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Nonindigenous apple snails (Ampullariidae: Pomacea) are freshwater gastropods 

native to South and Central America and have been introduced in North America and 

Asia. Two species, Pomacea canaliculata and Pomacea maculata are known to 

damage wetland crops and, because of their indiscriminate and voracious appetites, 

have been implicated in decimation of large areas of aquatic vegetation. Florida has 

nonindigenous Pomacea populations in at least 29 watersheds in 38 counties. Although 

there are many questions to be examined regarding P. canaliculata and P. maculata, 

three general questions are addressed in this study: 1) what are the physiological 

tolerances affecting habitat use of nonindigenous Pomacea in Florida, 2) is there a 

means to distinguish between the species using morphology, and 3) what are the 

potential impacts of nonindigenous Pomacea on aquatic flora? 

 Results of this research provide a framework for understanding the differences 

between species as well as potential impacts. Differences in shell morphology were 

observed in the large adult snails (>50.00 mm length). Most notably, P. maculata is 

generally wider than it is long (X̄ ratio <0.97) and the opposite is true for P. canaliculata 

(X̄ ratio >1.05). In smaller adults (30.00–49.99 mm), this guideline should be adjusted to 
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1.02. Physiological testing showed that, overall, snails can tolerate salinity levels up to 8 

ppt and pH 5.5–9.5 for at least 28 days, and desiccation for up to one year (adults) and 

six months (juveniles). The potential for damage to rooted aquatic macrophytes is 

greater in young plants; snails appear to prefer new stem and shoot growth of emergent 

vegetation. Plants with herbivore defense mechanisms may be able to withstand the 

foraging pressure of the snails. In some systems, control and even eradication may be 

possible, as was confirmed in a manual removal project. A substantial reduction in snail 

numbers (>90%) was noted by the end of the first year, and control was effectively 

achieved after three years. The biology of these nonindigenous Pomacea makes them a 

threat to some aquatic ecosystems, but their long-term impacts on large natural 

systems remain unclear. 
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CHAPTER 1 
INTRODUCTION 

Background 

Apple snails (Ampullariidae) are freshwater gastropods and are classified into 

nine extant genera, with an estimated 150 species (Hayes et al. 2009). Nonindigenous 

Pomacea are native to South and Central America and have been introduced in North 

America and Asia. One species, Pomacea paludosa (Say 1829), is native to North 

America. In the last decade, snails in the genus Pomacea have received much attention 

because of their ability to damage crops through foraging. The genus is divided into 

groups and two of these groups, Pomacea canaliculata (Lamarck 1819) and Pomacea 

bridgesii (Reeve 1856), account for most of the diversity of introduced apple snails. In 

introduced locations, the most abundant P. canaliculata group members are P. 

canaliculata and Pomacea maculata (Perry 1810; previously described as Pomacea 

insularum D’Orbigny 1839; Hayes et al. 2009, 2012). Pomacea canaliculata is listed as 

one of the World’s Worst Top 100 Invaders (Lowe et al. 2000). Commonly introduced 

species from the P. bridgesii group include Pomacea sp. (previously described as 

Pomacea haustrum, Reeve 1856), Pomacea diffusa (Blume 1957), and Pomacea 

scalaris (D’Orbigny 1839). In the U.S., nonindigenous apple snails are found in at least 

10 states (Figure 1-1). Florida has more apple snail species than any other state. These 

include the native, Pomacea paludosa (Say 1829; Florida apple snail), and at least five 

nonindigenous species: P. canaliculata (Channeled apple snail), P. maculata (Island 

apple snail), Pomacea sp., P. diffusa (Spike-top apple snail), and Marisa cornuarietis 

(Linnaeus 1758; Giant ramshorn snail). As of 2013, Florida had nonindigenous 

Pomacea populations in at least 29 watersheds, in 38 of 67 counties (Figure 1-2).    
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 Introductions of these species have resulted in negative agricultural impact and 

have led to a small body of research on reproductive behavior, feeding preferences, and 

control methods (Estebenet 1995, Albrecht et al. 1999, Yusa and Wada 1999, Estoy et 

al. 2002a, 2002b, Carlsson et al. 2004, Carlsson and Lacoursiere 2005, Yusa et al. 

2006). Results from some of the research, however, are inconsistent with respect to the 

same response variable and this prompted a genetic analysis of the populations to 

determine if all of the snails belonged to the same species. The genetic analysis 

demonstrated that many of the papers reporting to have P. canaliculata snails actually 

had P. maculata snails or both species (Dr. Timothy Collins, Florida International 

University, personal communication 2006). This raised two important questions: 1) 

which species occur in Florida and 2) what are their potential impacts on Florida’s 

aquatic ecosystems. 

Morphological Characteristics 

Originally described in the early 1800s, analysis of shell morphology and limited 

study of soft tissues has led to members of the P. canaliculata complex being added, 

removed, or considered synonymous. Morphological characteristics are easily 

influenced by food quality and quantity, habitat characteristics (e.g., water flow) and 

snail density (Alderson 1925; Cazzaniga 1990; Martin and Estebenet 2002). Shells 

within the species complex vary in size, and often in color and pattern. Selective 

breeding for the aquarium trade (e.g., color traits) has added to the variation within 

certain species, further confounding morphological identification. Recent studies on 

internal anatomy found variation in male reproductive structures between species 

(Hayes et al. 2012). 
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Generally, the shells are spherical and have five to six whorls that are separated 

by a deep indentation, hence the common name “channeled” apple snails for one 

species. The characteristics of the “channel”, however, can be altered by habitat and 

snail density. Trophic changes (e.g., reduced food availability from grazing pressure) 

allow P. canaliculata males to reach sexual maturity earlier and this results in a less 

channeled and more “spike-top” appearance, similar to P. diffusa (Dr. Pablo Martin, 

Universidad Nacional del Sur, personal communication 2008). Pomacea maculata is the 

largest of the known species in Florida, with shell sizes up to 120 mm; P. canaliculata 

may reach 80 mm, whereas the remaining species in Florida range in size up to 80 mm, 

but are generally smaller than 60 mm. The shell aperture is large and may be oval to 

round. Snails in naturally occurring (wild) populations range in shell color from yellow to 

brownish-black, and may contain stripes or dimpling. Because these snails have been 

cultivated for the aquarium trade, selective breeding has led to distinct color variations 

and patterns; snails may have bright shell colors (e.g., yellow/orange, green, or copper) 

and the tissues of the foot may have pigment variations ranging from yellow to orange 

to gray (personal observation). These extremes in shell patterns may result from sperm 

competition. According to Yusa (2004) females are able to accept sperm from multiple 

males and there is evidence to suggest that sperm with certain color and pattern genes 

can out compete other sperm. 

Multiple environmental factors that affect growth patterns, such as population 

density, age of the snail, and food quality, often make field identifications difficult 

(Estebenet and Martin 2002, 2003; Martin and Estebenet 2002). Therefore, alternate 

means of identification are sought, such as characteristics of egg clutches. The clutch 
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dimensions (i.e., total length), number and size of eggs, and color of the eggs are 

possible species identifiers (Figure 1-3). Egg clutches of P. maculata tend to have 

smaller-diameter eggs that are more densely packed; however, the overall length of the 

clutch is generally larger than that of other species and may have up to 1200 eggs (ASE 

2006). Clutches of P. canaliculata have larger eggs and fewer total eggs (up to 600), but 

are the same color as P. maculata (ASE 2006). Variation of clutch characteristics within 

a species, caused by food quality, age of the snail and habitat conditions, may result in 

overlapping characteristics, thereby making identification through egg masses difficult. 

For many Pomacea species, including all of those in Florida, another difficulty in using 

eggs for species identification is that the eggs turn white as they near hatching. 

 Although field identification can be difficult, genetic analysis can distinguish 

among species (Rawlings et al. 2007). Rawlings et al. (2007) confirmed the presence of 

one population of P. canaliculata in Florida, whereas other tested populations assumed 

to have been P. canaliculata were, in fact, P. maculata (Dr. T. Collins, personal 

communication 2006). Although molecular methods provide a more reliable means of 

identification, they are not applicable for immediate field identification, which is required 

for survey assessments. Additionally, if more than one species is present, and is 

unidentified or underrepresented, it will probably not be sampled for genetic analysis 

(Dr. T. Collins, personal communication 2006). Therefore, a means of definitive 

morphological identification is necessary to distinguish among species.  

Biology 

Habitat and Environmental Tolerances 

Pomacea canaliculata-complex snails have not been extensively studied in terms 

of preferred habitat and environmental tolerances. The majority of research from their 
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native range has been on shell morphology and variation within P. canaliculata 

populations (Estebenet and Martin 2002, 2003; Martin et al. 2001; Estebenet et al. 

2006; Martin and Estebenet 2002). At the outset of my study, there was one paper 

focused on distribution and environmental limits; the snails have a wide range of 

tolerance to many environmental variables (Martin et al. 2001), but no definitive 

physiological or ecological limitations are defined. Only limited research has been 

conducted on temperature tolerance (Albrecht et al. 1999), and other references to 

environmental factors that influence life history were from anecdotal observations. 

Research on other members of the complex (e.g., P. maculata) was even less frequent 

in the literature at the outset of this project.   

Feeding 

 Channeled and Island apple snails are opportunistic feeders that consume a 

variety of aquatic vegetation, terrestrial fruits and vegetables, algae, remains of other 

decaying organisms and conspecific eggs (personal observation). The snails maintain 

an air bubble inside the shell (i.e., lung) for buoyancy regulation. Observations in the 

laboratory and in the field suggest the snails are able to use this mechanism to reach 

vegetation that would otherwise be inaccessible. Observations on feeding behavior 

have revealed the use of the foot to manipulate food into the radula (Figure 1-4). 

McClary (1964) described “ciliary feeding” in P. canaliculata during which the foot acts 

as a funnel to gather food from the surface water film with pedal cilia. This action has 

been observed with smaller snails of other Pomacea species (personal observation; 

Saveanu and Martin 2013).     

 The primary reason P. canaliculata is deemed a pest species in some countries 

is not because of damage to natural ecosystems, but because of the damage to 
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aquaculture crops (i.e., rice and taro) (Estebenet 1995; Yusa et al. 1999, 2006; 

Carlsson et al. 2004, 2005; Yu 2005; Nakamura 2006). Indiscriminate rapid 

consumption of large amounts of aquatic vegetation, however, could alter aquatic 

ecosystems (Carlsson et al. 2004). Although there have been no reports in Florida of P. 

canaliculata-complex snails feeding on crops, the snail’s voracious appetite may be the 

cause of ecosystem alteration and it has been implicated in the decline of the native 

apple snail, P. paludosa, and the federally endangered Florida Snail Kite (Rostrhamus 

sociabilis plumbeus) (Cattau et al. 2010). Research supported the hypothesis that 

young birds have difficulty handling larger snails (Cattau et al. 2010); unfortunately, this 

became an accepted notion for the birds in general. Personal observation of the bird’s 

foraging behavior, however, suggests older birds are capable of handling snails > 60 

mm TL (Bernatis 2013).  

Reproduction 

 Apple snails are dioecious and both sexes of P. canaliculata and P. maculata, as 

well as P. paludosa, reach sexual maturity at approximately 25 mm length (about 2-3 

months of age) (Lach et al. 2000; Estoy et al. 2002a, 2002b). Females only need to 

mate once to lay eggs throughout their lifespan. Albrecht et al. (1999) found that 

temperature is a limiting factor for Channeled apple snail reproductive efforts. As 

temperature decreases, the number of clutches deposited decreases. In Florida, 

Channeled and Island apple snails reproduce throughout the year, although effort slows 

during the winter months (personal observation). Estoy et al. (2002a, 2002b) suggested 

that food is a limiting factor for reproductive efforts. I have observed this in the 

laboratory as well, with increases in the number of egg clutches deposited after periods 
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of starvation (> 6 days), followed by feeding. During the starvation period, egg 

deposition ceases, but resumes after the snails begin to feed again. 

 During the summer months when reproductive efforts are highest, females may 

lay a clutch of eggs once a week. Hatching time varies with environmental conditions 

(Albrecht et al. 1999; Estoy et al. 2002a, 2002b). In Florida, I have observed P. 

canaliculata to have the shortest developmental duration; as few as 10 days in outdoor 

mesocosms and as short as seven days in controlled laboratory conditions. Hatch time 

is fastest in the summer months and is generally about 11-14 days, with hatching 

success near 100%. Likewise, Island apple snails hatch in outdoor mesocosms in 10 

days and in laboratory conditions in nine days, but is generally 12-16 days.   

 Hatch time and number of emerging offspring may be affected by environmental 

conditions such as inundation and temperature fluctuations (Albrecht et al. 1999; Estoy 

et al. 2002a, 2002b). Hatched clutches I have examined in the wild, however, indicate a 

hatch rate of nearly 100%. This is based on observations of un-hatched eggs in relation 

to the entire clutch. The ability of a single female to produce several thousand offspring 

in one season, along with limited numbers of predators in the environments where 

snails have been introduced (Yusa et al. 2006), are two reasons that nonindigenous 

snail populations are expanding rapidly. 

 At the outset of my research, it was unknown if introduced apple snails could 

hybridize with each other or with the native P. paludosa. In a laboratory setting, I 

observed copulation between field collected P. canaliculata and P. paludosa, and P. 

canaliculata and P. maculata, but in each instance the resulting egg clutch did not 

hatch. Previous copulation could have led to egg clutches being laid, but inadequate 
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fertilization may have caused offspring to be unviable. In South America, P. canaliculata 

has been observed mating with P. maculata and M. cornuarietis, the latter of which will 

mate with almost any snail species (Dr. P. Martin, personal communication 2008), but 

again no known hybridization occurred. Furthermore, trials designed to encourage 

hybridization resulted in zero egg clutches laid, although copulation was observed 

(Bernatis 2013).      

Age and Growth 

 Currently, there is no way to accurately determine a snail’s age; however, the 

lifespan of the Channeled and Island apple snails generally ranges from 2-4 years 

(Estebenet and Cazzinaga 1992). Arnold (2011) used stable oxygen isotopes in shell 

carbonate to try and determine the age of Pomacea maculata, but had mixed results. 

Several studies have demonstrated that temperature and food resources limit the 

growth of apple snails (Albrecht et al. 1999; Estoy et al. 2002a, 2002b). Furthermore, 

Tanaka et al. (1999) reported that as P. canaliculata density increases, growth rate 

decreases. I have also observed this in holding tanks in where tanks with snail > 500 

g/64 liters. When divided in half (i.e., 250 g/64 liters), and each new tank population 

displayed a net gain of 60-70 g within one week. However, when the populations started 

at 250 g/64 liters and were combined into a single larger population (i.e., 500 g/64 

liters), mass gain was only 12-14 g for the entire population. Growth is rapid and snails 

can reach 30 mm within 2-3 months (personal observation; Lach et al. 2000; Estoy et al. 

2002a, 2002b). In controlled environments with low density (< 3 snails/4 liters) and 

abundant food, growth rates can be up to 1 mm/ 24 hours in snails < 40 mm in TL 

(personal observation; Figure 1-5).   
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Pathways of Introduction 

 Members of the P. canaliculata complex are native throughout the Amazon Basin 

and the La Plata Basin in southeast Brazil, Argentina, Bolivia, Paraguay, Peru, Uruguay, 

and other locations throughout South America. Introductions resulting in established 

populations have occurred in Taiwan, Indonesia, Thailand, Cambodia, Hong Kong, 

southern China, The Philippines, Japan, Australia, Hawaii, California, Arizona, Florida, 

and Texas. At the beginning of this study, isolated reports in the U.S had come from 

Georgia, North and South Carolina, Ohio and Indiana (Howells 2001; GFMFS 2003; 

IDNR 2005; ASE 2006; CDA 2006). Established populations now occur through 10 

southern states (Figure 1-1). Channeled apple snails were introduced in Taiwan in the 

1980s, to develop an escargot industry. The market, however, was not as successful as 

anticipated, and through intentional or accidental means, snails escaped into the rice 

fields and became serious crop pests (ASE 2006). Distribution has also been linked to 

hobbyist release from the aquarium industry, as well as deliberate introductions of snails 

for nuisance-plant control (personal observation).   

 Channeled apple snails were probably brought to Florida for human consumption 

and the aquarium trade, but escaped or were released, and became established by 

1978 (Thompson 1997). Introduction dates, locations, and recent taxonomic revisions of 

the species in Florida (Hayes et al. 2009, 2012) makes the exact place and time of 

introduction difficult to determine. Originally, the Florida Fish and Wildlife Conservation 

Commission (FWC) and the Florida Department of Environmental Protection (FDEP) 

stated P. canaliculata was introduced sometime in the middle or late 1970s in South 

Florida (Mr. Gary Warren, FWC, personal communication 2006; Denson and Eby 2004). 

Later introductions occurred in the Tampa Bay area in the 1980s. For the next two 
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decades there was little information about the habitat of the snail. When I began my 

research, there was a substantial increase in reports and confirmations of snail 

populations (at least 23 counties), ranging from Miami to Tallahassee (Mr. Scott Hardin, 

FWC, personal communication 2006). As of 2013, Florida had nonindigenous Pomacea 

populations in more than half its counties (38 of 67) and 29 watersheds.   

 Pomacea canaliculata can move many meters a day in the water or on land, and 

may float downstream, thereby facilitating dispersal. Additionally, intentional, 

unsanctioned introductions for aquatic plant control in the 1980s (Mr. G. Warren, 

personal communication 2006) increased the rate of spread in South Florida. Pomacea 

canaliculata sp. was discovered in the St. Johns River watershed in 2004 and 

subsequently observed in Duval County, northernmost Florida, in 2005, (Denson and 

Eby 2004; Frank 2005). P. maculata has been unintentionally introduced into water 

bodies through restoration activities. Egg masses were present on aquatic macrophytes 

planted as part of the restoration process (Mr. Beachum Furse, FWC, personal 

communication 2008). Egg masses have also been observed on boats. If these eggs 

are not removed prior to hatching, spread is possible if the boat is launched into a 

different water body (Figure 1-6). 

Effects of Introduction 

 Effects of introduction range from beneficial to innocuous, to potentially fatal for 

humans if snails are consumed raw and harbor specific parasites. The negative 

impacts, discussed in detail below, are not only system-dependent (e.g., natural vs. 

urban), but species-dependent as well. Although, there is no scientific documentation in 

Florida, numerous anecdotal accounts from residents and state agencies implicate the 

snail in changing lake conditions (Mr. Dana Denson, Reedy Creek Improvement District, 
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personal communication 2006). The large size of P. canaliculata-complex snails and 

their preference for consuming aquatic vegetation makes them potential threats to 

aquatic ecosystems. These systems are home to many endemic invertebrate species 

that are dependent on stable habitats (e.g., Floridobia mica--Ichetucknee Silt Snail and 

Procambarus econfinae--Panama City Crayfish). Any organism that depletes the 

abundance of aquatic plants has the potential to alter ecosystems and threaten other 

species (Carlsson et al. 2004).   

 Like other gastropods, P. canaliculata-complex snails are hosts to numerous 

parasites that are transferable to humans through consumption of raw or undercooked 

snail meat. One such parasite, Angiostrongylus cantonensis, a nematode known as rat 

lung worm, is capable of infecting humans and causing eosinophilic meningitis, a 

potentially fatal condition. Furthermore, the parasite has been found to reach high 

concentrations in the edible part of the snail, the head-foot portion (Chao et al. 1987). 

Regardless of the health risks associated with consuming the snails, they are now, after 

failed initial attempts to develop an escargot industry, considered a delicacy in East and 

Pacific Asian markets (ASE 2006).   

Research on both P. canaliculata and P. maculata in their native habitat is limited 

at best, and few predators have been identified in the laboratory (Hendarsih et al. 1994; 

Yusa, et al. 2006). Predators that consume eggs and snails tend to be unwanted 

organisms in urban settings, e.g. fire ants, rats, and alligators. Predation on P. 

canaliculata sp. by Florida predators (native or introduced) has been minimally 

investigated and most information is anecdotal; some studies suggest that introduced 

tilapia, Oreochromis spp., consume juvenile P. canaliculata (Hendarsih et al. 1994). The 



 

23 

key predator of the native apple snail, the endangered Florida Snail Kite, feeds 

sparingly on the invasive species, possibly because of snail size constraints (Cattau et 

al. 2010). Birds have been observed to take as long as eight hours to open one 

nonindigenous snail, and juvenile birds appear to be less successful foraging on large 

nonindigenous snails (Mr. Jeff Kline, U. S. National Park Service, Dr. T. Collins, and Dr. 

Phil Darby, University of West Florida, personal communications 2006). Snyder and 

Kale (1983), however, provide evidence that failure to handle larger snails is nothing 

more than clumsiness on the part of the bird. Observations of kites on Lake 

Okeechobee, also contradict the conclusions of Cattau (Bernatis 2013). Furthermore, 

limpkins have been observed successfully feeding on P. maculata (J. Kline and P. 

Darby personal communication 2006). In some locations, presence of P. maculata has 

even been credited with the return and success of limpkins (Mr. Charles Lee, Florida 

Audubon Society, personal communication 2011).   

 Pomacea paludosa is the only native apple snail in the United States and is the 

primary food source of the endangered Florida Snail Kite (Darby 2005; Kushlan 1975). 

The native snail exhibits similar life history patterns as the nonindigenous (e.g. laying 

eggs on emergent vegetation, aestivation in drought), but differs in critical aspects such 

as foraging behavior, number of offspring and lifespan.   

 The native snail feeds predominantly on periphyton and particles in the surface-

water film (McClary 1964), I have observed frequent consumption of the plants Hydrilla 

verticillata and Vallisneria americana. The invasive apple snails feed primarily on 

macrophytes, and therefore consumes the attached periphyton. Competition for 

preferred food likely occurs once macrophytes have been largely consumed and the 
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main food source is the suspended particles in the surface-water film. In some systems 

(e.g., urban ponds), where native and nonindigenous apple snails coexist food may be a 

limiting factor for native apple snail survival.   

 The number of offspring per clutch differs more than 10-fold between P. paludosa 

and the invasive snails. Clutches of P. paludosa have an average of 28.3 eggs, with 

average egg size ranging from 3.7 – 5.6 mm (Hanning 1979; Figure 1-3). Variation in 

clutch sizes of these invasive species is great, with estimates of 200–1200 eggs per 

clutch (ASE 2006). Individual egg sizes of the invasive species are much smaller, 

generally ranging from 0.9 – 1.9 mm (personal observation). Native apple snails are 

much larger at hatching, have rows of pila, and are pigmented, whereas the 

nonindigenous are smaller, typically do not possess pila, and shell pigmentation may or 

may not be present (Figure 1-7).    

Decline of the native apple snail and the Florida Snail Kite may simply be a result 

of prolonged natural and anthropogenic perturbations. Darby (2005) suggests prolonged 

drying caused by water management decisions has impacted native apple snail 

populations in some locations. The Florida Snail Kite is also impacted by dry conditions 

and is known to move in response to fluctuating water levels (Dr. Jim Rodgers, FWC, 

personal communication 2011). Although the introduction of invasive snails has been 

suggested as the reason for declining native apple snail populations and Florida Snail 

Kites, there is no quantitative evidence to support this hypothesis.       

Summary and Research Goals 

Florida has numerous aquatic ecosystems. These systems regulate water 

discharge and recharge, support freshwater fisheries and wildlife, and some are 

dominated by submerged and emergent aquatic vegetation. Any organism that forages 
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indiscriminately and continuously on aquatic plants has the potential to alter Florida 

aquatic ecosystems. For instance, macrophytes-dominated communities could be 

transformed into phytoplankton-dominated communities (Carlsson et al. 2004). Given 

the recent range expansion of P. canaliculata complex snails in Florida, the potential 

impacts of this organism require investigation.  

Although there are a many questions to be examined regarding P. canaliculata-

complex snails, three general questions have arisen: 1) what are the physiological 

tolerances that affect the range and habitat use of P. canaliculata spp. in Florida, 2) is 

there a morphological means to distinguish among the species, and 3) what are the 

impacts of P. canaliculata spp. on the flora used in restoration and managed for? Each 

of these questions is addressed in the following chapters. In Chapter 2, variation in shell 

morphology between hatchlings, juveniles, and adults of P. maculata and P. 

canaliculata is examined to determine if external morphological characters are reliable 

for field identification. Chapter 3 aims to fill basic research gaps in physiological 

tolerances to common environmental factors that affect distribution and success of 

establishment. A series of LC-50 trials, to determine lethal levels of pH, salinity, and 

desiccation, are explored. Chapter 4 reports on a series of feeding-rate and feeding-

preference trials, focused on determining impacts on vegetation by P. maculata and P. 

canaliculata. Chapter 5 presents results of a project designed to evaluate hand-removal 

as a means of controlling or eradicating P. canaliculata-complex snails from urban 

systems. Answering these questions fulfills two important objectives. First, there is a 

dearth of general ecological, physiological, and morphological data on introduced 

Pomacea in Florida, and my research helps fill this void. Second, my research will help 
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management agencies develop guidelines for regulation of these nonindigenous apple 

snails, assist in developing lake restoration plans (i.e., plants to use/avoid), and provide 

insights for developing control programs in residential or small urban ponds.  
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Figure 1-1. States with Pomacea in North America. Florida (in black) has four species of 
nonindigenous Pomacea (P. maculata, P. canaliculata, Pomacea sp., and P. 
diffusa), one native species (P. paludosa). All other states (in grey) have at 
least one nonindigenous Pomacea species.   
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Figure 1-2. Nonindigenous Pomacea populations throughout Florida as of 2013. These 

are point locations and do not fully represent the spread of the snails in canal 
and river systems or around the periphery of lakes. The P. maculata location 
in the panhandle just north of the state line, in Georgia, represents records 
from Lake Seminole, which extends across the Florida-Georgia border.  
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Figure 1-3. Egg masses of Pomacea spp. in Florida. Top left: P. paludosa (native), 
bottom left: Pomacea sp., middle: P. maculata, top right: P. canaliculata, and 
bottom right: P. diffusa. Photos of P. diffusa and Pomacea sp., courtesy of Dr. 
Ken Hayes. Other photos by Jennifer Bernatis. 
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A   B 
 

Figure 1-4. Holding tank observation of: (A) P. maculata using its foot to manipulate root 
material for consumption; (B) P. canaliculata using its foot to manipulate 
lettuce for consumption. Photos by Jennifer Bernatis. 

 
 

 

 
 

Figure 1-5. Measurement of added shell (dark line on right side of shell, 3.4 mm) after 
80 hrs in a low-population-density, high-food-abundance tank of small P. 
maculata (<40 mm TL). Photo by Jennifer Bernatis. 
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Figure 1-6. Pomacea maculata egg masses in various stages of development and 
hatching. Photo by Jennifer Bernatis. 

 
 

 

Figure 1-7. Two-day-old hatchling apple snails, on the left P. paludosa and on the right 
P. canaliculata. Photo by Jennifer Bernatis. 
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CHAPTER 2 
MORPHOLOGY 

Background 

Nonindigenous freshwater gastropods of the genus Pomacea (Ampullariidae) are 

native to South and Central America and have recently undergone several taxonomic 

revisions (Cazzaniga 2002; Hayes et al. 2009, 2012). Pomacea have been introduced 

into many countries and become established in natural and agricultural aquatic 

ecosystems. Pomacea were introduced for biocontrol, the aquarium trade, and the 

escargot industry (Naylor 1996; Halwart 1998). In the last decade, Pomacea have 

received much attention because foraging by some species has devastated taro and 

rice crops (Yusa and Wada 1999; Joshi 2001; Sin 2003), and because they are 

considered threats to natural wetlands (Carlsson et al. 2004). Two commonly introduced 

species implicated in crop damage and ecosystem alteration are Pomacea canaliculata 

(Lamarck 1819), considered to be one of the World’s Worst Top 100 Invaders, and 

Pomacea maculata (Perry 1810) (Lowe et al. 2000; Rawlings et al. 2007, Carlsson et al. 

2004; Hayes et al. 2009, 2012). Unfortunately, because of multiple introductions, 

inherent variation within species, shared common names, and limited knowledge of the 

ecophysiology of the genus, identification can be both complex and problematic. 

Recent studies have focused on the genetic identities of Pomacea in both native 

and introduced ranges (Rawlings et al. 2007; Hayes et al. 2009, 2013; Matsukura et al. 

2013). These studies helped clarify species identities, but there was little emphasis on 

field identification methods that can be used by non-malacologists (e.g., natural 

resource managers). There are few morphometric studies from the snails’ native ranges 

(Estebenet and Cazzaniga 1998; Estebenet and Martin 2003; Estebenet et al. 2006), as 
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most recent studies have focused on the genetics of the introduced populations in Asia 

and Hawaii. Except for the work by Rawlings et al. (2007) that established the identities 

of many U.S. populations, research on differentiating species within the continental U.S. 

is scarce. In the U.S., nonindigenous apple snails are known from 11 states (Figure 1-

1). Genetic analysis revealed that Florida has more Pomacea species than any other 

state (Rawlings et al. 2007). These include the native, P. paludosa (Say 1829), and at 

least four nonindigenous species: P. canaliculata, P. maculata, P. diffusa (Blume 1957), 

and Pomacea sp. (formerly considered P. haustrum; Hayes et al. 2009). As of 2012, 

Florida had nonindigenous Pomacea populations in at least 29 watersheds covering 38 

of 67 counties (Figure 1-2). 

 In the U.S., the pet industry is responsible for the introduction of numerous 

nonindigenous and invasive species. Recognizing the damage that can be caused by P. 

canaliculata, in April 2006 the U.S. Department of Agriculture, Animal and Plant Health 

Inspection Services, restricted importation and interstate transport of all nonindigenous 

Pomacea spp., except for the species complex Pomacea bridgesii/diffusa. Snails in the 

P. bridgesii/diffusa complex are algavores and likely of little threat to agriculture or 

natural systems. Both P. canaliculata and P. maculata, however, continue to be sold in 

pet stores and on-line, thus violating the interstate transport restriction (personal 

observation). The rationale provided by the pet industry is that it is not possible to 

distinguish one species from another. Whereas it may be true that it is impossible to 

distinguish between the prohibited species P. maculata and P. canaliculata, the 

argument does not apply to differentiating these species from P. diffusa or P. paludosa. 
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Shell morphology can be used to separate P. paludosa from P. diffusa and both from P. 

maculata and P. canaliculata (Thompson 2000).      

 External morphological characteristics can be influenced by environmental 

factors (Tanaka et al. 1999; Martin and Estebenet 2002; Estebenet et al. 2006) or 

selective breeding (Yusa 2004). Internal anatomy is not altered by environmental factors 

and is useful for identification. This approach, however, requires examination of male 

specimens, as differences are typically observed in the glands of the male reproductive 

system (Hayes et al. 2012). Moreover, live specimens may not always be available for 

identification. 

 Egg masses can assist with identification because egg mass characters vary 

among Pomacea spp. in North America. Nonetheless, all Pomacea spp. found in North 

America lay eggs that turn white/grey before hatching, thus hindering identification 

among species with egg masses that appear similar (e.g., P. maculata and P. 

canaliculata). General characteristics of Pomacea eggs are provided in Table 2-1. 

Variation in egg clutches, however, is common and may be influenced by factors such 

as temperature, habitat quality, population density, and snail age (personal observation; 

Lacanilao 1990; Tanaka et al. 1999). In addition, egg masses may not always be 

available to facilitate species identification. 

In 2006, a population of nonindigenous Pomacea in Duval County was selected 

for research. Personal observation of other Pomacea populations (i.e., P. maculata) 

suggested that shell shape and egg masses at this location were different. Genetic 

analysis confirmed that this was the first population of P. canaliculata in Florida (Dr. T. 

Collins, personal communication 2006) and led to the hypothesis that shell variation 
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between P. canaliculata and P. maculata could be used to distinguish between the 

species. If shell morphology can be used to differentiate among nonindigenous snail 

species, it should provide a valuable tool to help reduce the spread of nonindigenous 

Pomacea. This study was undertaken to identify shell morphological characteristics, in 

combination with reliable identification methods (e.g., egg mass), to provide a means of 

rapid field identification of the two most commonly misidentified Pomacea species in the 

southeast U.S., P. canaliculata and P. maculata.  Correct identification of the species 

may help determine potential impacts on a system. For instance, basic biological 

attributes of the species, such as reproduction and feeding differ, thus resulting in 

different impacts. Second, because of differences in biology, correct identification may 

help determine the best methods for control or eradication. Perhaps most importantly, 

correct identification may help reduce the spread of these invasive species through 

misidentification in the pet industry or elsewhere.    

Methods 

Collection and Holding Procedures  

 Adult and juvenile Pomacea maculata were collected from multiple locations 

across Florida. The locations chosen had verified species identification as reported in 

Rawlings et al. (2007) and with Dr. Timothy Collins (personal communication 2006). At 

the beginning of the study, in 2006, the only known P. canaliculata location was in Duval 

County, Florida. A number of shells from a California population were, however, 

supplied by Dr. T. Collins and 156 shells from Argentina were provided by Dr. Pablo 

Martin (Universidad Nacional del Sur).   

Total numbers of adult snails used in the study were 739 P. maculata and 741 P. 

canaliculata. Juveniles were much more difficult to collect in the field. To prevent “clutch 
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bias (i.e., undue representation from a single clutch) no more than three snails were 

collected within 25 m of each other during a sampling event. Ninety-three juvenile P. 

maculata and 86 juvenile P. canaliculata were used. Upon return to the laboratory, 

snails were placed in 120-liter, re-circulating aquaria (filled with 100 L water), separated 

by collection location, and fed hydrilla, pennywort, and lettuce (romaine and iceberg) 

three times per week. Snail density never exceeded 15 snails per tank. A 50/50 mix of 

well water and pond water was used. Conditions similar to those in Florida lakes were 

maintained: temperature was 23-26o C, dissolved oxygen was 90-100% saturation, 

salinity was < 0.20 ppt and pH was 8.2-8.4 (YSI 560). Hatchlings were from egg 

clutches collected in the field and returned to the lab for hatching. 

Measuring Procedures 

 Using digital calipers, 10 measurements (e.g. total length [TL], total width [TW], 

vertical height [VH]) on shells of adult and juvenile snails were made to the nearest 0.01 

mm (Fig. 2-1). These 10 measurements, modified from Estebenet and Martin (2003) 

were used to generate 45 ratios and analyzed for differences between: 1) populations of 

P. maculata adults, 2) populations of P. canaliculata, 3) adult P. maculata and P. 

canaliculata, 4) juveniles of both species and 5) hatchlings of both species. Snail shells 

were sometimes damaged and only shells for which at least seven of the 

measurements were obtainable were used. Shells with non-uniform growth patterns 

were retained because such patterns represent natural variation. Measurements were 

taken within two weeks of returning to the laboratory. Measurements on hatchlings were 

limited to TL and made within three days of hatching using a lens micrometer on a 

dissecting microscope. The relation between shell TL and mass was also investigated, 

with shell mass determined to the nearest 0.1 g (Ohaus Navigator Pro). 
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Statistical Analysis 

 A preliminary cluster analysis and non-parametric MANOVA was conducted on 

the P. maculata populations. Results revealed no significant differences among 

populations and therefore these data were pooled. Likewise, preliminary analysis 

indicated that the Argentina and California P. canaliculata were comparable to the 

Florida population and data from the three localities were pooled. Preliminary cluster 

analyses suggested snail size can be used to distinguish species. Size groups (TL) 

were established for statistical comparisons of adults: large ≥ 50.00 mm, small 30.00 – 

49.99 mm, and a group combining both size classes. The results of all three groupings, 

all adults, large adults and small adults, are presented. 

 All analyses were conducted between species of each age/size group and within 

species and between age/size groups. Each size class of each species was treated and 

labeled as a distinct group in the analyses: P. maculata large adults = 1, small adults = 

2, juveniles = 3; P. canaliculata large adults = 4, small adults = 5 and juveniles = 6.  For 

analyses in which adult size groups were combined, the species designation was P. 

maculata = 1 and P. canaliculata = 4. 

The data were analyzed with several non-parametric multivariate techniques.  

Multiple approaches were used to test the findings and identify the simplest method for 

species identification. First, a traditional non-parametric analysis of variance (Proc GLM 

with ranked data) was conducted. This method follows classical morphometric 

approaches and yields results that are easily interpreted by non-specialists. A second 

approach compared length/mass ratios. This was conducted with adult shell material, 

using non-parametric analysis of variance (proc NPAR1WAY).   
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Several classification techniques were also used. A hierarchical cluster 

frequency, using Ward’s minimum distance method, was conducted as a preliminary 

test for species variation, with classification as a post-test, using results provided by the 

discriminant procedures described below (proc CLUSTER). The cluster frequency does 

not require a priori knowledge of species classification. In this study, the number of 

potential clusters was limited to four, accounting for both species and age groups. The 

following discriminant methods differed from the cluster analysis, as they require a 

classification variable (i.e., species). A canonical discriminant analysis was used to find 

the linear combinations of quantitative variables that best revealed the differences 

among classes (proc CANDISC). Next, forward selection, stepwise discriminant 

analysis was conducted to reduce the total number of variables (proc STEPDISC). Only 

variables that were significant at α = 0.05 were entered into the initial runs and only 

those that maintained that level of significance through subsequent iterations are part of 

the final model. Finally, discriminant function analysis was used to classify the 

observations into a species (proc DISCRIM). All analyses were conducted on the full 

45-ratio model and the reduced model derived from the stepwise procedure to evaluate 

the utility of the reduced model. All analyses were performed with SAS 9.3 (SAS 

Institute Incorporated, Cary, North Carolina).  

Results 

Nonparametric MANOVA 

 The mean ratio value between size groups within species, and between species 

within size groups were analyzed (Table 2-2). The full model analysis of the combined 

adult class (CAC, all snails > 30.00 mm TL) resulted in a significant difference between 

species (P < 0.0001). All ratios for the two species, except TLVH, TLPA and VHPA, 
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were significantly different. In the large adult class (LAC, > 50 mm TL), the analysis 

resulted in a significant difference between the species (P < 0.0001). In this comparison, 

all but TLVH and ALBL were significantly different. In the small adult class (SAC, 30.00 

– 49.99 mm TL), the analysis resulted in a significant difference between species (P < 

0.0001). Ratios that were not significantly different included TWAW, TWBL, VHSH, and 

AWBL. Generally, as size decreased, so too did the difference between species.  

Significant differences were observed within species and between adult size 

groups (P < 0.0001) for both P. maculata and P. canaliculata. Ratios that were not 

significantly different for P. maculata were TLSH, TWVH, VHBL and AWAP. The 

comparison between size groups of P. canaliculata had a markedly different outcome. 

In this analysis only 22 ratios were significantly different. Between-species analysis of 

the juvenile group resulted in a significant difference between species (P < 0.0001; 

Table 2-3). 

 Significant differences for 28 ratios were observed between juveniles of both 

species. Juvenile P. canaliculata were significantly different for 35 ratios compared with 

the CAC, 34 ratios with the LAC and SAC (all P-values < 0.0001). Juvenile P. maculata 

were significantly different from the CAC for 37 of the ratios, 38 ratios in the LAC and 33 

for the SAC (all P-values < 0.0001). Although the majority of the variables differed for 

each species between juvenile and adult classes, many of the actual differing variables 

were species specific.  
Only TL was measured for hatchlings snails. A total of 750, three-day old 

hatchlings were measured (N=375 for each species) in May, July and September. Data 

were used to conduct three analyses: 1) test TL differences between species without 

regard to time of season, 2) test TL differences between species for each sampling 

period, and 3) the overall effect of time of year on TL. In the analysis that disregarded 

date, there was a significant difference in mean TL between species (P < 0.0001). The 
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overall mean TL for P. canaliculata was 1.8 mm (SE = 0.007) and for P. maculata was 

1.5 mm (SE = 0.006). The effect of season on TL was also significant for both species 

(P < 0.0001). P. canaliculata hatchlings increased from a mean TL of 1.7 mm (SE = 

0.006) in May to 1.8 mm (SE = 0.007) in July and to 2.0 mm (SE = 0.007) in September.  

Pomacea maculata increased throughout the season from 1.4 mm (SE = 0.008) in May, 

to 1.5 mm (SE = 0.008) in July, to 1.6 (SE = 0.007) in September.  

 Analysis of the relation between TL (mm) and M (g) was conducted on adult 

shells. In the CAC analysis, the Kruskall-Wallis result was significant (λ = 0.543, P < 

0.0001). The class mean for P. maculata adults was 5.34 (SE = 0.190) and for P. 

canaliculata 12.28 (SE = 0.225). There was overlap in the ranges of the species, P. 

maculata ranged from 1.44 – 34.97 and P. canaliculata from 4.38 – 37.82. The LAC 

Kruskall-Wallis result was significant between species (λ= .528, P < 0.0001). For P. 

maculata the class mean and range were 3.87 (SE = 0.079) and 1.44 - 13.74. For P. 

canaliculata the class mean and range were 9.14 (SE = 0.167) and 4.38 – 16.14. In the 

small adult class there was no significant difference between species (λ = .998, P = 

.4464). The class mean and range for P. maculata were 15.42 (SE = 0.731) and 2.33 – 

34.97; P. canaliculata mean and range were 15.57 (SE = 0.334) and 6.43 – 37.82. 

Preliminary Canonical Discriminant (CDF) and Discriminant Function Analyses   

The initial hypothesis was that species and shell morphology ratios are 

correlated. Analysis of the full model (45 ratios) using both species and large/small 

adults, juveniles resulted in a significant model (Wilk’s λ = 0.050, F225, 7403.7 = 27.08, P 

<0.0001) with five significant canonical correlations (P <0.0001; Table 2-4, Figure 2-2A). 

The first canonical variable (Can 1) was well correlated with the class means and 

explained 94.97% of the variation, whereas Can 2 accounted for much less of the 
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variation, explaining only 74.80%. Discriminant function resubstitution classification 

accurately classified species regardless of size, 97.82% of the time for P. maculata (N= 

719 of 735) and 88.77% for P. canaliculata (N = 712 of 802). In the cross-validation, 

accurate placement decreased to 89.79% and to 86.65%, respectively.   

The full model for the CAC analysis was significant (Wilk’s λ = 0.1967, F45, 1294 = 

117.49, P <0.0001, Figure 2-3A). In this analysis Can 1 (0.89630) is well related (R2 = 

0.803) with the class means, P. maculata = -2.12 and P. canaliculata = 1.92. 

Discriminant function resubstitution classification accurately placed 96.06% of P. 

maculata and 86.64% of P. canaliculata, whereas the cross-validation accurately placed 

93.55% of P. maculata and 85.94% of P. canaliculata. Individuals that were 

misclassified tended to be outliers in Figure 2-3A and were generally snails of the 

smaller size class.  

Results of the full model SAC were significant (Wilk’s λ = 0.316, F45, 407 = 19.58, 

P <0.0001; Figure 2-4A). Can 1 (0.8271), although significant, was weakly related (R2 = 

0.684) with the class means, P. maculata = -2.87 and P. canaliculata = 0.75. In the 

discriminant function resubstitution, 100.00% of P. maculata were correctly placed and 

99.16% of P. canaliculata were successfully placed. However, in the cross-validation, P. 

maculata dropped to 62.77% successful placement, but P. canaliculata remained at 

99.16%. 

 Results of the LAC and full model were significant (Wilk’s λ = 0.165, F45, 841 = 

94.68, P <0.0001; Figure 2-4C). Can 1 (0.9139) was strongly related (R2 = 0.835) with 

the class means, P maculata = -1.79 and P. canaliculata = 2.82. Accurate placement of 

the snails increased when using large snails. Discriminant function resubstitution 
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correctly placed P. maculata 98.52% of the time and P. canaliculata had an 88.99% 

placement. In the cross-validation, correct placement declined slightly for each species. 

For P. maculata the placement rate dropped to 97.23% and P. canaliculata fell to 

87.25%.   

  Results of the juvenile full model were significant (Wilk’s λ = 0.326, F45, 151 = 6.94, 

P <0.0001; Figure 2-4E). In this analysis, Can 1 (0.821) was not strongly related (R2 = 

0.674) with the class means, P. maculata = 1.423 and P. canaliculata = -1.438. The 

results of the classification analysis are similar to the overall analysis. Discriminant 

function resubstitution correctly placed P. maculata 98.52% of the time and P. 

canaliculata 88.99%. In the cross-validation, correct placement declined slightly for each 

species. For P. maculata, the placement rate dropped to 97.23% and P. canaliculata fell 

to 87.25%. 

The final CDF compared within species and between adults (as separate size 

classes) and juveniles. The overall model results for differences between age groups of 

P. maculata were significant (Wilk’s λ = 0.151, F90, 1376 = 23.99, P <0.0001) and coupled 

with the output in Figure 2-5A, which indicates that a shift in growth pattern may occur 

between juveniles and adults. The Can 1 score (0.8557) was not strongly related (R2 = 

0.7322) with the class means, adult large = 0.89, adult small = -1.07, and juveniles = -

3.85. Results of the overall model for differences between age groups of P. canaliculata 

analysis were also significant (Wilk’s λ = 0.322, F90, 1510 = 12.77, P <0.0001). However, 

Can 1 (0.788) was much lower than observed in the P. maculata analysis. Furthermore, 

the model was only weakly related (R2 = 0.6216) with the class means, adult large = 
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0.57, adult small = 0.38, and juvenile = -3.42. As for P. maculata, the adult size groups 

are similar, but the juveniles are a distinct group (Figure 2-5B). 

Forward Stepwise Analysis  

 Combining all size groups required 32 of the 45 ratios for species separation.  

Those not included were: TLAL, TLAW, TLSH, TLPA, TWBL, VHPA, ALSW, ALAP, 

SHSW, SHBL, SWPA, APBL, and PABL. Twenty-one of the variables entered and 

remaining in the model had P-values of < 0.0001. No variables were removed once 

added to the model. 

Analysis of juveniles found that far fewer variables were necessary to distinguish 

species. Only five variables met model criteria and therefore stayed: SHSW, ALAP, 

VHSW, AWSH, and SWAP. No variables were removed in the process and the first 

three were significant at P < 0.0001. AWSH and SWAP were included in the model, with 

significance values of P = 0.0084 and 0.0014, respectively.  

In the CAC, 14 variables were necessary for the model.  Five variables initially 

entered into the model were subsequently removed: SWPA, ALSW, SHSW, AWAP, and 

AWSH. The final variables in the model included: TLTW, VHAP, SWBL, TLAP, TWPA, 

TWSW, TLSW, SWAP, SHBL, ALAP, SHPA, AWPA, VHSW, and TLVH. The majority of 

the variables were significant at P < 0.0001, but three were only significant at P < 0.05 

(TLAP, SHBL and VHSW). 

 Small adults required 11 variables for species separation. The variables SWAP 

and VHAW were entered and removed from the model; SWAP was re-entered into the 

model at step 12. The final model variables were: TLTW, TWAL, VHSH, ALAP, SWAP, 

VHSW, TWAW, TWSW, AWSW, TWVH, and ALBL. The variables were all highly 

significant, most with P < 0.0001. TWVH was the least significant, at P = 0.0063 
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 Fifteen variables were required to separate large adults. The variables SWPA 

and SHAP were entered, removed, and re-entered (step 17 and step 19, respectively) 

for the final model. The final variables included in this model were: TLTW, SHSW, 

ALBL, VHBL, TWAP, TWSW, TLSW, TLAP, SWBL, TLBL, ALPA, PABL, SWAP, TLPA, 

and SHAP. 

Follow-up Canonical Discriminant and Discriminant Function Analyses 

 Using the results of the forward stepwise analysis, the canonical discriminant and 

discriminant function analyses were repeated. The reduced model results using each 

size group as a distinct classification was significant (Wilk’s λ = 0.051, F160, 7432.4 = 

37.43, P <0.0001). The model was based on 32 ratios, therefore, the similarity in results 

to the full model is not surprising (Figure 2-2B). The Can 1 score (0.8899) was fairly 

strongly related (R2 = 0.7966) with the class means (Table 2-4). The results of the 

discriminant function cross-validation were similar to the whole model results. Overall, 

P. maculata were placed within the correct species 91.29% of the time, an increase of 

1.5% in placement success. There was no change in the placement success rate 

(95.20%) of large adults into species. There was an increase in placement success for 

both small adults (89.36% vs. 80.85%) and juveniles (71.71% vs. 68.68%). The results 

for P. canaliculata were not as successful, showing a slight decrease in overall species 

placement (85.28% vs. 86.65%). Successful placement of large adults into species 

decreased from 84.05 % to 83.76%; small adults decreased from 88.30 to 86.07%; and 

juveniles decreased from 89.79% to 87.75%. Overall, there were an additional 11 P. 

canaliculata misclassified as P. maculata, but 21 fewer P. maculata were misclassified.   

In the CAC analysis the overall model was significant (Wilk’s λ = 0.213, F14, 125 = 

350.00, P <0.0001). This model used 14 ratios, and although Can 1 (0.887) was slightly 
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lower than the 45-ratio model, the actual results of the cross-validation improved. In this 

model, Can 1 was less well related (R2 = 0.787) with the class means than the full 

model (P. maculata = -2.022 and P. canaliculata = 1.826; Figure 2-3B). Cross-validation 

had a 94.81% accurate placement of P. maculata, an increase of 1.26%, and a 92.61% 

accurate placement of P. canaliculata, an increase of 6.67%. 

 The results of the SAC analysis were more similar to those of the juveniles than 

large adults. The model was significant (Wilk’s λ = 0.341, F11, 442 = 77.69, P <0.0001) 

(Figure 2-4B). However, Can 1 (0.8118) was only moderately related (R2 = 0.659) with 

the class means, P. maculata = -2.72 and P. canaliculata = 0.71. In the cross-validation 

placement, 88.30% of P. maculata were correctly placed and 94.72% of P. canaliculata 

were successfully classified. Placement of P. maculata increased by 25.53%, but a 

slight decrease by 4.44% was observed for P. canaliculata. The final CDF model for 

small adults can be expressed as Can1 = .00292(TLTW) + .00442(TWAL) + 

.00250(VHSH) + .01217(ALAP) - .00659(SWAP) - .00838(VHSW) - .00865(TWAW) + 

.01384(TWSW) - .01250(AWSW) - .00630(TWVH) - .00251(ALBL). 

 Results for the LAC analysis were more definitive for identifying species. The 

model, like all the other models, was significant (Wilk’s λ = 0.175, F15, 875 = 274.93, P 

<0.0001). The Can 1 score (0.9082) was strongly related (R2 = 0.825) with the class 

means, P. maculata = -1.72 and P. canaliculata = 2.73. The cross-validation had the 

greatest success with this test group, and both species exceeded a 90% correct 

placement rate. The 97.07% result for P. maculata was a non-signficant slight decrease, 

0.16%, from the original model. However, P. canaliculata increased by 5.21% to 92.46% 

correctly classified (Figure 2-4D). The final large adult CDF model can be expressed as 
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Can1 = .00598(TLTW) - .00239(SHSW) + .00078(ALBL) + .00041(VHBL) - 

.01557(TWSW) - .00591(TLSW) + .01542(TLAP) + .00862(SWBL) - .00143(TLBL) - 

.00106(ALPA) - .00235(PABL) -.00457(SWAP) - .00161(TLPA) + .00334(SHAP). 

 The results of the juvenile analyses were significant (Wilk’s λ = 0.469, F5, 191 = 

43.21, P <0.0001). However, Can 1 (.0729) was much lower than the full model. In this 

analysis, Can 1 was weakly related (R2 = 0.531) with the class means, P. maculata = 

1.05 and P. canaliculata = -1.06. Although the overall strength of the relation was 

reduced, using this model had a slight increase in overall classification rate (83.24% vs. 

82.74%; Figure 2-4F). The placement for P. maculata remained unchanged, at 81.81%, 

and P. canaliculata increased slightly to 84.69% from 83.67%. The final model for 

juveniles can be expressed as Can1 = .03368(SHSW) + .00973(ALAP) - .01349(VHSW) 

+ .01062(AWSH) - .00166(SWAP). 

Pre and Post Cluster Frequencies 

 Results of the preliminary cluster analysis for the full model and all six 

classifications suggested that 2, 3, or 6 clusters could be used; the decision to use 2 

clusters was used because two species were present. It was the visual output, however, 

that provided the support for variation between ages, as three groups emerged, one for 

each species and a separate group that consisted primarily of juveniles from both 

species (Figure 2-6). In the full model preliminary cluster analysis, 91.07% of P. 

maculata were found in cluster 2 and 84.16% of P. canaliculata were found in cluster 1. 

In the post cluster analysis, using the 32-variable model, 89.88% of the P. maculata 

were in cluster 2, but 85.47% of P. canaliculata were in cluster 1. 

In the juvenile analysis, the preliminary run placed 76% of P. maculata into 

cluster 2, and 57% of P. canaliculata were placed into cluster 1. The follow-up model, 
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using only five variables, had a decrease in cluster placement for both species. The 

occurrence of P. maculata was only 67% in cluster 2 and P. canaliculata reduced to 

45% occurrence in cluster 1.   

Removing juveniles from the analysis improved the cluster results. In the 

preliminary run of the CAC, 95.91% of P. maculata were in cluster 2 and 90.62% P. 

canaliculata were in cluster 1. In the post-CAC run, placement of P. maculata remained 

the same in cluster 2, but only 85.51% of P. canaliculata were in cluster 1. The SAC 

preliminary run placed 98.93% of P. maculata in cluster 1, but P. canaliculata were 

nearly evenly divided (cluster 1 = 58.49% and cluster 2 = 41.51%). The reduced model 

placed 100% of P. maculata into cluster 1, but also placed 88.61% of small adult P. 

canaliculata into cluster 1. 

Results from the LAC analysis were the highest obtained of any test scenario, 

and occurred with both models. In the preliminary model 97.60% of P. maculata were in 

cluster 2. However, only 82.31% of P. canaliculata were in cluster 1. With the use of the 

reduced model, the frequency of P. maculata in cluster 2 decreased slightly to 96.33% 

whereas the frequency of P. canaliculata in cluster 1 increased to 95.65%.  

Discussion 

 The genus Pomacea has undergone extensive taxonomic revision, therefore 

problems with misidentification are not surprising. Pomacea maculata has often been 

confused with P. canaliculata. The implications of misidentification have yet to fully 

emerge, but it has resulted in conflicting information in the literature. Several studies 

looked at morphological characteristics of Pomacea, but typically within species and 

between populations (Estebenet and Martin 2003; Estebenet et al. 2006). Hayes et al. 

(2012) addressed identification of several Pomacea species using genetic analysis, 
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internal morphology and limited shell morphology. They concluded that there are 

characteristics that can be used to discern among species. That study, however, 

focused predominantly on populations outside North America. My study is the first to 

focus on shell morphology for introduced Pomacea in North America that considers 

multiple species and size classes.  

I found distinct differences in shell morphology between species in different size 

classes, as well as differences within species and between size classes. Because all P. 

maculata were from Florida, as were the majority of P. canaliculata, care should be 

taken in applying the results beyond the southeast U.S. Furthermore, in this study, 

sexual dimorphic growth patterns were not included as a variable, though they have 

been reported elsewhere (Estebenet and Cazzaniga 1998; Estebenet and Martin 2002; 

Estoy et al. 2002a). Because shells of individuals are often the only material collected, 

sex of snails was not considered, making these findings more applicable for people 

confronted with the organisms (e.g. wildlife managers, pet trade professionals). The 

multiple approaches taken in this study encompass the many techniques used in 

species identification. Each method found differences between the species, with varying 

degrees of success depending on snail size. The following discussion emphasizes 

those inter-species differences that are readily observed within each size class.   

 Prior observations of egg size and newly hatched snail size indicate differences 

between species (Barnes et al. 2008; Tamburi and Martin 2011). In long-term studies of 

Florida populations, however, this difference was not observed. In Florida, perhaps 

because of the relatively warm climate and extended breeding season (all year in south 

Florida), differences in egg size and hatchlings were observed. As the summer 
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progressed, the size of eggs and hatchlings in both species increased. High variability in 

hatch size, however, showed the species overlap, making species identification by 

hatchling difficult. If hatchlings are obtained in the field and no other means of 

identification (i.e., egg masses, larger specimens) are available, identification only to the 

genus level (Pomacea sp.) is suggested. 

 Juvenile snails exhibit a narrow range of morphological variation, within and 

between species, and identification is difficult, as indicated by the results of the cluster 

frequency. MANOVA analysis, however, demonstrated that there are distinguishing 

characteristics, as more than half the morphometric measures were significantly 

different between species. The final model generated by the CDF required only five 

variables. Unfortunately, the statistical analysis indicates that at best, the snails will be 

properly classified < 85% of the time. Furthermore, lab-reared snails were not included 

in this study. Personal observations suggest that, depending on rearing conditions, 

distinguishing between these two species is extremely difficult for snails <20 mm TL, as 

growth patterns are nearly identical.     

To correctly identify individuals in the juvenile age class, additional steps are 

necessary. First, ensuring that specimens from multiple clutches are utilized will help 

prevent the possibility of relying on specimens that may be from the same clutch and 

share inherent traits. Another option is to raise snails to a larger size. Because growth 

can be affected by habitat conditions, it is important to control population densities and 

provide adequate nutrition (Estebenet and Cazzaniga 1992; Tanaka et al. 1999). 

Furthermore, the presence of multiple species may impact snail growth. Connor et al. 

(2008) found that presence of nonindigenous Pomacea, mixed with the native P. 
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paludosa, reduced the growth of the native apple snail. Finally, although this work was 

designed to minimize the effort required to identify species, the results suggest that 

larger rather than smaller numbers of measures promote accurate identification.   

 As the snails increase in size, identification based on shell morphology is more 

reliable. Once the snails are >30 mm TL, accurate species identification with shell 

material is possible, as each species has developed specific characteristics. The size of 

the snail, however, determines which variables are more important. Models for 

distinguishing small and large adult taxa share only four variables (TLTW, SWAP, 

TWSW, and ALBL). This lack of commonality between the models indicates that 

changes in growth pattern occur throughout the snail’s early life and reinforces the 

necessity for larger snails in identification, with larger individuals yielding the best 

model. Likewise the correct assignment of small snails in the cross-validation varied 

between species and was low, and placement in the frequency clusters was a combined 

75.17% success. Although this was low, it was still greater than for juveniles (56%), 

again pointing to shifts in growth through life stages.   

 The models used for large adults had consistently higher classification success 

(>90.00%). Fourteen variables were used, but one measure was singled out as easy to 

use and was common in all models for adults (TL:TW). This measure is particularly 

useful because it is easily observed in the larger specimens (>50.00 mm TL), and the 

larger the specimen the more obvious. While holding the specimen with the spire up 

and the aperture facing the observer, P. maculata is generally wider than it is long, 

whereas the opposite is true for P. canaliculata. Specifically, if the ratio is <0.97, the 
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snail is likely P. maculata, but if the ratio is >1.05, it is typically P. canaliculata. In 

smaller adults, with TL 30.00 – 49.99 mm, this guideline value is 1.02.  

 Other defining aspects of shell shape are found in characteristics associated with 

spire width (SW).  The spire width, in relation to several other measures (i.e., TL, VH), is 

different between species. The relationship of SW to other variables indicates that the 

spire width is greater in P. maculata than it is in P. canaliculata. Given that P. maculata 

is generally a wider snail, this is not surprising. Several variables, TLSW, TWSW and 

AWSW, are significantly different between species, regardless of size class. In large 

adults these ratios differ between species by at least 0.6 mm, P. maculata being larger.  

The value is still larger in P. maculata for small adults, but the difference was reduced to 

as low as 0.26 (AWSW). Variables related to aperture shape (AL, AW, and AP) should 

all be used with caution. Previous work indicated that aperture shape is a function of 

sexual dimorphism in P. canaliculata (Cazzaniga 1990).   

 Another shell characteristic that was hypothesized to be useful for identification 

was the shell length to mass ratio. Live snails are influenced by many variables (e.g., 

habitat, reproductive status) that can affect weight. For example, the mass of female P. 

maculata has been observed to decrease by 10-20 g after laying eggs (personal 

observation). To avoid complications related to this factor, yet not restrict specimens to 

males, shells were used. Large adult P. maculata were significantly heavier, relative to 

TL, than any other test group. In general, P. maculata shells tend to weigh more than P. 

canaliculata shells. Overall, the data suggest that snails >50 mm TL, with a TLM value 

of <4.0, are likely to be P. maculata. Adults 30.00–49.99 mm TL, with a TLM value <6.0 

are likely to be P. maculata. Although these results suggest this is a good means for 



 

52 

identification, it should not be used as the sole criterion. As previously stated, growth 

rates of snails can vary tremendously based on environmental conditions. 

 Although the results of this work provide a strong framework for differentiating P. 

maculata from P. canaliculata, sole reliance on shell morphology leads to a high error 

rate in identification. All of the variables used in this study may be impacted by 

environmental conditions. Multiple specimens should be collected from a site, preferably 

from multiple seasons, for identifications. Combining shell morphology with other 

species identifiers (i.e., egg masses) increases the likelihood of making a correct 

identification. Only through correct identification of a species can there be a true 

understanding of its biology and role in ecology.  
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Table 2-1. General egg characteristics of Pomacea spp. in North America. Values are 
ranges commonly reported in the literature and personally observed. They 
probably do not include the true range of variation. 

Species Color Eggs/clutch Egg 
diameter 

(mm) 

Clutch 
length 
(mm) 

Layers 

      
P. paludosa 

pale salmon 20 - 80 4 - 6 35 - 65 1 

P. diffusa 
pale salmon 150 - 250 2 - 3 25 - 50 1 - 2 

P. canaliculata 
pink to red 300 – 600 2 - 4 35 - 70 2 - 4 

P. maculata 
pink to red 400 - > 1,000 2 - 3 40 – 130 3 - 6 

P. sp. green 200 - 300 3- 5, but 
irregular in 

shape 

40 - 60 2-3 
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PA 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1. Shell measurements for adult and juvenile snails of P. canaliculata and P. 

maculata: Total length (TL), Total width (TW), Aperture length (AL), Body 
length (BL), Aperture width (AL), Spire width (SW), Spire height (SH), 
Aperture projection (AP), Parietal attachment (PA), Vertical height (VH).  
Hatchling snails were only measured for total length. Photos by Jennifer 
Bernatis. 
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Table 2-2. Results of the 45 ratio measurements. Means (X‾ ) and ranges are provided 
for each ratio for all test groups. P-values denoted with “a” are within size 
group and between species comparisons. P-values denoted with “1” are 
within species and between large and small group comparisons. Only P-
values > 0.0001 are given (see text for further explanation). 

 Adults - Overall Adults - Large Adults - Small 

P. 
canaliculata 

P. maculata 
P. 

canaliculata 
P. maculata 

P. 
canaliculata 

P. maculata 

X‾   

 (Range) 

X‾   

(Range) 

X‾    

(Range) 

X‾   

(Range) 

X‾    

(Range) 

X‾   

(Range) 

       

TLTW 
1.05 

(0.94 – 1.22) 
0.97 

(0.89 – 1.07) 
1.05 

(0.94 – 1.22) 
0.97 

(0.89 – 1.05) 
1.05 

(0.96 – 1.22) 
1
0.1806 

1.00 
(0.89 – 1.07) 

TLVH 
1.42 

(1.21 – 1.67) 
a 
0.3319 

1.41 
(1.19 - 1.65)

 

 

1.41 
(1.21 – 1.58) 

a
0.1130 

1.40
 

(1.19 – 1.65) 
 

1.43 
(1.22 – 1.67) 

1
0.3070 

1.45 
(1.28 – 1.62) 

 

TLAL 
1.35 

(0.99 – 1.60) 
1.30 

(1.14 – 1.49) 
1.35 

(1.04 – 1.60) 
1.30 

(1.14 – 1.49) 
1
0.0002 

1.35 
(0.99 – 1.60) 

1
0.8480 

1.28 
(1.16 – 1.47) 

TLAW 
2.07 

(1.57 – 2.60) 
1.84 

(1.43 – 2.32) 
2.07 

(1.59 – 2.60) 
1.82 

(1.43 – 2.32) 
2.06 

(1.57 – 2.49) 
1
0.3376 

1.98 
(1.72 – 2.26) 

TLSH 
1.76 

(1.09 – 2.11) 
1.82 

(1.37 – 2.59) 
1.74 

(1.13 – 2.02) 
1.82 

(1.37 – 2.59) 
1
0.4824 

1.78 
(1.09 – 2.11) 

1.81 
(1.56 – 2.14) 

a
0.0005 

TLSW 
3.71 

(2.24 – 5.03) 
4.33 

(3.26 – 5.61) 
3.67 

(2.24 – 4.71) 
4.36 

(3.45 – 5.61) 
3.74 

(2.78 – 5.03) 
1
0.0060 

4.12 
(3.26 – 4.73) 

TLAP 
4.01 

(2.11 – 8.08) 
2.64 

(1.44 – 4.31) 
3.91 

(2.16 – 8.08) 
2.60 

(1.44 – 3.82) 
4.09 

(2.11 – 7.99) 
1
0.0035 

2.88 
(1.98 – 4.31) 

TLPA 
3.91 

(2.06 – 8.23) 
a
0.3845 

3.92 
(2.79 – 5.84) 

 

3.87 
(2.85 – 5.21) 

a
0.0344 

3.97 
(2.79 – 5.84) 

 

3.96 
(2.06 – 8.23) 

1
0.0498 

3.60 
(2.91 – 5.17) 

TLBL 
1.15 

(1.00 – 1.64) 
1.08 

(0.98 – 1.32) 
1.14 

(1.06 – 1.59) 
1.07 

(0.98 – 1.21) 
1.16 

(1.00 – 1.64) 
1
0.0339 

1.10 
(1.03 – 1.32) 

TWVH 
1.35 

(1.07 – 1.58) 
1.45 

(1.26 – 1.72) 
1.35 

(1.14 – 1.58) 
1.45 

(1.26 – 1.72) 
1
0.9368 

1.35 
(1.07 – 1.57) 

1
0.6196 

1.44 
(1.26 – 1.59) 

TWAL 
1.28 

(0.84 – 1.51) 
1.33 

(1.13 – 1.50) 
1.29 

(0.87 – 1.51) 
1.34 

(1.15 – 1.50) 
1.28 

(0.84 – 1.51) 
1
0.0326 

1.27 
(1.13 – 1.45) 

TWAW 
1.97 

(1.49 – 2.59) 
1.89 

(1.54 – 2.32) 
1.98 

(1.57 – 2.59) 
1.87 

(1.54 – 2.32) 
1.97 

(1.49 – 2.39) 
1
0.2470 

1.97 
(1.65 – 2.21) 

a
0.6160 

TWSH 
1.68 

(1.06 – 2.06) 
1.87 

(1.37 – 2.53) 
1.66 

(1.10 – 1.97) 
1.88 

(1.37 – 2.53) 
1.70 

(1.06 – 2.06) 
1.79 

(1.56 – 2.11) 

TWSW 
3.53 

(2.03 – 4.79) 
4.45 

(3.41 – 5.88) 
3.50 

(2.03 – 4.58) 
4.50 

(3.45 – 5.88) 
3.56 

(2.68 – 4.79) 
1
0.0212 

4.09 
(3.41 – 4.66) 

TWAP 
3.81 

(2.01 – 8.05) 
2.69 

(1.51 – 4.24) 
3.73 

(2.16 – 7.71) 
2.67 

(1.51 – 3.75) 
1
0.0073 

3.89 
(2.01 – 8.05) 

1
0.0036 

2.83 
(1.90 – 4.24) 
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Table 2-2. continued 
 Adults - Overall Adults - Large Adults - Small 

P. 
canaliculata 

P. maculata 
P. 

canaliculata 
P. maculata 

P. 
canaliculata 

P. maculata 

X‾    

(Range) 

X‾   

(Range) 

X‾   

 (Range) 

X‾   

(Range) 

X‾    

(Range) 

X‾   

(Range) 

       

TWPA 
3.73 

(1.90 – 7.45) 
4.02 

(2.89 – 5.96) 
3.69 

(2.80 – 5.06) 
4.09 

(3.01 – 5.96) 
3.77 

(1.90 – 7.45) 
1
0.1691 

3.56 
(2.89 – 5.09) 

a
0.0002 

TWBL 
1.09 

(0.93 – 1.44) 
1.01 

(0.99 – 1.31) 
1.09 

(0.96 – 1.36) 
1.10 

(0.99 – 1.26) 
1
0.0001 

1.09 
(0.93 – 1.44) 

1
0.9511 

1.09 
(1.02 – 1.31) 

a
0.2129 

VHAL 
0.95 

(0.64 – 1.21) 
0.92 

(0.72 – 1.14) 
0.95 

(0.69 – 1.21) 
0.93 

(0.72 – 1.14) 
0.95 

(0.64 – 1.15) 
1
0.3461 

0.88 
(0.80 – 1.08) 

VHAW 
1.46 

(1.08 – 1.88) 
1.31 

(0.91 – 1.69) 
1.46 

(1.12 – 1.88) 
1.29 

(0.91 – 1.69) 
1.45 

(1.08 – 1.79) 
1
0.2348 

1.36 
(1.20 – 1.62) 

VHSH 
1.24 

(0.77 – 1.50) 
1.29 

(0.94 – 1.83) 
1.23 

(0.77 – 1.50) 
1.29 

(0.94 – 1.83) 
1.25 

(0.85 – 1.48) 
 

1.24 
(1.08 – 1.54) 

a
0.2120 

VHSW 
2.61 

(1.51 – 3.51) 
3.07 

(2.36 – 3.98) 
2.59 

(1.51 – 3.25) 
3.10 

(2.45 – 3.98) 
2.63 

(2.04 – 3.51) 
1
0.0468 

2.83 
(2.36 – 3.31) 

VHAP 
2.82 

(1.55 – 5.78) 
 

1.86 
(1.02 – 2.73) 

 

2.76 
(1.55 – 5.78) 

 

1.84 
(1.02 – 2.73) 

1
0.0003 

2.88 
(1.55 – 5.76) 

1
0.0064 

1.97 
(1.38 – 2.69) 

VHPA 
2.75 

(1.48 – 5.25) 
a
0.6510 

2.78 
(1.92 – 4.47) 

2.73 
(1.97 – 3.79) 

a
0.0077 

2.82 
(2.02 – 4.47) 

 

2.78 
(1.48 – 5.25) 

1
0.1027 

2.48 
(1.92 – 3.60) 

VHBL 
0.81 

(0.66 – 1.10) 
0.77 

(0.64 – 0.96) 
0.81 

(0.68 – 1.10) 
0.76 

(0.64 – 0.96) 
1
0.3969 

0.81 
(0.66 – 1.09) 

1
0.8992 

0.76 
(0.67 – 0.91) 

ALAW 
1.54 

(1.18 – 2.13) 
1.42 

(1.17 – 1.81) 
1.54 

(1.20 – 2.13) 
1.39 

(1.17 – 1.71) 
1.54 

(1.18 – 2.10) 
1
0.2774 

1.55 
(1.36 – 1.81) 

a
0.0136 

ALSH 
1.31 

(0.83 – 1.91) 
1.40 

(1.01 – 1.80) 
1.29 

(0.83 – 1.80) 
1.40 

(1.01 – 1.80) 
1
0.0409 

1.33 
(0.83 – 1.91) 

1
0.0007 

1.41 
(1.15 – 1.59) 

ALSW 
2.77 

(1.49 – 4.49) 
3.33 

(2.51 – 4.58) 
2.74 

(1.49 – 4.19) 
3.35 

(2.51 – 4.58) 
1
0.0005 

2.79 
(2.06 – 4.49) 

1
0.0861 

3.21 
(2.62 – 3.83) 

ALAP 
2.98 

(1.54 – 6.64) 
2.04 

(1.11 – 3.15) 
2.90 

(1.61 – 5.60) 
1.99 

(1.11 – 2.97) 
3.05 

(1.54 – 6.64) 
1
0.0108 

2.24 
(1.49 – 3.15) 

ALPA 
2.91 

(1.45 – 5.20) 
3.00 

(2.15 – 4.37) 
2.87 

(2.10 – 4.21) 
3.03 

(2.19 – 4.37) 
2.94 

(1.45 – 5.20) 
1
0.0374 

2.80 
(2.15 – 3.73) 

a
0.0124 

ALBL 
0.86 

(0.71 – 1.42) 
a
0.0007 

0.83 
(0.73 – 1.00) 

0.85 
(0.71 – 1.34) 

a
0.1955 

0.82 
(0.73 – 0.99) 

 

0.87 
(0.72 – 1.42) 

1
0.2015 

0.86 
(0.79 – 1.00) 

AWSH 
0.85 

(0.56 – 1.17) 
0.99 

(0.73 – 1.45) 
0.84 

(0.56 – 1.11) 
1.00 

(0.73 – 1.45) 
0.87 

(0.69 – 1.17) 
1
0.0002 

0.91 
(0.75 – 1.06) 

 



 

57 

Table 2-2. continued 
 Adults - Overall Adults - Large Adults - Small 

P. 
canaliculata 

P. maculata 
P. 

canaliculata 
P. maculata 

P. 
canaliculata 

P. maculata 

X‾    

(Range) 

X‾   

(Range) 

X‾    

(Range) 

X‾   

(Range) 

X‾    

(Range) 

X‾   

(Range) 

       

AWSW 
1.80 

(1.07 – 2.98) 
2.38 

(1.48 – 3.31) 
1.78 

(1.07 – 2.84) 
2.41 

(1.48 – 3.31) 
1.82 

(1.35 – 2.98) 
1
0.0094 

2.08 
(1.68 – 2.55) 

AWAP 
1.93 

(0.95 – 4.27) 
1.43 

(0.85 – 2.09) 
1.88 

(1.10 – 3.55) 
1.42 

(0.85 – 2.09) 
1
0.8449 

1.99 
(0.95 – 4.27) 

1
0.0008 

1.43 
(0.88 – 1.95) 

AWPA 
1.90 

(0.96 – 3.73) 
2.14 

(1.37 – 3.38) 
1.87 

(1.35 – 2.87) 
2.20 

(1.44 – 3.37) 
1.93 

(0.96 – 3.73) 
1
0.0410 

1.81 
(1.37 – 2.73) 

a
0.0001 

AWBL 
0.55 

(0.42 – 0.78) 
0.58 

(0.47 – 0.74) 
0.55 

(0.42 – 0.78) 
0.59 

(0.47 – 0.74) 
0.56 

(0.42 – 0.78) 
1
0.0456 

0.55 
(0.47 – 0.67) 

a
0.7107 

SHSW 
2.10 

(1.37 – 3.25) 
2.37 

(1.81 – 3.53) 
2.11 

(1.37 – 3.25) 
2.39 

(1.81 – 3.53) 
2.10 

(1.51 – 3.19) 
1
0.3646 

2.27 
(1.94 – 2.61) 

SHAP 
2.28 

(1.22 – 4.87) 
1.45 

(0.74 – 2.28) 
2.25 

(1.22 – 4.87) 
1.43 

(0.74 – 2.18) 
2.30 

(1.22 – 4.43) 
1
0.1810 

1.59 
(1.05 – 2.28) 

SHPA 
2.22 

(1.24 – 4.41) 
2.15 

(1.50 – 3.36) 
2.22 

(1.64 – 2.99) 
a
0.0005 

2.17 
(1.50 – 3.36) 

 

2.22 
(1.24 – 4.41) 

1
0.4711 

1.99 
(1.52 – 2.81) 

 

SHBL 
0.65 

(0.52 – 0.99) 
0.59 

(0.43 – 0.77) 
0.66 

(0.55 – 0.99) 
0.59 

(0.43 – 0.77) 
0.65 

(0.52 – 0.96) 
1
0.0018 

0.61 
(0.54 – 0.75) 

SWAP 
1.08 

(0.54 – 2.27) 
0.61 

(0.32 – 1.04) 
1.07 

(0.54 – 2.27) 
0.59 

(0.32 – 0.96) 
1.09 

(0.57 – 1.96) 
1
0.2144 

0.70 
(0.46 – 1.04) 

SWPA 
1.06 

(0.62 – 2.36) 
0.90 

(0.54 - 1.43) 
1.06 

(0.72 – 1.56) 
0.91 

(0.54 - 1.43) 
1
0.0239 

1.06 
(0.62 – 2.36) 

1
0.7524 

0.88 
(0.67 – 1.32) 

SWBL 
0.31 

(0.22 – 0.52) 
0.25 

(0.18 – 0.34) 
0.31 

(0.23 – 0.52) 
0.24 

(0.18 – 0.33) 
0.31 

(0.22 – 0.44) 
1
0.1655 

0.27 
(0.22 – 0.34) 

APPA 
1.01 

(0.40 – 2.65) 
1.53 

(0.82 – 2.88) 
1.02 

(0.47 – 1.45) 
1.58 

(0.85 – 2.88) 
1.01 

(0.40 – 2.65) 
1
0.1157 

1.27 
(0.82 – 1.91) 

APBL 
0.29 

(0.13 – 0.53) 
0.42 

(0.27 – 0.75) 
0.30 

(0.14 – 0.52) 
0.42 

(0.27 – 0.75) 
1
0.0002 

0.29 
(0.13 – 0.53) 

1
0.0134 

0.39 
(0.27 – 0.55) 

PABL 
0.29 

(0.14 – 0.56) 
0.28 

(0.18 – 0.38) 
0.29 

(0.21 – 0.42) 
0.27 

(0.18 – 0.38) 
0.29 

(0.14 – 0.56) 
1
0.3326 

0.30 
(0.21 – 0.38) 

a
0.0003 
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Table 2-3. Results of the 45 ratio measurements for juveniles. Means (X‾ ), the min-max 
range, and P-values for juvenile between species comparisons are provided. 
The second set of columns provides P-values for differences within species 
and between the three adult groups. Where P <0.0001 for all three adult 
group comparisons, only one P-value is presented.  

 Between Species Within Species vs. Adult Size Group 

P. canaliculata P. maculata P. canaliculata P. maculata 

X‾    

(Range) 

X‾   

(Range) 
P-value 

Overall 
Small 
Large 

Overall 
Small 
Large 

     

TLTW 
1.07 

(0.97 – 1.21) 
1.08 

(0.93 – 1.18) 
0.0139 

0.0010 
0.0046 
0.0007 

< 0.0001 

TLVH 
1.36 

(1.18 – 1.51) 
1.43 

(1.19 – 1.68) 
< 0.0001 

< 0.0001 
0.0128 
0.1480 
0.0006 

TLAL 
1.36 

(1.18 – 1.52) 
1.31 

(1.18 – 1.46) 
< 0.0001 

0.1309 
0.0747 
0.2569 

0.3700 
0.0046 
0.9876 

TLAW 
2.09 

(1.77 – 2.55) 
2.03 

(1.68 – 2.44) 
0.0108 

0.3757 
0.2929 
0.5392 

< 0.0001 
0.0120 

< 0.0001 

TLSH 
2.12 

(1.64 – 4.21) 
1.72 

(1.30 – 1.90) 
< 0.0001 

< 0.0001 
0.0116 

< 0.0001 
< 0.0001 

TLSW 
3.67 

(2.90 – 4.66) 
4.14  

( 2.93 – 4.95) 
< 0.0001 

0.3653 
0.0841 
0.9543 

< 0.0001 
0.3464 

< 0.0001 

TLAP 
3.28 

(1.51 – 8.77) 
2.79  

(1.36 – 5.60) 
0.3151 

< 0.0001 
0.8740 
0.0003 
0.9389 

TLPA 
3.48 

(2.49 – 5.16) 
3.54 

(2.67 – 4.97) 
0.2610 

< 0.0001 
< 0.0001 
0.0573 

< 0.0001 

TLBL 
1.11 

(0.97 – 1.23) 
1.12 

(1.03 – 1.19) 
0.5118 

0.0027 
0.0005 
0.0285 

< 0.0001 
0.0044 

< 0.0001 

TWVH 
1.27 

(1.05 – 1.42) 
1.33 

(1.20 – 1.58) 
< 0.0001 

< 0.0001 < 0.0001 

TWAL 
1.27 

(1.05 – 1.42) 
1.21 

(1.09 – 1.44) 
< 0.0001 

0.0004 
0.0022 
0.0002 

< 0.0001 

TWAW 
1.97 

(1.66 – 2.42) 
1.88 

(1.67 – 2.42) 
0.0005 

0.3030 
0.6147 
0.1418 

0.5983 
< 0.0001 
0.8476 

TWSH 
1.99 

(1.40 – 4.03) 
1.60 

(1.31 – 1.88) 
< 0.0001 

0.0278 
0.2804 
0.0014 

< 0.0001 

TWSW 
3.45 

(2.77 – 4.12) 
3.77 

(2.96 – 4.72) 
< 0.0001 

0.0268 
0.0032 
0.2307 

< 0.0001 
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Table 2-3. continued 
 Between Species Within Species vs. Adult Size Group 

P. canaliculata P. maculata P. canaliculata P. maculata 

X‾    

(Range) 

X‾   

(Range) 
P-value 

Overall 
Small 
Large 

Overall 
Small 
Large 

     

TWAP 
3.11 

(1.37 – 8.63) 
2.59 

(1.35 – 5.41) 
0.3616 

< 0.0001 < 0.0001 

TWPA 
3.27 

(2.23 – 4.76) 
3.28 

(2.41 – 4.86) 
0.8342 

< 0.0001 < 0.0001 

TWBL 
1.05 

(0.93 – 1.15) 
1.03 

(0.93 – 1.16) 
0.0340 

< 0.0001 < 0.0001 

VHAL 
0.99 

(0.86 – 1.15) 
0.91 

(0.72 – 1.08) 
< 0.0001 

< 0.0001 
< 0.0001 
0.0004 

0.3883 
0.0001 
0.0306 

VHAW 
1.53 

(1.26 – 1.84) 
1.42 

(1.14 – 1.65) 
< 0.0001 

< 0.0001 < 0.0001 

VHSH 
1.56 

(1.11 – 3.14) 
1.20 

(0.96 – 1.45) 
< 0.0001 

< 0.0001 < 0.0001 

VHSW 
2.69 

(2.16 – 3.25) 
2.83 

(2.28 – 3.41) 
< 0.0001 

0.0001 
0.0018 

< 0.0001 

< 0.0001 
0.7893 

< 0.0001 

VHAP 
2.41 

(1.06 – 6.60) 
1.95 

(0.93 – 4.04) 
0.8758 

< 0.0001 
0.5140 
0.0013 
0.5442 

VHPA 
2.56 

(1.65 – 3.70) 
2.47 

(1.89 – 3.84) 
0.0446 

< 0.0001 
< 0.0001 
0.3044 

< 0.0001 

VHBL 
0.82 

(0.72 – 0.91) 
0.78 

(0.63 – 0.90) 
< 0.0001 

0.0007 
0.0016 
0.0011 

0.0007 
0.0030 
0.0029 

ALAW 
1.54 

(1.26 – 1.88) 
1.55 

(1.39 – 1.83) 
0.4324 

0.3088 
0.1747 
0.5389 

< 0.0001 
0.9731 

< 0.0001 

ALSH 
1.57 

(1.15 – 3.25) 
1.32 

(1.07 – 1.52) 
0.3128 

0.0008 
0.0220 

< 0.0001 
< 0.0001 

ALSW 
2.72 

(2.09 – 3.51) 
3.11 

(2.39 – 3.88) 
< 0.0001 

0.5833 
0.2966 
0.9229 

< 0.0001 
0.0363 

< 0.0001 

ALAP 
2.40 

(1.10 – 6.26) 
2.13 

(1.03 – 4.30) 
0.1516 

< 0.0001 
0.6691 

< 0.0001 
0.9110 

ALPA 
2.56 

(1.80 – 3.94) 
2.69 

(2.12 – 3.66) 
0.0013 

< 0.0001 
< 0.0001 
0.0030 

< 0.0001 

ALBL 
0.82 

(0.72 – 0.89) 
0.85 

(0.77 – 0.91) 
< 0.0001 

0.4355 
0.4777 
0.3995 

< 0.0001 
0.0015 

< 0.0001 
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Table 2-3. continued 
 Between Species Within Species vs. Adult Size Group 

P. canaliculata P. maculata P. canaliculata P. maculata 

X‾    

(Range) 

X‾   

(Range) 
P-value 

Overall 
Small 
Large 

Overall 
Small 
Large 

     

AWSH 
1.03 

(0.68 – 2.24) 
0.85 

(0.70 – 0.92) 
0.3779 

0.1395 
0.6958 
0.0130 

 
< 0.0001 

 

AWSW 
1.77 

(1.37 – 2.27) 
2.01 

(1.56 – 2.62) 
< 0.0001 

0.3004 
0.0540 
0.9902 

< 0.0001 
0.0131 

< 0.0001 

AWAP 
1.53 

(0.76 – 4.13) 
1.36 

(0.69 – 2.64) 
0.1692 

< 0.0001 < 0.0001 

AWPA 
1.67 

(1.17 – 2.71) 
1.74 

(1.28 – 2.46) 
0.0161 

< 0.0001 
< 0.0001 
0.0073 

< 0.0001 

AWBL 
0.54 

(0.44 – 0.61) 
0.55 

(0.45 – 0.62) 
0.0005 

0.0012 
0.0001 
0.0223 

< 0.0001 
0.4978 

< 0.0001 

SHSW 
1.89 

(0.77 – 2.62) 
2.36 

(1.83 – 3.03) 
< 0.0001 

0.0003 
0.0012 
0.0002 

0.2817 
0.0008 
0.1245 

SHAP 
1.75 

(0.39 – 4.82) 
1.61 

(0.77 – 3.01) 
0.1016 

< 0.0001 
0.0210 
0.0876 
0.0107 

SHPA 
1.77 

(0.74 – 2.61) 
2.05 

(1.59 – 2.89) 
< 0.0001 

< 0.0001 
0.0008 
0.1566 

< 0.0001 

SHBL 
0.57 

(0.24 – 0.69) 
0.65 

(0.57 – 0.80) 
< 0.0001 

< 0.0001 < 0.0001 

SWAP 
0.90 

(0.39 – 2.56) 
0.69 

(0.34 – 1.40) 
0.3705 

< 0.0001 
0.0439 
0.0012 
0.0105 

SWPA 
0.95 

(0.61 – 1.44) 
0.87 

(0.63 – 1.45) 
< 0.0001 

< 0.0001 
0.0033 
0.1732 
0.0006 

SWBL 
0.30 

(0.23 – 0.38) 
0.27 

(0.22 – 0.35) 
< 0.0001 

0.1314 
0.2939 
0.0673 

< 0.0001 
0.1521 

< 0.0001 

APPA 
1.35 

(0.38 – 2.60) 
1.36 

(0.60 – 2.72) 
0.9624 

< 0.0001 
< 0.0001 
 0.1689 

< 0.0001 

APBL 
0.43 

(0.12 – 0.74) 
0.43 

(0.20 – 0.81) 
0.2795 

< 0.0001 
0.1297 

< 0.0001 
0.1437 

PABL 
0.33 

(0.21 – 0.45) 
 

0.32 
(0.22 – 0.40) 

0.2595 
< 0.0001 

< 0.0001 
0.0169 

< 0.0001 
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Table 2-4. Results of the initial 45-ratio model and the reduced follow-up model for the 
canonical discriminant function analysis for both species and all size groups. 
Data for all canonical variables (CV) is provided as well as the class means 
for the first three CV. Canonical correlation value (CC); squared canonical 
correlation (R2); eigenvalue (E); likelihood ratio (LR); F values (F), and 
degrees freedom (DF).    

 CV 

 1 2 3 4 5 
      
45 Ratio      
  CC 0.89445 0.71522 0.53786 0.44989 0.29945 
  R2 0.80005 0.51154 0.28929 0.20240 0.08967 
  E 4.0014 1.0473 0.4071 0.2538 0.0985 
  LR 0.05039 0.25204 0.51601 0.72606 0.91032 
  F 27.08 13.92 8.55 6.16 3.58 
  DF Num, Den  225, 

7403.7 
176, 

5937.5 
129, 4462.6 84, 2980 41, 1491 

      
  Class Means      
    1 -2.59 0.14 0.17  

    2 -0.63 -0.37 -1.07 

    3 0.73 -2.20 -1.62 

    4 1.66 0.61 -0.13 

    5 1.83 0.69 0.19 

    6 1.65 -2.86 1.50 
      
Reduced      
  CC 0.89256 0.71260 0.52607 0.44163 0.28280 
  R2 0.79667 0.50780 0.27675 0.19504 0.07997 
  E 3.9183 1.0317 0.3827 0.2423 0.0869 
  LR 0.05360 0.26363 0.53561 0.74058 0.92002 
  F 37.43 19.18 11.59 8.40 4.67 
  DF Num, Den    160, 

7432.4 
124, 
5971.8 

90, 4495.8 58, 3006 28, 1504 

      

  Class Means      
    1 -2.56 -0.15 0.17  

    2 -0.60 0.36 -1.05 

    3 0.66 2.16 -1.58 

    4 1.65 -0.60 -0.12 

    5 1.81 -0.68 0.18 

    6 1.62 2.87 1.44 

 
 



 

62 

      
 

 
Figure 2-2. Results of the canonical discriminant function analysis: A) Preliminary 45 

ratio model B) Follow-up reduced model. Species classifications are: 1 = large 
P. maculata, 2 = small P. maculata, 3 = juvenile P. maculata, 4 = large P. 
canaliculata, 5 = small P. canaliculata, and 6 = juvenile P. canaliculata. 
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Figure 2-3. Results of the combined adult size class canonical discriminant function 
analysis: A) 45 ratio model combined size class B) Reduced model combined 
size class. 1 = P. maculata and 4 = P. canaliculata. 
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Figure 2-4. Results of the juvenile, small adult, and large adult canonical discriminant 

function analyses: A) 45 ratio model small adults B) Reduced model small 
adults C) 45 ratio model large adults D) Reduced model large adults E) 45 
ratio model juveniles F) Reduced model juveniles. 1-3 are P. maculata and 4-
6 are P. canaliculata. 
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Figure 2-5. Results of the within-species canonical discriminant function analyses using 

the 45-ratio model: A) Pomacea maculata B) Pomacea canaliculata.  1 = 
large P. maculata, 2 = small P. maculata, 3 = juvenile P. maculata, 4 = large 
P. canaliculata, 5 = small P. canaliculata, and 6 = juvenile P. canaliculata. 
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Figure 2-6. Results of the preliminary cluster analysis. Cluster 1 is dominated by adult 
P. maculata (species 1 and 2); cluster 2 is dominated by adult P. canaliculata 
(species 4 and 5); and cluster 3 is dominated by juveniles of both species 
(species 3 and 6). 
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CHAPTER 3 
PHYSIOLOGICAL TOLERANCES  

 
Background 

New World apple snails are native to South and Central America, with one 

species, Pomacea paludosa (Say 1829), native to North America. Pomacea have been 

introduced into many countries and have subsequently become established in natural 

and artificial aquatic systems. Introductions have occurred for a variety of reasons, 

which include bio-control, the aquarium trade, and the escargot industry (Halwart 1994; 

Naylor 1996). In the last decade Pomacea have received much attention because the 

foraging capabilities of some species have devastated crops (Yusa and Wada 1999; 

Joshi 2001; Martin 2004), and because they are considered a threat to the functioning 

of natural wetlands (Carlsson et al. 2004). Two of the most commonly introduced 

species implicated in crop damage and ecosystem alteration are Pomacea canaliculata 

(Lamarck 1819), considered to be one of the World’s Worst Top 100 Invaders (Lowe et 

al. 2000), and Pomacea maculata (Perry 1810) (Carlsson et al. 2004; Rawlings et al. 

2007; Hayes et al. 2009, 2012). In the U.S., Pomacea spp. continue to spread with 

populations in at least 10 states (Figure 1-1).  

Compared to other regions of the U.S., introductions of Pomacea spp. (typically 

P. maculata) has been greatest in the Southeast. Florida has four nonindigenous 

Pomacea species: P. canaliculata, P. maculata, P. diffusa (Blume 1957), and Pomacea 

sp. (previously described as P. haustrum, Reeve 1856) (Figure1- 2) (Rawlings et al. 

2007; Hayes et al. 2009, 2012). The most prevalent is P. maculata, with populations 

ranging from Miami to Eglin Air Force Base in the panhandle. Although P. canaliculata 

is believed to be limited to northeast Florida, their continued spread through this region 



 

68 
 

suggests that populations may continue to establish through the Southeast (Bernatis 

2013). There are isolated records in north and south Florida for Pomacea diffusa, 

whereas Pomacea sp. is believed to be limited to the Loxahatchee National Wildlife 

Refuge. Although impacts to large natural lakes and rivers have not been documented 

quantitatively, a plethora of observations have implicated the snails in extensive urban 

aquatic-system damage. This damage has involved the consumption and depletion of 

aquatic vegetation that was planted for restoration and enhancement. In Florida, the 

sales value of aquatic vegetation routinely exceeds $13 million annually (United States 

Department of Agriculture 2006), making the impacts of P. maculata and P. canaliculata 

an economic concern. 

 Despite their abundance and broad distribution in the Southeast, there is little 

basic biological research on nonindigenous Pomacea, particularly in terms of 

physiological tolerances in their introduced ranges (Ramakrishnan 2007). Most research 

has focused on eradication, feeding, reproduction, and genetics (Lach et al. 2000; Yusa 

et al. 2006; Hayes et al. 2009, 2012; Burks et al. 2011). Limited research has been 

conducted on physiological tolerances in their native range, with an emphasis on 

desiccation and temperature effects (Albrecht et al. 1999; Martin et al. 2001; Estebenet 

and Martin 2002; Martin and Estebenet 2002; Seuffert and Martin 2009a, 2009b; 

Seuffert et al. 2010, 2012). The paucity of research is surprising, given that key 

elements of invasion success are the biological limitations in relation to a novel 

environment. Byers et al. (2013) attempted to model future distribution of nonindigenous 

Pomacea in the southeast U.S., with an emphasis on pH impacts. Unfortunately, 
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reliance on limited, third-party databases to predict snail distribution limits was a 

significant shortcoming of their approach.  

Many behavioral and biological factors are key in the distribution and 

establishment success of nonindigenous species. One such factor is the frequency of 

introduction and number of individuals introduced (i.e., propagule pressure; Marchetti et 

al. 2004; Lockwood et al. 2007). In Florida, reports of increased nonindigenous apple 

snail populations occurred after the hurricanes in 2004, suggesting a natural spread. 

There are also cases of the snails being transported by humans between locations for 

various reasons (e.g., for bait, to feed birds), and there is circumstantial evidence of 

aquaria release (personal observation). Depending on the motive for transport and 

release, introductions are likely to occur into systems that are ideally suited for the 

snails. These “sudden” introductions (i.e., jump dispersal) into new locations that are 

suitable habitat, and the success of establishment, increase threat risks to some aquatic 

systems.  

Several abiotic factors are known to influence mollusc distribution, including: 

oxygen, temperature, pH, salinity, Ca+, food availability and desiccation events (Prosser 

and Health 1991; Somero 1995; Martin et al. 2001; Estebenet and Martin 2002; Martin 

and Estebenet 2002; Ansart and Vernon 2003). Numerous studies are published on the 

impacts of calcium carbonate (CaCO3) availability and mollusc success, as defined by 

shell formation, regeneration, and growth (Wilbur 1964; Vanderbo and Vanpuymb 1966; 

Young 1975; Nduku and Harrison 1976; Lodge et al. 1987; Brown 2001; White 2007). 

Karst aquatic environments provide the CaCO3 required by snails to produce shells and 

eggshells. In the U.S. about 20% of the land surface is classified as karst and a 
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substantial portion of waterbodies in the Southeast exceed (Scott et al. 2002; USGS 

2013) the limiting threshold of 14.8 mg CaCO3/L for Pomacea reported by Martin et al. 

(2001). Therefore, spread and establishment of Pomacea throughout the Southeast 

U.S. and other karstic regions are likely to be minimally influenced by low availability of 

CaCO3.  

Pomacea are amphibious and possess both a lung and gills. Therefore, 

dissolved oxygen levels are not as critical for survival as are other abiotic factors 

(Aldridge 1983; Ito 2002; Seuffert and Martin 2009b). Several studies have looked at the 

influence of oxygen during different life stages of Pomacea spp., in particular during 

aestivation or aerial exposure. In general, Pomacea spp. are capable of obtaining 

oxygen either aerially or from the water and may rely on aerial respiration to 

compensate for less than adequate dissolved oxygen concentrations (Burky et al. 1972; 

Freiberg and Hazelwood 1977; Santos and Mendes 1981; Seuffert and Martin 2009a, 

2009b).   

Temperature regimes are also important in the distribution, growth and survival of 

animals (Prosser and Heath 1991). Numerous studies on Pomacea thermal tolerances 

have been conducted (Burky et al. 1972; Albrecht et al. 1999; Martin et al. 2001; 

Ramakrishnan 2007; Matsukura et al. 2008, 2009; Seuffert et al. 2010; and many 

others). Although there is variation among species, which may be related to the snail’s 

environment at time of exposure, Pomacea spp. are capable of surviving temperatures 

ranging from 0–40 °C for at least short periods (1-3 days) (Burky et al. 1972; Matsukura 

et al. 2009). In outdoor mesocosms, I observed snails foraging under a thin layer of ice 
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when diel aerial temperatures ranged from -2 to 11 °C for 10 days. Similarly, snails were 

active in summer diel water temperatures ranging from 27 to 40 °C for 14 days. 

The objective of my study was to obtain biological information for P. canaliculata 

and P. maculata throughout their life-history stages by using laboratory survival trials 

and examining growth patterns under several environmental variables that may limit 

invasion success. These included starvation, salinity, pH, and desiccation and were 

tested at levels representative of the ambient conditions in Florida’s aquatic ecosystems 

and where these species are established. The results provide data for development of 

distribution models and may be helpful for developing species-specific control 

measures. Finally, this information will provide heretofore missing data on the basic 

biology of these snails. 

Methods 

Collection and Holding 

I collected Pomacea maculata by hand from north Florida (Leon County) and 

central FL (Polk County). At the beginning of this project, only one population of P. 

canaliculata was known to exist in FL (Duval County), and that is where I collected 

individuals for my experiment. Species identifications were confirmed by Dr. Timothy 

Collins (Florida International University) and Rawlings et al. (2007). Experiments were 

conducted in an indoor facility from July 2006 to June 2007.   

I used 113-L tanks with a 50:50 mix of pond and well water to house snails prior 

to using them in experiments. I maintained tanks under the following conditions: 

temperature 23-25 °C; dissolved oxygen 80-90% (via air stones); pH 7.5–8.0; ammonia, 

nitrate, and nitrite were within normal ranges for aquaculture (Swann 1993). Water was 

continuously filtered through mechanical and chemical media. Snails were fed ad libitum 
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(Hydrilla verticillata, Hydrocotyle sp., cantaloupe and pears) every 48-72 hours. Snails 

were kept in holding tanks for no more than two weeks prior to trials. The small size of 

hatchlings and juveniles required for testing precluded field collection, therefore these 

age groups were reared in the laboratory. Egg masses deposited by captive adults 

during the first week of captivity were hatched, and I used these hatchlings in my trials. 

Individual snails were used in only one experimental procedure.   

General Procedures 

As described below, I tested snail survivorship using four treatments: starvation, 

pH, salinity, and desiccation tolerance. I used three age groups in each treatment: 

hatchlings (<4 days old and <3.0 mm total length), juveniles (10-25 mm total length), 

and adults (≥30 mm total length). The total length (TL) and mass (M) of each snail was 

recorded at the start of the trial. All experiments were conducted to determine the lethal 

level for 50% of the snails (LC-50) within a 28-day trial. Snails were randomly selected 

and randomly distributed into treatment tanks. Experimental tanks varied in volume for 

each snail size class: adult tanks were 79.7 L, juvenile tanks were 39.9 L, and hatchling 

tanks were 9.5 L. All variables had multiple levels (e.g., salinity had five treatment 

levels). Therefore, the experimental design was a replicated, complete randomized 

block; for example, a replicate adult P. canaliculata salinity block included one tank for 

each treatment level. Adult treatments had five replicated blocks, whereas juveniles and 

hatchlings had either five or six replicated blocks. Treatments followed ASTM Standards 

E 729 and E 1022 (American Society for Testing and Materials 2002), utilizing a 

continuous mechanical/chemical filtration system. Mortality was checked daily and was 

determined by examining the operculum for resistance and visibility of tissue. When 

tissue was visible and the snail was not moving, I further stimulated the foot for 
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retraction response. If foot retraction did not occur, the animal was classified as 

deceased and removed from the test tank. There are known metabolic effects of feeding 

and digestion in animals and as a result animals are often starved throughout trials 

(Berezina 2001; Wang et al. 2001). Therefore, I did not feed the snails in this study. 

Starvation 

Starvation trials were conducted on adults and juveniles. Snails were either 

starved or fed ad lib the same diet as in the holding tanks. The total numbers of snails 

used varied by age and species, but were distributed evenly throughout the tanks. 

There were 60 adult P. canaliculata per treatment (N = 12/tank), with starting mean TL = 

42.57 mm (30.12-59.36 mm) and starting mean M = 18.41 g (6.01-45.77 g). There were 

48 P. maculata per treatment (N = 8/tank) with starting means of TL = 70.27 mm (51.24-

90.03 mm) and M = 114.79 g (66.9-180.2 g). There were 40 juvenile P. canaliculata per 

treatment (N = 8/tank) and 35 P. maculata per treatment (N = 7/tank). Respectively, the 

initial means were: TL = 22.25 mm (15.82-24.91 mm) and 19.11 (13.90-23.94 mm) and, 

M = 3.28 g (1.63-4.38 g) and 2.82 g(1.32-4.73 g).   

Salinity 

Salinity tolerance trials were conducted over a range of 0–32 ppt at 8 ppt 

intervals. Artificial seawater (Instant Ocean, Blacksburg, VA) was used and salinities 

were maintained within ± 2 ppt. At the outset of the experiment, all tank salinity levels 

were at 0 ppt and were increased at a rate of 1 ppt/30 minutes until the desired salinity 

level was reached, a rate slightly slower than high tide intrusion. This was accomplished 

through equal volume removal and replacement with higher salinity water; water 

changes were also made in the 0 ppt condition. Thirty snails were used for all trials (N = 

6/tank). The initial means for adult P. canaliculata and P. maculata, respectively, were: 
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TL = 43.87 mm (30.05-63.75 mm) and 64.17 mm (32.990-83.96 mm), and M 18.99 g 

(5.20-52.40 g) and 94.54 g (5.40-170.61 g). The initial means for juvenile P. canaliculata 

and P. maculata, respectively, were: TL = 16.17 mm (10.37-23.89 mm) and 20.78 mm 

(16.17-24.91 mm), and M = 2.03 g (0.92-3.49 g) and 2.54 g (1.41-3.57 g). For 

hatchlings the initial TL mean for P. canaliculata was 2.2 mm (2.0-2.5 mm); and for P. 

maculata was 2.4 mm (1.6-2.8 mm).   

pH 

Trials investigating pH tolerance were conducted at a range of 5.5 – 9.5 at 

intervals of 1.0 pH unit. The pH levels were maintained at ± 0.1 pH units. Commercially 

available, mollusc-safe, pH adjusters (pH Up and pH Down, Aquarium Pharmaceuticals, 

Pennsylvania, USA) were used to regulate pH levels. Test conditions were established 

in the tanks prior to the introduction of the snails. Thirty adults of each species were 

used per treatment level (N = 6/tank). The initial means for adult P. canaliculata and P. 

maculata, respectively, were: TL = 41.73 mm (31.17-55.80 mm) and 65.80 mm (35.50-

88.94 mm) and, M = 15.59 g (4.08-40.81 g) and 103.77 g (9.64-169.10 g). Thirty-six 

juveniles and hatchlings of each species were used per treatment level (N = 6/tank). 

The initial means for juvenile P. canaliculata and P. maculata, respectively, were: TL = 

17.41 mm (11.39-24.48 mm) and 17.78 mm (10.35-26.45 mm), and M = 2.26 g (0.95-

4.16 g) and 2.79 g (0.93-5.04 g). For hatchlings the initial TL mean for P. canaliculata 

was 2.2 mm (1.9-2.5 mm), and for P. maculata was 2.5 mm (1.8-2.9 mm).    

Desiccation  

Desiccation tolerance trials were conducted under two test conditions with an 

aquatic environment serving as the control; snails in the control group were not fed. 

Test conditions were either desiccation, defined as <60% relative humidity and dry sand 
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substrate, or semi-desiccation, defined as >80% relative humidity and moist sand 

substrate. Relative humidity was measured with terrarium hygrometers (Fluker’s, Port 

Allen, LA). Desiccation tanks had a 5-cm layer of dry sand in the bottom and a 

desiccant pouch was used if humidity levels exceeded 60%. Semi-desiccation 

treatments had a 5-cm layer of sand that was kept wet with up to a 1.6 mm of standing 

water. The control tanks had the same water quality conditions as the holding tanks. 

Mortality was easier to detect in this trial (i.e., odor). Snails with closed opercula were 

tested by gently prying the operculum. If there was resistance, the snail was considered 

to be alive; if the operculum was easily movable and soft tissue was readily expelled, 

the snail was deceased. There were 45 adult P. canaliculata in the wet and dry 

conditions (N = 9/tank) and 40 snails in the control (n = 8/tank); adult P. maculata had 

40 snails in each condition (N = 8/tank). The initial means for adult P. canaliculata and 

P. maculata, respectively, were: TL = 46.86 mm (35.89-64 mm) and 66.64 mm (30.04-

87.61 mm), and M = 25.84 g (12.66-48.52 g) and 99.69 g (4.90-179.40 g). Both species 

of juveniles had 60 snails per treatment. The initial means for juvenile P. canaliculata 

and P. maculata, respectively, were: TL = 17.36 mm (10.03-28.19 mm) and 19.07 mm 

(10.20-27.18 mm), and M = 3.28 g (1.63-4.38 g) and 2.91 g (0.93-3.95 g). Both species 

of hatchlings had 40 snails per treatment. The initial TL mean for P. canaliculata was 

1.8 mm (1.7-1.9 mm) and for P. maculata was 1.5 mm (1.4-1.6 mm).   

After 28 days, I continued the study in an effort to ascertain survival time under 

wet and dry conditions. Minor changes in methodology were implemented beginning 

with week five, to minimize snail disturbance. Snails continued to be checked daily for 

mortality (i.e. tissue expulsion). Every two weeks, one of the snails, assumed to be 
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alive, was placed in a tank for “revival.” If the snail did not respond, it was classified as 

dead and the time of death was recorded as seven days prior (i.e., halfway between the 

revival episodes). This process continued until a live snail was found, or until no more 

live snails were present. Live snails were not returned to test conditions, reducing the 

total number of snails available every two weeks. 

Statistical Analyses 

 Summary statistics were calculated for all data. ANOVAs were used to ensure 

tank parameters did not differ throughout the course of the study. Mortality was 

evaluated as time-to-event data, using standard survival analysis methods (Daniel and 

Cross 2013; Allison 2010, Kleinbaum and Klein 2005). Median survival time was 

estimated directly from the survivorship curve, using the Kaplan-Meier procedure.  

Survival curves were compared using Gehan’s generalized Wilcoxon test; follow-up 

pairwise comparisons, controlling for Type-I error, were done in the event that a 

significant difference was found among curves. Between-species factor comparisons 

were calculated using the Mantel-Cox log-rank test. In trials where survival exceed 50% 

for the 28-days, the actual survival rates are provided. All tests were performed in either 

SPSS 17.0 (SPSS Inc., Chicago, Illinois) or SAS 9.2 (SAS Institute, Cary, North 

Carolina). 

Results 

Starvation  

 Both species and age groups had a median survival time of 28 days for the 

starved and fed treatments. Survival of adult P. maculata was not significantly different 

between treatments (Table 3-1), with a 96% survival rate in each. Similarly, the fed adult 

P. canaliculata had a 95% survival rate. But for P. canaliculata, there was a significant 
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difference from the 65% survival rate of the starved snails (G-W = 16.65, P <0.001; 

Table 3-1). Between adult species and within treatment there was not a significant 

difference for either condition (Fed: X2 = 0.33, P = 0.569 and Starved: X2 = 0.22, P = 

0.636). Juveniles of both species had a median survival of 28 days for both conditions. 

Juvenile P. canaliculata had 87% survival when fed and 72% survival when starved. 

Juvenile P. maculata had 83% survival when fed and 68% survival when starved. 

Between-treatment survival within a species was not significantly different (Table 3-1). 

However, whereas the fed treatment was not different between species, the starved 

treatment was significantly different (χ2 = 15.11, P <0.001). 

Salinity 

Adult median survival varied between treatments, with lower salinities having 

higher survival (Figure 3-1). In the global analyses of treatments within species, there 

were significant differences (P. canaliculata: G-W* = 13.03, P <0.001; P. maculata: G-W 

= 123.4, P < 0.001; Table 3-1). For both species, there were no significant differences 

for 0 ppt vs 8 ppt or 24 ppt vs 32 ppt, but all were different from 16 ppt. In 0 ppt, 100% 

of both species survived the entire 28 days. In 8 ppt, 93.3% of the P. canaliculata, and 

86.7% of the P. maculata survived for 28 days. At 16 ppt, median survival time was 5.7 

days for P. canaliculata and 3.6 days for P. maculata. All P. canaliculata were deceased 

at 17 days and all P. maculata were deceased at nine days. For both species, 100% 

mortality occurred by day three in the 24 and 32 ppt conditions. Survival at 16 ppt, 

however, was significantly different from the other four salinities. Between species and 

within treatment, median survival was not significantly different for 0 ppt, 8 ppt, 24 ppt, 

or 32 ppt. Only at 16 ppt was survival significantly different between species (χ2 = 3.89, 

P = 0.049). 
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Juvenile median survival varied between treatments, with lower salinities having 

higher survival (Figure 3-1). In the global analyses of treatments within species all 

survival curves differed (P. canaliculata: G-W = 134.8, P <0.001; P. maculata: G-W = 

129.0, P <0.001; Table 3-1). In 0 ppt both species had 100% survivorship for 28 days. 

The median survival at 8 ppt for P. canaliculata (56.7%) was 28 days and for P. 

maculata only 19.6 days. Median survival at 16 ppt for P. canaliculata was four days 

and for P. maculata, three days. Both species had a 100% mortality rate at three days 

for 24 ppt and two days for 32 ppt. Within treatment there were no significant 

differences in survival between species, except at 16 ppt (χ2 = 10.78, P <0.001).  

Hatchling median survival varied between treatments, with lower salinities having 

higher survival (Figure 3-1). In the global analyses of treatments within species all 

survival curves differed (P. canaliculata: G-W = 140.2, P <0.001; P. maculata: G-W = 

140.0, P <0.001; Table 3-1). There were, however, no significant differences between 

species at any level. Although median survival at 0 ppt for both species was 28 days, 

only 53% of P. maculata and 73% of P. canaliculata were alive on day 28. At 8 ppt, 

median survival for both species was 3.4 days. The remaining three treatment levels 

had a median survival of 1.5 days. 

pH 

Adult median survival was 28 days for both species and all treatments (Figure 3-

2). In the global analyses of treatments within species, median survival was not 

significantly different (P. canaliculata: G-W = 7.3, P = 0.120; P. maculata: G-W = 8.8, P 

= 0.067 for P. maculata; Table 3-1). Survival rates of P. canaliculata and P. maculata, 

respectively were: 93.3% and 90.0% at pH = 5.5; 93.3% and 96.6% at pH = 6.5; 100% 
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(both species) at pH = 7.5 and 8.5; and 86.7% and 100% at pH = 9.5. Between species, 

only pH 9.5 was significantly different (χ2 = 4.21, P = 0.040).    

Juvenile median survival was 28 days for both species and all treatments (Figure 

3-2). In the global analyses of treatments within species, P. maculata were not 

significantly different (G-W = 5.9, P = 0.253), however, P. canaliculata were significantly 

different (G-W = 13.4, P = 0.010; Table 3-1). Survival rates of P. canaliculata and P. 

maculata, respectively were: 58.3% and 86.7% at pH = 5.5; 55.5% and 86.7% at pH = 

6.5; 88.8 % and 77.7% at pH = 7.5; 88.8% and 75% at pH = 8.5; and 66.6% and 86.7% 

at pH = 9.5. Between species, survival estimates were significantly different at pH of 5.5 

(χ2 =9.00, P = 0.003), 6.5 (χ2 = 10.62, P = 0.001), and 9.5 (χ2 = 5.66, P = 0.017); in each 

treatment P. maculata had the greater survival.    

Hatchling median survival varied between treatments and species, with survival 

generally increasing as pH increased (Figure 3-2). In the global analyses of treatments 

within species, survival curves of both species were significantly different (P. 

canaliculata, G-W = 64.3, P <0.001; P. maculata G-W 72.3, P <0.001; Table 3-1). For 

both species, the lowest median survival time, and the only significantly different curve 

between species, was at pH 5.5 (P. canaliculata: 3.1 days and P. maculata: 3.0 days; χ2 

= 5.70, P = 0.017). Survival increased as pH increased, reaching 10.3 days for P. 

canaliculata at pH 8.5 and 10 days for P. maculata at pH 9.5. With the exception of pH 

9.5, median survival was greater for P. canaliculata, but the maximum survival for all 

snails, regardless of treatment, was 14 days. 

Desiccation 

Adult median survival was 28 days for both species and all treatments (Figure 3-

3). In the global analyses of treatments within species, there were no significant 
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differences in survival curves for P. maculata (G-W = 5.5, P = 0.062; Table 3-1). 

Although median survival for all treatments was 28 days for P. canaliculata, there was a 

significant difference in that the wet and dry were equal, but both differed from the 

control (G-W = 10.7, P = 0.0058). Between species and within treatment there were no 

significantly different median survival times. The 28-day survival rates of P. canaliculata 

and P. maculata, respectively, were: control = 82.5% and 80%; wet = 53.3% and 80.0%; 

and dry = 55.5% and 57.5%. At the end of one year, snails of both species in the wet 

conditions were alive, whereas in dry conditions, all P. maculata were dead at 153 days 

and all P. canaliculata at 154 days. 

Juvenile median survival was 28 days for both species and all treatments (Figure 

3-3). In the global analyses of treatments within species, survival curves were 

significantly different (P. canaliculata: G-W = 15.8, P <0.001; P. maculata: G-W = 115.9, 

P < .001; Table 3-1). In both cases the control and wet treatments were equivalent and 

differed from the dry treatment, the latter having the shorter survival times. The 28-day 

survival rates of P. canaliculata and P. maculata, respectively, were: control = 78.0% 

and 77.0%; wet = 92.0% and 83.0%; and dry = 60.0%, with all P. maculata dead by day 

14. Between species, only the dry treatment was significantly different (χ2 = 76.40, P 

<0.001). In the extended trial, P. canaliculata survived until day 147 and 98 in wet and 

dry conditions, respectively, and P. maculata survived in wet conditions until day 133. 

Hatchling median survival varied between treatments and species, with survival 

greatest in the control and lowest in the dry condition (Figure 3-3). In the global 

analyses of treatments within species, all curves differed for P. canaliculata (G-W = 

50.02, P <0.001; Table 3-1). However, for P. maculata the control and wet treatments 
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were equal and both differed from dry (G-W = 57.2, P <0.001). Between species, the 

significant differences were in the control (χ2 = 9.48, P = 0.002) and dry (χ2 = 26.38, P 

<0.001) treatments. The 28-day survival rates of P. canaliculata and P. maculata, 

respectively, were: control = 80.0% and 45.0% (although 55% on day 27); wet = 17.0% 

(47% on day 27) and 27.0% (60.0% on day 27); and dry = 0.5%, with all P. maculata 

dead by day 10. In the extended wet trial, P. canaliculata survived to day 49 and P. 

maculata until day 42. In the dry treatment P. canaliculata survived to day 42. 

Discussion 

The goal of this investigation was to test snail survival thresholds under different 

conditions of starvation, salinity, pH, and desiccation. Such data can be used to develop 

predictive models for the likelihood of establishment, provide data for species-specific 

management protocols, and contribute to the knowledge base on invasive Pomacea. 

Survival under each of these variables was linked to the age of the snail. Older snails 

had greater survivorship. In each case, mortality was greatest and most rapid for 

hatchlings. This was anticipated, as many organisms are most vulnerable at a young 

age. The fact that hatchling snails survived as long as they did in some conditions 

indicates how physiologically robust they are for invasion success. In most of the 

treatments, adults and juveniles had 28-day survival rates, although the overall 

proportion of juvenile survival was slightly lower than that for adults.  

Pomacea maculata and P. canaliculata consume a wide variety of macrophytes 

and given their voracious appetites, removing food should have an impact on survival. 

Several authors have shown that quality of food is important to growth and reproduction 

of Pomacea (Burks et al. 2011; Boland et al. 2008; Carlsson and Brönmark 2006; 

Carlsson et al. 2004; Tanaka et al. 1999), two important factors for establishment 
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success. Results of my study, however, indicate adults and juveniles can survive 

without feeding for at least 28 days. In this trial, conditions were highly controlled, 

restricting the ability of snails to feed on anything (e.g., periphyton), but this is not a 

common condition in nature. Pomacea have “ciliary” or “pedal” feeding behavior, which 

allows them to feed on minute particles in the surface film of the water by using their 

foot as a funnel (Saveanu and Martin 2013; McClary 1964; personal observation). 

Although there is no evidence to suggest they can obtain all of their energy needs from 

surface-film feeding, it reduces the likelihood of starvation and potentially allows snails 

to survive in low-food-quality habitats. I have observed in locations where all vegetation 

appears to have been extirpated and snails persist, populations, egg depositions, and 

hatch rates are reduced. The results of my study demonstrate the snails are capable of 

surviving prolonged periods without preferred food and that starvation is likely not an 

effective means of management. Restricting or removing vegetation from a system may 

help to reduce nonindigenous snail populations, but depending on the system and the 

number of snails present, the increase in decaying biomass may prove detrimental for 

other organisms.  

Another factor that influences the distribution of aquatic organisms is salinity 

(Remane and Schlieper, 1971) and it can be of particular importance for freshwater 

organisms exposed to estuarine conditions (Costil et al., 2001). In coastal 

environments, periodic changes in salinity are normal although frequency and intensity 

can vary (e.g., tidal cycles or flooding). Changes in salinity can cause osmotic stress in 

organisms, resulting in a variety of behavioral and physiological responses (Hart et al. 

1991; Piscart et al. 2006). However, this does not mean freshwater gastropods are 
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incapable of tolerating moderately saline conditions as Jacobsen and Forbes (1997) 

found that 5 ppt is optimal for the invasive freshwater gastropod, Potamopygrus 

antipodarum (New Zealand mudsnail).  

A limited body of information is available on salinity tolerances of apple snails 

(Cowie 2002). The only Pomacea species thought to have salinity tolerance is P. 

bridgesii (Jordan and Deaton 1999); however these snails may actually have been P. 

diffusa (Rawlings et al. 2007). Jordan and Deaton (1999) demonstrated that P. bridgesii 

had an 80% survival rate for two weeks, when exposed to osmolality levels ranging from 

20 – 200 mOsm ( 1-8 ppt); however, when levels reached 400 mOsm ( 12 ppt), 100% 

mortality occurred within three days. Similar to the findings of Jordan and Deaton 

(1999), my results indicate that 8 ppt is a threshold for survival. Snails in my study, 

however, were able to withstand higher salinity (16 ppt) for several days. The results of 

my study indicate that systems only weakly influenced by tides (e.g., < 8 ppt), may be 

acceptable habitat for P. maculata and P. canaliculata. This is confirmed in the lower St. 

Johns River, Duval County, FL where I observed established P. maculata in a tidally 

influenced location and routinely experience a salinity of 4 ppt. The ability to withstand 

higher salinity, even for the short term, is an important factor when considering future 

distributions, as snails could potentially move between coastal streams via estuaries. 

The success of the snails in saline systems would then be dependent on other biotic 

and abiotic factors (e.g., food, predators, temperature).   

The success and diversity of aquatic organisms is dependent, in part, on pH 

(Bemvenuti et al. 2003; Berezina 2001; Herrman et al. 1993; Hall et al. 1980). Molluscs 

typically have low abundance in acidic habitats with pH < 6.0, because they are unable 
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to secrete and maintain their shells (Berezina 2001; Okland 1992; Mackie, 1987; 

McKillop and Harrison 1972). Unfortunately, there have been few controlled studies on 

the effects of pH on freshwater gastropods (Glass and Darby 2008; Hunter 1989), but 

there are many in situ studies that evaluate pH as a factor for distribution (Karunaratne 

et al. 2006; Watson and Ormerod 2004; Prescott and Curteanu 2004; Harvey and 

McArdle 1986). Studies of pH influences on nonindigenous Pomacea are scarce and 

typically focused on distribution (Byers et al. 2013; Martin et al. 2001). In North America, 

the majority of pH research has been limited to distribution impacts on native P. 

paludosa (Perera et al. 1989; Hurdle 1974; Gleason et al. 1975), but there have been 

few laboratory studies (Glass and Darby 2008; Ramakrishanan 2007). At the time I 

began my study, there had been no other studies on pH effects on the survival of P. 

maculata and P. canaliculata. Shortly after I finished my study, Ramakrishanan (2007) 

published results on P. maculata. Ramakrishanan’s (2007) findings were comparable to 

results for both species in my study. Both studies indicate that common pH levels in 

surface waters (e.g., 6-9) have no impact on nonindigenous Pomacea survival.   

Sublethal effects (e.g., suppressed growth, reproduction, shell strength) of pH 

have been reported for freshwater gastropods (Hunter 1989). A decrease in shell 

strength increases susceptibility to predation (Stein et al. 1984) or accidental death 

through crushing (Glass and Darby 2008). Decreases in shell strength under acidic 

conditions have been reported for P. paludosa (Glass and Darby 2008). They observed 

erosion and brittleness at pH <6.5. I observed these effects in adults and juveniles of 

both species in my study, but only at a pH of 5.5. The erosion I observed typically 

included the spire wearing or breaking off and discoloration (e.g., color pattern 
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disappearance) and brittleness of the outer whorl. The ability of nonindigenous 

Pomacea to tolerate and grow in a wide range of pH environments, implies that there 

are abundant potential habitats for colonization. Results of these studies provide a 

possible explanation for why the snails are invasive in one system, but only present in 

others, as the effects of reduced growth and weakened shells may prevent the 

populations from becoming a threat in lower-pH environments.  

 In aquatic systems that experience periodic desiccation, animals that are unable 

to retreat to pools of water have evolved several coping techniques. One of the most 

common responses to aerial exposure by freshwater gastropods is aestivation (Darby et 

al. 2008; Brown, 2001; Aldridge 1983; McMahon, 1983; Burky et al. 1972; Little, 1968; 

Meenakshi 1964). Animals that use aestivation/hibernation as a means of surviving until 

“normal” conditions return, often display a reduced metabolic rate, and freshwater 

gastropods are no different (Guppy and Withers 1999; Aldridge, 1983; McMahon 1983). 

In my study, a reduction in heart rate, which serves as a proxy for reduced metabolism, 

was observed through the transparent shells of juvenile and small P. canaliculata 

adults. At the start of the desiccation trials, there were 64-68 beats per minute (bpm), 

but by week four that had declined to 2-6 bpm. Burky et al. (1972) also observed a 

reduction in metabolic rate in P. urceus during an emersion trial that concluded at 526 

days, with snails still alive. Likewise, Pomacea lineata survived 13 months out of water 

(Little 1968). The native apple snail, P. paludosa, however, is not as tolerant to 

desiccation, as adult mortality reached 73% by 18 weeks (Darby et al. 2008). 

Ramakrishanan (2007) found that P. maculata was able to tolerate emersion for 70 

days at 30°C and >95% relative humidity (RH) and >308 days at 20°–25°C and 75%-



 

86 
 

>95% RH. The results of my study were similar for both P. maculata and P. 

canaliculata. As RH increased to >80%, survival rates for adults of both species 

reached 365 days, at which point the trial was discontinued. In lower RH conditions 

(<60%) survival was 22 weeks for both species. Similar to the results of Ramakrishanan 

(2007), I found that smaller snails had shorter survival times, regardless of the test 

condition. Pomacea spp. can apparently tolerate prolonged emersion, and aestivate for 

periods of time that protect them through normal seasonal patterns. Furthermore, the 

ability to withstand drought conditions and water management draw-downs gives the 

snails an advantage in some systems.  

 Management strategies for control of invasive species include chemical, 

biological and mechanical approaches. Results of my study suggest that complete 

control or eradication of P. maculata and P. canaliculata from all systems will not be 

possible. For example, dry-down events are often used in the management of wetlands 

and other water bodies to control unwanted plants and animals. But given the ability of 

nonindigenous Pomacea to survive such conditions, this would not be an effective 

control strategy, and could even be detrimental to the native apple snail (Darby et al. 

2008). Similarly, chemical approaches may have limited success.   

In response to physical disturbances, P. canaliculata can bury into the sediments 

in just seconds. If the application of a chemical triggers a defense response, the snails 

may bury or simply withdraw into their shell and “wait-it-out,” as they do in desiccation 

conditions. Biological controls may help stabilize populations in some larger systems. 

Yusa et al. (2006) looked at numerous potential predators for P. canaliculata, and many 

of the test predators or congeners, occur in Florida. Other strategies, such as hand-
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removal of eggs and live snails, are successful in some situations (e.g. urban ponds), 

and may be more effective than drawdowns or chemical applications (Bernatis 2013). 

Understanding the relationship of an organism to its environment throughout its 

life history is important for many reasons. Invasive Pomacea have the ability to colonize 

a variety of lakes and rivers and other bodies of water (e.g., canals). Given their 

physiological tolerances, combined with their unique biological traits (i.e., water and air 

breathing, rapid growth rates and generalist feeding behavior), few obstacles will block 

colonization. Ultimately, the risk of spread and establishment throughout the U.S. is 

great. In temperate regions, colonization may be limited to systems with thermal refuges 

(e.g., power plants). In southern regions, however, many freshwater and low-salinity 

systems may be at risk for future colonization. This research provides a basis for 

developing more complex experiments that can be initiated to understand how the 

snails respond to characteristics of non-native habitats, which may in turn be used to 

predict establishment success and develop successful control mechanisms. 
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Table 3-1. Comparison of survival curves within species (using Gehan’s generalized Wilcoxin Test) and between species 
(using the Mantel-Cox Log-rank Test). 

Condition 
Adults Juveniles Hatchlings 

P. canaliculata P. maculata P. canaliculata P. maculata P. canaliculata P. maculata 
 
Starvation 
 G-W = 16.65 G-W = 0.00 G-W = 2.8 G-W = 2.5   
 P < 0.001 P = 0.995 P = 0.093 P = 0.115   
      
 Within Species Comparisons Within Species Comparisons  
       

 Starved ≠ Control 

Not performed 
owing to non-
significance of 
global test 

Not performed 
owing to non-
significance of 

global test 

Not performed owing 
to non-significance of 

global test 
  

       
 Between Species Comparisons Between Species Comparisons  
       
 Control χ

2
 = 0.33, P = 0.569 Control χ

2
 = 0.05, P = 0.831   

 Starved χ
2
 = 0.22, P = 0.636 Starved χ

2
 = 15.11, P < 0.0001   

       
Salinity 
 G-W = 130.3 G-W = 123.4 G-W = 134.8  G-W = 129.0 G-W = 140.2 G-W = 140.0 
 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 
       
 Within Species Comparisons Within Species Comparisons Within Species Comparisons 
       

 
(0 = 8) ≠ 16 ≠ (24 

= 32) 
(0 = 8) ≠ 16 ≠ (24 = 

32) 
All curves differed  All curves differed All curves differed  All curves differed 

       
 Between Species Comparisons Between Species Comparisons Between Species Comparisons 
       
 0 Not calculable 0 Not calculable 0 χ

2
 = 1.71, P = 0.191 

 8 χ
2
 = 0.78, P = 0.378 8 χ

2
 = 1.95,   P = 0.162 8 χ

2
 = 0.22, P = 0.643 

 16 χ
2
 = 3.89, P = 0.049 16 χ

2
 = 10.78, P = 0.001 16 Not calculable 

 24 χ
2
 = 0.16, P = 0.690  24 χ

2
 = 1.05,   P = 0.305 24 Not calculable 

 32 χ
2
 = 0.11, P = 0.741 32 Not calculable 32 Not calculable 
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Table 3-1 continued: Comparison of Survival Curves within and between species.  

Condition 
Adults Juveniles Hatchlings 

P. canaliculata P. maculata P. canaliculata P. maculata P. canaliculata P. maculata 
 
pH 
 G-W = 7.3 G-W = 8.8 G-W = 18.0 G-W = 5.3 G-W = 64.3 G-W = 72.3 
 P = 0.120 P = 0.067 P = 0.010 P = 0.253 P < 0.001 P < 0.001 
       
 Within Species Comparisons Within Species Comparisons Within Species Comparisons 
       

 

Not performed 
owing to non-
significance of 
global test 

Not performed owing 
to non-significance of 
global test 

(5.5 = 6.5 = 9.5) 
≠ (7.5 = 8.5) 

 
 

Not performed owing 
to non-significance of 
global test 

5.5 ≠  (6.5 = 7.5 
= 8.5 = 9.5) 

 

5.5 ≠  (6.5 = 7.5 = 
8.5 = 9.5) 

 

       
 Between Species Comparisons Between Species Comparisons Between Species Comparisons 
       

 5.5 χ
2
 =0.25, P = 0.619 5.5 χ

2
 =9.00,    P = 0.003 5.5 χ

2
 =5.70,    P = 0.017 

 6.5 χ
2
 = 0.37, P = 0.544 6.5 χ

2
 = 10.62, P = 0.001 6.5 χ

2
 = 0.08,   P = 0.775 

 7.5 Not calculable 7.5 χ
2
 = 2.17,   P = 0.141 7.5 χ

2
 = 0.002, P = 0.964 

 8.5 Not calculable 8.5 χ
2
 = 1.96,   P = 0.162 8.5 χ

2
 = 0.001, P = 0.974 

 9.5 χ
2
 = 4.21, P = 0.040 9.5 χ

2
 = 5.66,   P = 0.017 9.5 χ

2
 = 0.22,   P = 0.643 

       
Desiccation Tolerance 
 G-W = 4.5 G-W = 5.5 G-W = 15.8 G-W = 115.9 G-W = 50.2 G-W = 57.2 
 P = 0.104 P = 0.062 P < 0.001 P < 0.001 P < 0.001 P <0.001 
       
 Within Species Comparisons Within Species Comparisons Within Species Comparisons 
       

 

Not performed 
owing to non-
significance of 

global test 

Not performed  
owing to non-
significance of  

global test 

(wet = control) ≠  
dry 

(wet = control) ≠  
dry 

All curves 
differed 

(wet = control) ≠  
dry 

       
 Between Species Comparisons Between Species Comparisons Between Species Comparisons 
       
 Control χ

2
 = 25.69, P < 0.001 Control χ

2
 = 0.29,   P = 0.590 Control χ

2
 = 9.48,   P = 0.002 

 Wet χ
2
 = 1.68,   P = 0.195 Wet χ

2
 = 1.82,   P = 0.178 Wet χ

2
 = 1.48,   P = 0.224 

 Dry χ
2
 = 0.21,   P = 0.649 Dry χ

2
 = 76.40, P < 0.001 Dry χ

2
 = 26.38, P < 0.001 
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Figure 3-1A-C. Salinity survival curves for P. canaliculata and P. maculata adult (A), juvenile (B), and hatchling (C) snails.  

Overlapping curves occur in adults at 24 and 32 ppt and in hatchlings at 16, 24 and 32 ppt. 
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Figure 3-2 A-C. pH survival curves for P. canaliculata and P. maculata adult (A), juvenile (B), and hatchling (C) snails.   
Note overlapping curves for duration of treatments in adults and scale difference for hatchlings. 

S
u

rv
iv

a
l 
p

ro
p
o

rt
io

n
 

P. canaliculata  P. maculata 

Days Days 
                5.5         6.5         7.5 

                            8.5     9.5 

A 

B 

C 



 

92 
 

       
 

 

 

 
 

 
 
 
 
 
 
 

 
 
 
 

Figure 3-3 A-C. Wet/dry survival curves for P. canaliculata and P. maculata adult (A), juvenile (B), and hatchling (C) 
snails.   

 

P. maculata P. canaliculata 

Days 

S
u

rv
iv

a
l 
p

ro
p
o

rt
io

n
 

             Dry     Wet        Control 
Days 

A 

B 

C 



 

93 

CHAPTER 4 
FEEDING RATES AND PREFERENCES 

Background 

Established populations of nonindigenous apple snails in North America are 

increasing. Once confined to Hawaii, Texas, and Florida, nonindigenous Pomacea spp. 

are currently present in at least 10 states (Figure 1-1). The most commonly occurring 

nonindigenous species is Pomacea maculata (Perry 1810; formerly described as P. 

insularum, D’Orbigny 1839) and less frequently encountered species are P. canaliculata 

(Lamarck 1819), P. haustrum (Reeve 1856), P. diffusa (Blume 1957). Marisa 

cornuarietis (Linnaeus 1758), the giant rams-horn snail, belongs to the same family, 

Ampullariidae, and this native of South America and the southern Caribbean is now 

found in several areas of North America. 

Pomacea canaliculata and P. maculata are known to consume a variety of 

macrophytes, periphyton, and terrestrial vegetation (e.g. grass, fruit). Although, 

generally considered herbivores, they are opportunistic feeders consuming the remains 

of other decaying organisms as well as other Pomacea spp. eggs (personal 

observation). The primary reason the snails have been deemed a pest species in some 

countries is because of the damage they cause to rice and taro crops (Estebnet, 1995; 

Yusa et al. 1999; Carlsson et al. 2004; Carlsson et al. 2005; Yu 2005; Nakamura 2006; 

Yusa et al. 2006). Estimated damage to these crops amounts to millions of U.S. dollars 

per year (Cowie 2002). 

  In the U.S., reports of invasive Pomacea feeding on crops are limited to Hawaii 

and Texas. In Florida, numerous anecdotal reports from citizens and state agencies 

implicate these snails in changing lake conditions, through their consumption of aquatic 
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macrophytes, which causes a shift to phytoplankton dominance. Aquatic ecosystems 

and associated wetlands provide ecological and economic benefits (Burlakova et al. 

2009). These systems are richly diverse and provide many services including: water 

purification, discharge and recharge, retention of pollutants, control of erosion, sources 

of energy and nutrients, and support of recreational activities (Brenner et al. 1990; 

Brenner et al. 1990; Barbier et al. 1996). Economically, wetland ecosystems are 

estimated to contribute $4.9 trillion annually in ecosystem services (Costanza et al. 

1997). In Florida, millions of dollars have been spent by state agencies on aquatic and 

wetland habitat restoration (State of Florida 2013).  

 Wetlands are some of the most threatened habitats and much of the threat is 

attributed to invasive species (Zedler and Kercher 2005). Herbivores in wetland habitats 

may impact community and ecosystem structure and functions (Lodge 1991; Lodge et 

al. 1998; Carlsson et al. 2004). Given their documented impacts to crops, P. maculata 

and P. canaliculata are among those herbivores that could potentially affect wetlands 

(Cowie 2002; Burlakova et al. 2008). In Florida, impacts have been observed in urban 

systems, but no quantitative data exist to suggest wide-scale wetland damage.  

However, because of crop damage elsewhere, and the demonstrated potential for 

damage, the U.S. prohibits the interstate transport and importation of all nonindigenous 

Pomacea, except P. bridgesi. Texas and Mississippi even prohibit the possession of 

nonindigenous Ampullariidae. In 2012, the European Commission of the European 

Union (ECEU) banned all Pomacea and included provisions for requiring inspection of 

transported plants and eradication of the snails (ECEU 2012).   
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 Negative impacts, such as the consumption of most vegetation, may have been 

an unintended consequence of using Pomacea spp. as a bio-control for nuisance 

aquatic weeds (Howells 2001; Okuma et al. 1994; personal observation). As a result, 

most feeding studies have focused on consumption rates and preferences of 

nonindigenous or invasive plants (Cowie 2002; Carlsson et al. 2004; Boland et al. 2008; 

Carlsson and Bronmark 2006; Cowie 2002). Gettys et al. (2008) examined the effect of 

temperature on P. maculata feeding, using both native and nonindigenous submersed 

plants, and found that both are readily consumed. Burlakova et al. (2009) looked at 

feeding rates on native and nonindigenous plants that are considered necessary for 

wetland restoration. Their study provided further evidence that P. maculata consume 

vegetation at a rate that may cause damage to wetland habitat structure and they 

concluded that the snails should not be used as a biocontrol agent.   

 The objective of my study was to evaluate the foraging activity of P. maculata 

and P. canaliculata on commonly co-occurring native and nonindigenous vegetation. I 

accomplished this by conducting experiments that 1) compared “no-choice” feeding 

rates for adult and juvenile P. maculata and adult P. canaliculata, and 2) used a multi-

choice feeding experiment with plant species that are commonly managed (e.g., 

Hydrilla) or used in aquatic-habitat restoration. The results can be used in developing 

plant restoration activities for systems with nonindigenous Pomacea populations in an 

effort to minimize the snail impacts and thereby decrease economic loss and increase 

habitat quality.   
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Methods  

General Procedures 

 Three series of experiments were used to determine feeding preference of snails 

and rates of consumption of common aquatic plants: 1) single-plant-species feeding 

rates, 2) six-week, preference with two snail age groups, and 3) two-week, mixed-snail-

age population preference trials. Twelve plant species were identified by the Florida 

Fish and Wildlife Conservation Commission (FWC) as species of interest for evaluating 

snail feeding preferences and rates (Table 4-1). 

All trials used adult (>30 mm total length) and juvenile (10–25 mm total length) 

snails. Adult P. maculata were collected from Tallahassee, Lakeland, and Okeechobee, 

FL. Preliminary trials found no significant difference in feeding rates between these 

populations, therefore snails from the three sites were combined in further trials. Adult 

P. canaliculata were collected from the only known Florida population, a retention pond 

in Duval County, FL. Adult snails were maintained in tanks for ≤2 weeks prior to trials 

and were fed an ad lib diet of lettuce, cantaloupe, tomatoes, H. verticillata, and 

Hydrocotyle sp. Juvenile snails were lab reared from egg clutches collected in the field 

and fed a diet of lettuce, cantaloupe, tomatoes, H. verticillata, Hydrocotyle sp., and 

algae. Snails were used in one treatment only. 

Preliminary observations demonstrated a difference in feeding rates of snails 

when offered portions of plant material (e.g., leaves) vs. intact plants. Therefore, in each 

trial, plants were presented as whole plants (roots, stalks, leaves) to simulate natural 

systems. Variation in growth patterns (e.g., Hydrilla verticillata vs. Schoenoplectus 

californicus) prohibited using equal masses of material across all plant species. 

Therefore, plant material mass was only equal within plant species.   
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 Damp-dry weights were used for both snail mass and vegetation. Snails and 

plant material were blotted dry with towels prior to weighing. All weights were taken 

within 10 minutes of removal from water. Mass (M) was recorded in grams to the 

nearest 0.1 g using an OHAUS Navigator digital scale (Ohaus Corporation, New Jersey, 

USA).  

Feeding Rates 

All 12 plant species were used for testing feeding rates of adult and juvenile P. 

maculata and eight plant species (indicated with “*” in Table 4-1) were used with adult 

P. canaliculata. Plants were either field collected from Lake Okeechobee or purchased 

from Aquatic Plants of Florida (Sarasota, FL). Test chambers were 17-L plastic tanks 

(Kritter Keepers) with a 3-4 cm substrate of sand and aquatic plant fertilizer, filled with 

14-L of well water. Substrate and water were allowed to stabilize for 24 hr. prior to 

introduction of plants. Treatments were single plant species; plants were damp-dried, 

weighed, and placed into the tanks, ensuring roots were adequately buried. Tanks were 

allowed to stabilize for two hours prior to introduction of snails. The facility allowed for 

natural light and temperature conditions, but did not allow for influence of other 

environmental conditions (e.g., rain). Trials were conducted from May to July in 2008, 

2009, and 2010. To prevent seasonal effects within snail species/size and plant 

species, the trial for any given snail group and plant species was conducted in one 

block of time (e.g., all adult P. canaliculata and H. verticillata trials were completed in 

May 2008).  

 Snails were randomly selected (P. maculata, N = 30 adults and juveniles; N = 20 

adult P. canaliculata), damp-dried and weighed, after which a single snail was placed 

into each tank. The mean starting mass of adult P. maculata was 69.5 g (SE = 1.93), P. 
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canaliculata was 43.7 g (SE = 0.64), and juvenile P. maculata was 5.0 g (SE = 0.10). 

Tanks were checked daily. In the event that vegetation was depleted or nearly depleted, 

more weighed plant material was added. After 72 hr., snails and plant material were 

removed, damp-dried, and the masses of both were recorded. Between 10 and 15 

control tanks (i.e., no snails) were used for each plant species. Feeding rates were 

recorded as raw consumption rates (RCR) and then standardized by snail mass (SCR).    

Feeding Preferences  

Single age group 

Feeding preferences of P. maculata adults and juveniles were conducted with a 

six-week cafeteria-style experiment, modified from Gettys et al. (2008) and Brown 

(1982), using the plants indicated in Table 4-1. Snails were maintained and reared as 

described above. Trials were conducted in an outdoor facility to provide natural light and 

weather conditions. Tanks were 91.4 cm in diameter and filled with 310-L of water. 

Sand and aquatic plant fertilizer were mixed and spread across the bottom of the tank to 

a depth of 8-10 cm. Tanks were allowed to stabilize for 72 hr. prior to introduction of 

plants, and for another six hours before introducing snails. The trial was conducted from 

21 June 2010 to 1 August 2010.   

 There were three treatment levels with 13 tanks per treatment: no snails 

(control), adult snails (2 snails/tank), and juvenile snails (5 snails/tank). Densities of 

snails were representative of natural densities I observed in Florida lakes. Snails were 

marked and weighed, and total length (TL) and total width (TW) in mm were recorded. 

The mean starting mass was 137.6 g (SE = 4.2) for adults and 6.3 g (SE=0.1) for 

juveniles. After six-weeks, snails and plant material were removed, damp-dried, and 

measurements repeated.    
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Mixed age group 

A mixed-age-group trial was designed to test consumption preferences of mixed-

age populations. To remove multi-season effects, and because of the quick rate at 

which snails grow, it was possible to conduct the trial over a period of only two weeks, 

from 26 August 2010 through 9 September 2010. Protocols for tank set-up and 

plant/snail introduction are as described in the single-age group trial. This trial was 

comprised of four treatments (N = 32 with 8 tanks per treatment): no snails (control), 1:1 

of adults:juveniles (3 of each age), 2:1 of adults:juveniles (4 adults, 2 juveniles), and 1:2 

of adults:juveniles (2 adults, 4 juveniles). In this trial, only four plant species were used: 

V. americana, H. verticillata, N. advena, and P. repens. These species commonly co-

occur in Florida systems. Based on the growth rates in the 6-week trial, only mass (M) 

was recorded for adults, but total length (TL), and M were recorded for juveniles. The 

mean starting adult M was 99.5 g (SE = 0.49). Juvenile starting mean M and TL were 

1.9 g (SE = 0.06) and 16.36 mm (SE = 0.17). At the end of 14 days, plants and snails 

were removed and measurements were repeated. 

Statistical Analysis 

Feeding rates (both RCR and SCR) were analyzed using ANCOVA. To test for 

differences between treatments and plant species, these variables were included as 

fixed effects in the model. To account for differences in the plant weights, the starting 

weight was included in the analysis as a covariate. No-choice feeding rates were 

analyzed as raw values and also standardized by snail mass, providing additional 

information on the effect of snail size and consumption. The preference trials were 

analyzed with a linear mixed model. Treatment and plant species were included as fixed 

effects to test for differences between groups and to account for differences of plant 
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weights, starting plant weights were included as a covariate. Also, to account for the fact 

that multiple plant species were presented simultaneously in each tank, a repeated 

measures structure was modeled. Survival analysis (Proc Lifereg) was used in the 6-

week and 2-week trials to compare plant survivorship. All levels of significance are α = 

0.05. All analyses were carried out with SAS 9.2 (SAS Institute, Cary, North Carolina).   

Results 

The statistical significance of individual comparisons of all plant species are 

presented in Appendix A-1 for raw consumption rates (RCR) and Appendix B-1 for 

standardized consumption rates (SCR). The global test for differences between all 

treatments was highly significant, P < 0.0001; specific differences between treatments 

are discussed below.  

Feeding Rates 

Feeding rates of adult P. canaliculata  

Hydrilla verticillata, V. americana and S. californicus (P < 0.0001), B. caroliniana 

(P = 0.0045), and P. repens (P = 0.0303) mass was significantly less in the snail 

treatment than the control tanks. The first four of these plants were also the top four 

plants consumed (Table 4-2). Results of the RCR between plant species showed 

consumption of H. verticillata was greatest (X̄ = 22.3 g, SE 0.93) and was the only plant 

that differed significantly from all other plants. Consumption of H. verticillata was more 

than double that of the next most consumed plant, Bacopa caroliniana (X̄ = 10.8 g, SE = 

1.32). The mean consumption rate for all plants combined over 72 hrs was < 10 g/plant 

material. In the SCR, H. verticillata was consumed the most (X̄ = 0.47 g, SE 0.01) and 

was the only plant to differ significantly from all other plants. In both the RCR and SCR 

consumption of Sagittaria lancifolia and N. advena ranked lowest. In both analyses, the 
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consumed amount of each plant differed significantly from at least one other plant. 

Significant differences in consumption changed between RCR and SCR for two 

comparisons; N. advena, N. guadalupensis and S. californicus were not significantly 

different in the RCR, but were in the SCR. Four of the top five plants consumed were 

submerged vegetation. 

Feeding rates of adult P. maculata  

 Hydrilla verticillata, S. californicus, and B. caroliniana (P < 0.0001), V. americana 

(P = 0.0011), C. esculanta (P = 0.0046), P. repens (P = 0.0077), and P. hemitomon (P = 

0.0089) mass was significantly less in the snail treatment than in the control tanks. 

These same plants were also the top seven plants consumed (Table 4-2). The RCR of 

H. verticillata (X = 33.6 g/ 72 hrs, SE = 3.36) was significantly different from all other 

plants species. Ranking second was S. californicus (X = 19.4 g/72 hrs SE 3.29), but it 

was consumed at a rate of ~60% of H. verticillata. The least consumed plant was P. 

illinoensis (X = 0.6 g, SE = 0.15) and consumption appeared restricted to the margins of 

the leaves. The SCR were similar to the RCRs and H. verticillata was again significantly 

different from all species and ranked highest in consumption (X = 0.88 g, SE = 0.04). 

Two plant species were equally consumed the least, P. illinoensis, and Z. aquatic, (X̄  = 

0.01 g/g of body weight; SE 0.01). In both analyses, the snail consumption rate of each 

plant species differed significantly from at least one other plant. Significant differences 

in consumption changed between RCR and SCR for several comparisons: Z. aquatica 

vs. V. americana, N. advena, P. hemitomon, P. repens, C. esculanta; P. illinoensis vs. 

N. guadalupensis, V. americana, N. advena, P. repens, S. lancifolia, P. hemitomon, C. 

esculanta; P. repens vs. N. guadalupensis, V. americana, S. lancifolia; V. americana vs. 

B. caroliniana, P. hemitomen; C. esculanta vs. B. caroliniana, S. californicus; and S. 
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lancifolia vs. P. hemitomon consumption was not significantly different in the RCR, but 

was in the SCR. Comparing consumption rates of submerged versus emergent 

vegetation showed mean consumption of submerged vegetation was slightly greater 

than consumption of emergent vegetation, 7.9 g (SE = 2.82) and 7.7 g (SE = 3.15), 

even after removing H. verticillata, which accounted for 51.06% of the total vegetation 

consumed.    

Feeding rates of juvenile P. maculata  

 Hydrilla verticillata, V. americana, S. californicus, and C. esculanta (P <0.0001), 

V. americana (P = 0.0002), P. repens (P = 0.0012), N. guadalupensis (P= 0.0029), N. 

advena (P = 0.0337), and P. hemitomon (P = 0.0449) mass in the snail treatment was 

significantly less than in the control tanks. Differing from adults, the juvenile RCR 

showed that H. verticillata was consumed at the second highest rate (X = 4.61, SE 0.60) 

and C. esculanta was consumed at the greatest rate (X = 5.0 g, SE 0.62; Table 4-2). 

The least consumed plant was P. illinoensis (X = 0.7 g, SE 0.15). However, in the SCR 

analysis, H. verticillata was consumed at the greatest rate (X = 1.03 g, SE = 0.17). All 

other plants were consumed at < 1.0 g/g body weight. The least consumed was P. 

illinoensis, at X = 0.19 g/g body weight (SE 0.04). Significant differences in consumption 

changed between RCR and SCR for several comparisons: H. verticillata vs. N. 

guadalupensis, V. americana, and Z. aquatica; P. repens vs. N. guadalupensis, V. 

americana, N. advena, S. lancifolia L., and P. illinoensis; P. illinoensis vs. N. 

guadalupensis, V. americana, and P. hemitomon; and P. hemitomon vs. N. advena and 

S. lancifolia L. were not significantly different in the RCR, but were in the SCR. The 

mean consumption of submerged vegetation was less than emergent vegetation, 2.1 g 
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(SE = 0.55) and 3.1 g (SE = 0.48); and H. verticillata was the only submersed species to 

make the top five in consumption rates.   

Comparison of feeding rates of adult snails 

Eight plant species were compared for differences in adult feeding rates (Table 4-

2). Results of the RCR were significantly different for all model terms (plant, snail 

species, and plant*snail species; P <0.0001). Pomacea maculata consumed 

significantly more than P. canaliculata for three plant species: P. repens (P = 0.0062), B. 

caroliniana (P <0.0001) and S. californicus (P <0.0001). The greatest difference was 

observed with S. californicus, for which P. canaliculata consumed a mean of 3.7 g (SE = 

1.07) and P. maculata consumed nearly 3x more (X = 19.4 g, SE = 3.29). Three plants, 

H. verticillata, V. americana, and B. caroliniana, were consumed by P. canaliculata at 

approximately two-thirds the rate of P. maculata. In the SCR, snail species was not a 

significant model effect (P = 0.0802), but plant (P <0.0001) and plant*snail species (P = 

0.0016) were significant terms. The only SCR that differed significantly between P. 

maculata and P. canaliculata was for S. californicus (SCR = 0.25 and 0.09, respectively; 

P <0.0001). 

Comparisons of feeding rates of P. maculata age groups 

The overall RCR model for differences between adult and juvenile snails was 

significant, as were all model terms (P <0.001 for all). Comparison of RCR between P. 

maculata adults and juveniles indicated five of the plant species were consumed at 

significantly different rates (Table 4-2). Although adults consumed significantly greater 

absolute quantities, standardizing consumption to account for snail mass showed that 

juveniles ate more vegetation per gram of body mass, with the exception of V. 

americana. The overall SCR model for differences between adult and juvenile snails 
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was significant, as were all model terms (P < 0.001 for all). The differences in SCR were 

significant for all plant species except H. verticillata, V. americana, and B. caroliniana. 

The greatest difference in SCR was observed with P. illinoensis, with juveniles 

consuming 19x more than adults. The most similar consumption rate was for V. 

americana, with adults consuming only 12% more than juveniles. Adjusted for mass, 

juvenile P. maculata consumed greater amounts of all plant species tested. 

Feeding Preferences 

Six-week feeding preference study 

There was an overall loss of plant biomass in both the adult and juvenile 

treatments and an increase in the control group (Table 4-3). During the course of the 

trial there was a total decrease in combined plant species biomass of 5473.9 g (X̄ = 

421.1 g, SE = 36.1) in the adult tanks and 4989.9 g (X̄ = 383.8 g, SE = 28.3) in the 

juvenile tanks; this difference was not significant (P = 0.2103). However, the control tank 

plant biomass increased by 1741.6 g (X̄ = 133.9 g, SE = 28.2), which was significantly 

different from tanks containing both snail age groups (P <0.0001; Figure 4-1). Two plant 

species had an overall loss of mass in the control treatments. Sagittaria lancifolia had 

an overall decrease in biomass (X = -1.6 g SE = 18.4) and B. caroliniana (X = -3.9 g SE 

= 1.1). Overall, the control group had significantly greater plant mass for all plants than 

the juvenile treatment (P <0.0001). One exception was the mean final mass of S. 

lancifolia, which was not significantly different (P = 0.1168). Masses of all plants at the 

end of the study were significantly greater in the control treatments than the adult 

treatments. The least significant was S. lancifolia (P = 0.0420), whereas the remainder 

had significance values of P < 0.0087.   
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In the adult treatment there was an overall significant effect of plant species (P 

<0.0001). For all plant species, consumption was significantly different from at least one 

other species (Table 4-4). An increase in plant biomass was observed in at least one 

tank for four species: S. lancifolia, P. repens and P. hemitomon; five tanks had an 

increase in N. advena. A single tank had an increase in three plant species, Panicum 

spp. and N. advena, but this tank also had one snail die during the trial. Similar to the 

adults, the effect of plant was also significant in the juvenile treatment (P <0.0001). In 

the juvenile treatment, all plant species except H. verticillata, V. americana and N. 

guadalupensis had at least one tank with a plant biomass increase. 

In the overall model comparing the change in mass within plant species and 

between age groups, there was not a significant difference (P = 0.0949; Table 4-4). 

However, significant differences were observed with B. caroliniana (P = 0.0213) and S. 

californicus (P = 0.0232). The change in plant mass was 55.8% and 62.6% greater, 

respectively, in the adult treatment. The change in mass for H. verticillata, and N. 

guadalupensis was greater in the juvenile treatment, but neither was significantly 

different from the change in mass from the adult treatment. 

Survival analysis conducted on the presence/absence of plants (above the 

sediments) was significantly different between treatments (P <0.0001; Table 4-5). The 

post-hoc adjusted multiple comparison log-rank test found significant differences 

between all treatments: adult and juvenile (P = 0.0056), adult and control (P <0.0001), 

and juvenile and control (P = 0.0006). In the control tanks, all plant species except B. 

caroliniana were present throughout the trial (X̄ = 42 days, range = 42 days). Bacopa 

caroliniana was no longer visible in one tank at day 14, and subsequently disappeared 
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from other tanks (X̄ = 33.7 days; range = 14-42 days). In both age groups, N. 

guadalupensis was depleted in at least one tank in nine days. In the adult tanks N. 

guadalupensis was present throughout the trial (X̄ = 22.6 days), however, in the juvenile 

tanks it was gone by day 27 (X̄ = 20.1 days). 

Two-week feeding preference trials 

 There was an overall significant difference in consumption between plants and 

among the treatments (P <0.0001). Treatment 1 (4 adults:2 juveniles) was significantly 

different from treatment 2 (3 adults: 3 juveniles; P = 0.0129) and treatment 3 (2 adults: 4 

juveniles; P = 0.0102), but treatment 2 was not significantly different from 3 (P = 

0.9237). All treatments were significantly different from the control (P <0.0001). For 

each vegetation type, treatment 1 had the greatest total consumption (Figure 4-2). 

Treatment 1 consumption rate for Hydrilla was significantly different from treatment 2 (P 

= 0.0099). Treatment 1 consumption of V. americana was significantly greater, nearly 

twice treatments 2 or 3 (P = 0.0318, 0.0124, respectively). No other within-plant species 

consumption rates were significantly different between snail tank treatments. The 

control tanks, however, had greater end amounts of vegetation compared to snail 

treatments; and the final mass was significantly greater for both Hydrilla and V. 

americana (P < 0.0001). Survival analysis on presence/absence was not conducted as 

all tanks had some vegetation of all species at the end of the trial. 

 Four snails died during the trial, one adult in treatment 2, two juveniles in 

treatment 2, and one juvenile in treatment 3. In the overall model for differences in 

growth, the initial snail mass was the significant effect (P <0.0001). Although the effect 

of treatment was not significant (P = 0.0826), there was a significant difference between 
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treatment 1 and 2 (P = 0.0268). In all treatments, juveniles had the greater change in 

mass: treatment 1, 3.54 and 4.81 g (P = 0.0663); treatment 2, 3.31 and 4.35 g (P = 

0.4666); and treatment 3, 3.21 and 3.78 g (P = 0.0083). 

Discussion 

Nonindigenous apple snails consume a variety of emergent and submergent 

plants. These snails have been implicated in the decimation of pond vegetation and are 

a demonstrated threat to certain crops (Estebenet, 1995; Yusa et al. 1999; Carlsson et 

al. 2004; Carlsson et al. 2005; Yu 2005; Nakamura 2006; Yusa et al. 2006; personal 

observation). The impacts of these snails are in the millions of U.S. dollars, and 

potential threats to ecosystem function placed P. canaliculata on the World’s Worst 100 

Invaders list and prompted the banning of the entire Pomacea genus in the European 

Union (Lowe et al. 2000; Cowie 2002). Implementing proper management strategies for 

systems where P. maculata and P. canaliculata are present requires a thorough 

understanding of their ecology. The results of my feeding studies expand on the 

knowledge base of the foraging rates and food preferences of both species. 

My results support previous studies demonstrating that smaller P. maculata and P. 

canaliculata have appetites equivalent to, or exceeding, larger snails, at least on a 

mass-adjusted basis (Carlsson and Lacoursiere, 2005; Carlsson and Brönmark, 2006; 

Burlakova et al. 2009; Fang et al. 2009; Qiu and Kwong 2009; Burks et al. 2011). My 

research, however, provides evidence that larger adults ultimately consume more than 

juveniles, making population size-class structure a key factor in determining ecosystem 

impacts. Furthermore, I found that feeding is not restricted to nonindigenous vegetation. 

Several plant species that are used for aquatic ecosystem restoration are consumed by 
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introduced snails. Finally, in addition to snail age/size, plant age is also an important 

factor in foraging behavior.   

Although the overall rate of consumption is greater for adult snails, when 

standardized for snail mass, juveniles consumed as much or more of the plant species 

tested in my study, except V. americana. Previous feeding preference trials used small 

adult snails (<16 g) and juveniles (Carlsson and Brönmark 2006; Burks et al 2011; 

Morrison and Hay 2011). In my study, P. maculata juveniles were of similar starting size 

to those in the Burks et al. (2011) study, but the mean adult starting mass in my study 

was much greater, approximately 69 g in feeding rate trials and 120 g in long-term trials. 

My statistical analysis took into consideration the starting weight of the snail and found 

that this was a significant variable in feeding rate. One plant species, C. esculanta, 

which was tested in both my study and Burks et al. (2011), yielded similar results when 

comparing consumption between snail size classes. Results for the small size class in 

my study were different from the findings of Burks et al. (2011), perhaps because my 

small size class encompassed both size classes in their study. But my findings were in 

agreement with theirs insofar as they showed that larger snails consume less on a 

body-weight basis. Results from P. hemitomon trials by Morrison and Hay (2011) were 

very similar to my results. Snails in both trials did not show a predilection for eating 

Panicum spp.   

Other studies have also demonstrated that P. canaliculata size is also a factor in 

plant consumption rates (Carlsson and Brönmark 2006; Morrison and Hay 2011). These 

studies, however, used smaller snails than I did. Bacopa caroliniana was tested by 

Morrison and Hay (2011) and in my study, with similar results despite different snail 
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size, which may indicate that consumption rates of certain plants may not change with 

snail size. The mean starting mass in Morrison and Hay (2011) was 0.4-1.5 g and in my 

study was 43.7 g, yet adjusted for snail body weight, plant consumption rates were 

within 0.02 g of each other. Two other plant genera were common to both studies, 

Panicum and Sagittaria. Results were similar for the former, but markedly different for 

the latter. Whether the difference in Sagittaria spp. consumption was driven by snail 

size or test methods is unknown. Differences in methodology may account for some of 

the variation, as preliminary observations demonstrated different feeding behaviors 

based on the portion of the plant offered to the snail. Qiu and Kwong (2009) also noted 

differences in feeding and growth dependent on quality of the vegetation. I offered 

snails whole plants fixed in a substrate, to better mimic natural environments.   

Size may also be important in determining the impacts of nonindigenous apple 

snails on aquatic vegetation. Although results from previous studies and my study 

suggest that small snails have a greater rate of consumption per unit body weight, this 

only holds for snails <30 mm TL or <16 g M. The adult test snails from my study were 

much larger than those in previous feeding trials, and because of the much larger 

biomass, they ultimately consumed more vegetation than juveniles. For example, in my 

study, the mean standardized consumption for H. verticillata for adults was 0.88 g/g 

snail mass and 1.03 g/g snail mass for juveniles; however, the mean starting mass for 

each snail was 69.5 g and 5.0 g, respectively. Using the standardized consumption 

rates and the mean starting mass, adults consumed 61.16 g/72 hr. vs. 5.15 g/ 72 hr. for 

juveniles. The observed higher consumption rates of juveniles may be important when 
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extrapolated to population size-class structure (e.g., in situations with few adults and 

numerous young snails). 

The feeding preference trials were designed to look at community feeding rates of 

P. maculata. Preferential consumption of H. verticillata was observed for both adults 

and juveniles. No ontogenetic shift in preference was observed, except in the case of 

Panicum spp. Juveniles consumed greater amounts of P. hemitomon whereas adults 

consumed more P. repens. Otherwise, adults and juveniles consumed all plants in the 

same order, ranked by consumption rates, supporting previous studies that also found 

no ontogenetic shifts (Carlsson and Brönmark 2006; Burks et al. 2011). Overall, adults 

consumed more of all plant species, but only two plants were significantly different 

between age groups, B. caroliniana and S. californicus. It is important to note that 

juveniles had reached adult status by the end of the trial, but were still smaller than the 

large adults. Given that there were more juveniles in the tanks (N=5/tank), if they had 

the same appetite as adults, consumption of vegetation should have been much greater 

than in the adult tanks (N=2/tank).  

Greater impact by adult-dominated communities was observed in the 2-week, 

mixed-age trial. For all vegetation types, the treatment with four adults and two juveniles 

out-consumed the other age combinations. Snails in the juvenile-dominated treatment 

ranked second in consumption of H. verticillata and V. americana, but otherwise 

consumption by this population structure was ranked third. It was also only in this 

treatment where a plant, P. repens, increased in biomass. My short-term mesocosm 

study, while contradicting previous work regarding snail-size impact, demonstrates that 
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beyond size, snail size-class distribution needs to be evaluated to determine potential 

impacts in nature.      

 The results of my feeding rate and preference studies confirm preliminary 

observations regarding plant quality as a factor for consumption, and provide additional 

support of similar observations by Qiu and Kwong (2009). Neither species of snail 

restricted their feeding to just stems and leaves. They consumed roots and root 

structures (e.g. bulbs, rhizomes) of many of the species tested when this portion of the 

plant was available. In the case of C. esculanta, and to an extent N. advena, the root 

structures are readily consumed by both native and nonindigenous Pomacea, even in 

the presence of other preferred foods. Overall, there did not appear to be a preference 

for emergent or submerged vegetation, but more of a preference based on plant age 

and size. For example, cut S. californicus stems that were offered as food in holding 

tanks and preliminary feeding-rate trials were virtually ignored; however, small whole 

plants were readily consumed. This was also observed with S. lancifolia, N. advena, 

and both Panicum species. When new growth emerged, the snails readily fed on the 

tender new growth, but once stems were above the water line or greater than about 0.5 

m long, foraging activity was minimal. New growth of emergent and floating vegetation 

tested in the study appears to be highly preferred. As the stems/leaves age and rise 

above the water line, however, it appears to be less susceptible to Pomacea 

consumption.      

One exception to this occurred with V. americana. In both preference trials, 

foraging behavior on V. americana was markedly different than for any other plant 

species tested. In all snail treatment tanks, the snails would eat the stems just above 



 

112 

the sediment, thereby cutting off the blades. Over time, cut blades were gradually 

consumed either by snails that migrated to the water surface to consume floating 

blades, or by snails on the bottom, once the leaves sank to the sediment. In all cases, 

the only portion of the plant remaining above the sediment was the node, yet the plants 

recovered. New growth never exceeded 0.25 m and retained red pigmentation. The 

snails were seldom observed feeding on this new growth, even when no other food was 

available. After the trials, the remaining plant material was placed into snail holding 

tanks where it has retained the red pigmentation and short stature two years later. It is 

not uncommon for plants to alter their composition to become unpalatable in the 

presence of herbivores (Sunell and Healy 1985; Qiu and Kwong 2009). This may be a 

response mechanism of V. americana and should be further investigated, as it suggests 

the plant can withstand nonindigenous apple snails. Because the long blades are 

replaced by short blades, however, the habitat is altered for other organisms. And, if the 

red pigmentation is a defense mechanism, this could have adverse affects on other 

aquatic fauna as well. 

There is little doubt that in controlled settings, a consumption preference occurs 

between juvenile and adult P. canaliculata and P. maculata (Lach et al 2000; Burks et al 

2011). Results of my feeding preference studies, in conjunction with prior studies, 

provide ample evidence that in certain systems (e.g., retention ponds) with preferred 

plants, nonindigenous Pomacea may decimate plant communities. Unfortunately, as 

research continues, more plants are identified as being highly palatable to the snails, 

and as a result, determining which plants are suitable for restoration efforts becomes 

more difficult, particularly if eradication of snails prior to planting is not feasible.   
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The results of my feeding-preference studies provide information that may be 

helpful for reducing the impacts of the nonindigenous snails. Snails appear to prefer 

new stem and shoot growth of emergent vegetation. For instance, planting vegetation 

that is at least 0.5 m tall, or above the water level at the planting site, may reduce the 

impact of snail feeding long enough for some plants to become established. In locations 

where snails are abundant, ensuring plants are above the water line is recommended. 

Second, choosing plants with known herbivore defense mechanisms may also restrict 

snail foraging activity. This may not completely eliminate consumption, as was the case 

for V. americana, but could reduce consumption. Third, because the snails do not 

completely deplete any one plant type before moving on, planting a variety of species 

may reduce complete consumption of any one plant species. Finally, planting in multiple 

locations, with an emphasis in areas with few or no snails may enhance the possibility 

of plant establishment.   

Aquatic restoration activities in Florida cost millions of dollars annually (State of 

Florida 2013). In some cases, these expenditures have occurred in locations with 

known P. maculata populations, ultimately resulting in an economic loss as a 

consequence of snail foraging. Recognizing that the snails have a preference for 

particular plant species and exhibit certain feeding behaviors (i.e., feeding on new 

growth) will be useful in selecting restoration options that are less impacted by snails. 

Ideally, snails should be eradicated or reduced in numbers prior to restoration, but this 

is not always feasible. Techniques to reduce the fiscal and environmental impacts of 

snails should be implemented in restoration efforts where nonindigenous Pomacea 

occur.  
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Table 4-1. Plant species used in the three feeding trials. Common names (Wunderlin 
and Hansen 2003) are provided in parentheses. Those marked with an * were 
used in the adult P. canaliculata 72-hr feeding-rate trial. 

Plant 

(Common name) 
 Adult Juvenile 

72-hr 6-week 2-week 72-hr 6-week 2-week 

    Hydrilla verticillata*
1 

(Waterthyme) 
 ● ● ● ● ● ● 

Vallisneria americana*
1 

(Tapegrass) 
 ● ● ● ● ● ● 

Nuphar advena*
1 

(Spatterdock) 
 ● ● ● ● ● ● 

Panicum hemitomon 

(Maidencane) 
 ● ●  ● ●  

Panicum repens* 

(Torpedograss) 
 ● ● ● ● ● ● 

Bacopa caroliniana*
1 

(Lemon Bacopa) 
 ● ●  ● ●  

Schoenoplectus californicus* 

(Giant Bulrush) 
 ● ●  ● ●  

Potamogeton illinoensis
1 

(Illinois Pondweed) 
 ● ●  ● ●  

Najas guadalupensis*
1 

(Southern Waternymph) 
 ● ●  ● ●  

Sagittaria lancifolia L.* 

(Bulltongue Arrowhead) 
 ● ●  ● ●  

Colacasia esculanta 

(Wild Taro) 
 ●   ●   

Zizania aquatica 

(Annual Wild Rice) 
 ●   ●   

 1 Majority of the plant structure is submerged 
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Table 4-2. Consumption (XC) and body-weight-adjusted (standardized) X consumption 
(X SC), in grams, for the 72-hour feeding trials. Within-plant-species P-values 
are provided. P-values in the P. canaliculata column are comparisons with 
adult (A) P. maculata. P-values in the P. maculata juvenile (J) column are 
comparisons with adult P. maculata. 

Treatment P. canaliculata (A) 

      X C             X SC 
      SE               SE 
   P-value       P-value 

P. maculata (A) 

X C            X SC 
    SE              SE          

P. maculata (J) 

       X C              X SC 
       SE                  SE 
    P-value          P-value 

Plant 

H. verticillata  22.3 
0.93 

0.2093 

0.47 
0.01 

0.1316 

33.6 
3.36 

0.88 
0.05 

4.61 
0.60 

< 0.0001 

1.03 
0.17 

0.1525 

V. americana 9.3 
0.59 

0.1521 

0.22 
0.01 

0.1698 

12.1 
1.83 

 

0.51 
0.10 

1.8 
0.16 

0.0002 

0.43 
0.06 

0.3175 

N. advena 1.1 
0.25 

0.9836 

0.03 
0.01 

0.1128 

1.8 
0.35 

0.07 
0.02 

1.3 
0.60 

0.6800 

0.26 
0.10 

0.0329 

P. hemitomon  
- 

 
- 

4.3 
1.09 

0.07 
0.02 

1.9 
0.30 

0.0011 

0.64 
0.13 

< 0.0001 

P. repens 1.9 
0.49 

0.0062 

0.04 
0.01 

0.1418 

4.7 
0.47 

0.07 
0.01 

3.2 
0.36 

0.0857 

0.98 
0.14 

< 0.0001 

B. caroliniana 10.8 
1.32 

< 0.0001 

0.30 
0.04 

0.8599 

14.9 
1.44 

0.38 
0.06 

2.4 
0.31 

< 0.0001 

0.64 
0.09 

0.1026 

S. californicus 3.7 
1.07 

< 0.0001 

0.09 
0.02 

< 0.0001 

19.4 
3.29 

0.25 
0.03 

3.4 
0.26 

< 0.0001 

0.73 
0.09 

< 0.0001 

P. illinoensis  
- 

 
- 

0.6 
0.15 

0.01 
0.00 

0.7 
0.15 

0.5426 

0.19 
0.04 

< 0.0001 

N. guadalupensis 2.3 
0.31 

0.1599 

0.05 
0.01 

0.1952 

2.8 
0.40 

0.03 
0.00 

1.7 
0.22 

0.1204 

0.45 
0.07 

< 0.0001 

S. lancifolia L. 1.6 
0.34 

0.2553 

0.03 
0.01 

0.4659 

1.8 
0.32 

0.02 
0.00 

1.8 
0.27 

0.3394 

0.34 
0.05 

< 0.0001 

C. esculanta  
- 

 
- 

15.3 
2.48 

0.38 
0.08 

5.0 
0.62 

0.2839 

0.88 
0.13 

0.0039 

Z. aquatica  
- 

 
- 

0.9 
0.22 

0.01 
0.00 

3.0 
0.36 

0.2008 

0.53 
0.07 

< 0.0001 
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Table 4-3. Results of the 6-week feeding preference for adults and juveniles. Total 

consumption (Total C), mean end mass (X̄ EM), mean consumption (X C) 
and standard error (SE) of plant material consumed/tank, in grams, are 
provided. The third column is the mean end mass and SE in the control 
group.  

 Adult Juvenile Control 
Total C 

X̄ EM (SE) 
X C 
(SE) 

Total C 
X̄ EM (SE) 

X C 
(SE) 

X̄ EM  
(SE) 

      
H. verticillata 1835.3 

10.4 (7.0) 
141.2 
(7.0) 

1916.3 
4.6 (0.9) 

147.4 
(29.8) 

191.4 
(6.2) 

V. americana 1060.2 
18.5 (9.2) 

81.5 
(9.2) 

936.1 
29.2 (6.2) 

72.0 
(14.8) 

101.5 
(7.21) 

N. advena 126.5 
148.4 (15.7) 

9.7 
(17.6) 

81.2 
146.2 (16.2) 

6.2 
(18.7) 

224.1 
(7.0) 

P. hemitomon 142.9 
40.8 (4.2) 

10.99 
(4.6) 

222.5 
34.2 (4.5) 

17.12 
(4.9) 

54.0 
(3.2) 

P. repens 181.1 
38.5 (3.4) 

181.1 
(3.0) 

116.7 
43.2 (4.6) 

8.9 
(5.1) 

60.1 
(2.0) 

B. caroliniana 137.0 
1.7 (0.5) 

10.5 
(0.8) 

76.5 
5.3 (1.5) 

5.9 
(1.7) 

8.2 
(1.2) 

S. californicus 176.6 
4.7 (2.6) 

13.6 
(2.7) 

110.6 
9.6 (3.3) 

8.5 
(4.8) 

32.6 
(2.2) 

P. illinoensis 294.4 
6.7 (1.7) 

22.6 
(2.1) 

227.6 
12.0 (3.4) 

17.5 
(5.3) 

39.0 
(3.8) 

N. guadalupensis 575.6 
5.4 (3.2) 

44.3 
(2.9) 

619.9 
1.9 (0.2) 

47.7 
(9.2) 

62.6 
(2.8) 

S. lancifolia L. 944.3 
67.3 (18.8) 

72.7 
(21.1) 

682.5 
83.3 (17.6) 

52.5 
(19.4) 

142.6 
(16.6) 
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Table 4-4. P-value comparisons of foraging rates in the 6-week preference trial. Top row 
is within-adult and between plant species. Bottom row is within-juvenile and 
between plant species. Schoenoplectus californicus was significantly different 
from all at P < 0.0001 and is not shown. The third line is the within-plant-
species and between age group P-value. 

Plant 1 2 3 4 5 6 7 8 9 
          
Hydrilla  
verticillata 
(1) 

1.0000 
1.0000 
0.8155 

0.7120 
0.3352 

 

0.1126 
0.5615 

 

0.0002 
< .0001 

 

0.1524 
0.0001 

 

< .0001 
< .0001 

 

<. 0001 
< .0001 

 

0.0130 
0.4974 

0.0365 
0.0032 

 
          
Najas  
guadalupensis 
(2) 

 1.0000 
1.0000 
0.2360 

0.1803 
0.6077 

 

0.0006 
< .0001 

 

0.1298 
0.0213 

 

< .0001 
< .0001 

 

< .0001 
0.0003 

 

0.0011 
0.0198 

0.2051 
0.0004 

 
          
Vallisneria  
americana 
(3) 

  1.0000 
1.0000 
0.0943 

< .0001 
< .0001 

 

0.0123 
0.0087 

 

< .0001 
< .0001 

 

< .0001 
< .0001 

 

0.8053 
0.0866 

 

0.0347 
< .0001 

 
          
Nuphar 
advena 
(4) 

   1.0000 
1.0000 
0.7647 

0.0064 
0.0082 

 

0.7877 
0.1782 

 

0.9288 
0.0262 

 

< .0001 
< .0001 

 

< .0001 
< .0001 

 
          
Bacopa  
caroliniana 
(5) 

    1.0000 
1.0000 
0.0213 

0.0009 
0.0527 

 

0.0010 
0.4158 

 

< .0001 
0.0006 

0.0044 
< .0001 

 
          
Panicum 
repens 
(6) 

     1.0000 
1.0000 
0.5421 

0.6030 
0.0185 

 

< .0001 
< .0001 

 

< .0001 
< .0001 

 
          
Sagittaria  
lancifolia L. 
(7) 

      1.0000 
1.0000 
0.2510 

< .0001 
< .0001 

 

< .0001 
< .0001 

 
          
Panicum 
hemitomon 
(8) 
 

       1.0000 
1.0000 
0.1919 

0.0879 
0.1710 

 

Potamogeoton 
illinoensis 
(9)  

        1.0000 
1.0000 
0.1986 
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Table 4-5. Results of the presence/absence of plant species for the 6-week feeding 
preference trial. The mean (X P) days present and minimum/maximum range 
of plant material above the sediments are the last two columns for each age 
group. The X days present and range for the control group for all plants was 
42. P values are provided for differences within plant species for control vs. 
adult (A) and juvenile (J) and between age groups.   

 Adult Juvenile P-values 

X P 
Range 

X P 
Range 

Control vs. A, J 
Adult/Juvenile 

    
H. verticillata 28.1 

17-42 
30.1 

20-42 
0.0006, 0.0077 

0.9469 
N. guadalupensis 22.6 

9-42 
20.1 
9-27 

< 0.0001, < 0.0001 
0.9329 

V. americana 34.5 
28-42 

38.2 
25-42 

0.0004, 0.4975 
0.0332 

N. advena 42 
42 

42 
42 

N/C* 

B. caroliniana 15.5 
10-42 

23.5 
9-42 

0.0035, 0.1060 
0.5187 

P. repens 42 
42 

41.6 
37-42 

1.0000, 0.5267 
0.5267 

S. lancifolia  39.1 
28-42 

39.9 
30-42 

0.1198, 0.3719 
0.9250 

P. hemitomon 42 
42 

41.0 
29-42 

1.0000, 0.5267 
0.5267 

P. illinoensis 36.8 
19-42 

39.0 
31-42 

0.0091, 0.1347 
0.7220 

S. californicus 36 
31-42 

36.4 
26-42 

< 0.0001, 0.1217 
0.0344 

      * N/C = Not calculated because all tanks had equal survival. 
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A    

B    

C    
 

Figure 4-1. Representative tanks at the end of the six week trial (A = Control; B = 
Juvenile; C = Adult). Photos by Jennifer Bernatis. 
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Figure 4-2. Total consumption during the 2-week trial. Values by bars are the tank mean 

and standard error (in parentheses), for the three treatment groups. 
Treatment 1 = 4 adults:2 juveniles; Treatment 2 = 3 adults: 3 juveniles; and 
Treatment 3 = 4 juveniles: 2 adults.    
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CHAPTER 5 
EFFECTIVENESS OF MANUAL REMOVAL FOR CONTROL OF NONINDIGENOUS 

APPLE SNAILS 

Background 

In the last decade apple snails (Ampullariidae: Pomacea) have received much 

attention because of their ability to damage crops and vegetated habitats in freshwater 

systems (Yusa and Wada 1999; Joshi 2001; Carlsson 2004; Martin 2004). Pomacea are 

native to South and Central America, and one species, Pomacea paludosa (Say 1829), 

is native to North America. Nonindigenous Pomacea species have been introduced into 

North America and Asia (Rawlings et al. 2007; Hayes et al. 2009). In the U.S., 

nonindigenous apple snails are established in at least 10 states (Figure 1-1; Rawlings et 

al. 2007; Byers et al. 2013). Florida has more Pomacea species than any other state. 

These include native, P. paludosa, and at least four nonindigenous species: P. 

canaliculata (Lamarck 1819), P. maculata (Perry 1810), P. diffusa (Blume 1957), and an 

unknown Pomacea species previously described as P. haustrum (Reeve 1856) 

(Rawlings et al. 2007; Hayes et al. 2009, 2012). As of 2013, Florida has nonindigenous 

Pomacea populations in at least 29 watersheds and in 38 of the state’s 67 counties 

(Figure 1- 2; Bernatis unpublished data). The majority of the locations are inhabited by 

P. maculata, but two locations are inhabited by P. canaliculata, which was listed as one 

of the “100 of the World’s Worst Invasive Alien Species” (Lowe et al. 2000).  

 Apple snails belonging to the P. canaliculata group (e.g., P. maculata) are a 

documented crop threat in wetland agriculture, especially to rice-paddies in Southeast 

Asia and Japan, and to a lesser degree to taro production in Hawaii (Yusa and Wada 

1999; Joshi 2001; Martin 2004). The potential for agricultural impacts in Florida is low 

and has yet to be documented. The overall potential for adverse impacts in natural 
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aquatic systems, however, may be high. In large systems (e.g., Lake Okeechobee) the 

impacts of the nonindigenous snails are unknown, as no evidence conclusively 

demonstrates a cause and effect relationship between the presence of nonindigenous 

apple snails and the loss of vegetation. The impacts on aquatic vegetation in urban 

ponds have been described qualitatively by community residents and government 

agency employees. Follow-up on such reports provides evidence that nonindigenous 

apple snails are capable of complete removal of aquatic plant communities under 

certain conditions (personal observation). Urban ponds are often community focal points 

and hundreds of thousands of dollars have been spent on their restoration. 

Nonindigenous Pomacea may negate restoration efforts through their rapid 

consumption of purposely planted aquatic vegetation, resulting in economic loss and 

potential ecosystem alteration (Carlsson et al. 2004). 

 Many methods (e.g., chemical, predator, mechanical and integrated) have been 

used in attempts to control the spread and impacts of nonindigenous apple snails, each 

with varying degrees of success and most with a focus on crop protection (Estebenet 

and Cazzaniga 1990; Litsinger and Estano 1993; Calumpang et al. 1995; Halwart et al. 

1998; Wada 2004; Yusa et al. 2006). In Florida, where crop damage has not occurred, 

eradication has focused upon limiting damage to habitat in natural and urban systems. 

Chemical eradication with copper sulfate (CuSO4) was attempted on nonindigenous 

apple snails in a 14.57-ha area of Newnans Lake (2,700 ha), Alachua County, north-

central Florida. Following the treatments, live snails and egg masses remained and the 

snail population subsequently expanded throughout the lake (personal observation). 

Several chemical treatments have been tested and are moderately effective, but 
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impacts upon non-target organisms, lingering residual toxins, and economic 

considerations have led most authors to conclude that other methods, such as hand-

removal, water-level manipulation, or natural predators are preferable to chemical 

control (Litsinger and Estano 1993; de la Cruz et al. 2000; Sin 2003).  

 Various aquatic insect larvae (i.e., Sphaerodema molestum --water beetle) can 

consume small snails, < 40 days old, at the rate of 30 per day (Chanyapate 1997), and 

larvae of the firefly Lucioloa lateralis may consume snails up to three weeks old (Kondo 

and Tanaka 1989). Numerous fish (e.g., carp, tilapia, bass) are predators of snails, and 

appear to be limited only by their gape (Caguan and Joshi 2002; Yusa et al. 2006). 

Bluegills (Lepomis macrochirus) have been observed attacking and feeding on injured 

P. canaliculata (personal observation). Other organisms common in Florida’s aquatic 

ecosystems known to prey on Pomacea spp. include, the Snail Kite (Rostrhamus 

sociabilis plumbeus), limpkins (Aramus guarauna), American alligators (Alligator 

mississippiensis), largemouth bass (Micropterus salmoides), red-eared turtles 

(Trachemys scripta elegans), raccoons (Procyon lotor) and rats (Rattus norvegicus); 

while ants (Solenopsis invicta) forage on eggs (Yusa et al. 2006; personal observation).   

 Aquatic plant control programs may have direct and indirect impacts on apple 

snails. Undesirable emergent aquatic vegetation (e.g., Typha sp.) is commonly sprayed 

with herbicide/surfactant combinations. Typically, within 2-3 weeks post-treatment, 

plants are decaying, resulting in submersion of attached Pomacea egg masses. 

Submersion of eggs in water has been shown to increase mortality of developing snails, 

which could impact recruitment (Pizani et al 2005; Horn et al. 2008;). Nonindigenous 

apple snails have short incubation periods (7-14 days) and may not be as affected by 
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submersion. Native apple snails require longer to hatch, 21 days or more, potentially 

impacting recruitment when exposure to submersion increases. Direct application of 

herbicides or surfactants on apple snail eggs has not been extensively studied; 

however, there is evidence that chemicals (e.g., morpholine) reduce hatch rates (Wu et 

al. 2005). 

 Florida has numerous aquatic ecosystems. These ecosystems regulate surface-

water discharge and aquifer recharge, and support endemic and economically important 

freshwater fisheries and wildlife populations. Many of the aquatic ecosystems 

throughout Florida are dominated by submerged and emergent aquatic vegetation. Any 

organism that forages indiscriminately and continuously on aquatic plants has the 

potential to significantly alter Florida ecosystems; for instance, by turning macrophyte-

dominated communities into phytoplankton-dominated communities (Carlsson et al., 

2004). Developing an adequate nonindigenous apple snail control program is difficult as 

each aquatic ecosystem is unique. For instance, in urban settings, such as residential 

and municipal retention ponds, use of chemical treatments may not be an option.  

Therefore, the objective of my study was to investigate the effectiveness of a three-year 

manual removal program in the management of P. canaliculata snails and egg masses 

in an urban retention pond. Maximal effectiveness would be achieved through complete 

eradication. We consider the population controlled when snail numbers are substantially 

reduced to minimize impacts on the system (Netherland and Schardt 2009). There is 

uncertainty in the term “substantially,” but without knowing the actual starting population 

number, there is no way to determine a meaningful value for final snail numbers.  If 

found to be effective, a properly designed manual removal program could reduce the 
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ecological damage and economic costs associated with other types of removal 

programs. 

Methods 

Removal Protocols 

 A residential neighborhood retention pond in south Jacksonville, FL was chosen 

as a site to evaluate the use of manual removal for control of nonindigenous apple 

snails (Figure 5-1). The pond has an area of ≈1.62 ha, a perimeter of 850 m and a 

maximum depth of 8.2 m. The perimeter of the pond has a submerged shelf extending 

approximately 3.5 m from the shore. Maximum depth of the shelf is 1.7 m. Beyond the 

shelf, the pond reaches a maximum depth of 8.2 m. The area to the north and west of 

the pond is ephemeral swamp and pine forest that draines into Julington Creek 

(approximately 2.5 km from the pond) and ultimately to the St. Johns River 

(approximately 12.5 km from the pond). The area to the east and south of the pond is 

primarily residential and commercial development. 

 Five surveys of this Pomacea canaliculata population were conducted during 

2006 – 2008. From the shoreline, only snails on the peripheral shelf were visible; all 

snails were counted around the pond. During this period, densities on the shelf ranged 

from 1-3 snails/m2. Vegetation in the pond included Hydrilla verticillata, Hydrocotyle sp., 

Ceratophyllum demersum and Sagittaria sp. No other apple snail species (i.e., P. 

paludosa) were present, and the only other gastropods were Planorbella duryi, 

Planorbella scalaris, and Physella cubensis.  

In May 2008, a three-year study was implemented with the purpose of evaluating 

the efficacy of controlling the apple snail population by nonchemical means. One day 

per week, a Florida Fish and Wildlife Conservation Commission (FWC) field technician 
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walked the perimeter of the pond along the shelf and hand-removed all observed P. 

canaliculata (e.g., hatchling through adult) and egg masses within reach. Based on the 

actual wadeable area of the lake, snails were collected from a surface area ≈ 0.2762 ha 

each week. Because of a reduction in snails and eggs during winter and an overall 

decrease in snail and egg mass numbers as the project progressed, collection 

frequency was reduced. Weekly removal continued until fall of 2009, when the 

frequency of collection was decreased to twice a month. During the third study year the 

time between collections was extended to three weeks. Collected snails were killed by 

freezing at -12o C for at least 2 weeks and were then buried; egg masses were scraped 

from the substrate and crushed at the pond. Cost of the project was monitored, 

including supplies (i.e., bags for snails and eggs), salary, and gas (calculated as 

mileage rate).   

During the first year, a second neighborhood in Jacksonville was identified as 

having P. canaliculata. Because a control site with the same species was not available 

at the onset of the trial, and introducing snails elsewhere was not an option, this served 

as a reference site for the duration of the trial, i.e., to track the fate of snail populations 

where no eradication methods were used. The ponds in this neighborhood were smaller 

than 1 ha on average; however, four of the five ponds were found to have snails. No 

snail removal by the FWC was undertaken at this location. The ponds in this 

neighborhood were checked quarterly for the presence and absence of the snails. 

In July 2009, P. canaliculata were found in an ephemeral drainage ditch located 

adjacent to the primary study pond (Figure 5-3). The ditch was connected to the pond 

by culverts and was considered a source for pond recolonization by apple snails. 
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Subsequently, snails and egg masses were removed from the ditch on the same 

schedule as the main pond. After the discovery of the ditch population, all ponds (N= 

17) within a 3-km radius of the primary study pond were surveyed quarterly for snails 

and egg masses. Because of this discovery and the difficulty in ensuring complete 

removal of snails from this location, a consequence of dry/wet cycles and self-burying 

behavior of the snails, four post-study surveys were conducted from June 2011–June 

2012 to determine whether snails were repopulating the pond. The same study 

protocols (e.g., walking the shelf) were used. 

Dive Survey 

During study year 2, on April 16, 2010, two scuba divers (Karst Environmental 

Services Inc., High Springs, FL) conducted a benthic transect survey of the retention 

pond with the purpose of determining the presence and depth distribution of apple 

snails in the pond. Eight transects, crossing the pond perpendicular to the long side and 

evenly dividing the pond, were surveyed (Figure 5-1). Visibility was sufficient for the 

divers to survey 3–3.5 m on both sides of the transect line, for a 6-7 m-wide sweep of 

each line per diver. The average depth of transects 1 through 6 was 6.4 m, and the 

average depths of transects 7 and 8 were 4.6 m and 3.0 m, respectively. Overall, the 

divers covered approximately one-third of the total bottom surface area during the dive.  

 
Results 

Primary Location 

During the three-year study a total of 107 collections were conducted. Total time 

spent collecting snails and egg masses was 245-person hrs. The total number of snails 
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and eggs removed from the pond were, 21,343 and 20,244, respectively. The overall 

cost of the project was $10,475, and covered 29.5 ha.  

The manual removal control program was initiated on May 29, 2008. On the first 

collection day, four FWC staff collected 2,948 snails and 1,737 egg masses. Throughout 

the first year (May 29, 2008 - May 26, 2009) 49 collections were made, and 20,961 

snails (Figure 5-2A) and 18,934 egg masses (Figure 5-3A) were removed. Three 

collections were missed because of inclement weather (e.g., storms). The average time 

spent per collection in year one was 3.28 person-hrs.  

  In year two (June 3, 2009–May 11, 2010), the numbers of snails and eggs 

collected were markedly decreased from year one. The number of snails removed, N = 

327, decreased by 98.5% from year one (Figure 5-2B). Likewise, the number of egg 

masses removed, N = 1,249, was a 93.5% decrease from year one (Figure 5-3B). On 

the first collection day, the number of snails removed, N = 30, was 99% less than year 

one; and 97.3% fewer egg masses were removed, N = 48. During this collection year, 

all 38 scheduled collections were made, with an average collection time of 1.68 person-

hrs.  

During year three (May 27, 2010-June 1, 2011) a total of 55 snails (Figure 5-2C) 

and 61 egg masses (Figure 5-3C) were removed; both were less than 1% of the first 

year totals. On the day of the final collection, no snails were observed, and two egg 

masses were removed. In the final year, all 20 scheduled collections were made and 

the average time per collection was 1.00 person-hr.  

Results of the dive survey conducted in April of year two indicated that snails 

were either absent from the pond or present in such low numbers that they were not 
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detectable. During the dive survey, apple snail shell material was retrieved at all depths 

on all transects, but no live snails were retrieved. The divers described the vegetation 

as patchy and sporadic. The dominant vegetation was an unidentified Sagittaria sp. that 

had been observed in the pond since the May 2006 evaluation.  

Three follow-up visits confirmed the success (e.g., no live snails) of the manual 

removal method. On the first of these visits, in early September 2011, only one old and 

damaged egg mass was observed on a drain culvert and no snails were found. Two 

months later, on the second visit, no egg masses or snails were observed. On the third 

visit, in February 2012, again no snails or egg masses were seen. However, in May 

2012, after a storm, two snails and six small egg masses (<20 eggs) were observed. As 

of June 2012, no other ponds or creeks within a 3-km radius of the main pond and 

drainage ditch contained Pomacea canaliculata.  

Reference Ponds 

Snails remained in the reference ponds, with no apparent declines, throughout 

the 3-year removal program at the main study site. As of March, 2011 these snails had 

spread to another three ponds within the neighborhood. Neighborhoods around the 

main removal site have also been checked periodically for the presence of snails, but as 

of March 2011, no other ponds or creeks in the nearby (within 3 km) neighborhoods 

have nonindigenous Pomacea. 

Discussion 

 Nonindigenous Pomacea are abundant in many of Florida’s aquatic ecosystems 

and the results of this study provide a framework for other infested locations. Because 

the impacts of nonindigenous Pomacea appear to be system-dependent, control 

programs must be tailored to the specific system. The goal of this study was to evaluate 
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the effectiveness of hand-removal in the management of Pomacea canaliculata in a 

small urban pond. The results of this study found that regular removal of snails and 

eggs eventually controlled (e.g., negligible P. canaliculata presence) and possibly 

eradicated, this population. The greatest impact was made in year one, but the 

continued removal, helped ensure missed snails were eventually removed from the 

system. The follow-up year surveys indicate control was achieved.  

 The reappearance of a few snails in the primary study pond one year after the 

conclusion of the study is noteworthy and several explanations are plausible. First, the 

drainage ditch behind the pond continued to harbor snails for the duration of the study, 

and the rains of May 2012, which exceeded 40 cm in this area, reconnected the culvert 

between the two systems, allowing snail movement between the locations. Second, it is 

known that the snails were originally introduced (by homeowners) into the pond to 

control vegetation; a second introduction may have occurred, for similar reasons or 

other reasons (e.g., emptying of an aquarium). As the snails did not reappear until after 

the May 2012 rains, the first explanation is more plausible and highlights the need to 

ensure removal in adjacent locations and to adapt the removal schedule to take into 

account the presence of surrounding populations. Finally, several sewer drains empty 

into the pond. Therefore, there is a possibility that snails were located in these 

structures and avoided all collection attempts.  

 Determining the most appropriate method of control is system-dependent, and in 

some situations formal control may not be necessary. For example, in large natural 

systems, observations suggest that the impacts of nonindigenous Pomacea on aquatic 

vegetation are minimal (e.g., no observable change in vegetation) though they have not 
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been quantified (Bernatis personal observation). Furthermore there have been no 

harmful effects reported in Florida’s river systems that have nonindigenous Pomacea 

populations. A likely explanation for differences in snail population dynamics between 

small urban systems and large natural lake and marsh systems is that in the latter, 

snails are preyed upon by alligators, birds, fish, and raccoons and egg masses are 

preyed upon by animals such as fire ants (Halwart et al. 1998; Yusa 2001; Yusa et al. 

2006). This is further supported by the results of a recent study that demonstrates a 

relationship between predators and reduced P. canaliculata density in an urban river in 

Japan (Yamanishi et al. 2012). But in urban pond systems, specifically those that are 

community focal points, reliance on predators as a control method is not realistic. 

 Ecologically, the impacts of hand-removal compared with chemical methods 

were negligible. Some studies using chemical control have succeeded, but success has 

come with unintended ecological costs, such as high mortality to non-target organisms 

(Maini and Rejesus 1993; Calumpang et al. 1995; de la Cruz et al. 2000). Chemical 

treatment of apple snails has proven most effective when the chemical directly contacts 

snails (de la Cruz and Joshi 2001). In many lake and river systems water clarity and 

flow prevent direct contact application. Also, Pomacea spp. have strong chemosensory 

abilities, that coupled with survival mechanisms may allow them to survive well past the 

treatment viability period (Aizaki and Yusa 2009; personal observation). Molluscicides 

generally have a half-life of several days, but P. canaliculata and P. maculata, 

depending on age, can survive more than a year without feeding or emerging from their 

shell (see Chapter 3). Although these approaches can be successful, particularly when 

combined with other methods (e.g., manual removal), the use of manual removal alone 
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avoids the use of chemicals. This reduces impacts on non target organisms such as 

insects, fish and plants, prevents general contamination of the water, and guarantees 

removal of the snails from the system.   

 Cost is often a consideration in management strategies. In this study, exclusive 

of the dive survey, the cost of manual removal was substantially less than the use of 

chemical treatments. Over the course of the project 107 collections were made, for a 

total cost of $10,475 or just under $100 per visit. Comparing this to the Newnans Lake 

treatment, the cost per ha was at least 35% lower at ($354.44/ha vs. $540.34/ha). The 

cost of the three copper sulfate applications on Newnans Lake included the chemical 

only, which was provided at a reduced rate; salaries, gasoline, and other support 

equipment/staff expenses were not available.   

 This study was designed to evaluate a three-year manual removal program for 

an urban pond. A substantial impact was made by the end of the first year, and control 

was successful by the completion of the study. Furthermore, success of this program 

was achieved, in part, because of access to the entirety of the shoreline. Systems in 

which access to emergent vegetation (e.g., egg-laying substrate), or a large portion of 

the shoreline is limited, may not have the same level of success. The actual size of the 

system may not be a factor, assuming adequate access, but results may not be as 

quick and the scheduling protocols may need to be implemented. Such modifications 

could include twice-per-week collections during summer, centered on peak reproductive 

periods. The primary benefit of multiple collections per week is the faster removal of 

snails and egg masses from the system; this protocol may work for organizations with 

limited funding (e.g., one-year grants). Although the cost of this program was relatively 
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low, any cost may be too great for some municipalities or homeowners’ associations; 

but manual-removal has the benefit of being implemented free, through organized 

volunteer events.    

 The manual removal method allows for constant monitoring, is adaptable based 

on the number of egg masses and snails present, and the results are quantifiable. 

Additional benefits can be gained from a weekly removal program, such as observations 

on the general health of the system (e.g., algal blooms, changes in vegetation). An 

effective manual removal and monitoring program can be established at minimal cost. 

Such a program may ultimately lead to better management practices and overall 

improved system health. Regardless, management of invasive apple snails must be 

tailored to the system to avoid fiscal misuse and unwarranted, unnecessary ecological 

impacts. 
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Figure 5-1. Illustration of primary study site in Duval County, FL. The pond is 850 m 
perimeter and is approximately 1.62 ha in total area. The maximum depth is 
8.2 m. The drainage creek study area is indicated by the shaded area. The 
dashed line between the two areas is a drain culvert connecting the areas. 
The numbered lines are the transects of the dive survey.   
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Figure 5-2. The number of snails collected in each year. A = year one (49 collections); B 
= year two (38 collections); and C = year three (20 collections). The * in year 
one indicates the collection was not made (see text); the absence of a bar 
indicates zero snails were collected.  For years one and two, dates of the first 
and last collection, as well as the dates of the first collection of each month 
are provided. Year three are all of the collection dates. 

A 

B 

C 
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Figure 5-3. The number of egg masses collected on each collection. A = year one (49 
collections); B = year two (38 collections); C = year three (20 collections). The 
* in year one indicates the collection was not made (see text); the absence of 
a bar indicates zero egg masses were collected. For years one and two, 
dates of the first and last collection, as well as the dates of the first collection 
of each month are provided. Year three are all of the collection dates. 

A 

B 

C 
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CHAPTER 6 
CONCLUSIONS 

 
Pomacea spp. were introduced into North America and Asia for a variety of 

reasons that included bio-control, the aquarium trade, and the escargot industry 

(Halwart 1994; Naylor 1996). In the last decade, Pomacea canaliculata and Pomacea 

maculata have received much attention because of their potential to damage wetland 

crops through foraging and P. canaliculata was listed as one of the World’s Worst Top 

100 Invaders (Lowe et al. 2000). Nonindigenous apple snails in the U.S. occur in at 

least 10 states, and Florida has more introduced apple snail species than any other 

state. Although there are many questions to be addressed regarding invasive Pomacea, 

the goal of my work was to provide information on the morphology, physiology, feeding 

behavior, and potential eradication techniques for P. canaliculata and P. maculata in 

Florida. This information can be used to identify species, develop removal protocols and 

minimize impacts. 

 Nonindigenous apple snail species, although similar in appearance, have growth 

patterns that allow them to be distinguished from one another. Relationships among 45 

ratios were evaluated using parametric and non-parametric analyses, and provide a 

range of options for snail identification. Ease of identification is dependent on the size of 

the individual. Similarities between species when snail total length is ≤ 30 mm limits the 

reliability of shell morphology for taxonomic identification. Reliability of shell morphology 

for identification improves with larger snails, ranging from 30-50 mm total length, but is 

still limited. For example, in the cluster analysis accurate placement of P. maculata was 

98.93%, but P. canaliculata was assigned nearly evenly between clusters, illustrating 

shell morphology was not adequate for identifying individuals in this size class.  
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Snails ≥ 50 mm in total length are the preferred  size for using shell morphology 

to identify the two snail species. A 14-variable model [Y= .00598(TLTW) - 

.00239(SHSW) + .00078(ALBL) + .00041(VHBL) - .01557(TWSW) - .00591(TLSW) + 

.01542(TLAP) + .00862(SWBL) - .00143(TLBL) - .00106(ALPA) - .00235(PABL) -

.00457(SWAP) - .00161(TLPA) + .00334(SHAP)] enabled correct species identification  

96.33% of the time for P. maculata and 95.65% of the time for P. canaliculata.  If Y is 

negative, the snail is likely P. maculata (X̄ = -2.56) whereas if it is positive, then it is 

probably P. canaliculata (X̄ = 1.65).    

The relationship between total length and mass of shell material was also 

hypothesized as a means to distinguish between the two species. Overall, shells of 

adult P. maculata were heavier than those of adult P. canaliculata. Much as in the other 

analyses, however, the smaller the snail, the less reliable this approach was, as there 

was no significant difference in the ratio between small adults of the two species. As 

size increased, P. maculata generally weighed more than P. canaliculata for animals of 

a given length and thus the ratios were significantly different. Given the overlapping 

values of the total length:mass ratios for the two species, however, this should not be 

the sole method used for species identification.  

 It is possible to distinguish the two snail species from one another, but the 

degree of success and reliability is dependent on several factors, most notably the 

availability of multiple identifiers and specimens. Because of the influence of 

environment on snail growth patterns, reliance on any single method or use of only a 

few specimens, particularly if small, will decrease the reliability of the identification. 
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Results of this work yielded basic of information that should provide stimulus for future 

studies. 

My work focused primarily on populations of nonindigenous snails in Florida. 

Future research should focus on expanding the range of study locations, e.g., all 

southeastern states. This will provide a larger base for refining the model and perhaps 

identifying characters particular to specific to populations. Furthermore, outliers were 

observed in the models. These may have been a consequence of water or food-quality 

issues, as both influence growth rates of Pomacea spp. Studies covering multiple 

environmental factors will provide additional information that may be used to generate 

more reliable identification methods.  

 Nonindigenous apple snails are capable of tolerating broad ranges of 

environmental conditions. Although many freshwater organisms have narrow tolerance 

ranges, these snails survive across a wide range of pH and moderate levels of salinity. 

They tolerate extended periods of desiccation and go without consuming food for 

extended periods of time. This robustness enhances their ability to invade and establish 

populations in numerous types of aquatic ecosystems. Snail age is a determinant of 

survival. Hatchlings of both species had the lowest survival rate under all test 

conditions, followed by juveniles. Adults displayed the longest survival rates under all 

test conditions. With few exceptions, survival was identical between species. 

 Both P. maculata and P. canaliculata adults are able to tolerate salinity ranges 

from 0 – 8 ppt and can survive for at least 28 days at 8 ppt. Juveniles of both species 

can also tolerate 8 ppt, but median survival for the two species differed (P. canaliculata 

= 28 days; P. maculata = 19.6 days). Hatchlings survived for 28 days at 0 ppt, but 
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survival at 8 ppt did not exceed 7 days for either species. The pH of the water also 

appears to have little effect on the survival of the snails over the range found in many 

Florida aquatic systems. A 28-day survival was observed for adults and juveniles of 

both species for pH 5.5-9.5. Hatchlings, however, displayed different median survival 

and all snails were deceased by day 14. Corrosion of the shell was observed for 

juveniles and adults of both species, at pH 5.5. Adults of both species can survive for a 

year in high humidity, semi-wet conditions. Dry conditions reduce survivorship to 154 

days. Juveniles of both species of juveniles tolerate semi-wet conditions for up to 147 

days, but dry conditions affect species survival differently (P. canaliculata survived 98 

days, but P. maculata survived only 14 days). Hatchling P. canaliculata survived to day 

49 in the semi-wet condition and day 42 in the dry condition, whereas P. maculata 

survived 42 and 28 days, respectively. The starvation survival trial demonstrated that 

nonindigenous Pomacea do not need to consume macrophytes on a regular basis, and 

are able to withstand poor habitat conditions. Juveniles and adults of both species had 

median survival times of 28 days without feeding on macrophytes.   

High tolerances of P. canaliculata and P. maculata to a variety of physiological 

stressors make them efficient invaders. Nevertheless, many factors and their 

interactions can affect the survival of organisms, and the factors addressed in this study 

are only a few of those that probably affect snails and each was tested individually. The 

influence that each factor has on long-term establishment of snail populations requires 

more extensive laboratory and field research. 

Future physiological research should focus on controlled laboratory studies, 

evaluating the interactions of specific variables (e.g., salinity and pH), would provide 
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additional information to help predict the future spread of these species. Furthermore, 

field evaluations of Pomacea population dynamics, along with the physico-chemical 

properties of the environment, would provide in situ data to use with laboratory studies 

to predict future snail distributions and develop means for control. 

 Nonindigenous apple snails are opportunistic feeders and primarily consume 

macrophytes and algae. Their high consumption rates and diverse palates make P. 

maculata and P. canaliculata threats to wetlands. They also have the capacity to 

damage the normal function and structure of aquatic ecosystems. Previous studies 

compiled a long list of plants consumed and results of my study expanded that list. My 

study also highlighted the importance of offering whole plants as they occur in situ, and 

illustrated that different outcomes can occur if snails are offered whole, versus parts of 

plants.  

 My feeding rate studies indicate that the snails readily consume both submerged 

and emergent vegetation. In the single plant consumption rate trials, H. verticillata was, 

overall, the most preferred plant, followed by C. esculanta. Panicum spp. are not readily 

consumed and contrary to previous work, neither was P. illinoensis. In my study entire 

plants were offered, as opposed to selected plant parts. Snails consumed stems, 

leaves, roots and bulbs. Offering entire plants is more representative of natural 

conditions and provides additional information on potential snail impacts on vegetation. 

When consumption was normalized for snail size (gram consumed per gram snail 

mass), juveniles ate greater amounts of vegetation than the adults. Large adults, 

however, consumed the greatest mass of vegetation, simply because they are larger 

than juveniles.   
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 I evaluated feeding preferences in two experiments, a six-week, single-age group 

and a two-week, mixed-age group. Overall, adults and adult-dominated test groups 

consumed the most of all plant species. Only one plant species, N. guadalupensis, was 

consumed to eradication, and this occurred with juveniles in the single-age trial. These 

experiments showed that snails readily consume all parts of the plants, with a 

preference for new growth.   

 Aquatic ecosystem restoration, often involving plant re-establishment costs 

millions of U.S. dollars annually. In some cases, planting occurs in locations with known 

P. maculata populations, ultimately resulting in economic losses because of snail 

foraging. Recognizing that snails prefer particular macrophytes and like to consume 

new growth, should make it easier to develop restoration plans that will minimize the 

impact of snails. For example, using mature plants or plants with new growth that is 

above the water line may minimize consumption by the snails. 

 My research expanded the list of plants that are consumed by nonindigenous 

snails. Additional feeding rate and preference studies on plants used for restoration are 

necessary to develop restoration protocols for ecosystems in which P. maculata and P. 

canaliculata are present. Long-term, in situ studies are needed to further evaluate the 

impact of nonindigenous Pomacea on aquatic ecosystems. In situ studies will allow for 

the natural senescence and emergence of the plants, enabling evaluation of true snail 

impact. Finally, both laboratory and in situ studies, which incorporate nonindigenous 

apple snail predators, will provide additional information of snail behavior and facilitate 

development of impact-prediction models.     
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 Numerous methods have been evaluated for the control and eradication of 

nonindigenous Pomacea. Most previous studies focused on agricultural areas and 

employed chemical control agents. In Florida, P. maculata and P. canaliculata often 

occur in urban aquatic ecosystems. My study, therefore, evaluated the use of manual 

removal of snails and egg masses over the course of three years, to control P. 

canaliculata in a suburban pond. 

 Hand-removal of eggs and snails was conducted on a regular basis, beginning 

with weekly removal, followed by removal every two weeks, and finally, every three 

weeks. The reduction in removal frequency was made possible by the rapid decline in 

numbers of snails and egg masses in the system at the end of the first year. Although 

complete eradication could not be confirmed, a dramatic decline in the snail population 

was documented. A second site was monitored for presence/absence of P. canaliculata, 

with no attempt at removal. During the three-year study, snails expanded from this 

reference site into several surrounding ponds.  

 A total of 21,343 snails and 20,244 egg masses were removed from the study 

pond, with 98.2% of the snails and 93.5% of the egg masses removed in year one. This 

method had no apparent ecological costs (e.g., non-target organism mortality) and did 

not interfere with human-use of the system. The economic cost was minimal compared 

with other treatments, and manual removal by hand is a method that can be carried out 

by volunteers. Such an approach may constitute a better management practice and 

may lead to improved ecosystem health. The management of invasive apple snails 

should be tailored to the specific system to avoid unnecessary costs and ecological 

impacts.     
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 My research suggests that control of nonindigenous apple snails can be 

accomplished without the harmful impacts of chemical treatments. The extent to which 

this method may be used in larger systems needs to be investigated. Certain criteria 

such as wetland size and access to littoral habitats should still be considered when 

undertaking such a study, as these factors will determine the likelihood of success. 

Collection frequency should be determined through modeling techniques. Using these 

factors will help determine the cost of such a control program. 

In conclusion, invasive species cost taxpayers millions of dollars annually.  

Increasing our knowledge of an invasive snail species will ultimately enable us to 

eradicate, control or at least mitigate its impacts. Gaining such knowledge should be a 

priority for aquatic ecologists. My research filled some fundamental gaps in our 

knowledge of nonindigenous Pomacea. Numerous recommendations for future 

research resulted from my work and will help advance our understanding of Pomacea in 

North America. I hope that my findings and future studies will help minimize economic 

and ecological costs of invasive apple snails.  
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APPENDIX A 
P-VALUE COMPARISONS OF RAW CONSUMPTION FEEDING RATES 

Appendix A-1. P-value comparisons of RCR feeding rates. Top p-values are adult P. canaliculata feeding rates between 
plant species. Middle p-values are adult P. maculata feeding rates. Bottom p-values are juvenile P. maculata 
feeding rates between plant species. The number in parenthesis under the plant name represents the same 
plant species in the top row.  

Plant 1 2 3 4 5 6 7 8 9 10 11 12 

             
Hydrilla  
verticillata 
(1) 

1.0000 
1.0000 
1.0000   

< .0001 
< .0001 
0.1046 

< .0001 
< .0001 
0.0831 

< .0001 
< .0001 
0.0112 

< .0001 
0.0003 
0.4789 

< .0001 
< .0001 
0.1111 

<. 0001 
< .0001 
0.0195 

- 
< .0001 
0.0142 

- 
< .0001 
0.0011 

< .0001 
  0.0002 
  0.2637 

- 
< .0001 
0.0103 

- 
< .0001 
0.9034 

             
Najas  
guadalupensis 
(2) 

 1.0000 
1.0000 
1.0000 

< .0001 
0.0005 
0.8743 

0.9752 
0.8922 
0.1591 

< .0001 
< .0001 
0.0203 

0.4339 
0.0825 
0.5272 

0.9655 
0.7762 
0.1446 

- 
0.0385 
0.0755 

- 
0.0847 
0.0678 

 0.1743 
< .0001 
 0.0017 

- 
0.0001 
< .0001 

- 
0.0135 
0.0450 

             
Vallisneria  
americana 
(3) 

  1.0000 
1.0000 
1.0000 

< .0001 
0.0004 
0.2054 

0.9329 
0.0003 
0.0152 

0.0003  
0.0675 
0.6063 

< .0001 
0.0010 
0.1800 

-  
0.1357 
0.0930 

- 
0.2051 
0.0958 

0.0015 
0.0006 
0.0010 

- 
0.6258 
< .0001 

- 
0.7630 
0.0301 

             
Nuphar 
Advena 
(4) 

   1.0000 
1.0000 
1.0000 

< .0001 
< .0001 
0.0013 

0.4110 
0.0841 
0.5530 

0.9898 
0.8606 
0.8356 

- 
0.0385 
0.4834 

- 
0.0636 
0.7233 

 0.1632 
< .0001 
< .0001 

- 
< .0001 
< .0001 

- 
0.0065 
0.0006 

             
Bacopa  
caroliniana 
(5) 

    1.0000 
1.0000 
1.0000 

0.0002 
< .0001 
0.0352 

< .0001 
< .0001 
0.0034 

- 
< .0001 
0.0027 

- 
< .0001 
< .0001 

0.0011 
0.7662 
0.6067 

- 
0.0014 
0.0425 

- 
0.0001 
0.6279 

             
Panicum 
Repens 
(6) 

     1.0000 
1.0000 
1.0000 

0.3988 
0.1244 
0.3893 

- 
0.7331 
0.1489 

- 
0.7233 
0.4227 

0.0060 
< .0001 
0.0021 

-  
.0205 

< .0001 

- 
0.1928 
0.0189 

             
Sagittaria  
lancifolia L. 
(7) 

      1.0000 
1.0000 
1.0000 

- 
0.0626 
0.5790 

- 
0.0647 
0.8947 

0.1612 
< .0001 
< .0001 

- 
0.0001 
< .0001 

- 
0.0049 
0.0008 
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Appendix A-1. Continued 

Plant 1 2 3 4 5 6 7 8 9 10 11 12 

Panicum 
hemitomon 
(8) 

       - 
1.0000 
1.0000 

- 
0.9636 
0.7495 

- 
< .0001 
< .0001 

- 
 0.0479 
< .0001 

- 
0.3225 
0.0004 

Potamogeoton 
illinoensis 
(9) 

        - 
1.0000 
1.0000 

- 
< .0001 
< .0001 

- 
0.0827 
< .0001 

- 
0.2767 
0.0002 

Schoenoplectus 
californicus 
(10) 

         1.0000 
1.0000 
1.0000 

- 
0.0033 
0.0927 

- 
0.0011 
0.2626 

Colacasia 
esculanta 
(11) 

          - 
1.0000 
1.0000 

- 
 0.4610 
0.0054 

Zizania 
Aquatica 
(12) 

           - 
1.0000 
1.0000 
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APPENDIX B 
P-VALUE COMPARISONS OF STANDARDIZED CONSUMPTION FEEDING RATES 

Appendix B-1. P-value comparisons of standardized (g consumed/ gram of snail weight) feeding rates. Top p-values are 
adult P. canaliculata feeding rates between plant species. Middle p-values are adult P. maculata feeding rates.  
Bottom p-values are juvenile P. maculata feeding rates between plant species. The number in parenthesis 
under the plant name represents the same plant species in the top row.    

Plant 1 2 3 4 5 6 7 8 9 10 11 12 
             
Hydrilla  
verticillata 
(1) 

1.0000 
1.0000 
1.0000 

< .0001 
< .0001 
0.0015 

< .0001 
< .0001 
0.0015 

< .0001 
< .0001 
< .0001 

0.0049 
0.0010 
0.0907 

< .0001 
< .0001 
0.8832 

<. 0001 
< .0001 
< .0001 

- 
< .0001 
0.0418 

- 
< .0001 
< .0001 

< .0001 
< .0001 
0.4245 

- 
< .0001 
0.6392 

- 
< .0001 
0.0288 

             
Najas  
guadalupensis 
(2) 

 1.0000 
1.0000 
1.0000 

< .0001 
< .0001 
0.9914 

0.0380 
0.4489 
0.1242 

< .0001 
< .0001 
0.1312 

0.4410 
0.0218 
0.0024 

0.1750 
0.5085 
0.4068 

- 
0.0115 
0.2443 

- 
0.0046 
0.0137 

0.5328 
< .0001 
0.0165 

- 
< .0001 
0.0065 

- 
0.0069 
0.3133 

             
Vallisneria  
americana 
(3) 

  1.0000 
1.0000 
1.0000 

< .0001 
< .0001 
0.1216 

0.3009 
0.0592 
0.1340 

< .0001 
0.0036 
0.0025 

< .0001 
< .0001 
0.4007 

-  
0.0074 
0.2486 

- 
< .0001 
0.0133 

< .0001 
0.9581 
0.0170 

- 
0.7422 
0.0067 

- 
< .0001 
0.3164 

             
Nuphar 
Advena 
(4) 

   1.0000 
1.0000 
1.0000 

< .0001 
< .0001 
0.0024 

0.1885 
0.1230 
< .0001 

0.4657 
0.1565 
0.4778 

- 
0.0755 
0.0071 

- 
0.0004 
0.3493 

0.0073 
< .0001 
< .0001 

- 
< .0001 
< .0001 

- 
0.0006 
0.0110 

             
Bacopa  
caroliniana 
(5) 

    1.0000 
1.0000 
1.0000 

< .0001 
< .0001 
0.1222 

< .0001 
< .0001 
0.0197 

- 
< .0001 
0.7291 

- 
< .0001 
< .0001 

< .0001 
0.0666 
0.3705 

- 
0.1188 
0.2206 

- 
< .0001 
0.6182 

             
Panicum 
Repens 
(6) 

     1.0000 
1.0000 
1.0000 

0.5562 
0.0032 
0.0001 

- 
0.8133 
0.0588 

- 
< .0001 
< .0001 

0.1642 
0.0031 
0.5144 

-  
0.0012 
0.7474 

- 
< .0001 
0.0413 

             
Sagittaria  
lancifolia L. 
(7) 

      1.0000 
1.0000 
1.0000 

- 
0.0015 
0.0466 

- 
0.0293 
0.1003 

0.0487 
< .0001 
0.0013 

- 
< .0001 
0.0004 

- 
0.0406 
0.0659 
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Appendix B-1. Continued 

Plant 1 2 3 4 5 6 7 8 9 10 11 12 

Panicum 
hemitomon 
(8) 

       1.0000 
1.0000 
1.0000 

- 
0.4725 
0.3015 

- 
0.1384 
0.1037 

- 
0.2803 
<.0001 

- 
0.2422 
<.0001 

Potamogeoton 
illinoensis 
(9) 

        - 
1.0000 
1.0000 

- 
< .0001 
< .0001 

- 
< .0001 
< .0001 

- 
0.8942 
0.0005 

Schoenoplectus 
californicus 
(10) 

         1.0000 
1.0000 
1.0000 

- 
0.7822 
0.7413 

- 
< .0001 
0.1637 

Colacasia 
esculanta 
(11) 

          - 
1.0000 
1.0000 

- 
 < 

.0001 
0.0852 

Zizania 
Aquatica 
(12) 

            
1.0000 
1.0000 
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