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The Snail Kite (Rostrhamus sociabilis plumbeus) is an endangered raptor in the U.S. that 

exhibits an extreme form of dietary specialization, feeding almost exclusively on one species of 

freshwater snail, the Florida Apple Snail (Pomacea paludosa Say).  Lake Tohopekaliga, one of 

the few remaining wetland fragments utilized by the snail kite in Florida, recently experienced an 

infestation of the invasive exotic Island Apple Snail (Pomacea insularum), which is relatively 

larger (length, x = 63.5 mm; weight, x = 56.8 g) than the native apple snail (length, x = 37.6 mm; 

weight, x = 15.9 g).  This relative size difference raised questions about the ability of kites 

(especially juveniles) to negotiate exotic snails, and given the sensitivity of the kite population to 

recruitment, we conducted a comparative observational study to elucidate the effects of the 

exotic apple snail on snail kite foraging behavior, energetics, nest success, and survival. 

Relative to native snails, we found that exotic snails require longer handling times (for 

adults, 302 vs. 72 seconds; for juveniles, 496 vs. 97 seconds), lead to increased drop rates (for 

adults, 0.21 vs. 0.02; for juveniles, 0.33 vs. 0.06), and result in depressed capture rates (for 

adults, 1.09 vs. 3.30 snails/hour; for juveniles, 0.78 vs. 3.46 snails/hour); however, we also found 

that exotic snails provide more energy than natives (12.92 vs. 4.84 kcal/snail).  Consequently, the 

effects of the exotic snail on foraging behavior do not have negative energetic repercussions for 
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adult kites.  In fact, we found that adult kites are attracted to Lake Tohopekaliga and that the 

relative contribution of the lake to the range-wide nesting effort increased from 6% to 33% after 

the invasion of the exotic snail.  Conversely, the effects of the exotic snail on juvenile foraging 

behavior can lead to insufficient daily energy balances and may suppress juvenile survival.  

Given the critically endangered status of the snail kite and the propensity of the exotic apple snail 

to spread, this work suggests that serious management and conservation initiatives that address 

the exotic apple snail may be necessary to prevent further deleterious consequences for the kite 

population in Florida  
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CHAPTER 1  
INTRODUCTION 

Species dependent upon specialized niches are particularly subject to environmental 

perturbations (Brown & Maurer 1989; Owens & Bennett 2000; Purvis et al. 2000): narrow 

dietary breadth is one such specialization (Real & Caraco 1986; Begon et al. 1996).  In fact, 

niche specialization is positively correlated with extinction risk across a wide range of taxa 

(Owens & Bennett 2000; Purvis et al. 2000), including birds (Hughes et al. 2000).  The snail kite 

(Rostrhamus sociabilis plumbeus) is a wetland-dependent raptor that displays an extreme form of 

dietary specialization, feeding almost exclusively on a single species of apple snail (Pomacea 

paludosa Say) (Howell 1932; Stieglitz & Thompson 1967), the only species of this genus native 

to Florida (Rawlings et al. 2007).  After several decades of landscape fragmentation and 

hydroscape alteration, the kite population is now confined to a patchwork of freshwater wetlands 

that remain within its historical range, and the viability of the population rests entirely on the 

conditions and dynamics of these wetland fragments (Sykes 1979, 1987a; Bennetts & Kitchens 

1992, 1997; Martin 2007).  However, many of the remaining wetlands are no longer sustained by 

the natural processes under which they evolved (USFWS 1999; RECOVER 2005), and hence, 

are not necessarily characteristic of the historical ecosystems that once supported the kite 

population (Bennetts & Kitchens 1992, 1997, 1999; Martin 2007).  Snail kites now face another 

potential threat, the recently established populations of the invasive exotic apple snail (Pomacea 

insularum) in Florida.   

Evidence suggests that the exotic apple snail negatively affects the food handling ability of 

snail kites (Darby et al. 2007), and there is speculation as to what the consequences for the kite 

population may be (Darby et al. 2007; Rawlings et al. 2007), but many unanswered questions 

remain.  The snail kite already faces a high risk of extinction (Martin 2007), so the complications 
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experienced by kites attempting to exploit exotic apple snails are of particular concern, especially 

given that populations of the native apple snail have been declining throughout the kites’ range 

(Darby et al. 2005) while populations of the exotic snail in Florida have been spreading 

(Rawlings et al. 2007).  Native snail populations have declined largely in the absence of exotic 

snails; hence, these population trends are likely coincidental, but they are concerning 

nonetheless.  Both snail species have characteristics that may influence their utility to snail kites.  

The elucidation of these differences, and of their respective effects on snail kite foraging 

behavior, energetics, and population demography, is an essential prerequisite to future 

conservation planning.   

Study Population 

Snail kite (Rostrhamus sociabilis) populations occur in North, Central, and South America.  

Based on apparent geographical variations in body size, distinctions are drawn among three 

subspecies (i.e., R. s. major, R .s. sociabilis, and R. s. plumbeus), which are recognized by the 

American Ornithologists’ Union (AOU) (Amadon 1975).  However, only a small number of 

morphometric measurements were used to separate these subspecies, and the tenuous 

methodology has been called into question by numerous authors (e.g., Beissinger 1988, Bennetts 

& Kitchens 1997, Martin 2007).  While the AOU states that R. s. plumbeus occurs in both the 

United States and Cuba (Amadon 1975), there is no documentation of movement between these 

two geographic locations (Bennetts & Kitchens 1997; Martin 2007).  Furthermore, the 

aforementioned classification scheme of subspecies, which pools the Florida and Cuba 

populations together, has no genetic basis (Beissinger 1988; Martin 2007).  Although no study 

has directly addressed the relationship between the Florida and Cuba snail kite populations, 

multiple studies (e.g., Sykes 1979; Beissinger et al. 1983; Bennetts & Kitchens 1997; Dreitz et 

al. 2002; Martin et al. 2006a) of movement and population dynamics suggest that the snail kite 
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population in Florida is isolated.  This study addresses the Florida snail kite population only, and 

for all practical conservation purposes, we also consider this population geographically isolated.   

The snail kite (Rostrhamus sociabilis plumbeus) is an endangered raptor (Federal Register 

1967, 2007) whose range in the U.S. is confined to the freshwater wetlands of central and 

southern Florida (Sykes 1984; Bennetts & Kitchens 1992, 1997; Martin 2007).  As an extreme 

dietary specialist, dependent almost entirely on a single species of freshwater apple snail 

(Pomacea paludosa, from here on referred to as the native snail or native apple snail) for food, 

the snail kite is a wetland-dependent species (Howell 1932; Stieglitz & Thompson 1967; Snyder 

& Snyder 1969; Sykes 1987a).  In addition to foraging, nesting is also tied directly to wetland 

habitats.  Snail kites always build nests in vegetation surrounded by standing water, which aids 

in the deterrence of terrestrial predators (Stieglitz & Thompson 1967; Sykes 1987b; Beissinger 

1988).  Over the past several decades, landscape fragmentation and hydroscape alteration have 

severely jeopardized the quantity and quality of the historically contiguous wetland habitats that 

once comprised the range of the snail kite in Florida (Bennetts & Kitchens 1997, 2000; Kitchens 

et al. 2002; Martin 2007).  The major remaining wetland fragments used by the snail kite are 

depicted in Figure 1-1 and include the following: Everglades National Park (ENP), Big Cypress 

National Preserve (BICY), Water Conservation Areas (WCA) 1A, 2A, 2B, 3A, 3B,  Lake 

Okeechobee (OKEE), Grassy Waters Preserve (GW), Saint John’s Marsh (SJM), Lake 

Kissimmee (KISS), Lake Tohopekaliga (TOHO), and East Lake Tohopekaliga (ETOHO) 

(Bennetts & Kitchens 1997; Dreitz 2000; Kitchens et al. 2002; and Martin et al. 2006a).  As of 

2007, only one of the major wetlands utilized by the snail kite, Lake Tohopekaliga (from here on 

referred to simply as Toho), has suffered a major invasion of P. insularum (from here on referred 

to as the exotic snail or exotic apple snail) (Rawlings et al. 2007; Darby et al. 2007); however, 
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confirmed exotic snail populations exist in close proximity to many of the other primary 

wetlands used by the kite in Florida (Rawlings et al. 2007) (Figure 1-2). 

Within Florida, the kite population is described as nomadic, and monthly movement 

probabilities among wetland fragments may be as high as 0.25 (Bennetts & Kitchens 1997, 

2000).  More recent analyses, which include multiple levels of spatial and temporal resolution, 

suggest that the monthly movement probability among contiguous fragments differs significantly 

from that among isolated fragments (0.29 vs. 0.10, respectively) (Martin et al. 2006a, 2007b).  

However, numerous studies, of both movement (Sykes 1979; Rodgers et al. 1988; Bennetts & 

Kitchens 1992, 1997; Martin 2007) and genetics (Rodgers & Stangel 1996), confirm that the 

spatial distribution of kites in Florida shifts temporally and that sufficient individual movement 

among wetlands occurs, thus uniting the entire Florida population (Figure 1-3).  Even though the 

exotic snail has thus far only infested one of the major wetlands utilized by the snail kite, the kite 

population in Florida does not function as a metapopulation (Bennetts & Kitchens 1997, 2000; 

Martin et al. 2006b, 2007b; Martin 2007); therefore, the scope of our project covers the entire 

kite population.   

Invasion of the Exotic Snail 

The exotic apple snail (P. insularum), commonly known as the island apple snail, is native 

to Argentina, Brazil, and Bolivia.  The invasion history of the exotic apple snail is somewhat 

unclear (Rawlings et al. 2007).  P. insularum, along with other members of the Pomacea genus 

that have invaded the U.S., have historically been misidentified as P. canaliculata or lumped 

together with other species in what was called the Canaliculata (or, channeled apple snail) 

complex (Thompson 1997; Howells et al. 2006; Rawlings et al. 2007).  Reliable genetic analysis 

confirming the presence of P. insularum in Florida dates back to only 2002 (Rawlings et al. 

2007); however, exotic snails observed on Toho in 2001 were later identified as P. insularum 
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(Darby, personal communication).  Many new populations of P. insularum were observed in 

Florida from 2004 to 2006, suggesting that it may be a relatively new invasive species to the 

state (Rawlings et al. 2007). 

The exotic apple snail is known to feed on the eggs of congeneric snails, and some 

anecdotal evidence suggests that native apple snail populations appear to decline or even 

disappear after the introduction of the exotic snail (Rawlings et al. 2007); however, native snail 

populations have declined largely in the absence of exotic snails, and the declining native snail 

populations have been attributed to other sources, such as altered hydrologic regimes and shifts 

in vegetative communities (Kushlan 1975; Turner 1996; Darby et al. 2003). 

The ecology of Toho has undergone drastic anthropogenic changes recently.  As part of a 

management strategy aimed at improving habitat conditions for fish populations, a drawdown of 

the lake stage occurred between late-2003 and early-2004, and an intensive scraping treatment of 

littoral vegetation followed.  After this treatment, water levels on Toho remained low until June 

2004.  This course of action significantly altered the physical and biological conditions of the 

lake’s littoral zone (Welch 2004; Williams et al. 2005).  The emergent vegetation in the littoral 

zone is a critical component of suitable snail kite foraging habitat (Sykes 1987a; Bennetts & 

Kitchens 1997), and once it was removed via mechanical scraping, kites temporarily abandoned 

Toho (Martin et al. 2003; Kitchens et al. 2005), subsequently returning in late-2004 (Kitchens et 

al. 2005; Martin et al. 2006b).  In the interim, the distribution and abundance of exotic apple 

snails on Toho grew dramatically (Kitchens et al. 2005).  Prior to the drawdown and scraping 

treatment, native snails dominated the littoral habitats on Toho, while the exotic snails were 

largely confined to the pelagic habitats on the interior side of the lake.  However, the drawdown 

and scraping treatment, as well as the prolonged dry conditions that followed it, greatly 
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suppressed the population of native snails on Toho.  When the lake stage rose, the exotic snail 

population spread out and invaded the littoral zone (Darby, personal communication).  Since 

2003, the exotic snail has been the most abundant apple snail in portions of the lake utilized by 

snail kites (Kitchens et al. 2007).   

Population Demography 

Since 1992, the snail kite population has been monitored annually via robust population 

surveys, which include extensive mark-recapture techniques.  Reliable estimates of abundance, 

survival, and movement are attainable from these data by utilizing multi-state models, such as 

Cormack-Jolly-Seber models (CJS), which incorporate detection probabilities and spatial 

variation (Bennetts & Kitchens 1997; 1999; Dreitz et al. 2002; Martin et al. 2006a, 2007a).  

Estimates of the snail kite population size and growth rate for the years 1992 to 2005 show 

several alarming trends.  During the period 2000 to 2002 the snail kite population essentially 

halved, falling from around 3500 to around 1700 individuals (Martin et al. 2007a).  The most 

recent demographic analyses show no signs of a significant population rebound.  In fact, the 

estimated stochastic population growth rate for the post-population-decline period (i.e., 2003-

2006) is less than one (Martin 2007; Martin et al. 2007a).  As indicated by a life table response 

experiment (LTRE), over 80% of the reduction in the stochastic population growth rate after 

1998 is attributable to adult fertility (Martin 2007).  Finally, the most recent snail kite population 

viability analysis (PVA) shows that extinction within the next 60 years is highly probable if 

current conditions are representative of future conditions.  (For a detailed discussion of snail kite 

population viability analyses see Martin 2007).  Since the snail kite population is at risk of 

extinction and because adult fertility plays such an overwhelming role in the population growth 

rate, it is critical to identify and attempt to remedy all factors that negatively affect snail kite 

fertility in order to properly manage for the conservation of the species 
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Adult fertility is simply the product of 1) the number of juveniles produced per adult 

during the breeding season and 2) the probability that these juveniles survive until the next 

breeding season (i.e., juvenile survival) (Martin 2007).  Using the aforementioned demographic 

trends, the recent history of the snail kite population in Florida can be divided into two time 

periods: 1) the pre-1998 period (including 1998), which is representative of a stable population 

in terms of demographic trends and environmental conditions, and 2) the post-1998 period (not 

including 1998), which is representative of the population decline and subsequent suppression 

(Martin 2007).  The snail kite population, which was in a steady state of decline throughout the 

period 1999 to 2002, has since stabilized.  Adult and juvenile survival have, on average, resumed 

levels comparable to the pre-1998 period, but nesting efforts and fecundity remain significantly 

lower.  One anomaly is the unprecedented flurry of nesting attempts that have taken place on 

Toho since the invasion of the exotic apple snail.  In spite of these nesting efforts, preliminary 

analyses show less than expected recruitment from kites on Toho during the post-invasion era 

(Martin et al. 2007c), suggesting that the exotic snail may negatively affect nest success or 

juvenile survival.  

The invasion of Toho by the exotic apple snail has created unique conditions, in terms of 

available prey species, for kites.  Any deleterious effects that exotic snails have on snail kite 

foraging behavior may, in turn, have severe demographic repercussions.  Notwithstanding the 

very real possibility that the exotic snail will spread into other wetlands utilized by the snail kite, 

the fact that the kite population in Florida does not function as a metapopulation implies that 

negative effects experienced by kites on Toho may have population-wide consequences, 

particularly given the sensitivity of the population growth rate to fecundity and recruitment.   
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Study Objectives and Outline 

The government agencies responsible for managing natural resources (e.g., FFWCC, 

SFWMD, USFWS, USACE) exhibit tremendous influence over the remaining wetlands that 

comprise the range of the snail kite in Florida (Bennetts & Kitchens 1997; USFWS 1999; 

RECOVER 2005).  Water regulation schedules are used to manage the composition and 

dynamics of wetland ecosystems on a regional scale.  The hydrology is dictated via a complex 

network of levees, canals, and other water control structures; and smaller-scale management 

actions targeted at specific flora and fauna are often conducted via mechanical and chemical 

controls (USFWS 1999; Welch 2004).  It is the goal of the multi-billion dollar restoration 

initiative, the Comprehensive Everglades Restoration Plan (CERP), to create a management 

paradigm that mimics the historical, natural-flow patterns and community compositions that once 

drove and maintained the integrity and biodiversity of Florida’s natural wetland ecosystems 

(USFWS 1999).   

Understanding the effects that the exotic apple snail has on snail kite foraging and 

demography precludes our ability to strategically manage Florida’s wetlands in a way that 

sustains overall ecosystem health and alleviates any detrimental consequences to the kite 

population.  As stated by the CERP, “The desired restoration condition for the Everglade snail 

kite is to restore and maintain a network of snail kite foraging habitats and promote habitat that 

supports primary prey (apple snails) recruitment throughout the South Florida ecosystem” 

(USFWS 1999; RECOVER 2005).  To help reach these goals, we conducted a comparative 

observational study focused on discerning the effects of the exotic apple snail on the snail kite 

population.  We hope that this study will have important applications in both species 

management and conservation biology: 
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Figure 1-1. Major habitat fragments within the range of the snail kite in Florida  
        (modified from Dreitz 2000). 
  

Southern Range 1. Everglades National Park (ENP) 
2. Big Cypress National Preserve (BICY) 
3. Water Conservation Area 1A (WCA1A) 
4. Water Conservation Area 2A (WCA2A) 
5. Water Conservation Area 2B (WCA2B) 
6. Water Conservation Area 3A (WCA3A) 
7. Water Conservation Area 3B (WCA3B) 
8. Lake Okeechobee (OKEE) 
9. Grassy Waters Preserve (GW) 

Northern Range A. Saint John’s Marsh (SJM) 
B. Lake Kissimmee (KISS) 
C. Lake Tohopekaliga (TOHO) 
D. East Lake Tohopekaliga (ETOHO)  
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Figure 1-2. Confirmed locations, as of 2007, of the exotic snail (P. insularum) within the range 
of the snail kite in Florida.  Larger circles encompass multiple small populations in 
close proximity (modified from Rawlings et al. 2007). 
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Figure 1-3. Movements of approximately 50 radio-tagged adult snail kites among wetland 

fragments over a one-year period. April 1992-April 1993 (modified from Bennetts & 
Kitchens 1997). 
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CHAPTER 2 
EFFECTS OF THE EXOTIC APPLE SNAIL ON SNAIL KITE FORAGING BEHAVIOR  

An animal’s fitness is inextricably linked to its diet.  The ability to meet certain energetic 

and nutritional thresholds is a requisite for survival, growth, and reproduction.  The options 

available to an individual attempting to meet these energetic requirements are dictated by its 

physical and behavioral traits and by the environment in which it lives.  An animal’s dietary 

breadth is therefore constrained by its genetic makeup and by the resources presently available 

(Fox 1981; Pyke 1984; Stevens & Krebs 1986; Ehlinger 1990).  In ecology, animal species are 

often broadly classified as generalists and specialists.  Generalists typically incorporate a wide 

range of prey types into their diets and utilize varying tactics to attack, subdue, and consume 

different prey.  Dietary specialists, on the other hand, have narrow dietary breadths and often 

utilize acute skill sets that facilitate the efficient exploitation of specific prey types (McArthur 

1972; Pyke 1984; Stevens & Krebs 1986).  Adaptations facilitating the ability of a species to 

exploit specific food resources may hinder the ability of that species to exploit alternative prey 

types.  Antagonistic pleiotropy, the positive genetic feedback loop through which such inhibition 

may occur, can lead to extreme dietary specialization in some instances (Futuyma & Moreno 

1988; Cooper & Lenski 2000).  Thus, an organism’s current behavioral traits and dietary options 

are restricted, to an extent, by morphological or physiological characteristics consequent of past 

adaptations (McArthur 1972; Pyke 1984; Futuyma & Moreno 1988; Fry 1990; Holt 1996).  The 

snail kite (Rostrhamus sociabilis plumbeus) is one such extreme dietary specialist, and its unique 

physical traits and foraging behaviors are tied to its nearly exclusive prey, the Florida apple snail 

(Pomacea paludosa Say) (Cottom & Knappen 1939; Stieglitz & Thompson 1967; Snyder & 

Snyder 1969; Sykes 1987a).  The extreme form of dietary specialization observed in the snail 

kite has led some authors to question the ability of the kite to efficiently incorporate a newly 
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introduced exotic apple snail, Pomacea insularum, into its diet (Rawlings et al. 2007; Darby et 

al. 2007).   

Background 

Foraging Behavior 

Numerous authors (e.g., Holgerson 1967; Snyder & Snyder 1969; Haverschmidt 1970; 

Collett 1977; Beissinger 1983; Sykes 1987a) have described the details of snail kite foraging 

behavior, and here we provide a brief synopsis of those details pertinent to our study. Snail kites 

exercise two methods of foraging: course-hunting and perch-hunting.  While course-hunting, 

kites usually fly between 1.5 to 10.0 meters above the surface of the water with their heads 

angled downward looking for snails.  These flights follow a slow flap-glide pattern and are 

usually directed into the wind, when present.  Upon sighting a snail, kites will make an abrupt 

turn and descend toward the water, hovering briefly just above the surface while reaching into 

the water with the talons to capture the snail.  Snails are always captured with the talons, but they 

may be transferred into the bill during flight (Snyder & Snyder 1969; Beissinger 1983; Sykes 

1987a).  Kites will then return to a feeding perch in order to manipulate and consume the snail.  

Using the talons, kites position the snail shell so that the aperture is facing away from the perch 

and the spire is pointed downward.  Kites pry open the hard operculum of the snail using the 

torque generated by their upper mandible being pressed against the shell wall.  The sharp tip of 

the upper mandible is then used to cut the muscle attachments of the operculum.  After the 

operculum is removed, kites must further negotiate the shell, repositioning it so that the aperture 

is facing upward then inserting their curved upper mandible into the spiraling aperture to cut the 

columellar muscle that connects the snail’s body to the shell.  The soft body tissue of the snail is 

removed and consumed either whole or in torn parts.  The albumen gland of female snails is 

often discarded, and the viscera of snails is sometimes eaten and sometimes not.  The shell is 
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usually dropped after extraction, but sometimes kites will hold onto the shell until consumption 

is complete.  Shells of consumed snails frequently accumulate under feeding perches (Snyder & 

Snyder 1969; Snyder & Kale 1983; Sykes 1987a).  While employing the second form of 

foraging, perch-hunting, kites remain perched while scanning the surrounding water (1 to 12 

meters away) for snails (Sykes 1987a).  Upon detection, the kite will swoop down from the 

perch, and just as in course-hunting, hover directly above the surface of the water, grabbing the 

snail with the talons.  The kite will then return to the perch of departure in order to consume the 

snail.  After every successful foraging bout, kites perform the same meticulous process of 

negotiating, extracting, and eating the snail (Snyder & Snyder 1969; Sykes 1987a).   

 It is important to note that snail kites in Florida coevolved with the Florida apple snail.   

Therefore, certain morphological attributes of the kite seem specifically tailored to exploiting 

native snails that fall within a particular size range (around 42.6 mm or “golf ball-sized”) 

(Snyder & Snyder 1969; Sykes 1987a).  The bill of the snail kite is especially adapted to extract 

the soft tissue from these shells.  The deeply-hooked upper mandible of the snail kite has a 

curvature that closely mimics that of the inner spiral of the apple snail shell (Snyder & Snyder 

1969), and the bill width of adult kites ranges from 26-34 mm, restricting the depth into the shell 

that a kite can reach to cut the columellar muscle (Sykes et al. 1995). Other physical features of 

snail kites may also affect their ability to handle alternative prey items.  Middle toe plus claw 

widths for adult kites range from 49 to 68 mm (Sykes et al. 1995).  Average weighs of adult 

females, adult males, and juveniles are 446, 394 (Sykes et al. 1995), and 389 grams (Valentine-

Darby et al. 1997) respectively.  These attributes potentially impose limitations on the sizes, 

weights, and types of prey items that can be successfully captured, handled, and consumed by 

kites.   
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On rare occasions (e.g., during drought conditions or other instances of food scarcity), 

kites in Florida have been observed attempting to feed on alternative (i.e., non-snail) prey items 

(e.g., small turtles, crawfish, a dead bird, a snake) (Sykes & Kale 1974; Woodin & Woodin 

1981; Sykes 1987a; Beissinger 1990; Bennetts et al. 1994); however, they are rarely successful, 

and certainly not efficient, at extracting edible body parts (Sykes & Kale 1974; Beissinger 1988, 

1990).  Many reported cases of non-snail foraging have involved juvenile birds (Sykes 1987a).  

In another isolated incident, three to four snail kites were observed feeding on another exotic 

snail, Pomacea bridgesii, in a flooded agricultural field during a drought (Takekawa & 

Beissinger 1983). Small, isolated populations of P. bridgesii have been present in south Florida 

since at least 1966.  However, unlike the newly introduced P. insularum, P. Bridgesii have not 

spread to any of the major wetlands utilized by the snail kite and show no evidence of being an 

invasive threat (Rawlings et al. 2007).  

A Note on Pomacea Measurements 

The field of malacology has yet to adopt standardized measurement protocols for Pomacea 

(Youens & Burks 2007); therefore, throughout much of the literature, identical dimensional 

measurements have been described using inconsistent terminology.  We adopted the 

measurement protocols for linear dimensions of length and width as presented in Darby et al. 

(2007).  In this study, we standardized the use of these terms, and for all of the results from 

previous Pomacea studies described within, we relabeled the dimensional measurements in terms 

of length and width by assessing the measurement methods reported by the respective authors.   

The Native Apple Snail 

Of the many morphological and physiological factors that can influence prey selection and 

suitability, prey size may be the most pertinent when dealing with extreme dietary specialists 

(Stevens & Krebs 1986; Sih 1987).  The Florida apple snail (Pomacea paludosa Say), which is 
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the only apple snail native to Florida, effectively constitutes the entirety of the snail kite’s diet 

and fulfills all of the necessary energetic and nutritional requirements for kites (Cottom & 

Knappen 1939; Stieglitz & Thompson 1967; Snyder & Snyder 1969; Sykes 1987a).  Adult snail 

shells have a normal range of 40 to 70 mm in length (Thompson 1984).  Sykes (1987a) collected 

empty shells (n=697) from beneath feeding perches used by snail kites.   He found that kites 

selected snails ranging from 25.2 to 71.3 mm in width (x=42.8, SD=4.9) and from 27.4 to 82.4 

mm in length (x=45.8, SD=5.1), with 98.5% of the snails falling in the 30 to 60 mm range for 

both measures and 70% falling in the 40 to 50 mm range.  Several other authors (e.g., Beissinger 

1983; Bourne 1983, 1985a; Tanaka et al. 2006) have also noted that kites rarely eat snails greater 

than 60 mm in length.  Tanaka et al. (2006) recorded the largest native snail (86 mm in length) to 

have been consumed by a kite.  Sykes (1987a) found that the average wet weight (whole snail 

with shell) of live native apple snails ranged from 12.7 to 38.1 grams (x=22.3, SD=6.1, n=24).  

Darby et al. (2007) reported that the wet weight of an average-size native apple snail collected on 

Lake Kissimmee during the fall of 2004 was 35 grams (n=1).   

The Exotic Apple Snail  

 From 2003 to 2007, exotic apple snails were dominant throughout Toho in the areas of the 

lake utilized most heavily by kites (Kitchens et al. 2007; Darby, personal communication).  

Exotic apple snails commonly exceed 90 mm and can reach 150 mm in length (Benson 2007; 

Darby et al. 2007), possibly creating a conflict with the life history strategy of the snail kite.  

Darby et al. (2007) sampled exotic apple snails in Goblets Cove on Toho via throw traps and dip 

nets.  Shell widths of these snails ranged from 67 to 97 mm (x=81, SD=6, n=64) with estimated 

lengths (calculated using a 1.15 width to length ratio) ranging from 77 to 112 mm (x=95, SD=7, 

n=64).  The wet weight (whole snail with shell) of an exotic snail with average width and length 

dimensions was 175 grams (n=1).   
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On average, the exotic snail is large relative to the native snail, and some size classes of the 

exotic apple snail may not constitute suitable prey types for snail kites (Figure 2-1).  The largest 

exotic snails may be rendered unavailable if kites cannot capture them or if kites cannot properly 

negotiate them while attempting to feed.  Relative to the native snails, exotic snails may also 

require longer handling times, which translate into increased energy expenditures for kites.  

Useful information alluding to how the size disparity between the native and exotic apple snail 

may affect snail kite foraging behavior recently emerged (Darby et al. 2007), but the issue has 

yet to be fully addressed, especially in the context of energetic repercussions.  

Previous Foraging Studies 

Most snail kite foraging studies in Florida pre-date the invasion of Toho by the exotic 

apple snail, and given the snail kite’s extreme nature of dietary specialization, previous authors 

were largely unconcerned with prey type or snail size as influential factors of foraging success.  

Nevertheless, several aspects of snail kite foraging behavior have been quantified (e.g., average 

searching times, handling times, and capture rates) (Cary 1985; Sykes 1987a; Beissinger 1990; 

Bennetts & Kitchens 1997, 2000).  Most early studies of snail kite foraging in Florida focus on 

modeling capture rates (as measured by the number of snails captured divided by the time spent 

hunting) as a function of environmental variables (e.g., water depth, temperature, vegetative 

community) and attempt to make inferences about prey availability and relative habitat quality 

(Darby et al. 2006; Karunaratne et al. 2006; Bennetts et al. 2006).   

Prey availability 

Foraging snail kites are limited by the availability of apple snails (Sykes et al. 1995).  

Some authors have used prey density as a proxy to prey availability in avian foraging studies, but 

this may result in biased inferences (Kushlan 1989; Gawlik 2002).  In the case of the snail kite, 

snail densities below 0.14 snails/m2 do not support foraging kites (Darby et al. 2006), but snail 
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density is only one of the factors that influences prey availability (Beissinger 1983; Bourne 

1985a, 1985b; Sykes 1987a; Bennetts & Kitchens 1997, Darby et al. 2006, Bennetts et al. 2006).  

To be available, snails must not only be present; they must also be visible and accessible to 

foraging kites.  For example, snail densities may be suitably high in certain vegetative 

communities (e.g., sawgrass, cattail) but inaccessible due to visual or physical obstruction 

(Beissinger 1983; Sykes 1987a; Bennetts et al. 2006).  In other cases, snails may be present and 

visible (e.g., open water habitats), but without sufficient emergent vegetation, snails cannot 

surface (Hanning 1979; Turner 1996) and may remain too deep (>16 cm) for kites to capture 

(Sykes 1987a).   

A number of authors have identified other factors that may influence the visibility and 

accessibility of snails to kites.  Apple snails are poikilothermic and become less active as water 

temperature decreases.  As temperatures fall, the metabolism of apple snails slows down, which 

lowers their oxygen requirement, and at the same time, dissolved oxygen in the water column 

increases.  Thus, snails visit the surface much less frequently when water temperatures are low 

(Hanning 1979; Stevens et al. 2002), and temperature is negatively correlated with the capture 

rates achieved by foraging kites (Cary 1985; Bennetts & Kitchens 1997).  In extreme cases  

(<10 oC), snails may be present but completely inactive, and thus unavailable (Cary 1985; 

Stevens et al. 2002).  Snails also become inactive during low water events (<10 cm) (Darby et al. 

2002), often burying themselves in the substrate, presumably in preparation for aestivation 

(Snyder and Snyder 1969; Kushlan 1975, 1989; Darby & Percival 2000; Darby et al. 2002), 

again creating a situation where snails are present but undetectable or inaccessible for kites 

(Stevens et al. 2002; Darby et al. 2003, 2005).  Rain and heavy wind have also been implicated 

as factors that reduce kites ability to detect snails (Cary 1985; Bennetts & Kitchens 1997).  All of 
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these studies were conducted before the invasion of Toho by the exotic snail, and none truly 

address the final component of apple snail availability: negotiability.   

Prey negotiability and drop rate 

Apple snails can be present, detectable, and accessible, yet still unavailable if they are not 

within the size range that can be captured and successfully negotiated by kites to the point of 

consumption.  If a snail is dropped (and not recovered) during any phase of the handling process 

before it is consumed, that snail effectively becomes unavailable.  Cary (1985) observed 1% and 

9% drop rates for kites feeding on native snails while course-hunting and perch-hunting 

respectively.  However, the author noted that shells from previously consumed snails may 

remain suspended near the surface of the water in close proximity to feeding perches and that 

accidental captures of these empty shells may have contributed to the higher drop rates observed 

for kites employing the perch-hunting strategy.  Nonetheless, Cary (1985) did not distinguish 

between live snails that were dropped due to mishandling and empty shells that were accidentally 

captured and subsequently rejected, nor did he implicate size as the causal factor of snail 

dropping.   

In a recent study, Darby et al. (2007) reported a 44% drop rate for kites foraging on the 

exotic snail on Toho and did, in fact, verify that no empty shells were counted as dropped live 

snails.  The authors also noted that an average-size exotic apple snail may weigh 37% to 45% as 

much as a snail kite, and due to their relative sizes, many exotic snails may be unavailable even 

though they exist in high densities (Darby et al. 2007).  It is this latter component of availability 

involving present and accessible, yet nonnegotiable, snails that raises questions about the 

suitability of the exotic apple snail as prey for the snail kite in Florida.   
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Searching and handling time 

Flight is one of the most energetically expensive activities in which birds engage (Masman 

& Klaassen 1987; Krebs & Davies 1997; Harrison & Roberts SP 2000).  Given that snail kites in 

Florida rely heavily on a course-hunting strategy (94% of all foraging bouts) (Cary 1985), the 

time spent searching for snails can significantly affect the net energetic gains of foraging. 

As described in Sykes (1987a), who studied the foraging behavior of kites intermittently from 

1967 to 1980, the average duration of a course-hunting foraging bout was 72 seconds for adult 

males (SD=1.2, range=30-180, n=18) and 150 seconds for adult females (SD=2.9, range=30-720, 

n=34), which the author notes is a significant difference.  This conclusion should be viewed with 

caution considering the relatively small sample sizes used and the fact that spatiotemporal 

heterogeneity was ignored.  No significant difference between the sexes was found for the mean 

interval between successive captures, 1338 seconds (range=120 to 5400, n=109), or for the 

average captures per hour, 2.5 snails/h (range=1.7 to 3.4, n=109) (Sykes 1987a).  Taking 

temperature effects into consideration, Cary (1985) reported average capture rates of 5.28 snails 

per hour above 30oC, 2.68 between 21-30oC, 0.72 between 11-20oC, and 0.0 below 10oC.   

The primary prey of an extreme dietary specialist must be profitable enough to provide 

sufficient net energy for survival, growth, and reproduction.  Handling time also directly affects 

the profitability of selected prey items and is one of the central determinants of diet breadth 

(Werner & Hall 1974; Stevens and Krebs 1986).  Sykes (1987a) reported the mean combined 

handling and eating time for adult kites to be 162 seconds (SD=84, range 60-420, n=16 males 

and 53 females), with no significant difference between the sexes.  Another study of adult kites 

consuming native apple snails, Beissinger (1990) found the mean combined handling and eating 

time to be 95.7 seconds (SD=37.3, n=197).   
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More recently, kites foraging on exotic snails on Toho were compared with those foraging 

on native snails on Kiss, and snail size was implied to affect handling time.  On Toho, the 

average extraction time for the exotic snail was 333 seconds (SD=178, n=10), but the handling 

times for snails captured on Kiss were not recorded (nor were the searching times for either 

location).  However, as mentioned above, kites on Toho were observed capturing 25 exotic 

snails, of which 11 were dropped while handling.  Kites on Kiss were observed capturing 136 

native snails, of which none were dropped (Darby et al. 2007).  If one calculates the cumulative 

handling time (and likewise, searching time) by including all of the failed handling attempts that 

occur between successful foraging bouts, then these instances of snail dropping could greatly 

increase the time and energy spent by kites foraging for exotic apple snails.  Darby et al. (2007) 

did not test for age or sex effects on handling times or drop rates but did identify experience and 

relative body weights as likely influential factors of prey handling.   

Age and sex effects on foraging behavior 

Learning and experience have been recognized as important factors contributing to 

foraging behavior.  Animals develop search images and improve handling techniques for familiar 

prey types (Krebs & Davies 1997).  Several studies have confirmed that adult snail kite survival 

remains relatively constant from year to year, while juvenile survival varies widely (Bennetts & 

Kitchens 1997; Dreitz et al. 2004; Martin et al. 2006a).  Experience, and in turn, foraging 

efficiency may play a large role in this disparity.  Juveniles of most vertebrate species lack the 

experience accumulated by adults and are thus more sensitive to environmental variation 

(Stephens & Krebs 1986; Stearns 1986; Martin et al. 2007a).  Sykes et al. (1995) notes that 

compared to adults, recently-fledged kites do not demonstrate the same adept negotiation skills 

when extracting native apple snails, and observations of frequent snail dropping by juvenile kites 

on Toho during the post-invasion era suggest the same (personal observation).  In addition to 
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lacking experience, juvenile kites also weigh roughly 10% less than adults (males and females 

combined) (Sykes et al. 1995; Valentine-Darby et al. 1997); therefore, the ability of juveniles to 

negotiate exotic snails may be further limited by their relative physical proportions.   

Adult kites may also experience handling complications due to the decreased predator to 

prey weight ratios associated with exotic snails.  Snail kites are sexually dimorphic, with males 

ranging from 360 to 440 grams (x=394, SD=22.8, n=28) and females ranging from 350-570 

(x=446, SD=47.8, n=29) (Sykes et al 1995); therefore, sex may play a role in the ability of adult 

snail kites to efficiently exploit exotic apple snails.   

Energy budgets and profitability 

Many of the components necessary for the computation of energy budgets for snail kites 

are present in the literature, including daily activity budgets (Beissinger 1984; Cary 1985; Sykes 

1987a), energetic costs of behavior (Beissinger 1984, 1986, 1987; Beissinger & Snyder 1987), 

and energetic contents of native apple snails (Beissinger 1984; Sykes 1987a), but none have 

holistically addressed energetic balances for kites in Florida in the context of alternative prey 

types.   

Snail kites in South America (i.e., R. s. sociabilis) have been the focus of many prey 

selection and energetics studies (Beissinger 1983, 1990; Beissinger et al. 1994; Bourne 1983, 

1985a, 1985b, 1993; Tanaka et al. 2006).  Of note, the ranges of P. insularum and R. s. sociabilis 

overlap, but no documentation of kites feeding on P. insularum in South America exists (Sykes 

et al. 1995; Darby et al. 2007).  The diet of R. s. sociabilis commonly includes one species of 

apple snail (P. dolioides) and one species of crab (Dilocarcinus dentatus), each with varying size 

classes, creating an ideal environment in which to test certain predictions of optimal foraging 

theory (Bourne 1983; Beissinger et al. 1994).  Handling time was found to be positively related 

to snail size for kites in Venezuela (Beissinger et al. 1994).  Further study of negotiability as a 



 

38 

limiting factor of prey availability and suitable prey size is necessary in order to draw 

meaningful conclusions for the conservation of the snail kite if Florida.  Research methods aimed 

at elucidating the effects of different prey types (as used in these South American studies) are 

now applicable to Florida snail kites foraging on native and exotic apple snails.   

The calculation of profitability values will demonstrate the utility that each prey species 

has to snail kites.  Searching time, handling time, and energetic content may vary among prey 

types, and profitability is a meaningful quantitative scale on which the costs and benefits of 

foraging on alternative prey items can be compared (MacArthur & Pianka 1966; Stevens & 

Krebs 1986).  Such an approach was used to compare dietary choices and foraging site selection 

of snail kites (R. s. sociabilis) in Guyana (Beissinger 1983, 1990; Bourne 1985a, 1985b). 

However, kites in South America remain idle during long periods of the day (periods that could 

be spent foraging), and profitability may not be the sole determinant of foraging decisions in 

snail kites (Beissinger 1983; Bourne 1985a, 1985b).  Therefore, a more holistic measure of the 

costs and benefits associated with alternative foraging conditions may be more useful.  The 

calculation of daily energy balances for kites foraging on alternative prey types will shed light on 

the potential effects the exotic snail may have on the kite population.  As stated above, 

negotiability has been largely ignored until recently, and unfortunately, data collected in the 

recent study (i.e., Darby et al. 2007) is insufficient to calculate profitability values and daily 

energy balances for kites foraging on native versus exotic snails.   

Economic models of foraging behavior 

In the study of foraging behavior, economic models that compare the costs and benefits of 

alternative food choices are commonplace (Krebs & Davies 1997).  A general assumption of all 

studies that use this cost-benefit approach to compare alternative decisions is that it pays for an 

animal to be efficient.  That is, natural selection will act in favor of individuals that maximize 
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their benefits while minimizing their costs (MacArthur 1972; Staddon 2003).  Using economic 

models in the study of foraging behavior requires investigators to define a set of costs and 

benefits that can be quantified and compared using a common currency.  The ideal currency with 

which to weigh the costs and benefits of decisions would be fitness (Krebs & Davies 1997).  

Glimcher (2002) points out that “Darwinian fitness provides a natural and genuinely one-

dimensional scale.”  Unfortunately, directly quantifying the effects that certain foraging 

behaviors have on fitness can be difficult; therefore, more easily quantifiable currencies (e.g., 

time and energy) are often employed by these economic models.  An underlying assumption of 

these surrogate currencies is that they correlate directly with fitness (Krebs & Kacelnik 1991; 

Brown et al., 1993).  Time and energy were the first two currencies used in the development of 

foraging and diet selection models (MacArthur & Pianka 1966; Emlen 1966), and they have 

remained the dominant measures in these behavioral studies ever since (Cuthill & Houston 1997; 

Sih & Christensen 2001).   

Predictions 

Based on our knowledge of snail kite ecology, we expect the exotic apple snail to have 

deleterious effects on kite foraging behavior, and we expect these effects to vary in magnitude 

relative to foraging experience and relative body weight; therefore, we make the following 

predictions:   

• Prediction 1. If the average drop rate for exotic snails is significantly greater than the 
average drop rate for natives (i.e., if Prediction 3 is true), then the average searching time for 
exotic snails will be significantly longer than the average searching time for native snails 

• Prediction 2. The average handling time for exotic snails will be significantly longer than 
the average handling time for native snails. 

• Prediction 3. The average drop rate for exotic snails will be significantly greater than the 
average drop rate for native snails. 
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• Prediction 4. When feeding on exotic snails, juvenile kites will have significantly greater a) 
handling times and b) drop rates than adults. 

• Prediction 5. When feeding on exotic snails, adult males will have significantly greater a) 
handling times and b) drop rates than adult females. 

• Prediction 6. The average capture rate for exotic snails will be significantly lower than the 
average capture rate for native snails. 

• Prediction 7. The average profitability of the exotic snail will be significantly lower than the 
average profitability of the native snail. 

• Prediction 8. Daily energy balances will be significantly lower for kites feeding on the 
exotic snail relative to kites feeding on native snails.    

Methods 

To address the above predictions, we conducted a comparative observational study.  First, 

we quantified the necessary set of measures that pertain to foraging behavior and prey items.  

Then we used these data to address the anticipated behavioral differences between/among groups 

of kites.  After teasing out the effects of the exotic apple snail on foraging behavior, we assessed 

the energetic repercussions for kites by calculating prey profitabilities, deriving activity budgets, 

and projecting daily energy balances. 

Time Activity Budgets 

In order to obtain quantitative behavioral data related to foraging activities, we conducted 

time-activity budget (TAB) observations on wild snail kites from 2003-2007 using a 

modification of focal animal sampling (Altman 1974).  Such a method was used to collect TAB 

data on kites in 1993, 1994, and 1996 (Bennetts & Kitchens 1997, 2000), and so that we could 

make meaningful comparisons between datasets, we followed similar protocols.  During each 

TAB we observed a focal kite continuously for an allotted period of time and recorded the 

frequency and duration of all pertinent events and behaviors (see Collection of Behavioral Data).   
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Sampling locations 

Most of our TAB sampling effort was focused in the following wetlands: Toho, Kiss, 

WCA3A (Table 2-1; Figure 1-1).  Together, these fragments represent much of the remaining 

core of snail kite habitat in Florida.  In recent years, the snail kite population has relied heavily 

on Toho, Kiss, and WCA3A during the breeding season. During our study, these were the only 

wetlands that produced significant numbers of observable juveniles.  Kites also utilize Toho, 

Kiss, and WCA3A during the non-breeding season; therefore, numerous kites can be found 

foraging in these wetlands throughout most of the year (Bennetts & Kitchens 1997; Martin 2007; 

Martin et al. 2007c).  We also collected data, at least opportunistically, throughout the remainder 

of the kite’s range, but much less effort was expended conducting TABs in the following non-

focal wetlands: WCA3B, WCA2B, ENP, OKEE, GW, and SJM (Table 2-1; Figure 1-1).   

Selection of focal individuals 

Given the extensive range of the snail kite and the high expense of field operations, on any 

given day the wetlands in which we made observations were determined systematically to 

optimize travel and funding efficiency.  However, we randomly selected the individual birds that 

were observed within each wetland fragment.  To do so, a block grid with numbered cells was 

overlaid on a map of the wetland area, and we used a random number generator to select the cell 

in which to start our observations.  Using an airboat and GPS unit for transportation and 

navigation, we traveled to the selected cell and observed the first snail kite detected upon our 

arrival.  Observations started as soon as the boat was parked and necessary equipment set up.  If 

no snail kite was detected in the given cell, we randomly moved to one of the eight surrounding 

cells by blindly spinning a compass and driving to the adjacent cell at which it pointed.  This 

process was repeated until a snail kite was located for observation.  The latitude and longitude 

(measured in UTMs, Datum NAD83) of all observation locations were recorded with a hand-
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held GPS unit.  After completing a TAB, the random number generator was used to select a cell 

for the next kite observation, and the process started again.  

Timing and duration of observations  

TABs were conducted during all months of the year (Table 2-1).  Months were assigned to 

one of three seasons as follows: Spring included January, February, March and April; Summer 

included May, June, July and August; and Fall included September, October, November and 

December (Bennetts & Kitchens 2000).  Spring coincides loosely with the peak of nest initiation 

during the breeding season and with the annual dry season (Bennetts & Kitchens 1997), although 

both of these measures show some overlap with Summer (Sykes et al. 1995, Martin 2007).  

Summer connects the post-breeding period (i.e., when kites tend to disperse) with the onset of 

the wet season (Bennetts & Kitchens 1997; Martin et al. 2006a), while Fall encompasses a period 

of occasional late-season breeding and the onset of the dry season (Bennetts & Kitchens 2000). 

Depending on the sex and reproductive stage of a breeding snail kite, a high degree of 

variability may be observed in its behavior (Sykes et al. 1995).   Since we could not collect 

enough TAB data on actively breeding individuals during different reproductive stages to treat 

such data differently, such variability would have only confounded our analyses; therefore, we 

did not conduct TABs on individuals that were actively engaged in any stage of the reproductive 

process, and if any breeding behavior was observed (e.g., courtship, snail delivery to a mate, nest 

building, nest defense, provisioning of young) then the TAB was discontinued and the data 

censored from our analyses.  Thus, our inferences are limited to snail kites that are foraging 

independently and cannot necessarily be extrapolated to kites that are provisioning nestlings or a 

mate. 

Observations were made during all hours of the day, as kites forage throughout the day in 

Florida (Cary 1985; Sykes 1987a); however, in following with previous studies (e.g., Cary 1985; 
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Sykes 1987a; Bennetts & Kitchens 2000), we recorded the exact time of day during which 

observations took place.  We assigned observations to one of three daytime categories: morning 

(sunrise plus three hours), evening (sunset minus three hours), and afternoon (everything in 

between).  To avoid potential confounding effects of inclement weather conditions on foraging 

behaviors, observations were not made during times of rain or heavy wind (Cary 1985; Bennetts 

& Kitchens 1997).   

We conducted a combination of one hour (n=713), two hour (n=48), and day-long 

observations (n=21).  The intended duration of the observation was always determined prior to 

locating a focal individual.  Due to unpredictable weather events and equipment malfunctions, 

observations were sometimes stopped prematurely.  Observations lasting at least eight hours 

were classified as day-long observations, and those less than 30 minutes were censored from our 

analyses. 

Classification of individual kites 

Whenever possible we determined the sex and relative age of the focal kite.  Snail kites are 

sexually dichromatic, and mature adults of each sex have very distinct plumage coloration 

(Sykes et al. 1995).  We visually identified the sex of all mature adults by their plumage.  

However, full adult plumage may not be achieved until the breeding season of the 3rd year (i.e., 

until 36 months old), and the sex of younger kites, especially those from 6 to 24 months old 

cannot be reliably distinguished by plumage cues (Bennetts & Kitchens 1999).  Fortunately, 

during annual breeding season population surveys, which were conducted by the Florida Fish 

and Wildlife Cooperative Research Unit from 1992 to 2007, numerous kites were banded as 

juveniles and had feather samples taken for DNA analysis (Bennetts & Kitchens 1997, 1999; 

Martin 2007).  Therefore, the sex of many young birds (i.e., all those with specific alphanumeric 

bands and corresponding DNA results) could be determined, despite their ambiguous plumage.  
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To avoid inducing bias by systematically bypassing non-banded adults and/or old juveniles of 

ambiguous sex, we still observed these individuals when they were encountered, though birds of 

unknown sex were censored from all analyses in which sex was a covariate.   

We also identified the relative age of the focal kite.  Kites with mature adult plumage (see 

above) were classified as adults.  The second age class, juveniles, also has definitive plumage 

coloration, although the sexes cannot be distinguished.  The distinct buff brown and cinnamon 

juvenile plumage is retained until about the 5th month of life (Sykes et al. 1995).  Juveniles also 

have dark brownish black eyes, in contrast to the bright red eyes of adults.  Eye color begins to 

change between 4 and 6 months of age, and juveniles become hard to distinguish from second 

year birds after 6 months of age (personal observation).  Therefore, birds from 6 to 36 months 

old are hard to age with visual cues.  The equipping of juveniles with unique alphanumeric bands 

during the annual population surveys helped us keep track of many birds’ ages through the 

period of ambiguous plumage coloration.  The ages of all kites that were banded as nestlings 

could be estimated to the day (+/_ 7 days) (Sykes et al. 1995).   

We still observed kites of ambiguous age that we encountered during TABs.  These kites 

(along with banded kites of know ages falling from 6 to 36 months old) were placed into a third 

category: subadults.  Even though there is no evidence for a subadult age class in snail kites, as 

juvenile survival parallels that of adults by the fifth or sixth month of age (Bennetts & Kitchens 

1999; Bennetts et al. 1999) and kites can begin breeding as young as 9 months of age (Synder et 

al. 1989), it was useful to define a third age class.  Birds whose age could not be positively 

identified in the field (i.e., non-banded individuals from 6 to 36 months old) were, at first, 

categorized as subadults, but upon comparing measures of foraging behavior among the three 
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age classes we found evidence that justified combining adults and subadults into a single adult 

age class (see Comparison of Adults, Subadults, and Juveniles).    

Collection of behavioral data 

TAB observations were made from an airboat with the use of 10x binoculars and a 15x-

60x spotting scope.  Two observers were always present so that observation and data recording 

could occur simultaneously.  Using a twenty-four hour digital clock, we recorded the time of day 

to the second that the focal kite engaged in each of the following behaviors: started flying, 

captured a snail, stopped flying (i.e., returned to a perch), extracted a snail, finished eating a 

snail, or dropped a snail.   

Each flight was categorized as either a foraging bout or a non-foraging flight.  Each 

foraging bout was categorized as either a course-hunt or perch-hunt.  These distinctions were 

determined by telltale behavioral cues (Snyder & Snyder 1969; Beissinger 1983; Sykes 1987a).  

Foraging bouts were marked successful if the kite returned to the perch with a snail and 

consumed it, and they were marked unsuccessful if the kite returned to a perch without a snail or 

if the snail was dropped at the perch before consumption.  In cases where a snail was dropped in 

flight but a kite made multiple attempts during a single foraging flight, the bout was considered 

successful if the kite eventually returned to a perch with a snail and consumed it, and it was 

marked unsuccessful if it did not.  Even if a snail was dropped, it was still tallied as a capture, 

but the associated foraging bout was classified as unsuccessful unless a successful capture 

followed by successful consumption occurred.  We distinguished between dropped snails and 

empty shells that were picked up and rejected by visual cues (e.g., the splash on the water; the 

lag time before sinking) (Darby et al. 2007).   

While the kites were perched, we distinguished between handling time and idle perch time.  

Handling time was defined as the time that elapsed between arriving at a perch with a snail and 



 

46 

finishing the consumption of a snail.  Upon arriving at a feeding perch, kites usually began 

negotiating the captured snail immediately and continued through the extraction and 

consumption process without interruption (Sykes 1987a).  Handling time included negotiating, 

extracting, and consuming a snail.  The remaining time spent perched (i.e., all but the handling 

time) was classified as idle perch time.  Although kites occasionally preened or engaged in intra- 

and inter-species interactions while perched, the times of these behaviors were not recorded 

during our observations unless such a behavior interrupted the handling time of the focal kite or 

induced the focal kite to take flight.    

Missing data is one of the inescapable shortcomings associated with field observation as a 

mode of scientific inquiry (Morrison 2001).  In all circumstances we did our best to record every 

behavior to the second, but oftentimes, due to conditions beyond our control, particular actions 

were unobservable, resulting in unknown starting or ending times for given events. 

Assumptions of behavioral observations 

A major assumption using data collected during TABs is that our observation actions did 

not affect the observed individual’s behavior.  Snail kites are relatively docile birds and are not 

easily disturbed by the presence of humans or airboats from distances greater than 49±18 meters 

(Rodgers & Schwikert 2003; Bennetts et al. 2006).  To minimize potential disruption to the 

natural behavior of the birds, we always stayed at least 70 meters away when making 

observations.  It is highly unlikely that our presence at such a distance altered the focal bird’s 

normal behavior, unless an active nest was present.  In spite of the care taken by observers, on 

occasion human activities did affect the behavior of the snail kite under observation, resulting in 

the bird flushing evasively.  There were two common scenarios in which this occurred.  First, 

when we temporarily lost sight of a bird and were forced to move the boat in order to locate it so 

that the observation could continue, we sometimes approached too closely before getting a visual 
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on the bird.  The second scenario occurred when a third party (e.g., fishing boats, tour boats) 

passed through our observation area unknowingly close to the snail kite under observation.  

Instances of human intrusion, observer induced or otherwise, were recorded.   

Apple Snails 

Collection and measurement of empty snail shells 

After the completion of a TAB, empty snail shells were collected from the feeding perches 

that were used by the focal kite.  Snail shells often accumulate beneath frequently used feeding 

perches, and snails consumed by kites can be distinguished from those consumed by other 

predators (Snyder & Snyder 1969; Collett 1977; Sykes 1987a).  Snail shells may also accumulate 

on and around snail kite nests (personal observation).  Shells were also collected from nests as 

part of the nest monitoring protocol under the systematic annual breeding season population 

surveys (Bennetts & Kitchens 1997; Martin et al. 2007c).  To ensure that collection dates were 

representative of consumption dates, only fresh shells, as determined by coloration and smell 

(Bourne 1993), were collected from feeding perches and nests.  All collected shells were bagged 

and labeled with the date, GPS coordinates, wetland, and specific place of collection (i.e., 

feeding perch or nest).  We also recorded the TAB during which the shells were collected; 

however, it is common for some feeding perches to be used by several individual kites 

intermittently or with close temporal proximity (Sykes 1987a), so we could not be certain that all 

of the shells we collected during TABs were from the focal individual.  As in Sykes (1987a), the 

linear widths and lengths (dimensions renamed) of these shells were measured to the nearest 

millimeter using vernier calipers (Figure 2-2a, 2-2b respectively), and these dimensions were 

used to estimate the whole weight and caloric content of the snails that once occupied the 

collected shells (see Regression models and estimation of average snail weight and caloric 

content). 
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Collection and processing of live snails 

Funnel traps were used to collect apple snails on Toho (For details on and a discussion of 

this collection method see Darby et al. 2001).  We sampled from 18 traps that were deployed by 

an ongoing study (Kitchens et al. 2005, 2007) and from 6 additional traps, which we deployed in 

an area used heavily by kites (i.e., Grassy Island) that was not covered in the scope of the 

overlapping study (Figure 2-3).   

Traps were checked every one to two weeks.  All snails caught in the traps located on the 

east, south, and west shores were identified to species (Rawlings et al. 2007) and tallied.  Then, 

for each trap, individual snails were pooled together by species and the cumulative species 

weights were recorded to the nearest gram using a spring scale.  The snails were subsequently 

released at the location of capture.  Snails caught in traps located in Goblets Cove and Grassy 

Island (Figure 2-3), the two areas of the lake used heavily by snail kites (Martin et al. 2007c), 

were removed, placed in a plastic bags labeled with the date and trap location, and immediately 

frozen.  In the lab, we identified each individual to species, took the dimensional measurements 

of width and length (see Collection and measurement of empty snail shells), and measured the 

whole wet weight (i.e., whole snail with shell) to the nearest tenth of a gram using a digital scale.   

A subset of these frozen snails was randomly selected and the snails removed from their 

shells.  The wet weight of each individual’s internal body parts (i.e., no shell and no operculum) 

was recorded.  Female snails have an albumen gland, which is the only internal tissue commonly 

discarded by kites prior to consumption (Snyder & Snyder 1969; Sykes 1987a).  The internal 

bodies of female snails were weighted with and without their albumen glands, and then the gland 

was discarded before nutritional analyses were conducted.  Three pooled samples (consisting of 

20, 30, and 30 snails respectively) were packed on dry ice and shipped overnight to Silliker 

Laboratory in Chicago, IL for biochemical analysis.  The samples were homogenized with a 
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laboratory blender, and then the caloric content was determined as well as the percent moisture, 

ash, protein, lipid, and carbohydrate (Table 2-2).   

Statistical Analysis and Confidence Intervals  

All confidence intervals (95% CI) around our derived estimates were approximated as 

follows: CI = x +/- tα/2 * SE, where x is the sample estimate (i.e., mean), t is the test statistic 

(evaluated at α= 0.05 on n-1 degrees of freedom), and SE is the standard error of the mean.  Such 

estimation is valid for positive sample estimates of count, measurement, or proportion that 

generally follow a lognormal distribution (Burnham & Anderson 2002).  We also report standard 

deviations (SD) of some measures for comparison with previous studies.  All statistical analyses 

were performed using the software package R version 2.5.1.   

Analysis of Foraging Behavior 

Using the observational data that we collected, we quantified the following foraging 

behaviors for each TAB: average searching time, average handling time, drop rate, and capture 

rate (i.e., consumption rate).  These measures were used to compare the behavioral differences 

between kites foraging on exotic versus native snails.  Most of our conclusions were drawn from 

observations made on Toho (in which exotic snails are prevalent) and on Kiss and WCA3A 

(neither of which harbors the exotic apple snail).  In order to account for small sample sizes, we 

pooled data from Kiss and WCA3A for many of our analyses; however, if the measure of 

comparison differed significantly between Kiss and WCA3A or if small sample sizes were not an 

issue, then Kiss and WCA3A were treated independently.  Data collected in the non-focal 

wetlands (i.e., WCA3B, WCA2B, ENP, OKEE, GW, SJM) were, in many cases, not evenly 

distributed (e.g., observations were only made during certain seasons or years; unbalanced 

numbers of observations were made on a particular age group or a particular sex), and to avoid 
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biasing our results via nonrandom effects, these data were excluded from our analyses (unless 

otherwise noted).   

Exotic snails were first discovered on Toho in 2001 and were likely predominant on by 

Toho 2003 (Darby, personal communication), yet native snails were still relatively abundant in 

the littoral zone of the lake prior to the commencement of the drawdown and scraping treatment 

in late-2003 (Kitchens et al., unpublished data; Darby, personal communication).  Reliable data 

on the selection of snails by kites during this transitional period (2001-2003) is lacking, but 

anecdotal evidence suggests that kites were foraging heavily on exotics by 2003: kites were 

commonly seen course-hunting in deeper regions of the lake (i.e., habitats that do not harbor 

native snails) and piles of exotic snail shells were observed below kite feeding perches (Darby & 

Welch, personal communication).  During the pilot year of our study (i.e., 2003), only 23 TABs 

were conducted, and all of these observations were of juvenile kites, none of which were on 

Toho.  By 2004 kites on Toho were feeding almost exclusively on exotic snails (see Results), and 

although our inferences related to foraging on exotic snails were drawn from TABs made during 

the period 2004 to 2007, we defined 2003-2007 as the post-invasion era based on the confirmed 

presence and likely abundance of the exotic snail on Toho during 2003.  And in order to increase 

the sample size of observations made on juvenile kites, we included the 2003 data for juveniles 

on Kiss and WCA3A in our analyses concerning the post-invasion era.  

We also incorporated data from Bennetts and Kitchens (1997, 2000) into some of our 

analyses.  These data were collected in 1993, 1994, and 1996.  We used these observations to 

represent the pre-invasion era.  None of the aforementioned foraging behaviors differed 

significantly among Toho, Kiss, and ETOHO during the pre-invasion era, so to increase the 

sample size, we pooled these data.  We then compared measures of handling time and drop rate 
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for adults foraging on Toho during the pre- and post-invasion eras.  Data on juveniles from the 

pre-invasion era was lacking; therefore, we could not compare juvenile foraging behavior before 

and after the invasion of the exotic snail.   

Searching and handling time  

The time that elapsed during a foraging bout between takeoff and capture was measured as 

searching time; however, the calculation of the searching time per foraging bout was contingent 

on the foraging bout being successful (i.e., it resulted in the consumption of a snail).  Since not 

all foraging bouts were successful yet kites still expended time and energy searching during these 

bouts, we calculated the searching time for each successful foraging bout as the cumulative time 

spent searching between successful bouts.  Therefore, for a given successful foraging bout, we 

took the search time of that bout and added the total flight time of all the previous unsuccessful 

bouts (i.e., foraging bouts in which no snail was captured or in which the snail was dropped 

before consumption) that had occurred since the last successful one.  Non-foraging flights that 

occurred between successful foraging bouts were not included in the calculation of searching 

times. Searching time (ts) was calculated as follows: ts = tf  – tr + ∑ (tu), where tf is the total flight 

time of the successful foraging bout, tr is the returning flight time after the capture was made, 

and ∑ (tu) is the sum of the total flight times for all preceding unsuccessful foraging bouts that 

occurred since the last successful bout.   

Handling time was measured as elapsed time from landing on a perch with a snail to the 

end of consumption.  In unusual cases where the focal kite was interrupted (e.g., by a boat or 

another bird), we recorded the duration of the alternative behavior and subtracted it from the 

actual handling time.  Handling time (th) was calculated as follows: th = Te-Tp – ti, where Te is the 

time at which the kite finishes eating, Tp is the time at which the kite perches with the snail, and ti 

is the total time of any interruptions that may have occurred during the handling process.   
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We only analyzed foraging bouts that had complete time documentation.  Foraging bouts 

with missing capture times or handling times were censored from respective analyses.  In order 

to avoid problems associated with pseudoreplication that may have resulted from treating every 

foraging bout independently, we calculated the average searching and handling times for each 

TAB (i.e., each individual bird) and used these averages for comparative analyses.  

Drop rate 

We calculated the drop rate for each TAB as the number of snails dropped divided by the 

total number of snails captured by the focal kite.  For this analysis, we calculated the total 

number of snails captured as the sum of dropped snails and successfully consumed snails.  

Empty shells that were picked up and rejected were not included in this calculation.  Drop rate 

(D) was calculated as follows: D = sd / (sc + sd), where sd is the number of snails dropped during 

a TAB and sc is the number of snails consumed during a TAB. 

 We also calculated raw drop rates for adults and juveniles on Toho and Kiss-WCA3A so 

that we could compare our results with those reported by Darby et al. (2007).  The raw drop rate 

(Di) was calculated as follows: Di = Sdi / (Sci + Sdi), where Sdi is the total number of snails 

dropped during TABs by all individuals in group i and Sci is the total number of snails consumed 

during TABs by all individuals in group i. 

Capture rate (i.e., consumption rate) 

Capture rates were measured as the number of snails captured and successfully consumed 

per elapsed time.  While snails that were captured and subsequently dropped were included in the 

total number of captures used in our calculation of drop rates (see Drop rate), these mishandled 

snails were censored from the calculation of capture rates.  We calculated the capture rate for 

each TAB as the total number of snails successfully consumed during a TAB divided by the total 

length of the TAB in seconds (the rate was later converted to snails per hour).  If the focal 
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individual was lost from sight for greater than one minute during the TAB, we subtracted the 

time it was lost from the total observation time before calculating the capture rate.  Capture rate 

(C) was calculated as follows: C = sc / to, where sc is the number of snails consumed during a 

TAB and to is the total length of the TAB in seconds. 

Analysis of Energetics 

Regression models and estimation of average snail weight and caloric content 

Using the measurements from the live exotic snails that were collected in funnel traps, we 

ran a linear regression of the total snail weight (i.e., shell, operculum, all soft body parts) as a 

function of shell length (as done on native snails in Sykes 1987a), which yielded the following 

equation: total snail weight = (-0.08495465 + 0.01279404 * shell length) ^ 2, (p<0.001, adjusted 

R-squared= 0.78, df= 887) (Figure 2-4a).  We used this regression model to derive the original 

weights of the empty exotic snail shells that were collected from feeding perches after being 

handled by kites on Toho.  

We also used the live exotic snails from Toho to run a linear regression of the wet weight 

of edible soft body parts (i.e., no shell, no operculum, no albumen) as a function of shell length 

(as done on native snails in Sykes 1987a), which yielded the following equation: wet weight of 

soft body parts = (0.8143635 * shell length – 18.08201), (p<0.001, adjusted R-squared= 0.76, 

df=362) (Figure 2-4b).  Then we converted the wet weights from this model to dry weights by 

multiplying the output by 0.1215 (i.e., the proportion of dry weight to wet weight of edible soft 

body parts) (Table 2-3).  Finally, in order to derive the gross caloric value of exotic snails 

consumed by kites on Toho, we multiplied the derived dry weights by the caloric value of the 

exotic snail, 3.30 kcal/g (Table 2-2 and 2-3), and took the average.  Our models and respective 

coefficients of determination were comparable to those in Sykes (1987a).   
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We estimated weights and caloric values for the empty native snail shells that were 

collected during TABs using the following linear models from Sykes (1987a): total snail weight 

= (0.6769 * shell length – 20.3448) / 0.48, where 0.48 is the proportional weight of wet edible 

soft body parts to total snail weight; caloric content = (0.6769 * shell length – 20.3448) * 0.145 

* 4.60, where 0.145 is the proportion of dry weight to wet weight of edible soft body parts of the 

native snail and 4.60 kcal/g is the caloric value of the native apple (for both models, adjusted 

R^2= 0.75) (Table 2-3). 

Profitability 

Profitability (i.e., the energy gained from a prey item per unit time invested in obtaining 

and consuming the prey item) is a common measure used to quantify the benefit that an 

individual receives from a foraging bout.  The costs associated with a foraging bout include the 

time and energy spent searching for and handling a prey item.  Search time is taken as a function 

of encounter rate (which itself depends of prey density and detection probability), while handling 

time is a function of prey size and shape (i.e., prey type).   

We derived estimates of profitability for the following four groups: adults feeding on 

native snails, adults feeding on exotic snails, juveniles feeding on native snails, and juveniles 

feeding on exotic snails.  We calculated profitability (Pij) as follows: Pij = cj * (0.9) / (tsij + thij), 

where cj is the average caloric content of snail species j, 0.9 is the approximated digestion 

coefficient for kites (Beissinger 1984), and tsij is the average searching time and thij the average 

handling time for individuals in age class i feeding on snail species j.   

Daily activity times and energy budgets 

Daily time-activity budgets can be constructed with incomplete observations by using the 

proportional activity times observed during TABs to extrapolate the actual time spent conducting 

each behavior on a daily basis (Pearson 1954; Wolf et al. 1975; Ashkenazie & Safriel 1979; 
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Goldstein 1988).  We employed this method to estimate average daily time-activity budgets for 

groups of kites.  An obvious assumption is that the activity patterns observed during TABs are 

representative of normal daily behavior.  Previous studies do not report significant differences in 

behavior patterns among kites observed during different times of the day (Beissinger 1983; Cary 

1985; Sykes 1987a).  We validated this assumption with our own data by comparing the relative 

proportion of time spent flying between day-long and hourly observations.  Moreover, capture 

rates are known to be affected by temperature (Cary 1985), and it has been suggested by some 

authors (e.g., Cary 1885; Sykes 1987a) that there is a lull in foraging activity during mid-day, 

although these same authors have also shown that there is no statistically significant difference in 

capture rates throughout the day (Cary 1885; Sykes 1987a).  Nonetheless, we also validated that 

the average capture rates achieved by kites did not differ among observations made during the 

morning, afternoon, and evening (see Validation of time activity budget extrapolation).   

After validating our assumptions, we calculated the relative proportion of time that the 

following five groups of kites spent flying and perched: adults on Toho, adults on Kiss, adults on 

WCA3A, juveniles on Toho, and juveniles on Kiss-WCA3A.  Using these estimates, we derived 

the average daily energy expenditure (DEEi) for each of the five groups by employing a series of 

equations from Koplin et al. (1980) that were adapted for the snail kite by Beissinger (1984) (see 

Appendix).  Then we estimated the average daily energy gain (DEGi) for each of the five groups 

as follows: DEGi =  Ci * cj * (0.9) * dl,  where Ci is the average capture rate for individuals in 

group i, cj is the average caloric content of snail species j, 0.9 is the approximated digestion 

coefficient for kites (Beissinger 1984), and dl  is the day length.  Since we had insufficient data 

to subdivide each of the aforementioned group by season, we used an overall average day length 

of 12 hours for our calculations.  The annual average day length for WCA3A was 12.16 hours 
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(SD= 1.25) and for Kiss and Toho was 12.15 hours (SD= 1.12).  Finally, we calculated the 

average daily energy balance (DEBi) for each of these five groups by subtracting DEEi from 

DEGi.  This is the most common approach in such foraging studies (Goldstein 1988), and 

variations of this approach have been applied to the snail kite previously (Beissinger 1983, 1984; 

Bourne 1985b; Sykes 1987a). 

Results 

Diet 

We collected 336 piles of empty snail shells (ranging from 1 to 121 shells each) from snail 

kite feeding perches and nests from 2004 to 2007 in the following areas: WCA3A (n=4108), 

WCA3B (n=532), WCA2B (n=27), ENP (n=379), Okee (n=154), GW (n=61), SJM (n=161), 

Kiss (n=999), and Toho (n=1486).  Toho was the only wetland in which we found shells from 

the exotic, P. insularum; however, both native and exotic snails were found on Toho throughout 

our study.  The annual frequencies of each species as they appeared in our funnel traps on Toho 

appear in Figure 2-5, and the proportions of native to exotic snails captured in each of the five 

major sampling locations on Toho throughout the study appear in Figure 2-6; however, these 

years and trap locations do not represent equal sampling efforts, and neither relative species 

proportions nor trends should be interpreted from these graphs.   

During the nearly 790 hours spent observing kite behavior, we observed kites consuming 

2697 snails (360 exotics and 2367 natives).  We also observed 15 cases of kites eating turtles, all 

of which involved adult kites on Toho during January, February, and November of 2006.  We 

observed one female kite feeding on Marisa sp. shells in WCA3A during late summer of 2004, 

and several Marisa shells were found mixed in with native apple snail shells below two well-

used feeding perches in the same location.  Snails of the genus Pomacea accounted for 99.5% of 

the snail kite’s diet during our observations.   



 

57 

During our TABs, we also observed five occasions of juvenile kites on Toho consuming 

vegetation.  Although anecdotal, all five instances involved juveniles that had not been observed 

eating for over an hour and that may have been starving.  We observed these individuals 

rummaging around in vegetation near the surface of the water and picking up empty shells and 

pieces of water lily and hydrilla.  There were two instances in which the juveniles picked apart 

and swallowed entire water lily seed heads.  The other three observations involved the juveniles 

ingesting large chunks of plant material, including hydrilla, water lily stems, and an unidentified 

woody twig.  After searching the literature, we believe that this is the first documentation of kites 

feeding on vegetation.   

Nutritional content of apple snails 

 The nutritional content of exotic snails as reported by Silliker Laboratories, appears in 

Figure 2-2.  We found that exotic snails store significantly fewer calories per gram of dry weight 

than do native snails (3.30 versus 4.52 kcal/g) but that other nutritional measures for the exotic 

fall within the range of reported values for the native snail (Figure 2-3).   

Live exotic snail measurements 

Live exotic snails (n=890) collected in funnel traps from Toho from 2005 to 2007 ranged 

from 11.0 to 73.1 mm in width (x=37.7, SD=12.5) and from 16 to 81 mm in length (x=45.5, 

SD=10.9).  Weights of whole snails (with shell) ranged from 1.1 to 117.9 grams (x=27.1, 

SD=16.2).  However, this sample cannot be considered an accurate representation of the pool of 

available snails for several reasons.  Firstly, the physical design of the funnel traps used by 

Kitchens et al. (2005, 2007) systematically restricted snails over 80 mm from entering.  In 

addition to this drawback, snails of different size classes also have different probabilities of 

being captured, escaping, and being eaten by other species while in the trap (Darby et al. 2001; 

Kitchens et al. 2005, 2007).  Nonetheless, 70% of the empty shells collected from kite feeding 
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perches on Toho fell within the 45.5 to 81.0 mm range (see Empty snail shell dimensions), and 

the funnel traps that we used to capture live snails covered this range.   

Empty snail shell dimensions 

We found that kites on Toho are eating exotic snails (n=1486) ranging from 17.0 to 92.1 

mm (x=58.2, SD=13.6) in width and from 19.0 to 103.5 mm in length (x=63.5, SD=15.5), with 

the lengths of 98.5% of the snails falling in the 26.3 to 92.9 mm range and 70% falling in the 

45.5 to 81.0 mm range.  Empty native snails shells (n=6421) discarded by kites after feeding 

ranged from 8.50 to 65.8 mm (x=37.6, SD=5.6) in width and from 12.0 to 67.1 mm in length 

(x=40.2 mm, SD=6.3), with the lengths of 98.5% of the snails falling in the 17.5 to 54.1 mm 

range, and 70% falling in the 35.5 to 45.7 mm range.  We found that the average shell 

dimensions of native snails did not significantly differ among wetlands from which adequately 

sized samples were collected (Figure 2-7), but a significant difference was found between the 

dimensions of the native shells found in these areas and the exotic snail shells collected from 

Toho (Figure 2-8). 

Estimates of total snail weight 

With the length measurements from the empty exotic shells, we predicted the weights 

(whole snail with shell and operculum) of exotic snails captured by kites on Toho using the 

following linear model: total snail weight = (-0.08465614 + 0.01279172 * shell length) ^ 2.  Our 

estimated weights ranged from 2.5 to 153.6 grams, and we found that, on average, kites on Toho 

are negotiating exotic snails that weigh 56.8 grams (95% CI= 53.9–59.7). 

With the length measurements from the empty native shells, we predicted the weights 

(whole snail with shell and operculum) of native snails captured by kites using the following 

linear model from Sykes (1987a): total snail weight = (0.6769 * shell length – 20.3448) / 0.48.  

Our predicted native snail weights ranged from 0.1 to 52.2 grams, and we found that the average 
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weight of native apple snails negotiated by kites was 15.9 grams (95% CI=15.1–16.7).  Thus, the 

exotic snails consumed by kites are significantly heavier (over three times heavier) than the 

natives (Figure 2-9).   

Foraging Behavior 

Comparing adults, subadults, and juveniles 

We compared measures of foraging behavior among the three age classes defined by our 

TAB protocol (i.e., adults, subadults, juveniles), and consistent with previous literature, we 

found no supporting evidence for a subadult age class.  Average handling times on Kiss-WCA3A 

were similar for adults (x=72 seconds, 95% CI= 68–76, n= 259) and subadults (x= 72 seconds, 

95% CI= 65–79, n =65) and their confidence intervals barely included the average handling time 

for juveniles, 96 seconds (95% CI= 71–122, n= 22).  On Toho, we found that the average 

handling times for adults (x= 303 seconds, 95% CI= 245–360, n= 78) and subadults (x= 205 

seconds, 95% CI= 109–301, n= 7) were similar and that they differed significantly from 

juveniles (x= 496 seconds, 95% CI= 376–617, n= 44) (Figure 2-10).  Likewise, the average drop 

rates for adults (on Toho, x= 0.17; on Kiss-WCA3A, x=0.02) were comparable to those for 

subadults (on Toho, x=0.18; on Kiss-WCA3A, x= 0.02) and differed significantly from the 

average drop rates of juveniles (on Toho, x= 0.33; on Kiss-WCA3A, x= 0.06) (Figure 2-11). 

Average capture rates for adults (on Toho, x= 1.09, 95% CI= 1.05–1.14, n= 171; on Kiss-

WCA3A, x= 3.14, 95% CI= 2.85–3.43, n= 313) were comparable to those for subadults (on 

Toho, x= 1.05, 95% CI= 0.92–1.17, n= 15; on Kiss-WCA3A, x= 3.35, 95% CI= 2.66–4.05, n= 

65) and differed significantly from the average capture rates of juveniles (on Toho, x= 0.77, 95% 

CI= 0.69–0.85, n= 110; on Kiss-WCA3A, x= 3.46 snails/hour, 95% CI= 2.49–4.44, n= 37) 

(Figure 2-12). Average searching times were similar among all age classes (Figure 2-13).  As a 
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result of these findings, we reclassified all subadults as adults and used only two age classes (i.e., 

adults, juveniles) in all of the following analyses. 

Effects of the exotic snail on average searching times 

We found no evidence that average searching times differ between adult males and adult 

females (Figure 2-14).  After pooling the sexes, we found that during the post-invasion era, the 

average searching time for adults on Toho (x= 67 seconds, 95% CI= 49–85, n= 117) was 

significantly less than the average search times on Kiss (x= 111 seconds, 95% CI= 95–125, n= 

118), and WCA3A (x= 76 seconds, 95% CI= 68–83, n= 270).  The average searching time for 

adults on Toho during the pre-invasion era (x= 32 seconds, 95% CI= 18–44, n= 79) was 

significantly less than the average searching time on Toho during the post-invasion era (Figure 2-

15).   For juveniles, we found that the average searching time during the post-invasion era was 

61 seconds (95% CI= 43–78, n= 50) on Toho and was 75 seconds (95% CI= 58–93, n= 46) on 

Kiss-WCA3A (Figure 2-16).  Barring the pre-invasion average from Toho, our results showed a 

trend opposite from that in Prediction 1, and considering all of the data we found no evidence 

that the exotic snail affects average searching times. 

Effects of the exotic snail on average handling times 

We compared handling times between the adults of each sex and found that the average 

handling times for adult males (on Toho, x=261 seconds, 95% CI= 198–323, n= 27; on Kiss-

WCA3A, x= 71, 95% CI= 65–77, n= 153) and females (on Toho, x= 319 seconds, 95% CI= 

245–392, n= 56; on Kiss-WCA3A, x= 75, 95% CI= 70–81, n= 132) were not significantly 

different (Figure 2-17).  Thus, we found no evidence for Prediction 5a; however, these results 

did support Prediction 2. 

After combining males and females we found that the average handling time for adults on 

Toho during the post-invasion era was 302 seconds (95% CI= 255–349, n= 85), while it was 78 
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seconds (95% CI= 75–123, n= 130) on Toho during the pre-invasion era and 72 seconds (95% 

CI= 68–75, n= 324) on Kiss-WCA3A during the post-invasion era and (Figure 2-18).   

We found that the average handling time for juveniles eating exotic snails on Toho was 

496 seconds (95% CI= 376–617, n=44).  In contrast, we found that the average handling time for 

juveniles eating native snails on Kiss-WCA3A was 96 seconds (95% CI= 71–122, n=22) (Figure 

2-19).  Thus, we found that the handling times for exotic snails were significantly higher for each 

age class relative to the handling times for native snails, which also supported Prediction 2.  

Additionally, juveniles spent significantly longer than adults handling exotic (but not native) 

snails, which supported Prediction 4a. 

Effects of the exotic snail on drop rates 

Under normal foraging conditions (e.g., no heavy wind or rain) on Toho, we observed 

adults capturing 309 snails and juveniles capturing 199 snails, with raw group drop rates of 

20.3% and 42.1% respectively.  Under normal foraging conditions in Kiss-WCA3A, we 

observed adults capturing 1796 snails and juveniles capturing 386 snails, with raw group drop 

rates of 2.7% and 5.3% respectively (Figure 2-20).  The raw drop rate we found for juveniles on 

Toho (i.e., 42.1%) was comparable to the raw drop rate reported for unidentified kites on Toho 

(i.e., 44%) by Darby et al. (2007).  

These raw group drop rates did not account for individual variation and were inappropriate 

for our comparisons between/among groups; therefore we used the drop rates from all of the 

individuals within each group to calculate average group drop rates.  Doing so, we found a 

significant difference between the average drop rates of adult males and adult females on Toho.  

Adult males (x= 0.14, 95% CI= 0.11–0.17, n= 70) had a lower average drop rate than adult 

females (x= 0.19, 95% CI= 0.15–0.22, n=109), and this trend was opposite from that which we 

expected; therefore, we found no support for Prediction 5b.  On Kiss-WCA3A, we found that the 
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average drop rates for adult males (x= 0.02, 95% CI= 0.01–0.03, n= 186) and adult females (x= 

0.03, 95% CI= 0.01–0.04, n= 175) were similar (Figure 2-21), which, when compared to Toho, 

lent support to Prediction 3.   

 We found that the average drop rate for juveniles on Toho was 0.33 (95% CI= 0.28–0.39, 

n= 110) and that on Kiss-WCA3A it was 0.06 (95% CI= 0.03–0.09, n= 39).   After pooling adult 

males and females, we found the average drop rates for adults were 0.17 (95% CI= 0.15–0.19, n= 

187) on Toho and 0.02 (95% CI= 0.01–0.03, n= 405) on Kiss-WCA3A (Figure 2-22).  Hence, 

we found that drop rates for adults and juveniles increased significantly when handling exotic 

snails, which supported Prediction 3.  We also found support for Prediction 4b in that the 

average drop rate of adults was lower than that of juveniles when foraging on the exotic snail.  

Effects of the exotic snail on capture rates 

We found that capture rates did not differ significantly between adult males (x= 3.13 

snails/hour, 95% CI= 2.75–3.51, n= 179) and adult females (x= 3.18 snails/hour, 95% CI= 2.78–

3.58, n= 169) when foraging on native snails from Kiss-WCA3A, but when foraging on exotic 

snails from Toho their capture rates did differ (males, x= 1.27 snails/hour, 95% CI= 1.13–1.41, 

n= 70; females, x= 0.98. snails/hour, 95% CI= 0.95–1.00, n= 109) (Figure 2-23).  However, we 

did not feel that the difference between the average capture rates of adult males and adult 

females on Toho justified separating the adult age class by sex before making comparisons with 

juveniles.  First of all, average adult capture rates did not differ between sexes in Kiss-WCA3A, 

from which we had a larger sample size.  Additionally, capture rates are more sensitive to 

proximate conditions (e.g., temperature, season specific behavioral patterns) than are handling 

times and drop rates, so the variation we observed could have resulted from such conditions.  

We found that during the post-invasion era the average capture rate of adult kites was 

significantly lower on Toho (x= 1.09 snails/hour, 95% CI= 1.04–1.13, n= 187) than it was on 
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Kiss (x=3.22 snails/hour, 95% CI= 2.76–3.69, n= 129) or on WCA3A (x= 3.38 snails/hour, 95% 

CI= 3.03–3.73, n= 259). We also found that adult capture rates on Toho were lower in the post-

invasion era (see above) relative to the pre-invasion era (1.95 snails/hour, 95% CI= 1.61–2.29, 

n= 65) (Figure 2-24).  We found similar trends when comparing the average capture rates of 

juvenile kites foraging on Toho (x= 0.77 snails/hour, 95% CI= 0.69–0.85, n= 110) with those on 

Kiss-WCA3A (x= 3.46 snails/hour, 95% CI= 2.49–4.44, n= 37) (Figure 2-25).  These results 

provided strong support for Prediction 6. 

Effects of the Exotic Snail on Energetics 

Estimates of caloric content 

With the length measurements from the empty exotic shells collected during TABs, we 

predicted the weights of the edible soft body parts (no shell, no operculum, and no albumen 

gland) of exotic snails captured by kites on Toho using the following linear model: wet weight of 

soft body parts = (0.8143635 * shell length – 18.08201).  We converted wet weight to dry 

weight by multiplying by 0.1215 (the proportion of dry weight to wet weight of soft body parts), 

and then we took the product of dry weight and caloric content, 3.30 kcal/g dry weight (Table 2-

3).  We found that kites obtain an average of 12.92 kcal (95% CI= 11.62–12.27) per exotic apple 

snail. 

We predicted the energetic content of the native shells collected during TABs using the 

following linear model from Sykes 1987(a): caloric content = (0.6769 * shell length – 20.3448) 

* 0.145 * 4.60.  We found that kites are obtaining an average of 4.84 kcal (95% CI= 4.60–5.07) 

per native snail.  Thus, kites obtain significantly more gross energy from exotic apple snails than 

from native snails (Figure 2-26).  
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Profitability  

Using average searching times and handling times for each group of kites and the average 

caloric content of each snail species, we found the following profitabilities: adults feeding on the 

exotic snail, 2.10 kcal/min; adults feeding on the native, 1.75 kcal/min; juveniles feeding on the 

exotic snail, 1.39 kcal/min; juveniles feeding on the native, 1.47 kcal/min.  We found that exotic 

snails are more profitable than natives for adults but that native snails are more profitable than 

exotics for juveniles.   Hence, Prediction 7 holds true for juveniles but not for adults.   

Validation of time activity budget extrapolations 

We found evidence validating our assumption that day-long time activity budgets could be 

extrapolated from shorter observations throughout the day.  On Toho, the average proportion of 

time spent flying during day-long (x= 0.108, 95% CI= 0.086–0.131) and hourly (x= 0.99, 95% 

CI= 0.077–0.121) TABs was almost identical.  We found a similar level of agreement between 

day-long (x= 0.148, 95% CI= 0.112–0.174) and hourly (x= 0.158, 95% CI= 0.131–0.184) TABs 

on WCA3A.  On Kiss, the average proportion of time spent flying during day-long TABs was 

0.158 (95% CI= 0.113–0.185), while during hourly TABs it was 0.192 (95% CI= 0.164–0.221); 

however, the confidence intervals still overlapped (Figure 2-27).   

We found additional evidence that behavioral patterns observed during hourly observations 

were representative day-long activity patterns when we compared the average capture rates 

among morning, afternoon, and evening TABs.  For this analysis, we combined Kiss and 

WCA3A because of the similar average capture rates observed for each area (Figure 2-24). On 

Toho, average capture rates in the morning and evening were higher than in the afternoon, but 

there was no significant difference between morning and evening or between afternoon and 

evening.  On Kiss-WCA3A, we found that average capture rates decreased throughout the day 

from morning to afternoon to evening, but all confidence intervals overlapped so this trend was 
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not significant (Figure 2-28).  Since we found no clear pattern of average capture rates varying 

significantly among different times of the day, which agreed with the findings presented in the 

literature (Cary 1985; Sykes 1987a), we felt comfortable with the assumption that hourly TABs 

were representative of day-long TABs.   

Daily activity patterns 

On average, we found that kites spent 85.6% of their diurnal activity time perched and 

14.4% flying (SD=14.4), which agrees with the patterns recorded by previous behavioral studies 

(e.g., Cary 1985; Bennetts and Kitchens 1997) (Table 2-4).  However, we found that theses 

proportions differed significantly between Toho (flying, x= 0.104, 95% CI= 0.0761–0.133) 

compared to Kiss (flying, x= 0.157, 95% CI= 0.124–0.190) and WCA3A (flying, x= 0.142, 95% 

CI= 0.111–0.174) (Figure 2-29).  This made biological sense given that we found no difference 

in the average search times for Toho, Kiss, and WCA3A but that we did find that capture rates 

on Toho were much lower that on Kiss-WCA3A (see Effects of the exotic snail on average 

handling times and Effects of the exotic snail on drop rates).  In addition, we found a trend across 

areas that juveniles spend more time flying than adults, but this trend was not significant (Figure 

2-30).  

Daily energy balances 

 Assuming a 12 hour photoperiod, we used the average capture rate from each group of 

kites (see Effects of the exotic snail on capture rates) to estimate the number of snails captured 

per day and to derive the gross daily energetic gain from such consumption.  We estimated that 

adults on Toho consumed between 18–20 snails/day (i.e., 157 kcal/day, 95% CI= 150–164) and 

that they consumed 41–48 snails/day on Kiss (i.e., 174 kcal/day, 95% CI= 168–180) and 

between 44–52 snails/day on WCA3A (i.e., 166 kcal/day, 95% CI= 158–174).  We estimated 

that juveniles consumed between 15–18 snails/day on Toho (i.e., 110 kcal/day, 95% CI= 105–
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116) and between 37–57 snails/day on Kiss-WCA3A (i.e., 178 kcal/day, 95% CI = 170–186) 

(Figure 2-31).   

We found that kites on Toho expended approximately 133 kcal/day while those on Kiss-

WCA3A expended approximately 138 kcal/day.  Therefore, the net daily energy gain for adults 

on Toho was 24 kcal/day and, while it was 36 on Kiss and 28 on WCA3A.  The daily energy 

balance for juveniles was 40 kcal/day on Kiss-WCA3A, while, on average, there was a net loss 

of 23 kcal/day for juveniles on Toho (Figure 2-32).  

Discussion 

It is evident that the exotic apple snail affects several aspects of snail kite foraging 

behavior.  When compared to the average handling times for native snails, handling times for 

exotic snails are extremely inflated, with adults and juveniles respectively taking three and five 

times longer to negotiate, extract, and consume exotic snails.  Kites also experience elevated 

drop rates when foraging for exotic snails.  On average, adults drop over eight times more exotic 

snails than native snails (17% versus 2%).  Juveniles, already dropping around 6% of the native 

snails that they handle, experience an average drop rate of 33% when foraging for exotic snails.  

We found that, on average, kites are consuming native apple snails that fall between 35 to 45 mm 

in length and weigh around 16 grams, while the exotic snails that they typically consume range 

from 45 to 81 mm and weigh between 50 to 60 grams.  It is likely that the larger relative 

proportions of the exotic snail are underlying, at least in part, the increased handling times and 

drop rates.  However, we believe that experience may affect handling times and drop rates more 

so than does the relative size/weight ratio of predator to prey.  While handling times and drop 

rates increase significantly for all groups of kites when foraging on exotic apple snails, there is 

an obvious discrepancy in the magnitude of the effect between adults and juveniles, but this 

discrepancy cannot be attributed to relative size/weight differences alone.  Adult kites display 
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reverse sexual dimorphism, with males weighing up to 10% less than females, yet while foraging 

on exotic snails, adult males maintain significantly lower drop rates than adult females.  This 

contradicts our expectations that were based on relative weight ratios alone and suggests that the 

lack of experience in juveniles exacerbates the problems they have with negotiating exotic apple 

snails.   

While the negative effects of the exotic apple snail on the aforementioned foraging 

behaviors of the snail kite may seem debilitating, they cannot be viewed, substantively, outside 

the context of energetic ramifications.  By dry weight, the edible body tissue of the exotic snail 

contains 3.30 kcal/g, while that of the native snail contains 4.60 kcal/g.  Interestingly, our results 

for the exotic snail (i.e., P. insularum) are similar to those reported for P. canaliculata, 3.37 

kcal/g (Catalma et al. 1991; PhilRice 2001).  Although the edible tissues of exotic apple snails 

contain less energy per gram, whole exotic snails still contain more total energy than whole 

native snails, and this is due to the relative difference in their average sizes.  The average exotic 

snail contains 12.92 kcal, while the average native snail contains 4.84 kcal.  In light of these 

findings, other effects of the exotic snail on snail kite foraging behavior seem to make biological 

sense.   

Adult kites on Toho achieve an average capture rate of 1.09 snails/h, which is significantly 

lower than their average capture rates on Kiss (3.22 snails/h) and WCA3A (3.38 snails/h).  The 

average capture rates of juveniles display a similar trend, 0.77 snails/h on Toho and 3.46 snails/h 

on Kiss-WCA3A.  While the difference in capture rates between adults and juveniles on Toho 

may be a consequence of juveniles’ increased negotiability problems with the exotic snail, the 

overall trend in capture rates between Toho and Kiss-WCA3A is likely due to the fact that 

similar energetic benefits can be obtained by consuming fewer exotic snails.  The exotic snail has 
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no direct measurable affect on searching time.  Even though the elevated drop rates associated 

with exotic snails result in kites making more attempts before successfully capturing and 

consuming exotic snails, both adults and juveniles have shorter average searching times per 

success on Toho than they do on Kiss and WCA3A.  Therefore, the trend we observe in capture 

rates is not a product of increased searching times for exotic snails.   

Searching time, however, is strongly affected by the abundance and availability of apple 

snails.  Even though some of the exotic snails on Toho may be unavailable due to the inability of 

kites to negotiate them, kites may still maintain short searching times if exotic snails exist in a 

high enough abundance.  Estimates of exotic snail abundance specific to the vegetative 

communities exploited by foraging kites on Toho preclude our ability to disentangle the 

relationship between exotic snails, searching times, and capture rates.  If the short searching 

times on Toho are being maintained by a superabundance of exotic apple snails, then under 

different conditions (i.e., lower snail densities) the drop rates and presumably longer searching 

times associated with the exotic snail could translate into much greater energetic expenditures for 

the snail kite, potentially causing the profitability of exotic snails to fall below levels that are 

energetically sustainable for snail kites.   Elucidating the affects of exotic snail density on 

average snail kite searching times and capture rates should receive immediate attention given 

that populations of the native apple snail have been declining throughout the kites’ range (Darby 

et al. 2005) while populations of the exotic snail have been spreading (Rawlings et al. 2007) and 

that exotic snail densities will likely vary among wetlands.  In South America, the range of the 

snail kite (R. s. sociabilis) overlaps the natural range of P. insularum (i.e., what we call the 

exotic snail) but there is no documentation that kites feed on these snails (Sykes et al. 1995; 

Darby et al. 2007), which provides reason for further concern if one considers the possibility that 
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in its natural habitat, P. insularum, may exist in densities too low to provide a sustainable 

wforaging base for kites.   

Our estimates of DEE are comparable to those reported in Beissinger (1984).  Assuming 

that the conditions experienced by each group of kites on Toho, Kiss, and WCA3A during the 

post-invasion era are representative of average conditions and that the searching times, handling 

times, capture rates, and activity patterns of each respective group are representative of average 

responses to such conditions, then adults kites can maintain comparable daily energy balances 

whether feeding on the exotic or the native snail; however, juveniles, while maintaining energy 

balances similar to those of adults on Kiss-WCA3A, are on average experiencing net energy 

losses of around 20 kcal/day when foraging for exotic snails on Toho.  This is concerning given 

that multiple authors (e.g., Kirkwood 1981; Newton 1991) have shown that raptors successively 

failing to meet daily energy requirements may face a high risk of mortality within several days to 

a week.  

Our analyses of energy balances are crude and we present the findings here to demonstrate 

the possible energetic consequences of the effects that the exotic apple snail has on snail kite 

foraging behavior.  We utilized some parameters (e.g., rates of energetic expenditure for flying 

and food handling; the caloric contents of native apple snails) that were reported in previous, 

possibly outdated, literature (e.g., Beissinger 1984; Sykes 1987a).  In order to conclude 

unequivocally that juvenile kites on Toho fail, on average, to meet their daily energetic 

requirements, we recommend that more advanced methods of energetic analysis be employed.  

We provide here a valuable starting point and suggest that serious efforts should be made to 

apply recent work by Porter et al. (1994, 2000, 2002, 2003) to the snail kite.  Using 

spatiotemporally explicit models that can account for variations in the local microclimate as well 
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as in the biophysical aspects of individual snail kites and their prey will provide more robust and 

reliable estimates of daily energy balances.   
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Table 2-1. Number of TABs conducted by month and location in 2003, 2004, 2005, 2006 (post-
invasion) and in 1993, 1994, 1996 (pre-invasion). 

Spring Summer Fall 
Era Location JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

TOHO 4 15 0 2 13 5 53 51 53 36 29 25
KISS 17 26 8 2 7 23 12 4 5 2 12 2
WCA3A 36 53 8 2 34 2 41 23 11 38 46 54
WCA2B 0 2 0 0 0 0 2 1 9 0 0 0
WCA3B 0 0 8 0 0 0 0 0 0 0 0 0
ENP 0 0 0 0 0 0 0 0 0 0 4 0
OKEE 0 0 0 0 0 0 0 0 0 0 0 3
SJM 0 0 5 0 4 2 2 0 0 0 0 3

Pr
e-

in
va

si
on

 E
ra

 

ETOHO 0 0 0 0 0 0 0 0 0 0 0 0
TOHO 4 9 0 2 9 42 48 49 47 33 29 20
KISS 14 22 5 2 6 21 11 4 4 18 12 19
WCA3A 32 36 7 2 25 20 33 21 8 32 38 41
WCA2B 0 2 0 0 0 0 1 1 9 0 0 0
WCA3B 0 0 4 0 0 0 0 0 0 0 0 0
ENP 0 0 0 0 0 0 0 0 0 0 3 0
OKEE 0 0 0 0 0 0 0 0 0 0 0 2
SJM 0 0 0 0 4 0 2 0 0 0 0 3Po

st
-in

va
si

on
 E

ra
 

ETOHO 2 2 2 0 0 2 3 0 1 2 0 7
 

 
 

 
Table 2-2.  Nutritional contents of P. insularum. 
Nutritional Measurement  S1 S2 S3 Average SD
Calories 49.5 36.8 43.3 43.2 6.35
Calories from Fat 4.2 3 3.2 3.47 0.64
Total Fat (g) 0.47 0.33 0.35 0.38 0.08
Saturated Fat (g) 0.19 0.12 0.13 0.15 0.04
Total Monounsaturated Fat (g) 0.08 0.09 0.08 0.08 0.01
Total Polyunsaturated Fat (g) 0.16 0.1 0.11 0.12 0.03
Trans Fat (g) 0.01 0.01 0.01 0.01 0
Cholesterol (mg) 94.2 66.8 55.7 72.23 19.82
Sodium (mg) 71.6 97.2 89.7 86.17 13.16
Total Carbohydrate (g) 1.5 0.7 2.3 1.5 0.8
Protein (g) 9.82 7.76 7.74 8.44 1.2
Calcium (mg) 464 535 681 560 110.64
Iron (mg) 59 43.6 43.3 48.63 8.98
Moisture (g) 84.21 89 86.7 86.64 2.4
Ash (g) 3.99 2.25 2.89 3.04 0.88
Note: Nutritional content is measured per 100g of wet weight of edible soft body tissues. 
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Table 2-3. Nutritional composition of P. insularum versus P. paludosa. 
  P. insularum P. paludosa P. paludosa
  Cattau et al. 2007 Beissinger 1984 Sykes 1987a
Kcal/g 3.25 +/- 0.11 4.52 +/- 0.25 4.60 +/- 0.18
% Fat 2.87 +/- 0.21 3.11 +/- 0.49 3.4
% Carbohydrate 11.05 +/- 5.63 NA 27.4
% Protein 63.63 +/- 6.28 61.5 +/- 5.2 36.3
% Moisture 13.37 +/- 2.40 NA 14.5
% Ash 22.48 +/- 2.50 9.59 +/- 1.16 32.1
Note: Nutritional Contents of apple snails reported as % dry weight of edible soft body parts, mean +/- 
standard deviation. 
 
 
 
 
Table 2-4.  Average daily activity pattern of the snail kite in Florida. 

Investigator Years Covered by Study
Time 

Perched Time Flying 
Standard 
Deviation

Cary 1985 1977, 1978, 1979 85.30% 14.70% 15.60%
Bennetts and Kitchens 1997 1993, 1994, 1996 86.10% 13.90% 14.00%
Cattau et al. 2007 2004, 2005, 2006, 2007 85.60% 14.40% 14.40%
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Figure 2-1. Relative sizes of exotic apple snails. A) 50, 63, and 80 mm in length. B) 50 and 80 
mm in length. 
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Figure 2-2. Measurement of snail shells. A) Shell width. B) Shell length. 

 

 

Figure 2-3. Location of apple snail traps on Toho. 
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Figure 2-4. Linear regression models of exotic snail weight and morphology. A) Whole snail 
weight as a function of shell length. B) Wet weight of edible soft body parts as a 
function of shell length.  
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Figure 2-5. Number of native and exotic apple snails captured per year with funnel traps on 

Toho, 2005-2007. 
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Figure 2-6. Proportion of native to exotic apple snails captured in five locations on Toho, 2005-

2007.  
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Figure 2-7. Average length of apple snail shells collected from feeding perches and nests in nine 
wetlands throughout the range of the snail kite, 2004-2007. Shaded boxes represent 
95% CIs. Lower and upper whiskers represent first and third quartiles respectively. 
Open circles represent extreme outliers. 
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Figure 2-8. Average shell dimensions of native and exotic apple snails consumed by kites, 2004-
2007.  Shaded boxes represent 95% CIs. Lower and upper whiskers represent first 
and third quartiles respectively. Open circles represent extreme outliers. 
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Figure 2-9. Estimated whole weight of native and exotic snails negotiated by foraging kites 
during the post-invasion era. Error bars represent 95% CIs. 
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Figure 2-10. Average handling times for adult, juvenile, and subadult kites on Toho and Kiss-

WCA3A during the post-invasion era. Shaded boxes represent 95% CIs. Lower and 
upper whiskers represent first and third quartiles respectively. 
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Figure 2-11. Average drop rates for adult, juvenile, and subadult kites on Toho and Kiss-
WCA3A during the post-invasion era.   
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Figure 2-12. Average capture rates for adult, juvenile, and subadult kites on Toho and Kiss-
WCA3A during the post-invasion era. Error bars represent 95% CIs. 
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Figure 2-13. Average searching times for adult, subadult, and juvenile kites on Toho and Kiss-
WCA3A during the post-invasion era. Shaded boxes represent 95% CIs. Lower and 
upper whiskers represent first and third quartiles respectively. 



 

85 

KISS-WCA3A.female TOHO.female KISS-WCA3A.male TOHO.male

0
50

10
0

15
0

20
0

25
0

30
0

35
0

LOCATION.sex

se
ar

ch
in

g 
tim

e 
(s

ec
on

ds
)

 

Figure 2-14. Average searching times for adult male and female kites on Toho and Kiss-WCA3A 
during the post-invasion era. Shaded boxes represent 95% CIs. Lower and upper 
whiskers represent first and third quartiles respectively. 
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Figure 2-15. Average searching times for adult kites on Kiss and WCA3A during the post-
invasion era and on Toho during the pre- and post-invasion eras. Shaded boxes 
represent 95% CIs. Lower and upper whiskers represent first and third quartiles 
respectively.  
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Figure 2-16. Average searching times for juvenile kites on Toho and Kiss-WCA3A during the 
post-invasion era. Shaded boxes represent 95% CIs. Lower and upper whiskers 
represent first and third quartiles respectively. 
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Figure 2-17. Average handling times for adult male and female kites on Toho and Kiss-WCA3A 
during the post-invasion era. Shaded boxes represent 95% CIs. Lower and upper 
whiskers represent first and third quartiles respectively. 
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Figure 2-18. Average handling times for adult kites on Kiss-WCA3A during the post-invasion 
era and on Toho during the pre- and post-invasion eras. Shaded boxes represent 95% 
CIs. Lower and upper whiskers represent first and third quartiles respectively.  
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Figure 2-19. Average handling times for juvenile kites on Toho and Kiss-WCA3A during the 
post-invasion era. Shaded boxes represent 95% CIs. Lower and upper whiskers 
represent first and third quartiles respectively.  
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Figure 2-20. Raw group drop rates for adult and juvenile kites on Toho and Kiss-WCA3A during 
the post-invasion era  
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Figure 2-21. Average drop rates for adult male and female kites on Toho and Kiss-WCA3A 
during the post-invasion era. Error bars represent 95% CIs.  
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Figure 2-22. Average drop rates for adult and juvenile kites on Toho and Kiss-WCA3A during 
the post-invasion era. Error bars represent 95% CIs. 
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Figure 2-23. Average capture rates for adult male and female kites on Toho and Kiss-WCA3A 
during the post-invasion era. Error bars represent 95% CIs. 
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Figure 2-24. Average capture rates for adult kites on Kiss and WCA3A during the post-invasion 
era and on Toho during the pre- and post-invasion eras. Error bars represent 95% CIs.   
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Figure 2-25. Average capture rates for juvenile kites on Toho and Kiss-WCA3A during the post-
invasion era. Error bars represent 95% CIs.   
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Figure 2-26. Estimated energetic content of native and exotic snails consumed by kites during 
the post-invasion era. Error bars represent 95% CIs. 
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Figure 2-27. Average proportion of time spent flying during day-long and hourly observations by 
kites on Toho, Kiss, and WCA3A in the post-invasion era. Error bars represent 95% 
CIs. 
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Figure 2-28. Average capture rates achieved by foraging kites during morning, afternoon, and 
evening observations on Toho and Kiss-WCA3A in the post-invasion era. Error bars 
represent 95% CIs. 
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Figure 2-29. Average proportion of time spent flying by all kites on Kiss, Toho, and WCA3A 
during the post-invasion era. Error bars represent 95% CIs. 
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Figure 2-30. Average proportion of time spent flying by adult and juvenile kites on Toho and 
Kiss-WCA3A during the post-invasion era. Error bars represent 95% CIs.  
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Figure 2-31. Estimated gross daily energetic gains for adult and juvenile kites foraging on Toho, 
Kiss, and WCA3A during the post-invasion era. Error bars represent 95% CIs. 
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Figure 2-32. Estimated daily energy balances for adult and juvenile kites on Toho, Kiss, and 
WCA3A during the post-invasion era. Error bars represent 95% CIs. 
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CHAPTER 3 
 DEMOGRAPHIC EFFECTS OF THE EXOTIC APPLE SNAIL ON THE KITE  

Introduction 

Compared to other vertebrate species, birds, especially those that employ active foraging 

strategies, have high metabolic rates and internal temperatures.  Physiological conditions of such 

species can only be maintained through frequent energy acquisition (Blem 1976; Krebs & 

Kacelnik 1991; Carey 1996).  Many species, such as the snail kite (Beissinger & Snyder 1987; 

Bennetts & Kitchens 2000), face the risk of starvation daily, as failing to meet minimum 

energetic thresholds over the course of several days to a week will likely result in mortality 

(Kirkwood 1981; Newton 1991).  Given the vital necessity for kites to maintain proper energy 

balances, foraging takes precedence over other behaviors.  Thus, foraging behavior directly 

influences the amount of time and energy an individual can afford to allocate toward growth and 

reproduction (Krebs & Kacelink 1991; Carey 1996; Newton 1991).  As shown, the exotic apple 

snail has significant effects on the foraging behavior of snail kites, especially juveniles (Chapter 

2), and thus it is important to determine what demographic consequences the kite population may 

face as a result.  Martin (2007) urges that “under the current system, adult fertility appears to be 

crucial [to the viability of the snail kite population], and factors likely to have large effects on 

adult reproduction and juvenile survival should receive more attention.”  To determine whether 

the exotic apple snail constitutes an environmental stressor that has negative demographic 

consequences for the kite population, we compare measures of reproduction (including nesting 

effort, nest success, and nest productivity), along with estimates of survival, from Toho between 

the pre- and post-invasion eras.   
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Reproduction 

The reproductive activity of snail kites is limited, in large part, by the availability of food 

resources (Nichols et al. 1980; Snyder et al. 1989).  The height of the breeding season stretches 

from March through June, but kites may breed during any month of the year (Beissinger 1988; 

Snyder et al. 1989; Bennetts & Kitchens 1997).  Kites are sensitive to proximate environmental 

conditions throughout the breeding process.  In most circumstances, adult kites attempt to breed 

at least once a year and, on occasion, have been observed successfully fledging two broods in the 

same breeding season (Snyder et al. 1989; Bennetts & Kitchens 1992, 1997).  On the other hand, 

kites may forgo nesting completely in years of severe droughts (Sykes 1979b; Nichols et al. 

1980; Beissinger 1986; Snyder et al. 1989).  Kites may also limit reproductive effort during other 

times of food scarcity (Beissinger 1986; Bennetts et al. 1988; Snyder et al. 1989).  In addition to 

influencing the decision of whether or not to commence nesting, environmental conditions can 

also affect kite behavior after nesting has begun.  Adults may abandon initiated nests or 

provision fewer young in times of food stress, resulting in lower nest productivity (Beissinger & 

Snyder 1987; Sykes 1987b; Bennetts et al. 1988).  Nest failures not resulting from parental 

abandonment are usually the result of either depredation or structural collapse (Sykes 1979a, 

1987b; Bennetts et al. 1988; Snyder et al. 1989; Bennetts & Kitchens 1997).   

Survival 

Kite survival has been linked to a number of factors, but prey availability plays a critical 

role, as starvation is thought to be the leading cause of mortality (Sykes et al. 1995).  After 

reaching independence, juvenile kites commonly become emaciated, especially when dispersing 

through unfamiliar territory in which adequate prey is not available (Bennetts & Kitchens 1992, 

1997; Martin et al. 2007b).  Likewise, most adult mortalities are linked to starvation during 

severe droughts (Beissinger 1988; Bennetts & Kitchens 1997; Martin et al. 2006a, 2007b).  
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Demographic evidence suggests that the snail kite population can be divided into two age classes 

(juveniles and adults) and that after approximately 5 months of age, the survival probability of 

juveniles effectively parallels that of adults (Bennetts and Kitchens 1999; Bennetts et al. 1999; 

Dreitz et al. 2004; Martin et al. 2006a).  

Predictions  

Relative to adult kites feeding on native snails, adults feeding on exotic snails spend more 

time handling prey, capture fewer snails per day, and achieve lower daily energy balances 

(Chapter 2).  If these behavioral discrepancies translate into significantly less available time or 

energy for adults on Toho during the post-invasion era, then we would expect to see a decrease 

in the occurrence and/or success of behaviors requiring additional energy reserves, such as 

reproduction.  It must also be considered that the foraging behaviors of adults and juveniles are 

differentially affected by the exotic apple snail (Chapter 2).  Given that adult kites maintain 

positive daily energy balances while feeding on exotic snails, we assume that the exotic snail 

does not represent a threat to adult survival.  The foraging behavior of juvenile kites, on the other 

hand, is severely impacted by the exotic snail, and preliminary estimates indicate that juveniles 

on Toho may not be achieving sustainable daily energy balances (Chapter 2).  In light of our 

previous findings, we made the following predictions:  

• Prediction 1. Average annual nesting effort on Toho is significantly lower during the post-
invasion era than it was during the pre-invasion era.   

• Prediction 2. The average nest success on Toho is significantly lower during the post-
invasion than it was during the pre-invasion era.   

• Prediction 3. Nest productivity (i.e., the number of young produced per successful nest) is 
significantly lower during the post-invasion than it was during the pre-invasion era. 

• Prediction 4. Nest productivity during the post-invasion era is significantly lower on Toho 
relative to other wetlands utilized by the snail kite. 
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• Prediction 5. The survival of juveniles hatched on Toho is significantly lower during the 
post-invasion era relative to the pre-invasion era.   

 
• Prediction 6. The survival of adult kites that were hatched on Toho does not differ 

significantly between the pre- and post-invasion eras. 
 

Methods 

Robust breeding-season population surveys, along with other long-term studies of 

demography and movement of the snail kite population, began in 1992.  Protocols utilized 

systematic surveys throughout the range of the kite that coupled counts with capture-mark-

recapture methods, including band-resighting and radio-telemetry.  A wealth of demographic 

data (including survival estimates of juveniles and adults) and movement data have been 

accumulated.  Range-wide snail kite nesting data (including nesting attempts, nest success, and 

nest productivity) has also been collected in conjunction with the annual population monitoring 

project.  However, on Toho, not all data types were available for all years (see below) (For 

detailed methods, findings, and discussions see Bennetts & Kitchens 1992, 1997, 2000; Dreitz et 

al. 2001, 2004; Martin et al. 2006a, 2006b, 2007a, 2007b, 2007c).  Yet, comparisons of 

demographic parameters with specific regard to the invasion of Toho by the exotic apple snail 

have not been made previously.   

Based on recent demographic trends of the snail kite population and on the invasion 

history of the of the exotic apple snail in Florida (Chapter 1), we defined 1992-1998 as the pre-

invasion era and 2003-2007 as the post-invasion era.  These years also corresponded roughly 

with our pre- and post-invasion TAB data (Chapter 2).  The period 1999 to 2002 corresponds 

with the severe decline of the snail kite population (Martin et al. 2006a; Martin 2007) and with 

the first occurrences of the exotic snail on Toho (Darby, personal communication).  To avoid 

confounding effects associated with the population decline and with the unknown relative 
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proportion of native and exotic snails making up the diet of the snail kite on Toho, we defined 

1999-2002 as the decline era and treated it independently from the pre- and post-invasion eras.   

Nesting Effort and Reproductive Success 

All nests observed with at least one egg or one chick during any monitoring visit were 

classified as initiated (i.e., active).  Kites commonly build nests that are never initiated (Chandler 

& Anderson 1974; Beissinger 1984; Snyder et al. 1989; Bennetts & Kitchens 1997); therefore, 

nests in which no eggs or young were ever observed were censored from our analysis (from here 

on nests refers to initiated nests only).  All nests in which at least one chick was observed to 

reach potential fledging age, 24 days old (Snyder et al. 1989), were classified as successful, and 

all chicks that reached at least 24 days old were assumed to fledge.  Nests that failed before 

fledging young were classified as unsuccessful.  Nests of unknown fate were censored from our 

analyses.  The average fledging age of kites is 28.7 days (Sykes 1987b), but it ranges from 24 to 

35 days (Synder 1989).  We used this 24-day benchmark to reduce the likelihood of missing 

fledging events, which would result in the misclassification of these nests as failures or as nests 

of unknown fate.  We do not feel that using the 24-day benchmark biased our estimates of nest 

success or nest productivity, as mortality during this nesting stage is minimal for kites (Steenhof 

& Kochert 1982; Bennetts & Kitchens 1997; Dreitz et al. 2001). 

Measures commonly used to assess the relative reproductive effort of snail kites in specific 

wetland units during a given year include 1) the number of breeding individuals present and 2) 

the number of nests initiated.  The latter is less ambiguous and provides a more tangible measure 

of nesting effort; therefore, we used the average number of nests initiated annually on Toho to 

compare the pre- and post-invasion eras (2004 was excluded from the post-invasion average).  

Nest abundance can vary radically between ‘wet’ and ‘dry’ years (Sykes et al. 1995), making it 

hard to draw definitive conclusions when comparing two eras; therefore, we also looked at the 
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relative annual abundance of kite nests on Toho in contrast to other wetlands.  We calculated the 

relative contribution of Toho to the annual nesting effort of the entire kite population for the 

years 1995 to 2007 by dividing the number of nests on Toho by the total number of nests found 

range-wide in a given year (no nesting data was available for 1992-1994).  Then we developed 

two trend models to assess whether the contribution of Toho to the overall nesting effort has 

changed over time.  In the first trend model we included all years from 1995-2007.  In the second 

trend model we removed anomalous years, in which documented environmental phenomenon 

may have drastically altered kite behavior.  We censored 2001 and 2007, two years in which 

severe droughts heavily affected the southern portion of the kites range (Martin 2007; Gawlik et 

al. 2007; FLDEP 2007), causing uncharacteristic nesting patterns that could have potentially 

biased Toho’s relative contribution high.  We also censored 2004, the year in which the managed 

drawdown and scraping of Toho was completed, as it may have biased Toho’s contribution low.  

In addition to these trend models, we also estimated Toho’s average contribution to the total kite 

population nesting effort for the pre- and post-invasion eras, and since droughts and drawdowns 

have tangible affects on the kite population, no years were censored in the calculation of these 

estimates (i.e., 2004, and 2007 were included).    

Measures commonly used to assess the reproductive success of snail kites include 1) the 

proportion of successful nests to the total number of initiated nests (i.e., nest success) and 2) the 

average number of young fledged per successful nest (i.e., nest productivity) (Sykes 1987b; 

Bennetts & Kitchens 1997; Martin 2007).  Nest success may be influenced by innumerable 

environmental variables (Sykes et al. 1995).  Snail kites inhabit a broad and fragmented 

landscape, in which spatiotemporal heterogeneity cannot be ignored (Bennetts et al. 1998, Martin 

et al. 2006).  Several extraneous variables may affect the fate of a nest, and due to our inability to 
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account for such environmental stochasticity across the range of the snail kite, comparing nest 

success among wetland units over time was not warranted.  However, accounting for 

environmental variation on a local scale was feasible, thus we compared the annual nest success 

on Toho before and after the invasion of the exotic snail.   

Nest productivity, the number of young produced per successful nest, is less affected by 

drastic stochastic events (e.g., droughts, hurricanes, cold fronts), as these events usually result in 

complete nest failure, which is not included in the calculation of nest productivity.  The number 

of young that adults can provision is dictated strongly by the availability of suitable prey 

(Beissinger 1990).  Thus, when making comparisons among areas or years, more subtle 

differences in local foraging conditions can be revealed by comparing measures of nest 

productivity rather than nest success (Murray 2000; Kosciuch et al. 2001).  If adult kites cannot 

sufficiently exploit exotic snails we would expect lower relative productivity in the face of such 

conditions.  We compared the number of young produced per successful nest on Toho before and 

after the invasion of the exotic snail.  We also compared the nest productivity of Toho during the 

post-invasion era with that of all other wetlands (pooled) during the same time period.   

Reliable nesting data for Toho was available for the period 1995 to 2007; however, no 

nests of known fate were observed on Toho in 1998, and only one nest of known fate was 

observed in 1999.  Additionally, no nesting occurred on Toho in 2004. Therefore, estimates of 

nest success and nest productivity for 1998 and 2004 were not calculable, and since estimates for 

1999 were based on a sample size of one, confidence intervals were not calculable. 

All 95% confidence intervals (95% CI) around our derived estimates of nesting effort, nest 

success, and nest productivity were approximated as follows: CI = x +/- tα/2 * SE, where x is the 

sample estimate (i.e., mean), t is the test statistic (evaluated at α= 0.05 on n-1 degrees of 
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freedom), and SE is the standard error of the mean.  Such estimation is valid for positive sample 

estimates of count, measurement, or proportion that generally follow a lognormal distribution 

(Burnham & Anderson 2002).  All statistical analyses were performed using the software 

package R version 2.5.1.   

Survival 

Mark-resight data and radio telemetry data can each be used to generate reliable estimates 

of apparent survival for snail kites, and both can incorporate site-specificity.  While inferences 

from mark-resight data are limited to between-year estimates, radio-telemetry can be used to 

generate between- and within-year estimates of apparent survival (Bennetts et al. 1999, Martin et 

al. 2007b).   

From 1992 to 2006, 121 juveniles on Toho were marked with unique alphanumeric bands 

(an additional 74 juveniles were banded on Toho in 2007 and will be used for future estimates).  

Using mark-resight data from 1992 to 2007, we estimated the apparent annual survival of adult 

and juvenile snail kites that were hatched on Toho.  No juveniles were banded on Toho in 1993 

or 1998, so no annual juvenile survival estimates were generated for these years.  Additionally, 

no juvenile survival estimates were generated for 2004 because the kites did not nest the year 

that the drawdown and scraping treatment was completed.  In the computation of annual juvenile 

survival during the post-invasion era, we excluded 2003 because we could not account for 

drawdown effects, which may have biased our estimate.  Annual adult survival, on the other 

hand, could be generated for all years (1992-2006).  No survival estimates were generated for 

2007 because this analysis is contingent on the completion of the 2008 population surveys.  

Radio telemetry allows for the estimation of apparent monthly survival probabilities for 

kites (Bennetts et al. 1999; Bennetts & Kitchens 1999).  Ten juveniles on Toho were equipped 

with radio transmitters in 1992 and five juveniles were equipped in 1994, so these years were 
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used to represent the pre-invasion era for juvenile survival.  The only telemetry data available for 

juveniles during the post-invasion era came from 2005, in which 14 juveniles on Toho were 

equipped with radio transmitters (Bennetts and Kitchens 1997, 1999; Martin et al. 2006a).  

Although working with limited sample sizes, we used this radio-telemetry data to estimate the 

apparent monthly survival of juveniles hatched on Toho.  Radio transmitters had an average 

lifespan of over two years; therefore, we also generated estimates of apparent monthly survival 

for adults that were hatched on Toho.  Although kites often disperse to other wetlands after 

fledgling (Bennetts & Kitchens 1997), natal area has a greater affect on juvenile survival than 

dispersal area (Bennetts et al. 1999; Martin et al. 2007b).  Kites also express natal philopatry, 

thus adult survival is also linked with natal location (Martin et al. 2007b).  We compared 

monthly survival estimates for adults and juveniles hatched on Toho between the pre- and post-

invasion eras.   

To generate annual and monthly estimates of apparent survival, we used program MARK 

V 4.1 (White & Burnham 1999).  We created a suite of a priori survival models based on our 

predictions (see above) and the existing literature (Bennetts & Kitchens 1997, 1999; Bennetts et 

al. 1999; Martin et al. 2006a, 2007a, 2007b).  In our model sets, we allowed survival and 

detection probability to vary over time or to be held constant.  In addition, we tested an age effect 

(i.e., adult versus juvenile), and we also tested group effects corresponding to the pre- and post-

invasion eras.  After creating our model sets, we selected the most parsimonious model for 

apparent annual survival using Akaike’s Information Criteria corrected for overdispersion 

(QAIC) and for apparent monthly survival using Akaike’s Information Criteria corrected for 

small sample size (AICc) (Burnham & Anderson 2004).  The selected models were used 

generate the respective estimates of annual and monthly survival.  All associated standard errors 
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and confidence intervals were also generated using program MARK V 4.1 (White & Burnham 

1999). 

Results 

Reproduction 

Nesting effort 

The number and distribution of snail kite nests varies widely over time (Table 3-1; Figure 

1-1), and this may be influenced by innumerable of factors (Sykes et al. 1995); therefore, these 

results must be interpreted with caution.  We found that the average number of nests initiated 

annually on Toho was significantly greater during the post-invasion era (excluding 2004, x= 42, 

95% CI= 29–55) than it was in the pre-invasion era (x=17, 95% CI= 9–26) (Figure 3-2).  This 

ran contrary to Prediction 1.  Even though there was a high degree of variation in nesting effort 

among some years (Figure 3-3), the difference between pre- and post-invasion nesting effort on 

Toho was significant.    

We found that Toho’s proportional contribution to the annual population nesting effort 

ranged from 0.01 to 0.11 during the pre-invasion era and from 0.17 to 0.81 during the post-

invasion era (or including 2004, the year in which no kites nested on Toho due to the drawdown, 

from 0.00 to 0.81) (Table 3-1; Figure 3-4).  Using our first trend model (including all years 1995-

2007) to assess the relative contribution of Toho to the overall population nesting effort over 

time, we found a slightly significant positive trend (p= 0.06) (Figure 3-5).  Our second trend 

model did not include the drought years of 2001 and 2007, in which Toho’s relative contribution 

was 0.74 and 0.81 respectively, nor did it include the drawdown year of 2004, in which Toho’s 

relative contribution was 0.00 (Table 3-1).  This second trend model showed a significant 

positive trend in Toho’s relative contribution (p= 0.04) (Figure 3-6).  We also found that Toho’s 

average contribution to the overall nesting effort of the kite population was significantly higher 
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during the post-invasion era (x= 0.33, 95% CI= 0.30–0.35) than it was during the pre-invasion 

era (x= 0.06, 95% CI= 0.05–0.07) (Figure 3-7).  Thus Prediction 1 was false. 

Nest success and productivity 

While nest success on Toho varied significantly among some years (Figure 3-8), we did 

not find any significant difference in the average nest success on Toho between pre- and post-

invasion eras (Figure 3-9), which were 0.25 (95% CI= 0.12–0.38) and 0.39 (95% CI= 0.27–0.51) 

respectively.  Thus Prediction 2 was false.   

Similarly, nest productivity on Toho varied significantly among some years (Figure 3-10), 

but again, we found no difference in the average number of young produced per successful nest 

between the pre- and post-invasion eras, which were 2.13 (95% CI= 1.82–2.43) and 1.73 (95% 

CI= 1.51–1.95) respectively (Figure 3-11).  Thus Prediction 3 was false.  We also found that the 

average nest productivity during the post-invasion era did not differ significantly between Toho 

(see above) and all other wetlands combined (x= 1.50, 95% CI= 1.38–1.61) (Figure 3-12). Thus 

Prediction 4 was false.  

Survival 

Apparent annual survival 

The most parsimonious model of the apparent annual survival for kites hatched on Toho 

between 1992 and 2006 was one that allowed detection probability to vary by year but that held 

survival probability constant for all years. This top model did not include an age effect or a pre- 

and post- invasion group effect on survival (Table 3-2); therefore, this model did not make 

biological sense based on all previous snail kite literature that shows juvenile survival does, in 

fact, vary over time and differ from that of adults (Bennetts et al. 1999; Dreitz et al. 2004; Martin 

et al. 2007b).  The second most parsimonious model also allowed detection probability to vary 

over time, but it included an age effect on survival and allowed juvenile survival probability to 
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vary among the three pre-defined eras: pre-invasion (1992-1998), decline (1999-2002), and post-

invasion (2003-2006).  Since this second model differed by less than two QAIC units (Table 3-

2), it was not significantly different from the top model (Burnham & Anderson 2004), and since 

this second model made more biological sense (i.e., it did not set adult and juvenile survival 

equal and hold them constant), we used it to generate estimates of apparent annual survival.   

We found that the annual survival probability for juveniles hatched on Toho during the 

pre-invasion era was 0.45 (95% CI= 0.27–0.66) and that during the post-invasion era it fell to 

0.34 (95% CI= 0.11–0.58) (Figure 3-13).  Thus, Prediction 5 was not supported by our estimates 

of annual juvenile survival.  We found that annual adult survival was 0.81 (95% CI= 0.72–0.88), 

and our data did not support allowing adult survival to vary among years or eras, which 

supported Prediction 6.  Although our data did not support the significance of the fourth most 

parsimonious model, which allowed survival and detection to vary by year (Table 3-2), we 

decided to generate estimates of apparent annual survival for juveniles hatched on Toho using 

this model simply to demonstrate the inherent variation within the study system (Figure 3-14).   

Apparent monthly survival 

The most parsimonious model of apparent monthly survival for kites hatched on Toho was 

one that included a pre- and post-invasion group effect on detection probability and survival, as 

well as an age effect on survival (Table 3-3).  We found that the monthly survival probability of 

juveniles hatched on Toho was 0.93 (95% CI = 0.82–0.97) during the pre-invasion era 

(represented by 1992 and 1994) and that it fell to 0.81 (95% CI = 0.65–0.90) during the post-

invasion era (represented by 2005) (Figure 3-15).  We found that the monthly survival 

probability of adults that were hatched on Toho was 0.92 (95% CI = 0.85–0.96) during the pre-

invasion era (represented by 1992-1996) and that it was 0.90 (95% CI = 0.75–0.97) during the 

post-invasion era (represented by 2005-2006).  Thus, estimates of monthly adult survival for 
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kites hatched on Toho were nearly identical between the pre- and post-invasion eras, supporting 

Prediction 6.  While there was considerably more variation between the pre- and post-invasion 

era estimates of monthly juvenile survival from, we found no significant difference, as the 

confidence intervals from these estimates overlapped.  Although estimates for both monthly and 

annual survival for juveniles hatched on Toho during the post-invasion era were lower than those 

for the pre-invasion era, our data did not fully substantiate Prediction 5. 

Discussion 

The effects that exotic apple snails have on snail kite foraging behavior and energetics 

may, in turn, result in some negative demographic repercussions.  Although we found no 

evidence of decreased adult survival, nesting effort, nest success, or nest productivity on Toho 

during the post-invasion era, we did find some evidence suggesting that juvenile survival has 

declined; however, our survival estimates for juveniles were based on severely limited datasets 

and thus had overlapping confidence intervals.   

Contrary to our predictions, snail kite nesting effort on Toho has not decreased since the 

invasion of the exotic snail; in fact, our data suggest an increasing trend in kite nesting effort. 

The average annual nest abundance on Toho is significantly higher in the post-invasion era than 

it was in the pre-invasion era (42 versus 17 nests per year).  The relative contribution of Toho to 

the range-wide nesting effort of the kite population has also increased significantly (from 0.06 to 

0.33).  Nest abundance and distribution are affected by a number of environmental variables.  It 

is possible that the declining habitat quality in WCA3A has influenced snail kite nesting trends 

on Toho.  Droughts also influence snail kite behavior, and in 2007 south Florida experienced 

moderate to severe drought conditions throughout much of the peak kite breeding season.  

Events such as these may be underlying the observed nesting trends on Toho, during the post-

invasion era.  However, one cannot discount the possibility that the exotic apple snail attracts 
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kites to Toho.  We do not know the behavioral mechanisms by which kites distinguish habitat 

quality, but it is likely that apple snail density (or some cue of snail abundance/availability) plays 

a role.  For example, the exotic snail lays highly conspicuous pink egg masses on emergent 

structures, and these bright pink clusters are prevalent throughout Toho.  Kites may be attuning 

to these egg masses, or kites may make more direct assessments of foraging conditions.  Future 

research efforts should focus on teasing out the cues used by kites to assess habitat suitability, 

and Toho may provide the conditions necessary to test certain hypotheses related to kite 

attraction and site selection. 

Nest success and nest productivity remain virtually unchanged on Toho during the post-

invasion era relative to the pre-invasion era.  Although statistically insignificant, it is interesting 

to note that the average number of young produced per successful nest on Toho during the post 

invasion-era is above the range-wide average for this time period.  We also found that the 

survival probabilities of adult kites that were hatched on Toho did not differ between pre- and 

post-invasion eras. These findings, strongly suggest that the exotic snail does not constitute an 

environmental stressor for adult kites, as their abilities to survive and to successfully provision 

and fledge young have not been negatively affected.  On the other hand, the ability of juveniles 

to sustain themselves after fledging remains tenuous.   

Our estimates for apparent annual survival of juveniles hatched on Toho are rather 

inconclusive.  The drastically fluctuating annual estimates and wide confidence intervals in 

Figure 3-14 are likely the result of insufficient data coupled with environmental stochasticity.  

The estimates of apparent annual survival from our best, biologically relevant model provide a 

slightly clearer picture; this model shows that juveniles hatched on Toho during the post-

invasion era experienced lower annual survival probabilities than did juveniles hatched on Toho 



 

118 

during the pre-invasion era (0.34 and 0.45, respectively), but these estimates are still relatively 

uninformative, as their confidence intervals overlap widely (Figure 3-13).  After the completion 

of the 2008 population survey, we will have the statistical power to generate more precise 

estimates of annual survival for juveniles hatched on Toho during the post-invasion era, and 

additional years of band-resight data will continue to increase our precision.   

Our estimates of apparent monthly survival are somewhat more revealing.  Our findings 

indicate that juveniles hatched on Toho during the post-invasion era experience lower monthly 

survival probabilities than did those hatched during the pre-invasion era (0.81 and 0.93, 

respectively), but the confidence intervals of these estimates overlap as well.  However, unlike 

the confidence intervals around our estimates of annual juvenile survival, the confidence 

intervals around our estimates of monthly juvenile survival each exclude the mean estimate of 

the comparative group (Figure 3-15).   

On average, juvenile survival reaches a level comparable to adult survival around 4 months 

post-fledging (Bennetts & Kitchens 1999).  If the monthly survival estimates for the pre-invasion 

(0.93) and post invasion (0.81) eras are raised to the fourth power (simulating survival to five 

months of age), they result in drastically different outcomes, 0.75 and 0.43 respectively.  If these 

same estimates are raised to the eleventh power (simulating survival to one year of age), they 

result in survival probabilities of 0.45 and 0.10 for the pre- and post-invasion eras, respectively.  

The simulated annual survival of juveniles on Toho during the pre-invasion era (0.45), which 

was calculated with monthly survival estimates from telemetry data, is equal to the estimate of 

apparent annual survival (0.45) that was generated directly from band-resight data; therefore, we 

are quite confident in these pre-invasion estimates.  However, for juveniles hatched on Toho 

during the post-invasion era, we do not find the same agreement between simulated annual 
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survival (0.10) and the direct estimate of apparent annual survival (0.34), but more data will 

likely improve these estimates.  While our estimates of survival for juvenile kites hatched on 

Toho may not be statistically significant, this does not negate the possibility that there may be a 

significant biological difference, as lower juvenile survival during the post-invasion era will 

likely result in a significant reduction in recruitment from Toho.  In spite of this, juvenile 

survival varies widely over time, and these suppositions should be viewed with caution, as our 

inferences are limited to the years for which we had sufficient data on juvenile survival (1992, 

1994, and 2005).   

The kite population is critically endangered, and its sustainability is extremely sensitive to 

recruitment.  However, at this time, we cannot definitively say whether the exotic apple snail 

negatively affects juvenile survival.  This is regrettable considering that the implementation of 

management actions that could potentially combat the threat of the exotic snail are likely 

contingent on such definitive answers.  Therefore, we recommend expediting the quest for 

suitable answers in relation to juvenile survival on Toho during the post-invasion era.  Radio 

transmitters should be deployed on the next cohort of juveniles, and a fastidious radio-telemetry 

protocol (Bennetts & Kitchens 1997) should be enacted.  In addition, conducting two robust 

population surveys per year (instead of just one) over the course of the next two years would also 

expedite our ability to generate more reliable post-invasion survival estimates for juveniles 

hatched on Toho.  With suitable assistance, these recommendations will generate the data 

necessary to answer these pressing questions, which will lead to a better conservation strategy 

for the snail kite.   

While management actions focused on the exotic snail may be pending further study, there 

is no reason for management actions focused on the native apple snail to be delayed or ignored.  
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CERP mandates that management actions should “restore and maintain a network of snail kite 

foraging habitats and promote habitat that supports primary prey (apple snails) recruitment 

throughout the South Florida ecosystem” (USFWS 1999; RECOVER 2005).  Exotic snail 

populations are already established in close proximity to several of the other critical wetlands 

utilized by the snail kite in Florida, but the presence of healthy native apple snail populations 

may help buffer any negative effects imposed on the snail kite by the exotic snail.  More 

resources should be invested in monitoring native apple snail populations within the kite’s range 

in Florida, as the current spatial scope of such data is limited.  Estimating snail densities before 

and after management actions should also become standard protocol for all projects directly 

influencing the wetland habitats on which the kites depend.  Such data will be critically 

important to adaptive management strategies involving the snail kite and other species, 

especially with the onset of DECOMP (Decompartmentalization and Sheet Flow Enhancement 

Project) in WCA3A.   

 

 

 

 

 

 

 

 



 

121 

Table 3-1. The number of nests initiated range-wide and the contribution from Toho, 1995-2007 
  1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007

BICY 24 8 1 6 5 0 0 0 0 0 0 0 0
ENP 2 5 0 0 0 12 0 0 0 0 0 23 5

ETOHO 1 0 0 0 0 0 4 0 0 0 0 1 1
GW 1 0 2 3 0 3 0 0 2 0 15 1 0

KISS 0 0 1 2 0 0 0 4 10 7 9 1 7
WCA1 1 0 1 14 0 0 0 0 0 0 0 1 0
OKEE 23 34 3 8 0 0 0 0 5 10 23 18 0

SJM 19 16 25 9 12 6 1 1 8 21 8 19 0
TOHO 14 18 37 2 3 8 14 25 15 0 47 30 79

WCA2A 8 0 0 0 0 0 0 0 0 0 0 0 0
WCA2B 126 3 22 124 0 0 0 11 11 16 0 2 0
WCA3A 50 79 246 221 70 112 0 60 78 40 12 61 2
WCA3B 2 0 0 3 5 26 0 3 2 5 0 17 1

Total 271 163 338 392 95 167 19 104 131 99 114 174 95
Contribution 

from Toho 5% 11% 11% 1% 3% 5% 74% 24% 11% 0% 41% 17% 81%
 

 
 
Table 3-2. Model selection table for apparent annual survival of kites hatched on Toho. 
Model QAIC delta(QAIC) Parameters Deviance
1 {Phi(Juv(.) Ad(.) P(t) SIN} 444.09 0.00 18 217.12
2 {Phi(Juv( inv grps) Ad(.) P(t) SIN} 446.03 1.94 20 214.17
3 {Phi(Juv(.) Ad(.) P( ~ inv Gps) SIN} 454.53 10.44 4 259.04
4 {Phi(Juv(t) Ad(.))  P(.)   use  SIN} 455.41 11.32 30 197.43
5 {Phi(.) P(t) SIN} 470.13 26.04 17 245.57
 
 
 
Table 3-3. Model selection table for apparent monthly survival of kites hatched on Toho. 
Model AICc delta (AICc) Parameters Deviance

1 
{Phi(Pre(12 mon)not=Post(juv(12mon)) 
P(Pre(.)not=Post(.)) SIN} 338.77 0.00 6 268.28

2 
{Phi(Pre(4mon)not=Post(juv(4mon)) 
P(Pre(.)not=Post(.)) SIN} 340.11 1.34 6 269.62

3 
{Phi(Pre(.)not=Post(.)) P(Pre(.)not=Post(t)) 
SIN} 372.80 34.02 39 218.57

4 
{Phi(Pre(.)not=Post(.)) P(Pre(.)=Post(.)) 
SIN} 409.37 70.60 3 345.17

5 {Phi(Pre(.)=Post(.)) P(Pre(.)=Post(.)) SIN} 413.97 75.19 2 351.82

6 
{Phi(Pre(.)not=Post(.)) P(Pre(t)not=Post(.)) 
SIN} 422.60 83.83 45 249.58

7 
{Phi(Pre(.)not=Post(.)) P(Pre(t)not=Post(t)) 
SIN} 483.53 144.76 75 191.62
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Figure 3-1. Annual number of snail kite nests initiated range-wide, 1995-2007. 
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Figure 3-2. Average number of nests initiated annually on Toho during the pre- and post-
invasion eras. Post-invasion estimate excludes 2004. Error bars represent 95% CIs. 
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Figure 3-3.  Number of nests initiated annually on Toho, 1995-2007. 
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Figure 3-4. Relative annual contribution of Toho to the total nesting effort range-wide, 1995- 
2007. 
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Figure 3-5. Trend model expressing the increasing contribution of Toho to the total population 
nesting effort over time (includes all years 1995-2007). Dashed lines represent 95% 
CIs. 
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Figure 3-6. Trend model expressing the increasing contribution of Toho to the total population 
nesting effort over time (excludes drought years 2001, 2007 and drawdown year 
2004). Dashed lines represent 95% CIs. 
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Figure 3-7. Relative contribution of Toho to the total population nesting effort during the pre- 
and post-invasion eras. Error bars represent 95% CIs.  
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Figure 3-8. Annual nest success on Toho, 1995-2007. Error bars represent 95% CIs. 
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Figure 3-9. Average nest success on Toho during the pre- and post-invasion eras. Error bars 
represent 95% CIs. 
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Figure 3-10. Annual number of young fledged per successful nest on Toho, 1995-2007. Error 
bars represent 95% CIs. 
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Figure 3-11. Average nest productivity on Toho during the pre- and post-invasion eras. Error 
bars represent 95% CIs. 
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Figure 3-12. Average number of young fledged per successful nest on Toho vs. all other 
wetlands during the post-invasion era. Error bars represent 95% CIs. 
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Figure 3-13. Apparent annual survival of juveniles hatched on Toho during the pre- and post-
invasion eras. Error bars represent 95% CIs. 
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Figure 3-14. Apparent annual survival of juveniles hatched on Toho, 1992-2006. Error bars 
represent 95% CIs. 

 



 

136 

pre-invasion post-invasion

ap
pa

re
nt

 m
on

th
ly

 s
ur

vi
va

l

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

 

Figure 3-15. Apparent monthly survival of juveniles hatched on Toho during the pre- and post-
invasion eras. Error bars represent 95% CIs. 
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CHAPTER 4 
IS LAKE TOHOPEKALIGA FUNCTIONING AS AN ECOLOGICAL TRAP FOR THE 

SNAIL KITE IN FLORIDA?  

Introduction 

Ecological Trap Theory 

Through geological time, animal populations adapt to environmental conditions via a 

number of mechanisms.  One form of adaptation manifest in animal behavior is the cue-response 

system.  Environmental cues eliciting behavioral responses that, on average, result in a positive 

net fitness outcome can be selected for and incorporated into decision making processes through 

natural selection (Stevens & Krebs 1986, Sih 1987).  Ecological traps can be created when 1) 

rapid changes to an ecosystem result in the decoupling of habitat selection cues from the positive 

behavioral responses they once elicited and 2) an animal continues to make settlement decisions 

based on ingrained environmental cues, but due to the abrupt change in habitat, these decisions 

now result in negative fitness consequences unbeknownst to the individual (Tinbergen 1963, 

Sherman 1988, Robertson & Hutto 2006).    

The criteria necessary to demonstrate an ecological trap are as follows: 1) individuals of 

the study population must exhibit preference for one habitat (i.e., the potential trap) that is 

greater than or equal to preferences for other available habitats, 2) individual fitness (or an 

appropriate surrogate measure) must differ among available habitats, and 3) negative fitness 

consequences must result from settling in the preferred (or equally preferred) habitat trap 

(Schlaepfer et al. 2002; Robertson & Hutto 2006).   

A Hypothetical Example 

For the snail kite population in Florida, an ecological trap would be constituted by the 

following scenario: Adult kites are attracted to Toho due to the abundance and availability of 

exotic apple snails or by the plethora of exotic snail egg masses.  Adults, which are larger and 
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have more foraging experience than juvenile kites, are able to attain ample energy for survival 

and reproduction in this altered habitat; therefore, they preferentially nest on Toho even though 

other habitats, devoid of the exotic snail, are available.  However, juvenile kites, once left to 

forage on their own, are unable to sufficiently handle and extract the larger exotic snails, and 

subsequently, they starve.  Nevertheless, adult kites continue to preferentially select Toho for 

nesting because of the lake’s plethora of seemingly abundant and available exotic snails.  In 

demographic terms, adult survival is unaffected, nest success is high, but recruitment is 

significantly suppressed due to high juvenile mortality.  This situation would be catastrophic 

because, as stated earlier, recruitment is one of the predominant factors limiting the growth and 

viability of the snail kite population in Florida (Martin 2007).   

Small populations, especially those inhabiting landscapes comprised of fragments 

displaying source-sink dynamics, are particularly vulnerable to extinction (Pulliam 1988, Pulliam 

& Danielson 1991).  Therefore, from a management perspective, understanding the effects that 

the exotic apple snail has on snail kite foraging success and consequent demographic parameters 

has precluded our ability to adaptively manage the system in the kite’s favor.   

Recent Nesting History 

From 1996 to 2003, snail kite reproduction occurred predominantly in WCA3A.  Smaller 

contributing fragments included ENP, Toho, and Kiss (Bennetts & Kitchens 1997; Dreitz et al. 

2001; Martin et al. 2006b, 2007c).  Historically, Toho served as an important refugium for snail 

kites, particularly when regional droughts affected the wetlands throughout the southern portion 

of their range (Bessinger & Takekawa 1983; Takekawa & Beissinger 1989; Bennetts & Kitchens 

1997, Mooij et al. 2002; Martin et al. 2006a), but Toho did not harbor significant numbers of 

nesting kites (Bennetts & Kitchens 1997; Martin et al. 2006b).  However, the proportion of 
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nesting activity on Toho during the post-invasion era has been disproportionately high when 

compared to traditional nesting areas (Martin et al. 2007c) (Chapter 3). 

Lake Tohopekaliga 

We have shown that the exotic apple snail affects the foraging behaviors of snail kites 

(Chapter 2), with some demographic consequences (Chapter 3), but to provide evidence that 

Toho is functioning as an ecological trap for the snail kite in Florida, the following three 

hypotheses must be supported: 

• Hypothesis 1. Snail kites exhibit a habitat preference for Toho that is greater than or equal to 
preferences for other available wetland units.       

• Hypothesis 2. Snail kite fitness differs among these wetland units. 

• Hypothesis 3. Negative fitness consequences to the snail kite result from selecting Toho.  

Methods 

Hypothesis 1 

Since we do not have a detailed understanding of snail kite cognition, it is hard measure 

habitat preference directly; therefore, we used disproportionate habitat use as a proxy for habitat 

preference.  We compared the average number of nests initiated annually on Toho during the 

pre- and post-invasion eras.  Then we assessed the trend in Toho’s relative contribution to the 

range-wide snail kite nesting effort over time (For methods of data collection see Bennetts & 

Kitchens 1997; Dreitz et al. 2004; Martin et al. 2007, 2007c) (For methods of analysis see 

Chapter 3).  To establish whether snail kites show an equal or greater habitat preference for Toho 

relative to other wetlands during the post-invasion era, we made among area comparisons of the 

relative abundance of nests (and in parallel, of breeding individuals) and the relative length of the 

breeding season.  When calculating the average number of nests initiated annually on Toho 

during the post-invasion era we excluded 2004 because the managed drawdown overlapped with 
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the kite breeding season (Chapter 1).  We tested the following predictions that would provide 

supporting evidence for Hypothesis 1: 

• Prediction 1a. Kite nesting effort (as measured by annual nest abundance) on Toho has 
increased significantly since the introduction of the exotic apple snail. 

• Prediction 1b. The relative annual contribution of Toho to the total number of nests found 
range-wide has increased significantly since the introduction of the exotic apple snail.   

• Prediction 1c. During the post-invasion era, the average number of nests initiated annually 
is significantly higher on Toho relative to other wetlands. 

• Prediction 1d. During the post-invasion era, kite nesting effort (as measured by the duration 
of the breeding season) on Toho is longer relative to breeding season patterns of other 
wetlands within the kite’s range.  

Hypothesis 2 

Using survival, nest success and nest productivity (i.e., the number of young fledged per 

successful nest) as surrogate measures of fitness, we used evidence from the literature to 

established whether kites on Toho experience different fitness consequences than kites utilizing 

other wetlands within their range.  The following predictions would provide supporting evidence 

for Hypothesis 2: 

• Prediction 2a. Adult snail kite survival differs significantly among wetland units. 

• Prediction 2b. Juvenile snail kite survival differs significantly among wetland units. 

• Prediction 2c. Nest success differs significantly among wetland units. 

• Prediction 2d. The average number of young fledged per successful nest (i.e., nest 
productivity) differs significantly among wetland units.  

 Hypothesis 3 

Using the demographic parameters from Hypothesis 2 as surrogate measures of fitness, we 

tested the following predictions that would provide evidence for Hypothesis 3:  

• Prediction 3a. Adult survival has decreased on Toho since the invasion of the exotic apple 
snail, and during the post-invasion era, adult survival is lower on Toho relative to other 
wetlands. 
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• Prediction 3b. Juvenile survival has decreased on Toho since the invasion of the exotic 
apple snail, and during the post-invasion era, juvenile survival is lower on Toho relative to 
other wetlands.  

• Prediction 3c. Nest success has decreased on Toho since the invasion of the exotic snail, 
and during the post-invasion era, nest success is lower on Toho relative to other wetlands. 

• Prediction 3d. The average number of young fledged per successful (i.e., nest productivity) 
nest has decreased on Toho since the invasion of the exotic apple snail, and during the post-
invasion era, nest productivity is lower on Toho relative to other wetlands. 

Results 

Hypothesis 1 

We found that snail kites do in fact preferentially select Toho (as measured by 

disproportionate use) over other available habitats (Chapter 3).  The average annual nesting 

effort on Toho has increased since the invasion of the exotic apple snail (Figure 3-2, 3-3), which 

validates Prediction 1a.  There is also an increasing trend in Toho’s relative contribution to the 

overall nesting effort of the entire kite population (Figure 3-5, 3-6), and Toho’s average 

contribution to the overall nesting effort is significantly greater during the post-invasion era 

when compared to the pre-invasion era (Figure 3-4, 3-7), validating Prediction 1b.  We found 

that during the post-invasion era, a significantly greater number of nests were initiated annually 

on Toho relative to all other individual wetlands except for WCA3A; however, the estimate for 

Toho (x= 42, 95% CI= 29–55) was higher than that for WCA3A (x= 31, 95% CI= 20–42), 

lending support to Prediction 1c.  Additionally, from 2005 to 2007, kites on Toho expanded their 

nesting efforts beyond the typical breeding season (i.e., March to June) (Bennetts & Kitchens 

1997; Martin et al. 2006b, 2007c).  Kites were actively nesting on Toho from early-March 

through early-November in 2005, from early-March through late-August in 2006, and from 

early-March through mid-October in 2007.  During these years, the vast majority of the nesting 

activity in other wetlands ceased in May or June, and the last documented nesting activity in any 
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of these other wetlands was in early-July, late-July, and early-June respectively, thus lending 

support to Prediction 1d.  Due to the effects of the managed drawdown on suitable snail kite 

nesting and foraging habitat, 2003 and 2004 were not considered, as the drawdown likely cut the 

breeding season short in 2003 and likely deterred nesting in 2004 (Chapter 1). 

Hypothesis 2 

Barring the occurrence of severe region wide-droughts, we found no supporting evidence 

in the literature that adult snail kite survival varies significantly over time or that it differs 

significantly among wetland units (Bennetts & Kitchens 1997; Bennetts et al. 1999; Martin et 

al.2007b); therefore, Prediction 2a was invalid.  On the other hand, the literature did support the 

supposition that juvenile survival varies among wetlands (Bennetts et al. 1999; Dreitz et al. 

2004), thus validating Prediction 2b.  We also found evidence in the literature that average nest 

success and average nest productivity vary among wetlands (Snyder et al. 1989; Bennetts & 

Kitchens 1997; Dreitz et al. 2001), which supports Predictions 2c and 2d. 

Hypothesis 3 

There is no evidence for decreased nesting success (Figure 3-8, 3-9) or nest productivity 

(Figure 3-10, 3-11) as a result of the exotic apple snail on Toho, and during the post-invasion era, 

nest success and nest productivity are not significantly lower on Toho relative to other wetlands 

(Figure 4-2, 4-3), thus discrediting Predictions 3c and 3d respectively.  There is also no evidence 

suggesting that the exotic apple snail negatively affects adult survival (Chapter 3), and adult kites 

foraging on native versus exotic snails maintain comparable energy balances (Figure 2-32).  

Additionally, adults on Toho during the post-invasion era acquire sufficient surplus energy to 

successfully provision and fledge young (Chapter 3).  Therefore, Prediction 3a is null.   

While conclusive evidence is lacking for the supposition that apparent survival of juveniles 

from Toho is lower in the post-invasion era relative to the pre-invasion era (Figure 3-13, 3-14, 3-
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15), there is indirect evidence based on foraging and energetics that suggests juvenile mortality 

on Toho during the post-invasion era should be high.  Daily gross energy gains are significantly 

lower for juveniles on Toho relative to juveniles on other wetlands that are foraging on native 

snails (Figure 2-31), and on average, juveniles on Toho do not maintain positive daily energy 

balances (Figure 2-32).  While our energetic analyses do not provide conclusive evidence for 

Prediction 3b, they do give rise to concern. 

Discussion 

There is sufficient support for Hypothesis 1 showing that during the post-invasion era, 

kites preferentially select (i.e., disproportionately use) Toho relative to the other available 

wetlands within their range (Figure 4-1).  However, we cannot say that this disproportionate use 

is directly attributable to the presence of the exotic snail on Toho because we did not test 

alternative hypotheses that may have led to the observed patterns of habitat use (e.g., drought or 

habit decline in other wetlands may have influenced kites to move to Toho) (Chapter 3).  

Regardless of the underlying factor(s) leading to the shift in habitat use, the annual contribution 

of Toho to the range-wide kite nesting effort is over 500% greater in the post-invasion era 

relative to the pre-invasion era, and nests on Toho during the post-invasion era account for over 

30% of the range-wide nesting effort (Chapter 3).  Given the number of nesting attempts and the 

number of young fledged on Toho relative to other wetlands (Figure 4-4, 4-5), variations in 

habitat quality on Toho could have tremendous influence the snail kite population.  

The extended breeding seasons observed on Toho from 2005-2007 may be more directly 

attributable to the exotic snail.  Although little is known about the life history strategy of the 

exotic apple snail (Ramakrishnan 2007, Youens & Burks 2007), the absence of an annual 

population-wide post-reproductive die-off in the exotic snail (Ramakrishnan 20007), such as that 
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observed in the native snail (Darby et al. 2008), likely allows kites on Toho to continue their 

nesting efforts through the late-summer and into the fall.  

Since kites disproportionately use Toho during the post-invasion era, we continued our 

tests for an ecological trap.  Hypothesis 2 is supported by numerous studies showing that nest 

success, nest productivity, and, most applicably, juvenile survival vary among wetlands.  And, 

although tentative, there is some support for Hypothesis 3.  If the effects of the exotic apple snail 

had significant negative impacts on adult and juvenile foraging success, then Predictions 3a 

through 3d may have been true.  However, the foraging success of adults and juveniles is 

differentially affected, and only juveniles suffer severe energetic repercussions (Chapter 2). 

Therefore, the only support for Hypothesis 3 comes from Prediction 3d, but direct evidence of 

suppressed juvenile survival is lacking (Chapter 3).  While estimates of juvenile survival are 

lower for the post-invasion era than the pre-invasion era, they are not significantly different 

(Figure 3-13, 3-15).  Nonetheless, the discrepancies in DEE (Figure 2-32) suggest that Prediction 

3d may be true, especially given that our estimates of juvenile survival were derived from 

relatively small sample sizes.   

Adult fertility (and implicitly, recruitment via juvenile survival) is the most influential 

factor limiting growth in the snail kite population.  Given that the appropriate criteria for 

Hypothesis 1 and Hypothesis 2 were met, the validation of Prediction 3d would corroborate the 

hypothesis that Toho is functioning as an ecological trap for snail kites.  But our findings do not 

provide unequivocal evidence, and with the data presently available, we cannot say whether or 

not Toho is functioning as an ecologic trap.  Continuance of the snail kite population monitoring 

protocols coupled with specific radio-telemetry studies of juveniles on Toho should soon provide 
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us with the data necessary to reassess these critical questions and to arrive at more definitive 

answers (see “Discussion” in Chapter 2 and Chapter 3).  

While our current findings should give rise to serious concerns, we believe the drastic 

management actions that would be necessary to resolve the problems on Toho (if it is an 

ecological trap) warrant more conclusive evidence.  Even if future studies suggest that the exotic 

apple snail does not negatively affect juvenile survival, we are in no way advocating that the 

exotic snail should be allowed to persist in or spread throughout the wetlands of central and 

southern Florida for the sole benefit of the snail kite.  In fact, quite the opposite is true.  

Notwithstanding the fact that the exotic snail may have unknown deleterious affects on 

innumerable species and ecosystem functions, allowing the exotic snail to persist/spread may 

jeopardize snail kites in ways not dealt with in this study.  Therefore, we support the eradication 

of the exotic snail but underscore the importance of carefully assessing all eradication methods, 

as negative effects on wetland habitats and native snails must be minimized.  Anecdotal evidence 

suggests that kites are foraging on exotic apple snails (and possibly even attempting to breed) 

along canals and irrigation ditches that are disconnected from the major wetlands comprising 

their historical range.  Are kites attracted to these unconventional areas by the exotic snail?  We 

do not know, but evidence suggests that traveling through the matrix of unsuitable foraging 

habitat, which intersperses wetland fragments, may lead to increased mortality in snail kites 

(Bennetts & Kitchens 1997, 2000; Martin 2007).  Therefore, the exotic snail may have indirect 

negative affects on the kite population even if kites can sustain themselves by feeding on the 

exotic snail.  It is also possible that kites are being driven into peripheral habitats out of 

necessity.  Furthermore, we strongly advocate ecosystem and water management strategies that 

take into account the life history strategy of the native apple snail, as such strategies will likely 
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provide the greatest benefits for the snail kite population.  Maintenance and monitoring of 

suitable native snail populations within wetlands utilized by the kite are necessary to sustain the 

snail kite population in Florida (USFWS 1999; RECOVER 2005) and will likely help buffer 

against any negative influences imposed by the exotic snail. 
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Figure 4-1. Average number of nests initiated annually on nine wetlands during the post-invasion 
era. Error bars represent 95% CIs. 
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Figure 4-2. Annual nest success on nine wetlands during the post-invasion era. Error bars 
represent 95% CIs. 
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Figure 4-3. Annual nest productivity on nine wetlands during the post-invasion era. Error bars 
represent 95% CIs.  
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Figure 4-4. Total number of nests initiated annually on nine wetlands during the post-invasion 

era. 
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Figure 4-5. Total number of young fledged per year (uncorrected counts) on nine wetlands 
during the post-invasion era. 
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APPENDIX 
 DERIVATION OF DAILY ENERGY EXPENDITURE 

The following series of equations comes from Koplin et al. (1980): 
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