
FORAGING STRATEGY OF THE GIANT RAMS-HORN 

SNAIL, MARISA CORNUARIETIS 

by 

OZLEN KONU GRANTHAM, B.S. 

A THESIS 

IN 

BIOLOGY 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 

MASTER OF SCIENCE 

Approved 

Accepted 

December, 1992 



ACKNOWLEDGEMENTS 

I wish to express my gratitude to my major advisors, Drs. Daryl L. Moorhead and 

Michael R. Willig for their guidance and support throughout the course of this study. I 

would like to thank Dr. Kent Rylander for his assistance in many aspects. I am also 

grateful to Dr. Thomas Arsuffi (Southwest Texas State University) for his generosity in 

providing the specimens, and for his valuable input. I also would like to thank Dr. Scott 

Holaday for his assistance in part of my experiments. My deep thanks for friendship, 

ideas, advice, and assistance in the field and elsewhere go to Melanie Skalberg (Southwest 

Texas State University) and Oya Zarrinabadi. I am very grateful for the support of my 

family in my education. Finally, I would like to express my endless gratitude to my 

husband, Joe Grantham, for his ideas, encouragement, and support. 

.. 
n 



TABLE OF CONTENTS 

ACKN'OWL'EDG-EMENTS ........................................................................ 11 

LIST OF TABLES .................................................................................. v 

LIST OF FIGURES ............................................................................. . 
. 

•. Vl 

CHAPTER 

I. INlR.ODUcriON ...................................................................... 1 

Optimal Foraging Theory ......................................................... 1 

Linear Programming Models ..................................................... 2 

M . . . 3 artsa comuartetls ............................................................... . 

Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 

Litera.ture Citecl .................................................................... 5 

IT. FEEDING PREFERENCES OF MARISA CORNUARIETIS: 
PHYTOCHEMISTRY AS A DETERMINANT OF DIET CHOICE ............ 7 

Absn-a.ct ............................................................................. 7 

lntrod.ucti.on ........................................................................ 7 

Material. an.d Methcxls . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 0 

Results ............................................................................ 13 

Discussion ........................................................................ 14 

Litera.ture Citecl .................................................................. 21 

ill. FORAGING STRATEGY OF THE GIANT RAMS-HORN 
SNAD..., MARISA CORNUARIETJS ............................................ 24 

Absn-a.ct ........................................................................... 24 

Introd.uction ...................................................................... 24 

Mcxlel Rati.onal.e ................................................................. 26 

Material.s an.d Methcxls .......................................................... 28 

Results ............................................................................ 31 

m 



Discussion ........................................................................ 33 

Litera.tllre atec:t. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 2 

APPEND IX ........................................................................................ 44 

. 
lV 



USTOFTABLES 

2.1. The results of repeated measures MANOV A to detect the effects of 
preexposure and time on the differences between consumption of Ludwi~a 
repens (Lr) and Yallisneria americana (V a) .............................................. 18 

2.2. Results oft-tests evaluating differences in chemistry between Ludwi~Da repens 
and Yallisneria americana. ................................................................. 20 

3.1. Parameters used in linear programming (LP) models for four different 
individuals represented in Figures 3.5, 3.6, 3.7, 3.8 .................................. 38 

A.l. Description of parameters (P) in the linear programming model ...................... 46 

A.2. Equations of the three constraint lines of linear programming (LP) model.. ......... 47 

A.3. Variable values for individual linear programming (LP) models (N = 27) ........... 48 

v 



LIST OF FIGURES 

2.1. Food consumption (mean + SE) by M. corouarietis exposed to each of three 
preexposure regimes during November ............................................... 17 

2.2. Food consumption (mean+SE) by M. cornuarietis exposed to each of three 
preexposure regimes during February ................................................. 17 

2.3. Food preferences (mean+SE) of M. cornuarietis for different preexposure 
~oups ..................................................................................... 19 

2.4. Cellulose, lignin, and ash content (percentage of dry plant material), and 
approximate digestibility (mean+SE) of Ludwi~a repens (Lr) and 
Yallisneria americana (Va) ........................................................... .... 20 

3.1. The linear relation (r2 = 0.259, P = 0.007) between daily consumption of 
Ludwi&ia repens (Lr) and size of the experimental snails .......................... 36 

3.2. The relation (r2 = 0.004) between daily consumption ofVallisneria 
americana (V a) and snail size ........................................................... 36 

3.3. The linear relation (r2 = 0.143, P = 0.018) between the cropping rate of 
Ludwi~a repens (Lr) and snail size .................................................... 37 

3.4. The linear relation (r2 = 0.613, P < 0.001) between the gut volume and snail 
size ......................................................................................... 37 

3.5. Linear programming (LP) model for an individual that is neither an energy 
maximizer nor a time minimizer (snail 4; see Table 3.1) ............................. 39 

3.6. Linear programming (LP) model for a time-minimizer (snail 8, see Table 
3.1) ......................................................................................... 39 

3.7. Linear programming (LP) model for an energy maximizer (snail14, see 
Table 3.1) ................................................................................. 40 

3.8. Linear programming (LP) model for an individual whose foraging strategy 
could not be categorized with confidence because of high variation in daily 
consumption (snail 16, see Table 3.1) ................................................. 40 

3.9. The relation between individual deviation from optimal strategy and snail 
size ......................................................................................... 41 

3.10. The 95% confidence intervals of mean I (individual deviation from 
time-minimized strategy) for LP models with different parameter values ......... 41 

A.1. Relationships between the parameters of the LP model. .............................. 41 

. 
Vl 



CHAPTER I 

INTRODUCTION 

Foraging behavior and its optimization have been major topics of ecological 

research for many years (see review by Pyke et al., 1977). Classical models of optimal 

diet predict that foraging behaviors that maximize the intake of energy will be favored by 

natural selection (Schoener, 1971 ). However, foraging behaviors may deviate from 

predicted optima because of other physiological and environmental constraints. 

Furthennore, many foraging models predict a single optimal diet for an entire population 

although individual diets often deviate from this optimum (Krebs et al., 1977; Rechten et 

al., 1983). Such intraspecific variation can be explored with mathematical models in which 

morphological and physiological differences among individuals are evaluated as controlling 

factors (Ritchie, 1988). Freshwater herbivorous gastropods which feed on aquatic 

macrophytes are ideal subjects for studying foraging strategies under constrains such as 

time availability, energy and nutrient requirements, and toxin avoidance. In this study, I 

examine the feeding behavior of the giant rams hom snail, Marisa comuarietis, on two 

species of aquatic macrophytes under laboratory conditions. 

Optimal FomWt~ Theozy 

Herbivores forage under constraints such as limitations in foraging time, digestive 

capacity, and nutrient requirements (Pulliam, 1975). In general, optimal foraging behavior 

is hypothesized to maximize the intake of energy or nutrients (Pyke et al., 1977; Belovsky, 

1978, 1984; Vadas, 1977; Huebner and Edwards, 1981; Owen-Smith and Novellie, 1982}, 

to maximize the rate of digestion (W estoby, 1974), or to minimize the time spent foraging 

(Pyke et al., 1977). For example, food preference of sea-urchins was not correlated with 
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the energy content of plant tissues, but rather with the efficiency with which these tissues 

could be digested (Vadas, 1977). Also, the need to avoid plant toxins may influence diet 

choice (Freeland and Janzen, 1974; Hay and Fenical, 1988). For example, algal 

polyphenolics and tannic acid (polyphenolic polygallic acid) consistently reduced feeding 

by marine herbivores (Steinberg, 1988). 

An underlying assumption of classical models of optimal diet is that dietary 

constituents are consumed in the frequency encountered or are not eaten at all. However, 

this is not always true (see review by McNamara and Houston, 1987). Organisms may 

exhibit partial preferences for a variety of foods because of nutrient constraints (Pulliam, 

1975). In such cases, the maximization of energy intake is subject to the constraint that a 

certain amount of nutrient is obtained Models of diet optimization that minimize the 

probability of starvation often produce partial preferences as well (Houston and 

McNamara, 1985). According to this model, organisms forage under time constraints and 

internal energy reserves determine the optimal diet. 

Even if an organism is making ali-or-none choices, partial preferences may result 

from discrimination errors by the consumer (Getty and Krebs, 1985) or non-random 

encounters with food types. An organism may switch from taking only one type of food to 

taking other types if foraging time is limited by predation, competition, or environmental 

conditions. Finally, an organism may require a learning period to develop an optimum 

foraging strategy, so partial preferences may result until sufficient time has elapsed to 

gather necessary infonnation and experience. 

Linear Promromin~ Models 

Although most foraging models predict a single optimal diet for an entire 

population, high intraspecific variation among consumers frequently characterizes diet 

selection (Werner, 1981; Henrich, 1976). Mathematical models including the effects of 
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morphological and physiological differences among consumers have been used to predict 

optimal diet selection for populations of herbivores (e.g., Belovsky, 1978, 1984, 1986, 

1991) and to evaluate individual variations from such an optimal diet For example, Ritchie 

(1988) used a linear programming (LP) model to study variation in diet selection by 

individual Columbian ground squirrels and found that 37% of the individuals significantly 

deviated from an energy-maximized diet. 

In general, LP models are well-suited to evaluate the effects of physiological and 

environmental constraints on diet selection. First, LP models allow simultaneous 

consideration of several foraging constraints, such as the minimum daily energy (or 

nutrient) requirement for survival and limitations on food intake due to digestive capacity 

and available time for foraging. An LP model defines all possible diets that meet these 

criteria. Second, individual differences in body size, digestive capacity, and foraging 

abilities can be incorporated into the model structure to permit definition of optimal diets for 

each individual. Third, LP models can be used to predict the conditions under which 

partial preferences could occur, given specific goals such as maximizing energy intake or 

minimizing time spent foraging. 

Marisa comuarietis 

Although generalist terrestrial herbivores have been widely studied in the context of 

optimal foraging theory (Belovsky, 1978, 1984, 1991; Ritchie, 1988), aquatic organisms, 

particularly freshwater gastropods, have attracted little attention. The giant rams-hom 

snail, Marl sa comuarietis (Ampullariidae ), is a discodial prosobranch gastropod that was 

recently introduced from South America into the San Marcos and Comal Rivers of Central 

Texas (Neck, 1984; Jobin, 1970). M. comuarietis feeds on aquatic plants and its most 

common dietary items in Comal River include Ludwi~a repens (Lr), Cabomba caroliniana 

(Cc), and Yallisneria americana (Va), all dominant macrophytes (Home et al., in press). 
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Previous feeding trials indicated that Lr was consumed in significantly higher amounts than 

Cc or V a, and that snails had higher mortality rates when exclusively fed Cc or Va 

compared to Lr alone (Melanie Skalberg, pers. comm. ). Foraging behavior of M. 

cornuarietis can be examined easily because this snail is of moderate size (30-45 mm 

diameter) and thrives under laboratory conditions. Furthermore, abundant local 

populations of M. cornuarietis and macrophytes, Lr and V a, are available. Little is known 

about the foraging behavior of M. comuarietis or other freshwater gastropods that directly 

consume macrophyte tissue rather than forage on epiphytic fungi and algae. Therefore, 

examination of the factors that determine diet choice of M. comuarietis should contribute to 

contemporary foraging theories. 

Objectives 

The thesis comprises two sections, the first dealing with food preferences of 

M. cornuarietis (Chapter II), and the second concentrating on intraspecific variation in 

foraging strategies (Chapter ill). The objectives of the ftrst portion of my study were: ( 1) 

to determine whether M. comuarietis exhibits feeding preferences for Lr or Va, and (2) if it 

does, to relate characteristics of plant chemistry to food preference. For the second portion 

of this study, my objectives were: (1) to determine ifM. cornuarietis forages in an optimal 

manner based on Lr and Va consumption, and (2) to evaluate, using an LP model, the 

variation in foraging strategy among individual snails . 
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CHAPTER II 

FEEDING PREFERENCE OF MARISA CQRNUARIETIS: 

PHYTOCHEMIS1RY AS A DE1ERMINANT 

OF DIET CHOICE 

Abstract 

This study evaluates factors that affect food preference of the giant rams-hom snail, 

Marisa comuarietis for two macrophytes, Yallisneria americana (V a) and Ludwi~a repens 

(Lr). The effects of preexposure and time on the differences between consumption of Lr 

and Va were determined via a Repeated Measures Multivariate Analysis of Variance 

(MANOV A). The phytochemical differences between Lr and Va also were analyzed via 

paired-t tests. M. comuarietis exhibits a distinct preference for Lr when preexposed to both 

Lr and Va, or to only Va. In contrast, preexposure to only Lr results in equal consumption 

of both Lr and Va. When Lr is consumed in higher amounts, it may be because it contains 

a higher concentration of holocellulose and has higher digestibility than Va. Plant 

phenolics and ash content do not contribute to preference for Lr. Nutrient constraints may 

explain the partial inclusion of Va in the diet 

Introduction 

Foraging behavior has been a major focus in ecology for many years (see review by 

Pyke et al., 1977; Stephens and Krebs, 1986). Classical models of diet optimization 

(Schoener, 1971) predict that foraging behaviors maximizing the intake of energy will be 

favored by natural selection. However, foraging may deviate from optima predicted on an 

energetic basis because of other physiological and environmental constraints (Pulliam, 

1975). For instance, diet choice of an herbivore may be constrained by nutrient 

requirements or digestive ability (Owen-Smith and Novellie, 1982). In fact, Vadas (1982) 
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found that food preference of sea-urchins was not correlated with energy content of plants, 

but instead was correlated with the efficiency of digestion. Similarly, avoidance of plant 

toxins may constrain diet choice, as is well demonstrated for both terrestrial and aquatic 

herbivores (Freeland and Janzen, 197 4; Hay and Fenical, 1988). For example, brown 

algal polyphenolics and tannic acid consistently deterred feeding by marine herbivores 

(Steinberg, 1988). Clearly, plant chemistry, in terms of caloric content, nutritional quality, 

and toxin content (Boyd, 1970; Newman et al., 1990; and Hay and Fenical, 1988) is 

important to food selection by herbivores. 

Marisa cornuarietis 

The giant rams-hom snail, Marisa cornuarietis (Ampullariidae), is a discodial 

prosobranch gastropod that recently was introduced from South America into the San 

Marcos and Comal Rivers of Central Texas (Jobin, 1970; Neck, 1984). M. cornuarietis 

effectively grazes on Ludwi~a repens (Lr), Yallisneria americana (Ya), both dominant 

macrophytes in Comal River (Horne et al., in press). Recent studies (Bertness, 1984; 

Sheldon, 1987; Lodge, 1991) indicated that herbivory on macrophytes may affect plant 

productivity, and often alter relative abundance of macrophytes. In the case of M. 

cornuarietis, preferential grazing may lead to changes in the abundance and distribution of 

Lr and Va in the Comal River system. 

Aguatic Macrophytes 

Aquatic macrophytes were considered to be minor components of the diet of 

herbivores (Hutchinson, 1975; Gregory, 1983) until recent studies (Sheldon, 1987; Lodge, 

1991) documented that macrophytes are subject to substantial grazing losses. This is not 

surprising because many aquatic plants contain high concentrations of nitrogen, a nutrient 

which often affects herbivore foraging (Mattson, 1980). On the other hand, freshwater 
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macrophytes generally have high water and ash concentrations. Consumption of large 

quantities of water decreases nutritional value per wet weight, and restricts the gut capacity 

of herbivores because of volumetric constraints. High ash content may interfere with 

digestion and absorption of nutrients (Muztar et al., 1977). Moreover, many aquatic 

macrophytes contain secondary compounds that may reduce grazing (Su et al., 1973; 

Ostrofsky and Zettler, 1986). In particular, the presence of tannins may decrease the 

assimilation of plant nutrients (Feeny, 1970), and may negatively affect the growth and 

survival of herbivores (Manuwoto and Scriber, 1986). 

Unfortunately, little is known about the chemistry of Lr, an important constituent of 

diet of the giant rams-hom snail in the Comal River. Terry and Tanner (1986) estimated 

nitrogen and phosphorus content ofLr as 1.7% and 0.4% of dry mass, respectively, but no 

study has reported the energy, cellulose, lignin, or tannin content of Lr. On the other hand, 

previous studies (Reimer and Toth, 1968; Linnet al., 1975; Muztar et al., 1978) on the 

chemical composition of Va provided a range of values for nitrogen (1.7-4.07%), 

phosphorus (0.16-0.62%), and energy (3.11-3.76 cal/mg-1) content based on dry mass. 

Cellulose and lignin content of Va have been reported as 20.3% and 2.5% of dry mass, 

respectively (Muztar et al., 1978). Furthermore, this species contains alkaloids, steroids, 

tannins, and saponins (Suet al., 1873; Ostrofsky and Zettler, 1986; Cheng and Riemer 

1989). 

This study evaluates factors that affect food preference of M. comuarietis. In 

particular, it was designed to address three hypotheses: (1) M. cornuarietis exhibits no 

preference for Lr and V a; (2) preexposure to either of these plants does not affect 

subsequent food preference; and (3) plant chemistry (i.e., fiber, ash, tannin content) has no 

effect on food preference. 
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Materials and Methods 

Snails and plants were collected from the Comal River near San Marcos, Texas, 

and transported to Texas Tech University, Lubbock. Animals were numbered, maintained 

at 2o·c in aerated 20 gallon aquaria, and fed a mixture of Lr and Va. The laboratory was 

illuminated for 12 hours a day, and plants were maintained in aerated aquaria. 

Food Preference and the Effects of freexposure on Consumption 

Feeding trials were conducted with individual snails in separate aquaria. Three 

treatments were applied to test if daily food consumption differed among pre-exposure 

regimes. Four to eight snails were pre-exposed to: (1) both Lr and Va (control), (2) only 

Va, or (3) only Lr, for four consecutive days, and then each group was offered equal 

amounts of Lr and Va for four additional days. Daily food consumption was measured as 

milligrams dry weight of Lr or Va eaten per day. Food preference was evaluated as the 

difference between Lr and Va consumption. One experiment occurred in November 1991 

(N1=18) and a second occurred in February 1992 <N2=16). 

Phytochemical Analyses 

Solubles, Bolo-cellulose and Liwin. Leaves ofLr and Va were collected from 

Comal River, cleaned of debris, and washed to remove epiphytic growth. Plants were 

weighed and then oven-dried to constant weight. Dried plant samples were ground to pass 

through a 40 mesh screen. Six replicates of 0.25 g were obtained for Lr and Va, 

separately. Each sample was transferred to a 50 ml centrifuge tube, and 15 ml of distilled 

water was added. Samples were then placed in a sonicating water bath at 60·c for 30 

minutes. Following sonication, the samples were centrifuged for 20 minutes at 15,000 

rpm to facilitate separation of soluble from insoluble materials. This procedure was 

repeated three times. The nonpolar soluble fraction of each sample was extracted with 
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ethanol in the same manner. After polar and nonpolar extraction, the samples were dried at 

60·c for 24 hours, and the residues (consisting fiber) weighed. Total soluble content was 

estimated as the difference between initial plant weight and residue weight after extraction. 

Cellulose and hemicellulose fractions were hydrolyzed by sulfuric acid digestion 

(Efland, 1977); the residues following ethanol extractions were placed in separate 125 ml 

flasks, 2 ml72% sulfuric acid added to each, and incubated at 3o·c for an hour. 

Following this, 56 ml of distilled water was added to each flask, and the resulting mixture 

was autoclaved for an hour at 12o·c. Afterward, the samples were suction filtered through 

1 J.Ull membrane filters, and oven-dried overnight at 60·c. The remaining material 

(consisting primarily of lignins) was weighed, and cellulose content estimated as the 

difference between residue weight after extraction and residue weight after acid digestion. 

Dty Mass and Ash. Five plants of each species were dried at 60·c for 48 hours to 

obtain a dry weight to wet weight ratio that subsequently was used to convert data to dry 

weight Dried samples were placed in pre-weighed crucibles and put in a muffie furnace at 

500-550·c for 6 hours; the crucibles subsequently were weighed and ash weight recorded. 

Soluble Polyphenols ITotal Phenolics). Crude tannin extracts were prepared from 

dried leaves ofLr and Va (modified from Shultz et al., 1981). For each species, 6 

replicates of0.1 g were placed in centrifuge tubes, 3.5 ml methanol-water solution (1:1, by 

volume) was added to each, and the tubes were placed in a water bath at 77-8o·c for 1 

hour. After extraction, all samples were centrifuged for 20 minutes at 15,000 rpm to 

facilitate separation of soluble from insoluble materials, and supernatant was collected. 

The total content of phenolic compounds in sample extracts was measured by the 

Polin Denis technique (Swain and Hillis, 1959; Shultz et al., 1981 ), using tannic acid as a 

standard. One ml of extracted sample after cenrifugation was added to 1 ml of Polin-Denis 

reagent; after 3 minutes, 1 ml of 2N NaHC<>J was added as a ftxative. After 60 minutes, 

absorbance was read at 725 run against a blank of equal parts distilled water, Polin-Denis 
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reagent, and NaHCOJ. The results then were compared to absorbance values obtained for 

standard solutions of tannic acid ranging between 0.01 and 0.1 mg·ml-1. 

Efficiency of Dietazy Utilization. A nutritional index, "approximate digestibility " 

(AD) was used to assess host plant utilization (Calow and Calow, 1975): 

AD= [(I-F)·100] I I [1] 

where I is milligrams (dry weight) of food ingested, and F is milligrams (dry weight) of 

feces produced. AD was calculated separately for Lr and Va. Six snails were starved for 

three days, then each transferred to a small container ( 10 em diameter), and subsequently 

fed Lr until satiated. The total amount of food ingested (I) was recorded. For each snail, 

feces were collected daily by suction filtering the water in containers through 1 J.U11 

membrane ftlters. All filters were then oven-dried at 60·c, and the weight of feces (F) 

produced over four days was recorded. The same procedure was repeated with Va by 

using another set of snails (n=7). 

Statistical Analyses 

The effect of time (November or February) and preexposure treatments 

(preexposure to (1) Lr and Va, together, (2) Va only, or (3) Lr only] on the differences 

between Lr and Va consumption (mg·d-1; N = 34) was tested by a Two-Way Multivariate 

Analysis of Variance (MANOV A) with repeated measures (consumption of Lr and Va were 

obtained from the same individual), using SPSS-X statistical software package (SPSS, 

Inc. 1988). Pairwise comparisons based on 1 priori tests were performed using SPSS-X 

Program MANOV A. Interspecific variation in phytochemistry and digestibility (% dry 

weight,% lignin,% bolo-cellulose,% ash,% tannin, and% digestibility) between Lr and 

Va was analyzed via t-tests. 
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Results 

Food Preference and Consumption Patterns 

Multivariate and univariate results were identical, because a single transfonned 

variable (the difference between Lr and Va consumption; Lr-Va) constituted the data for 

MANOV A. Hence, only average univariate tests are reported herein. Significant 

differences existed between Lr and Va consumption (within subject), indicating that M. 

cornuarietis exhibited preference (Table 2.1). Moreover, the consumption pattern (i.e., 

difference in consumption between Lr and Va) as affected consistently by time and 

preexposure (significant 2-way interactions of time by consumption and preexposure by 

consumption in the absence of a 3-way interaction). As a result, the effect of preexposure 

on consumption patterns was consistent over time (Figures 2.1 and 2.2). A priori tests 

indicated that preexposure to Va or to Lr+ Va affected consumption patterns in a similar 

way, whereas preexposure to Lr resulted in a different pattern (Figure 2.3). Percent 

consumption of Lr was greater than that of Va in the Lr+ Va preexposure group and Va 

preexposure group, whereas Lr and Va were preferred equally when preexposed to Lr 

only. This suggests that conditioning to Lr affects subsequent patterns of food preference. 

Phytochemical Analyses 

Va contained significantly less bolo-cellulose and lignin than did Lr (Figure 2.4 , 

Table 2.2). Ash content of the plants was similar, although a t-test revealed differences 

approaching significance (Figure 2.4, Table 2.2). Lr and Va had indistinguishable dry 

weight-to-wet weight ratios (Va, 8.73%; Lr, 9.91 %; Table 2.2). Based upon AD, Lr can 

be digested almost 2 times more efficiently than can Va; the difference in digestibility was 

very highly significant (Figure 2.4, Table 2.2). Total phenolics content of Lr and Va (as a 

percentage of dry weight) was indistinguishable (Va, 0.29%; Lr, 0.24%, Table 2.2). 
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Discussion 

A fundamental assumption of classical models of optimal diet is tha4 all other 

factors being equal, a food type is consumed in proportion to its "availability." In this 

study, .M. comuarietis exhibited partial preference for Va when both Lr and Va were 

offered in equal abundance. However, consumption of Lr was significantly higher than 

that of Va for snails preexposed to Lr+Va or to Va, whereas preexposure to Lr resulted in 

equal consumption of Lr and Va. The observed preference patterns were solely dependent 

on changes in Lr consumption in that consumption of Va remained constant. These results 

suggest the presence of nutrient constraints in feeding behavior of M. cornuarietis, as has 

been demonstrated for other herbivores (Pulliam, 1975; Belovsky, 1978; Willig and 

Lacher, 1991; Sandlin and Willig, in press). Aquatic herbivores may prefer macrophytes 

with high protein ratios (Mattson, 1980; Lodge, 1990). Previous studies (Reimer and 

Toth, 1968; Terry and Tanner, 1986) indicated that Va has relatively high concentrations of 

nitrogen and phosphorus compared to Lr. This may explain the partial inclusion of Va in 

the diet of M. cornuarietis. 

In an effort to understand the factors underlining food preferences of M. 

corouarietis, some of the chemical features of Lr and Va were compared. The fiber content 

of Lr significantly exceeded that of V a. Fiber is composed of bolo-cellulose and lignins, 

and at higher concentrations, it can reduce the digestibility of plant material. However, 

gastropods exhibit cellulase activity (Calow and Calow, 1975), which is positively 

correlated with the ability to digest plants and as a consequence, may prefer plants with 

high cellulose content. In this case, the highly preferred Lr contained 30% more bolo

cellulose than did Va, and digestibility of Lr was almost twice that of Va. Both plant 

species contained less than 55% fiber, the critical level reported to limit voluntary intake or 

lower dry matter digestibility (Ingalls et al., 1965). 
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The high ash content of aquatic plants effectively lowers the concentration of organic 

matter, and may interfere with digestion and absorption of energy-contributing nutrients. 

Differences between ash content of Lr and Va approached significance, and may be 

partially responsible for lower consumption rates of Va. 

In some case, feeding preference of aquatic herbivores was related to the avoidance 

of plant defenses (Newman, 1990; Lodge, 1991 ). However, in this study, no significant 

difference was demonstrated between the total phenolics (tannin) content of Lr and Va. In 

addition, neither of the species had high amounts of phenolics, suggesting that both plant 

species can be tolerated in large amounts (Steinberg, 1985). Presence of other secondary 

compounds such as alkaloids, steroids, and saponins in Va may be responsible for its 

lower consumption rates (Ostrofky and Zettler, 1986), but comparable data are not 

available for Lr. 

Even if M. cornuarietis makes ali-or-none choices, the choices may reflect partial 

preferences because of discrimination errors (Getty and Krebs, 1985). In prosobranchs, 

food is usually located by a combination of chemoreception and random movement 

(Aldrige, 1983). If chemical composition ofLr and Va were similar to each other, this 

might have led to some discrimination errors. 

In natural conditions, partial preferences also may arise because of the avoidance of 

starvation (Houston and McNamara, 1985). According to this view, organisms forage 

under a time constraint, and energy reseiVes determine optimal diet. Lr and Va are 

distributed in a patchy fashion, consequently M. cornuarietis may face staiVation if it only 

searches for Lr, and excludes patches of V a. The foraging time of M. cornuarietis also 

may be limited by predation, competition, or other environmental factors. Partial 

preferences in this study cannot be explained by avoidance of staiVation, because 

experimental animals consumed large amounts of Lr and Va, and no competition for food 

was possible during experiments. 
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In conclusion, preference patterns in M. cornuarietis may be a result of higher 

digestibility or higher bolo-cellulose content of Lr compared to that of V a, but not a result 

of the avoidance of plant phenolics. Partial preference of Va suggests that .M. comuarietis 

may forage under nutrient constraints. If M. cornuarietis forages optimally, it may balance 

the high energy supply ofLr with high protein content ofVa, Va being utilized in lesser 

amounts than Lr. 
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Figure 2.1. Food consumption (mean + SE) by M. cornuarietis exposed to each of three 
preexposure regimes during November. Lr = Ludwigia repens, Va = V allisneria americana. 
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Figure 2.2. Food consumption (mean+SE) by M. cornuarietis exposed to each of three 
preexposure regimes during February. Lr = Ludwi~a repens, Va = Yallisneria americana. 
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Table 2.1. The results of repeated measures MANOV A to detect the effects 
of preexposure and time on the differences between consumption of 
Ludwi~a repens (Lr) and Yallisneria americana (Va). DF =degrees of 
freedom, MS = mean square, F = F-test, P = significance (2-tailed). 

SOURCE DF MS F p 

Between-Subject Effects 

Time (f) 1 270.23 18.33 < 0.001 *** 

Preexposure (P) 2 83.07 5.64 0.009*** 

TxP 2 24.08 1.63 0.213 

Within 28 14.74 

Within-Subject Effects 

Consumption (C) 1 557.58 29.38 < 0.001 *** 

CxT 1 161.13 8.49 0.007*** 

CxP 2 170.64 8.99 0.001 *** 

CxTxP 2 48.73 2.57 0.095 

Within 28 18.98 

Pairwise Comparisons of P 

(Lr + Va) vs (Va) 1 10.20 0.69 0.413 

(Lr + Va) vs (Lr) 1 121.82 8.26 0.008** 

(Va) vs (Lr) 1 52.73 3.58 0.069 

Within 28 14.74 
**highly sigiiificant 
*** very highly significant 
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Figure 2.3. Food preferences (mean+SE) of Marisa cornuarietis for different preexposure 
groups. November and February data were combined; Lr = Ludwigia repens and Va = 
V allisneria americana 
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Figure 2.4. Cellulose, lignin, and ash content (percentage of dry plant material), and 
approximate digestibility (mean+SE) in Ludwigia repens (Lr) and V allisneria americana 
(Va). 

Table 2.2. Results oft-tests evaluating differences in chemistry 
between Ludwigia repens and V allisneria americana. All values are 
arcsin transformed; DF = degrees of freedom, P = significance. 

VARIABLE (%) DF t p (2-tail) 

Cellulose 10 10.034 ( 0.001 *** 

Lignin 10 4.379 0.001 ** 

Ash 8 2.158 0.063a 

Dry weight 8 -1.295 0.231 

Digestibility 11 -5.829 ( 0.001 *** 

Tannin 8 -1.147 0.280 
Clapproaching significance 
** highly significant 
***very highly significant 
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CHAPTER ill 

FORAGING STRATEGY OF TIIE GIANT RAMS-HORN 

SNAIL, MARISA CORNUARIETIS 

Abstract 

The foraging strategy of the giant rams-hom snail, Marisa corouarietis was 

examined by a linear programming (LP) model based on two variables: the consumption of 

Ludwi~a re.pens (Lr) and Yallisneria americana (V a). Individual LP models were 

constructed (N = 27) using estimates of energy requirement, digestive capacity, and daily 

feeding time for each individual. A relative index was developed to evaluate individual 

deviation from predicted optimal diet (i.e., energy-maximized and time-minimized). As a 

population, M. cornuarietis does not maximize energy or minimize time, but forages in an 

intennediate fashion. On the other hand, individuals exhibit all possible strategies: 41% 

were intermediate foragers, 30% maximized energy intake, 11% minimized time spent 

foraging, and 18% had unresolved strategies resulting from high variation in daily 

consumption patterns. Uncertainty analyses revealed that the model is robust with regard 

to changes in key parameter values. 

Introduction 

Herbivores forage under constraints associated with foraging time, digestive 

capacity, or nutrient requirements (Pulliam, 1975). In general, optimal foraging behavior 

is hypothesized to maximize the intake of energy or nutrients (Pyke et al., 1977; Belovsky, 

1978, 1984; Vadas, 1977; Huebner and Edwards, 1981; Owen-Smith and Novelle, 1982), 

to maximize the rate of digestion (Westoby, 1974), or to minimize the time spent foraging 

(Pyke et al., 1977). Most foraging models predict a single optimal diet for an entire 

population; however, individuals in the population may deviate from predicted optima 
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(Krebs et al., 1977; Rechten et al., 1983). In general, high intraspecific variation among 

consumers characterizes diet selection (Werner, 1981; Henrich, 1976, Sandlin and Willig, 

in press), although exceptions exist (Kitting, 1980). Intraspecific variation may be 

explored with mathematical models in which morphological and physiological differences 

among individuals are evaluated as contributing factors. By using a linear programming 

(LP) model, Ritchie (1988) studied the individual variation in Columbian ground squirrels 

(N = 109) in selecting an optimal diet, and he found that 37% of the individuals deviated 

significantly from an energy-maximized diet. In general, LP models have successfully 

predicted optimal strategies for terrestrial herbivores (Belovsky, 1978, 1984, 1986, 1991), 

but have not been applied to aquatic organisms such as freshwater gastropods. 

The giant rams-hom snail, Marisa comuarietis (Ampullariidae), is a discodial 

prosobranch gastropod that recently was introduced from South America into the San 

Marcos and Comal Rivers of Central Texas (Jobin, 1970; Neck, 1984). M. comuarietis 

grazes on Ludwi~a repens (Lr) and Yallisneria americana (Va), dominant macrophytes in 

Comal River (Home et al., in press). Previous studies indicated that M. comuarietis 

consumes Lr at higher rates than it does Va (Melanie Skalberg, pers. comm.). Moreover, 

M. comuarietis exhibits partial preferences when both macrophytes are present Even 

though Lr is highly prefered, absolute consumption of Va is constant (Chapter ll). The 

purpose of this study was to examine the foraging strategy of M. comuarietis on Lr and Va 

via an LP model. 

LP models are best suited for this type of study for a variety of reasons. First, LP 

models allow simultaneous consideration of several foraging constraints. For example, 

M. comuarietis must obtain minimum daily energy and nutrients in a finite amount of time, 

given its digestive capacity. Second, individual differences in body size, and digestive and 

foraging abilities, can be incorporated into the model structure. Third, LP models can be 

used to predict the conditions under which partial preferences should occur. 
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Specifically, this study examines individual deviation from predicted optimal diets 

(i.e., time-minimized and energy-maximized), and evaluates the effects of snail size on the 

diet selection. The central hypotheses are: (1) M. comuarietis maximizes energy intake, 

(2) food choice is independent of snail size, and (3) individual snails do not differ in 

foraging strategy. 

Model Rationale 

An LP model was developed (High Performance Inc., 1990) to describe foraging 

behavior of M. comuarietis based on two variables: Lr consumption (LR; mg dry wt·d-1) 

and Va consumption (VA; mg dry·d-1 ). Three major factors determine foraging in this 

model: (1) minimum daily energy requirement, (2) gut capacity, and (3) maximum feeding 

time. 

Daily Ener~ Reguirement 

The minimum energy requirement (E; cal·d-1) of a rams-hom snail is a function of 

body mass (Akerlund, 1969, 1974): 

E = a· 0.98W0.79. c 

where, a is an activity coefficient (Aldridge, 1983), W is the dry mass (mg) of the 

individual, and c is a constant (converts ml 02 consumption to calories per day; Table 

A.2). This energy requirement must be met by consuming plants such that: 

E < eLr · LR + eva· VA 

where eu and eva are caloric values ofLr and Va, respectively. 

Di~estive Capacity 

[1] 

[2] 

Digestive capacity limits the amount of food an individual can ingest For example, 

small herbivores have proportionately smaller gut capacities than do large ones (Milton, 
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1979). Andrews (1964) expressed daily digestive capacity (D; mm3·d-1) as a function of 

gut volume (V; mm3) and gut passage time (gpt; d-1 ): 

D = gpt · V [3] 

Digestive capacity must also be met by plant consumption: 

D > bu · LR + bva ·VA 

where buis the bulk volume ofLr (mm3.mg-1) and bva is the bulk volume ofVa. 

Time Constraint 

A daily time scale usually is used in LP models. Estimated daily feeding time (T; 

min·d-1) of the giant rams-hom snails excludes all activities not associated with feeding. 

Energy intake during feeding time can be expressed in terms of potential plant 

consumption: 

[4] 

T > CLr·LR + eva· VA [5] 

where CLr is the amount of time (min) required to eat a milligram (dry wt) of Lr and eva is 

the amount of time required to eat a milligram (dry wt) of Va. 

Interactions 

In the constraint equations, E, D, and T are expressed in terms of plant material 

consumed (VA and LR), and the diet may comprise various ratios of VA and LR. 

According to these equations, each individual has a set of possible diets that satisfies 

minimum daily energy requirements, and at the same time does not exceed daily feeding 

time or gut capacity. The LP model identifies the point at which maximum gut capacity is 

reached in the available time. This point (Emax) corresponds to an energy maximizing 

foraging strategy, and can be expressed in terms of energy intake (cal·d-1): 

Emax = eu · LRmax + eva· VAmax [6] 

where LRmax is the maximum consumption of Lr (mg·d-1) and V Amax is the maximum 
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consumption of Va (mg·d-1 ). Similarly, the point at which minimum daily energy 

requirements are met in the available time (Emin) represents a time minimizing foraging 

strategy, and can also be expressed in terms of energy intake: 

Emin = eLr · LRmin + eva · V Amin [7] 

where LRmin is the minimum consumption of Lr (mg·d-1 ), and VA min is the minimum 

consumption of Va (mg·d-1 ). In particular, the model provides a basis to assess if M. 

comuarietis is an energy-maximizer or a time-minimizer. 

Materials and Methods 

Observed Diet 

During feeding trials, each of 27 snails was placed in a separate aquarium and fed 

both Lr and Va for four consecutive days. Food consumption was measured as milligrams 

of Lr or Va eaten per day, and converted to dry weight based on dry weight to wet weight 

ratio (see Chapter m. 

Model Parameters 

Each individual was observed continually for 1-2 hours to determine cropping times 

on Lr and Va (CLr and eva; equation 3), when offered separately. The difference in plant 

weights before and after each observation period defined consumption. 

Snails with known cropping rates (N=27) were placed in a 20-gallon aquarium 

containing both Lr and Va. Subsequently, snails were checked every 20 minutes for 24 

hours, and the type of activity (e.g., found on plants, crawling, or inactive) was recorded. 

From these data, I obtained (1) percent of time spent feeding during each hour of the day, 

(2) the average daily feeding time (min), and (3) feeding times (min) for each individual. 
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Two different estimates provided quantitative bounds for gut passage. In the frrst, 

three individuals (not used in LP modelling) were fed an artificial diet of 5% agar 

containing dry plant material mixed with indigestible colored cotton fibers. Feces were 

examined for the presence of these fibers. Twenty-four hours divided by the number of 

hours required for cotton fibers to pass through the gut defined the upper limit to the gut 

passage, because this ratio indicates the time during which food remained in the intestines. 

Alternatively, six snails (not used in LP modelling) were fed lettuce for 2 hours, three of 

these were dissected after 12 hours, and three were dissected after 15 hours to estimate the 

average time required to empty most (>95%) of the stomach contents. The density of food 

particles in the stomach fluid was used to determine the end of digestion. When essentially 

no particles were present, stomachs were classified as empty. Twenty-four hours divided 

by the time required to empty most of the stomach contents thereby gave the average gut 

passage time forM. cornuarietis. 

Shell diameter of each individual was measured to the nearest millimeter before 

dissection. These measurements were used to estimate shell-free snail weight via an 

exponential relationship (r2= 0.951, y = x2.4; Skalberg and Arsuffi, pers. comm.). Daily 

energy requirement then was calculated as a function of body weight (E; see equation 1 ). 

The caloric content ofLr and Va was assumed to be the same (i.e., qr and eva= 4.1; see 

equation 1) because Boyd (1970) reported that aquatic macrophytes have similar caloric 

contents (i.e., 4.1 ± 0.45, N = 11 ). 

After completion of these experiments, individuals were fed lettuce for 24 hours, 

and anesthetized in a solution of 7.5% MgCl. Whole animals were fixed in 10% neutral 

formalin. After length and perimeter of the esophagus-stomach complex were measured, 

gut volumes were calculated by the assuming that the esophagus and stomach were each 

cylinders. Bulk volumes ofLr and Va (bu and bva; see equation 2) were measured by 

weighing a known volume of each plant. 
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Quantitative Analyses 

The relationships between size and (1) mean consumption rates, (2) feeding times, 

(3) cropping rates, and (4) gut capacities of the snails were examined via linear regression 

analyses. A paired t-test was used to evaluate differences in cropping times ofLr and Va. 

For each of the 27 individual LP models, the coordinates of the pairs of points at 

which energy was maximized <Emax), and time-minimized <Emi.J were calculated in terms 

of caloric values rather than consumption rates (see equations 6 and 7). In order to 

examine inter-individual deviation from an optimal strategy (i.e., time-minimized), a 

relative index of individual deviation (I) was calculated for each snail: 

I = (E - Emin) I <Emax -Emin) [8] 

where E is calories obtained from the observed diet, Emin (see equation 7) is calories 

obtained from a time-minimized diet, and Emax (see equation 6) is calories obtained from an 

energy-maximized diet According to equation 8, the value of I for a time-minimized, and 

energy-maximized diet correspond to 0 and 1, respectively. For each individual, a 95% 

confidence interval (CO of I was calculated (by using individual consumption data over 

four days). If the 95% CI overlapped 1, the snail was considered to be a energy

maximizer, if the 95% CI overlapped 0, the snail was considered to be a time-minimizer, if 

the CI overlapped both, the strategy was considered unresolved; if CI overlapped neither 0 

nor 1, the strategy was considered intermediate. 

The I values obtained for the 27 snails were regressed against snail size to 

determine whether deviations from an optimal strategy were dependent on size. 

Uncertainty analyses of three key model parameters were conducted to examine the effects 

of potential experimental error on individual deviations (I) from the optimal diet. 

Parameters included (1) activity coefficient (a; see equation 1), (2) daily gut passage time 

(gpt; see equation 2), and (3) maximum daily feeding time (T; see equation 3). Values of 

these parameters were modified to reflect the actual range of observations for mollusks in 
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general, or specifically that forM. comuarietis. For example, activity coefficient was 

doubled (from 1 to 2) to include the energetic costs associated with feeding and digestion 

(reported for other gastropods; Aldridge, 1983). Changes in daily gut passage time 

reflected the lowest (gpt = 1.2) and highest (gpt = 2.0) values observed forM. 

comuarietis. Finally, observed daily feeding time of the individuals was most likely an 

overestimate because it measured the total time spent on plants and could include time not 

spent foraging. Consequently, a fraction ( 65%) of the parameter representing the average 

time required to fill the gut (T) was tested in the uncertainty analyses. Nonnality of the I 

values within the baseline or uncertainty models (i.e., a= 2, gpt = 1.2, gpt = 2, T·0.65) 

was tested via Kolmogorov-Simirnov goodness-of-fitness tests (SPSS Inc., 1988). 

Results 

Observed Diet 

The mean (+ SE) daily consumption rates of Lr and Va based on 27 snails were 

23.06 + 7.40 and 2.49 + 0.36 (mg·d-1 ), respectively. A significant linear relationship 

occurred between Lr consumption (mg) and size of the snails (Figure 3.1); however, no 

relationship existed between snail size and daily consumption of Va (Figure 3.2). 

Model Parameters 

Mean(± SE) cropping times (min·mg-1) ofLr and Va based on 27 snails were 

12.42 + 0.69 and 14.39 + 1.02, respectively. The difference approached significance 

(t = -2.041, P = 0.052). Ingestion time for Lr decreased with increasing snail size 

(Figure 3.3), but remained constant for Va (m = 0.12, r 2 = 0.004, P = 0.75). 

No significant relationship was found between snail size and maximum daily 

feeding time (m = 10.5, r 2 = 0.061, P = 0.2134). Snails spent an average of 46% of the 
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day feeding. More than 80% of the snails spent less than 57% of the day feeding. When 

snails were not feeding they were either crawling or were inactive. 

A positive linear relationship was obtained between the gut volume (mm3) and the 

body size of snails (Figure 3.4). The average gut passage was estimated as 1.6 times a day 

(i.e., 15 hours was necessary to empty stomach contents). The upper limit to the gut 

passage time was estimated as 2 times a day (12 hours was necessary to empty the 

stomach) whereas the lower limit was set at 1.34 times a day (i.e., 18 hours required for 

food to pass through intestines). 

LPModels 

For all 27 individuals, LP models predicted that both time-minimized CEmm) and 

energy-maximized (Ernax) diets should exclusively comprise Lr; this occurred because of 

higher digestibility of Lr compared to that of Va Although LP analyses, including the 

calculation of 95% CI of I, were conducted for each individual (n=27), only a 

representative of each different foraging strategy (i.e., energy-maximizers, time

minimizers, and neither) is illustrated herein. According to these analyses, 41% of the 

snails had neither energy-maximized nor time-minimized diets (Figure 3.5), and were 

classified as intermediate foragers; only 11% were time-minimizers (Figure 3.6), and 30% 

were energy-maximizers (Figure 3.7). Nonetheless, 18% of the snails varied in daily Lr 

consumption (Figure 3.8). Consequently, it was impossible to classify them according to a 

single optimal strategy. Mean individual deviation (I) from optimal strategy was 

independent of snail size (Figure 3.9). The value of I represented an intermediate strategy 

even after uncertainty analyses were performed (Figure 3.10). Increasing daily energy 

requirements by doubling the activity coefficient of the energy constraint (LP model, type a 

= 2) decreased the mean value of I by 36%; however, it did not result in a time-minimized 

diet The mean value of I decreased by only a small percentage when gut passage was 
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increased to 2 times a day. In the case of gut passage being 1.2 times a day, the mean 

value of I was closer to an energy-maximized diet, but was statistically distinct from it As 

a result, none of the parameter modifications resulted in energy-maximimized or time

minimized foraging strategies. Even if error exists in these three parameters, it would not 

affect the overall interpretation of foraging strategies. 

Discussion 

Energy and time are two currencies that affect the foraging decisions of herbivores 

(Shoener, 1971; Belovsky, 1978). Time-minimizers forage the least amount of time to 

obtain a minimum amount of energy, using the rest of the available time for other activities. 

Energy-maximizers, on the other hand, maximize energy intake in the available feeding 

time, given their digestive capacity. According to classical models of optimal diet, natural 

selection favors energy maximizing strategies because they facilitate higher potential growth 

and reproduction. Generalist grassland herbivores, for instance, may adopt an energy 

maximizing strategy (Belovsky, 1986) to survive periods of energy deficiency (e.g., 

during reproductive season). Deficiencies may also arise from low nutritional quality or 

low digestibility of plants. Alternatively, an individual may increase fitness by minimizing 

time spent foraging if it is involved in other activities such as parental care, avoiding 

predators, or searching for mates. For instance, some generalist herbivores behave as 

time-minimizers during reproductive season (Belovsky, 1978). The general foraging 

strategy of M. corouarietis is neither energy maximization (30% of the sample population) 

nor time minimization (11% of the sample population). If foraging strategy is an inherent 

characteristic of a species or an individual (Ritchie, 1988, 1991 ), .M. comuarietis is more 

likely to be classified as an intermediate forager based on the composite picture provided by 

the individual diets ( 41% of individuals overlapped neither energy-maximized nor time

minimized strategies). 
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All LP models of M. cornuarietis predicted that both time-minimized <EmuJ and 

energy-maximized <Emax) diets should comprise exclusively Lr. In contrast, Va was 

included in the diet in all cases but one because Lr supplies more energy than does Va. 

Only two individuals consumed Lr and Va in amounts that exceeded estimates of digestive 

capacity or were less than minimum requirements. Twenty-five individual diets contained 

quantities of Lr and Va that were consistent with simultaneous operation of energy and 

digestive constraints. Partial consumption of Va apparently was not a consequence of 

energy requirements. Other currencies such as nutrients or toxins might be incorporated 

into the model structure to account for consumption of Va. 

Even though the mean value of I for the sample population represented an 

intermediate strategy, inter-individual variation in M. comuarietis was high. The only other 

study of individual variation using LP models was performed by Ritchie (1988), and 

concerned individual deviation from an energy-maximizing diet in ground squirrels. In his 

study, diets of ground squirrels consisted of two food types (dicots and monocots). LP 

models defined the relative proportion of monocots (or dicots) in an energy-maximized 

diet. Energy maximization generally occurred at the intersection of the time and digestive 

constraints; 63% of the squirrels (n=109) were found to be energy-maximizers. Observed 

and predicted values of the percent monocot (or dicot) in diets were highly correlated (r = 

0.97). However, individuals may still deviate from the predicted optima if total food 

consumption significantly varies from day to day. 

In my study, the total amount of food consumed by M. comuarietis varied on a 

daily basis for some individuals. These fluctuations were produced by variations in the 

consumption ofLr, but not in those ofVa. Therefore, the proportion ofLr (or Va) in the 

diet could not be used to predict the foraging strategies of M. cornuarietis. Instead, I used 

relative differences between predicted and observed diets (I) based on caloric intake to 

quantify individual deviations from optimal strategies. Confidence intervals (95%) of 
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individual mean consumption were used to classify individuals as being energy-maximizers 

or time-minimizers. Individual food consumption was determined over a three day period, 

the minimum number of days required for the evaluation of foraging strategies. However, 

if a snail behaved as a time-minimizer for three days, and in the fourth day maximized 

energy, that snail would still be classified as a time-minimizer regardless of its foraging 

strategy on the fourth day. Moreover, foraging strategies may involve maximization, but 

do so over time periods longer than 3 days. Hence, intermediate foraging strategy in the 

long-run may appear to be energy maximization, if the snap shot view of consumption 

during 3 days was not an indicative of the physiological time frame of the organisms. 

None of the parameter modifications in the uncertainty analyses significantly 

affected the classification of foraging strategy by .M. comuarietis as a population. For 

example, when minimum energy requirements were increased by 100%, the mean of all I 

values decreased only 30%; nonetheless, the 95% CI did not intersect time-minimized diet 

This suggests that in the case of increased energy consumption for activities related to 

feeding, the population still behaves as intermediate foragers. Similar results occurred with 

each of the other parameters. Therefore, if such errors exist in model parameters, they 

would not change the overall interpretation of the LP models or the general conclusion. 

In summary, M. comuarietis does not maximize energy or minimize time, rather it 

forages in an intermediate fashion as a population. Each of three strategies (i.e., energy 

maximization, time minimization, and intermediate) was adopted by individual snails. Each 

individual may utilize a single foraging strategy over long times (intermediate) or change 

strategies frequently. Some individuals (18%) were highly variable in daily energy intake 

over short periods of times. Finally, LP models from this study successfully defmed 

possible dietary combinations. Other factors, possibly involving nutrient constraints, 

should be considered to predict Va consumption. 
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Figure 3.1. The linear relation (r2 = 0.259, P = 0.007) between daily consumption of 
Ludwi~a repens (Lr) and snail size. 
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Figure 3.2. The relation (r2 = 0.004) between daily consumption of Yallisneria americana 
(Va) and snail size. 
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Figure 3.3. The linear relation (r2 = 0.143, P = 0.018) between the cropping rate of 
Ludwi~a repens (Lr) and snail size. 
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Figure 3.4. The linear relation (r2 = 0.613, P < 0.001) between the gut volume and snail 
size. 
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!a~l~ 3.1. Parameters used in linear programming (LP) models for four different 
mdivtduals (4, 8, 14 and 16) represented in Figures 3.5, 3.6, 3.7, 3.8. 

Parameter Snai14 SnailS Snail14 Snail16 

Snail Mass(mg) 501 614 655 655 

Cropping Rates (min/mg) 

Ludwi&ia repens 15.78 10.1 14.43 16.63 

V allisneria americana 20.89 8.21 11.49 9.82 

Digestible Energy Content ( cal/mg) 

Ludwigia repens 2.050 2.050 2.050 2.050 

V allisneria americana 1.025 1.025 1.025 1.025 

Food Bulk (mm3/mg) 

Ludwigia repens 13.433 13.433 13.433 13.433 

V allisneria americana 18.772 18.772 18.772 18.772 

Feeding Time (min/day) 660 660 760 620 

Gut Capacity (mm3/day) 467 474 474 493 

Enersx R~uirement ( cal/da~) 15.23 17.88 18.82 18.82 
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Figure 3.5. Linear programming (LP) model for an individual that is neither an energy
maximizer nor a time-minimizer (snail4; see Table 3.1). Shaded area represents 95% 
confidence intervals of the mean observed consumption shown by a solid square. 
Constraint lines are time (T), digestive capacity (D), and energy (E); Lr = Ludwigia repens, 
Va = V allisneria americana. 
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Figure 3.6. Linear programming model for a time-minimizer (snailS; see Table 3.1). 
Shaded area represents 95% confidence intervals of the mean observed consumption 
shown by a solid square. Constraint lines are time (T), digestive capacity (D), and energy 
(E); Lr = Ludwi~a repens, Va = Yallisneria americana. 
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Figure 3.7. Linear programming (LP) model for an energy-maximizer (snail14; see Table 
3.1). Shaded area represents 95% confidence intervals of the mean observed consumption 
shown by a solid square. Constraint lines are time (T), digestive capacity (D), and energy 
(E); Lr = Ludwi~a eyens, Va = V allisneria americana. 
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LP MODEL STRUCIURE 

ENERGY CONSTRAINT 

dVa 

DIGESTIVE CONSTRAINT 

v 

LineD 

TIME CONSTRAINT 

mVa 

Figure A.l. Relationships between the parameters of the LP model (High 
Performance Inc., 1990). Only parameters that are affected by others are circled. 
The effect of a parameter on another is indicated by an arrow. Line E, LineD, and 
Line T, which give the possible combinations of L. repens (Lr) andY. americana 
(Va) in the diet, are the linear equations for energy (E), digestive (D) and time (f) 
constraints, respectively (see Table A.l, A.2, and A.3 for details). 
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Table A.l. Description of parameters (P) in the linear programming model. Lr 
= Ludm~a re.pens, Va = Yallisncria ameri~ana. 

p DESCRIPTION (units) VALUE FORMULA 

a activity coefficient (unitless) 1 see equation 1 
a constant (unitless) 0.98 see equation 1 
8 constant (unitless) 0.789 see equation 1 
w snail weight (mg) variable see equation 1 
c conversion factor (cal·mi-1) 0.0048 see equation 1 

di..r digestibility ofLr (unitless) 0.523 

dva digestibility of Va ( unitless) 0.263 

eu digestible energy content of Lr (cal·mg-1) 2.05 4.l·dLr 

eva digestible energy content of Va (cal·mg-1) 1.025 4.1·dva 

E daily energy requirement (cal·d-1) variable 24·a·(d·WB)·c 

LRl amount of Lr to satisfy E (mg·d-1) variable E·~r-1 

VAl amount of Va to satisfy E (mg·d-1) variable E·eva-1 

v gut volume (mm3) variable see equation 2 

gpt daily gut passage time (d-1) 1.6 see equation 2 

bulkLr wet/dry weight ratio of Lr (unitless) 10.10 

bulkVa wet/dry weight ratio of Va (unitless) 11.49 

BDu bulk density ofLr (mg·mm-3) 0.75 

BDva bulk density ofVa (mg·mm-3) 0.68 

bu bulk volume of Lr (mm3·mg-1) 13.46 bulk Lr·BDu -1 

bva bulk volume of Va (mm3·mg-1) 16.90 bulk Va·BDva-1 

D daily gut capacity (mm3·d-1) variable V·gpt 

LR2 amout ofLr eaten to fill D (mg·d-1) variable D·bLr1 

VA2 amount of Va eaten to fill D (mg·d-1) variable D·bva-1 

Illi.z amount of Lr eaten per minute (mg·min-1) variable 

mva amount of Va eaten per minute (mg·min-1) variable 

cu cropping rate of Lr (min·mg cJry-1) variable hLr-1 

eva cropping rate ofVa (min·mg-1) variable hva-1 

T maximum feeding time (min) variable 

LR3 amount of Lr eaten in T (mg·d-1) variable T·CLr1 

VA3 amount of Va eaten in T (ms·d-1) variable T·cva-1 
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Table A.2. Equations of the three constraint lines of LP 
model. See Table A.l. for details. 

CONSTRAINT 

Energy (Line E) 

Digestive (Line D) 

Time (LineT) 
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EQUATION OF LINE 

( -LRlN Al)·V Al +LRl 

(-LR2N A2)·V A2+LR2 

(-LR3NA3)·VA3+LR3 



Table A. 3. Variable values for individual LP models (n = 27). W = 
snail ~eight, V = gut volume, T = maximum feeding time, CLr = 
cropptng rate of Lr, eva = cropping rate of V a, Lr = Ludwi~a repens, 
Va = Yallisneriil ameri~anil. 

Individual # w v T cu eva 
1 433 220.22 640 18.704 14.363 

2 466 315.26 500 7.266 7.181 

3 501 220.22 440 16.833 17.409 

4 501 291.70 660 15.781 20.891 

5 537 235.92 700 12.317 9.737 

6 575 318.58 900 12.949 19.475 

7 575 253.44 840 18.364 20.891 

8 614 296.21 660 10.100 8.207 

9 614 253.44 720 11.744 7.660 

10 614 306.30 940 16.833 13.057 

11 614 296.52 520 16.290 8.838 

12 614 253.44 640 8.417 9.192 

13 614 336.42 640 10.100 10.445 

14 655 296.21 760 14.429 11.490 

15 655 288.33 600 8.860 12.489 

16 655 307.63 620 14.638 9.821 

17 655 312.58 540 7.214 17.677 

18 697 323.19 540 10.100 10.445 

19 697 262.99 760 10.100 21.679 

20 697 337.70 760 12.949 21.278 

21 697 343.47 680 18.036 26.114 

22 697 355.35 640 14.225 21.278 

23 740 393.25 660 7.769 12.767 

24 740 312.58 640 10.521 17.409 

25 833 374.01 640 12.024 15.740 

26 881 402.67 840 8.707 10.445 

27 931 415.64 740 10.100 12.626 
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