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ABSTRACT 

 

SALINITY, PH, TEMPERATURE, DESICCATION AND HYPOXIA TOLERANCE 

IN THE INVASIVE FRESHWATER APPLE SNAIL POMACEA INSULARUM 

 

 

Publication No. ______ 

 

Veena Ramakrishnan, PhD. 

 

The University of Texas at Arlington, 2007 

 

Supervising Professor:  Dr. Robert F. McMahon  

Pomacea insularum is a tropical and subtropical, ampullariid, freshwater 

prosobranch snail that is native to slow-flowing rivers and canals in South America.  It 

is a member of the genus, Pomacea, and, similar to other species in this genus, can be a 

severe agricultural pest in wetland rice and taro agriculture systems.  It has been 

introduced to the United States, establishing populations in the rice belt region of 

southeastern Texas.   

The resistance adaptations of P. insularum were investigated with respect to 

important physico-chemical parameters including temperature, salinity, pH, emersion, 

desiccation and progressive hypoxia in order to predict its potential distribution in North 
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America, evaluate its threat to U.S. rice and taro crops and to develop environmentally 

acceptable non–chemical control and management strategies to prevent its further 

dispersal in North America.   

The research results indicated that the main factor likely to limit the 

macrogeographic distribution of P. insularum in North America was temperature based 

on its incipient tolerated temperature range of 15.2°–36.6°C.  Its 15°C lower lethal limit 

will restrict its distribution to southern and western coastal regions and Florida in the 

United States.  The tolerances of P. insularum to salinity, pH, emersion, desiccation and 

hypoxia elucidated in this study can be utilized to develop a risk assessment for this 

species’ microgeographic distribution.  Its tolerated salinity range was 0–6.8‰ which 

should prevent it from deeply invading estuarine habitats.  Its tolerated pH range is 4.0–

10.5, which spans that of most freshwater invertebrate and fish species.  Its incipient 

emersion tolerance ranged from 70 days at 30°C and >95% relative humidity (RH) to 

>308 days at 20°–25°C and 75%->95% RH.  Its maximum desiccation tolerance was 

loss of 58% of total corporal plus extracorporal water.  It was a moderate regulator of 

oxygen consumption when subjected to progressive hypoxia, maintaining a normal 

oxygen uptake rate down to a critical Po2 of 80-120 Torr depending on temperature. 

These results indicated that, within its tolerated temperature range, P. insularum, will be 

most successful in oxygenated, flowing-water habitats and could be controlled by 

periodic dewatering of natural or wetland aquatic habitats.   
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CHAPTER 1 

INTRODUCTION 

 

1.1 Systematics and Biology of Ampullariid Freshwater Snails 

1.1.1 The Family Ampullariidae 

The gastropod Family, Ampullariidae, includes species of freshwater, 

amphibious snails, endemic to humid, tropical and subtropical habitats in Asia, Africa, 

Central and South America (Cowie and Thiengo, 2003).  The taxonomy of the family 

remains a matter of debate (Pain, 1972; Cazzaniga, 2002).  The validity of the family 

name, Ampullariidae Gray 1824, instead of Pilidae Preston 1915, has been sanctioned 

by the International Council of Zoological Nomenclature (Cowie, 2001).  In their native 

habitats, ampullariid snails often constitute a major portion of the freshwater molluscan 

fauna and can account for a high proportion of benthic biomass (Cowie and Thiengo, 

2003).  This family includes the largest of all freshwater snail species, the largest 

species being Pomacea maculata (synonymous with P. gigas), that can exceed a shell 

length of 155 mm and P. urceus that can attain shell lengths greater than 145 mm (Pain, 

1960; Burky et al., 1972; Thiengo, 1987; Perera and Walls, 1996; Cowie, 2002).    

 While the group’s taxonomy remains unsettled, it is generally agreed that there 

are  7 – 10 genera, including Pomacea in Central and South America; Asolene, Marisa, 

Felipponea and Pomella in South America; Lanistes, Saulea and Afropomus in Africa
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 and Pila in Africa and Asia (Perera and Walls, 1996; Cowie and Thiengo, 2003).  A 

single ampullariid species, Pomacea palludosa, is endemic to southeastern United 

States where it is distributed in the freshwaters of Florida, westward to the Suwannee 

and Choctawhatchee rivers; and in the waters of the Ocmulgee and Flint rivers of 

Georgia (Perera and Walls, 1996).   The two largest genera in terms of number of 

species are Pomacea, with about 50 recognized species and Pila, with about 30 

recognized species (Cowie and Thiengo, 2003).  Snails in the genera, Pomacea and 

Pila, are often referred to as “apple snails”, as many species have round, large (i.e., 

apple-sized), often greenish colored shells (Cowie, 1997).  Pomacean snails are also 

known as “golden apple snails”, “golden kunol”, “channeled apple snails” and “mystery 

snails” (Howells, 2002). 

1.1.2 The Genus Pomacea 

The genus, Pomacea, consists of three recognized sub-genera, Pomacea 

(Pomacea) Perry 1610, Pomacea (Effusa) Jousseaume 1889 and Pomacea 

(Limnopomus) Dell 1904 (Cazzaniga, 2002).  Species of Pomacea are endemic 

throughout Central and South America, and the Caribbean, with a single species 

Pomacea palludosa, found in the southeastern United States (Howells, 2001).  It is 

mainly after the invasion of and destructive feeding on rice fields in southeast Asia by 

Pomacea canaliculata and other pomacean species, that the issue of clarifying the 

taxonomy and systematics of the genus, Pomacea, received substantial attention 

(Cazzaniga, 2002).  The species in this genus  form what is known as the “canaliculata 

complex” or the “canaliculata group” commonly referred as channeled apple snails, 
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that includes, within the subgenus Pomacea (Pomacea), a set of species displaying 

considerable uniformity in external shell and internal tissue morphologies, making 

absolute species designations problematic (Cazzaniga, 2002).  Species in the channeled 

apple snail complex have an endemic range that extends from Columbia to Argentina in 

South America (Cazzaniga, 2002).  The group is generally considered to consist of 

about ten nominal species, with Pomacea canaliculata, Pomacea lineata, Pomacea 

insularum, Pomacea dolioides, Pomacea haustrum and Pomacea gigas being the most 

widely accepted species (Cazzaniga, 2002). 

1.2 The Biology of Pomacean Snails 

1.2.1 Ecology  

Many ampullariids, including species of Pomacea, inhabit standing or slow 

moving waters in lowland swamps, ditches, marshes, rivers and lakes (Andrews, 1955; 

Keawjam, 1986; Perera and Walls, 1996).  Preferred habitats appear to vary even 

among closely related species in this group.  Thus, P. canaliculata has been reported to 

inhabit relatively still waters, while Pomacea insularum prefers flowing rivers (Cowie, 

2002).  The adaptations of some species for a life in standing water habitats, allow them 

to invade, thrive, and become destructive pests in artificial, agricultural standing water 

habitats in which aquatic plants such as rice and taro are grown (Cowie, 2002). 

Species of Pomacea have indented, sutured shells that are either medium sized 

(with adult snails attaining shell lengths ranging from 30 - 50 mm), large (adult shells 

lengths varying from 70 – over 100 mm) or very large (adult shell lengths being greater 

than 110 mm) (Perera and Walls, 1996).  The shell (Figure 1.1) is oval and 
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subglobosely or globosely conic (Keawjam and Upatham, 1990; Perera and Walls, 

1996).  Shell color usually varies from yellowish–brown to brown or greenish–brown.  

The shells of some species display dark reddish or brownish spiral surface bands while 

others have relatively uniform shell coloration (Thiengo, 1987; Keawjam and Upatham, 

1990; Thiengo et al., 1993).  The shell is usually narrowly umbilicate and smooth with 

external surface features consisting only of minute transverse growth lines or striae 

(Keawjam and Upatham, 1990). The operculum is thin, proteinaceous and flexible, and 

is marked by concentric growth lines extending from a nucleus lying nearer the parietal 

margin (Figure 1.1) (Keawjam and Upatham, 1990; Perera and Walls, 1996). 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1.1 Structure of the shell in pomacean snails. (Ghesquiere, 2003) 
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Pomacea species are mainly macrophytophagous generalists, consuming a wide 

variety of aquatic macrophytes (Howells, 2002).  They are voracious feeders on aquatic 

macrophytic vegetation and dense populations can completely extirpate aquatic 

macrophyte plant communities within very short periods (Lach et al., 2000).  The 

ability to rapidly consume a wide variety of macrophytic vegetation is the basis of the 

success of channeled apple snails as an invasive species (Lach et al., 2000).  As a 

majority of fresh water gastropods are not adapted for feeding on macrophytes and 

instead graze on the periphyton communities growing on hard surfaces including those 

of aquatic macrophytes (Aldridge, 1983; McMahon, 1983), apple snails fill an open 

niche when introduced to new freshwater habitats.  Apple snails also consume rice and 

taro crops in flooded fields making them major agricultural pests (Lach et al., 2000). 

Ampullariid snails use a mantle cavity lung for aerial gas exchange as well as a 

ctenedium or gill in the mantle cavity for aquatic gas exchange, making them highly 

amphibious (Thiengo, 1987).  The lung is formed by a fold of the mantle skirt and is 

used for the storage of air (Thiengo, 1987).  When immersed, oxygen is obtained by the 

gill, from a water current drawn through the mantle cavity (McClary, 1964).  When 

emersed, the mantle cavity is partially emptied and used as an air-breathing, fixed 

volume lung in which gas exchange occurs across the mantle wall epithelium (McClary, 

1964).  Some species also use their air-filled mantle cavity lung to regulate buoyancy 

and float at the water surface, under conditions of low oxygen tension (Cowie, 2002).  

Such floating can lead to extensive juvenile and adult downstream dispersal.   



 

 6

The ability to use the mantle cavity lung for aerial gas exchange and ctenidium 

gill for aquatic gas exchange enables ampullariid snails to lead an amphibious life that 

allows dispersal over land (Cowie, 2002).  It also allows pomaceans to survive long 

periods of emersion utilizing aerial gas exchange during aestivation when their standing 

water habitats disappear during dry seasons (Burky et al., 1972).  The capacity for 

extensive aestivation when emersed is another characteristic that makes species in this 

group, major pests in periodically dewatered, wetland rice and taro agriculture systems 

(Cowie, 2002).   

Ampullariid snails, in the genera Pila and Pomacea, aestivate or overwinter 

during dry and cold periods (Meenakshi, 1964; Little, 1968).  Aestivating individuals of 

Pomacea canaliculata, aestivate for long periods burrowed in emerged or submerged 

soils (Oya et al., 1987; Tanaka et al., 1999; Estebenet and Martin, 2002).  Specimens of 

Pomacea urceus employ a slightly different aestivation strategy than P. canaliculata, 

burrowing only superficially with the dorsal portion of their shells projecting above the 

substratum (Burky et al., 1972).  During aerial aestivation, individuals of Pomacea 

lineata detoxify ammonia resulting from protein catabolism by conversion to urea 

stored in the hemolymph and tissues and to a greater extent during prolonged emersion, 

to uric acid accumulated in the lung wall and digestive diverticula (Little, 1968). 

Another ampullariid, Pila globosa, accumulates the anaerobic end-product lactic acid, 

in their tissues during a six month period of emersion indicative of a partial dependence 

on anaerobic metabolism.  However, the levels of lactic acid accumulated have been 

reported to be 30 times less than that occurring when individuals were held under 
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anoxic conditions suggesting that this species primarily depends on an aerial gas 

exchange to support an aerobic metabolism when emerged (Meenakshi, 1956) 

Pomacean snails have many predators, including the snail kite, a raptor which 

extensively feeds on Pomacea palludosa in Florida and on Pomacea lineata, Pomacea 

dolioides and Pomacea. papyracea, in South America (Snyder and Kale, 1983; Perera 

and Walls, 1996).  Other avian predators include limpkins (large wading birds with a 

distribution similar to that of snail kites), white ibises and migratory pochards (i.e., a 

species of diving duck) (Cowie, 2002).  Reptile predators include the South American 

Caiman Lizard, Dracaena guianensis, crocodilians and turtles (Perera and Walls, 1996).  

Many fish species are reported to feed on smaller specimens of pomaceans along with 

crayfish, and predatory aquatic insect species (Snyder and Snyder, 1971; Lucia et al., 

1981; Perera and Walls, 1996; Cowie, 2002). 

1.2.2 Reproduction  

Ampullariid snails are gonochoristic and oviparous with internal fertilization 

(Perera and Walls, 1996).  Some species such as P. canaliculata exhibit sexual 

dimorphism in shell shape, size and weight, with females being larger and having 

different shell morphology than males (Lum-Kong and Kenny, 1989; Cazzaniga, 1990; 

Perera and Walls, 1996; Wada, 1997; Estebenet, 1998).  P. canaliculata exhibits sexual 

dimorphism with females having a more oval shell aperture and relatively greater shell 

width than males (Cazzaniga, 1990).  Such sexual dimorphism is exhibited only in 

adults and is absent in juveniles (Estebenet, 1998).   
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The onset of breeding in Pomacea species is usually seasonal and can vary with 

temperature, humidity and geographic location (Andrews, 1964).  In tropical and 

subtropical regions, species such as P. canaliculata are known to be reproductively 

active throughout the year, while in more temperate regions, reproductive activity is 

restricted to warm spring and summer months (Estebenet and Cazzaniga, 1992; 

Estebenet and Martin, 2002).  Channeled apple snails may also be semelparous (i.e., 

having only one reproductive period during a lifespan) under tropical conditions and 

iteroparous (i.e., having more than one reproductive period during a lifespan) under 

temperate conditions (Estebenet and Martin, 2002).   

A characteristic feature of most pomacean snails is that they oviposit egg 

masses above the water line on exposed hard surfaces such as emersed portions of 

aquatic vegetation, rocks, etc., perhaps as an adaptation to protect eggs from aquatic 

predators and to provide developing embryos in the eggs with ample oxygen as their 

stagnant habitats are frequently hypoxic (Snyder and Snyder, 1971).  A different type of 

oviposition has been observed in P. urceus which lays fewer but larger eggs.  Eggs are 

incubated during periods of emersion due to habitat drying in a chamber located in the 

outer shell whorl between the female’s operculum and the dry mud substratum (Burky 

1974).  The period to hatching varies between 7 to 34 days among different species of 

Pomacea (Perera and Walls, 1996; Ramnaraine, 2003).  Snail density affects the 

number of eggs produced, with females at higher densities oviposiiting fewer egg 

masses with lower numbers of eggs per mass (Tanaka et al., 1999). 
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In P. canaliculata and P. haustrum, copulation usually occurs while snails are 

immersed and is most frequent during the morning and late afternoon.  Most pomacean 

species aerially oviposit egg masses at night, an adaptation likely to lower the risk of 

predation and desiccation associated with crawling above the waters surface (Albrecht 

et al., 1996; Estebenet and Martin, 2002).  The eggs of pomacean snails have calcareous 

shells (Keawjam, 1986). The number of eggs per egg mass varies among species in the 

genus, Pomacea.  Females of the egg incubating species, P. urceus, lay about 50-200 

eggs per egg mass (Burky et al., 1972).  Females of P. canaliculata lay about 200-700 

eggs per egg mass (Kobayashi and Fujio, 1993).  Females of P. insularum are known to 

lay more than 2,000 eggs per egg mass.  However, hatching rates in P. insularum are 

generally low.  Size of the egg mass is positively correlated and hatching rate negatively 

correlated with female shell length in this species (Miyahara et al., 1986).  Food quality, 

water quality and ambient temperature all influence the size of egg masses and the 

incubation period, while food quality alone influences the number and size of egg 

masses oviposited, hatching rates and length of the incubation period (Lacanilao, 1990). 

Most species of Pomacea produce brightly colored eggs, with species such as 

Pomacea bridgesi, P. canaliculata, P. lineata, P. insularum, and P. palludosa laying 

eggs which are either pink, red or orange, while other species such as Pomacea glauca 

lay eggs that are green (Snyder and Snyder, 1971; Keawjam and Upatham, 1990; 

Thiengo et al., 1993; Perera and Walls, 1996; Cowie, 2002).  Other members of this 

genus, such as Pomacea flagellate, Pomacea falconensis, Pomacea fasciata, Pomacea. 

gossei and Pomacea. caprina, lay eggs that are white in color (Perera and Walls, 1996). 
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1.2.3 Population Dynamics 

The growth rates of pomacean snails, such as P. canaliculata are influenced by 

a number of abiotic factors, including ambient temperature, photoperiod and season 

(Cazzaniga and Estebenet, 1998; Estebenet and Martin, 2002).  In the uniform 

temperature conditions of their tropical and subtropical endemic environments, shell 

growth rate in individuals of P. canaliculata is continuous and constant until maturity is 

attained after which it is greatly reduced (Estebenet and Cazzaniga, 1992; Estebenet and 

Martin, 2002).  In contrast, in temperate regions where P. canaliculata has been 

introduced, shell growth rate practically ceases during cold winter periods (Estebenet 

and Martin, 2002) and is restricted to warm periods in the late spring, summer and early 

fall.  Shell growth is negatively correlated with shell size, with smaller individuals 

growing more rapidly than larger individuals (Estebenet and Cazzaniga, 1998; Albrecht 

et al., 1999; Tanaka et al., 1999).   Shell growth rates are also reported to be higher in 

specimens of P. canaliculata under continuous illumination (Estebenet and Cazzaniga, 

1998; Estebenet and Martin 2002).  Food availability also influences growth rate in 

pomacean snails (Estebenet and Martin, 2002).  Individuals of P. canaliculata grow 

more slowly when reared on reduced food rations (Estroy et al., 2002).  The shell 

growth rates of specimens of Pomacea dolioides are also known to be dependent on 

food availability (Cowie, 2002). 

Temperature also affects longevity, age at maturity and reproduction in 

pomacean snails. Holding individuals of P. canaliculata at constant high temperatures, 

results in reduced life spans, early maturation and continuous reproduction (Estebenet 
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and Cazzaniga, 1992).  Fecundity is positively correlated with temperature, but the 

threshold temperature for oviposition in P. canaliculata is unknown (Estebenet and 

Martin, 2002).  The life span of individuals of P. canaliculata  ranges between 3–6 

years in temperate environments, but may be much shorter in tropical habitats where 

individuals are generally annuals and semelparous (i.e., one reproductive period at the 

end of life) (Estebenet and Martin, 2002). 

The life cycle stages of pomacean snails include hatching, in which juveniles 

emerge from the eggs after an incubation period of 7–14 days, followed by a juvenile 

development period of about 2–3 weeks (dela Cruz et al., 2001).  Juveniles attain 

maturity 60–80 days after hatching (dela Cruz et al., 2001).  Maximum individual size 

varies with a number of environmental factors including physical parameters, habitat 

size, microclimatic variations and snail densities (Johnson, 1958; Donnay and 

Beissinger, 1993; Tanaka et al., 1999). 

Knowledge of the population dynamics of pomacean snails is presently quite 

limited (Estebenet and Martin, 2002).  Available information is based primarily on one 

species, P. canaliculata.  Most studies are short-term and focus on a specific life history 

trait of a pomacean species whose identity is in doubt or unknown (Lum Kong and 

Kenny, 1989; Estebenet and Martin, 2002; Cazzaniga, 2002).  However, it is evident, 

even from such limited studies, that seasonal changes in water availability have major 

impacts on life histories in this group (Cowie, 2002).  Habitats with standing waters 

such as those in rice and taro fields as opposed to natural wetlands can result in greater 

growth rates and higher population densities of pomacean snails such as P. dolioides 
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(Cowie, 2002).  In rice fields, the densities of pomacean snails may reach 33 snails 100 

m-2 while densities of 3 snails 100 m-2 have been reported in natural wetlands (Donny 

and Beissinger, 1993; Cowie, 2002).  P. canaliculata has been reported to attain 

densities greater than 130 snails m-2 in the taro fields of Hawaii (Cowie, 2002) and over 

150 snails m-2 in rice paddy fields in the Philippines (Halwart, 1994; Cowie, 2002). 

1.3 Ampullariid Snails as Invasive Pests 

1.3.1 General Invasive Characteristics and World-Wide Distribution 

Ampullariid snails are often utilized as anthropomorphic food sources.  Species 

of Pila are consumed by humans within their endemic Asian range (Johnson, 1958; 

Thomas, 1975; Keawjam, 1986). One pomacean species, P. urceus, is commonly eaten 

in Thailand (Lum Kong and Kenny, 1989).  As they represent a readily cultured source 

of protein, pomacean snail species have been introduced numerous times outside of 

their native ranges for aquaculture as a human food source (Keawjam and Upatham, 

1990).  Thus, a species of Pomacea, often referred to as P. canaliculata, was introduced 

to southeastern Asia from South America for aquaculture (Ho, 2002).  In Asia, a species 

of pomacean snail was first introduced illegally to Taiwan sometime between 1979 and 

1981 (Cheng, 1989; Cowie, 2002) where it was initially distributed to farmers to 

establish an aquaculture industry for economic gain (Cheng, 1989).  However, the snails 

proved unpalatable to the local human population, and thus, quickly lost their 

commercial value (Cheng, 1989).  Farmers released unprofitable snails into public 

waterways and irrigation canals where they became rapidly established and through 

which they dispersed throughout the island (Cheng, 1989).  Pomacean snails were also 
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introduced to Japan for snail culture, from Taiwan around 1981 (Hirai, 1988).  They 

rapidly escaped aquaculture to become established in irrigation canals in some southern 

Japanese districts such as Kyushu and Okinawa (Hirai, 1988).  They were also 

introduced to Philippines sometime between 1982 and 1984 from Taiwan, Argentina 

and the USA, as a cheaper protein source for low income farmers (Joshi et al., 2001).  

Pomacean snails were then purposely introduced for aquaculture to other parts of Asia, 

including China (1985), Korea (before 1987), Malaysia (before 1987), Indonesia and 

Thailand (by 1989), Vietnam (1988 or 1989), Hong Kong (1991), Laos (1992),  

Singapore (1993), Papua New Guinea (1993), Guam (1994) and Cambodia (1995) 

(Laup, 1991; Mochida, 1991; Cowie, 1993; Adalla and Rejesus, 1989; Cowie, 2002) 

facilitating their invasion of aquatic drainages throughout southeast Asia. 

Pomacean species are attractive and popular aquarium pets (Perera and Walls, 

1996).  The native South American spike-top apple snail, P. bridgesi, is a popular 

aquarium trade species valued for its greenish brown shell with spiral banding patterns 

and brightly colored shell morphs (Perera and Walls, 1996).  Its popularity in the 

aquarium trade has caused this species to be unintentionally introduced to Florida in the 

United States and southeastern Asia and Sri Lanka (Perera and Walls, 1996; Cowie, 

1997; Nugaliyadde et al., 2001).  Other species of Pomacea have brightly colored 

yellow, orange and other colored shell morph variants, which makes them attractive to 

the aquarium trade and will potentially facilitate their future unintentional introduction 

to areas outside their present endemic ranges (Perera and Walls, 1996). 
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Pomacea and other ampullariid snails have also been introduced to new 

locations, as biological control species. The accidental introduction of P. glauca to 

Guadeloupe island in the West Indies, resulted in the rapid decline of the native snail 

Bioampullariia glabrata, a vector of the human blood fluke, Schistosoma mansoni, 

because P glauca fed voraciously on the aquatic weed Pistia stratiotes, which was the 

main habitat of B. glabrata (Pointier et al., 1991; Cowie, 2001).  P. canaliculata is 

being used as a weed control agent in rice paddy fields in Japan, replacing chemical 

herbicides (Wada, 1997), which may facilitate its further introduction into the natural 

aquatic habitats of that country. 

In their native habitat of Suriname, some pomacean species such as P. lineata 

and P. glauca are known to have caused serious damage to rice crops (Cowie 2002).  

Members of this genus have become the most serious ampullariid pests attacking many 

varieties of wetland crops, but mainly rice in Southeast Asia (Cowie, 2002).  P. 

canaliculata has been documented to have intensively damaged rice crops in Taiwan, 

China, Japan, Indonesia, Malaysia, Vietnam and Philippines (Ho, 2002; Kiyota and 

Sogawa, 1996; Rejesus, 2000; Joshi et al., 2001).  It is also responsible for causing 

severe damage to rice crops in the Dominican Republic (Cowie, 2002).  More than one 

pomacean species in the canaliculata group are believed to be responsible for damaging 

rice agriculture (Cowie, 2002).   

Apart from damage to agricultural crops, pomacean snails are also known to 

have other negative medical and environmental impacts.  Some species are vectors of 

the rat ringworm, Angiostrongylus cantonensis, which causes eosinophilic 
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mengingoencephalitis that can lead to severe neurological disorders and even death in 

infected humans (Chiao et al., 1987; Keawjam and Upatham, 1990). They also act as 

intermediate hosts of the intestinal fluke Echinostoma ilocanum which causes 

abdominal pain and diarrhea in humans (Chobchuenchom and Bhumiratana, 2003). 

There is also concern that pomacean snails may have negative impacts on the 

natural environment and native species.  As mentioned above, in the Guadeloupe region 

in the West Indies, P. glauca has outcompeted the native schistosome vector snail, 

Bioampullaria glabrata (Pointier et al., 1988; Pointier and Jourdane, 2000).  A decline 

in populations of the native ampullariid species, Pila, has been reported in the 

Philippines due to the extensive usage of pesticides against introduced pomacean 

species (Acosta and Pullin, 1991; Cowie, 2002). 

In order to reduce their damaging impacts, several chemical, biological and 

mechanical control measures have been developed against pomacean species (Cowie, 

2002).  Several pesticides have been shown to be effective, but due to serious negative 

ecological impacts, their use has been banned in most countries where pomacean snails 

have been introduced (Cowie, 2002).  Several animals such as ants, beetles, fish, frogs, 

toads, lizards, birds and rats feed on introduced pomacean snails or their eggs in 

southeastern Asia (Cowie, 2002), but among these predators, only some varieties of fish 

and diving ducks have been seriously considered as potential control agents (Cowie, 

2002).  Diving duck densities of 5-10 individuals per hectare have been shown to 

significantly reduce apple snail densities over a period of one to two months (Teo, 

2001).  Use of fish such as the common carp, black carp, Nile tilapia and hybrid fish for 
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the control of pomacean snails have had encouraging results in Taiwan, Philippines and 

Vietnam (Mochida, 1991; Ali and Suryanto, 1999).  Some of the suggested mechanical 

methods of snail control include hand picking and destruction of snails and their eggs.  

Wire screening has been used on water inlets to prevent the introduction of snails to rice 

paddies and taro fields (Cowie, 2002).  Snail traps baited with lettuce, cassava or sweet 

potato leaves have been used to remove snails from rice fields (Cowie, 2002).  In 

addition, damage to rice crops has been reduced by planting older rice seedlings (i.e., at 

least 4 – 6 weeks old) which are relatively immune to pomacean feeding (Cowie, 2002). 

1.3.2 Invasion of Aquatic Habitats in the United States 

As mentioned earlier, only one species of Pomacea or the channeled apple snail, 

P. palludosa, is native to the United States (Cowie, 1997).  Channeled apple snails were 

introduced into Hawaii in 1989 for culture as an alternative, inexpensive food source or 

for the aquarium trade (Cowie, 1993; Halwart, 1994; Hue et al., 1997; Howells, 2001).  

Three species of Pomacea (Figure 1.2) were introduced to the Hawaiian Islands, 

namely, P. canaliculata, P. bridgesi and P. palludosa (Cowie, 1993).  Following 

introduction to Hawaii, all three species escaped confinement in aquaculture systems to 

become established as serious agricultural pests, causing extensive damage to the taro 

crops (Cowie, 1997). 



 

 17

 
 

Figure 1.2 Shell shapes of three pomacean species; P. bridgesi (A and B), P. 
canaliculata (C and D) and P. paludosa (E and F) (Howells, 2001) 

 

Figure 1.3 Map showing the current distribution of the apple snail (USGS, 2006) 
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On the United States mainland (Figure 1.3), the pomacean snails were released 

and became established in the freshwaters of Florida (1989), North Carolina (1992) and 

southern California (1997) (Howells, 2001; USGS, 2006).  Established populations of 

Pomacea insularum (Cowie et al., 2006) have been reported since 1989 or 1990, in 

Harris County, Texas (Neck and Schultz, 1992).  On July 2000, reproducing 

populations of this species were confirmed by the Texas Parks and Wildlife Department 

(TPW) personnel to have invaded and become established in the American Canal and 

Mustang Bayou of Brazoria and Galveston counties, between Houston and Alvin in 

southeastern Texas (Howells, 2001).  A population was also reported at one location in 

Tarrant County near Fort Worth in 2001 (Howells and Smith, 2002), but recent field 

investigations by Dr. McMahon’s laboratory have revealed it to have been extirpated, 

perhaps as a result of lethally low winter water temperatures (Britton and McMahon, 

unpublished).  Members of P. insularum were dispersed even more widely in Texas due 

to Tropical Storm Allison which resulted in the flooding of much of southeastern Texas 

in June 2001. In the summer of 2002, soon after this flooding event, these snails were 

reported in rice fields in Galveston and Brazoria counties, followed by additional 

reports of these snails having spread to Fort Bend County by late 2002 (Howells and 

Smith, 2002) (Figure 1.4). 

As a result of the large scale agricultural damage associated with pomacean 

snails in the Indo-Pacific region and Hawaii, the U.S Department of Agriculture 

(USDA) has been particularly concerned about the presence of apple snails in southeast 

Texas were rice production generates a billion dollars annually. The USDA prepared an 
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agricultural risk analysis for pomacean snails which lead to the banning of importation 

of all the members of the family into the United States except P. bridgesi.  The Texas 

Parks and Wildlife Department has also displayed concern regarding apple snails.  In 

April 2001, this agency added them to a list of banned harmful and potentially harmful 

exotic shellfish species which cannot be imported into Texas. 

Although introduction of P. insularum threatens to cause serious agricultural 

and environmental impacts to the aquatic and wetland ecosystems of Texas and other 

parts of USA, many aspects of this species’ taxonomy and biology remain understudied 

or unknown.  There have been no published data on the extension of its distribution in 

Texas since Tropical Storm Allison in 2001.  Nor have there been any published studies 

of this species population dynamics in Texas such as its rates of reproduction and 

dispersal and there have been no published reports of its impacts on invaded Texan 

aquatic and wetland ecosystems. 
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Figure 1.4 Distribution of pomacean snails in southeast Texas freshwater habitats 
(Howells, 2001) 
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 The research reported in this dissertation focused on elucidation of the 

resistance adaptations of the individuals of the pomacean snail species, P. insularum 

(Cowie et al., 2006) that have become established in freshwater habitats in southeastern 

Texas, to the major physico-chemical parameters most likely to influence its capacity to 

invade and further establish reproducing populations in the fresh and estuarine waters of 

the southern portions of North America.  The tolerance of P. insularum was 

investigated with respect to the physico-chemical parameters such as salinity (Chapter 

2), pH (Chapter 3), temperature (Chapter 4), and desiccation (Chapter 5).  Also studies 

were performed to evaluate the responses of the members of this species to progressive 

hypoxia (Chapter 6).  The presented research is not only the first detailed examination 

of the comparative physiology of any pomacean snail species, but also forms the basis 

for developing a risk assessment for the further invasion by P. insularum of natural 

aquatic habitats and wetland agricultural systems in Texas and North America.  The 

results are also discussed in regard to development of non-chemical measures based on 

this species’ physiological limits to control its impacts on wetland rice agriculture. 
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CHAPTER 2 

SALINITY TOLERANCE 

 

2.1 Introduction 

Salinity is a prime factor influencing the distribution of aquatic organisms 

(Remane and Schlieper, 1971), including freshwater mollusc species as it affects many 

of their physiological functions (Jacobsen and Forbes 1997).  Lack of tolerance to 

salinities above 3 and 5‰ distinguish truly freshwater species from estuarine and 

marine species (Gainey and Greenberg, 1977).  Salinity tolerance is associated with the 

capacity of freshwater species to penetrate estuarine environments (Costil et al., 2001).  

Some literature exists regarding the salinity tolerance of ampullariid snails 

(Cowie, 2002).  The salinity tolerance limits of one pomacean snail species, P. bridgesi 

has been reported to range from 0 – 6.8‰, within which range these snails survive well 

(Jordan and Deaton, 1999).  Salinity tolerance has not been investigated in other 

pomacean snail species.   This chapter describes salinity tolerance in the pomacean snail 

species, Pomacea insularum (d’’Orbigny), that is endemic to southern South America 

where it inhabits swamps and slow moving rivers in savannahs extending from southern 

Brazil to Argentina and Uruguay (Perera and Walls, 1996).  P. insularum was 

introduced into the state of Texas in 1989 or 1990 (Neck and Schultz, 1992) and 
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reproducing populations now occur in southeast Texas water bodies and rice fields in 

the Houston, Galveston, Brazoria and Fort Bend counties (Howells, 2002; Howells and 

Smith, 2002).  The species threatens to spread further in the United States and its 

physiological limits are unknown.   Pomacean snail species are voracious feeders on 

submerged aquatic vegetation and rice and taro crops in wetland agriculture systems 

(Cowie, 2002), thus, concern has been expressed regarding the potential negative 

impacts that P. insularum may have on natural aquatic habitats and rice agriculture in 

southeast Texas and other portions of the southern United States (Howells, 2002; 

Howells and Smith, 2002).   

Without detailed knowledge of the physiological limits of P. insularum, its 

eventual distribution in Texas and other threatened areas of the United States cannot be 

predicted, making its impacts on North American aquatic ecosystems and wetland 

agricultural systems difficult to ascertain.   This chapter reports the results of a study of 

salinity tolerance of P. insularum that will allow determination of the degree to which 

this species can invade estuarine water bodies and coastal wetland agricultural systems 

in North America and other areas of the world in which it has been or potentially can be 

introduced.   

2.2 Methods 

2.2.1 Test Organisms-Pomacea insularum 

2.2.1.1 Collection, Culture and Specimen Maintenance 

Juvenile and adult specimens of P. insularum and egg masses were collected on 

August 1, 2005, from several sites, depending on population size and availability, in the 
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greater Houston area (i.e., Brazoria County, TX) and returned to the laboratory.  

Collected specimens were transported to the laboratory on the day of collection, in a 

large cooler filled with water from the collection sites.  Snail specimens were also 

collected by colleagues at Steven F. Austin University from a rice field close to the 

town of Rosharon, in Brazoria County, Texas, and shipped in insulted containers cooled 

with artificial ice packets overnight to Arlington wrapped in moist paper toweling.   

Adults were maintained in large, 250 L holding tanks in dechlorinated, 

constantly aerated, City of Arlington tap water. held in an aquatic holding room at a 

constant temperature of 25°C.  A temperature of 25°C is considered optimal for 

oviposition and growth in artificially cultured pomacean snails (Estebenet and 

Cazzaniga, 1992).  Each holding tank had large biofilter to maintain water quality.  A 

100 W light bulb provided constant illumination, reported to facilitate breeding and 

oviposition (Estebenet and Cazzaniga, 1998; Estebenet and Martin 2002).  A weekly 

50% change of water in all holding tanks prevented accumulation of nitrogenous 

wastes.  All water drained from holding tanks was passed through a 0.1 mm nylon mesh 

net to capture juveniles and prevent their release into holding room drains.  Adult 

individuals were fed  ad libidum on a diet of romaine or green leaf lettuce once every 

two days which has been shown to sustain high growth rates in pomacean species 

(Estebenet and Cazzaniga, 1992).  Adults were maintained under the above conditions 

until utilized in the experiments. 

 Juveniles of P. insularum were hatched in the laboratory from egg masses 

obtained at collection sites or from previously collected females ovipositing on the 
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walls of holding tanks and cultured to sizes suitable for experimentation.  Egg masses 

oviposited above the water line on holding tank walls and those collected in the field, 

were held above the water line in a slotted plastic container and were kept moist by 

periodic blotting with wet paper towels until hatching occurred within 7-14 days of 

oviposition (Perera and Walls, 1996).  Hatched juveniles were held in 250 L holding 

tanks and fed every two days on an ad libitum diet of romaine and green leaf lettuce 

supplemented with fish food flakes (Aquarian™).  This diet has been reported to sustain 

rapid juvenile growth in other pomacean snail species (Estebenet and Cazzaniga, 1992; 

Estebenet and Martin, 2002).  Juveniles were maintained under these conditions until 

utilized in the experiments. 

2.2.1.2 Acclimation, Labeling and Shell Length Measurement 

In order to determine salinity tolerance, specimens of juvenile and adult P. 

insularum spanning a broad shell length range were randomly selected from holding 

populations.  Selected individuals were acclimated to 25°C (± 1°C) for a period of at 

least 14 days in refrigerated constant temperature incubators in 15 L plastic aquaria 

(36.0 cm length, 21.0 cm width, 25.0 cm height), filled with continuously aerated 

dechlorinated City of Arlington tap water.  During acclimation, aquaria water 

temperatures were monitored daily and incubator temperature adjusted to maintain the 

25°C acclimation temperature.  Dead snails were removed during daily monitoring 

periods.  During acclimation, animals were fed with lettuce (romaine or green leaf) on 

days alternate to aquaria media renewal. 
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Prior to experimentation, the anterior surface of the snails’ shells was abraded 

with a medium grit sanding sponge to remove a portion of the periostracum.  The 

abraded area was marked with a unique identification number using a marker pen 

(Sharpie® Industrial Super Permanent Ink).  The shell length (SL, the greatest distance 

from the apex of the spire to the external anterior aperture margin) of each marked 

individual was measured to the nearest 0.1 mm with dial calipers (Figure 2.1).  

 

 

Figure 2.1 Measurement of shell length (SL) in specimens of Pomacea insularum 
(after Ghesquiere, 2003). 

 

2.2.2 Determination of Chronic Salinity Tolerance 

After acclimation, the chronic salinity tolerance of individuals of P. insularum 

was determined by exposing subsamples of snails (n = 15) chosen to span a broad size 

range of juvenile and adult individuals for 28 days to salinities ranging from 0 to 60% 
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seawater (20.4‰) at room temperature (22-24°C).  Subsamples were placed in 3.5 L 

plastic holding chambers (19.5 cm length, 12.5 cm width, 12.5 cm height; AZOO 

TaiKong®) covered with a tight fitting, slotted plastic lid to prevent snail escape.   Each 

3.5 L holding chamber containing a subsample was then fully immersed in a 15 L 

plastic holding tank (36.0 cm in length, 21.0 cm in width, and 25.0 cm in height) 

containing treatment medium consisting of City of Arlington tap water adjusted with 

artificial sea salts (Fritz Supersalt®) to obtain salinities of 5% (1.7‰), 10% (3.4‰), 

20% (6.8‰), 30% (10.2‰), 40% (13.6‰), 42% (14.3‰), 45% (15.3‰), 48% (16.3‰), 

50% (17.0‰), 55% (18.7‰) or 60% (20.4‰) seawater (full strength seawater = 34‰).  

Subsamples were exposed to treatment media for 28-d during which the medium 

salinity was monitored daily with an American Optical® salinity refractometer.  Holding 

tank medium was continuously aerated with a small sponge biofilter while that of the 

3.5 L subsample holding chamber was continuously aerated with an air stone, 

facilitating exchange of medium between the holding tank and holding chamber through 

the chamber’s slotted lid. Each holding tank was fitted with a Styrofoam® cover to 

minimize water evaporation and water temperature variation. Snails were fed romaine 

or green leaf lettuce ad libitum every two days during the course of the experiment. 

Treatment tank medium was changed on days alternate to feeding.   The degree to 

which the snails consumed lettuce was noted approximately 12-h after feeding.  

Subsamples were examined daily for mortality until 100% sample mortality 

occurred or until the experiment was terminated at the end of the 28-d exposure period.  

The behavior of individuals was recorded during mortality checks as attached, 
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unattached with the head/foot extended, unattached with the head/foot withdrawn or 

floating.  An unattached or floating individual had its head/foot region prodded with the 

bristles of a small paintbrush.  If head/foot withdrawal was not elicited by this 

stimulation, the snail was more forcefully stimulated.  Failure of the second, more 

forceful stimulus to elicit head/foot withdrawal resulted in an individual being declared 

dead and its time to death recorded.  Dead individuals were removed from the 

experiment.  

2.2.3 Statistical Analysis of Chronic Salinity Tolerance Data   

 Survival data obtained from the salinity tolerance experiment were different 

from other types of continuous survival data because survival time was not observed for 

all experimental subjects as some individuals survived treatments for the entire 28-d 

exposure period.  The survival time of an individual surviving the full 28-d exposure 

period was treated as a “censored” observation (Lawless, 1982; Hicks et al., 2000).  

Censored survival times are not missing data, rather when combined properly with 

actual observed survival times they provide partial information on survival (Lawless, 

1982; Cox and Oakes; 1984, Palmar and Machin, 1995; Hicks et al., 2000).  The 

survival data from this experiment exhibited “single type I” censoring, which is 

obtained when experiments are conducted over an a priori fixed time period (i.e., 28-d) 

resulting in all specimens surviving that period having the same censoring time 

(Lawless, 1982).  The data was also “right censored” as the survival times of the 

individuals surviving the 28-d experimental period could not be determined (Lawless, 

1982).  Because mortality was monitored at 24 h intervals, knowledge of an individual’s 
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exact time of death was not known.  Rather, it was known to fall within the interval Ij = 

[aj-1, aj), where aj was the current observation time and aj-1, the previous observation 

time (Hosmer and Lemeshow, 1989).   

Based on the above constraints a survival analysis strategy was employed that 

allowed determination of the effects of salinity, while taking into account the effects of 

the covariate of individual size measured as SL.  Available parametric (e.g., Weibull 

distribution) and nonparametric (e.g., Kaplan Meier or Cox regression) survival time 

estimation approaches assume that the time of death is known exactly (Hicks et al., 

2000) and hence, their usage in analyzing the interval-level data recorded in this 

experiment, could have resulted in severe bias, particularly if the interval length was 

large relative to the average lifetime of observed specimens as was the case in this 

experiment.   

Life tables (i.e., the actuarial method), which are frequency tables modified to 

deal with censored observations, are often utilized to estimate survival probabilities, 

when survival data are recorded at the interval level (Lawless, 1982; Hicks et al., 2000).  

Standard life table analysis, however, does not account for the effects of continuous 

covariates such as size, which are likely to influence individual survival times.  In 

contrast, the Discrete Logistic Failure Time Model (DLFTM) generalizes the life table 

method so that it can be used to deal with censored, interval-level data, allowing 

estimation of survival probabilities adjusted for covariant effects (Cox, 1972; 

Thompson, 1977; Hicks et al., 2000).  It models the functional form of the “interval-

specific” survival probabilities Pj(x), which are the probabilities of individuals 
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surviving a time interval j given that they are alive at the interval’s onset and a covariate 

vector x (in this case SL), that describes treatment and individual specific 

characteristics.  Mathematically, 

Pj(x) = (1 + eαj+xβ)-1, 1≤ j ≤ k, 

where β = (β1,…, βm)T is an m x 1 vector of unknown regression coefficients relating 

the covariate vector x = (x1,…, xm) to the interval specific probabilities Pj and the aj’s 

are the interval specific parameters.  β and α are unknown parameters estimated by the 

Maximum Likelihood method (Lawless, 1982; Hicks et al., 2000).  The decision to 

utilize linear and or quadratic functions of treatment, SL and SL by treatment 

interactions was addressed by starting with an adequately flexible model and testing a 

sequence of nested models until arriving at the most parsimonious model sufficiently 

explaining the data (Hicks et al., 2000).  The scope of life table analysis is greatly 

increased by this approach due to this ability of DLFTM to include regressor variables 

such as SL, as it can reveal both treatment and individual specific regressor influences, 

thereby allowing more biologically relevant interpretations of survival data (Hicks et 

al., 2000). 

In the DLFTM model used to analyze salinity tolerance data, the data were right 

censored because the death times of individuals that survived beyond the 28-d duration 

of the experiment could not be determined (Lawless, 1982).  Salinity treatments were 

included in this model as indicator variables employing a reference cell 

parameterization (e.g., the 0.0‰ control treatment was arbitrarily assigned as the 

reference cell) (Lawless, 1982).   
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As the analysis required comparisons to be made between the twelve salinity 

treatments, instead of computing just the survival probabilities (Pj(x)) of individuals 

exposed to their respective treatments, it was more accurate to generate a one-number 

summary called the “median survival time” for each survival function to make 

comparisons across different treatments.  The DLFTM procedure was used to obtain the 

size-adjusted median survival times, LT50 (the estimated time of 50% treatment 

subsample mortality).  DLFTM was also utilized to make factorial-type comparisons of 

the covariate adjusted median survival time across salinity treatments among those 

treatments in which survival probabilities fell below 0.5 (50%) over the 28-d exposure 

period.  Comparisons of size-adjusted median survival times across treatments were 

implemented by testing the null hypothesis (H0), that there was no treatment effect 

using the Wald statistic (W), which has an approximate chi-square distribution under 

H0.  Large values of W provide evidence against the H0.  Type I error was controlled 

using the Scheffế method for an experiment-wise error rate of α = 0.05.  Details of the 

DLFTM procedure are outlined by Hicks et al. (2000).  Size adjusted LD50 and LD99 

values (i.e., estimated lethal salinities for 50% and 99% sample mortality) and their 

standard errors were computed using Logistic Regression Analysis (Finney, 1971; 

Hicks et al., 2000) for each successive 24 h observation period over the 672 h (28-d) 

duration of the experiment.   

2.3 Results 

 Raw cumulative percent mortality data indicated that mortality was less than 

20% at the end of the 28-d exposure period in subsamples exposed to salinities of 
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≤6.8‰ (Figure 2.2).  In contrast, at the end of the 28-d exposure period, an 86.7% 

cumulative mortality was recorded for the subsample in 10.2‰ and 100% cumulative 

subsample mortality within seven days in 13.6‰.  At test salinities between 14.3‰ and 

20.4‰, 100% subsample mortality occurred within 4-7 days (Figure 2.2).  Thus, raw 

data suggested that specimens of P. insularum could not tolerate salinities of ≥13.6‰.  

Specimens exposed to ≥13.6‰ did not consume lettuce and remained unattached with 

their operculum tightly withdrawn throughout the 28-d exposure period.  The majority 

of specimens at 10.2‰ remained unattached and consumed only small quantities of 

lettuce.  The majority of specimens at ≤6.8‰ remained pedally attached and actively 

crawling and consumed all offered lettuce. 

 DLFTM analysis with a Wald statistic indicated that survival time was not 

significantly impacted (p >0.05) by individual size measured as SL. Nor was there a 

significant salinity by SL interaction (p >0.5), that impacted survival time.  Thus, both 

parameters were eliminated allowing use of a reduced model retaining only salinity as a 

factor.  This model revealed that salinities of 0–6.8‰ were non-lethal to specimens of 

P. insularum with an estimated probability of survival >0.97 at the end of the 28-d 

exposure period (Figure 2.3 A).  In contrast, specimens exposed to ≥13.6‰ displayed 

100% mortality by the end of the 28-d exposure period with estimated 28-d survival 

probabilities declining from 0.412 at 13.6‰ to 0.017 at 20.4‰ when centered on a 

sample mean SL of 36.0 mm) (Figure 2.3 B and C).  At 13.6-20.4‰, the majority of 

mortality occurred between four and six days exposure (Figure 2.4) with estimated 

survival probabilities remaining unchanged thereafter (Figure 2.3 B and C).   
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Figure 2.2 Raw cumulative percent mortalities (vertical axis) for subsamples of Texas 
specimens of Pomacea insularum exposed to twelve salinity treatments ranging from 0-
20.4‰, over the first 15 days of a 28-day exposure period (horizontal axis).  A) 
Mortality at salinities ranging from 0-13.6‰ (solid circles = 0‰, solid triangles = 
1.7‰, solid diamonds = 3.4‰, solid inverted triangles = 6.8‰, open triangles = 10.2‰, 
and crosses = 13.6‰).  B) Mortalities at salinities ranging from 14.3-20.4‰ (solid 
circles = 14.3‰, solid triangles = 15.3‰, solid diamonds = 16.3‰, solid inverted 
triangles = 17.0‰, open triangles = 18.7‰, and crosses = 20.4‰).  Data is provided 
only for the first 15 days of the 28-day exposure period, because all mortality occurred 
within that period. 
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Figure 2.3 Survival probabilities (vertical axis) for Texas specimens of Pomacea 
insularum exposed to salinities varying from 0-20.4‰ estimated using the Discrete 
Logistic Failure Time Model (DLFTM), adjusted to a mean shell length of 36 mm for a 
28-day exposure period (horizontal axis).  A) Salinities ranging from 0-6.8‰ (open 
circles = 0‰, open triangles = 1.7‰, open diamonds = 3.4‰, and open squares = 
6.8‰).  B) Salinities ranging from 10.2-15.3‰ (open circles = 10.2‰, open triangles = 
13.6‰, open diamonds = 14.3‰, and open squares = 15.3‰).  C) Salinities ranging 
from 16.3-20.4‰ (open circles = 16.3‰, open triangles = 17.0‰, open diamonds = 
18.7‰, and open squares = 20.4‰).  
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Figure 2.4 Survival probabilities (vertical axis) for Texas specimens of Pomacea 
insularum estimated using the Discrete Logistic Failure Time Model (DLFTM), 
adjusted to a mean shell length (SL) of 36 mm at salinities ranging from 0-20.4‰ 
(horizontal axis), over days 4, 5 and 6 of a 28-day exposure period during which the 
majority of subsample mortality was recorded.  Solid circles represent mortalities on 
day four of exposure, solid triangles, on day five and solid squares, on day six.  Vertical 
bars about points represent standard errors of the estimates.  Where error bars are not 
apparent, they were not as wide as the point with which they are associated. 
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Figure 2.5 Values of LT50 (i.e., median 50% sample mortality times) in hours (vertical 
axis) for Texas specimens of Pomacea insularum exposed to salinities varying from 0-
20.4‰ (horizontal axis) over a 28-day exposure period estimated using the Discrete 
Logistic Failure Time Model (DLFTM), adjusted to a mean shell length of 36 mm.  
Vertical bars about points represent standard errors of the estimates.  Where error bars 
are not apparent, they are not as wide as the point with which they are associated. 
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Figure 2.6 Values of LD50 and LD99 (i.e., lethal salinity dose (‰) values for 50% and 
99% subsample mortality) (vertical axis) estimated for Texas specimens of Pomacea 
insularum exposed to salinities varying from 0-20.4‰ over a 28-day exposure period 
(horizontal axis) estimated using Logistic Regression, adjusted to a mean shell length of 
36 mm.  Open bars represent LD50 values and solid bars, LD99 values.  Vertical lines 
above the bars represent standard errors of the estimates.  
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Based on DLFTM, sample LT50 values were estimated for salinity treatments ≥13.6‰ 

where estimated 28-d survival probabilities were ≥0.5 (Figure 2.3).  LT50 values 

declined from 131.5 h (s.e. = ±12.5) at 13.6‰ to 109.4 h (s.e. = ±0.96) at 20.4‰ 

(Figure 2.5).  In spite of the apparent decline in LT50 values with increasing salinity 

depicted in Figure 2.5, a Scheffé pair-wise comparison of the lethal salinity treatment 

median survival times adjusted to the sample mean shell length (36.0 mm) revealed no 

significant treatment differences (p >0.05) among the treatment pairs.  This lack of 

difference in LT50 among salinity treatments appeared to be a result of the high 

variation in the estimated median survival times recorded in the 13.6 ‰ and 14.3‰ 

salinity treatments as evidenced by the relatively large standard errors associated with 

these two salinities (Figure 2.5).  In spite of this lack of difference among treatments, 

the decline in median survival time with increasing salinity recorded in Figure 2.5 

appeared to be biologically relevant. 

Logistic Regression revealed that LD50 and LD99 values fell below the 20.4‰ 

maximum tested salinity on day 3 of exposure.  From days 3-8, LD50 and LD99 values 

declined rapidly with increasing time of exposure after which they remained unchanged 

(Figure 2.6).  Thus, on day 3, LD50 was 14.3‰ (s.e. = ±0.67) and declined to 8.6‰ (s.e. 

= ±0.50) by day 8 of exposure.  Similarly, on day 3, LD99 was 29.4‰ (s.e. = ±2.87) and 

declined to 13.0‰ (s.e. = ±1.11) on day 8 of exposure (Figure 2.6).  Lack of further 

decline in LD50 and LD99 values between days 9-28 of exposure suggested that majority 

of mortality induced by salinity treatments occurred within the first eight days of 

exposure (Figs. 2.3 A-C and 2.5). 
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2.4 Discussion 

There are few detailed studies of the salinity tolerance for freshwater gastropods.  

Freshwater is generally considered to be ≤0.5‰ with brackish water ranging from 0.5-

30‰ (Remane and Schlieper, 1971).  Freshwater species generally fall into two groups 

with regard to salinity tolerance.  “Stenohaline limnobionts” are restricted to 0-0.5‰ 

and “euryhaline limobionts” to 0.5->8‰ (Remane and Schlieper, 1971).  Euryhaline 

limnobionts, are further divided into three groups, those of the “1st degree”, tolerating 

0.5-3‰, those of the “2nd degree”, tolerating 3-8‰ and those of the “3rd degree” 

tolerating >8‰ (Remane and Schlieper, 1971).  Remane and Schlieper (1971) provide 

salinity limits for a number of northern, temperate European freshwater gastropods.  

The upper salinity limits of 19 species of freshwater pulmonate snails ranged from 0.2-

13.7‰ with the majority of species falling within the 3-8‰ range characteristic of 2nd 

degree eurybionts. Similarly, among nine species of freshwater prosobranch snails, 

maximum tolerated salinities ranged between 0.5-18‰ with that of all but two species 

falling within the 3-8‰ range of 2nd degree eurybionts (Remane and Schlieper, 1971).    

My results indicated that Texas specimens of P. insularum appeared to be 

tolerant of salinity levels ranging from 0 – 6.8‰ in which probability of survival was 

greater than 90% after a 28-d exposure, with raw data revealing subsample survivorship 

to be ≥80% within this salinity range.  Above a salinity of 6.8‰, survivorship declined 

rapidly, reaching stable values by day six of exposure.  Raw data showed 100% sample 

mortality occurring at ≥13.6‰ or greater.  Corresponding LT50 values declined from 

131.5 h at 13.6‰ to 109.4 h at 20.4‰ and LD99 values from 29.7‰ at 3 days of 
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exposure to 13.0‰ at days 8-28 of exposure.  Thus, P. insularum with a maximum 

salinity tolerance of 6.8‰ must be considered a 2nd degree euryhaline limnobiont as are 

the majority of other freshwater prosobranch and pulmonate gastropod species (Remane 

and Schlieper, 1971).  Similarly, recent research has revealed that specimens of the 

freshwater pulmonate, Physa acuta, tolerate salinities of 9.04‰ or less for 72-h, but 

experienced 100% mortality at salinities of 13.62 ‰ and 18.21‰ at 25°C (Ashir et al.., 

1988) suggesting that this species has a salinity tolerance essentially similar to P. 

insularum.  Jordan and Deaton (1999) demonstrated that specimens of the freshwater 

prosobranch, Pomacea bridgesi, exhibited >80% survival when exposed to salinities 

ranging from 0 – 6.8‰ for 14 days, but experienced 100% mortality when exposed to 

13.6‰ for 3 days, similar to the 100% sample mortality within 4-7 days recorded for 

specimens of P. insularum exposed to 13.6‰.  The freshwater prosobranch, Bithynia 

tentaculata, exhibited a survivorship of 36% when exposed to a salinity of 8‰ for 4 

days (Klekowski, 1961).  Thus, B. tentaculata, while still a 2nd degree euryhaline 

limnobiont, had a salinity tolerance somewhat lower than that of P. insularum, which 

had >65% survival at 10.2‰.  

In contrast to P. insularum and the other 2nd degree euryhaline gastropods 

described above, the freshwater prosobranch snail, Potamopyrgus antipodarum 

(Hydrobiidae) sustains feeding, growth and reproduction at salinities of 0 - 15‰ with 

5‰ being optimal (Jacobsen and Forbes, 1997).  This species is a 3rd degree euryhaline 

limnobiont, being found in natural habitats at 0–34‰ (Todd, 1964; Costil et al., 2001) 

with juveniles surviving up to 64‰ (Duncan and Klekowski, 1967).  Thus, this species 
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is often found in brackish water habitats (Costil et al., 2001; Jacobsen and Forbes, 

1997). 

The salinity tolerance data developed in this study for Texas specimens of P. 

insularum is of particular importance in regard to the potential threat that this species 

poses to rice agriculture in southeastern Texas and the southeastern United States.  

Different varieties of rice (Oryza sativa) display different salinity tolerance (Siscar-Lee 

et al., 1990), but, in general, all rice varieties exhibit moderate salinity tolerance 

(Shannon et al., 1998).  Germination, growth and photosynthetic rate are generally 

inhibited at ≥2-6‰ (Shannon et al., 1998; Puard et al., 1999; Tun et al., 2003).   Since 

the salinity tolerance range of P. insularum without mortality at 0-6.8‰ is similar to 

that of cultivated rice, this species is likely to be capable of invading wetland rice 

cultivation systems in the southeastern US as it has done in southeastern counties in 

Texas (Howells and Smith, 2002).  The degree of damage that P. insularum will inflict 

on rice agriculture in the United States remains an open question (Howells and Smith, 

2002). 
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CHAPTER 3 

pH TOLERANCE 

 

3.1 Introduction 

Ambient pH is an important factor in determining the distribution limits of 

aquatic species (Hall et al., 1980).  Aquatic ecosystem biodiversity decreases with 

decrease in pH, suggesting that aquatic animals have species-specific lower pH limits 

(Bemvenuti et al., 2003).  In spite of the known impacts of ambient pH on the 

distributions of aquatic organisms, a thorough search of the published literature revealed 

no direct laboratory determinations of pH tolerance for any freshwater gastropod 

species. Indeed, only one publication was found which listed pH ranges for 27 species 

of freshwater gastropods based solely on a field study of presence/absence from habitats 

of varying pH in the Central Parkland region of the Province of Alberta, Canada 

(Prescott and Curteanu, 2004).  Field studies have also revealed population density 

reductions or the total absence of gastropod species from acidic water bodies with pH 

ranging from 4.8 – 6.7 (Harvey and McArdle, 1986). 

As with the majority of freshwater gastropod species, there have been no 

detailed field or laboratory studies on pH tolerance limits for members of the 

freshwater, prosobranch gastropod family, Pomacea.  Because pomacean species are 

highly invasive and are known to be significant agricultural pests in wetland rice and
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taro agricultural wetlands (Cowie, 2002; Howells, 2001; Howells and Smith, 2002), it is 

important to be able to predict eventual distribution of a pomacean species after it has 

been introduced to and established in a new habitat in order to develop efficacious 

methodologies for its control, eradication and prevention of dispersal into new habitats.  

Knowledge of the pH limits of a pomacean species will also allow control, irradiation 

and dispersal prevention efforts to be focused on only those aquatic habitats and 

wetland agricultural systems whose ambient pH falls within the tolerated range of the 

invading species. 

This chapter describes the results of laboratory experiments designed to 

determine the upper and lower pH tolerance limits of the pomacean snail species, 

Pomacea insularum (d’’Orbigny).  This species is endemic to southern South America 

where it inhabits slow moving rivers in savannahs and swamps extending from southern 

Brazil to Argentina and Uruguay (Perera and Walls, 1996).  P. insularum was 

introduced into the freshwaters of southeast Texas sometime between 1989 and 1990 

(Neck and Schultz, 1992) where it currently has established reproducing populations in 

the water bodies and wetland rice agricultural fields of Houston, Galveston, Brazoria 

and Fort Bend counties (Howells, 2001; Howells and Smith, 2002).  Although this 

species threatens to become a major invasive pest in the southern United States, its 

physiological limits remain entirely unknown.  Pomacean snail species are voracious 

feeders on submerged aquatic vegetation and rice and taro crops in wetland agriculture 

systems (Cowie, 2002), thus, concern has been expressed regarding the potential 

negative impacts of P. insularum on both natural aquatic habitats and rice agriculture in 
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southeast Texas and other portions of the southern United States (Howells, 2002; 

Howells and Smith, 2002).  The upper and lower pH tolerance limits of P. insularum 

reported in this chapter will prove useful in the determination of the degree to which it 

can further invade freshwater bodies and wetland agricultural systems in Texas and 

North America as well as in other areas of the world where it has been or potentially 

can be introduced.   

3.2 Methods 

3.2.1 Test Organisms-Pomacea insularum 

3.2.1.1 Collection, Culture and Specimen Maintenance 

Juvenile and adult specimens of P. insularum and egg masses were collected on 

August 1, 2005, from several sites, depending on population size and availability, in the 

greater Houston area (i.e., Brazoria County, TX) and returned to the laboratory.  

Collected specimens were transported to the laboratory on the day of collection, in a 

large cooler filled with water from the collection sites.  Snail specimens were also 

collected by colleagues at Steven F. Austin University from a rice field close to the 

town of Rosharon, in Brazoria County, Texas, and shipped in insulted containers cooled 

with artificial ice packets, overnight to Arlington, wrapped in moist paper toweling.   

Adults were maintained in large, 250 L holding tanks in dechlorinated, 

constantly aerated, City of Arlington tap water held in an aquatic holding room at a 

constant temperature of 25°C.  A temperature of 25°C is considered optimal for 

oviposition and growth in artificially cultured pomacean snails (Estebenet and 

Cazzaniga, 1992).  Each holding tank had a large biofilter to maintain water quality.  A 
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100 W light bulb provided constant illumination, reported to facilitate breeding and 

oviposition (Estebenet and Cazzaniga, 1998; Estebenet and Martin 2002).  A weekly 

50% change of water in all holding tanks prevented accumulation of nitrogenous and 

other metabolic wastes to toxic levels.  All water drained from holding tanks was passed 

through a 0.1 mm nylon mesh net to capture juveniles and prevent their release into 

holding room drains.  Adult individuals were fed ad libidum on a diet of romaine or 

green leaf lettuce once every two days which sustains high growth rates in pomacean 

species (Estebenet and Cazzaniga, 1992).  Adults were maintained under these 

conditions until utilized in experiments. 

 Juveniles of P. insularum were hatched in the laboratory from egg masses 

obtained at collection sites or from previously collected females ovipositing on the 

walls of holding tanks and cultured to sizes suitable for experimentation.  Egg masses 

oviposited above the water line on holding tank walls and those collected in the field, 

were held above the water line in a slotted plastic container and were kept moist by 

periodic blotting with wet paper towels until hatching occurred within 7-14 days of 

oviposition (Perera and Walls, 1996).  Hatched juveniles were held in 250 L holding 

tanks and fed every two days on an ad libitum diet of romaine and green leaf lettuce 

supplemented with fish food flakes (Aquarian™).  This diet has been reported to sustain 

rapid juvenile growth in other pomacean snail species (Estebenet and Cazzaniga, 1992; 

Estebenet and Martin, 2002).  Juveniles were maintained under these conditions until 

utilized in the experiments. 
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3.2.1.2 Acclimation, Labeling and Shell Length Measurement 

In order to determine pH tolerance, specimens of juvenile and adult P. 

insularum spanning a broad shell length range were randomly selected from holding 

populations.  Selected individuals were acclimated to 25°C (±1°C) for a period of at 

least 14 days in refrigerated constant temperature incubators in 15.0 L plastic aquaria 

(36.0 cm length, 21.0 cm width, 25.0 cm height), filled with continuously aerated 

dechlorinated City of Arlington tap water.  During acclimation, aquaria water 

temperatures were monitored daily and incubator temperature adjusted to maintain the 

25°C acclimation temperature.  Dead snails were removed during daily monitoring 

periods.  Medium in acclimation tanks was completely replaced every two days.  

Acclimating snails were fed with lettuce (romaine or green leaf) on days alternate to 

aquaria media renewal. 

Prior to experimentation, the anterior surface of an experimental snail’s shell 

was abraded with a medium grit sanding sponge to remove a portion of the 

periostracum.  The abraded area was marked with a unique identification number using 

a permanent marker pen (Sharpie® Industrial Super Permanent Ink).  The shell length 

(SL, the greatest distance from the apex of the spire to the external anterior aperture 

margin) of each marked individual was measured to the nearest 0.1 mm with dial 

calipers (Figure 3.1).  
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Figure 3.1 Measurement of shell length (SL) in specimens of Pomacea insularum 
(after Ghesquiere, 2003). 

 

3.2.2 Determination of Chronic pH Tolerance 

3.2.2.1 Determination of Chronic Tolerance to Acidic pH  

Subsamples of marked and measured juvenile and adult snails (n = 15) were 

randomly assigned to each of 11 test pH treatments (i.e., pH = 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 

5.0, 5.5, 6.0, 6.5 and a City of Arlington tap water control which varied between pH = 

6.75 – 7.50).  Subsamples were examined for mortality every 24 h, over a 28-d test 

period.  Subsamples were placed individually in 15.0 L plastic aquaria (36.0 cm in 

length, 21.0 cm in width, 25.0 cm in height) holding dechlorinated City of Arlington tap 

water whose pH was previously adjusted to treatment levels by addition of appropriate 

amounts of concentrated hydrochloric acid (HCl).  The snail subsamples were then 

placed in the aquaria, which had their openings covered with an inverted slotted lid that 
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prevented snail escape from pH treatment media.  All the tanks were held at room 

temperature (22°-24°C) during experimentation.  The tank media was not aerated during 

the 28-d experimental period as a preliminary study indicated that it caused significant 

fluctuations in pH. 

The pH of aquaria media was checked approximately 6-10 times each day and 

readjusted to treatment pH level by addition of concentrated HCl throughout the course 

of the 28-day exposure period.  Preliminary trials indicated that treatment pH generally 

varied by no more than 0.1-0.4 pH units between checks.  During the course of the 

experiment, snails were fed Romaine lettuce once every two days.  Uneaten lettuce was 

removed from the tanks on the same day as the snails were fed and the degree to which 

it was consumed recorded.  Medium in the aquaria was changed once every two days 

alternating with days of feeding. 

Individuals in all treatments were observed every 24 h until 100% subsample 

mortality occurred or until termination of the experiment after 28-d of observation. The 

behavior of individuals was recorded during mortality checks as attached, unattached 

with head/foot extended, unattached with head/foot withdrawn or floating.  The 

head/foot region of an unattached or floating individual was prodded with the bristles of 

a paintbrush.  If a snail failed to respond to this stimulation by withdrawal of the 

head/foot, it was more forcefully stimulated with the paint brush.  Failure of the second, 

more forceful stimulus to elicit head/foot withdrawal response resulted in the individual 

being declared dead and its time to death recorded.  Dead individuals were removed 

from the experiment. 
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3.2.2.2 Determination of Chronic Tolerance to Basic pH 

Subsamples of marked and measured juvenile and adult snails (n = 20) were 

randomly assigned to each of nine test pH treatments (i.e., pH = 8.0, 9.0, 10.0, 10.5, 

11.0, 11.5, 12.0, 12.5 and a City of Arlington tap water control which varied between 

pH = 6.75 – 7.50).  As with low pH tolerance determination, subsamples were placed 

individually in 15.0 L plastic aquaria (36.0 cm in length, 21.0 cm in width, 25.0 cm in 

height) holding dechlorinated City of Arlington tap water whose pH was previously 

adjusted to treatment levels by addition of appropriate amounts of concentrated sodium 

hydroxide (NaOH).  The snail subsamples were then placed in the aquaria in which they 

were held for up to 28 days under the same conditions as described above for the low 

pH tolerance determination (i.e., holding temperature of 22°-24°C, media not aerated, 

see Section 3.2.2.1). 

The pH of aquaria media was checked approximately 3-4 times each day and 

readjusted to treatment pH by addition of concentrated NaOH throughout the course of 

the experiment.  Preliminary trials indicated that treatment pH generally varied by no 

more than 0.1-0.4 pH units between these checks.  Tanks media renewal and feeding 

regimes were as described above for low pH tolerance determinations (Section 3.2.2.1).   

Individuals were observed every 24 h until 100% subsample mortality occurred 

or until termination of the experiment at the end of the 28 d observation period.  The 

behavior of individuals was recorded during mortality checks as attached, unattached 

with head/foot extended, unattached with head/foot withdrawn or floating.  The 

head/foot region of an unattached or floating individual was prodded with the bristles of 
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a paintbrush.  If a snail failed to respond to this stimulation by withdrawal of the 

head/foot, it was more forcefully stimulated with the paint brush.  Failure of the second, 

more forceful stimulus to elicit head/foot withdrawal response resulted in the individual 

being declared dead and its time to death recorded.  Dead individuals were removed 

from the experiment. 

3.2.3 Statistical Analysis of Chronic pH Tolerance Data 

Survival data obtained from pH tolerance experiments were different from other 

types of continuous survival data because survival time was not observed for all 

experimental subjects as some individuals survived treatments for the entire 28-d 

exposure period.  The survival time of an individual surviving the full 28-d exposure 

period was treated as a “censored” observation (Lawless, 1982; Hicks et al., 2000). 

Censored survival times are not missing data, rather when combined properly with 

actual observed survival times they provide partial information on survival (Lawless, 

1982; Cox and Oakes, 1984; Palmar and Machin, 1995; Hicks et al., 2000).  The 

survival data from this experiment exhibited “single type I” censoring, which occurs 

when experiments are conducted over an a priori fixed time period (i.e., 28-d) resulting 

in all specimens surviving that period having the same censoring time (Lawless, 1982).  

The data was also “right censored” as the survival times of the individuals surviving the 

28-d experimental period could not be determined (Lawless, 1982).  Because mortality 

was monitored at 24 h intervals, knowledge of an individual’s exact time of death was 

not known.  Rather, it was known to fall within the interval Ij = (aj-1, aj), where aj was 
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the current observation time and aj-1, the previous observation time (Hosmer and 

Lemeshow, 1989).   

The Discrete Logistic Failure Time Model (DLFTM) was the survival analysis 

strategy employed to analyze the data as it allowed determination of the effects of pH, 

while taking into account the effects of the covariate of individual size measured as SL.  

Available parametric (e.g., Weibull distribution) and nonparametric (e.g., Kaplan Meier 

or Cox regression) survival time estimation approaches could not be used for data 

analysis as these methods assume that the time of death of individuals is known exactly 

(Hicks et al., 2000) and hence, their use in analyzing the interval-level data recorded in 

this experiment, could result in severe bias, particularly since the interval length was 

large relative to the average lifetime of observed specimens.  Life tables (i.e., the 

actuarial method) used for analyzing interval level data could also not be utilized for 

data analysis as they cannot account for the effects of continuous regressors (SL in this 

case) on individual survival times. 

The DLFTM generalizes the life table method so that it can be used with 

censored, interval-level data, allowing estimation of survival probabilities adjusted for 

covariant effects (Cox, 1972; Thompson, 1977; Hicks et al., 2000).  It models the 

functional form of the “interval-specific” survival probabilities Pj(x), which are the 

probabilities of individuals surviving a time interval j given that they are alive at the 

interval’s onset and a covariate vector x (in this case SL), that describes treatment and 

individual specific characteristics.  Mathematically, 

Pj(x) = (1 + eαj+xβ)-1, 1≤ j ≤ k, 
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where β = (β1,…, βm)T is an m x 1 vector of unknown regression coefficients relating 

the covariate vector x = (x1,…, xm) to the interval specific probabilities Pj and the aj’s 

are the interval specific parameters.  β and α are unknown parameters estimated by the 

Maximum Likelihood method (Lawless, 1982; Hicks et al., 2000).   

The decision to utilize linear and or quadratic functions of treatment, SL and SL 

by treatment interactions in the model was addressed by starting with an adequately 

flexible model and testing a sequence of nested models until arriving at the most 

parsimonious model, sufficiently explaining the data (Hicks et al., 2000).  In the model 

used to analyze pH tolerance data, pH treatments were included as indicator variables 

employing a reference cell parameterization (e.g., the City of Arlington dechlorinated 

tap water control treatment was arbitrarily assigned as the reference cell) (Lawless, 

1982).   

As the analysis required comparisons to be made between the eleven acidic and 

nine basic treatments, instead of computing just the survival probabilities (Pj(x)) of 

individuals exposed to their respective treatments, it was more accurate to generate a 

one-number summary called the “median survival time” for each survival function to 

make comparisons across the different treatments.  The DLFTM procedure was used to 

obtain the size-adjusted median survival times, LT50 (the estimated time of 50% 

treatment subsample mortality).  DLFTM was also utilized to make factorial-type 

comparisons of covariate-adjusted median survival times across salinity treatments 

among those treatments in which survival probabilities fell below 0.5 (50%) over the 

28-d exposure period.  Comparisons of size-adjusted median survival times across 
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treatments were implemented by testing the null hypothesis (H0) of no treatment effect 

using the Wald statistic (W), which has an approximate chi-square distribution under 

H0.  Large values of W provide evidence against the H0.  Type I error was controlled 

using the Scheffế method for an experimentwise error rate of α = 0.05.  Details of the 

DLFTM procedure are described by Hicks et al. (2000).   

Size adjusted LD50 and LD99 values (i.e., estimated lethal acidic and basic pH for 

50% and 99% sample mortality) and their standard errors were computed using Logistic 

Regression Analysis (Finney, 1971; Hicks et al.., 2000) for each successive 24 h 

observation period over the 672 h (28-d) duration of the experiment. 

3.3 Results  

The raw cumulative percent mortality data for the acidic pH tolerance 

experiment of P. insularum (Table 3.1) indicated that 100% sample mortality occurred 

in pH treatments of 2.0, 2.5 and 3.0.  Complete sample mortality was achieved in 4 days 

at a pH of 2.0, in 6 days at a pH of 2.5 and in thirteen days at a pH of 3.0.  The raw data 

also revealed that there was 80% cumulative mortality of the snails exposed to a pH of 

3.5 at the end of the 28-d exposure period. The pH treatments of 4.0 – 7.0 didn’t appear 

lethal within the 28-d exposure period, with raw cumulative percent subsample 

mortality ranging from 6.7 to 26.7% (Table 3.1).   
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Table 3.1 Raw percent mortality versus days of exposure (28 days total) for subsamples 
(n = 15) of the freshwater prosobranch snail, Pomacea 

 insularum, exposed to acidic media with  
pH ranging from 2.0 – 7.0. 

 
Percent Subsample  Mortality 

Days 
pH 
 2 

pH 
2.5 

pH 
3.0 

pH 
3.5 

pH 
4 

pH 
4.5 

pH 
5 

pH 
5.5 

pH 
6 

pH 
6.5 

pH 
7 

1 0 6.7 6.7 0 0 0 0 0 0 0 0 
2 46.7 20.0 6.7 6.7 0 0 0 0 0 0 0 
3 86.7 33.3 26.7 40.0 0 0 0 0 0 0 0 
4 100.0 86.7 26.7 60.0 13.3 0 0 0 0 0 0 
5   93.3 80.0 73.3 13.3 0 0 0 0 0 0 
6   100.0 93.3 73.3 13.3 0 0 0 0 0 0 
7     93.3 73.3 13.3 0 0 0 0 0 0 
8     93.33 80.0 13.3 0 0 0 0 0 0 
9     93.33 80.0 13.3 0 0 0 0 0 0 

10     93.33 80.0 13.3 0 0 0 0 0 0 
11     93.3 80.0 13.3 0 6.7 0 0 0 0 
12     93.3 80.0 13.3 0 6.7 0 0 0 0 
13     100.0 80.0 13.3 0 6.7 0 0 0 0 
14       80.0 13.3 0 13.3 0 0 0 0 
15       80.0 20.0 0 13.3 0 6.7 6.7 0 
16       80.0 20.0 0 13.3 0 6.7 6.7 6.7 
17       80.0 20.0 0 13.3 0 6.7 6.7 6.7 
18       80.0 20.0 0 20.0 0 13.3 6.7 6.7 
19       80.0 20.0 6.7 20.0 0 13.3 6.7 6.7 
20       80.0 20.0 6.7 20.0 0 13.3 6.7 6.7 
21       80.0 20.0 6.7 20.0 0 13.3 6.7 6.7 
22       80.0 20.0 6.7 20.0 0 13.3 6.7 6.7 
23       80.0 20.0 6.7 20.0 0 13.3 6.7 6.7 
24       80.0 20.0 6.7 20.0 0 13.3 13.3 6.7 
25       80.0 20.0 6.7 20.0 0 13.3 13.3 6.7 
26       80.0 20.0 6.7 20.0 0 13.3 13.3 6.7 
27       80.0 20.0 6.7 20.0 0 13.3 13.3 6.7 
28       80.0 20.0 6.7 26.7 6.7 13.3 13.3 6.7 
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Table 3.2 Raw percent mortality versus days of exposure (28 days total) for subsamples 
(n = 20) of the freshwater prosobranch snail, Pomacea 

 insularum, exposed to alkaline media with  
pH ranging from 7.0 – 12.5. 

 
Percent  Subsample Mortality 

Day 
pH 
7.0 

pH  
8.0 

pH 
9.0 

pH  
10.0 

pH 
10.5 

pH 
11.0 

pH 
11.5 

pH 
12.0 

PH 
12.5 

1 0 0 0 0 0 0 0 0 60 
2 0 0 0 0 0 0 0 0 100 
3 0 0 0 0 0 10 0 0  
4 0 0 0 0 0 20 15 25  
5 0 0 5 0 0 35 30 45  
6 0 0 5 0 0 65 50 65  
7 0 0 5 0 0 75 65 80  
8 0 0 5 0 0 75 75 85  
9 0 0 5 0 0 90 75 95  
10 0 0 5 0 0 90 80 95  
11 0 0 5 0 0 90 80 95  
12 0 0 5 5 10 90 95 100  
13 0 0 5 5 15 95 95   
14 0 0 5 5 15 100 95   
15 0 0 5 5 30  95   
16 0 0 5 10 45  95   
17 0 0 5 10 45  100   
18 0 0 5 15 65     
19 0 0 5 20 65     
20 0 0 5 25 80     
21 0 0 5 25 90     
22 0 0 5 25 100     
23 0 0 5 30      
24 0 0 5 30      
25 0 0 5 30      
26 0 0 5 30      
27 0 0 5 30      
28 0 0 5 30      
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Figure 3.2 Survival probabilities (vertical axis) for Texas specimens of Pomacea 
insularum exposed to pH varying from 2.0-7.0 (solid crosses = 2.0, solid circle = 2.5, 
open triangles = 3.0, solid triangles = 3.5, open squares = 4.0, solid squares = 4.5, open 
inverted triangles = 5.0, solid inverted triangles = 5.5, open diamonds = 6.0, solid 
diamonds = 6.5 and open circles = 7.0) estimated using the Discrete Logistic Failure 
Time Model (DLFTM), adjusted to shell lengths in the 25th, 50th and 75th quantiles for a 
28-day exposure period (horizontal axis).  A) Model adjusted to a shell length of 28.2 
mm (25th quantile of shell length).  B) Model adjusted to a shell length of 42.8 mm (50th 
quantile of shell length). C) Model adjusted to a shell length of 48.2 mm (75 
th quantile of shell length).  
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The raw cumulative percent mortality data for the basic pH tolerance experiment 

showed that 100% sample mortality was obtained at treatment pH ranging from 10.5 – 

12.5 (Table 3.2).  At pH of 12.5, 100% subsample mortality was achieved within 2 

days.  100% subsample mortality was achieved within 22, 14, 17 and 12 days at 

treatment pH of 10.5, 11.0, 11.5 and 12.0, respectively (Table 3.2).   Values of pH 

ranging from 7.0-10.0 were not lethal to specimens of P. insularum.  Cumulative 

percent subsample mortality for these treatments ranged from 0-30% during the 28-d 

course of the experiment, with snail subsamples at pH 7.0 and 8.0 exhibiting no 

mortality while subsample mortalities of 5% and 30% where recorded at pH 9.0 and 

10.0, respectively (Table 3.2). 

The most parsimonious DLFTM survivorship model obtained from data for 

acidic pH tolerance, was one in which survival time depended only on the treatment 

term (pH), a quadratic treatment term (pH²) and individual size (SL).  Across all acidic 

pH treatments, size measured as SL had a significant (p <0.05) impact on survivorship 

with smaller individuals displaying a lower probability of survivorship than larger 

individuals in any pH treatment (Figure 3.2A-B).  Since SL significantly affected 

survival time, the survival times were adjusted to the SL values in the 25th (SL = 28.2 

mm), 50th (SL = 42.8 mm) and the 75th (SL = 48.2 mm) quantiles (Figure 3.2A–C).  The 

model revealed that acidic pH treatments ranging from 4.0-7.0 appeared to be non-lethal 

to specimens of P. insularum with an estimated probability of survival at pH 4.0 being 

0.36 (s.e. = ±0.09) for the 25th quantile, 0.58 (s.e. = ±0.07) for the 50th quantile and 0.64 

(s.e. = ±0.07) for the 75th quantile at the end of the 28-d exposure period (Fig 3.2A-C).  
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In the pH 4.5-7.0 treatments, survivorship increased with increasing pH, ranging from 

0.63 (s.e. = ±0.07) at pH 4.5 to 0.90 (s.e. = ±0.06) at pH 7.0 for the 25th quantile.  

Corresponding survivorship ranges for the 50th quantile were 0.78 (s.e. = ±0.05) at pH 

4.5 to 0.95 (s.e. = ±0.04) at pH 7.0 and for the 75th quantile, 0.82 (s.e. = ±0.04) at pH 

4.5 to 0.96 (s.e. = ±0.03) at pH 7.0 (Figure 3.2A-C).  Values of pH ranging from 2.0 – 

3.5 appeared to be lethal to specimens of P. insularum, with the estimated survival 

probabilities for individuals in the 25th quantile (SL = 28.2 mm) declining to 0.05 (s.e. = 

±0.03) on day 3 at pH 2.0, 0.09 (s.e. = ±0.01) on day 4 at pH 2.5, 0.09 (s.e. = ±0.05) on 

day 6 at pH 3.0 and 0.08 (s.e. = ±0.05) on day 28 at pH 3.5 (Figure 3.2A).  For 

individuals in the 50th quantile (SL = 42.8 mm) survival probabilities declined to 0.02 

(s.e. = ±0.01) by day 4 at pH 2.0, to 0.02 (s.e. = ±0.01) on day 7 at pH 2.5, to 0.08 (s.e. 

= ±0.04) on day 15 at pH 3.0 and to 0.25 (s.e. = ±0.07) on day 28 at pH 3.5 (Figure 

3.2B).  Similarly, survival probabilities for individuals in the 75th quantile (SL = 48.2 

mm) declined to 0.03 (s.e. = ±0.02) on day 4 at pH 2.0, to 0.04 (s.e. = ±0.02) on day 6 at 

pH 2.5, to 0.08 (s.e. = ±0.05) on day 18 at pH 3.0 and to 0.32 (s.e. = ±0.08) on day 28 at 

pH 3.5 (Figure 3.2C). 

 The most parsimonious DLFTM survivorship model for data from the basic pH 

tolerance experiment was one in which the probability of survival depended on pH 

treatment, individual size (SL) and an interaction between treatment and SL.  Similar to 

low pH tolerance determinations, smaller individuals were less tolerant of elevated 

basic pH than larger individuals at pH treatments ranging from 10-11 (Figure 3.2A-C).  

Thus, as in the analysis of survivorship in acidic pH, survivorship estimates were 
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adjusted at the 25th (SL = 32.6 mm), 50th (SL = 38.0 mm) and the 75th (SL = 43.5 mm) 

quantiles.  Treatment pH ≥ 11.0 appeared to be lethal to the specimens of P. insularum.  

Estimated survivorship values declined to 0.02 (s.e. = ±0.01) in the 25th quantile on day 

23 of exposure in pH 11.0. Corresponding survivorship values at on day 23 to pH 11.0 

for the 50th quantile were 0.03 (s.e. = ±0.01) and for the 75th quantile, 0.03 (s.e. = ±0.01) 

(Figure 3.3A-C).  A pH of 10.5 was lethal only to individuals in the 25th quantile with 

estimated survival probabilities declining to 0.09 (s.e. = ±0.04) on day 28 of exposure 

(Figure 3.3A).  The model revealed that basic pH treatments ranging from 7.0-10 

appeared to be non-lethal to specimens of P. insularum with an estimated probability of 

survival at pH 10 being 0.33 (s.e. ± 0.01) for the 25th quantile, 0.54 (s.e. = ±0.09) for the 

50th quantile and 0.55 (s.e. = ±0.10) for the 75th quantile at the end of the 28-d exposure 

period (Fig 3.3A-C).  In the pH 7.0-9.0 treatments, survivorship increased with 

decreasing pH, ranging from 0.92 (s.e. = ±0.06) at pH 9.0 to 1.00 (s.e. = >0.001) at pH 

7.0 for the 25th quantile.  Corresponding survivorship ranges for the 50th quantile were 

0.98 (s.e. = ±0.01) at pH 9.0 to 1.00 (s.e. = >0.001) at pH 7.0 and for the 75th quantile, 

0.98 (s.e. = ±0.01) at pH 9.0 to 1.00 (s.e. = >0.001) at pH 7.0 (Figure 3.2A-C).   
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Figure 3.3 Survival probabilities (vertical axis) for Texas specimens of Pomacea 
insularum exposed to pH varying from 7.0-12.5 (open circles = 7.0, open triangles = 
8.0, open squares = 9.0, solid circles = 10.0, solid triangles = 10.5, solid squares = 11.0, 
open inverted triangles = 11.5, solid inverted triangles = 12.0 and open diamonds = 
12.5) estimated using the Discrete Logistic Failure Time Model (DLFTM), adjusted to 
shell lengths in the 25th, 50th and 75th quantiles for a 28-day exposure period (horizontal 
axis). A) Model adjusted to a shell length of 32.6 mm (25th quantile of shell length).  B) 
Model adjusted to a shell length of 38.0 mm (50th quantile of shell length). C) Model 
adjusted to a shell length of 43.5 mm (75th quantile of shell length).  
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Figure 3.4 Values of LT50 (i.e., median 50% sample mortality times) in hours (vertical 
axis) for Texas specimens of Pomacea insularum exposed to pH varying from 2.0-12.5 
(horizontal axis) over a 28-day exposure period estimated using the Discrete Logistic 
Failure Time Model (DLFTM) at shell lengths in the 25th 50th and 75th quantiles shown 
by the open bars, shaded bars and the solid bars respectively.  Vertical lines about bars 
represent standard errors of the estimates.  Where error bars are not apparent, they are 
not as wide as the point with which they were associated. A) Lt50 values obtained from 
lethal acidic treatments adjusted for shell lengths in the 25th (28.2 mm), 50th (42.8 mm) 
and 75th (48.2 mm) quantiles.  B) Lt50 values obtained from lethal basic treatments 
adjusted for shell lengths in the 25th (32.6 mm), 50th (38.0 mm) and 75th (43.5 mm) 
quantiles. 
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 Low pH LT50 values estimated by DFLTM analysis were approximately 41.5 h 

(s.e. = ±4.5), 50.3 h (s.e. = ±5.3) and 53.3 h (s.e. = ±4.7) at pH 2, 61.0 (s.e. = ±3.8), 70.4 

h (s.e. = ±4.9) and 75.2 h (s.e. = ±7.0) at pH 2.5, 86.5 h (s.e. = ±7.6), 103.7 h (s.e. = 

±5.2) and 108.76 h (s.e. = ±5.4) at pH 3.0 and were 115.9 h (s.e. = ±7.7), 310.4 h (s.e. = 

±68.9) and 349.02 h (s.e. = ±26.5) at pH 3.5 for the 25th, 50th and 75th quantiles, 

respectively (Figure 3.4A).  An LT50 value of 364.6 h (s.e. = ±93.6) at pH 4.0 was 

estimated for individuals in the 25th quantile (Figure 3.4A).  LT50 could not be estimated 

for other pH treatments ranging between 4.0 and 7.0 because the required 50% sample 

mortality was not achieved.  LT50 values were consistently lowest in the 25th quantile 

and highest in the 75th quantile (Figure 3.4A).  Scheffé Pair-wise comparison testing 

revealed that LT50
 values were significantly different from each other within all three 

quantiles across lethal acidic pH treatments, which were significantly different from one 

another, except for treatments 3.5 and 4.0 for the 25th quantile which were not 

significantly different from each other (p >0.05) (Figure 3.4A). 

 Values of LT50 were estimated by DLFTM for subsamples in basic treatments 

experiencing greater than 50% mortality.  Basic pH was lethal within 10.5 – 12.5 for 

individuals in all three size quantiles with time to death decreasing with increasing pH.  

Thus, within this pH range, LT50 values for the 25th (SL = 28.3 mm), 50th (SL = 42.8 

mm) and 75th (SL = 48.2mm) quantiles, respectively, were: 352. 9 h (s.e. = ±31.6), 

409.9 h (s.e. = ±14.2), and 423.5 h (s.e. = ±16.8) at pH 10.5; 207.5 h (s.e. = ±20.2), 

247.7 h (s.e. = ±17.4) and 258.3 h (s.e. = ±18.4) at pH 11.0; 129.9 h (s.e. = ±9.3), 132.8 

h (s.e. = ±6.6) and 134.2 h (s.e. = ±7.6) at pH 11.5; 87.2 h (s.e. = ±8.9), 83.9 h (s.e. = 
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±5.9) and 82.4 h (s.e. = ±7.4) at pH 12.0; and 35.9 h (s.e. = ±9.3), 28.2 h (s.e. = ±7.3) 

and 24.4 h (s.e. = ±10.2) at pH 12.5 (Figure 3.4B).  50% mortality also occurred among 

individuals in the 25th quantile at pH = 10.0 allowing computation of an estimated LT50 

value for this group of 477.8 h (s.e. = ±93.6) at this pH (Figure 3.4B).  LT50 values 

could not be estimated for pH treatments ranging between 7.0 and 10.0 because 50% 

sample mortality was not achieved.  In each of the three quantile groups, LT50 values 

decreased with increasing pH across tested lethal pH levels of 10-12.5 with Scheffé 

pair-wise comparison testing indicating that all pH treatment LT50 values were 

significantly different (p < 0.05) from each other (Figure 3.4B).   

 The pattern of LT50 estimates among quantiles within both low and high pH 

treatments indicated that the most pronounced size effects on time to death occurred at 

the least lethal treatments (i.e., pH = 3.5, 10.5 and 11.0) (Figs. 3.4 A and B).  In 

contrast, at pH < 3.5 and > 11.0, LT50 values for all three quantiles were essentially 

similar within any one treatment, suggesting that the lethal impacts of exposure to 

extremely high or low pH were independent of size (Figure 3.4A and B)    

 The lethal pH required to kill 50% or 99% of subsample individuals (LD50 or 

LD99) was estimated for subsamples exposed to low pH treatments with Logistic 

Regression Analysis.  Values of LD50 and LD99 decreased slightly with increasing 

quantile SL (Figure 3.5A-C) suggesting that smaller individuals were less tolerant of 

acidic media than larger individuals.  In the low pH treatments, LD50 values for the 25th 

(SL = 28.2 mm), 50th (SL = 42.8 mm) and 75th (SL = 48.2 mm) quantiles, respectively, 

were pH values of 2.23 (s.e. = ±0.23), 1.62  (s.e. = ±0.28) and 1.62 (s.e. = ±0.44) after 2 
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days of exposure, pH values of 3.44 (s.e. = ±0.19), 3.01 (s.e. = ±0.13) and 2.87 (s.e. = 

±0.14) after 4 days of exposure , and 3.88 (s.e. = ±0.08), 3.66 (s.e. = ±0.07) and 3.55 

(s.e. = ±0.07) after 6 days of exposure (Figs. 3.5A – C).  Beyond day 10 of exposure, 

estimated LD50 values anomalously decreased with increasing exposure duration due to 

100% subsample mortality occurring within 13 days at pH 2.0-3.0 and mortality not 

occurring in pH treatments ranging from 4.5-7.0 until after 11 d of exposure (Table 3.1).  

The delayed mortality in the pH 4.5-7.0 treatments resulted in reduction of the slope of 

the percent mortality versus pH treatment Logistic Regression curves used to estimate 

LD50 in the latter stages of the exposure period which resulted in the somewhat elevated 

LD50 values estimated after 10 days of exposure (Figure 3.5. A-C).  Thus, at the end of 

the 28-d exposure period, LD50 values for the 25th, 50th, and 75th quantiles were pH 

values of 4.27 (s.e. = ±0.18), 3.84 (s.e. = ±0.12), and 3.75 (s.e. = ±0.13), respectively 

(Figure 3.5 A-C).  Values of LD50 could not be estimated for day 1 of exposure due to 

limited subsample mortality (Table 3.1).   
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Figure 3.5 Values of LD50 and LD99 (i.e., lethal pH values for 50% and 99% subsample 
mortality) (vertical axis) estimated for Texas specimens of Pomacea insularum exposed 
to acidic pH varying from 2.0-7.0 over a 28-day exposure period (horizontal axis) 
estimated using Logistic Regression, adjusted to shell lengths in the 25th, 50th and 75th 
quantiles.  The lines with open circles represent LD50 values and those with the open 
triangles represent the LD99 values.  Vertical lines above and below the circles and 
triangles represent the standard errors of the estimates.  A) Estimates obtained at a shell 
length of 28.2 mm (25th quantile of shell length).  B) Estimates obtained at a shell 
length of 42.8 mm (50th quantile of shell length). C) Estimates obtained at a shell length 
of 48.2 mm (75th quantile of shell length).  
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Figure 3.6 Values of LD50 and LD99 (i.e., lethal pH values for 50% and 99% subsample 
mortality) (vertical axis) estimated for Texas specimens of Pomacea insularum exposed 
to basic pH varying from 7.0-12.5 over a 28-day exposure period (horizontal axis) 
estimated using Logistic Regression, adjusted to shell lengths in the 25th, 50th and 75th 
quantiles.  Lines with open circles represent LD50 estimates and those with open 
triangles, LD99 estimates.  Vertical lines above and below the circles and triangles 
represent the standard errors of the estimates.  A) Estimates obtained at a shell length of 
32.6 mm (25th quantile of shell length).  B) Estimates obtained at a shell length of 38.0 
mm (50th quantile of shell length). C) Estimates obtained at a shell length of 43.5 mm 
(75th quantile of shell length).  
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 Values of LD99 could not be estimated for days 1, 2 and 3 of exposure due to 

limited subsample mortality (Table 3.1).  Estimated LD99 values for the 25th (SL = 28.2 

mm) 50th (SL = 42.8 mm) and 75th (SL = 48.2 mm) quantiles, respectively, were pH 

values of 1.46 (s.e. = ±0.51), 1.09 (s.e. = ±0.40) and 0.97 (s.e. = ±0.49) after 4 days of 

exposure and pH values of 3.33 (s.e. = ±0.22), 3.05 (s.e. = ±0.19) and 2.96 (s.e. = 

±0.18) after 6 days of exposure (Figs 3.5A-C).  After six days of exposure, LD99 values 

showed little further change in all three quantiles over the rest of the 28-d exposure 

period (Figs. 3.5A-C). Thus, at the end of the 28-d exposure period, LD99 values for the 

25th, 50th, and 75th quantiles were pH values of 1.69 (s.e. = ±0.57), 2.08 (s.e. = ±0.32), 

and 2.13 (s.e. = ±0.33), respectively (Figure 3.5 A-C).  The lack of change in LD99 

values over days 7-28 of exposure was related to lack of further subsample mortality at 

all tested low pH levels during this period (Table 3.1). 

 As estimated by Logistic Regression analysis, values of LD50 on exposure to 

toxic levels of basic pH were very similar among the three size quantiles throughout the 

28-day exposure period (Figs. 3.6A-C).  After 24 h of exposure to basic pH treatments, 

LD50 pH values for the 25th (SL = 32.6 mm), 50th (SL = 38.0 mm) and 75th (SL = 43.5 

mm) quantiles were 12.48 (s.e. = ±0.04), 12.46 (s.e. = ±0.05) and 12.43 (s.e. = ±0.08), 

respectively (Figs. 3.6A-C).  LD50 values progressively declined over the 28-d exposure 

period.  At two days exposure, LD50 values for the 25th (SL = 32.6 mm), 50th (SL = 38.0 

mm) and 75th (SL = 43.5 mm) quantiles, were 12.24 (s.e. = ±0.15), 12.24 (s.e. = ±0.13) 

and 12.42 (s.e. = ±0.16) respectively.  Thereafter, they were, respectively, pH values of 

11.99 (s.e. = ±0.11), 11.98 (s.e. = ±0.10) and 11.97 (s.e. = ±0.14) after 4 days, 11.35(s.e. 
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= ±0.14), 11.34 (s.e. = ±0.15) and 11.32 (s.e. = ±0.15) after 6 days and 11.07 (s.e. = 

±0.12), 11.03 (s.e. = ±0.09) and 10.93 (s.e. = ±0.12) after 8 days of exposure (Figs. 

3.5A-C).  Beyond day 10 of exposure, estimated LD50 values continued to progressively 

decline with time to values of 9.92 (s.e. = ±0.11), 10.10 (s.e. = ±0.07) and 10.23 (s.e. = 

±0.09) for the 25th, 50th and 75th quantiles, respectively (Figure 3.6A-C). 

 Values of LD99 on exposure to media of lethal basic pH anomalously increased 

with increase in time among 25th, 50th and 75th quantiles between day 1 and day 5 of 

exposure.   Estimated LD99 values for the 25th (SL = 32.6 mm) 50th (SL = 38.0 mm) and 

75th (SL = 43.5 mm) quantiles, respectively, were pH values of 12.83 (s.e. = ±0.34), 

12.80 (s.e. = ±0.23) and 12.76 (s.e. = ±0.25) after 1 day of exposure, 13.12 (s.e. = 

±0.25), 12.99 (s.e. = ±0.21) and 12.45 (s.e. = ±0.24) after 3 days of exposure and 13.84 

(s.e. = ±0.48), 14.02 (s.e. = ±0.45) and 14.21 (s.e. = ±0.66) after 5 days of exposure 

(Figs 3.5A-C).  These data indicated that lethal impacts of elevated media pH were 

relatively independent of size in the early stages of exposure.  Onset of mortality only 

after 3 days of exposure in the pH 11.0-12.0 treatments (Table 3.2) resulted in reduction 

of the slope of the percent mortality versus pH treatment Logistic Regression curves 

used to estimate LD99 on days 3-10 of exposure leading to the somewhat anomalously 

elevated LD99 values estimated during this period (Figure 3.6. A-C).  From days 10-28, 

LD90 values progressively declined with increasing exposure time such that, at the end 

of the 28-d exposure period, LD99 values were 10.79 (s.e. = ±0.24), 10.82 (s.e. = ±0.19) 

and 10.84 (s.e. = ±0.21) for animals in 25th, 50th and 75th quantiles respectively (Figure 

3.6 A-C).  The relatively lower LD99 (pH = 10.79) after 28 days of exposure of the 25th 
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quantile (SL = 32.6 mm) relative to those of the 50th (SL = 38.0 mm, LD50 = 10.82, s.e. 

= ±0.19) and 75th (SL = 43.5 mm, LD50 = 10.84, s.e. = ±0.21) quantiles suggested that 

smaller individuals of P. insularum had lower incipient tolerance limits for elevated pH 

than did larger individuals. 

3.4 Discussion 

 Molluscs, particularly gastropods, are regarded as among the groups of aquatic 

organisms most sensitive to acidification because of the impacts of low pH on their 

ability to secrete and maintain their calcareous shells (Berezina, 2001; Økland, 1992).  

Thus, they are poorly represented in acidic aquatic habitats in terms of abundance, 

biomass and diversity (Mackie, 1987; Mckillop and Harrison, 1972).  However, 

incipient acidic pH limits vary with species among gastropod species (Mackie, 1987).  

It has been reported that under natural conditions, pH below 5.2-6.0 is unfavorable for 

molluscs with few species occurring in acidic waters of pH less than 5.0-5.2 (Berezina, 

2001).    

 The published values of pH tolerance for freshwater gastropods are almost 

entirely based on presence-absence data in natural aquatic habitats (Mackie, 1987; 

Økland, 1992; Prescott and Curteanu 2004).  There are no detailed experimental 

determinations of the pH tolerance of freshwater gastropods such as described in this 

chapter.  In one laboratory study, the survivorship of 40 species of freshwater 

invertebrates including seven species of molluscs was assessed in media with pH of 3.0, 

4.5, 6.0, 9.0 and 11.0.  The reported results indicated that the tested species tolerated a 
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pH range of 6.0-9.0, with the low pH tolerance of one gastropod species, the 

prosobranch, Bithynia tentaculata being 4.5 (Berezina, 2001). 

 The 96 h (4 days) acidic LD50 pH value for P. insularum was between 2.9-3.4, 

with lower pH needed to kill bigger individuals.  This value is similar to the 96 h LD50 

pH values of freshwater, prosobranch, Valvata tricarinata (LD50 =3.5) and freshwater 

sphariid clam, Sphaerium stratinum (LD50 = 3.5), (Mackie, 1987).  The acidic pH 

tolerance of P. insularum is also comparable to that of the freshwater prosobranch, 

Bithynia tentaculata, which under experimental conditions has been known to tolerate a 

pH as low as 4.0 for 96 h and can survive for more than 60 days in a pH range of 6.0 – 

11.0 (Berezina, 2001).  The 96 h acidic LD50 of P insularum which ranged from 2.9 – 

3.4 (Figure 3.5A-C) as per this study is comparable to those of the freshwater spharriid 

bivalve, Pisidium casertanum and the freshwater prosobranch, Amnicola limosa which 

were approximately pH 3.0 and 3.5, respectively (Mackie 1987). 

A study by Prescott and Curteanu in 2004 in the Central Parkland subregion of 

Alberta, Canada, examined the pH tolerance limits of 27 aquatic gastropods.  This study 

revealed that some species such as the prosobranch, Valvata tricarinata, were found in 

aquatic habitats with pH ranging from 8.1 – 10.0, averaging at a pH of 9.1. This species 

appears to have a basic pH tolerance similar to that of P.insularum, which did well in 

pH ranging from near neutral to 10.0 (Figure 3.3 A-C).  Another species in the study 

that exhibited a high pH tolerance similar to that of P. insularum was the pulmonate, 

Lymnaea stagnalis appressa, which inhabited water bodies whose pH ranged from 7.0-
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10.7, with a mean pH of 8.8.  This species had a wider pH tolerance than Valvata 

tricarinata (Prescott and Curteanu, 2004).  

The pH tolerance data developed in this study for Texas specimens of P. 

insularum are of particular importance in regard to predicting the invasion risk of this 

species in freshwater bodies and wetland ecosystems.  Since the members of this 

species also potentially pose a threat to rice agriculture in southeastern Texas and the 

southeastern United States, it is imperative to know whether they can thrive under the 

pH conditions typically observed in rice fields.  The pH in rice fields can fluctuate 

between pH 2.7-10.3 (Kim, 1996).  Since the pH tolerance range of P. insularum 

without mortality at 4.0-10.5 is similar to that of cultivated rice, this species is likely to 

be capable of invading the majority of wetland rice cultivation systems of the 

southeastern US as it has done in the southeastern counties of Texas (Howells and 

Smith, 2002).  The degree of damage that P. insularum will inflict on rice agriculture in 

the United States remains to be seen (Howells and Smith, 2002). 
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CHAPTER 4 

THERMAL TOLERANCE 

 

4.1 Introduction 

Temperature is an important factor in determining the distribution of an animal 

species in aquatic environments (Prosser and Heath, 1991).  The distributions of 

organisms have been correlated with maximum, minimum and mean ambient 

temperatures and also with the constancy of temperature.  It has been found that 

environments with greater fluctuations and inconsistency in ambient temperature tend to 

be more diverse (Prosser and Heath, 1991).  Temperature also influences important 

biological functions in freshwater gastropods such as respiration, reproduction and 

growth (Brown, 2001).  

Most freshwater prosobranchs tend to inhabit deeper areas of freshwater habitats 

such as lakes and rivers that are subject to less extreme diurnal and seasonal 

temperature variation compared to the shallow water habitats preferred by freshwater 

pulmonates (McMahon, 1983).  Thus, most freshwater prosobranchs have narrower 

temperature tolerance ranges than freshwater pulmonates (Brown, 2001) as they are 

usually not subject to wide variations in habitat temperature.  However, some 

prosobranch species, such as the ampullarid snail, Pomacea insularum, tend to inhabit 

shallow freshwater habitats such as slow moving streams, canals, bayous, and marshes 
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(Perera and Walls, 1996; Miyahara et alet al., 1986), that can be  characterized by wide 

diurnal ambient temperature fluctuations (McMahon, 1983).  

 Freshwater ectothermic organisms have a wide variety of behavioral and 

physiological adaptations to diurnal and seasonal temperature fluctuations (Prosser and 

Heath, 1991), including freshwater gastropods (Aldridge, 1983; McMahon, 1983).  

Thermal resistance adaptations center on whole-animal survival limits and can be 

described as the range of tolerated temperatures, under a specific set of conditions.  The 

extent of thermal resistance adaptation can be determined by measuring the temperature 

tolerance of individuals acclimated to a range of temperatures representative of the 

ambient temperature range experienced in their natural habitats (McMahon, 1983).   

Molluscs that inhabit temperate climatic regions tend to be eurythermal (i.e., 

wide range of temperature tolerance) as they are exposed to a wide range of 

temperatures when compared to the tropical and sub- tropical molluscs, such as 

members of the genus Pomacea, which tend to be stenothermal (i.e., narrow range of 

temperature tolerance) characterized by poorer tolerance of low temperatures than 

temperate species (Segal, 1961). Temperature is one of the most important abiotic 

factors in a freshwater environment and many prosobranch snails show distinct 

temperature preferences and such that tolerance to temperature extremes is both intra- 

and interspecifically variable (Ross and Ultsch, 1980; van der Schalie and Getz, 1963).  

Aquatic snails in order to cope with physiological stress induced by temperature 

fluctuation must either be able to acclimate or tolerate such conditions (Aldridge, 1983).   

Since molluscs do not have the ability to regulate their body temperature, most of the 
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compensation required to cope with environmental temperature change is by means of 

acclimation (Segal, 1961).  Acclimation is a type of capacity adaptation to temperature, 

whereby an organism is able to actively compensate its temperature tolerance limits 

with respect to intermediate to long-term fluctuations in environmental temperature 

allowing individuals to tolerate seasonal temperature extremes (McMahon, 1983; Precht 

et al., 1973).   Most studies of metabolic temperature acclimation in freshwater 

gastropods have been carried out on temperate, eurythermal species with less 

information available for tropical and sub- tropical stenothermal species (Segal, 1961) 

and there has been no published data on the impacts of temperature acclimation on the 

thermal tolerance limits of any pomacean snail species.   

Ampullariid snails belonging to the genera Marisa (a South American genus), 

Pila (a genus indigenous to Africa and Asia) and Pomacea (native to South America) 

are herbivorous, feeding extensively on aquatic macrophytes (Perera and Walls, 1996).  

Members of Pomacea and Pila have been known to have strong preferences for 

economically important crops such as rice and taro (Halwart, 1994; Cowie, 1993; Hue 

et alet al., 1997; Howells, 2001; Cowie, 2002).  Marisa cornuarietis, feeds voraciously 

on aquatic macrophytes without any selectivity (Perera and Walls, 1996).  Unlike most 

freshwater prosobranch snails that are either scavengers or consume microscopic 

phytoplankton and zooplankton (Aldridge, 1983), invasive ampullariids, such as 

members of the genus Pomacea, which feed almost exclusively on macrophytic 

vegetation, pose ecological threats to natural aquatic habitats and to wetland agriculture 

of economically important crops such as rice and taro.  Their capacity to extirpate 
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macrophytes from aquatic ecosystems could lead to severe reductions in plant and 

animal biodiversity and in water quality (Carlsson, 2006). 

Pomacea insularum, along with some other pomacean species such as P. 

canaliculata and P. bridgesi that are native to tropical and sub-tropical South American 

freshwater habitats, were initially intentionally introduced to south and southeast Asia 

as an aquaculture food source and more recently into mainland United States and 

Hawaii as an aquaculture food source, through the aquarium pet trade and for biological 

aquatic weed control (Cowie, 2002).  In the continental United States, members of this 

genus have become established in the freshwaters of Florida (1989), North Carolina 

(1992) and southern California (1997) (Howells, 2001; USGS, 2006).  

Established populations of the Texas apple snail, P. insularum, have been 

reported since 1989 or 1990, in Harris County, Texas (Neck and Schultz, 1992).  On 

July 2000, reproducing populations of P. insularum were confirmed by the Texas Parks 

and Wildlife Department (TPW) personnel to have invaded and become established in 

the American Canal and Mustang Bayou of Brazoria and Galveston counties, between 

Houston and Alvin in southeastern Texas (Howells, 2001).  A population was also 

reported at one location in Tarrant County near Fort Worth in 2001 (Howells and Smith, 

2002), but recent field investigations have revealed it to have been extirpated, perhaps 

as a result of lethally low winter water temperatures (Britton and McMahon, 

unpublished).  Members of this species were dispersed even more widely in Texas due 

to Tropical Storm Allison which resulted in the flooding of much of Southeastern Texas 

in June 2001. In the summer of 2002, soon after this flooding event, apple snails were 
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reported in rice fields in Galveston and Brazoria counties, followed by additional 

reports of these snails having spread to Fort Bend County by late 2002 (Howells and 

Smith, 2002).   

As a result of the large scale agricultural damage associated with pomacean 

snails such as P. canaliculata in the Indo-Pacific region and Hawaii, the U.S 

Department of Agriculture (USDA) has been particularly concerned about the presence 

of apple snails in southeast Texas, where rice production generates a billion dollars 

annually. The USDA prepared an agricultural risk analysis for pomacean snails which 

lead to the banning of importation of all the members of the family into the United 

States except P. bridgesi. The Texas Parks and Wildlife Department has also displayed 

concern regarding the snail populations in the state.  In April 2001, this agency added 

them to a list of banned harmful and potentially harmful exotic shellfish species which 

cannot be imported into Texas.  In spite of the potential threat that P. insularum poses 

as an agricultural pest on crops such as rice and other wetland macrophytes, nothing is 

known about theimportant physiological limits of this species, including its thermal 

tolerance that will provide valuable information forfor estimatinging  its eventual 

distribution in North American freshwater and wetland habitats.  

In this study I report the results of anthe investigation of the thermal tolerance 

limits of Texan specimens of P. insularum spanning a broad age and size range.  The 

acute upper thermal tolerance limits and chronic upper thermal and lower thermal 

tolerance limits of this species were determined.  The effects of temperature acclimation 

on the acute and chronic upper thermal tolerance limits of specimens of P. insularum 
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were also investigated.  The information obtained was utilized to predict eventual 

dispersal of this species in the freshwater and wetland habitats of Texas and North 

America. 

4.2 Methods 

4.2.1 Test Organisms-Pomacea insularum 

4.2.1.1 Collection, Culture and Specimen Maintenance 

Juvenile and adult specimens of P. Insularum and egg masses were collected on 

August 1, 2005 from several sites, depending on population size and availability, in the 

greater Houston area (i.e., Brazoria County, TX).  Collected specimens were transported 

to the laboratory on the day of collection, in a large cooler filled with water from the 

collection sites.  Snail specimens were also collected by colleagues at Steven F. Austin 

University from a rice field close to the town of Rosharon, in Brazoria County, Texas, 

and shipped wrapped in moist paper toweling in insulated containers cooled with 

artificial ice packets, overnight to Arlington.  

Adults were maintained in large, 250 L holding tanks in dechlorinated, 

constantly aerated, City of Arlington tap water held in an aquatic holding room at a 

constant temperature of 25°C.  A temperature of 25°C is considered optimal for 

oviposition and growth in artificially cultured pomacean snails (Estebenet and 

Cazzaniga, 1992).  Each holding tank had a large biofilter to maintain water quality.  A 

100 W light bulb provided constant illumination, reported to facilitate breeding and 

oviposition (Estebenet and Cazzaniga, 1998; Estebenet and Martin 2002).  A weekly 

50% change of water in all holding tanks prevented accumulation of nitrogenous and 
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other metabolic wastes to toxic levels.  All water drained from holding tanks was passed 

through a 0.1 mm nylon mesh net to capture juveniles and prevent their release into 

holding room drains.  Adult individuals were fed ad libidum on a diet of romaine or 

green leaf lettuce once every two days, which sustains high growth rates in pomacean 

species (Estebenet and Cazzaniga, 1992).  Adults were maintained under these 

conditions until utilized in experiments. 

 Juveniles of P. insularum were hatched in the laboratory from egg masses 

obtained at collection sites or from previously collected females ovipositing on the 

walls of holding tanks and cultured in the laboratory to sizes suitable for 

experimentation.  Egg masses oviposited above the water line on holding tank walls and 

those collected in the field, were held above the water line in a slotted plastic container 

and were kept moist by periodic blotting with wet paper towels until hatching occurred 

within 7-14 days of oviposition (Perera and Walls, 1996).  Hatched juveniles were held 

in 250 L holding tanks and fed every two days on an ad libitum diet of Romaine and 

green leaf lettuce supplemented with fish food flakes (Aquarian™).  This diet has been 

reported to sustain rapid juvenile growth in other pomacean snail species (Estebenet and 

Cazzaniga, 1992; Estebenet and Martin, 2002).  Juveniles were maintained under these 

conditions until utilized in the experiments. 

4.2.1.2 Acclimation, Labeling and Shell Length Measurement 

In order to determine thermal tolerance, specimens of juvenile and adult P. 

insularum spanning a broad shell length range were randomly selected from holding 

populations.  Prior to experimentation, selected individuals were acclimated to 
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appropriated temperatures (as described below) for a period of at least 14 days in 

refrigerated constant temperature incubators in 15 L plastic aquaria (36.0 cm length, 

21.0 cm width, 25.0 cm height), filled with continuously aerated dechlorinated City of 

Arlington tap water.  During acclimation, aquaria water temperatures were monitored 

daily and incubator temperature adjusted to maintain the appropriate acclimation 

temperatures.  Dead snails were removed during daily monitoring periods.  Media in 

acclimation tanks was completely replaced every two days.  Acclimating snails were 

fed with lettuce (romaine or green leaf) on days alternate to aquaria media renewal. 

Prior to experimentation, the anterior surface of an experimental snail’s shell 

was abraded with a medium grit sanding sponge to remove a portion of the 

periostracum.  The abraded area was marked with a unique identification number using 

a permanent marker pen (Sharpie® Industrial Super Permanent Ink).  The shell length 

(SL, the greatest distance from the apex of the spire to the external anterior aperture 

margin) of each marked individual was measured to the nearest 0.1 mm with dial 

calipers (Figure 4.1).  
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Figure 4.1 Measurement of shell length (SL) in specimens of Pomacea insularum 
(after Ghesquiere, 2003). 

 

4.2.2 Determination of Acute Upper Thermal Tolerance Limit 

For determination of acute thermal tolerance, samples of 20-25 snails spanning 

a range of juvenile to adult sizes were selected after undergoing a minimum acclimation 

period of fourteen days to 20°, 25° or 30°C using the methodology described above.  

Subsamples of 3-5 snails from each acclimation group were then sorted into five 

groups, with each group containing individuals of a broad size range.  After subsample 

selection, individuals were marked and measured as indicated above.  After SL 

measurement and individual marking, subsamples of snails were placed individually in 

five cylindrical glass jars (15.5 cm height, 6.5 cm diameter and 450 ml volume) covered 

with plastic lids to prevent their escape.  The jars were large enough to allow 

individuals to attach to and crawl on the jars’ interior surfaces.  Each jar lid had a 3 mm 
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diameter hole drilled in its center to provide access to a thermistor for measuring water 

temperature inside the jars. The five glass jars, housing the test specimens were 

immersed into a 23 L water bath, containing dechlorinated City of Arlington tap water.  

The temperature in the water bath was regulated with an immersion heater (TECHNE 

TE–8J model®), which also continuously circulated the water in the bath.  The 

thermostat of the immersion heater was then adjusted manually in conjunction with an 

electronic timer to raise bath water temperature at a rate of 1oC·5 min-1.  The initial 

temperature in the water bath and the water in the glass chambers were equivalent to the 

acclimation temperature of the test individuals.  Thereafter, at successive 5-min 

intervals, the bath temperature was raised by 1°C as described above.  As bath water 

temperature was initially increased, the difference between the bath and chamber water 

temperatures eventually became large enough (i.e., 2-3°C) to induce water temperatures 

in the glass jars to also increase at a rate of 1°C·5 min-1 corresponding directly to the 

1°C·5 min-1 rate of temperature increase occurring in the water bath (Hicks and 

McMahon, 2002).   

The behavior of snails in each glass chamber was examined and recorded at 

each 1°C increase in chamber water temperature.  Every individual in each of the five 

chambers had its behavior recorded as being attached, unattached but maintaining head-

foot movement or unattached and in heat coma as indicated by loss of all movement of 

the head-foot. The experiment ended when a temperature was reached at which all 

sampled snails in all glass chambers had entered heat coma.  This temperature marked 

the temperature at which 100% heat coma was achieved in all five subsamples. This 
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procedure was utilized to determine the heat coma temperatures of the 20°, 25° and 

30°C acclimation groups.   

After all individuals entered heat coma, temperature in the chambers was further 

increased at a rate of 1°C·5 min-1 with a single chamber being removed from the water 

bath at each successive 1°C further increase in chamber water temperature until all five 

chambers were removed from the bath.  Water temperature in the removed chambers 

was allowed to return to room temperature (21-24°C) after which they were held for one 

hour allowing the contained snails, time to recover from heat coma. After, the one-hour 

recovery period, the behavior of each individual in each chamber was recorded (i.e., 

attached, unattached with head-foot movement, unattached in heat coma with no head- 

foot movement).  After the initial one-hour recovery period, all snails were transferred 

to a large holding tank at 25°C where they were retained in the chambers for a further 2-

3 days with evidence of recovery being examined daily. 

4.2.3 Determination of Chronic Upper Thermal Tolerance Limit 

In order to determine the chronic upper thermal tolerance limits of P. insularum, 

samples of individuals with size ranges extending from juvenile to adult snails were 

acclimated to 20°, 25° and 30°C for at least 14 days as described above.  After 

acclimation, subsamples of snails were chronically exposed to constant temperatures 

varying in 1°C intervals from 33-41oC.  Treatment tanks consisted of a 10 gallon plastic 

tubs (45.0 cm length, 30.0 cm width, 20.0 cm height), fitted with a lid.  The lid had one 

of its corners removed to allow insertion of a circulating immersion water temperature 

regulator (TECHNE TE-8J®) that maintained test temperature (±0.1°C) and 
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continuously circulated water in the tub.  The exterior surface of the outer shell whorl of 

each sampled individual was painted with enamel. Three different colors of enamel 

were used (i.e., red, white or yellow), with all the snails of one acclimation group being 

painted with the same color. A unique identifying number was placed on the paint spot 

of each individual with a Sharpie® permanent marking pen and their SL determined 

with dial calipers as described above. Subsamples of 10-20 snails depending on the 

availability of specimens were then assigned randomly to nine different temperature 

treatment groups (i.e., 33°, 34°, 35°, 36°, 37°, 38°, 39°, 40° and 41°C).  

At each experimental temperature, subsamples from each of the three 

acclimation groups were placed in a separate 3.5 L plastic aquarium (19.5 cm length, 

12.5 cm width, 12.5 cm height; AZOO TaiKong®) with a plastic, densely slotted lid 

preventing snail escape.  The subsamples of the three acclimation groups were then 

introduced into the 10 gallon holding tanks in the following sequence.  Water in holding 

tanks was first brought to 20°C and the aquaria tanks with 20°C acclimated subsamples 

introduced.  The holding tank temperature was then slowly increased to 25°C at which 

aquaria tanks containing the 25°C acclimated individuals were introduced.  Thereafter, 

holding tanks temperature was raised to 30°C and the aquaria tanks containing the 30°C 

acclimated subsamples submerged in the holding tanks.  Thereafter, holding tank water 

temperatures were slowly brought to the final treatment temperatures ranging from 33-

41°C.  This procedure minimized exposure of experimental subsamples to temperature 

shock. 
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Experiments were carried out in dechlorinated, City of Arlington tap water 

which was changed every 1-3 days during the course of the experiment.  The subsample 

tanks were fully immersed in the holding tanks.  The holding tanks were then covered 

with their lids leaving enough head space above the water surface to maintain high 

oxygen concentrations in holding and subsample tank media.  The water’s surface in the 

holding tank was less than 1.0 cm above the slotted lids of the subsample tanks, 

allowing snails to extend their inhalent siphons through the slots to the water’s surface 

for air breathing (McClary, 1964), while keeping snails fully submerged.  Media in the 

holding tanks was changed every 1-3 days immediately after which snails were fed with 

lettuce.  The degree to which snails in each acclimation/temperature treatment group fed 

on lettuce was visually recorded on the evening after feeding and any unconsumed 

lettuce was removed to minimize water fouling. 

Individuals in the treatment tanks were examined for mortality and behavior 

every 24 hours.  During each observation, the behavior of every individual was 

recorded as being attached, unattached, unattached in heat coma or dead.  Individuals 

observed to be in heat coma were removed and had their head-foot gently prodded with 

the bristles of a fine paint brush.  If no response was discerned, the head foot was more 

forcefully prodded. If an individual failed to withdraw the head-foot in response to 

forceful prodding it was recorded as dead and removed from the experiment.  

Preliminary observations indicated that individuals not responding to forceful prodding 

did not recover on return to room temperature.  The experiment continued until 100% 
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subsample mortality was attained or for 28 d if 100% subsample mortality was not 

achieved during that period.   

4.2.4 Determination of Chronic Lower Thermal Tolerance Limit 

 The tolerance of chronic exposure to low temperatures was determined for 

specimens of P. insularum exposed to constant temperatures of 2°C, 5°C, 10°C and 

15°C after acclimation to 20°C for at least 14 days as described above.  A total of 100 

adult individuals spanning a broad size range, were randomly assigned to each test 

temperature. Every group of 100 individuals was further randomly subdivided into 10 

subsamples, each containing 10 individuals.  Every subsample was placed in a plastic 

Ziploc container (11.0 cm length, 11.0 cm breadth and 5.0 cm height), whose top was 

covered by a 1.0 cm nylon mesh to prevent snailthe escape of snails and allow water 

circulation.  The ten Ziploc containers containing the snail subsamples were immersed 

in their respective treatment tanks at the test temperature.  Each treatment tank was a 

circular 250 L fiberglass tank equipped with a biofilter and filled with continuously 

aerated, dechlorinated City of Arlington tap water. The test temperatures in the 

treatment tanks were maintained by constant temperature refrigerated chillers (Living 

Stream®) which also sustained a high level of water circulation.  Ten subsamples of ten 

individuals each held in plastic Ziploc containers were randomly assigned to each test 

temperature.  The containers with sampled snails were immersed in the 250 L holding 

tank in which water temperature was equivalent to the 20°C holding temperature.  The 

chillers were then set to slowly reduce water temperatures in the holding tanks to the 

treatment temperatures of 2°, 5°, 10°, 15°, or 20°C (control).  
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After initial exposure to the test temperature, one Ziploc container containing 10 

individuals was periodically, randomly removed from a treatment tank in order to assess 

survival.  After removal, water in the container was allowed to increase to 20°C before 

the container was immersed into another tank (recovery tank) containing continuously 

aerated, dechlorinated tap water held at a constant temperature of 20°C for 24 h.  After 

the 24 h recovery period individuals in the container were examined for viability 

utilizing the same procedures for viability testing in chronic upper thermal limit 

determinations as described above.  Subsamples were removed at different time 

intervals in different temperature treatment regimes based on the results of a 

preliminary study   One subsample was removed at every 24 h interval in the 2°C 

exposure.  For the 5°C treatment, subsamples were initially removed at 24 h intervals, 

but since 100% mortality was not achieved within the first 4 days, the remaining six 

subsamples were removed at 48 h intervals.  Subsample mortality was determined 

during 10°C and 15°C treatments on days 2, 4, 6, 8, 10, 12, 16, 20, 24 and 28.  

Mortality assessments for snail subsamples in the 20°C control treatment where no 

mortality was expected were performed on days 6, 12, 18, 24 and 28.  The shell lengths 

of both the living and dead individuals were recorded at each subsample mortality 

determination.  The surviving individuals were removed from the experiment.  

4.2.5 Statistical Analysis of Thermal Tolerance Data 

4.2.5.1 Statistical Analysis of Acute Upper Thermal Tolerance Limit Data 

The data from the acute upper thermal tolerance experiments were analyzed 

using ANCOVA to determine the effects of temperature acclimation on the acute upper 
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thermal limit of P .insularum.  In this analysis, acclimation temperature was the 

independent variable and SL, a covariate.   

4.2.5.2 Statistical Analysis of Chronic Upper Thermal Tolerance Limit Data 

Survival data obtained from chronic upper lethal temperature determinations 

were different from other types of continuous survival data because survival time was 

not observed for all experimental subjects as some individuals survived treatments for 

the entire 28-d exposure period.  The survival time of an individual surviving the full 

28-d exposure period was treated as a “censored” observation (Lawless, 1982;, Hicks et 

al., 2000).  Censored survival times are not missing data, rather when combined 

properly with actual observed survival times, they provide partial information on 

survival (Lawless, 1982;; Cox and Oakes;, 1984;; Palmar and Machin, 1995;; Hicks et 

al., 2000).  The survival data from this experiment exhibited “single type I” censoring, 

which occurs when experiments are conducted over an a priori fixed time period (i.e., 

28 d) resulting in all specimens surviving that period having the same censoring time 

(Lawless, 1982).  The data was also “right censored” as the survival times of the 

individuals surviving the 28-d experimental period could not be determined (Lawless, 

1982).  Because mortality was monitored at 24 h intervals, knowledge of an individual’s 

exact time of death was not known.  Rather, it was known to fall within the interval Ij = 

(aj-1, aj), where aj was the current observation time and aj-1, the previous observation 

time (Hosmer and Lemeshow, 1989).   

The Discrete Logistic Failure Time Model (DLFTM) was the survival analysis 

strategy employed to analyze the data as it allowed determination of the effects of pH, 
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while taking into account the effects of the SL covariate.  Available parametric (e.g., 

Weibull distribution) and nonparametric (e.g., Kaplan Meier or Cox regression) survival 

time estimation approaches could not be used for data analysis as these methods assume 

that the time of death of the individuals is known exactly (Hicks et al., 2000) and hence, 

their use in analyzing the interval-level data recorded in this experiment, could result in 

severe bias, particularly since the interval length was large relative to the average 

lifetime of observed specimens.  Life tables (i.e., the actuarial method) used for 

analyzing interval level data could also not be utilized for data analysis as they cannot 

account for the effects of continuous regressors (SL in this case) on individual survival 

times. 

The DLFTM generalizes the life table method so that it can be used with 

censored, interval-level data, allowing estimation of survival probabilities adjusted for 

covariant effects (Cox, 1972; Thompson, 1977; Hicks et al., 2000).  It models the 

functional form of the “interval-specific” survival probabilities Pj(x), which are the 

probabilities of individuals surviving a time interval j given that they are alive at the 

interval’s onset and a covariate vector x (in this case SL), that describes treatment and 

individual specific characteristics.  Mathematically, 

Pj(x) = (1 + eαj+xβ)-1, 1≤ j ≤ k, 

wWhere β = (β1,…, βm)T is an m x 1 vector of unknown regression coefficients relating 

the covariate vector x = (x1,…, xm) to the interval specific probabilities Pj and the aj’s 

are the interval specific parameters.  β and α are unknown parameters estimated by the 

Maximum Likelihood method (Lawless, 1982;, Hicks et al., 2000).   
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The decision to utilize linear and or quadratic functions of treatment, SL and SL 

by treatment interactions in the model was addressed by starting with an adequately 

flexible model and testing a sequence of nested models until arriving at the most 

parsimonious model sufficiently explaining the data (Hicks et al., 2000).   

As the analysis required comparisons to be made between the seven high 

temperature treatments, instead of computing just the survival probabilities [Pj(x)] of 

individuals exposed to their respective treatments, it was more accurate to generate a 

one-number summary called the “median survival time” for each survival function to 

make comparisons across the different treatments.  The DLFTM procedure was used to 

obtain the size-adjusted median survival times, LT50 (the estimated time of 50% 

treatment subsample mortality).  DLFTM was also utilized to make factorial-type 

comparisons of covariate-adjusted median survival times across salinity treatments 

among those treatments in which survival probabilities fell below 0.5 (50%) over the 

28-d exposure period.  Comparisons of size-adjusted median survival times across 

treatments were implemented by testing the null hypothesis (H0) of no treatment effect 

using the Wald statistic (W), which has an approximate chi-square distribution under 

H0.  Large values of W provide evidence against the H0.  Type I error was controlled 

using the Scheffế method for an experiment-wise error rate of α = 0.05.  Details of the 

DLFTM procedure are described by Hicks et al. (2000).   

 Size adjusted ULTp50 and ULTp99 values (i.e., estimated upper lethal 

temperature for 50% and 99% sample mortality respectively) and their standard errors 

were computed using Logistic Regression Analysis (Finney, 1971; Hicks et al., 2000) 
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for each successive 24 h observation period over the 672 h (28-d) duration of the 

experiment. 

4.2.5.3 Statistical Analysis of Chronic Lower Thermal Tolerance Limit Data 

Since a sampling procedure different from that used in chronic upper thermal 

limit determinations was adopted to determine the lower thermal tolerance limit of P. 

insularum, the statistical approach used to analyze the data was also different.  The data 

from this experiment was analyzed using Multiple Logistic Regression (Netter et al., 

1996), which is an extension of the simple logistic regression approach modified to deal 

with more than one qualitative (low temperature treatments) and qualitative (time 

interval and shell length) predictor variables (X).  This approach was adopted as it has 

the capacity to deal with the binary nature (dead or alive in this case) of the response 

variable Yi that has a Bernoulli distribution (Netter et al., 1996).  Ordinary Lleast 

Ssquares (OLS) regression has been shown to be inadequate when the dependent 

variable is discrete (Collett, 1991; Agresti, 1990).  In the case of Mmultiple Llogistic 

Rregression, the total number (p) of predictor variables along with the intercept are 

contained within the p x 1 X matrix, with p rows and one column.  The regression 

coefficients are contained in another p x 1 matrix β that also has p rows and one 

column.  The logistic regression procedure employs the method of maximum likelihood 

to estimate the parameters of the logistic responses function.   The logistic response 

function is given by the equation:  

E (Yi) = exp (βXi) / (1 + exp (βXi)), 
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where βXi = β0 + β1X1) + ……….. + βp – 1Xp - 1) is the maximum likelihood function for 

p number of variables in the logistic model. The multiple logistic regression function is 

monotonic and sigmoidal in shape with respect to βX. 

 This logistic regression model was used to estimate survival probabilities versus 

exposure time for each of the four lethal cold temperature treatments (i.e., 2°, 5°, 10° 

and, 15°C) along with associated values of LT50 and LT99 (i.e., the time taken for 50% 

and 99% sample mortality) and their standard errors.  The logistric regression model 

was also used to calculate the LLTp50 and LLTp99 values (i.e., the estimated lower 

lethal temperature required to induce 50% and 99% sample mortality).    

4.3 Results 

4.3.1 Acute Upper Thermal Tolerance Limit 

A 100% sample mortality was observed among all of the individuals of P. 

insularum from all three acclimation groups (i.e., 20°C, 25° and 30°C) (n = 67) utilized 

in the experiment to determine the acute upper thermal limit.  These individuals were 

acutely exposed to temperatures of 42°-45°C increasing from the temperature of 

acclimation at a rate of 1°C•5 min-1.  After being returned to a recovery temperature of 

25°C, all the individuals remained unattached and none of them displayed any head–

foot movement.  Most of the 20°C acclimated individuals died within the first day of the 

recovery period. Among those in the 25° and 30°C acclimation groups, some died 

within the first day, most of the mortality took place on the second day and a few 

individuals perished on the third day of recovery.  Complete mortality of all sampled 
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snails after the three-day recovery period suggested that the acute upper lethal 

temperature for P. insularum was below 42°C.   

ANCOVA testing revealed that there was a very statistically significant effect of 

the acclimation temperature (n =67, F = 60.199, p <0.00001) on the heat coma 

temperature inof individuals of P. insularum.  There was no significant effect of 

individual size measured as SL on the mean heat coma temperature of P. insularum 

individuals (n = 67, F = 1.975, p = 0.1648) 

The adjusted mean heat coma temperatures for P. insularum were 38.17°C (s.e. 

= ±0.16) for 20°C acclimated individuals, 40.33°C (s.e. = ±0.17) for the 25°C 

acclimated individuals and were 40.61°C (s.e. = ±0.19) for individuals acclimated to 

30°C (Figure 4.2).  Scheffé Pair-wise Comparison testing revealed that the mean heat 

coma temperature for the individuals in the 20°C acclimation group was significantly 

lower (p <0.05) than the mean heat coma temperatures of individuals in both the 25°C 

and 30°C acclimation groups which were not significantly different from each other (p 

>0.05).   
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Figure 4.2 Adjusted mean heat coma temperatures in °C (vertical axis) for Texas 
specimens of the freshwater prosobranch snail, Pomacea insularum, acclimated to 20°, 
25° and 30°C (horizontal axis).  Mean heat coma temperature is represented by solid 
bars and standard error of the mean by a vertical line above the bars. Differing letters 
above the bars indicate a significant difference (P <0.05) between means. 
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Figure 4.3 Estimated survival probabilities (vertical axis) for subsamples of Texas 
specimens of Pomacea insularum, acclimated to 20°C and exposed to seven high 
temperature treatments of 34°C (solid black bars), 36°C (cross-hatched bars), 37°C 
(right-hatched bars), 38°C (open bars), 39°C (square-hatched bars), 40°C (square- and 
cross-hatched bars) and 41°C (solid gray bars). A) Mortality of specimens in the 25th 
quantile (SL = 20.0 mm).  B) Mortality of specimens in the 50th quantile (SL = 24.6 
mm).  C) Mortality of specimens in the 75th quantile (SL = 29.4 mm).  Standard errors 
of the estimates are indicated by vertical lines above the bars. 
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Figure 4.4  Estimated survival probabilities (vertical axis) for subsamples of Texas 
specimens of Pomacea insularum, acclimated to 25°C and exposed to seven high 
temperature treatments of 34°C (solid black bars), 36°C (cross-hatched bars), 37°C 
(right-hatched bars), 38°C (open bars), 39°C (square-hatched bars), 40°C (square- and 
cross-hatched bars) and 41°C (solid gray bars). A) Mortality of specimens in the 25th 
quantile (SL = 20.0 mm).  B) Mortality of specimens in the 50th quantile (SL = 24.6 
mm).  C) Mortality of specimens in the 75th quantile (SL = 29.4 mm).  Standard errors 
of the estimates are indicated by vertical lines above the bars.  
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Figure 4.5 Estimated survival probabilities (vertical axis) for subsamples of Texas 
specimens of Pomacea insularum, acclimated to 30°C and exposed to seven high 
temperature treatments of 34°C (solid black bars), 36°C (cross-hatched bars), 37°C 
(right-hatched bars), 38°C (open bars), 39°C (square-hatched bars), 40°C (square- and 
cross-hatched bars) and 41°C (solid gray bars). A) Mortality of specimens in the 25th 
quantile (SL = 20.0 mm).  B) Mortality of specimens in the 50th quantile (SL = 24.6 
mm).  C) Mortality of specimens in the 75th quantile (SL = 29.4 mm).  Standard errors 
of the estimates are indicated by vertical lines above the bars. 
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4.3.2 Chronic Upper Thermal Tolerance Limit 

In determinations of chronic upper thermal tolerance limits, raw cumulative 

sample mortality at the end of the 28-d exposure period was 100% for all individuals of 

P. insularum in all three acclimation groups (i.e., 20°, 25° and 30°C) at test 

temperatures ≥ 37°C.  DLFTM analysis revealed that sample survival probabilities were 

significantly influenced significantly by test temperature, a quadratic term in test 

temperature , SL,  acclimation temperature and an interaction term between test 

temperature and acclimation temperature (χ2 goodness of fit = 170.832, p = 0.0001).  

The significant impact of SL and acclimation temperature on survival probability 

allowed survival probabilities to be estimated over days of exposure at the 25th, 50th and 

75th quantiles of SL, which were 20.0 mm, 24.6 mm and 29.4 mm, respectively at the 

three acclimation temperatures of 20°, 25° and 30°C.  The estimated survival 

probabilities did not change after 18 d of exposure among the different size quantiles in 

all three acclimation groups so only survivorship data up to day 18 are shown in Figures 

4.3, 4.4 and 4.5.  Survivorship was high throughout the 28-d exposure period in 

individuals held at temperatures ≤36°C and progressively declined with increasing 

temperature from 37-41°C regardless of acclimation temperature (Figures 4.3-4.5).  

Survival probabilities increased with size within every acclimation group and were 

greater among individuals acclimated to higher temperatures (Figures 4.3-4.5).   

DLFTM analysis alloweds estimates of the exposure time required for 50% 

sample mortality (LT50) at treatment temperatures in which estimated sample 

survivorship wasis ≤50%.  Thus, LT50 values could be estimated at a test temperature of 
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38°C for 20° and 25°C acclimated individuals of P. insularum and for individuals in all 

three quantiles at test temperatures ≥ 39°C (Figures 4.3-4.5).  The results indicated that 

individuals acclimated to 30°C had a tendency toward higher LT50 values than those 

acclimated to 20°C and 25°C at test temperatures of 39°C and 40°C and that individuals 

in 75th quantile tended to have higher LT50 values than those in the 25th and 50th 

quantiles over the same temperature range (Figure 4.6), reflecting the significant 

positive impacts of acclimation temperature and size on temperature tolerance revealed 

by DLFTM survivorship analysis (Figures 4.3-4.5).  In contrast, at a test temperature of 

41°C there were no apparent differences in LT50 among acclimation or quantile groups. 

LT50 values of less than 2 days recorded for all acclimation/quantile groups at 41°C 

suggested that this temperature was highly lethal to specimens of P. insularum as was 

reflected by the lack of recovery of individuals receiving a short-term exposure to 42°C 

in the acute temperature tolerance tests described above.  The maximum time within 

which >50% sample mortality was obtained among any acclimation / quantile group 

was approximately eighteen days (Figures 4.3-4.6) which indicates that if individuals 

survived more than eighteen days at any test temperature their probability of death over 

the remaining 10 days of exposure was very low (Figures 4.3-45).   
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Figure 4.6 Values of LT50 (i.e., median time in days for 50% sample mortality) (vertical 
axis) estimated using the Discrete Logistic Failure Time Model (DLFTM) for Texas 
specimens of Pomacea insularum acclimated to 20°C (solid bars), 25°C (cross-hatched 
bars) or 30°C (open bars) and subsequently exposed for up to 28 D to lethal 
temperatures of 38°, 39°, 40° and 41°C (horizontal axis).  A)  LT50 values of individuals 
in the 25th quantile (SL = 20.0 mm).  B)  LT50 values of individuals in the 50th quantile 
(SL = 24.6 mm) C) LT50 of individuals in the 75th quantile (SL = 29.4 mm). Standard 
errors of the estimates are indicated by vertical lines above the bars. 
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Table 4.1.  Estimated lethal temperatures for 50% (ULTp50) and 99% (ULTp99) sample 
mortality and standard error of the estimates (s.e.) for specimens 

of Pomacea insularum acclimated to either 20°, 25° or 30°C 
over a 28-day exposure period. 

 
 

20°C Acclimated 25°C Acclimated 30°C Acclimated 

ULTp50 ULTp99 ULTp50 ULTp99 ULTp50 ULTp99 

Day (°C) s.e. (°C) s.e. (°C) s.e. (°C) s.e. (°C) s.e. (°C) s.e. 

2 38.64 0.191 40.76 0.479 38.92 0.177 41.91 0.53 39.58 0.48 44.71 1.633 
3 37.05 0.145 38.34 0.388 37.21 0.122 38.91 0.36 37.52 0.24 39.98 0.686 
4 37 0.158 38.39 0.448 36.78 0.097 37.82 0.27 36.64 0.13 37.48 0.309 
5 36.9 0.152 38.22 0.426 36.65 0.099 37.6 0.24 36.5 0.13 37.25 0.27 
6 36.73 0.141 37.87 0.357 36.61 0.092 37.52 0.22 36.52 0.13 37.29 0.284 
7 36.73 0.141 37.87 0.357 36.61 0.092 37.52 0.22 36.52 0.13 37.29 0.284 
8 36.73 0.141 37.87 0.357 36.61 0.092 37.52 0.22 36.52 0.13 37.29 0.284 
9 36.74 0.136 37.84 0.34 36.59 0.096 37.58 0.23 36.45 0.13 37.37 0.333 
10 36.69 0.132 37.65 0.311 36.29 0.298 36.81 0.83 36.14 0.2 36.49 0.695 
11 36.29 0.376 36.71 0.905 36.24 0.235 36.69 0.66 36.18 0.31 36.66 1.081 
12 36.29 0.376 36.71 0.905 36.24 0.235 36.69 0.66 36.18 0.31 36.66 1.081 
13 36.24 0.277 36.64 0.711 36.22 0.208 36.66 0.6 36.2 0.32 36.68 1.082 
14 36.25 0.281 36.64 0.706 36.21 0.203 36.65 0.61 36.17 0.29 36.66 1.114 
15 36.25 0.281 36.64 0.706 36.21 0.203 36.65 0.61 36.17 0.29 36.66 1.114 
16 36.25 0.281 36.64 0.706 36.21 0.203 36.65 0.61 36.17 0.29 36.66 1.114 
17 36.25 0.281 36.64 0.706 36.21 0.203 36.65 0.61 36.17 0.29 36.66 1.114 
18 36.24 0.243 36.6 0.59 36.21 0.188 36.63 0.56 36.16 0.27 36.66 1.114 
19 36.24 0.243 36.6 0.59 36.21 0.188 36.63 0.56 36.16 0.27 36.66 1.114 
20 36.24 0.243 36.6 0.59 36.21 0.188 36.63 0.56 36.16 0.27 36.66 1.114 
21 36.18 0.222 36.6 0.724 36.17 0.171 36.62 0.62 36.16 0.28 36.65 1.137 
22 36.18 0.222 36.6 0.724 36.17 0.171 36.62 0.62 36.16 0.28 36.65 1.137 
23 36.18 0.222 36.6 0.724 36.17 0.171 36.62 0.62 36.16 0.28 36.65 1.137 
24 36.18 0.222 36.6 0.724 36.17 0.171 36.62 0.62 36.16 0.28 36.65 1.137 
25 36.18 0.222 36.6 0.724 36.17 0.171 36.62 0.62 36.16 0.28 36.65 1.137 
26 36.18 0.222 36.6 0.724 36.17 0.171 36.62 0.62 36.16 0.28 36.65 1.137 
27 36.18 0.222 36.6 0.724 36.17 0.171 36.62 0.62 36.16 0.28 36.65 1.137 

28 36.19 0.236 36.61 0.752 36.16 0.167 36.62 0.64 36.13 0.23 36.64 1.15 
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Logistic Regression Analysis revealed that there wereas no significant differences in the 

estimated upper lethal temperatures for 50% and 99% sample mortality (ULTp50 and 

ULTp99, respectively) among the three quantile groups so only data for the 50th quantile 

(SL = 24.6 mm) arewill be presented here.  On day 2 of exposure ULTp50 values for the 

20°C, 25°C and 30°C acclimated individuals were 38.64 °C (s.e. = ±0.19), 38.92°C (s.e. 

= ±0.18) and 39.58°C (s.e. = ±0.48), respectively (Table 4.1). The highest ULTp99 

values were also recorded on day 2 at 40.76°C (s.e. = ±0.48), 41.91°C (s.e. = ±0.53) and 

44.71 (s.e. = ±1.63) for the 20°, 25° and 30°C acclimated individuals, respectively.  

After achieving these peak values on day 2, the ULTp50 and ULTp99 values within each 

acclimation group progressively declined through day 11 of exposure and thereafter 

stabilized.  However, neither ULTp50 nor ULTp99 values ever declined below 36°C 

regardless of acclimation temperature throughout the 28-d exposure period (Table 4.1). 

 The data indicated that across all acclimation groups ULTp50 and ULTp99 values 

were never less than 36°C regardless of acclimation temperature or exposure time over 

the 28-day exposure period (Table 4.1), reflecting the near 100% survivorship recorded 

among all acclimation groups at test temperatures of 34° and 36°C and the 100% 

mortality recorded among all acclimation groups at temperatures ≥37°C (see above).  

This outcome was reflected by the fact that, after day 11 of exposure, ULTp50 and 

ULTp99 values all fell between 36° and 37°C regardless of acclimation temperature and 

that ULTp50 and ULTp99 values were similar to each other being less than 0.5°C 

different (Table 4.1).  This result suggested that mortality curve between 36°C and 37°C 

was very steep and that the upper thermal tolerance limit of Texas specimens of P. 
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insularum was between 36°C and 37°C.  The results also clearly indicated that 

temperatures ≥37°C are lethal to this species regardless of previous temperature 

experience or individual size (Table 4.1).   

 Up to day 11 of exposure, the ULTp50 and ULTp99 values for each time interval 

were lower for individuals acclimated to lower acclimation temperatures, thus reflecting 

the positive effect of acclimation to higher temperatures on the upper thermal tolerances 

of this species (Figures 4.2-4.6).  However, after day 11, an temperature acclimation 

effect was no longer observable for ULTp50 and ULTp99 (Table 4.1) indicating that it is 

likely to be of little if any biological significance in understanding the thermal tolerance 

limits of this species.  

4.3.3 Chronic Lower Thermal Tolerance Limit 

 In the test of the lower thermal tolerance limit of P.insularum, 100% sample 

mortality was recorded within the 28-d exposure period at 2°, 5°, 10° and 15°C.  In 

contrast, no sample mortality was observed among individuals held at 20°C over the 

same time period.   Multiple Logistic Regression modeling of the data revealed that 

estimated survival probabilities dropped below 0.5 by the day six at 2°C and 5°C, by 

day seven at 10°C, and by day fourteen at 15°C (Figure 4.7A).  A sample mortality of 

100% was reached at 2°C by day eight of exposure, day ten at 5°C, day 13 at 10°C and 

day 25 at 15°C (Figure 4.7A).  In contrast, at 20°C, the Logistic Regression Model 

revealed that survival probability never fell below 0.934 (S.E. = ±0.054) throughout the 

28-d exposure period (Figure 4.7A).   
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Figure 4.7 Chronic cold tolerance of Texas specimens of Pomacea insularum, 
acclimated to 20°C and exposed to temperatures of 2-20°C adjusted to a median shell 
length of 36.0 mm.  A) Cumulative percent mortalities (vertical axis) versus time of 
exposure (horizontal axis) estimated by Multiple Logistic Regression Analysis for 
subsamples exposed to 2°C (solid circles), 5°C (solid triangles), 10°C (solid squares), 
15°C (solid inverted triangles) and 20°C (solid diamonds).  B) Values LT50 and LT99 
(i.e., time in days for 50% and 99% sample mortality) (vertical axis) estimated by 
Multiple Logistic Regression Analysis for individuals exposed for up to 28 D to 
temperatures of 2°, 5°, 10° and 15°C (horizontal axis).  Standard errors of the estimates 
are indicated by vertical lines above the bars.  C) Daily values of LLTp50 and LLTp99 
(i.e., lethal cold temperature (°C) for 50% and 99% sample mortality) (vertical axis) 
estimated by Multiple Logistic Regression Analysis for specimens exposed to lethal low 
temperatures of 2°-15°C during a 28-day exposure period (horizontal axis).  Solid 
circles represent LLTp50 values and solid triangles, LLTp99 values.  
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 Values of estimated times for 50% sample mortality (LT50) as estimated 

Multiple Logistic Rregression Analysis values were 5.05 d (s.e. = ±0.29), 5.54 d (s.e. = 

±0.26), 7.00 d (s.e. = ±0.35) and 11.38 d (s.e. = ±0.88) at test temperatures of 2°, 5°, 10° 

and 15°C respectively.  Corresponding LT99 values were 9.32 d (s.e. = ±0.53), 10.66 d 

(s.e. = ±0.62), 14.69 d (s.e. = ±0.96) and 26.82 d (s.e.= ±2.74) at 2°, 5°, 10° and 15°C 

respectively (Figure 4.7B).  Pair-wise comparisons among the LT50 and LT99 values at 

each test temperature using Scheffé Pair-wise Comparison testing revealed that LT50 

and LT99 values were significantly different (p <0.05) from one another among all four 

treatment temperatures (Figure 4.7B). 

 As estimated by Multiple Logistic Regression Analysis, the lower lethal 

temperatures estimated to induce 50% (LLTp50) and 99% mortality (LLTp99) in samples 

of P. insularum tended to increase curvilinearly with increasing exposure duration 

(Figure 4.7C).  These values could only be estimated after at least 50% sample mortality 

had been achieved.  Thus, on day 5 of exposure, the LLTp50 for the 50th quantile was 

1.58°C (s.e. = ±2.29) and, thereafter, progressively increased to 18.25°C (s.e. = ±0.52) 

by day 28 (Figure 4.7C).  Similarly, LLTp99 was 1.08°C (s.e. = ±1.52) on day nine of 

exposure and progressively increased to 15.23°C (s.e. = ±0.56) by day 28 (Figure 4.7C).  

This latter result indicated that 15°C is very close to the lower lethal temperature limit 

for P. insularum.   
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4.4 Discussion 

4.4.1 Acute Upper Thermal Tolerance 

Considering the potential for P. insularum to disperse through the freshwaters of 

Texas and the southern United States, knowledge of the upper thermal tolerance limits 

of this species will be of great value in predicting the eventual geographical limits of 

this species.  My experiment examining the effects of acclimation temperature on the 

heat coma temperatures of individuals of P. insularum acclimated to 20°, 25° and 30°C, 

revealed that there was a  strong acclimation effect and that there was a statistically 

significant difference in the heat coma temperatures of the 20°C acclimated individuals, 

when compared to those of the 25° and 30°C acclimated individuals which did not 

differ from one another (Figure 4.2).  The adjusted mean heat coma temperatures for P. 

insularum were 38.17°C (s.e. = ±0.16) for 20°C acclimated individuals, 40.33°C (s.e. = 

±0.17) for the 25°C acclimated individuals and 40.61°C (s.e. = ±0.19) for 30°C 

acclimated individuals.   These values are similar to those recorded by Burky et al.. 

(1972) who estimated the 4-h acute upper thermal limits of aerially exposed specimens 

of the South American pomacean, Pomacea urceus, at a body temperature 40-45°C.  

Published information available on upper thermal tolerance limits and heat coma 

temperatures in freshwater prosobranchs is scarce. There is one similar study 

investigating the acute upper thermal tolerance limits of two temperate, North 

American, freshwater prosobranch snails, Goniobasis cahawbensis and G. carinifera 

acclimated to 10°, 17°C and 24°C.   In both species, temperature acclimation did not 

significantly impact acute upper thermal limits with G. cahawbensis having acute upper 
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lethal temperatures of 42-43°C and G. carinifera of 41°C-43°C among the three 

acclimation groups (Ross and Ultsch, 1980).  Thus, the acute thermal tolerance of both 

Goniobasis species was essentially similar to that of P. insularum which ranged from 

38-41°C.  The two Goniobasis species tested were from Big Sandy Creek in Tuscaloosa 

County, in central Alabama.  That the acute upper thermal limits of P. insularum where 

similar two those of two endemic prosobranch species in central Alabama suggests that 

this species’ upper thermal limits would not restrict it from invading the freshwaters of 

the southern United States. 

Based on acute 24-h temperature exposures, the acute upper lethal limit of the 

tropical vivipariid, prosobranch snail, Bellamaya bengalensis, acclimated to 25°C 

(41°C, s.e. = ±0.35) (Tanveer, 1992) was similar to the acute heat coma temperature of 

25°C acclimated specimens of P. insularum (40.33°C).  B. bengalensis had an acute 24-

h ULTp50 of 37.5°C (Tanveer, 1992).  In another study, the heat coma temperatures of 

the temperate, European,  freshwater prosobranch snail, Theodoxus fluviatilis, 

acclimated to 10° and 17°C werewas 33°C and 35°C respectively (Skoog, 1976).  The 

heat coma temperature of 17°C acclimated individuals of T. fluviatilis was slightly 

lower than the heat coma temperature of P. insularum individuals acclimated to 20°C 

(38°C), reflecting this species restriction to cooler northern temperate aquatic habitats.   

There have been a greater number of studies of acute thermal tolerance limits in 

freshwater pulmonates. The individuals of the temperate, North American, species, 

Physa anatina, had a chronic upper thermal limit of 41°-43°C (Beames and Lindeberg, 

1977).  The heat coma temperatures P. insularum, acclimated to 25° and 30°C (40°C 
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and 41°C) are similar to that of the north temperate, European, freshwater pulmonate, 

Lymnaea peregra, at 40°C when acclimated to 17°C (Skoog, 1976) while that of the 

temperate, North American, species, Physa acuta, was 44°C when acclimated to 30°C 

(McMahon, 1976) which is 3°C higher than that of the tropical P. insularum at 41°C 

when acclimated to the same 30°C temperature (McMahon, 1976).  The acute 24-h 

ULTp50 values of individuals of the tropical, Indian freshwater pulmonate species, 

Lymnaea acuminata, Indoplanorbis exustus and Physa acuta  acclimated to 25°C were 

37.0°C (s.e. = ±0.50), 37.5°C (s.e. = ±0.45) and 45.4°C (s.e. = ±0.50), respectively 

(Tanveer, 1992).    The apparent tendency of temperate and subtropical, freshwater, 

pulmonate snails, to have heat coma temperatures similar to or greater than that of the 

tropical species, P. insularum, may be associated with the tendency of both lymnaiid 

and physiid pulmonate species to inhabit shallow lentic ponds and marshes (McMahon, 

1983) where ambient surface water temperatures reach much higher levels than the 

deeper water lotic habitats to which many freshwater prosobranch species are restricted 

(Aldridge, 1983; Brown 2001) including P. insularum  (Miyahara et al., 1986; Perera 

and Walls, 1996). 

4.4.2 Chronic Upper Thermal Tolerance 

The chronic upper thermal tolerance limits of individuals of P. insularum wereas 

not  significantly affected by prior temperature acclimation with ULTp99 being 36.6°C 

across all three acclimation regimes after 28 days of exposure (Table 4.1). Based on this 

result the incipient upper lethal tolerance limit of P. insularum  lies very close to 36.5°-

36.6 °C with temperatures above 37°C being 100% lethal to this species regardless of 
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prior temperature experience.  The 48-h ULTp50 values of individuals of P. insularum, 

acclimated to 20°, 25° and 30°C were 38.64°, 38.92° and 39.58°C, respectively, which 

declined to 36.16°-36.19°C after 28-d of exposure (Table 4.1).   

There have been a few studies of chronic upper thermal limits in other 

freshwater prosobranch and pulmonate species. Existing studies seem to indicate that 

the incipient, 28-day, upper thermal limit of P. insularum at 36.2°C is lower than that 

reported for other tropical and subtropical freshwater prosobranchs.  Thus, the chronic 

(10-d) upper thermal limits for 100% sample mortality of two subtropical freshwater 

prosobranchs from desert regions in India, Digoniostoma pulchella and Gabbia orcula, 

approached 55°C with 50% sample mortality occurring between 40°-45°C (Singh and 

Saxena, 2001), values much greater than the 36°C incipient upper lethal limit of P. 

insularum.  In contrast, the incipient upper thermal limits of temperate freshwater 

prosobranchs appear to be equivalent or somewhat lower than that of P. insularum.  

When exposed to temperatures increasing at a rate of 1°C•d-1, from a 23°C acclimation 

temperature, the ULTp50 values for individuals of the temperate prosobranchs, G. 

cahawbensis and G. carinifera were 36°-38°C and 32°C, respectively (Ross and Ultsch, 

1980).  The mean ULTp50 after a 4-d exposure period for the temperate New Zealand, 

prosobranch species, Potamopyrgus antipodarum, was 31°C (s.e. = ± 0.6) (Cox and 

Rutherford, 2000).   

As with acute thermal tolerance limits, the 36.2°C incipient upper thermal limit 

of tropical P. insularum appears to be generally lower than that recorded for temperate, 

subtropical freshwater pulmonates.  Among freshwater pulmonates, a chronic (12-d) 
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upper thermal limit >40°C was recorded for 24°C acclimated individuals of the 

temperate, North American physiids, Physa integra and Physa gyrinia (Champitt, 

1970).  Individuals of the subtropical freshwater, pulmonate, Lymnaea acuminata 

acclimated to 32°C had a chronic (10-d) upper thermal limit of 40.1°C 

(Nagabhushanam and Azmatunnisa, 1976).  For the tropical, Indian, freshwater 

pulmonate, Indoplanorbis exustus, chronic (10-day) ULTp50 values for juvenile and 

adult individuals were reported to be 34° and 32°C, respectively, with maximum 

tolerated temperatures not exceeding 38°C (Vaidya and Nagabhushanam, 1978).  As 

described above for acute upper lethal limits, there is general tendency, regardless of 

geographic distribution, for freshwater pulmonates to have higher incipient upper lethal 

limits, than freshwater prosobranch species, including P. insularum, which may be an 

adaptation associated with their warm, shallow-water, lentic habitats (McMahon 1983;, 

Brown 2001) relative to the deeper, cooler  lentic and lotic habitats preferred by many 

species of freshwater prosobranchs (Aldridge 1983;; Brown, 2001), including P. 

insularum (Parera and Walls, 1996;; Miyahara et al., 1986).     

4.4.3 Chronic Lower Thermal Tolerance 

 There was a 100% raw sample mortality at the end of the 28-day exposure 

duration among individuals of P. insularum exposed to 2°, 5°, 10° and 15°C.  In 

contrast, no mortality was recorded among individuals exposed to 20°C over the same 

period.  Thus, the 28-d LLTp99 of P. insularum was statistically determined to be 

15.23°C (s.e. = ±0.56) (Figure 4.7C).  The lower thermal tolerance limit of a 

subtropical, freshwater, prosobranch, B. bengalensis, acclimated to 25°C was reported 
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to be much lower than that of P. insularum at 3.5°C ±0.5°C with a 24 hour LLTp50 of 

7°C (Tanveer, 1992).  More similar to P. insularum, chronic lower thermal tolerance 

limits were reported to be 10° and 20°C for individuals of the subtropical, freshwater 

prosobranchs, D. pulchella and G. orcula, respectively (Singh and Saxena, 2001).  

Somewhat surprisingly, the incipient lower thermal tolerance limits of the southern, 

North American, freshwater prosobranchs, G. orcula and G. carinifera wereas 

estimated to be greater than that of P. insularum at approximately 20°C and 17°C, 

respectively (Ross and Ultsch, 1980).  The incipient lower thermal limit of the tropical, 

freshwater, pulmonate, I. exustus, is considerably lower than that of P. insularum at 

7.9°C and 7.5°C for juvenile and adult individuals, respectively (Vaidya and 

Nagabhushanam, 1978).  This result suggests that tropical freshwater pulmonates may 

be able to tolerate both low and high temperatures (see above) to a greater extent than 

P. insularum and other tropical and subtropical freshwater prosobranch species in 

general.  Freshwater pulmonate snails tend to be highly cold tolerant in general with 

some temperate species being reported to tolerate sudden decreases in temperature.  

Thus, specimens of the freshwater pulmonates, Heliosoma trivolvis (Sheanon and 

Trama, 1972), and Physa hawaii (Daniels and Armitage, 1969), acclimated to 20 - -

25°C, survive sudden exposures to as low as 5°C.   

 In conclusion, the incipient lower thermal limit of individuals of P. insularum 

appears to be relatively high at 15°C (28-d LLTp99 = 15.23°C, s.e. = ±0.56) which is 

likely to be a key factor in limiting its eventual distribution in the continental United 

States and North America.  The ambient summer surface water temperatures in bodies 
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of freshwater, north of the U.S.-Mexico border rarely exceed the incipient upper 

thermal limit of P. insularum at 36.5°-36.6 °C (Geraghly et al., 1973), suggesting that 

maximal summer surface water temperatures are unlikely to limit its dispersal in North 

American freshwaters.  In contrast, with a lower thermal tolerance limit of 

≈approximately 15°C, this species could extend its present range longitudinally beyond 

the presently invaded Houston and Brazoria counties, into the Gulf of Mexico coastal 

regions of Texas, where mean winter air temperatures do not fall below 16°C in winter 

(Figure 4.8, NOAA, 2007a, b)  On the other hand, its relatively high incipient lower 

thermal limits are almost certainly the reason that itthis species has not extended its 

northern range in Texas since it was first being discovered in southeast Texas in 1989 

(Neck and Schultz, 1992) even though thisthis species is considered to be exceptionally 

invasive (Cowie, 2002).  Outside of the state of Texas, the only areas where members of 

this species are likely to be able to become established based on mean winter air 

temperatures (Figure 4.8, NOAA, 2007a, b) are the southern coastal portions of U.S. 

states bordering the Gulf of Mexico, the entire state of Florida, and southern regions of 

the states of Alabama, South Carolina, New Mexico and the southern and middle 

Pacific coastal regions and Sacramento Vally of California (Figure 4.8).  Particularly at 

risk to invasion by P. insularum is the state of Florida, where winter air temperatures 

fluctuate between 16° – -20°C, thus remaining above its incipient lower limit (Figure 

4.8, NOAA, 2007a, b).  North of these regions, winter water temperatures are likely to 

be too low to support invasion by P. insularum.   
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Figure 4.8 Map of the United States showing areas (darkened areas) where mean air 
temperature falls within the tolerated temperature range of Pomacea insularum from 
15.5°-36.6°C (National Climate Data Center, 2002). 

 

 The main U.S. rice producing states are Louisiana, Missouri, Arkansas, 

Mississippi, Texas, and California (primarily the Sacramento Valley) (USRF, 2004).  

Based on itsmy assessment of the range limitation of P. insularum due to its relatively 

poor cold tolerance, P. insularumthis species is unlikely to threaten rice agriculture in 

Arkansas and , Missouri, and the Sacramento Valley of California where average mid-

winter air temperatures are <less than 15°C, but it could become a pest to rice 

agriculture in the the southern coastal regions of Louisiana, Mississippi, and Texas and 

California’s Sacramento Valley where mid-winter air temperatures generally remain 
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above its 15°C lower limit (Figure 4.8).  The remainder of the United States, 

experiences mean mid-winter air temperatures that are well below the 15°C,  lower 

thermal limit of P. insularum during, mamaking aquatic habitats and wetland 

agriculture in these regions unlikely to be negatively impacted by P. insularumthis 

species (Figure 4.8). 

 Over the last ten years, the average annual increase in air temperature in the 

United States due to climate change has been estimated to be about 0.22°C (NOAA, 

2007a, b) or a annual increase in average U.S. air temperature of  >1°C every 50 years.  

In the southeastern region of Texas presently inhabited by P. insularum, increase in 

mean annual air temperature is greater at 0.22 – 0.44°C per decade or >1.1-2.2°C every 

50 years (NOAA, 2007a, b).  If such increases in mean annual air temperature reflect 

concomitant increases in mean winter air temperature, the range of P. insularum could 

not only extend longitudinally, but also lattitudinally, with continued climate warming 

in Texas and the United States.  If average air temperatures continue to increase, P. 

insularum is very likely to extend its range northward in the southern and southwestern 

U.S. increasingly threatening both the freshwater habitats and wetland agriculture of 

these regions.    
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CHAPTER 5 

DESICCATION TOLERANCE 

 

5.1 Introduction 

Freshwater snails in the genus, Pomacea, are amphibious (Perera and Walls, 

1996; Cowie, 2002).  They are capable of aquatic gas exchange across gills as well as 

aerial gas exchange across the walls of a mantle cavity lung.  Capacity for aerial gas 

exchange allows pomacean species to crawl above the water surface to feed on 

emergent aquatic macrophytes, maintain aerobic metabolism during periods of aquatic 

hypoxia and allow females to oviposit egg masses on emerged hard surfaces (i.e., 

emergent aquatic macrophytes and near-shore terrestrial vegetation, rocks and hard-

surfaced man-made structures (Perera and Walls, 1996).  Capacity for aerial gas 

exchange and extensive desiccation tolerance also allows pomacean species to tolerate 

prolonged emersion during drought-induced drying of their shallow freshwater habitats, 

an adaptation which allows species in this genus to survive and become pests in wetland 

agriculture of rice and taro crops (Cowie, 2002; Cowie et al., 2006).   

Freshwater snails have evolved a number of adaptations to survive the 

prolonged emersion that is often associated with their shallow freshwater habitats 

(Aldridge, 1983).  Capacity for aestivation is one of the most common responses to 

aerial exposure in freshwater prosobranchs and pulmonates (Cort, 1919; Meenakshi, 
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1964; Little, 1968; Burky et al., 1972; Aldridge 1983; McMahon, 1983; Brown, 2001).  

Aestivation in freshwater snails is associated with reduction in metabolic rate along 

with physiological isolation from the environment (Aldridge, 1983; McMahon 1983).   

Ampullariid snails, in the genera, Pila and Pomacea, aestivate or overwinter 

during dry and cold periods (Meenakshi, 1964; Little, 1968).  IAestivating individuals 

of Pomaceaa canaliculata aestivated for long periods burrowed in emerged or 

submerged soils (Oya et alet al., 1987; Tanaka et alet al., 1999; Estebenet and Martin, 

2002).  Specimens of Pomacea urceus employ a slightly different aestivation strategy 

than P. canaliculata, burrowing only superficially with the dorsal portion of their shells 

projecting above the substratum (Burky et alet al., 1972).  During aerial aestivation, 

individuals of Pomacea lineata detoxify ammonia resulting from protein catabolism by 

conversion to urea stored in the hemolymph and tissues and, to a greater extent, to uric 

acid accumulated in the kidneys (Little, 1968).  Another ampluariid, Pila globosa, 

accumulated the anaerobic end-product, lactic acid, in their tissues during a six-month 

period of emersion indicative of a partial dependence on anaerobic metabolism.  

However, the levels of lactic acid accumulated were 60 times less than that occurring 

when individuals were held for four days under anoxic conditions suggesting that this 

species primarily depends on an aerial gas exchange to support an aerobic metabolism 

when emerged (Meenakshi, 1956).   

Ampullariid snails can survive emersion for extensive periods (Perera and 

Walls, 1996).  Individuals of P. lineata survived up to 400- d of emersion at room 

temperature (Little, 1968).  Ampullariid snails also appear to be relatively desiccation 
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tolerant. Emersed individuals of P. globosa withstood approximately a 50% loss of 

corporal water content prior to death (Meenakshi, 1964).  Emersed specimens of P. 

lineata tolerated greater than 50% loss of corporal water (Little, 1968), while emersed 

specimens of P. urceus have been reported to withstand corporal water losses of up to 

62% of total wet tissue weight (Burky et alet al., 1972).   

 The native South American pomacean species, Pomacea insularum, was first 

discovered in southeastern Texas in 1989 where it is now thriving in the freshwater 

habitats and wetland rice agriculture fields of Brazoria and Houston Counties (Neck and 

Schultz, 1992).  Like other pomacean snails, P. insularum is a voracious feeder on 

aquatic macrophytes, thus concern has been expressed regarding the negative impacts 

this species is likely to have on the ecology of aquatic habitats and the economically 

important rice agriculture industry of southeastern Texas (Howells, 2001; Howells and 

Smith, 2002) (see Chapter 1). 

Because P. insularum is considered to pose major ecological and economic 

threats to Texas and other areas of the southern and southwestern states, its 

environmental limits must be determined in order to develop a risk assessment for its 

ability to invade aquatic habitats and wetland agricultural systems on both 

macrogeographic and microgeographic scales.  While temperature tolerance is the best 

predictor of its capacity to invade North American aquatic ecosystems on a 

macrogeographic scale (see Chapter 4), its capacity to resist prolonged emersion and 

desiccation can be used to predict the suitability of shallow water ephemeral habitats 

including wetland agricultural systems for this species.  In addition, knowledge of its 
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emersion tolerance and desiccation resistance may be utilized to develop a means of 

controlling the negative impacts of P. insularum on wetland agricultural systems by 

utilization of planned water draw-downs to expose populations to lethal levels of 

emersion/desiccation.  Pomacea insularum is reported to prefer flowing-water habitats 

less prone to drying (Miyahara, 1986; Perera and Walls, 1996) than the lentic shallow 

water habitats preferred by the majority of other pomacean species (Perera and Walls, 

1996).  This suggests that it might have different capacities for desiccation/emersion 

tolerance relative to that described above for other freshwater ampullariid species.   

To date, there have been no published accounts of emersion or desiccation 

tolerance in P. insularum.  This chapter reports the results of an investigation of 

emersion and desiccation tolerance of juvenile and adults of Texas specimens of P. 

insularum emersed underat different combinations of three different combinations of 

temperatures spanning its normal ambient temperature range (i.e., 20°C, 25° and 30°C) 

and five five different relative humidity (RH) conditions ranging from <5% to >95% 

RH, encompassing those it would encounter in its endemic and invaded habitats (i.e., 

<5% to >95% RH).  The impacts of individual size measured as shell length on survival 

of emersion and rate of evaporative water loss were determined at the 15 different 

temperature/relative humidity combinations tested allowing modeling of this species’ 

ability to survive emersion over almost the entire range of temperature/relative humidity 

conditions it is likely to encounter in both its endemic South American and newly 

invaded southeastern Texas freshwater habitats.  
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5.2 Methods 

5.2.1 Test Organisms-Pomacea insularum 

5.2.1.1 Collection, Culture and Specimen Maintenance 

Juvenile and adult specimens of P. Insularum and oviposited egg masses were 

collected on August 1, 2005, from several sites in the greater Houston area (i.e., 

Brazoria County, TX) and returned to the laboratory.  Collected specimens were 

transported to the laboratory on the day of collection, in a large cooler filled with water 

from the collection sites.  Snail specimens were also collected by colleagues at Steven 

F. Austin University from a rice field close to the town of Rosharon, in Brazoria 

County, Texas, and shipped in insulted containers cooled with artificial ice packets 

overnight to Arlington wrapped in moist paper toweling.   

Adults were maintained in large, 250 L holding tanks in dechlorinated, 

constantly aerated, City of Arlington tap water held in an aquatic holding room at a 

constant temperature of 25°C.  A temperature of 25°C is considered optimal for 

oviposition and growth in artificially cultured pomacean snails (Estebenet and 

Cazzaniga, 1992).  Each holding tank had a large biofilter to maintain water quality.  A 

100 W incandescent light bulb provided constant illumination, reported to facilitate 

breeding and oviposition (Estebenet and Cazzaniga, 1998; Estebenet and Martin 2002).  

A weekly 50% change of water in all holding tanks prevented accumulation of 

nitrogenous and other metabolic wastes to toxic levels.  All the water drained from 

holding tanks was passed through a 0.1 mm nylon mesh net to capture juveniles and 

prevent their release into holding room drains.  Adult individuals were fed ad libidum 
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on a diet of Romaine or green leaf lettuce once every two days which sustains high 

growth rates in pomacean species (Estebenet and Cazzaniga, 1992).  Adults were 

maintained under these conditions until utilized in experiments. 

 Juveniles of P. insularum were hatched in the laboratory from egg masses 

obtained at collection sites or collected from females ovipositing on the walls of holding 

tanks and cultured to sizes suitable for experimentation.  Egg masses oviposited above 

the water line on holding tank walls and those collected in the field, were held above the 

water line in a slotted plastic container and were kept moist by periodic blotting with 

wet paper towels until hatching occurred within 7-14 days of oviposition (Perera and 

Walls, 1996).  Hatched juveniles were held in 250 L holding tanks and fed every two 

days on an ad libitum diet of Romaine and green leaf lettuce supplemented with fish 

food flakes (Aquarian™).  This diet has been reported to sustain rapid juvenile growth 

in other pomacean snail species (Estebenet and Cazzaniga, 1992; Estebenet and Martin, 

2002).  Juveniles were maintained under these conditions until utilized in experiments. 

5.2.1.2 Acclimation, Labeling and Shell Length Measurement 

In order to determine desiccation tolerance, specimens of juvenile and adult P. 

insularum spanning a broad shell length range were randomly selected from holding 

populations.  Selected individuals were acclimated to 20°, 25° and 30°C for a period of 

at least 14 days in refrigerated constant temperature incubators in 15.0 L plastic aquaria 

(36.0 cm length, 21.0 cm width, 25.0 cm height), filled with continuously aerated 

dechlorinated City of Arlington tap water.  During acclimation, aquaria water 

temperatures were monitored daily and temperature in the incubators adjusted to 
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maintain the 20°, 25° and 30°C acclimation temperatures.  Dead snails were removed 

during daily monitoring periods.  Media in acclimation tanks were completely replaced 

every two days.  Acclimating snails were fed with lettuce (Romaine or green leaf) on 

days alternate to aquaria media renewal.  

 

Figure 5.1 Measurement of shell length (SL) in specimens of Pomacea insularum 
(after Ghesquiere, 2003) 

 

Prior to experimentation, the anterior surface of each snail’s shell was abraded 

with a medium grit sanding sponge to remove a portion of the periostracum.  The 

exposed calcareous portion of the shell in the abraded area was marked with a unique 

identification number using a permanent marker pen (Sharpie® Industrial Super 

Permanent Ink).  The shell length (SL, the greatest distance from the apex of the spire to 

the external anterior aperture margin) of each marked individual was measured to the 

nearest 0.1 mm with dial calipers (Figure 5.1).  

SShheellll  
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((SSLL))  
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5.2.2 Determination of Chronic Desiccation Tolerance 

In order to determine the desiccation tolerance of the individuals of P. 

insularum, a total of 15fifteen test treatments were chosen, which were a combination 

of 5 different relative humidity conditions (RH) held at each of the  3three test 

temperatures of 20°, 25° and 30°C .  The five RH conditions used were <5%, 33%, 

53%, 75% and >95% RH.  Immediately prior to experimentation, specimens were 

removed from an acclimation treatment temperature (i.e., 20°, 25°C or 30°C) to obtain 

subsamples for use in desiccation tolerance determination at a test temperature 

equivalent to the subsample’s acclimation temperature.   

Selected specimens were blotted dry with paper towels and wet weighed to the 

nearest 0.01 gram, using an electronic digital balance (Denver Instrument®, Model PK-

202).  After weighing, randomly chosen subsamples of juvenile and adult snails (n = 10) 

from each acclimation group were placed in each of five tightly lidded desiccation 

chambers in which they were held at one of the five different RH treatments (i.e., <5%, 

33%, 53%, 75% and >95% RH).  The desiccation chambers were 1.56 L clear plastic 

containers (11.5 cm in length, 11.5 cm in width, 12.0 cm in height), each with a tight 

fitting plastic lid.  Each chamber was equipped with a gridded 11.0 cm by 11.0 cm 

plastic platform (mesh size = 1.0 cm) covered with a 5 mm rubberized plastic mesh.  

The platform was supported 4.0 cm off the floor of the chamber on four corner supports 

constructed fromwith PVC tubing of 1.22 cm diameter.  This platform was placed 

above the floor of the chamber on which a 250 ml glass crystallization dish (4.5 cm 

height, 8.5 cm diameter) was placed  holding an appropriate saturated salt solutions 
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required to maintain experimental relative humidity in the chamber treatments. The 

relative humidity conditions in the chambers were maintained by holding in the 

crystallization dishes, either silica gel, saturated solutions of magnesium chloride 

(MgCl2), magnesium nitrate [Mg(NO3)2], sodium chloride (NaCl) or distilled water, 

permitting continuous maintenance of chamber relative humidity conditions at <5%, 

33%, 53%, 75% and >95%, respectively (after the method of Byrne et alet al., 1988). 

 Once the snails were placed on the platform inside the desiccation chambers, 

the lids of the desiccation chambers were replaced, to prevent the escape of the snails 

and to maintain the required RH level.  The five RH treatment chambers each 

containing a subsample of 10 individuals were then held at the temperature of prior 

subsample acclimation (i.e., 20°, 25°, and 30°) in refrigerated constant temperature 

incubators (±0.01°C) for the 308-d duration of the experiment.  The 308-d experimental 

period provided sufficient time to ensure that greater than 50% subsample mortality 

occurred in most of the temperature/relative humidity treatment combinations.  

After the experiment was initiated, subsample specimens were removed from 

the desiccators, blotted dry, and weighed to the nearest 0.01 g every two or three days 

for the first 30 d of desiccation treatment.  After wet weighing, snails were replaced in 

the chambers which were returned to the incubator at the experimental temperature.   

After the initial 30-day observation period subsample mortality and wet weight were 

examined once every seven days.  Snail viability was tested at every wet weight 

determination. Before removal and wet weighing, the behavior of each individual was 

classified as attached with an extended head/foot or unattached with either the head/foot 
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extended from or withdrawn into the shell aperture.  An unattached individual’s 

viability was examined by gently prodding its foot with the tip of a dissecting needle or 

paintbrush.  If a snail failed to respond to this stimulation by further withdrawal of the 

head/foot into the shell, it was more forcefully stimulated.  Failure of the second, more 

forceful stimulus to elicit head/foot withdrawal resulted in the individual being declared 

dead.  

Dead individuals were removed from the desiccation chambers, wet weighed to 

the nearest 0.01 g and their time to death recorded. Dead individuals were then placed 

in aluminum foil cups and dried to a constant dry weight measured to the nearest 0.01 g 

in a drying oven at 60°C.  Subtraction of specimen dry weight from the initial wet 

weight yielded total water weight (TW) at the beginning of the experiment, which was 

assumed to be equal to the weight of the body (corporal) water plus that of 

extracorporal water retained externally to the body in the mantle cavity. Subtraction of 

the wet weight at each observation after emersion from the initial pre - -emersion wet 

weight yielded the weight of water lost during the preceding monitoring interval.  

Subtraction of specimen dry weight from the wet weight lost at each monitoring interval 

yielded the total water weight (TW = corporal + extracorporal water) lost during each 

emersion interval.  TW loss between observation periods was expressed as the fraction 

of total pre-emersion water weight of fully hydrated individuals, recorded at the 

beginning of the experiment (after the method of Byrne et alet al., 1988). 
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5.2.3 Statistical Analysis of Chronic Desiccation Tolerance Data 

5.2.3.1 Survival Analysis of Chronic Desiccation Tolerance 

Survival data obtained from the chronic desiccation tolerance experiment were 

different from other types of continuous survival data because survival time was not 

observed for all experimental subjects as some individuals survived treatments for the 

entire 308-d exposure period.  The survival time of an individual surviving the full 308-

d exposure period was treated as a “censored” observation (Lawless, 1982,; Hicks et 

alet al., 2000).  Censored survival times are not missing data, rather when combined 

properly with actual observed survival times they provide partial information on 

survival (Lawless, 1982;, Cox and Oakes, 1984,; Palmar and Machin, 1995,; Hicks et 

alet al., 2000).  The survival data from this experiment exhibited “single type I” 

censoring, which occurs when experiments are conducted over an a priori fixed time 

period (i.e., 308- d) resulting in all specimens surviving that period having the same 

censoring time (Lawless, 1982).  The data was also “right censored” as the survival 

times of the individuals surviving the 308-d experimental period could not be 

determined (Lawless, 1982).  Because mortality was monitored at 2-d to 7-d intervals, 

knowledge of an individual’s exact time of death was not known.  Rather, it was known 

to fall within the interval Ij = (aj-1, aj), where aj was the current observation time and aj-

1, the previous observation time (Hosmer and Lemeshow, 1989).   

The Discrete Logistic Failure Time Model (DLFTM) was the analysis strategy 

employed to analyze the survival data as it allowed determination of the effects of 

temperature and RH while taking into account the effects of the covariate of individual 
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size measured as SL.  Available parametric (e.g., Weibull distribution) and 

nonparametric (e.g., Kaplan Meier or Cox regression) survival time estimation 

approaches could not be used for data analysis as these methods assume that the time of 

death of the individuals is known exactly (Hicks et alet al., 2000) and hence, their use 

in analyzing the interval-level data recorded in this experiment, could result in severe 

bias, particularly since the interval length was large relative to the average lifetime of 

observed specimens under some temperature/RH treatments tested.  Life tables (i.e., the 

actuarial method) used for analyzing interval level data could also not be utilized for 

data analysis as they cannot account for the effects of continuous regressors (SL in this 

case) on individual survival times. 

The DLFTM generalizes the life table method so that it can be used with 

censored, interval-level data, allowing estimation of survival probabilities adjusted for 

covariant effects (Cox, 1972;, Thompson, 1977,; Hicks et alet al., 2000).  It models the 

functional form of the “interval-specific” survival probabilities Pj(x), which are the 

probabilities of individuals surviving a time interval j given that they are alive at the 

interval’s onset and a covariate vector x (in this case SL), that describes treatment and 

individual specific characteristics.  Mathematically, 

Pj(x) = (1 + eαj+xβ)-1, 1≤ j ≤ k, 

wWhere β = (β1,…, βm)T is an m x 1 vector of unknown regression coefficients relating 

the covariate vector x = (x1,…, xm) to the interval specific probabilities Pj and the aj’s 

are the interval specific parameters.  β and α are unknown parameters estimated by the 

Maximum Likelihood method (Lawless, 1982;, Hicks et alet al., 2000).   
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The decision to utilize linear and or quadratic functions of treatment, SL and SL 

by treatment interactions in the model was addressed by starting with an adequately 

flexible model and testing a sequence of nested models until arriving at the most 

parsimonious model sufficiently explaining the data (Hicks et alet al., 2000).   

As the analysis required comparisons to be made between the 15 

temperature/RH treatment combinations, instead of trying to describe variation in 

survival curves (defined via the survival probabilities (Pj(x)) of individuals exposed to 

their respective treatments, it was more convenient to analyze the “median survival 

time” for each survival function to make comparisons across the different treatments.  

The DLFTM procedure was used to obtain the size-adjusted median survival times, 

LT50 (the estimated time of 50% treatment subsample mortality).  DLFTM was also 

utilized to make factorial-type comparisons of size-adjusted median survival times 

across temperature and RH treatments among those treatments in which survival 

probabilities fell below 0.5 (50%) over the 308-d exposure period.  Comparisons of 

size-adjusted median survival times across treatments were implemented by testing the 

null hypothesis (H0) of no treatment effect using the Wald statistic (W), which has an 

approximate chi-square distribution under H0.  Large values of W provide evidence 

against the H0.   Type I error was controlled using the Scheffế method for an experiment-

wise error rate of α = 0.05.  Details of the DLFTM procedure are described by Hicks et 

alet al., (2000). 
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5.2.3.2 Statistical Analysis of Water Loss at Death 

WThe fraction water weight lost at death (FWLD), expressed as a fraction of 

total corporal + extracorporal water weight at the beginning of the experiment, was 

estimated for all dead individuals, in each temperature/RH treatment.  The mean FWLD 

was estimated for each temperature–relative humidity combination with Least Squares 

Linear Regression Analysis using the GLM procedure in SAS (SAS, Cary, North 

Carolina).  These estimated means were then compared between the different RH 

groups, within each test temperature group to establish statistical differences between 

the fraction of total water lost at death forof every temperature/RH treatment 

combination.     

5.2.3.3 Statistical Analysis of Water Loss Over Time 

The mean percent of totalwater loss rates and the average percentage of the total  

water remaining at each observation time, in every test temperature/RH treatment 

combination were estimated using a Generalized Least Squares Multiple Linear 

Regression Model, which accounted for serial correlation of errors due to the repeated 

testing of individuals through time.  The response variable, percent of TW remaining, 

was measured for every experimental individual, at each observation period; hence time 

was one of the factors in the treatment structure of the experiment.  Thus, the model, 

which estimated the percent of TW lost in each treatment at each observation time, 

adjusted for a specified value of SL was: 

Yirh = µrt + βrtt + αrt (SL – SL0) + γrtt (SL – SL0) + εirh,  (5.1) 
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wWhere, Yirh is the percentage of TW remaining, relative to the pre-emersed condition, 

in individual i, at day t, at temperature level T (T = 1 is 20°C, etc), under a relative 

humidity level. The error term εirh was assumed to follow a mean-zero Gaussian 

stochastic process in time d for a fixed i, T, r, with covariance function cov (εirh, εirh’) = 

σ2 exp {-|t – t’| / p} for some parameter p.  This model implies that measurements of 

percent total water remaining made closer in time (e.g., small |t – t’|) are more strongly 

correlated than those made more distant in time (e.g., large |t – t’|).  Model (5.1) was 

estimated using maximum likelihood, via the MIXED procedure in SAS (SAS, Cary, 

North Carolina). 

5.3 Results  

5.3.1 Survival Probabilities and Estimates of Median Survival Times (LT50) 

 5.3.1.1 Estimation of Survival Probabilities  

The DLFTM procedure employed to estimate the survival probabilities and LT50 

values (estimated lethal time for 50% sample mortality) for individuals of P. insularum 

subjected to different temperature–-relative humidity treatments generated a model in 

which survival probability (i.e., the response variable) was significantly correlated (p 

<0.05) with temperature (T), a quadratic temperature term (T2), relative humidity (RH), 

a quadratic relative humidity term (RH2) and individual size as SL (χ2 goodness of fit = 

9.49, p < 0.05).  Survival probabilities were estimated at each RH treatment within each 

temperature treatment for the 25th (SL = 37.5 mm) (Figure 5.2A-C), 50th (SL = 53.0 

mm) (Figure 5.3A-C) and 75th (SL = 63.2 mm) sample quantiles (Figure 5.4A-C).  

Among all quantiles, estimated survival probabilities of emersed specimens of P. 
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insularum increased with decreased temperature and increased RH (Figures 5.2, 5.3 and 

5.4).  
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Figure 5.2 Estimated survival probabilities (vertical axis) for subsamples of Texas 
specimens of Pomacea insularum, in the 25th quantile (shell length = 37.5 mm) exposed 
to five different relative humidity treatments (horizontal axis) of <5% (open circles), 
33% (solid circles), 53% (open triangles), 75% (solid triangles) and >95% relative 
humidity (RH) (open squares).  Standard errors of the estimates are indicated by vertical 
lines above and below the markers. Survival probabilities are shown for test 
temperatures of A) 20°C, B) 25°C and C) 30°C.  
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Figure 5.3 Estimated survival probabilities (vertical axis) for subsamples of Texas 
specimens of Pomacea insularum, in the 50th quantile (shell length = 53.0 mm) exposed 
to five different relative humidity treatments (horizontal axis) of <5% (open circles), 
33% (solid circles), 53% (open triangles), 75% (solid triangles) and >95% relative 
humidity (RH) (open squares).  Standard errors of the estimates are indicated by vertical 
lines above and below the markers. Survival probabilities are shown for test 
temperatures of A) 20°C, B) 25°C and C) 30°C.  
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Figure 5.4 Estimated survival probabilities (vertical axis) for subsamples of Texas 
specimens of Pomacea insularum, in the 75th quantile (shell length = 63.2 mm) exposed 
to five different relative humidity treatments (horizontal axis) of <5% (open circles), 
33% (solid circles), 53% (open triangles), 75% (solid triangles) and >95% relative 
humidity (RH) (open squares).  Standard errors of the estimates are indicated by vertical 
lines above and below the markers. Survival probabilities are shown for test 
temperatures of A) 20°C, B) 25°C and C) 30°C.  
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Table 5.1 Days to near 100% sample mortality (>99%) for different sample size 
quantiles as estimated by Discreet Logistic Failure Time Model Analysis for  
individuals of Pomacea insularum emersed for up to 308 days in different  

temperature-relative humidity (RH) treatment combinations. 
  

Temp. <5% RH 33% RH 53% RH 75% RH > 95% 
RH 

25th Size Quantile (Shell Length = 37.5 mm) 
20°C 105 154 175 196 >308 
25°C 105 154 175 182 >308 
30°C 56 77 135 154 189 

50th Size Quantile (Shell Length = 53.0 mm) 
20°C 168 189 245 >308 >308 
25°C 168 189 238 >308 >308 
30°C 98 154 175 189 >308 

75th Size Quantile (Shell Length = 63.2 mm) 
20°C 203 252 >308 >308 >308 
25°C 203 259 >308 >308 >308 
30°C 154 182 189 >308 >308 

 
The number of days of emersion estimated by DLFTM Analysis to induce a 

greater than 99% mortality in samples of P. insularum in the 25th quantile (SL = 37.5 

mm) emerged at 20°C ranged from 105 d at <5% RH to >308 d at > 95% RH with 

>99% mortality occurringbeing achieved after emersion periods over the same RH 

range of 105->308 d at 25°C and 56-189 d at 30°C (Table 5.1).  Corresponding values 

for the 50th quantile were 168->308 d at <5% to >75% RH at 20° and 25°C, and 98-

>308 d over <5%->95% RH at 30°C (Table 5.1).  EThese estimated >99% sample 

mortality values for the 75th quantile were 203->308 d  at <5% to >75% RH at 20° and 

25°C, and 154->308 d at 30°C (Table 5.1).   

The DLFTM estimated values for >99% sample mortality for even for the 

largest individuals in the 75th quantile (SL = 63.2 mm) were somewhat greater than 

thethe actual observed emersion times for 100% subsample mortality in which the 
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longest surviving individuals were generally the largest individuals emersed in any one 

temperature-relative humidity treatment combination (Table 5.2).  Thus, at 20°C, actual 

100% sample mortality was achieved after 161 d, 189 d, and 259 d, at <5%, 33% and 

53% RH respectively, with 10% and 40% mortality occurringbeing recorded  at the end 

of 308-d exposure period in the 75% and >95% RH treatments, respectively (Table 5.2).  

Corresponding values for the 25°C treatment were 154 d, 210 d, and 266 d, at <5%, 

33% and 53% RH, respectively, with 10% and 60% mortality occurring being recorded 

at the end of 308-d exposure period in the 75% and >95% RH treatments, respectively 

(Table 5.2).  The raw 100% mortality time values for the 30°C treatment were much 

lower than those observed at 20°C or 25°C being 70 d, 105 d, 161 d, 182 d and 248 d at 

<5%, 33%, 53%, 75% and >95% RH treatments, respectively (Table 5.2).   

Table 5.2 Maximum observed survival times (in days) for subsamples of Pomacea 
insularum, along with the shell lengths (mm) of the last surviving individuals after 

emersion for up to 308 days in different temperature-relative humidity  
treatment combinations. 

Temperature  
% Relative 
Humidity 

Maximal Survival 
time (days) 

Shell Length 
(mm) 

20°C  <5% RH 161 64.8 
  33% RH 189 68.2 
 53% RH 259 71 
  75% RH 1/10 alive 68.5 
  >95% RH 6/10 alive  50.0-72.7 

25°C  <5% RH 154 69.5 
  33% RH 210 73 
 53% RH 266 77 
  75% RH 1/10 alive 58 
  >95% RH 4/10 alive 44.5-62.8 

30°C  <5% RH 70 62.2 
  33% RH 105 68.7 
 53% RH 161 70.5 
  75% RH 182 70.1 
  >95% RH 248 57.1 
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Figure 5.5 Values of LT50 (i.e., median time in days for 50% sample mortality) (vertical 
axis) estimated using the Discrete Logistic Failure Time Model (DLFTM) for Texas 
specimens of Pomacea insularum belonging to the 25th quantile (shell length [SL] = 
37.5 mm) (solid bars), 50th quantile (SL = 53.0 mm) (open bars) and 75th size quantile 
(SL = 63.2 mm) (hatched bars) exposed for up to 308 d to relative humidity (RH) 
treatments of <5%RH, 33% RH, 53% RH, 75% RH and >95% RH (horizontal axis).  
Standard errors of the estimates are indicated by vertical lines above the bars.  LT50 
values are shown for individuals at test temperatures of A) 20°C, B) 25°C and C) 30°C.  
Differing letters above the bars for each size quantile, indicate a significant difference 
(p <0.05) between LT50 estimates at different R.H. within that quantile. 
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 5.3.1.2 Estimation of Median Survival Times (LT50) 

 DLFTM Analysis also provided estimates of the median lethal emersion times 

(LT50) required for 50% subsample mortality.  LT50 values for snail subsamples 

emersed under different RH conditions at each test temperature of 20°, 25° and 30°C 

were estimated for 25th (SL = 37.5 mm), 50th (SL = 53.0 mm) and 75th (SL = 63.2 mm) 

sample quantiles.  DLFTM Analysis revealed that both temperature and RH 

significantly affected LT50 estimates which decreased with increasing temperature (p 

<0.0001) and decreasing RH (p <0.0001).    

For individuals of P. insularum in the 25th quantile (SL = 37.5 mm), LT50 

estimates at 20°C were 28.77 d (s.e. = ± 5.93), 62.97 d (s.e. = ± 5.55), 82.45 d (s.e. = ± 

9.24), 137.46 d (s.e. = ± 8.21) and 174.54 d (s.e. = ± 9.98) at < 5%, 33%, 53%, 75% and 

> 95% RH, respectively.  At 25°C, LT50 estimates over the same RH range were 28.09 d 

(s.e. = ± 5.95), 62.23 d (s.e. = ± 5.29), 81.21 d (s.e. = ± 8.84), 136.24 d (s.e. = ± 7.98) 

and 173.27 d (s.e. = ± 9.90), respectively, while at 30°C they were 17.21 d (s.e. = ± 

3.17), 24.35 d (s.e. = ± 1.47), 30.37 d (s.e. = ± 5.49), 63.74 d (s.e. = ± 7.26) and 106.05 

d (s.e. = ± 37.34), respectively (Figure 5.5A).   

 For individuals of P. insularum in the 50th quantile (SL = 53.0 mm) LT50 

estimates at 20°C were 77.01 d (s.e. = ± 9.29), 133.87 d (s.e. = ± 7.39), 155.39 d (s.e. = 

± 4.72), 183.45 d (s.e. = ± 1.64) and 250. 11 d (s.e. = ± 45.39) at < 5%, 33%, 53%, 75% 

and > 95% RH, respectively.  At 25°C, LT50 estimates over the same RH range were 

76.23 d (s.e. = ± 5.90), 125.55 d (s.e. = ± 10.42), 154.62 d (s.e. = ± 4.73), 183.16 d (s.e. 

= ± 1.71) and 244.81 d (s.e. = ± 14.72) respectively, while at 30°C, the LT50 estimates 
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were 27.75 d (s.e. = ± 2.08), 61.39 d (s.e. = ± 4.86), 79.77 d (s.e. = ± 8.40), 134. 83 d 

(s.e. = ± 7.89) and 171.80 d (s.e. = ± 9.52), respectively (Figure 5.5B). 

For individuals of P. insularum in the 75th quantile (SL = 63.2 mm) emersed 

under 20°C, LT50 estimates were 135.35 d (s.e. = ± 9.68), 162.97 d (s.e. = ± 10.74), 

184.20 d (s.e. = ± 1.72) and 228.20 d (s.e. = ± 39.93) at < 5%, 33%, 53%, and 75% RH, 

respectively.  At 25°C, LT50 values over the same RH range were 134.16 d (s.e. = ± 

9.66), 161.29 d (s.e. = ± 10.89), 183.93 d (s.e. = ± 1.77) and 213.82 d (s.e. = ± 68.38), at 

< 5%, 33%, 53%, 75% and > 95% RH, respectively. An LT50 value could not be 

estimated for the 75th quantile emersed in >95% RH at 20° or 25°C as their estimated 

survival probability at these two temperatures did not fall below the required value of 

0.5 during the 308-d exposure period (Table 5.2, Figure 5.2A).  In contrast, at 30°C, 

LT50 estimates could be estimated over the entire range of RH treatments at 62.28 day 

(s.e. = ± 5.51), 94.18 d (s.e. = ± 11.02), 138.15 d (s.e. = ± 8.63), 164.33 d (s.e. = ± 

11.84) and 188.15 d (s.e. = ± 2.42), at < 5%, 33%, 53%, 75% and > 95% RH, 

respectively (Fig 5.5C). 

Scheffé Pair-Wise Comparison Analysis revealed a general tendency for LT50 

values to increase with increasing RH across all three SL quantiles in each of the three 

temperature treatments (i.e.,  20°, 25° and 30°C) (Figure 5.5A-C). 
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Figure 5.6 Percent of total water (i.e., total corporal plus extracorporal water) remaining 
(vertical axis), predicted by a Generalized Least Squares Multiple Linear Regression for 
Texas specimens of Pomacea insularum in the 25th quantile (shell length = 37.5 mm) 
during a 250-d emersion period under relative humidity (RH) treatments (horizontal 
axis) of <5%, 33%, 53%, 75% and >95%.  Values of percent total water remaining are 
shown for individuals at test temperatures of A) 20°C, B) 25°C and C) 30°C. 
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Figure 5.7 Percent of total water (i.e., total corporal plus extracorporal water) remaining 
(vertical axis), predicted by a Generalized Least Squares Multiple Linear Regression for 
Texas specimens of Pomacea insularum in the 50th quantile (shell length = 53.0 mm) 
during a 250-d emersion period under relative humidity (RH) treatments (horizontal 
axis) of <5%, 33%, 53%, 75% and >95%.  Values of percent total water remaining are 
shown for individuals at test temperatures of A) 20°C, B) 25°C and C) 30°C. 
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Figure 5.8 Percent of total water (i.e., total corporal plus extracorporal water) remaining 
(vertical axis), predicted by a Generalized Least Squares Multiple Linear Regression for 
Texas specimens of Pomacea insularum in the 75th quantile (shell length = 63.2 mm) 
during a 250-d emersion period under relative humidity (RH) treatments (horizontal 
axis) of <5%, 33%, 53%, 75% and >95%.  Values of percent total water remaining are 
shown for individuals at test temperatures of A) 20°C, B) 25°C and C) 30°C. 
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5.3.2 Water Loss During Emersion 

Percent of total corporal plusand extra-corporal water (TW) loss during 

emersion was estimated by Generalized Least Squares Linear Regression Analysis. This 

analysis allowed development of an equation modeling percent water loss as follows: 

ln Yi (t) = ln Yi (0) – [ (c00 + c1t) * t], 

where co0 is defined as containing all the interaction terms of t (time) with T (test 

temperature), RH (relative humidity) and SL (shell length) and c1 is defined as 

containing all the interaction terms of the quadratic term, t2, with T, RH and SL.  The 

term (c0 + c1t) was defined as the rate of estimated water loss over time.  After 

substituting the values of c0 and c1 in the above equation, the equation was transformed 

into the following multiple linear regression model: 

ln (Yi) = β0 + β1t + β2RH*t + β3 T*t + β4SL*t  + β5t2  + β6RH*t2 + β7T*t2 + β8SL*t2, 
 
where the dependent variable Yi was defined as the percentage of TW remaining, 

relative to the pre-emersed condition, in any individual i.  Since it was the percentage of 

TW remaining through time that was the response variable, the model included 

interaction terms of temperature (T), relative humidity (RH), individual size (SL) with 

time (t) and a quadratic term in time (t2).  Since SL was one of the main factors in the 

model, the average percent TW remaining over time was estimated for the 25th (SL = 

37.5 mm), 50th (SL = 53.0 mm) and 75th (SL = 63.2 mm) quantiles (Figures 5.6, 5.7 and 

5.8).  All terms utilized in the equation were significant at p = 0.0205 - >0.0001 (Table 

5.3)  At each size quantile, the percent TW remaining at any time was estimated for 

each test temperature (20°, 25° and 30°C) at an RH of 0%, 20%, 40%, 60%, 80% and 
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100%.  The multiple regression equation allowed estimation of the percent of TW 

remaining at the end of any given period over a 250250-d emersion duration.  Analysis 

of water loss was limited to the first 250-d of the 308-d emersion period because a large 

majority of sample mortality occurred within this time frame, making estimates of TW 

remaining accurate within this time frame.  Skewing of data by including water loss 

rates for only the most desiccation resistant individuals in the lowest temperature, 

highest RH treatment combinations made water loss rates predictions of water loss 

beyond 250-d by the above equation statistically unreliable.  

Table 5.3 F-values and p values for terms used in a Least Squares 
Linear Regression to model percent total corporal + extracorporal  

water lost in Pomacea insularum versus emersion time (t),  
relative humidity (RH), temperature (T)  

and shell length (SL).    
 

Interaction Terms df F-value p 
Time2 (t2) 1,  8469 176.96 <0.0001 

Time*SL (t*SL) 1,  8469 100.61 <0.0001 
Time (t) 1,  8469 45.01 <0.0001 

Time2*RH (t2*RH) 4,  8469 40.5 <0.0001 
Time2*SL (t2*SL) 1,  8469 36.53 <0.0001 
Time*RH (t*RH) 4,  8469 8.78 <0.0001 

Time2*Temperature (t2*T) 2,  8469 8.26 <0.0003 
Time* Temperature (t*T) 2,  8469 1.58 0.02 

 
 

 The model developed indicated that with time across all test temperatures the 

rate of TW loss increased with decreasing RH and increasing temperature which were 

both highly correlated with percent TW remaining (Table 5.3).  For the 25th quantile 

(SL = 37.5 mm) at 20°C, by 161- d of emersion, the estimated percent TW remaining in 
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emersed individuals declined to minimums of 45.62%, 50.93%, 56.85%, 63.47%, 

70.86% and 79.10% by day 161, under RH exposures of 0%, 20%, 40%, 60%, 80% and 

100% RH, respectively (Figure 5.6A).  At 25°C, these minimum values were 41.27%, 

46.07%, 51.43%, 57.42%, 64.10% and 71.57%, respectively, by day 161 (Figure 5.6B) 

and, at 30°C, they were 37.33%, 41.68%, 46.53%, 51.94%, 57.99% and 64.74% by day 

161, respectively (Figure 5.6C). 

 For individuals in the 50th quantile (SL = 53.0 mm) at 20°C, the estimated 

percentage of TW declined to minimum values of 50.36%, 56.23%, 62.77%, 70.08%, 

78.23% and 87.34% by day 161 at 0%, 20%, 40%, 60%, 80% and 100% RH, 

respectively (Figure 5.7A).  At 25°C, these minimum values were 45.56%, 50.86%, 

56.78%, 63.39%, 70.78% and 79.01% by day 161, respectively (Figure 5.7B) and, at 

30°C, they were 41.22%, 46.01%, 51.37%, 57.35%, 64.03% and 71.47% by day 161, 

respectively (Figure 5.7C).   

 For individuals in the 75th quantile (SL = 63.2 mm) at 20°C, the estimated 

percent of TW remaining declined to minimum values of 53.75%, 60.01%, 67.00%, 

74.80%,  83.50% and 93.22% by day 161, under respective RH conditions of 0%, 20%, 

40%, 60%, 80% and 100% RH (Figure 5.8A). At 25°C, these minimum values were 

48.63%, 54.29%, 60.61%, 67.66%, 75.54% and 84.33% by day 161, respectively 

(Figure 5.8B), and at 30°C, they were 43.99%, 49.11%, 54.83%, 61.21%, 68.34% and 

76.29% by day 161, respectively (Figure 5.8C).   
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Figure 5.9 Values estimated by Least Squares Multiple Linear Regression Analysis of 
the fraction of total corporal plus extracorporal water loss at death (vertical axis) for 
Texas specimens of Pomacea insularum exposed for up to 308 d to relative humidities 
(RH) of <5%, 33%, 53%, 75% and >95% (horizontal axis).  Standard errors of the 
estimates are indicated by vertical lines above the bars.  Mean fraction of water loss at 
death values were estimated for individuals at test temperatures of A) 20°C, B) 25°C 
and C) 30°C.  Differing letters above the bars within any one panel indicate a 
significant difference (p <0.05) between means within a specific test temperature. 
Differing letters within bars indicate a significant difference (p <0.05) between means 
across temperature treatments (i.e., across panels A, B and C) within any one RH 
treatment. 
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5.3.3 Estimation of Fraction of Water Lost at Death 

 The effects of temperature and RH on the mean fraction of water lost at death 

(FWLD) by emersed individuals of Pomacea insularum was estimated with Analysis of 

Variance (ANOVA) in the Generalized Mixed Model procedure in SAS (PROC GLM 

in SAS) in which variation in the response variable, FWLD, was partitioned into 

variation between and within the fifteen different temperature–-relative humidity 

treatment groups.   The GML ANOVA revealed that test temperature (F = 4.94, p = 

0.0087), RH (F = 37.10, p = < 0.0001) and the interaction between temperature and RH 

(F = 2.32, p = 0.0239) all significantly effected FWLD (F = 9.74, p = <0.0001 for model 

fit).  In contrast, individual size measured as SL did not significantly effect FWLD (F = 

0.63, p = 0.4306) nor did its interaction with RH (F = 1.90, p = 0.1152).  Lack of a 

significant impact of SL on FWLD allowed it to be excluded from further analysis.  The 

adjusted mean FWLD vales for individuals of P. insularum at 20°C in RH of < 5% RH, 

33% RH, 53% RH, 75% RH and > 95% RH were 0.234 (s.e. = ±0.028), 0.337 (s.e. = 

±0.028), 0.264 (s.e. = ±0.028), 0.400 (s.e. = ±0.031) and 0.573 (s.e. = ±0.069), 

respectively (Figure 5.9A).  At 25°C, adjusted mean FWLD values for individuals held 

under the five RH conditions were 0.152 (s.e. = ±0.028), 0.223 (s.e. = ±0.028), 0.252 

(s.e. = ±0.028), 0.334 (s.e. = ±0.029) and 0.583 (s.e. = ±0.040), respectively (Figure 

5.9B), while at 30°C, adjusted mean FWLD values were 0.187 (s.e. = ±0.028), 0.199 

(s.e. = ±0.028), 0.236 (s.e. = ±0.028), 0.275 (s.e. = ±0.030) and 0.412 (s.e. = ±0.028), 

respectively (Figure 5.9C).   
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Scheffé Pair-wise Comparison testing indicated that few significant differences 

(p <0.05) existed between mean FWLD values at different test temperatures within any 

one RH condition, although there was a general tendency for individuals in any one RH 

treatment to have higher mean FWLD values with decreasing test temperature 

particularly in the 75% and >95% RH treatments (Figures 5.9A-C).  Thus, at 75% RH, 

FWLD at 20°C (FWLD = 0.400, s.e. = ±0.031) was significantly greater (p <0.05) than 

that recorded at 30°C (FWLD = 0.275, s.e. = ±0.030) with neither value being 

significantly different (p>0.05) from that recorded at an intermediate temperature of 

25°C (FWLD = 0.334, s.e. = ±0.029) (Figures 5.9A-C).  Similarly, at >95% RH, FWLD 

values at 20°C (FWLD = 0.573, s.e. = ±0.069) and 25°C (FWLD = 0.583, s.e. = ±0.040) 

were not significantly different (p >0.05), but were both significantly greater (p <0.05) 

than that recorded at 30°C (FWLD = 0.412, s.e. = ±0.028) (Figures 5.9A-C).  

In contrast, RH appeared to have a greater impact on mean FWLD than test 

temperature with FWLD generally increasing with increasing RH atunder all three test 

temperatures (Figures 5.9A-C).  Thus, at all three test temperatures FWLD values at 

<5% RH were significantly lower (p <0.05) than those recorded at 75% and >95% RH 

and FWLD values recorded at >95% RH were significantly (P <0.05) greater than those 

recorded at all other lower RH treatments (i.e., <5%-75% RH) (Figures 5.9A-C). 

5.4 Discussion 

The results of this experiment revealed that size as shell length, temperature and 

relative humidity had major impacts on the capacity of juvenile and adult specimens of 

P. insularum to tolerate prolonged emersion and desiccation.  Temperature was 



 

 

 

147

inversely related to survival of specimens of P. insularum, with the survival 

probabilities at all tested levels of RH being highest for individuals exposed to the 

lowest test temperature of 20°C and progressively decreasing for individuals exposed to 

25° and 30°C (Table 5.1, Figures 5.5A-C).  Within each test temperature, individuals 

exposed to lower relative humidity conditions, displayed lower survival probabilities 

than those exposed to higher relative humidity condition (Table 5.1, Figures 5.5A-C). In 

all temperature-RH treatments, larger individuals survived longer than smaller 

individuals (Table 5.1, Figures 5.2A-C, 5.3A-C and 5.4A-C) with the largest individuals 

in any treatment subsample tending to have the greatest emersion tolerance (Table 5.2), 

thus, 100% sample mortality was not achieved after the 308-d emersion in the lowest 

temperature/highest humidity treatments of 20° and 25°C at 75% and >95% RH (Table 

5.2).   Therefore, the emersion tolerance of individuals of P. insularum appeared to be 

highly dependent on temperature and RHrelative humidity conditions with tolerance 

increasing with decreasing temperature and increasing RH which synergistically result 

in decreasing vapor pressure leading to reduced evaporative water loss rates in emersed 

snails (Figures 5.6A-C, 5.7A-C and 5.8A-C).  At any temperature-RH combination 

increased size as SL resulted in increased emersion tolerance (Table 5.1, Figure 5.5A-

C) apparently as a result of the reduced evaporative water loss rates recorded in larger 

specimens (Figures 5.6A-C, 5.7A-C and 5.8A-C).  At any one temperature-RH 

treatment, the impact of individual size on water loss rates appeared to be the main 

factor determining differential emersion tolerance among different sized specimens of 

P. insularum, particularly because size measured as SL did not significantly impact the 
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fraction of water lost at death (Figure 5.9).  Thus, high percent water loss rates resulted 

in smaller individuals reaching lethal levels of desiccation within shorter time periods 

than did larger individuals with reduced percent water loss rates.   
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Table 5.4 Desiccation tolerance in some freshwater pulmonate and prosobranch snails. 

Species Condition T (°C) RH (%) 
Exposure 

Duration (d) 
Survival 

(%) Reference 
Pulmonates 

5 80 2.2 70 
15 80 1.5 50 

Adults 

18 80 0.8 50 

Lymnaea peregra 

juveniles  18 80 0.6 50 

Skoog, 1976 

n.a 3 44 
n.a 6 28 

Physa integra Adults room 

n.a 12 14 

Clampitt, 1970 

n.a 3 83 
n.a 6 73 

Physa gyrina 
  
  

Adults room 

n.a 12 51 

Clampitt, 1970 

Planorbis planorbis  Adults 18 - 25 n.a 80 30 Klekowski, 1961 
96 64 50 
85 25 50 
74 8.2 50 
57 4.7 50 
30 3.5 50 

Adults 27 

15 2.8 50 

von Brand et alet 
al., 1957 

90-95 220 50 
85-90 126 50 

Bioampullaria glabrata 

Adults 27-30 

70-80 61 50 

Oliver, 1956 

Prosobranchs 
Theodoxus fluviatilis Adults 15 80 1.75 50 Skoog, 1976 

20 n.a 4 0 
35 n.a 7 0 

Pila sp. (mixed samples 
of Pila globosa and  
Pila virens) 

Adults 

40 n.a 2 0 

 Meenakshi, 
1964 

Pomacea lineata Adults room n.a 100-400 > 50 Little, 1968 
Pomacea urceus Adults room n.a 526 66 Burky et alet al., 

1972 
20 <5 161 0 

 33 189 0 
 53 259 0 
 75 308 10 
 >95 308 60 

25 <5 154 0 
 33 210 0 
 53 266 0 
 75 308 10 
 >95 308 40 

30 <5 70 0 
 33 105 0 
 53 161 0 
 75 182 0 

Pomacea insularum Adults 
and 
Juveniles 

 >95 248 0 

This study 
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5.4.1 Desiccation and Survivorship 

 Survivorship ofin specimens of P. insularum over the 308-d study period was 

the greatesthighest at a temperature–-relative humidity treatment of 20°C and >95% RH 

in which 60% sample survival was recorded at the end of 308-d exposure period (Table 

5.2).  This level of emersion tolerance wasis comparable to that of other pomacean 

species such as P. urceus (Burky et alet al., 1972) and P. lineatae (Little, 1968), for 

which individuals have been reported t`o display 66% and >50% sample survival at the 

end of a 526-d  and 400-d emersion periods, respectively, at room temperature (Little, 

1968) (Table 5.4).  In contrast, the related tropical ampullariid species, Pila globosa and 

Pila virens, appear to be much less emersion tolerant than pomaceans experiencing 

100% mortality after 4- d at 20°C, 7- d at 35°C and 2-d at 40°C (Meenakshi, 1964) 

(Table 5.4) which would suggest that they are restricted to much more permanent 

bodies of freshwater than ampullariid pomacean species.  Even less emersion tolerant is 

the European freshwater prosobranch Theodoxus fluviatilus which is restricted to 

permanent freshwater habitats, reflected by its emersion LT50 of 1.75- d (Skoog, 1976) 

(Table 5.4). 

 The tropical/subtropical species, Bioampullaria glabrata, appears to be among 

the most emersion tolerant of studied freshwater pulmonates.  It has been reported to 

have emersion LT50 values ranging from 2.8 d to 64- d over 15%-96% RH at 27°C (von 

Brand et alet al., 1957) (Table 5.4).  In contrast, Oliver (1956) recorded much higher 

levels of emersion tolerance for this species, with LT50 values ranging from 61-220- d at 

RH ranging from 70-80% to 90-95% at 27-30°C (Table 5.4).  A corresponding 
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emersion LT50 value of 172- d was estimated for the 50th quantile of P. insularum at 

30°C and >95% RH in this study.  This result suggestesd that P. insularum and other 

pomacean species may have emersion tolerances similar to that of pulmonate species, B. 

glabrata (Table 5.4), which, like members of pomacean species, inhabits shallow marsh 

and swamp habitats subject to periodic drying (von Brand et alet al., 1957; Oliver 

1956).    

The emersion tolerance of specimensmembers  of P. insularum was also 

significantly influenced by individual size measured as SL, with smaller individuals 

having significantly lower survival probabilities over time compared to larger 

individuals (Figures 5.2A-C, 5.3A-C and 5.4A-C).  Reduced mortality in smaller 

individuals may have been a result of their significantly higher rates of water loss 

relative to larger individuals across all tested temperature-RH combinations (Figures 

5.6A-C, 5.7QA-C and 5.8A-C).  Since fraction of total corporal and extracorporal water 

loss at death (FWLD) was not significantly correlated to size measured as SL, smaller 

individuals experiencing higher rates of water loss would reach lethal levels of 

desiccation more quickly than larger individuals experiencing lower rates of water loss.  

Emersed ampullariid snails appear to sustain an aerobic gas exchange at least 

during the early portions of emersion by periodically or continually partially extending 

the foot so that the edge of operculum is no longer tightly sealed to against the inside 

surfaces of the shell.  This behavior has been observed in emersed specimens of P. 

urceus (Burky et alet al., 1972), P. globosa and P. virens (Little 1968).  The same 

behavior was observed in emersed specimens of P. insularum in this study.  Emersed 
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individuals of P. insularum extended the operculum away from the walls of the shell 

particularly during the first 60-100 d of emersion after which individuals began to 

withdraw more deeply into the shell so that the periphery of the operculum was tightly 

oppressed to the inner shell walls.  In addition, the operculum edge appeared to be 

sealed to the shell wall with mucous.  This behavior pattern of early extension of the 

operculum subsequently followed by later more complete withdrawal of the operculum 

into the shell and sealing its edges with mucous has also been observed in emersed 

specimens of P. urceus (Burky et alet al., 1972), P. globosa, P. virens (Little, 1968), 

Pila globosa and Pila virens (Meenakshi, 1964). 

  Experimental evidence suggests that opercular extension behavior allows 

emerged specimens of the Ampullaridae to sustain an aerobic gas exchange that 

prevents accumulation of anaerobic end-products to toxic levels in individuals 

experiencing prolonged emersion (Meenakshi, 1964; Coles, 1968; Burky et alet al., 

1972).  However, this behavior is also likely to be associated with increased levels of 

evaporative water loss as has been reported for intertidal snails subjected to prolonged 

emersion (McMahon, 1990; Britton and McMahon 1990; McMahon and Britton, 1985; 

McMahon and Cleland, 1990).  Therefore, the increased surface to volume ratio of 

smaller individuals of P. insularum could accounted for the increased evaporative water 

losses observed in this group, particularly within the first 60-100 days of emersion when 

opercular extension behavior was most frequently observed (Figures 5.6A-C, 5.7QA-C 

and 5.8A-C).    
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5.4.2 Water Loss during Emersion 

 Freshwater prosobranch snails can survive adverse emersion under high 

temperatures and low RH by aestivation, during which metabolic demands are 

significantly reduced and the body is physically isolated from the environment by 

withdrawal into the shell and sealing of the shell aperture with the operculum (Aldridge, 

1983).  Such aerial aestivation can be marked by considerable losses in wet weight 

biomass, which areis mostly water loss (Aldridge, 1983).  In this study, desiccation 

tolerance was determined for individuals of P. insularum exposed to different 

temperature–-RH treatments during a 308-d emersion period.  Both their rates of total 

corporal and extracorporal water (TW) loss during emersion and a fraction of total 

corporal and extracorporal water loss at death (FWLD) were investigated.  The rate of 

TW loss increased with decreasing RH and increasing temperature (Table 5.3, Figures 

5.6A-C, 5.7A-C and 5.8A-C).  Individual size (SL) also significantly aeffected water 

loss rates (Table 5.3) with percent TW loss rates being greater in smaller individuals at 

all tested temperature-RH combinations (Figures 5.6A-C, 5.7A-C and 5.8A-C).   

 Generalized Least Squares Linear Regression Modeling revealed that the 

maximum percent of TW lost by specimens of P. insularum in the 25th quantile (SL = 

37.5 mm) after 161 d of emersion ranged from 20.9% at 20°C and 100% RH to 62.7% 

at 30°C and 0% RH.  Respective values for individuals in the 50th quantile (SL = 53.0 

mm) were 15.3% and 51.4% and, for individuals in the 75th quantile (SL = 63.2 mm), 

they were 6.8% and 56.0% (Figures 5.6A-C, 5.7A-C and 5.8A-C).  The rate of water 

loss during emersion recorded for P. insularum in this study appeared to be similar to 
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data reported for several other Ampullariid species.  Burky et alet al., (1972) reported a 

34% loss in total body weight, assumed to be loss in total water weight, in emersed 

specimens of P. urceus at the end of a 526-d emersion period at 20-25°C.  In P. lineata, 

the total water lost at the end of 13 months emersion at 20-25°C was >50% of the total 

wet tissue weight (Little, 1968).  Other ampullariid species such as Pila virens and Pila 

globosa have been reported to lose only 5% of their tissue water after six months of 

emersion under natural conditions, but were able tolerate up to a 50% loss of tissue 

water under experimental conditions (Meenakshi, 1964).  Similarly, individuals of the 

tropical, freshwater, pulmonate, snail species, B. glabrata, were reported to withstand 

up to a 70% reduction in their total body water at the end of a 126-d emersion period at 

27°C and 85% RH with an FWLD at 27 - -30°C and 98% RH of 65 – -70% (von Brand 

et alet al., 1957).  The maximum tolerated total water loss by the freshwater pulmonate, 

Lymnaea peregra, at 18°C and 80% RH was >50% (Skoog, 1976).  Under the same 

conditions it was >60% in the freshwater prosobranch, Theodoxus fluviatilis (Skoog, 

1976).  In an acute desiccation tolerance study at 30°C and 89% RH, individuals of the 

temperate, Australian, freshwater, pulmonate, Lymnaea tomentosa, lost water at high 

rates, losing between 30–-50% of their initial body weight, interpreted as loss of water 

weight, within 10–-1100 min of emersion, with smaller individuals losing water at 

higher rates than larger individuals (Lynch, 1966). 

This study revealed that the total fraction of total corporal and extra-corporal 

water loss at death (FWLD) in emersed specimens of P. insularum was not significantly 

correlated with size measured as SL and tended to increase with increasing RH within 
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any test temperature.  FWLD values also tended to increase with decreasing test 

temperature so that the maximum mean FWLD values of 0.573 (s.e. ±0.069) and 0.584 

(s.e. = ±0.040) were obtained for individuals held at 20° and 25°C and >95% RH , 

respectively (Figure 5.9A, B).  Maximum percent of total water remaining at death at 

30°C and >95% RH was also elevated at 41.2% (s.e. = ±0.028) (Figure 5.9C).  

Minimum FWLD values of 0.152 (s.e.= ±0.028) and 0.187 (s.e. = ±0.028) were 

recorded at 25°C and 30°C, respectively, at the lowest tested RH of <5% (Figure 5.9B-

C).  Lack of significant correlation of FWLD with individual size measured as SL 

indicated that the lethal effects of desiccation where similar across individuals within 

the tested size range of 14.7–77.0 mm. 

Overall, the results indicated that the fraction of total corporal and extracorporal 

water lost at death (FWLD) significantly increased with increasing relative humidity 

and decreasing temperature (Figures 5.9A-C).  The highestgreatest FWLD values were 

recorded at >95 RH in all three test temperatures with the greatest tolerated levels of 

water loss of 57.3% and 58.4% occurring at 20° and 25°, respectively (Figures 5.9A-C). 

At these highest levels of water loss, death was most likely due primarily due to 

desiccation.  This tolerated level of desiccation in P. insularum was similar to tolerated 

levels of desiccation reported for other ampullariid species including Pomacea lineata 

which tolerated a >50% loss of body water over 400 days of emersion (Little, 1968) and 

Pila virens and Pila globosa which tolerated up to a 50% loss of tissue water when 

emersed under laboratory conditions (Meenakshi, 1964).  Emersed specimens of the 

highly aquatic temperate, freshwater prosobranch, Theodoxus fluviatilis, tolerated a 
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greater >60% corporal water loss at 18°C and 80% RH (Skoog, 1976).  In contrast, 

species of freshwater pulmonates which inhabit shallow standing water habitats subject 

to periodic drying (McMahon, 1983), appear to tolerate higher levels of desiccation than 

prosobranchs including P. insularum.  Thus, individuals of the freshwater tropical 

pulmonate snail species, B. glabrata, which inhabits marsh and swamps prone to 

drying, tolerated a 65-70% reduction in corporal water after 126 days of emersion at 27 

- 30°C and 98% RH (von Brand et alet al., 1957).  In contrast, the temperate, European 

freshwater pulmonate, Lymnaea peregra, appears less tolerant of desiccation, tolerating 

only a  >50% corporal water loss at 18°C and 80% RH  (Skoog, 1976).          

The FWLD of emersed individuals of P. insularum at test RH of <5%, 33%, 

53% and 75% were generally lower than those recorded at >95% RH across all three 

test temperatures (Figure 5.9A-C).  FWLD values under these conditions ranged from 

0.152 (s.e. = ±0.028) at 25°C and <5% RH (Figure 5.9B) to 0.400 (s.e. = ±0.031) at 

20°C and 75% RH (Figure 5.9A).   

The onset of death at all three test temperatures under RH ranging from <5% to 

75% at FWLD values considerably less than recorded at >95% RH suggested that death 

at these lower relative humidities was not primarily due to desiccation, but resulted 

from other complications of prolonged emersion.  Based on observations recorded over 

the duration of the experiment, emersed individuals of P. insularum tended to withdraw 

deeply into the shell, sealing the aperture opening with the operculum under RH 

exposures of <5%, 33%, 53% and 75% at all three test temperatures to a much greater 

extent than did individuals emersed in >95% RH treatments.  At >95% RH, emersed 
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individuals were frequently observed to slightly extend the foot so that the operculum 

did not tightly seal the aperture opening (see above).  Such behavior has been associated 

with maintenance of an aerobic gas exchange during emersion in ampullariid species 

including Pomacea urceus (Burky et alet al., 1972), Pila ovata (Coles, 1968), Pila 

globosa and Pila virens (Meenakshi, 1964).  In contrast, emersed individuals that are 

withdrawn deeply into the shell, sealing the aperture with the operculum, are assumed 

to depend almost entirely on anaerobic metabolism to meet maintenance energy 

requirements.  Thus, aestivating specimens of the tropical ampullariid snail Pila virens 

emersed for 6 months were noted to accumulate the anaerobic end product lactic acid in 

their tissues, but did not have a corresponding reduction in hemolymph pH which 

remained at 7.3 (Meenakshi, 1956).  They also had a reduced glycogen content 

suggesting that they where utilizing glycogen stores to meet metabolic energy demands 

(Meenakshi, 1956).  When re-submerged after aestivation, tissue lactic acid 

concentrations rapidly returned to normal levels and oxygen uptake rates were elevated 

associated with payment of an “oxygen debt” allowing accumulated lactic acid to be 

aerobically respired through the citric acid cycle (Meenakshi, 1956).  In contrast, 

individuals of P. virens that were submerged in anoxic water developed lactic acid 

tissue concentrations 30 times that of aestivating emerged individuals and hemolymph 

pH became highly acidic at 4.5 leading to death within 2-3 days (Meenakshi, 1956).  

Hence under low RH conditions of <5% - 75% RH, mortality in individuals of P. 

insularum at levels of water loss below maximum levels recorded at >95% RH may 

have resulted from deep withdrawal into the shell creating a greater reliance on 
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anaerobic metabolism.  Increased reliance on anaerobic metabolism could have lead to 

accumulation of lactic acid and other toxic anaerobic end-products resulting in 

reduction in tissue and hemolymph pH to lethal levels prior to attaining lethal levels of 

desiccation.   

Another mechanism for early mortality in emersed specimens of P. insularum 

could have involved accumulation of ammonia (NH3) or ammonium ion (NH4
+) as toxic 

end products of protein catabolism.  These end-products could accumulate to lethal 

levels in emerged individuals because they cannot be directly released to the 

surrounding atmosphere (McMahon 1983).  However, emersed individuals of P. 

depressa have been shown to detoxify ammonia and ammonium ion by conversion to 

uric acid which is stored around blood vessels in the mantle cavity lung and digestive 

diverticulum, thus, avoiding ammonia/ammonium ion accumulation to toxic levels 

(Little, 1968).  Many species of emersion tolerant freshwater pulmonates also detoxify 

ammonia and ammonium ions by conversion into uric acid during prolonged emersion 

(McMahon, 1983).   Because all species of Pomacea that have been investigated have 

been shown to be highly tolerant of emersion (see above, Table 5.4), it can be assumed 

that pomacan species as a group have evolved the capacity to prevent 

ammonium/ammonium ion toxicity by their conversion of these toxic end-products into 

uric acid and uric acid storage during emersion.   

Thus, it appears that increasing levels of anaerobic metabolism associated with 

increasing duration of deep withdrawal into the shell in emersed specimens of P. 

insularum results in accumulation of toxic anaerobic end-products.  Such accumulation 
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of toxic anaerobic end-products appears to be the most likely cause of early mortality in 

emersed specimens of this species at lower than the maximally tolerated levels of 

desiccation recorded at >95% RH where greater levels of aerobic metabolism, leading 

to reduced accumulation of toxic anaerobic end-products, are likely to be sustained.  

In conclusion, the results of this study revealed that individuals of P. insularum 

display a high capacity to withstand emersion and desiccation, which would enable 

them to withstand temporary drying during the summer months of their shallow lentic 

habitats such as wetland rice agriculture fields in southeast Texas.  However, emersed 

specimens of this species appear to sustain a highly anaerobic metabolism leading to 

anaerobic end-product toxicity under conditions of high temperature and low RH as a 

result of withdrawing deeply into their shells to avoid evaporative water loss.  Such 

behavior appears to lead to reduced survival times, with LT50 values declining to 17.2, 

27.7 and 62.3 d, for the 25th, 50th and 75th quantiles, respectively, under the most 

desiccating test conditions of 30°C and <5% RH (Figure 5.5C).  Hence, in Texas 

agricultural wetland ecosystems such as rice and taro fields, where these animals are 

potential pests, dewatering and drying these fields for periods over 150-365 d 

depending on average temperature and RH may prove to be an effective strategy for 

periodically extirpating established pest P. insularum populations.  However, since this 

species presently inhabits many permanent bodies of water in southeast Texas not prone 

to drying (Howells, 2001; Howells and Smith 2002) and because I have shown that it 

has a highly developed capacity to tolerate prolonged emersion in habitats subject to 

periodic drying, it is likely to continue to thrive in the natural southeastern Texas 
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waterways from which it is not likely to be restricted by its lower incipient thermal limit 

of 30°C (see Chapter 4).  Such established populations in natural southeastern Texas 

waterways are likely to act as source populations from which wetland rice agricultural 

systems will be reinvaded by P. insularum after infestations of this species been 

extirpated from rice fields by drying or other means.     
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CHAPTER 6 

RESPIRATORY RESPONSES 

 

6.1 Introduction 

The availability of oxygen to aquatic animals is dependent on the temperature, 

salinity and level of environmental hypoxia (Aldridge, 1983).  The solubility of oxygen 

is inversely proportional to the former two variables and ambient oxygen concentration 

is significantly reduced in environments with high oxygen demand and low oxygen 

availability (Aldridge, 1983).  In addition, temperature impacts the oxygen demands of 

ectothermic invertebrates such as freshwater gastropods with oxygen consumption rates 

generally increasing by a factor of 2-3 times with each 10°C increase in temperature 

(McMahon 1983, Prosser and Health, 1991).    

There have been several studies of the effects of temperature on the oxygen 

consumption rates of freshwater pulmonate and prosobranch snails.  Berg and 

Ockelmann (1959) recorded relatively similar increases in aquatic oxygen consumption 

rates among two species of freshwater prosobranchs and three species of freshwater 

pulmonates with aquatic oxygen uptake rates increasing 65-90% over a 7°C increase in 

temperature from 11-18°C.  Similarly, Tanveer (1991) recorded a linear increase in 

oxygen consumption rates with increase in temperature from 0°- to 45°C in four species 
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of pulmonates, Lymnea acuminata, Gyralus convexiusculus, Physa acuta and 

Bellamaya bengalensis.  In the prosobranch, Marisa cornuarietis, oxygen uptake rates 

increased with increase in water temperature between 10°C - -35°C and declined at the 

lethal temperature of 40°C (Freiberg and Hazelwood, 1977).  Theodoxus jordani, 

another freshwater prosobranch snail, showed an increase in its whole animal oxygen 

consumption rates within the temperature range of 21°C - -33°C (Al-Dabbagh and 

Luka, 1986).   Another prosobranch snail, Viviparus contectoides, also displayed an 

increase in the oxygen consumption rate with an increase in temperature between 12°C- 

and 32°C with the rates averaging 10 µL O2•animal-1•h-1 at 12°C to 120 µL O2•animal-

1•h-1 at 32°C (Buckingham and Freed, 1976).   

Among pomacean snail species, respiratory responses to temperature have been 

investigated for Pomacea lineata (Santos and Mendes, 1981; Santos et alet al., 1987), 

Pomacea palludosa (Freiberg and Hazelwood, 1977) and Pomacea urceus (Burky et 

alet al., 1972).  The respiratory rates for P. palludosa have been reported to be higher in 

air than in water with the  Q10 values being 2.58 and 2.97 for water and air, respectively, 

within the temperature range of 10 - °-20°C (Freiberg and Hazelwood, 1977).  The 

respiratory rates of P. lineata are maximalhave been investigated to be the highest 

between 10°C- and 15°C (Santos et alet al., 1987). 

Since freshwater prosobranch snails mainly depend on their aquatic gills for 

respiration, they usually require better oxygenated water relativewhen compared  to 

freshwater pulmonate snails which have evolved the mantle cavity into an air-breathing 

lung (Aldridge, 1983, McMahon, 1983).  However, some tropical freshwater 
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prosobranch species have evolved an amphibious strategy involving use of the mantle 

cavity as lung to cope with the hypoxia they periodically encounter in their natural 

standing water habitats (Aldridge, 1983).   

 Among the prosobranch snails, members of the family Ampullariidae exhibit an 

amphibious lifestyle and this family includes tropical and sub-tropical genera such as 

Pila, Marisa and Pomacea (Perera and Walls,. 1996). These snails are characterized by 

their ability to carry out both aquatic gas exchange across the gill and aerial gas 

exchange across a mantle cavity lung (Aldridge, 1983).  They begin to air breathe 

whenever ambient aquatic oxygen tensions decline, water temperatures increase, the 

water contains chemical irritants or under conditions of starvation (Aldridge, 1983).  In 

Marisa cornuarietis, the ooxygen uptake rates are lower during emersion are lower than 

during immersion while they were not different in Pomacea palludosa (Freiberg and 

Hazelwood, 1977).  Oxygen consumption rates wereare also not different in air or water 

in individuals of Pomacea lineata (Santos and Mendes, 1981).  Another pomacean 

species, Pomacea urceus is intolerant ofto anoxia (Burky et alet al., 1972).   

 In addition to temperature, another important factor in the determination of the 

types of habitats an aquatic organism can inhabit and exploit is the interrelationship 

between an organism’s metabolic O2 consumption (Vo2) and dissolved O2 availability 

(Hanley and Ultsch, 1999).  The responses of aquatic snails to reduced ambient oxygen 

concentrations vary with species.  In general, based on the responses of Vo2 to 

decreasing partial pressure of oxygen (Po2), a species can be classified either as a 

“oxygen conformer”, in which Vo2 declines in direct proportion to decline in Po2 or an 
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“oxygen regulator,” in which the Vo2 remains constant over a broad range of declining 

Po2 until Po2 approaches a critical low vvalue belowbeyond which Vo2 declines directly 

with further decreases in ambient Po2 (Hanley and Ultsch, 1999).  

A number of studies have investigated the effect of varying ambient oxygen 

concentrationtension on Vo2 in freshwater gastropods.  Berg and Ockelmann (1959) 

recorded relatively similar respiratory responses to progressive hypoxia among four 

species of freshwater prosobranch and freshwater pulmonate snails at 13°C with athe 

critical level of Po2 (i.e., Pc) below which O2 uptake declined rapidly with further 

hypoxia ranging from 14 to 24 Torr among all the eight tested species.  Some Pc values 

reported for  prosobranch snails include: 71 Torr at 12 °C for Valvata piscinalis and 46 

Torr at 15°C and as 55 Torr at 25°C for Viviparus georgianus (Hanley and Ultsch, 

1999).  It has been shown that specimens of the pulmonate, planorbidfreshwater snail, 

Australorbis glabratus, are exceptional oxygen regulators with a Pc of 13 Torr (Brand et 

alet al., 1948).  Values of Pc for freshwater pulmonate species include 87 Torr for 

Lymnaea auricularia, 95 Torr for Myxas glutinosa, 64 Torr for Lymnaea pereger, 103 

Torr for Lymnaea palustris, and 111 Torr for Physa fontinalis (Berg and Ockelmann, 

1959),   Aand among freshwater prosobranchs: Bithynia tentaculata is a strict oxygen 

conformer, while Pc was 111 Torr for Bithynia leachi, and 80 Torr for Valvata piscinalis 

(  Berg and Ockelmann, ( 1959).  Such species-specific Pc values suggest that there 

isindicating a relatively wide variation in oxygen regulatory ability among both 

freshwater pulmonate and prosobranch species. The prosobranch snail Theodoxus 

fluviatilis has been found to be an oxygen conformer with the whole animal oxygen 
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consumption rates of the individuals declining with decreasing oxygen tensions 

(Lumbye, 1958).  Among the ampullarid snails, M. cornuarietis and P. palludosa have 

been reported to have Pc values of 90 Torr at 25°C and 95 Torr at 15°C, respectively 

(Hanley and Ultsch, 1999).  The Pc for P. lineata ranges from 35.4-70.8 Toor 

suggesting that this species is a good oxygen regulator (Santos et al., 1987). 

 Although the respiratory responses to temperature and progressive hypoxia have 

been investigated for some pomacean snails, there are no known studies of the 

respiratory physiology of Pomacea insularum and nothing is known about the 

respiratory responses of individuals of P. insularum to temperature and hypoxia.  This 

information is crucial from an ecological perspective as it is needed to gain a better 

understanding of the types of freshwater habitats that P. insularum can successfully 

invade.  

In this chapter I report the results of the experiments conducted to investigate 

the respiratory responses of individuals of P. insularum to progressive hypoxia and 

temperature.  The oxygen consumption rates of specimens of P. insularum were 

determined in response to wide range of temperatures allowing comparison of 

respiratory temperature response to incipient lower and upper thermal limits determined 

by standard mortality testing as described in Chapter 4.  In addition, response of oxygen 

consumption rates to progressive hypoxia was determined to provide a measure of the 

tolerance of individuals of P. insularum to hypoxic habitats via determination of its 

capacity for oxygen regulation (Alexander and McMahon, 2004).  
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6.2 Methods 

6.2.1 Test Organisms-Pomacea insularum 

6.2.1.1 Collection, Culture and Specimen Maintenance 

The juvenile snails used in respiratory studies were obtained from eggs masses 

either oviposited by adults held in the laboratory or egg masses collected in the field.    

 Juvenile and adult specimens of P. insularum and egg masses were collected 

from several sites, depending on population size and availability, in the greater Houston 

area (i.e., Brazoria County, TX) and returned to the laboratory.  Collected specimens 

were transported to the laboratory on the day of collection, in a large cooler filled with 

water from the collection sites.  Egg masses were removed from oviposition sites on 

hard surfaces (i.e. rocks and concrete) from 0--1 m above the water’s surface.     Snail 

specimens were also collected by colleagues at Steven F. Austin University from a rice 

field close to the town of Rosharon, in Brazoria County, Texas, and shipped in insulted 

containers cooled with artificial ice packets overnight to Arlington wrapped in moist 

paper toweling.   

Adults were returned to the laboratory where they were maintained in large, 250 

L holding tanks in dechlorinated, constantly aerated, City of Arlington tap water held in 

an aquatic holding room at a constant temperature of 25°C.  A temperature of 25°C is 

considered optimal for oviposition and growth in artificially cultured pomacean snails 

(Estebenet and Cazzaniga, 1992).  Each holding tank had a large biofilter to maintain 

water quality.  A 100 W light bulb provided constant illumination, reported to facilitate 

breeding and oviposition (Estebenet and Cazzaniga, 1998; Estebenet and Martin 2002).  
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A weekly 50% change of water in all holding tanks prevented accumulation of 

nitrogenous and other metabolic wastes to toxic levels.  All water drained from holding 

tanks was passed through a 0.1 mm nylon mesh net to capture juveniles and prevent 

their release into holding room drains.  Adult individuals were fed ad libidum on a diet 

of Rromaine or green leaf lettuce once every two days which sustains high growth rates 

in pomacean species (Estebenet and Cazzaniga, 1992).  

 Juveniles of P. insularum were hatched in the laboratory from egg masses 

obtained at collection sites or from previously collected adult females ovipositing on the 

walls of holding tanks and cultured to sizes suitable for experimentation.  Egg masses 

were oviposited by adults above the water line on holding tank walls.  Egg masses 

collected in the field, were held above the water line in a slotted plastic container.  Both 

field-collected and holding tank-oviposited egg masses and were kept moist by periodic 

blotting with wet paper towels until hatching occurred within 7-14 days of oviposition 

(Perera and Walls, 1996).   

Hatched juveniles were held in 250 L holding tanks and fed every two days on 

an ad libitum diet of Rromaine and green leaf lettuce supplemented with fish food 

flakes (Aquarian®).  This diet has been reported to sustain rapid juvenile growth in other 

pomacean snail species (Estebenet and Cazzaniga, 1992; Estebenet and Martin, 2002).  

Juveniles were maintained under these conditions until reaching sizes suitable for use in 

determining respiratory rates (i.e., 6-22 mm). 
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6.2.1.2 Acclimation and Shell Length Measurement 

In order to determine the respiratory responses of juvenile P. insularum 

individuals to temperature and progressive hypoxia, specimens of juveniles spanning a 

broad shell length range of(between 6.0- mm and 22.0 mm) were randomly selected 

from laboratory cultured populations.  Selected individuals were acclimated to 25° and 

30°C (±1°C) for a period of at least 14 days in refrigerated constant temperature 

incubators in 15.0 L plastic aquaria (36.0 cm length, 21.0 cm width, 25.0 cm height), 

filled with continuously aerated dechlorinated City of Arlington tap water.  Other 

individuals were acclimated to 20°C by being held in the same tanks as described above 

in a 20°C (±1°C) constant temperature aquatic holding room.  During acclimation, 

aquaria water temperatures were monitored daily and incubator temperatures adjusted to 

maintain acclimation temperatures.  Dead snails were removed during daily monitoring 

periods.  Media in acclimation tanks was completely replaced every two days.  

Acclimating snails were fed lettuce (Rromaine or green leaf lettuce) on days alternate to 

aquaria media renewal. 
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Figure 6.1 Measurement of shell length (SL) in specimens of Pomacea insularum 
(after Ghesquiere, 2003). 
 

6.2.2 Determination of Oxygen Uptake Rates (Vo2) 

The metabolic responses of specimens of P. insularum to a range of lethal and 

sub-lethal temperature treatments were measured as whole animal oxygen consumption 

rates (Vo2).  Oxygen uptake rates were determined for small individuals of P. insularum 

with an SL of 6-22 mm with YSI® model 53 Clark-Type silver-platinum, polarographic 

oxygen electrodes (Clark, 1956) using methodology previously published for freshwater 

gastropods (McMahon, 1985).  Prior to determination of individual oxygen uptake rates, 

the shell length (SL, the greatest distance from the apex of the spire to the external 

anterior aperture margin) of each experimental individual was measured to the nearest 

0.1 mm with dial calipers (Figure 6.1).  
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Snails were acclimated to 20°, 25° or 30°C (respiratory response to temperature 

determinations) or 25°C (respiratory response to hypoxia determinations) for a 

minimum of fourteen days, prior to Vo2 measurement.  Before Vo2 determinations, 

snails were held without feeding for 48 h.  This starvation period allowed avoidance of 

error in Vo2 determinations due to increased metabolic demand (i.e., specific dynamic 

action) occurring immediately after food consumption.  

In all Vo2 determinations, glass respiration chambers (2 cm internal diameter by 

7 cm high) were filled with 5 ml of test or control media and brought to the acclimation 

of temperature of the sails being tested by holding them in a transparent, water-jacketed 

bath through which water at the acclimation temperature (± 0.1°C) was circulated from 

a Lauda K2/R® refrigerated constant temperature circulator. The jacketed holding bath 

held four individual respiration chambers.  

Prior to placing individuals in respiration chambers, air retained in the mantle 

cavity was expelled by gently prodding the snail's foot with a small paintbrush while 

holding it under water with the aperture directed upwards. Thereafter, a snail was 

placed in each of three respiration chambers containing 5 ml of media.  The fourth 

chamber acted as a blank and contained 5 ml of distilled water without a snail.  A small 

amount of streptomycin was dissolved in the water in each chamber to suppress 

bacterial growth and gas exchange during Vo2 measurements.  Plastic snap rings were 

placed below the medium surface in each chamber to support a fully submerged circular 

magnetic stirrer above the snails that functioned to continuously circulate water past the 

electrode face (McMahon 1985).  After seating stirrers in the chambers, chamber water 
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was stirred while remaining exposed to the atmosphere for greater than 15 min allowing 

snails to habituate to chamber conditions (i.e., pedally reattach and resume normal 

locomotion), O2 concentration in the distilled water control to attain equilibrium with 

the external atmosphere and chambers containing snails to become well oxygenated 

(usually > 80 % of full air O2 saturation or Po2 > 127 Torr) (McMahon, 1985). 

During snail habituation and chamber equilibration, the oxygen electrode and 

plunger were held above the water’s surface in one of the chambers containing snails in 

order to allow it to equilibrate to the experimental temperature.  After temperature 

equilibration, the electrode was placed in and moved downward into the distilled water 

control chamber expelling all chamber air and completely immersing the electrode 

membrane in the chamber medium.  After stabilization in the distilled water blank 

chamber, the electrode was calibrated to read 100% O2 concentration on both the 

electrode amplifier and strip chart recorder transcribing the electrode output allowing 

continuous recording of chamber medium O2 concentration during individual snail Vo2 

determinations.  In all cases,, no detectable oxygen consumption was recorded in 

control chambers. 

After calibration, the electrode was immediately placed in a chamber containing 

a snail and chamber water oxygen concentration continuously monitored until chamber 

O2 concentration was reduced by at least 10% or for a period of 30 min if a 10% 

reduction to chamber O2 concentration did not occur within that period (after McMahon 

1985).  Vo2 was similarly determined for snails in the two remaining chambers. 
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Atmospheric pressure was determined with a mercury barometer at the beginning of 

each set of Vo2 determinations.   

After completion of Vo2 determinations, snails were removed from chambers 

and placed in 12% nitric acid by volume to dissolve the mineral portion of their shells.  

The soft tissue of each individual was then rinsed in three separate 5 min washes of 

distilled water to remove any remaining nitric acid. The proteinaceous periostracum 

shell covering and operculum were then removed from the remaining soft tissue. The 

soft tissues were then wet weighed to the nearest 0.00001 mg on an electronic balance.  

Soft tissue dry weight (DTW) was then determined to the nearest 0.00001 mg after 

drying soft tissues to constant weight in an oven at 65 °C (>72 h).   

The volume of oxygen consumed by each snail was estimated by determining 

the amount of oxygen initially in the blank chamber based on chamber water volume, 

and the full air O2 saturation of the medium in the control chamber at the experimental 

water temperature and ambient partial pressure of oxygen (Po2) recorded during the Vo2 

determination corrected for vapor pressure (McMahon, 1985).  Due to aL lack of 

detectable oxygen consumption in control chambers, it was allowed assumed that 

reduction in the oxygen concentration of chambers containing a snails to be 

assumedwas due entirely to its oxygen consumptionsnail gas exchange.  Thus, the 

volume of oxygen consumed by each snail in µlO2 at standard temperature and pressure 

(STP) was divided by the time over which it was recorded to determine the individual 

Vo2 values as µl O2·animal-1·hr-1.  Total hourly Vo2 for an individual was then divided 

by its DTW to yield the weight-specific Vo2 in µl O2·mg-1·h-1.   
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6.2.3. Impact of Temperature and Temperature Acclimation on Vo2 

 The impact of temperature and temperature acclimation was assessed by 

determining the Vo2 of randomly selected subsamples of individuals from subsamples 

acclimated to 20°, 25°, or 30°C in City of Arlington dechlorinated tap water as 

described above.  The Vo2 values of six different individuals from each acclimation 

subsample were experimentally determined at experimental temperatures of 15°, 20°, 

25°, 30°, 35° and 40°C (total n = 102 individuals) in City of Arlington dechlorinated tap 

water.  The range of test temperatures was based on the incipient tolerated temperature 

range of this species of thermal limits of this species at 15-36°C determined in prior 

thermal tolerance experiments (see Chapter 4).  In all cases, individuals were placed in 

respiration chambers at the temperature of acclimation and chamber water temperature 

raised or lowered at a rate no greater than 1°C·min-1 to the experimental temperature at 

which individuals were habituated for at least 15 min prior to the measurement of Vo2.    

6.2.4. The I impact of Progressive Hypoxia on Vo2 

In order to analyze the impact of progressive hypoxia on oxygen consumption 

rate in P .insularum a sample of individuals were acclimated to 25°C for at least two 

weeks as described above.  The Vo2 of 10 individuals during exposure to progressive 

hypoxia were determined at 20°, 25° and 30°C (total n = 30) as described above with 

the exception that snails were allowed consume O2 from chamber media until chamber 

Po2 was reduced to a level at which no further O2 was consumed.  Chamber Po2 was 

continuously monitored on a strip-chart recorder throughout this process, allowing Vo2 

to be determined for each sampled individual at each 5% decrease in chamber O2 
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concentration from full air O2 saturation (Po2 ≈ 159.06 torr) to the O2 concentration at 

which O2 uptake ceased (generally < 5-10% of air saturation, Po2  ≈ 7.9-15.1 torr).   

For each individual, Vo2 recorded at each successive 5% decrease in chamber 

O2 concentration was expressed as a percentage of the maximum Vo2 recorded at near 

full air saturation (Po2 = 143-159 Torr) across the entire tested range of Po2.  Thus, the 

maximum standard Vo2 value was assigned a value of 100 % and all other Vo2 values 

computed as a percentage of that maximum value. The "Percent O2 Regulation" or 

"Ro2" value for an individual was then calculated as the integrated sum of these 

estimated “standard percent Vo2 values” across the tested Po2 range in progressive 5% 

concentration increments (Alexander and McMahon, 2004). The integrated sum of the 

standardized Vo2 values was then expressed as a percentage of that which would have 

been recorded for a perfect oxygen regulator (i.e.i.e., maintenance of maximal Vo2 with 

progressive hypoxia until a chamber Po2 of 0.0 Torr was attained).  For example, an 

individual displaying perfect oxygen regulation would have a Ro2 of 100%, and an 

animal exhibiting strict oxygen conformity (where oxygen uptake declines in direct 

proportion to the decline in Po2) would have a Ro2 of 50%.  Ro2 values greater than 

50% would be indicative of some degree of oxygen regulation (i.e., Vo2 declining at 

slower rate than Po2), with higher values indicating progressively greater regulatory 

ability.  Ro2 values below 50 % indicate that the metabolic rate declines exponentially 

in response to a progressive decline in Po2 indicative of very poor regulation of Vo2 

with progressive hypoxia (Alexander and McMahon 2004).   
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6.2.5. Statistical Analysis of Respiratory Response Data 

Data for Vo2 was subjected to ANCOVA (Sokal and Rohlf, 1995) with 

temperature of acclimation and test temperature as treatments and DTW as a covariate.  

Treatment mean Vo2 values were assessed for significance with a Scheffế Multiple 

Pairwise Comparison Test. 

The effect of test temperature on degree of O2 regulation of Vo2 expressed as 

individual Ro2 values were analyzed with an a priori ANCOVA model (Sokal and 

Rohlf, 1995) with test temperature (i.e., 20°, 25° or 30°C) as the treatment variable and 

individual size expressed as DTW as the covariate.  Size-adjusted mean Ro2 at different 

test temperatures were examined for significant difference with a Scheffế pairwise 

comparison test.  
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Figure 6.2 Scatter plot showing the correlation between shell length (mm) on the 
horizontal axis and dry tissue weight (g) on the vertical axis for juvenile Texas 
specimens of Pomacea insularum acclimated to 20°, 25° and 30°C.  The 20°C 
acclimated individuals are represented by open circles, 25°C acclimated individuals, by 
open triangles and 30°C acclimated individuals, by open squares.  
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6.3 Results 

6.3.1. Impact of Size, Temperature and Temperature Acclimation on Vo2 

The dry tissue weights (DTW) of individuals utilized in Vo2 versus temperature 

determinations varied significantly among acclimation groups with shell length-specific 

DTW values being greater among subsamples held at lower acclimation temperatures 

(Figure 6.2). When ANCOVA was used to analyze differences in DTW among 

acclimation group treatments (i.e., 20°, 25° and 30°C) with SL as a covariate, both 

acclimation temperature (F = 17.06, p <0.00001) and SL (F = 743.28, p <0.00001) had 

highly significant impacts on individual DTW.  Post hoc Scheffé multiple pair-wise 

comparisons indicated that mean DTW was significantly different among all three 

acclimation groups (p <0.05) with adjusted mean values for the 20°C acclimated 

subsample equaling 74.80 mg (s.e. = ±3.010), for the 25°C acclimation subsample, 

61.14 mg (s.e. = ±3.010) and for the 30°C subsample, 49.96 mg (s.e. = ±3.010) (Figure 

6.3).   

In all three acclimation groups whole animal oxygen consumption rates (Vo2 in 

µL O2•animal-1•h-1) increased with increasing test temperature from 15-35°C, but were 

severely depressed at 40°C as individuals entered heat coma (see Chapter 4).  Because 

Vo2 was depressed in all acclimation groups at 40°C it was not included in further data 

analysis.  ANCOVA was utilized to analyze the impacts of test temperature (15°-35°C) 

and acclimation temperature (20°, 25°C and 30°C) as treatments on Vo2 with DTW as a 

covariate. This analysis revealed that while acclimation temperature did not 

significantly impact VO2 (F = 2.4, p = 0.094), it was significantly impacted by both test 
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temperature (F = 11.84, p <0.00001) and DTW (F = 57.26, p <0.00001).  Scheffé 

multiple pair-wise comparison testing indicated significant differences among adjusted 

mean Vo2 values at different test temperatures with that at 15°C being significantly 

different (p <0.05) than those at 25°, 30° and 35°C; that at 20°C being significantly 

different from that at 35°C but not from those at 25° or 30°C and those at 25°C, 30° and 

35°C not being significantly different from each other (Figure 6.4A)  The overall trend 

was a relatively linear increase in Vo2 with increasing temperature, adjusted mean Vo2 

being  20.00 µL O2•animal-1•h-1 (s.e. = ±6.748) at 15°C, 44.77 µL O2•animal-1•h-1 (s.e. = 

±6.747) at 20°C, 59.37 µL O2•animal-1•h-1 (s.e. = ±6.787) at 25°C, 68.06 µL O2•animal-

1•h-1 (s.e. = ±6.751) at 30°C and 80.28 µL O2•animal-1•h-1 (s.e. = ±6.759) at 35°C 

(Figure 6.4A).   
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Figure 6.3 Adjusted mean dry tissue weights in mg (vertical axis) for juvenile Texas 
specimens of the freshwater prosobranch snail, Pomacea insularum acclimated to 20°, 
25° and 30°C (horizontal axis).  Mean dry tissue weights for each acclimation group are 
represented by a cross-hatched bars and standard error of the mean by a vertical line 
above each bar.  Differing letters above the bars indicate a significant difference (P 
<0.05) between means. 
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Figure 6.4A-B Effects of acute test and acclimation temperature on adjusted mean 
whole animal oxygen consumption rates in juvenile Texas specimens of Pomacea 
insularum relative to acute test temperature and temperature acclimation.  A)  Variation 
in whole animal oxygen consumption rates (Vo2) in µL O2•animal-1•h-1 (vertical axis) 
relative to acute test temperature in °C (horizontal axis).  Adjusted mean Vo2 at each 
test temperature is indicated by an open circle and standard error of the mean by vertical 
lines above and below the mean.  Differing letters above each mean value indicate that 
they are significantly different (p <0.05) from each other.  B)  Adjusted mean Vo2 in µL 
O2•animal-1•h-1 (vertical axis) relative to acclimation temperature in °C (horizontal 
axis).  Mean Vo2 for each acclimation temperature is indicated by a cross-hatched bar 
with standard error of the mean indicated by the vertical line above each bar.  Differing 
letters above each bar indicate that the means are significantly different from each other 
(mean Vo2 was not significant [p >0.05] among all acclimation groups).  
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Figure 6.5 Scatter plot showing effect of acute test temperature on the relation between 
dry tissue weight in mg (horizontal axis) and the whole animal oxygen uptake rate (Vo2) 
in µL O2•animal-1•h-1 (vertical axis) of juvenile Texas specimens of Pomacea 
insularum.  Vo2 of individuals of differing dry tissue weight are indicated at test 
temperatures of 15°C (open circles), 20°C (open triangles), 25°C (open diamonds), 
30°C (open squares) and 35°C (open inverted triangles).  Solid lines indicate the best fit 
of Least Squares Regression Equations for each acclimation group as marked.  
Correlations between Vo2 and dry tissue weight were significant (p <0.05) at each test 
temperature with the exception of individuals at 15°C (p = 0.092).  
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A least squares linear regression was used to model the relation between whole 

animal Vo2 and size expressed as DTW in milligrams at the different test temperatures.  

These rate/body mass regressions were significant (p <0.002) with the exception of that 

at 15°C (p = 0.092) where Vo2 was suppressed (Table 6.1, Figure 6.5).  Between 20-

35°C the slope values for the Vo2/DTW regressions where close to 0.0011.0 (range = 

0.69-1.10) (Table 6.1) suggesting that, within the size range of juvenile P. insularum 

utilized, there was nearly a directly proportional increase in Vo2 with increase in DTW.  

In other words, a doubling in individual DTW resulted in a concomitantconcomitant 

doubling in Vo2. 

Table 6.1 Intercept (a), regression coefficient (b), F value and the significance level (p 
value) of the relationship between respiration rate (µL O2•animal-1•h-1) and dry tissue 

weight (g) for Pomacea insularum juveniles at five different test temperatures. 
 

Temp 
(°C) a b F p value 

15 0.04300 0.88 3.22 0.0920 

20 0.02200 0.90 21.31 0.0003 

25 0.00970 0.1 13.36 0.0021 

30 -0.00220 0.91 24.20 0.0002 

35 0.00250 0.69 12.12 0.0004 
 

The rate of increase in Vo2 with increasing temperature can be described by the 

Q10 (i.e., Respiratory Coefficient) value which is the factor by which a physiological 

rate such as Vo2 increases with a 10°C rise in temperature.  It can be estimated over any 

temperature range by the following equation (Rao and Bullock, 1954; Prosser, 1973): 

             10 / (T2-T1)  
  Q10 = (R2/R1) 
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where R2 is the rate at the higher temperature T2, and R1 is the rate at the lower 

temperature T1.  When applied to the Vo2 versus temperature data for P. insularum, the 

Q10 value for increase in Vo2 between 15° and 35°C was 2.003.  When Q10 values were 

computed for the increase in the Vo2 over each successive 5°C increase in temperature 

from 15° to 35°C (Table 6.2), it was apparent that the greatest increase in Vo2 occurred 

between 15° and 20°C (Q10 = 5.01), followed by that between 20° to 25°C (Q10 = 1.76) 

(Table 6.2, Figure 6.4A).  Above 25°C, the respiratory response to increasing 

temperature was much reduced, Q10 values being 1.31 between 25° and 30°C and 1.39 

between 30° and 35°C (Table 6.2, Figure 6.4A).  The reduced respiratory response to 

increasing water temperature at higher test temperatures as indicated by a progressive 

decline in Q10 resulted in the increase in Vo2 in response to increasing temperature 

being decidedly linear in juvenile P. insularum rather than exponential as has been 

recorded for most majority of aquatic ectothermic invertebrate species (Prosser and 

Health, 1991). 

 
Table 6.2 Q10 values describing the increase in the Vo2 of juvenile specimens of 

Pomacea insularum over successive 5°C increases in test temperature 
expressed as a Q10 value which is the estimated factor by which Vo2  

would increase over a 10°C increase in water temperature. 
 

°C Vo2 Q10 
15 19.999  

  5.01 
20 44.768  

  1.76 
25 59.368  

  1.31 
30 68.062  

  1.39 
35 80.282  
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 Adjusted mean Vo2 values tended to decrease with increasing acclimation 

temperature (Figure 6.4B) although ANCOVA indicated that there was no significant 

difference between them (p = 0.0935).  However, the relatively low p value of 0.0935 

suggested that this tendency may have been biologically significant with adjusted mean 

VOo2 being 61.60 µL O2•animal-1•h-1 (s.e. = ±5.284), 56.58 µL O2•animal-1•h-1 (s.e. 

±5.226) and 45.31 µL O2•animal-1•h-1 (s.e. ±5.286), among the 20°, 25° and 30°C 

acclimation groups, respectively (Fig 6.3B). 

Multiple Least Squares Linear Regression analysis of Vo2 as the dependent 

variable versus test temperature, acclimation temperature and DTW as independent 

variables indicated that only test temperature and DTW were significantly (p < 0.00001) 

correlated with Vo2.  The analysis also indicated that the best fit to the linear regression 

occurred when Vo2, test temperature and DTW were not transformed (ANOVA for full 

regression n = 90, F = 54.85, p < 0.00001).   The estimated correlation coefficients for 

the intercept, test temperature and DTW were all highly significant (p < 0.00001).  The 

resulting regression equation for estimating Vo2 based on exposure temperature and 

DTW was as follows: 

Vo2 (µL O2•animal-1•h-1) = -49.928 + 2.887(°C) + 515.404 (g DTW). 
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Figure 6.6 The correlation between whole animal oxygen consumption rates (Vo2) in 
µL O2•animal-1•h-1 (vertical axis) of juvenile Texas specimens of Pomacea insularum 
and acute test temperature (°C, horizontal axis).  Data were generated from a Multiple 
Least Squares Linear Regression Analysis in which Vo2 was the dependent variable and 
DTW and acute test temperature were independent variables.  The three solid black 
lines represent the best fits of the data to the Multiple Least Squares Linear Regression 
Analysis showing change in Vo2 with change in temperature from 15-35°C, at the mean 
DTW (0.062 g) for all individuals utilized in determinations and at DTW values 
representing one standard deviation above the overall mean (0.111 g) and below it 
(0.013 g).  
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Values of Vo2 estimated from this equation are depicted in Figure 6.5 for and individual 

with a DTW equivalent to the mean for all tested individuals between test temperatures  

15° through 35°C (DTW = 0.060 g, s.d. = ±0.0494, n =90) and individuals with DTW 

equivalent to the mean plus or minus one standard deviation (i.e., 0.111 g and 0.013 g).  

Because the variables utilized in developing the regression were untransformed, the 

lines in Figure 6.6 representing the correlation of Vo2 to temperature for individuals 

with DTW of 0.013 g, 0.60 g and 0.111 g, respectively, are parallel to each other. 

6.3.2. Impact of Progressive Hypoxia on Vo2 

When expressed as standardized Vo2 (i.e., expressing Vo2 values at any Po2 as 

the fraction of Vo2 recorded at full air O2 saturation), the mean standard Vo2 of juvenile 

specimens of P. insularum in all three acclimation groups (i.e., 20°C, 25° and 30°C) 

remained at full air saturation (Po2 = 159.06 Torr) levels until approximately 120 Torr 

(75% of full air O2 saturation) after which it began to progressively decline in the 20°C 

and 25°C acclimation groups with further decrease in Po2 (Fig 6.7).  In contrast, mean 

standard Vo2 for the 30°C acclimation group remained at near full air saturation levels 

to a Po2 of 80 Torr (50% of full air O2 saturation) after which it progressively declined 

with further decrease in Po2.  In all three groups O2 uptake generally ceased at Po2 

between 0-16 Torr (i.e., 0-10% of full air O2 saturation) (Fig 6.7).  Standard Vo2 among 

the 20° and 30°C acclimation groups was similar below a Po2 of 60 Torr while that of 

the 25°C acclimation group was less than that of the 20° and 30°C acclimation groups 

over the same Po2 range (Figure 6.7). 



 

 

 

187

 

Figure 6.7 The respiratory response of juvenile Texas specimens of Pomacea insularum 
to progressive hypoxia.  Mean whole animal oxygen consumption rates (Vo2 in  µL 
O2•animal-1•h-1) are expressed as a fraction of Vo2 recorded at full air O2 saturation 
(Po2 = 159 Torr) at Po2 levels below full air O2 saturation (vertical axis) at test 
temperatures equivalent to acclimation temperatures of 20° (solid circles), 25° (solid 
triangles) and 30°C (solid squares).  The standard error of the mean for each data point 
is represented by vertical lines above and below the mean values. 
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Figure 6.8 Effects of acclimation temperature on the mean percent oxygen regulation 
values (Ro2) for juvenile Texas specimens of Pomacea insularum.  Acclimation 
temperatures (°C) are shown on the horizontal axis and percent Ro2 values are shown on 
the vertical axis.  The mean Ro2 values of individuals at each acclimation temperature 
are denoted by the cross-hatched bars, with standard errors represented by solid vertical 
lines above the bars.  Differing letters above each bar indicate that the means are 
significantly different from each other (mean Ro2 was not significant [p >0.05] among 
all acclimation groups).  

 

20 25 30

Temperature (°C)

0

20

40

60

80

100
R

o 2 
Va

lu
e

A
A

A



 

 

 

189

The percent O2 regulation or Ro2 values describing the integrated sum of 

standardized Vo2 values over the entire range of Po2 from full air O2 saturation (Po2 = 

159.06 Torr) to the Po2 at which O2 uptake ceased as a percentage of that which would 

have been recorded for a perfect oxygen regulator where analyzed by ANCOVA with 

acclimation//test temperature as the as a independent variable and DTW as a covariate. 

This analysis revealed that DTW was not significantly correlated with Ro2 (F = 0.041, p 

= 0.843) and that acclimation/test temperature did not significantly affect Ro2 (F = 

2.863, p = 0.0752).  Adjusted mean Ro2 values were 79.01% (s.e. = ±2.360) at 20°C, 

73.31% (s.e. = ±2.397) at 25°C and 81.20% (s.e. = ± 2.294) at 30°C (Figure 6.8) 

6.4 Discussion 

6.4.1 Respiratory Response to Body Size   

The experiments revealed a linear increase in Vo2 with increasing DTW in 

juvenile specimens of P. insularum.  There was almost a two-fold increase in whole 

animal Vo2 at test temperatures 20-35°C with a two-fold increase in DTW as reflected 

by slope values close to unity in Least Squares Linear Regression equations modeling 

Vo2 as the independent variable versus DTW at these test temperatures (Table 6.1).  

Such a linear increase in Vo2 with increasing size measured as DTW is unusual in 

ectothermic animals (Zeuthen 1953), including freshwater snails (Aldridge 1983, 

McMahon 1983).  The usual pattern is for the weight-specific (i.e., per unit weight) Vo2 

to decline with increasing body mass so that whole-animal Vo2 progressively deviates 

negatively from a direct linear relationship with DTW with increasing body mass 

(Zeuthen 1953;, Aldridge 1983;, McMahon 1983).   



 

 

 

190

According to Bertalanffy (1957), there are three types of relations that exist 

between metabolic rate (measured as oxygen consumption rate in this case) and body 

size.  In one type, metabolic rate is proportional to relative surface area or ⅔ power of 

the weight.  In the second type, it is directly proportional to body weight and, in the 

third type, the metabolic rate is intermediate in proportionality between relative surface 

area and body mass.  These metabolic proportionality to body mass  types are also 

associated with the type of respiratory apparatus, with gill-breathing organisms tending 

to follow type one and those having both gills and lungs tending to follow type three 

(Bertalanffy, 1957).   In the regression equation relating Vo2 to body weight, a b value 

of 0.67 would imply that Vo2 was proportional to relative surface area and a b value of 

1.0 would imply that the metabolic rate was directly proportional to body mass 

(Bertalanffy, 1957).  The regression equations relating Vo2 to DTW for juveniles of P. 

insularum at test temperatures ranging from 20°-30°C in the central portion of the 

species tolerated temperature range of 20-36°C (see Chapter 4) had slope or b values 

that ranged from 0.9-1.0 (Table 6.1).  These results indicated that Vo2 in juvenile P. 

insularum was almost directly proportional to body mass similar to the type two, direct 

relationship between metabolism and body mass described by Bertalanffy (1957).  

Values of b relating Vo2 to body mass have also been recorded for other freshwater 

prosobranch snails by Berg and Ockelmann (1959) including Bithynia tentaculata (b= 

0.80 – -0.81), Bithynia leachi (b = 0.74), Valvata piscinalis (b = 0.89), and 

Potamopyrgus jenkinsi (b = 0.73).  Only that of Theodoxus fluviatilis (b = 0.94 – -0.95) 

(Berg and Ockelmann, 1959) approached 1.0 indicating that Vo2 was almost 
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proportional to body weight as recorded in thismy study of Vo2 in juvenile P. 

insularum.  Berg and Ockelmann (1959) also showed that the b values for all the 

freshwater prosobranch and pulmonate snails investigated fell between 0.75 – 1.0 with 

the b values for P. insularum juveniles recorded in my study falling within the extreme 

upper portion of that range. 

In my experiment, the observed direct linear relationship between whole-animal 

Vo2 and DTW in which Vo2 increased in a one-to-one relationship to DTW may have 

resulted from measuring oxygen consumption rates only on fast-growing juvenile P. 

insularum (SL range = 6.0 --22.0 mm) which had not yet accumulated the low 

metabolic rate energy storage and reproductive tissues relative to high metabolic rate 

tissues such as muscle and nerve, which occurs in slower-growing adults.  Such 

accumulation of low metabolic rate tissues in larger individuals can lead to reduced 

adult weight-specific Vo2 relative to juvenile specimens (Bertalanffy, 1957).  In 

measurements of Vo2 over size ranges of snails including both juveniles and adults, 

accumulation of high proportions of low-metabolic rate tissues in larger adult snails 

would result in a decrease in weight-specific Vo2 with increasing tissue mass as is 

generally reported for most freshwater snail species (Berg and Ockelmann, 1959, 

Aldridge 1983, McMahon 1983).  Amongst pomacean snail species, such a reduction in 

weight-specific Vo2 with increasing DTW has been recorded in P. paludosa (Freiberg 

and Hazelwood, 1977) and P. lineata (Santos and Mendes, 1981) where both juveniles 

and adult snails were used to determine the effects of body mass on the oxygen 

consumption rates.  
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6.4.2 Respiratory Response to Test Temperature 

My results indicated that whole-animal Vo2 increased significantly with 

increase in temperature between 20° and 35°C in juvenile individuals of P. insularum, 

but was severely depressed (i.e., essentially anaerobic) at 15°C.  In contrast, individuals 

of P. paludosa, were able to sustain an increasing Vo2 between 10° and 35°C (Freiberg 

and Hazelwood, 1977), suggesting that they were able to remain metabolically active 

over a broader temperature range than P. insularum.  This difference may reflect the 

more northern distribution of P. paludosa which is restricted to the Florida Everglades 

and Cuba (Perera and Walls, 1996) compared to the more tropical endemic distribution 

of P. insularum in equatorial South America (Perera and Walls 1996).    

The Vo2 of juvenile P. insularum increased with an increase in temperature up 

to 35°C but was greatly reduced at a temperature of 40°C, which is lethal to this species 

(see Chapter 4).  Individuals of the tropical pomacean species, P. lineata, increased 

their Vo2 over a temperature range of 5 - °-40°C (Santos et alet al., 1987) indicating that 

this species is likely to be more tolerant of high temperatures than P. insularum whose 

Vo2 was severely reduced at 40°C.  Specimens of P. insularum have a corresponding 

maximum incipient upper lethal temperature limit 36°C (see Chapter 4).   

The South American prosobranch snail, Marisa cornuarietis, also showed an 

increase in Vo2 with increasing temperature between 10° - -35°C, similar to juvenile P. 

insularum.  However, in individuals of M. cornuarietis, Vo2 declined slightly at 35°C 

(Akelund, 1969; Freiberg and Hazelwood, 1977) and 40°C was lethal to this species 

(Freiberg and Hazelwood, 1977).  Individuals of another subtropical freshwater 



 

 

 

193

prosobranch snail Theodoxus jordani also displayed a linear relationship between 

respiration rate and temperature, the temperatures tested being 21°C, 25°C, 28°C, 30°C, 

33°C and 35°C (Al–Dabbagh and Luka, 1986).  The relatively low temperature 

tolerance (36°C) and inability of P. insularum to sustain a normally increasing Vo2 with 

increasing temperature above 35°C may reflect this species’ reported restriction to 

flowing waters (Miyahara et alet al., 1986; Perera and Walls 1996) which would 

generally be cooler than the standing water habitats reported to be preferred byfor the 

majority of pomacean species including P. lineata (Perera and Walls 1996; and 

Thiengo, 1987). 

Temperature is probably the most important factor affecting oxygen uptake rates 

of freshwater prosobranchs.  Oxygen uptake rates generally increase with increasing 

temperature up to a critical limit (usually 35° - -40°C), after which uptake rate plateaus 

followed by a decline as temperature increases beyond tolerated levels (Berg and 

Ockelmann, 1959; Buckingham and Freed, 1976; Freiberg and Hazelwood, 1977; 

Lumbye, 1958).  Q10, also known as the respiration coefficient, is the factor by which 

metabolic rates increase over a 10°C increase in temperature (McMahon, 1983). For 

ectothermic animals, the values for this coefficient generally range from 2.0 – -2.5.  Q10 

values decreasing below 2.0 are indicative of increasing independence of metabolic rate 

onfrom  temperature (Prosser and Heath, 1991).   

In this study, juvenile individuals of P. insularum displayed the expected trend 

of decreasing Q10 with increase in temperature as has been reported for the majority of 

freshwater prosobranch and pulmonate snail species (Table 6.3).  The Q10 value for Vo2 
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in juvenile P. insularum relative to temperature in this study was highest from 15° - -

20°C (Q10 = 5.01) above which it tended decline with each progressive 5°C increase in 

temperature reaching a minimal values of 1.31 and 1.39 at 25-30°C and 30-35°C, 

respectively (Table 6.3).  The trend in the Q10 values with every 5°C increase in test 

temperature from 15 - 35°C for P. insularum individuals along with those other 

freshwater prosobranch and pulmonate snails at different acclimation and test 

temperatures is summarized in Table 6.3.  These  results obtained for P. insularum 

individuals for P. insularum are comparable to those obtained for P. lineata, whose Q10 

was maximal at 10-15°C (Q10 = 4.67) and declined with progressive increases in test 

temperature from 15°C to -35°C reaching a minimal Q10 of = 1.03 at 30-35°C (Table 

6.3).  Similarly, Q10 in another prosobranch speciessnail, Marisa cornuarietis, also 

declined across progressive 5°C increases in temperature from 20°-35°C approaching 

unity at 30-35°C (Akelund, 1969) (Table 6.3).  In contrast, Q10 for P. paludosa 

approached 1.0 atacross a much lower temperature range of (10°-20°C) than reported 

for P. lineatae or P. insularum.  

Based on the reported Q10 values for freshwater pulmonates and prosobranchs 

recorded in Table 6.3, there appears to be little difference in the ability of species in 

either group to regulate Vo2 with increasing temperature.  Both groups display the same 

general pattern of reduction in respiratory Q10 as temperature approachsincreases 

towards species’ upper thermal limits.  In both groups, high respiratory Q10 values 

reported in the lower part of their tolerated temperature range may reflect extensive 

increases in activity associated with temperatures increasing from levels inhibiting 
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locomotion and radular grazing to those which support these energy consuming 

activities.  In contrast, in the upper portion of their tolerated temperature limits, 

structural and area limitations of gas-exchange surfaces may simply prevent Vo2 from 

increasing proportionately with temperature-driven metabolic demands leading to 

partial dependence on anaerobic respiration and concomitant reduction in Q10.  
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Table 6.3 Q10 Vvalues for the oxygen consumption rate in response to change in 
temperature in freshwater pulmonate and prosobranch  

snails (N.A. = data not available). 
 

Species 
Acclimation 
Temp (°C) 

Temp 
Range (°C) Q10 Source 
Pulmonates 

5 - 10 3.98 
10 - 15 2.19 
15 - 20 1.93 
20 - 25 1.64 

5 

25 - 30 -0.103 
5 - 10 -2.3 
10 - 15 1.72 
15 - 20 2.68 
20 - 25 3.84 

10 

25 - 30 1.94 
5 - 10 2.33 
10 - 15 3.21 
15 - 20 2.99 
20 - 25 1.33 

15 

25 - 30 1.14 
5 - 10 9.4 
10 - 15 1.02 
15 - 20 3.02 
20 - 25 2.73 

20 

25 - 30 -1.46 
5 - 10 3.38 
10 - 15 7.19 
15 - 20 1.09 
20 - 25 2.67 

Physa hawaii 

25 

25 - 30 1.55 

Daniels and Armitage, 1959 

10-35°C 5 - 10 3.37 - 6.34 
10-35°C 10 - 15 3.02 - 4.70 
10-35°C 15 - 20 2.65 
10-35°C 20 - 25 2.25 
10-35°C 25 - 30 1.51 - 3.16 
10-35°C 30 - 35 0.99 - 2.21 
10-35°C 35 - 40 0.23 - 1.70 

Physa acuta (=virgata) 

10-35°C 40 - 45 0.21 - 0,09 

McMahon, 1985 

Lymnaea peregra N.A. 11 - 18 2.04 Berg and Ockelmann, 1959 
Physa anatina N.A. 25 - 35 1.76 - 2.16 Beames and Lindberg, 1967 
Physa fontinalis N.A. 11 - 18 2.5 Berg and Ockelmann, 1959 
Myxus glutinosa N.A. 11 - 18 2.5 Berg and Ockelmann, 1959 
Laevapex fuscus N.A. 10 - 20 1.26 - 2.18 McMahon, 1973 
Acroloxus lacustris N.A. 6 - 31 2.13 Berg, 1952 
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Table 6.3 Continued. 
 

Species 
Acclimation 
Temp (°C) 

Temp 
Range (°C) Q10 Source 
Pulmonates 

Ancylus fluviatilis 11 11 - 18 2.5 Berg, 1953 
  18 11 - 18 2.47 Berg, 1953 
  N.A. 7 - 15 2.23 Berg et alet al., 1958 

21 0.3 - 5.0 5.9 
21 5.0 - 10.0 1.73 
21 10.0 - 14.8 5.55 
21 14.8 - 19.7 3.32 
21 19.7 - 24.7 1.71 
21 24.7 - 37.0 2.07 

Australorbis glabratus 
  
  
  
  
  
  

21 37.0 - 41.0 0.24 

Von Brand et alet al., 1948 

Prosobranchs 
Theodoxus jordani N.A. N.A. 1.6 - 2.5 Al-Dabbagh and Luka, 1986 

N.A. N.A. 2.1 
N.A. N.A. 2.2 

Viviparus viviparus 
  
  N.A. N.A. 1.7 

Hockelmann and Pusch, 2000 

19 - 21 12 - 18 1.08 
19 - 21 18 - 12 5.33 
19 - 21 18 - 24 1.01 
19 - 21 18 - 30 1.37 
19 - 21 24 - 30 2.24 

Hahn, 2005 Bithynia tentaculata 

N.A. 11 - 18 2.13 Berg and Ockelmann, 1959 
15 5 - 15 3.14 Shanon and Trama, 1972 Heliosoma trivolvis 
15 15 - 25 1.37 Shanon and Trama, 1972 

Bithynia leachi N.A. 11 - 18 2.41 Berg and Ockelmann, 1959 
11.8 12 - 29 2.32 - 2.40 Lumbye, 1958 Potamopyrgus jenkinsi 
N.A. 13 - 21 2.08 Berg and Ockelmann, 1959 

Theodoxus fluviatilis 11.8 12 - 29 2.07 - 3.01 Lumbye, 1958 
Valvata piscinalis N.A. 13 - 21 2.08 Berg and Ockelmann, 1959 

21 - 23 12 - 22 2.53 
21 - 23 17 - 27 1.81 

Viviparus contectoides 
(males) 

21 - 23 22 - 32 1.61 
21 - 23 17 - 27 3.96 Viviparus contectoides 

(females) 21 - 23 22 - 32 4.28 

Buckingham and Freed, 1976 

Pomacea palludosa (Water) 21 - 24 10 - 20 2.58 
Pomacea palludosa (Air) 21 - 24 11 - 20 2.97 

Freiberg and Hazelwood, 1977 

Marisa cornuarietis (Water) 21 - 24 10 - 20 1.18 
Marisa cornuarietis (Air) 21 - 24 11 - 20 1.03 

Freiberg and Hazelwood, 1977 
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Table 6.3 Continued. 
 

Species 
Acclimation 
Temp (°C) 

Temp 
Range (°C) Q10 Source 

Prosobranchs 
25 20 - 25 9.00 
25 20 - 25 3.65 

Marisa cornuarietis 
(10 mg DTW) 

25 20 - 25 2.95 
25 25 - 30 2.96 
25 25 - 30 1.34 

Marisa cornuarietis 
(350 mg DTW) 

25 25 - 30 1.11 
25 30 - 35 1.58 
25 30 - 35 1.02 

Marisa cornuarietis 
(800 mg DTW) 

25 30 - 35 0.95 

Akelund, 1969 

25 5 - 10 2.28 
25 10 - 15 4.67 
25 15 - 20 4.19 
25 20 - 25 2.68 
25 25 - 30 1.61 
25 30 - 35 1.03 

Pomacea lineata 

25 35 - 40 1.24 

Santos et alet al., 1987 

20 - 30 15 - 20 5.01 
20 - 30 20 - 25 1.76 
20 - 30 25 - 30 1.31 

Pomacea insumarum 

20 - 30 30 - 35 1.39 

This study 

 

6.4.3 Respiratory Response to Temperature Acclimation 

The majority of acclimation studies in freshwater gastropods have focused on 

eurythermal northern temperate species exposed to wide seasonal temperature variation 

in which capacity for either typical or reverse acclimation of metabolic rates is 

distinctly adaptive (Aldridge 1983;, McMahon 1983).  The advantage of temperature 

acclimation of metabolic rates is far less apparent in stenoecocic, stenothermal tropical 

species such as pomacean snails which experience only limited seasonal ambient 

temperature variation making temperature acclimation of no advantage or even 

potentially maladaptive (Segal, 1961).  Thus, McMahon (1979) reported little capacity 
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for thermal acclimation of Vo2 in the tropical/subtropical freshwater bivalve, Corbicula 

fluminea, similar to the lack of temperature acclimation of Vo2 reported in this study for 

P. insularum.  As pointed out by Segal (1961) and still the case today, there have not 

been enough published studies of Vo2 in response to temperature and temperature 

acclimation in tropical freshwater gastropods or bivalves to ascertain whether species 

from stenothermal habitats have reduced capacities for respiratory acclimation relative 

to those from temperate eurythermal environments.  However, the data from this study 

and that of McMahon (1979) suggest that freshwater gastropods and bivalves from 

stenothermal tropical habitats may be less subject to selection pressures for evolution of 

temperature capacity adaptations such as thermal acclimation of Vo2 than are species 

from more eurythermal temperate habitats. 

Although there have been other studies which have examined the effects of test 

temperature on the oxygen consumption rates of freshwater prosobranchs (Akelund, 

1969; Al–Dabbagh and Luka, 1986; Berg and Ockelmann, 1959; Berg et alet al., 1958; 

Buckingham and Freed, 1976; Freiberg and Hazelwood, 1977; Hockelmann and Pusch, 

2000; Lumbye, 1958; Santos et alet al., 1987; and Shanon and Trama, 1972) only that 

of Hahn (2005) investigated the effects of temperature acclimation in a species of 

freshwater prosobranchs.  As reported in my study of P. insularum, Hahn (2005) 

reported a lack of thermal acclimation of Vo2 in the temperate freshwater prosobranch 

species, Bithynia tentaculata (Hahn, 2005).  In contrast, most freshwater pulmonate 

species have the ability to acclimate their metabolic rate to long- term, seasonal 

fluctuations in the ambient temperatures, when examined both under field andas well as 
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laboratory conditions (McMahon, 1983).  The pattern of respiratory acclimation in 

freshwater pulmonate species generally involves elevation in oxygen consumption rates 

in cold-acclimated individuals so that they have an elevated Vo2 at any one test 

temperature compared to warm-acclimated individuals (McMahon, 1983).  Such typical 

“compensatory” acclimation enables individuals to maintain relatively stable metabolic 

rates through time in broadly fluctuating seasonal temperature regimes as acclimation-

induced metabolic rate increases in cold-conditioned individuals allow maintenance of 

active foraging and energy assimilation under low ambient temperatures while 

acclimation-induced decreases in metabolic rates in warm conditions prevents 

metabolic demands from outstripping energy assimilation rates under elevated ambient 

temperatures (Prosser, 1991).   

Temperature acclimation of Vo2 is typically “incomplete” or “partial” among 

freshwater pulmonates (as opposed to absolute compensation in which Vo2 is equivalent 

at any one test temperature across a wide range of acclimation temperatures) (Prosser, 

1991; McMahon 1983).  Such typical partial respiratory compensation for seasonal 

temperature fluctuations has been observed in pulmonate species such as Physa hawaii 

(Daniels and Armitage, 1969), Bioamphaullaria glabrata (Meakins, 1980), Lymnaea 

peregra, Lymnaea palustris (Berg and Ockelmann, 1959), and Physa acuta (McMahon 

1985).   

In my study, there was no significant effect of temperature acclimation to 20°, 

25° or 30°C on Vo2 in juveniles of P. insularum.   This result is in contrast, to the 

majority of respiratory studies in freshwater pulmonates and prosobranchs in which 
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acclimation to increasing temperature generally results in a reduction of Vo2 at any one 

test temperatures among the majority of species which moderates variation in Vo2 with 

seasonal temperature variation (Segal, 1961,; Aldridge 1983;, McMahon 1983).  In 

some cases, freshwater gastropods, particularly in the family, Ancylidae, display 

“reverse” acclimation in which acclimation to increasing temperature results in Vo2 

being greater at any one test temperature among individuals acclimated to higher 

temperatures.  Such reverse acclimation is associated with a lowering of metabolic 

demands associated with aestivation during cold conditions allowing survival of 

extended overwintering, non-feeding periods (McMahon, 1983).   

6.4.4 Respiratory Response to Progressive Hypoxia 

Measurement of Vo2 during exposure to progressive hypoxia indicated that 

juveniles of P. insularum juveniles had a critical Po2 (Pc) value below which they could 

not sustain Vo2 at levels approximating those at full air O2 saturation (Po2 = 159 Torr) at 

about≈  120 Torr or 75% of full air O2 saturation at 20°C and 25°C and about ≈ 80 Torr 

or 50% of full air O2 saturation at 30°C.  These values corresponded to mean percent 

oxygen regulation values (Ro2, the oxygen regulatory ability of an individual in 

sustaining Vo2 during to progressive hypoxia expressed as a percentage of that 

sustained by a perfect regulator) of 79.01% (s.e. = ±2.360) at 20°C, 73.31% (s.e. = 

±2.397) at 25°C and 81.20% (s.e. = ± 2.294) at 30°C which typify species with 

moderate abilities to regulate Vo2 with progressive hypoxia.  

Prior studies have examined Vo2 in response to progressive hypoxia in a number 

of species of freshwater pulmonate and prosobranch gastropods.  These studies either 
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directly reported Pc values or provided data from which theyI could be estimated ( them.  

These Pc values are recorded in Table 6.4).  Pc values for individuals of Pomacea 

paludosa could be estimated at 15°C and 25°C to be 94.7 Torr and 34.4 Torr, 

respectively, based on the data of Hanley and Ultsch (1999).  Based on the data 

provided by Santos et alet al. (1987), Pc values for individuals of Pomacea lineata at 

25°C rangeds from were 35.4- Torr to 70.8 Torr.  Thus, wWith Pc values ranging 

between 80-120 Torr, P. insularum appeared to be a somewhat poorer oxygen regulator 

than P. paludosa and P. lineata, P. insularum  (Table 6.4). 
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Table 6.4 Critical Po2 (Pc in Torr) of freshwater pulmonate and prosobranch gastropods 
(O.C = Oxygen conformer – no Pc value, N.A. = data not available). 

 
Species Temp. (°C) Pc (Torr) Source 

Pulmonates 
Lymnaea auricularia 16 84 Berg and Ockelmann, 1959 
Myxus glutinosa 16 91 Berg and Ockelmann, 1959 
Physa fontinalis 16 94 - 107 Berg and Ockelmann, 1959 
Australorbis glabratus 30 13.0 Von Brand et alet al., 1948 
Physa acuta (= virgata) 25 70.0 McMahon, 1985 

15 95 Planorbella duryi 
25 35 

Hanley and Ultsch, 1999 

15 75 Helisoma auceps 
25 O.C. 

Hanley and Ultsch, 1999 

15 65 Physella gyrina 
25 76 

Hanley and Ultsch, 1999 

15 34 Phyella hendersoni 
25 N.A. 

Hanley and Ultsch, 1999 

15 34 Pseudosuccinea columella 
25 N.A. 

Hanley and Ultsch, 1999 

Prosobranchs 
15 O.C. Leptoxis showalteri 

25 35 

Hanley and Ultsch, 1999 

15 115 Elimia athearni 
25 66 

Hanley and Ultsch, 1999 

15 54 Elimia floridensis 
25 76 

Hanley and Ultsch, 1999 

15 O.C. Elimia cahawebensis 

25 35 

Hanley and Ultsch, 1999 

15 46 Viviparus georgianus 
25 35 

Hanley and Ultsch, 1999 

Marisa cornuarietis 25 90 Akelund, 1974 
Ancylus fluviatilis 16 80 Berg. 1952 
Acroloxus lacustris 16 O.C. Berg, 1952 
Potamopyrgus jenkinsi (freshwater) 16 O.C. Lumbye, 1958 

Potamopyrgus jenkinsi (brackish water) 16 88 Lumbye, 1958 

Theodoxus fluviatilis (freshwater) 16 O.C. Lumbye, 1958 

Theodoxus fluviatilis (brackish water) 16 O.C. Lumbye, 1958 
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Table 6.4 Continued. 
 

Species Temp. (°C) Pc (Torr) Source 
Prosobranchs 

Bithynia tentaculata 16 O.C. Berg and Ockelmann, 
1959 

Valvata piscinalis 16 69 – 76 Berg and Ockelmann, 
1959 

Bithynia leachi 16 107 – 
114 

Berg and Ockelmann, 
1959 

15 95 Pomacea palludosa 
  25 34 

Hanley and Ultsch, 1999 

Pomacea lineata 25 35 – 71 Santos et alet al., 1987 
20 120 
25 120 

Pomacea insularum 

30 80 

This study 

 
 

Review of the data in Table 6.4 reveals that the Pc of P. insularum at 25° and 

30°C of 120 Torr is somewhat comparable to that of the prosobranchs, Marisa 

cornuarietis, at 90 Torr at 25°C (Akelund, 1974) and, Bithynia leachi, at 106.7-114.3 

Torr at 16°C (Berg and Ockelmann, 1959).  However, at these temperatures, the Pc of 

juvenile P. insularum at 120 Torr at 20-25°C is among the highest of those listed for the 

other prosobranch and pulmonate freshwater gastropodsnail species listed in Table 6.4, 

suggesting that it a rather poor oxygen regulator of Vo2 compared to the majority of 

tested freshwater gastropodsnail species which, as a group, tend to be relatively good 

oxygen regulators. However, the ability of juvenile P. insularum to regulate Vo2 with 

progressive hypoxia improved at 30°C with a Pc value of 80 Torr at which its O2 

regulatory ability wasis comparable to those of the freshwater pProsobranchs, Elimia 

floridensis, at 25°C (76.2 Torr) and, Valvata piscinalis, at 16°C (43% of full air O2 

saturation or 68.6 Torr to 48% of full air O2 saturation or 76.2 Torr).  It wasis also 



 

 

 

205

similar to that of the freshwater pulmonate limpet snail, Ancylus fluviatilis, at 16°C 

(50% of full air O2 saturation or 79.8 Torr) (Table 6.4). 

Based on the Pc values listed in Table 6.4, it can be noted that, on an average, 

pulmonate snails are better oxygen regulators with an average Pc = 72 Torr, s.d. = ±38 

Torr) than the freshwater prosobranch snails with an average Pc = 91 Torr, s.d. = ±50 

Torr).  Juvenile P. insularum in particular seems to have the lowest capacityability for 

O2 regulation of Vo2 when compared to other pomacean species and freshwater 

prosobranch species in general (Table 6.4).  The poor O2 regulatory ability of juvenile 

P. insularum may reflect that of adults and may account for the apparent restriction of 

P. insularumthis species to lotic (i.e., flowing water) freshwater inhabits habitats such 

as irrigation canals, streams, bayous and slow-flowing rivers (Miyahara et alet al., 

1986; Perera and Walls, 1996) where populations are less likely to experience extended 

periods of severe environmental hypoxia.  Thus, during collection of specimens of P. 

insularum for this study in southeast Texas, dense populations were only located in 

flowing water habitats. 

Specimens of P. insularum are amphibious.  They switch to air breathing by 

utilizing their mantle cavity as an aerial lung under conditions of hypoxica orand 

anoxica conditions (Cowie, 2002), but this does appear to be their preferred mode of 

respiration as emerging above the water surface for air breathing greatly increases the 

risk of predation.  Thus, when collecting specimens for this study in southeast Texas, 

individuals of P. insularum where always found below the waters surface and tended to 

congregate in riffle areas and below outlets to small dams where turbulent water flow 
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waswould be likely to increase ambient dissolved O2 concentrations.  The poor O2 

regulatory capacity of P. insularum, thus, might be an important factor that limits this 

species to in shallow, relatively well- oxygenated lotic habitats.  While this aspect of 

their biology warrants further study, it may be a critical factor in predicting the ability 

of P. insularum to invade and damage crops in agricultural wetlands. 
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CHAPTER 7 

CONCLUSIONS 

 

7.1 Physiological Ecology 

The tropical and subtropical ampullariid freshwater prosobranch snail Pomacea 

insularum (d’Orbigny) is endemic to South American lotic habitats such as slow-

flowing rivers and canals in Brazil, Argentina and Uruguay (Perera and Walls, 1996).  

Established populations of Pomacea insularum (Cowie et al., 2006) have been reported 

since 1989 or 1990, in Harris County, Texas (Neck and Schultz, 1992) from which this 

species has subsequently dispersed and become established in other regions of south-

east Texas including Brazoria, Galveston and Fort Bend counties (Howells and Smith, 

2002). 

Members of the genus Pomacea, including Pomacea insularum and other 

pomacean species such as Pomacea canaliculata, have become major agricultural pests 

especially of wetland rice and taro crops in southern and southeastern Asia, where they 

were initially introduced as a food source and/or aquarium pets (Cowie, 2002).  Due to 

the present invasion of the rice belt region of Texas by Pomacea insularum and its 

potential threat to this economically important crop (Howells and Smith, 2002), the 

physiological limits of this species needed to be investigated in order to predict its 

eventual distribution in the inland waters of Texas and North America and to develop a
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risk assessment for its invasion of specific natural aquatic habitats and wetland 

agricultural systems.  Once elucidated, the physiological tolerance limits of P. 

insularum could also form the basis for development of environmentally acceptable, 

non-chemical control measures for this species. 

In their natural habitats, the optimum ambient temperature range of pomacean 

snails lies between 20° and 30°C with 25°C considered optimal for growth and 

reproduction (Estebenet and Martin, 2002).  Thus, the very high incipient lower lethal 

temperature of juvenile and adult specimens of P. insularum at approximately 15°C 

(28-d LLTp99 = 15.23°C, s.e. = ±0.56) is likely to be a key factor limiting its eventual 

distribution in Texas and North America.  With an incipient lower thermal tolerance 

limit of approximately 15°C, this species could extend its present range longitudinally 

beyond southeastern Texas, into other Gulf of Mexico coastal regions of Texas, where 

mean air temperatures do not fall below 16°C in winter (Figure 4.8, NOAA, 2007a, b).  

On the other hand, its relatively high incipient lower thermal limit appears to have 

prevented P. insularum from extending its range further north  into Texas since it was 

first discovered in 1989 (Neck and Schultz, 1992).  Outside of the Gulf of Mexico 

coastal regions of Texas, the only areas where members of this species are likely to be 

able to become established based on mean winter air temperatures being above 16°C 

(NOAA, 2007a, b) are the southern coastal regions of the states of U.S. bordering the 

Gulf of Mexico, the entire state of Florida, southern New Mexico and the Pacific coastal 

regions and Sacramento Valley of California (Figure 4.8).  Particularly at risk to 

invasion by P. insularum is the state of Florida, where winter air temperatures fluctuate 
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between 16° – 20°C, thus remaining above its incipient lower limit (Figure 4.8, NOAA, 

2007a, b).  North of these regions, winter water temperatures are likely to be too low to 

support invasion by P. insularum (Figure 4.8, NOAA, 2007a, b).   

In contrast, the ambient summer surface water temperatures in bodies of 

freshwater north of the United States-Mexico border rarely exceed the incipient upper 

thermal limit of P. insularum at 36.5°-36.6 °C (Figure 4.8, NOAA, 2007a, b), 

suggesting that maximal summer surface water temperatures are unlikely to limit the 

dispersal of P. insularum in North American freshwaters.  

 The main rice producing states in the U.S are Louisiana, Missouri, Arkansas, 

Mississippi, Texas, and California (primarily the Sacramento Valley) (USDA 2007).  

Based on its poor cold tolerance, P. insularum is unlikely to threaten rice agriculture in 

Arkansas and, Missouri, and the Sacramento Valley of California where average mid-

winter air temperatures are less than 15°C (Figure 4.8, NOAA 2007a, b), but it could 

become a pest to rice agriculture in the Gulf of Mexico coastal southern regions of 

Louisiana, Mississippi, and Texas, where mid-winter air temperatures generally remain 

above its 15°C lower limit (Figure 4.8). The rest of the United States experiences mean 

mid-winter air temperatures well below the 15°C lower thermal limit of P. insularum 

(Figure 4.8), making aquatic habitats and wetland agriculture in these regions unlikely 

to be invaded by this species. 

 Over the last ten years, the average annual increase in air temperature in the 

United States due to climate change has been estimated to be >1°C every 50 years and 

in the southeastern region of Texas presently inhabited by P. insularum >1.1-2.2°C 
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every 50 years (NOAA, 2007a, b).  Such future increases in mean annual air 

temperature could allow P. insularum to eventually extend its range northward in Texas 

and other southern and southwestern regions of the United States threatening both 

natural freshwater habitats and wetland agriculture systems in these regions presently 

immune from invasion by P. insularum due to its 15°C lower thermal limit.    

Temperature not only limits the geographical distribution of P. insularum, but 

also significantly affects its rate of desiccation when emersed, its oxygen consumption 

rates and its capacity to regulate oxygen consumption in hypoxic conditions.  

Temperature was inversely related to survival of emersed specimens of P. insularum, 

with the survival probabilities at all tested RH being highest for individuals exposed to 

the lowest test temperature of 20°C and progressively decreasing for individuals 

exposed to 25° and 30°C.  Within each test temperature, individuals exposed to lower 

RH conditions, displayed lower survival probabilities over time than did those exposed 

to higher RH.  The emersion tolerance of individuals of P. insularum appeared to be 

highly dependent on temperature and RH with tolerance increasing with decreasing 

temperature and increasing RH which synergistically result in decreasing vapor pressure 

leading to reduced evaporative water loss rates in emersed snails.  The results of this 

study revealed that individuals of P. insularum display a high capacity to withstand 

emersion and desiccation, which would enable them to withstand temporary drying 

during the summer months in shallow, ephemeral, lentic habitats such as wetland rice 

agriculture fields in southeast Texas.   
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The oxygen consumption rates of juvenile P. insularum were maximal between 

20° and 35°C and suppressed at 15°C and 40°C (Chapter 6).  The 20°-35°C temperature 

range for maintenance of normal levels of O2 consumption in P. insularum mirrored its 

incipient thermal tolerance range of 16°- to 36°C.  The inability of juveniles of P. 

insularum to maintain normal metabolic function below 20°C also suggests that it is 

likely to be limited to coastal Gulf of Mexico regions in Texas and the southern United 

States where extended periods of air temperature below 20°C in winter are infrequent 

(Figure 4.8, NOAA 2007a, b).   

 The relatively stable temperature regimes of the endemic subtropical habitats of 

P. insularum were reflected in the limited capacity of this species for respiratory 

temperaturethermal acclimation.  After acclimation to 20°, 25° and 30°C, the Vo2 of 

juvenile specimens of P. insularum at any one test temperature were insignificantly 

different, indicating a lack of capacity for respiratory temperature 

compensationacclimation (Chapter 6).  This result contrasted with the pronounced 

capacity of the majority of freshwater pulmonate and prosobranch species for 

temperature acclimation which moderates variation in Vo2 with seasonal temperature 

variation (Segal, 1961;, Aldridge 1983;, McMahon 1983).  Temperature acclimation 

also did not significantly influence survival times during chronic exposure of 

individuals of P. insularum to lethal temperatures (Chapter 4).  In contrast, this study 

revealed a highly significant effect of acclimation temperature on the acute upper 

thermal limit, measured as heat coma temperature, in individuals of P. insularum 

exposed to temperature rising 1°C•5 min-1.  The acute upper thermal limits of 
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individuals acclimated to 25° and 30°C were statistically greater than those of 

individuals acclimated to 20°C (Chapter 4).   

 Lack of capacity for extensive temperature acclimation in P. insularum 

compared to temperate freshwater prosobranch and pulmonate gastropod species 

(Chapters 4 and 6), may reflect its endemic tropical South American freshwater habits 

were lack of major seasonal temperature fluctuations would limit selection pressure for 

the evolution of temperature compensatory physiological adaptations.  It is likely that 

the tropical nature of the genus, Pomacea, would be reflected in a similar lack to 

tolerance to low temperatures and low capacity for physiological temperature 

acclimation among all the species in this group.  For this reason, species in the genus, 

Pomacea, such as P. insularum, have only been able to invade and become established 

in relatively warm temperate regions outside their endemic tropical South American 

ranges (Perera and Walls, 1996).  Thus, species of Pomacea are unlikely to become 

established in freshwaters outside the extreme southern regions of the United States.  

Pomacea insularum is presently established in the wetland rice agricultural 

systems of coastal southeastern Texas.  Different varieties of rice (Oryza sativa) display 

different levels of salinity tolerance (Siscar-Lee et alet al., 1990), but, in general, all 

rice varieties exhibit moderate salinity tolerance (Shannon et alet al., 1998).  Rice 

germination, growth and photosynthetic rate are generally inhibited at ≥2-6‰ (Shannon 

et alet al., 1998; Puard et alet al., 1999; Tun et alet al., 2003).  The salinity tolerance of 

individuals of P. insularum was examined to determine the ability of this species to 

successfully colonize rice paddy fields and estuarine waters in Texas and North 
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America.  The incipient salinity tolerance range of P. insularum at 0-‰ to 6.8‰ 

(Chapter 2, Table 7.1) is similar to that of cultivated rice.  Thus, P. insularum could 

become established in the wetland rice cultivation systems of the southeastern United 

States where winter ambient temperatures remain above its incipient lower thermal limit 

of 15°C as occurs in the southeastern counties that it inhabits in Texas (Howells and 

Smith, 2002).   

Table 7.1 Incipient physiological tolerance limits determined for  
Texas specimens of Pomacea insularum. 

 
Physiological Parameter Lower Limit Upper Limit 
Salinity Tolerance 0.0 ‰ 6.8‰ 
pH Tolerance 4.0 10.5 
Temperature Tolerance <15.23°C >36.6°C 
Emersion Tolerance 70 days at 30°C and 

<5% RH 
>308 days at 25-30°C and 

75%->95% RH 
Desiccation Tolerance None 58% loss of total corporal 

and extra corporal water 
Hypoxia Tolerance Critical Po2 <80 Torr None 

 

The upper and lower pH tolerance limits of P. insularum reported in this study 

(Chapter 3) can also be utilized to predict the degree to which it can further invade 

freshwater bodies and wetland agricultural systems in Texas and North America as well 

as in other areas of the world where it has been or potentially can be introduced.  Since 

members of this species also potentially pose a threat to rice agriculture in southeastern 

Texas and the southeastern United States, it is imperative to know whether they can 

thrive under the pH conditions typically observed in rice fields.  The pH of water in rice 

fields can fluctuate between pH 2.7 – -10.3 (Kim, 1996).  The incipient tolerated pH 

range of P. insularum was 4.0 – -10.5 (Table 7.1) which is generally equivalent to that 
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recorded for the majority of freshwater prosobranch and pulmonate species (see Chapter 

3).  Since the incipient pH range for P. insularum is similar to that of cultivated rice, 

this species is likely to be capable of invading wetland rice cultivation systems inof the 

southeastern U.S. within its incipient lower temperature limit of 15°C (Figure 4.8) as 

has occurred in southeastern Texas (Howells and Smith, 2002).   

7.2 Risk Assessment 

 Pomacea insularum is still in the early stages of invasion of inland waters in the 

United States, being presently found only in several Gulf of Mexico coastal counties in 

southeastern Texas, but has the potential to extend into the coastal regions of states 

bordering the Gulf of Mexico, the entire state of Florida, and southern regions of 

Arizona and California as well as the Sacramento Valley of California (Figure 4.8).  

The incipient lower thermal limit of individuals of P. insularum at about 15°C, as 

described above, is likely to be the main factor limiting its eventual distribution in the 

continental United States and North America.  North of these regions, winter water 

temperatures are likely to be too low to support populations of P. insularum (Figure 

4.8).   

 While the eventual North American distribution of P. insularum will be 

generally geographically limited by its relatively poor tolerance of low temperature to 

Mexico, southern portions of the United States, and the Sacramento Valley of California 

(Figure 4.8) the potential for P. insularum populations to cause extensive ecological 

damage in natural freshwater habitats and economic damage in wetland agriculture 

systems makes it important to be able to assess the risk of this species becoming 
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established within a specific natural water body and or wetland agricultural system 

within its predicted overall geographic range.  Ability to assess the risk of P. insularum 

invasion and formation of dense, damaging populations within a specific natural or 

artificial aquatic habitat will allow prevention, management and control efforts for this 

species to be focused on those water bodies or wetland agriculture systems most at risk 

of being invaded within its predicted eventual range in Texas and the United States.  

Being able to focus prevention, management and control efforts on sites most at risk to 

invasion by P. insularum will allow development of cost-effective strategies to contain 

the further spread of this species and to minimize its negative ecological and economic 

impacts in the freshwaters and wetland agricultural systems of the southern United 

States. 

 In addition to temperature tolerance limits, Table 7.1 displays the incipient 

tolerated limits of P. insularum determined in this study to pH, salinity, emersion, 

desiccation and hypoxia.  These tolerance limits can be used to develop a risk-

assessment for this species’ invasion of and establishment in a particular natural or 

wetland agricultural aquatic habit within its general temperature-limited distribution in 

the United States or any other geographic region to which it has been or may be 

introduced.   

 The incipient salinity limits of P. insularum at 0-6.8‰ (Table 7.1) are unlikely 

to limit its establishment within the vast majority of natural or wetland agricultural 

freshwater habitats within its predicted geographic limits in the United States.  

However, its relatively low incipient upper salinity limit of 6.8‰ will limit this species 
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from penetrating deeply into estuarine waters as 4‰ is considered the lower boundary 

for penetration by the majority of freshwater fish species and 2-14‰ is considered to 

comprise the “inner” or “upper” estuarine zone (Bulger et al., 1993).  The range of 

salinity tolerance of P. insularum also encompasses that of most rice varieties in which 

germination, growth and photosynthetic rate are generally inhibited at ≥2-6‰ (Shannon 

et al., 1998; Puard et al., 1999; Tun et al., 2003).  

 The incipient tolerated pH range of P. insularum was determined to be 4.5-10.5 

(Table 7.1) which is greater on both it lower and upper ends than that tolerated by most 

other freshwater gastropod species (Chapter 3).  This range of pH tolerance also 

encompasses that tolerated by most freshwater fish and invertebrates which are 

generally extirpated from aquatic habitats when pH declines to 4-5 (Freedman, 1993; 

Horne and Goldman, 1994).  Thus, the incipient ph limits of P. insularum would appear 

unlikely to prevent its establishment in the vast majority of normally functioning 

aquatic habitats and wetland agricultural systems within it predicted eventual United 

States distribution (Figure 4.8).      

 Individuals of P. insularum also have an extensive capacity for emersion 

tolerance which is generally characteristic of species within the genus, Pomacea 

(Cowie, 2002).  This study revealed that specimens of Texas P. insularum had an 

incipient emersion tolerance based on actual sample survival data ranging from 70 days 

under the most desiccating treatment condition of <5% RH at 30°C to >308 days under 

the least desiccating treatment conditions of 75%->95% RH at 25°-30°C (Table 7.1, 

Chapter 5).  The maximum tolerated levels of desiccation were 0.573 (s.e. ±0.069) and 
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0.584 (s.e. = ±0.040) of total corporal plus extracorporal water when individuals were 

emersed in >95% RH at 20° and 25°C, respectively (Figure 5.9A, B).  The extensive 

emersion tolerance of this species should allow it to invade not only permanent 

freshwater habitats in Texas and the southern United states, but also shallow, ephemeral 

freshwater habitats subject to periodic prolonged drying during droughts and dry 

periods as well as periodically dewatered wetland agricultural systems.  Hence, P. 

insularum should be able to successfully invade and thrive in a wide variety of 

permanent and ephemeral freshwaters including periodically flooded wetland 

agricultural systems in Texas and throughout its predicted eventual geographical range 

in North America (Figure 4.8).  

Juvenile specimens of P. insularum had relatively poor capacities to sustain 

oxygen consumption rates (Vo2) at full air O2 saturation levels when subjected to 

progressive hypoxia (Chapter 6).  Critical Po2 (Pc) values below which Vo2 begins to 

decline progressively with increasing hypoxia were 120 Torr at 20°C and 25°C and 80 

Torr at 30°C.  These relatively high critical Pc values and this species’ percent oxygen 

regulation (Ro2) values of 79.0%, 73.3% and 81.2% at 20°, 25° and 30°C, respectively, 

indicated that P. insularum was a relatively poor regulator of Vo2 compared to other 

species of Pomacea and freshwater gastropods in general (Chapter 6, Table 6.4).   

Even though P. insularum is capable of aerial gas exchange with a mantle cavity 

lung as are other pomacean species (Perera and Walls, 1996), it was rarely found above 

the water’s surface when specimens were collected from natural freshwater habitats in 

southeastern Texas or in its holding tanks when cultured in the laboratory.  Thus, while 
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able to crawl out of the water to ovipost egg masses, P. insularum appears to be 

primarily aquatic, a condition associated with its relatively poor capacity for 

maintaining Vo2 under hypoxic conditions compared to other freshwater gastropods.  

iIts relatively poorly developed capacity for oxygen regulation of Vo2, perhaps 

accounting for this species’ apparent preference for well-oxygenated, flowing-water 

habitats (Miyahara et alet al., 1986; Perera and Walls, 1996).  The apparent inability of 

P. insularum to sustain a fully aerobic metabolism under hypoxic conditions may limit 

this species to relatively well-oxygenated freshwater habitats in Texas and in its 

predicted eventual North American geographic range (Figure 4.8).  As such it may not 

be able to invade and thrive in standing-water habitats frequently subject to hypoxia 

such as occur in marshes and flooded wetland agricultural systems.  Indeed, in 

southeastern Texas, specimens collected from rice agricultural systems were most dense 

in irrigation ditches with permanently flowing water relative to ephemeral standing-

water habitats in periodically flooded rice fields.   Thus P. insularum is likely to be 

most successful in well-oxygenated, lotic habitats in Texas and its predicted eventual 

North American geographic range (Figure 4.8).  In addition, the apparent preference of 

this species for well oxygenated, permanent, flowing-water habitats may limit its ability 

to invade standing-water habitats, thus reducing its threat to wetland agricultural crops 

compared to other pomacean species, such a P. canaliculata, which thrive in shallow, 

ephemeral standing-water habitats (Perera and Walls. 1996). 
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7.3 Implications for Non-chemical Control of Pomacea insularum Infestations 

The results of this research could form the basis for development of a strategy 

for non-chemical control or management of P. insularum in North American fresh 

waters and wetland agricultural systems.  Its elevated salinity tolerance and wide range 

of tolerated pH make use of either artificially increased salinity or artificial acidification 

impractical as it would have lethal effects on non-target native species or lead to 

extensive damage of wetland agricultural crops.  Perhaps, the most cost-effective 

control-management approach based on this research would involve periodic 

dewatering of artificial impoundments, irrigation ditches, and wetland agricultural 

fields.  In southeastern Texas and the southern United States, such dewatering during 

warm dry summer months could expose emersed populations of P. insularum to highly 

desiccating conditions leading to mortality of a high percentage of individuals if not 

complete extirpation of infesting populations depending on ambient temperature and 

RH regimes during emersion.  The data presented herein, suggest that dewatering of P. 

insularum habitats during summer in southeastern Texas could lead to massive 

population mortalities after exposure durations of 3-4 months depending on levels of 

precipitation and average RH during the exposure period.  Further, the relatively low 

incipient upper thermal limit of this species at ≈36°C could result in massive mortality 

of populations in dewatered habitats if insolation of substrata containing aerially 

exposed aestivating individuals by solar radiation raised soil temperatures well above its 

incipient upper thermal limit of 36°C.  During summer months in Texas, insolation 

causes soils exposed to direct sunlight to routinely achieve surface soil temperatures 
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well above the 36°C upper thermal limit of P. insularum suggesting that planned 

dewatering of Texas rice fields could result in high levels of temperature-induced 

mortality in infestations of this species within much shorter periods than required to 

induce death by desiccation.   The utility of dewatering natural or wetland agricultural 

freshwater habitats to control infestations of P. insularum clearly warrants further 

laboratory investigations and field trials. 

7.4 Final Conclusions 

In conclusion, P. insularum has invaded and become established in the 

freshwaters and agricultural wetland ecosystems of southeastern Texas.  It has been 

thriving there in natural and wetland agricultural freshwater habitats for the last 17-18 

years since its invasion of these habitats in 1989-1990 (Neck and Schultz, 1992; 

Howells and Smith, 2002).  It threatens to eventually extend its range both into the Gulf 

of Mexico coastal regions of the southern United States as well as into Florida and 

southern California and Arizona.  Its dispersal in more northern regions of the United 

States appears to be mainly limited by its incipient lower thermal limit of approximately 

15°C (Figure 4.8). 

This study has elucidated aspects of the resistance adaptations of P. insularum 

with respect to temperature, salinity, pH, emersion, desiccation, and hypoxia.  The 

findings of this study form the basis for predicting the eventual geographic range of P. 

insularum in North America, assessing the risk to specific water bodies for its invasion 

based on these physical-chemical parameters and development of dewatering as a cost-

effective strategy for its management and eradication in natural freshwater habitats and 
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wetland agricultural systems.  While the results of the research reported herein provide 

a preliminary assessment of the physiological resistance adaptations of P. insularum 

and their relevance to predicting its eventual distribution in North America and 

development of environmentally-acceptable non-chemical control/management 

strategies based on dewatering and emersion, further research on the physiological 

adaptations of this newly-introduced, nonindigenous species is required in order to 

assess it potential negative impacts on and strategies for its management in the 

freshwater habitats and wetland agricultural systems of the southern and southwestern 

United States before it further extends it range from southeastern Texas. 
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