ((100N) 100% native vegetation (control),
(50N/50H) 50% native vegetation and 50% hydrilla, (100H ) 100% hydrilla,
(300H) 300% hydrilla, and (NP) no plants) simulating a hydrilla invasion in
aquaria, Mississippi State University, 2006. Means with different letters differ
statistically (P ≤ 0.05).
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Figure 3.3. Mean light transmittance measured for different treatments ((100N) 100% native
vegetation (control), (50N/50H) 50% native vegetation and 50% hydrilla, (100H )
100% hydrilla, (300H) 300% hydrilla, and (NP) no plants) simulating a hydrilla
invasion in aquaria, Mississippi State University, 2006 (N = 3 for each treatment).
Means with different letters differ statistically (P ≤ 0.05).
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Figure 3.4. Mean light transmittance at the top (a), middle (b), and bottom (c) in the water
column by treatment ((100N) 100% native vegetation (control), (50N/50H) 50%
native vegetation and 50% hydrilla, (100H ) 100% hydrilla, (300H) 300%
hydrilla, and (NP) no plants) in aquaria, Mississippi State University, 2006 (N = 3
for each treatment). Means with different letters differ statistically (P ≤ 0.05).
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Figure 3.5. Mean bout frequency (bouts/min) (a), mean prey recognition (proportion of
prey found) (b), mean latency (time to first bout (min)) (c), and mean interbout interval (min) (d) between treatments with plants (N = 89) and without
plants (N = 22) in aquaria, Mississippi State University, 2006. Means with
different letters differ statistically (P ≤ 0.05).
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Figure 3.6. The change in mean bout frequency (bouts/min) (a), mean prey recognition
(proportion of prey found) (b), mean latency (time to first bout (min)) (c), and
mean inter-bout interval (min) (d) between treatments ((100N) 100% native
vegetation (control), (50N/50H) 50% native vegetation and 50% hydrilla,
(100H ) 100% hydrilla, and (300H) 300% hydrilla) in aquaria, Mississippi
State University, 2006 (N = 89). Means with different letters differ
statistically (P ≤ 0.05).

Foraging Rate (bouts/min)

67

0.2

0.0

Latency (min)

R2 = 0.89
4

8

12

0.0
16
15

(c)

10

10

5

5

0

0.5

R2 = 0.83
4

8

12

0
16
0.5

(e)

0.3

0.0

(b)

0.1

0.1

15

Prey Recognition

0.2

(a)

R2 = 0.32
0.0

0.1

0.2

0.3

0.4

(d)

R2 = 0.38
0.0

0.1

0.2

0.3

0.4

(f)

0.3

R2 = 0.89
4

8

12

Spatial Complexity (Ihv)

16

0.0

R2 = 0.30
0.0

0.1

0.2

0.3

0.4

Light Transmittance

Figure 3.7. Regression analysis between habitat variables (spatial complexity (Ihv, square
root transformed) (Dibble & Thomaz 2006) and light transmittance) and
bluegill foraging efficiency (bout frequency (bouts/min), average prey
recognition (proportion of prey found), average latency (time to first bout
(min)) in aquaria, Mississippi State University, 2006 (N = 89).

CHAPTER IV
CONCLUSIONS
Hydrilla is a major aquatic weed, particularly in the southeastern United States
(Langeland 1996) and the costs associated with its management are substantial. Most
management decisions regarding macrophytes, fish, and macroinvertebrates in aquatic
ecosystems are made at the population level without visualizing natural assemblages as
“bound together by a web of complex relations” (Darwin 1859). The significance of
investigating ecological communities also was stated by Forbes (1887) where “the
necessity for taking a comprehensive survey of the whole as a condition to a satisfactory
understanding of any part”.
I investigated the hypothesis that hydrilla alters habitat and influences
macroinvertebrate community structure and fish-macroinvertebrate interactions. Studies
were conducted in the field (pond) and laboratory (aquaria). At the pond level, I
investigated the hypothesis that heterogeneity differences between a diverse native
aquatic plant bed, monotypic hydrilla plant bed, and plantless habitat will alter
macroinvertebrate assemblages, fish foraging effects on macroinvertebrate community
structure, and water quality. Macroinvertebrate population level (abundance and
biomass) as well as community level metrics (richness, blocked multi-response
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permutation procedures (MRBP), and indicator species analysis) were measured and I
concluded these variables were influenced by differences in habitat heterogeneity. No
significant effect of fish predation on macroinvertebrate populations and/or community
structure was documented. Also, no significant treatment effect was observed for water
quality parameters, except pH which had a interaction effect between time and treatment.
The data suggest complex hydrilla beds may not provide increased macroinvertebrate
abundance and richness compared to diverse plant beds as previously thought.
Transforming the natural mosaic of vegetated patches to a more complex monotypic
habitat, such as hydrilla, may alter specific macroinvertebrate taxa based on habitat
preference and feeding strategies.
At the aquarium level, I investigated the hypothesis that a shift in a heterogeneous
native aquatic plant to a homogeneous hydrilla plant bed will alter habitat complexity and
light transmittance important to bluegill foraging efficiency. I measured habitat
complexity (Ihv; (Dibble & Thomaz 2006)) and light transmittance at different stages of a
simulated hydrilla invasion and concluded these variables are influenced by increasing
the homogeneity of hydrilla in a aquatic bed habitat. In addition, bluegill foraging
efficiency was affected negatively by increasing spatial complexity of a hydrilla
dominated habitat. Individuals unable to maximize energy gain while foraging may have
less energy for non-feeding behaviors such as protection, reproduction, and growth
(Stephens & Krebs 1986). Therefore, bluegill are less successful in spatially complex
habitats such as a monotypic hydrilla beds due to poor foraging efficiency.
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Hydrilla is one of the most studied aquatic vascular plants (Langeland 1996), but
little is known about how hydrilla impacts aquatic communities. Therefore, this study
provides additional insight into the ecological interactions between macrophytes, fish,
and macroinvertebrates serving as an important link for better understanding of aquatic
communities. More specifically, this research provides new information about the effect
of hydrilla on habitat complexity influencing trophic interactions between bluegill and
invertebrates.
Management of aquatic plants should focus on maintaining a heterogeneous
mosaic of native aquatic plants to minimize alteration of fish-macroinvertebrate
interactions and limiting monotypic plant beds, especially those that have a tendency to
form dense mats. Many aquatic systems have sustained irreversible damage where native
vegetation has been completely and permanently displaced by invasive plants (Langeland
1996). In these instances, complete eradication of exotic invasive plant species is the
optimal, but not practical, solution. Future research should focus on determining if
partitioning dense monotypic invasive plant beds into patches will somewhat ameliorate
the negative effects on the fish and macroinvertebrate communities by producing natural
heterogeneity.
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APPENDIX A
SCHEDULE FOR BLUEGILL FORAGING EFFICIENCY
EXPERIMENT IN AQUARIA, 2006
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Date
14-May
15-May
16-May
17-May
18-May
19-May
20-May
21-May
22-May
23-May
24-May
25-May
26-May
27-May
28-May
29-May
30-May
31-May
1-Jun
2-Jun
3-Jun
4-Jun
5-Jun
6-Jun
7-Jun
8-Jun
9-Jun
10-Jun
11-Jun

Sunday
Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday
Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday
Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday
Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday

Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Treatment

100N
100N
100N
50N/50H
50N/50H
50N/50H
100H
100H
100H
300H
300H
300H
NP
NP
NP

Run

a
b
c
a
b
c
a
b
c
a
b
c
a
b
c

Feed
a
a, b
a, b, c
a, b, c
a, b, c
a, b, c
a, b, c
b, c
c
a
b
c
a
b
c
a
b
c
a
b
c
a
a, b
a, b, c

Starve

a
b
c
a
b
c
a
b
c
a
b
c
a
b
c

Starve

a
b
c
a
b
c
a
b
c
a
b
c
a
b
c

