
 
 

THE EFFECTS OF WATER DEPTH AND VEGETATION ON WADING BIRD 

FORAGING HABITAT SELECTION AND FORAGING SUCCESS IN THE 

EVERGLADES 

by 

Samantha Lantz 

 

A Thesis Submitted to the Faculty of 

The Charles E. Schmidt College of Science 

in Partial Fulfillment of the Requirement for the Degree of 

Master of Science 

 

 

Florida Atlantic University 

Boca Raton, Florida 

August 2008 





  iii 
 

ACKNOWLEDGEMENTS 

 
 
I would like to acknowledge the South Florida Water Management District and Florida 

Atlantic University for the funding and resources necessary to complete this research 

project.  I would also like to acknowledge the National Fish and Wildlife Foundation, 

The Walt Disney Company, and the U.S. Fish and Wildlife Service for additional 

funding.  My thanks go to Mark Cook for facilitating this research grant and for 

providing valuable feedback.  The Arthur R. Marshall Loxahatchee National Wildlife 

Refuge provided access to the LILA research facility, and I especially thank Eric Cline 

and Ryan Desliu for field and study support at LILA.  I also thank Paul Shafland and 

Murray Stanford at the FWC Non-native Fish Research Center for allowing me access to 

their facility to seine for mosquitofish. Kerry Mesner, FWC Stock Enhancement 

Research Facility, provided valuable advice regarding tagging methods of small fishes 

which was very useful in the implementation of this study.  I extend my appreciation 

towards the field technicians who contributed to this project, Juliet Lamb and Angela 

Sjollema, as well as the numerous technicians and volunteers who assisted with various 

aspects of the project including Kristin Simpson, Tia Anderson, and Meghan Weaver.  

Rachael Pierce conducted the initial experimental field work at LILA and her research 

was fundamental to the design and success of this study.  Special thanks go to Garth 



  iv 
 

Herring for his assistance in areas ranging from experimental design to editing to advice 

in the field.  I would also like to thank the rest of the Gawlik lab: Tyler Beck, James 

Beerens, Phil Heidemann, Heidi Herring, Damion Marx, Rebecca Stanek, and especially 

our lab coordinator Bryan Botson.  I would like to thank my advisor, Dr. Dale Gawlik, 

for keeping me on in the lab as I transitioned from a technician to a student.  Dale has 

been an enormous support over the course of this study and his determination and 

unfailing optimism have pushed me to make this study a success.  I also recognize Dr. 

Nathan Dorn and Dr. John Baldwin for serving on my committee and for their 

suggestions and feedback on this research.  Finally, I would like to thank my parents, Bob 

and Katy Lantz, for their support and encouragement throughout the course of this study. 



v 
 

 
ABSTRACT 

Author:   Samantha Lantz 

Title:    The Effects of Water Depth and Vegetation on Wading Bird  
  Foraging Habitat Selection and Foraging Success in the Everglades 

Institution:   Florida Atlantic University 

Thesis Advisor:  Dr. Dale Gawlik 

Degree:   Master of Science 

Year:    2008 

Successful foraging by avian predators is influenced largely by prey availability.  In a 

large-scale experiment at the Loxahatchee Impoundment Landscape Assessment project 

within the Arthur R. Marshall Loxahatchee National Wildlife Refuge, I manipulated two 

components of prey availability, water depth and vegetation density (submerged aquatic 

vegetation and emergent vegetation), and quantified the response by wading birds in 

terms of foraging habitat selection and foraging success.  Manly’s standardized selection 

index showed that birds preferred shallow water and intermediate vegetation densities.  

However, the treatments had little effect on either individual capture rate or efficiency.  

This was a consistent pattern seen across multiple experiments.  Birds selected for certain 

habitat features but accrued little benefit in terms of foraging success.  I hypothesize that 

birds selected sites with shallow water and intermediate vegetation densities because they 

anticipated higher prey densities, but they did not experience it here because I controlled 

for prey density.   
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CHAPTER 1 

OVERVIEW 
 

 
Decreases in prey availability have been shown to have detrimental effects on 

wading bird populations in a number of wetlands worldwide (Butler 1994, Hafner 1997). 

However, there is little research on the specific aspects and mechanisms by which prey 

availability may affect wading bird populations. Prey availability to wading birds consists 

of both prey density (numbers of prey) and prey vulnerability (accessibility of prey to 

foraging birds). Although prey density is often used as a surrogate for prey availability, 

there are many factors that may affect the vulnerability of prey including aspects of the 

predator, the prey, and the environment. The actual numbers of prey in an environment 

may not be as important to potential foragers as the availability of this prey (Wiens 1984, 

Gawlik 2002). 

The Florida Everglades is an ideal ecosystem in which to study the factors 

affecting prey availability and foraging success of avian predators.  The Everglades is a 

large subtropical fluctuating wetland, with annual wet and dry seasons (Kushlan 1989). 

Wading birds time their nesting to coincide with the dry season, during which prolonged 

patterns of receding water levels serve to concentrate prey in isolated patches (Kahl 1964, 

Kushlan 1980, Loftus and Eklund 1994). Because wading bird nesting is shown to be 

influenced by habitat quality, wading birds are useful as biological indicators of 
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ecosystem health (Powell and Powell 1986). Other factors, including feeding habits, 

colonial nesting, conspicuous plumage, ease of quantification, and availability of historic 

records of reproductive success, also support the use of these birds as biological 

indicators (Custer and Osborn 1977, Powell and Powell 1986, Frederick and Spalding 

1994). Major declines in nesting populations of wading birds have often been cited as an 

indication of the decline in the health of the Everglades ecosystem (Frederick and 

Spalding 1994, Bancroft 1989, Ogden 1994). Conservative estimates indicate that the 

total numbers of wading bird nesting attempts across the system have decreased by 78% 

since the 1940s (Crozier and Gawlik 2003a). 

Prey availability is thought to be a major factor regulating wading bird 

populations in the Everglades (prey availability hypothesis; Gawlik 2002). Gawlik (2002) 

proposed a conceptual model (Fig. 1-1) with a list of potential factors affecting prey 

availability, suggesting that factors affecting prey concentration and vulnerability may be 

more significant to wading bird foraging than actual numbers of prey. It is known that 

wading bird population dynamics are associated with hydrologic patterns, vegetative 

communities, and fish populations; however, these relationships do not appear to be 

linear. Although wading birds rely on high quality foraging patches in order to 

successfully fledge young, annual numbers of nesting wading birds do not correspond 

directly to fish population sizes. While fish populations are lowest following droughts 

(Loftus and Eklund 1994, Trexler et al. 2002), these conditions often tend to support the 

highest wading bird populations (Frederick and Ogden 2001).  The specific pathways 

linking prey populations following droughts and wading bird dynamics are poorly 

understood. 
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Kushlan (1976a) showed that the seasonal fluctuation of water level is the most 

critical environmental factor affecting the fish community in the Everglades. Therefore, 

changes to the hydrology of the Everglades may affect wading birds by altering prey 

availability. The decline in wading bird nesting appears to be in response to major 

changes in hydrology (Kushlan et al. 1975, Ogden 1994), although it is unclear which 

pathways or processes have mediated this change. Man-made hydrologic changes, 

including construction of canals and levees in combination with draining, have drastically 

altered the natural water flow across the Everglades (Light and Dineen 1994). Hydrologic 

changes include changes in hydroperiod, water flow, water recession, and water depth. 

Changes to hydrology in the Everglades also affect other habitat features such as 

vegetation.  

A key objective of the Everglades restoration is to re-establish a more natural 

hydrologic regime.  Because both routine wetland management and large scale ecological 

restoration projects often focus on hydrologic manipulations, understanding how upper 

trophic level animals such as wading birds respond to these hydrologic changes can help 

to create targets and to measure the management efficacy or progress of the restoration 

(Gawlik 2006).  In addition to documenting wading bird nesting and population trends, 

current monitoring efforts in the Everglades track wading bird prey densities throughout 

the breeding season (RECOVER 2004).  Identifying which habitat features affect the 

vulnerability of this prey to capture is fundamental in understanding prey availability and 

the affects of hydrology and vegetation on wading bird foraging. 

 Hydroperiod (the mean number of days per year that an area is inundated with 

water) is shown to be a main determinant in vegetative community composition and 
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structure (Kushlan 1989, Gunderson 1994). Shortened hydroperiods in many areas of the 

Everglades correspond to an increase in dense stands of sawgrass (Cladium jamaicense), 

while lengthened hydroperiods correspond to an increase in open water habitat (Davis et 

al. 1994). These changes could potentially affect the foraging habitat of wading birds. 

Thus from a management standpoint, hydrology and vegetation are closely linked and 

changing water depths or flow will undoubtedly cause changes to vegetative 

communities.  

Hydroperiod also plays an important role in shaping fish communities in the 

Everglades.  Long hydroperiod areas dry down later in the season, or may remain wet 

throughout the entire year, thus fish may be unavailable to all but the largest waders. 

Piscivore density is also higher in long hydroperiod sites, and tends to increase over time 

the longer that an area is inundated with water (Trexler et al. 2005).  This in turn may 

lower the availability of small omnivorous fish, which are an important component in the 

wading bird diet.  Although densities of small fishes may be lower in short hydroperiod 

areas (Trexler et al. 2002), these fish may become consistently available to birds during 

the dry season recession.  

Wading birds rely on a progressive dry-down during the breeding season, which 

concentrates prey into isolated patches of water.  Studies have shown that initiation of 

Wood Stork nesting and nest success is dependent upon concentrations of prey in ponds 

and other foraging habitat during the dry season (Kushlan et al. 1975). Again 

underscoring the importance of hydrology to wading birds, Kushlan (1976b) showed that 

White Ibis (Eudocimus albus) respond to changing water conditions by shifting their 

nesting colonies and foraging sites. 
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Water depth is an environmental cue that, in addition to concentration of prey, 

may indicate vulnerability of prey to capture. Water depth in the Everglades can change 

rapidly, and is important in determining when and where wading birds forage (Bancroft 

et al. 2002). Major rainfall events, leading to reversal of dry-season water recession in the 

Everglades, have been shown to be a major cause of nest abandonment, presumably 

because of limitations to prey availability and foraging (Frederick and Collopy 1989). 

This correlation between rain events, reproduction, and prey availability, has also been 

demonstrated in other ecosystems (Bildstein et. al. 1990).  

Most ciconiiformes forage by wading, and are therefore constrained 

morphologically by their leg length when choosing where to forage (Kushlan 1976c, 

Powell 1987). Long-legged wading birds (Great Egret Ardea alba, Great Blue Heron A. 

herodias, Wood Stork Mycteria americana) are able to forage in deeper water than those 

with shorter legs (Little Blue Heron Egretta caerulea, Glossy Ibis Plegadis falcinellus, 

Snowy Egret E. thula, Tricolored Heron E. tricolor, White Ibis).  Birds that forage by 

probing (i.e. White Ibis and Glossy Ibis) may be further constrained by bill length when 

probing in vegetation or sediment. Bancroft et al. (2002) suggested that, in addition to 

constraints due to physical features, foraging birds are limited by species-specific 

constraints. For example, Wood Stork foraging success declines at intermediate water 

levels, whereas Great Blue Heron success does not decline until water levels are 

considerably deeper, despite the longer legs of the Wood Stork (Bancroft et al. 2002). 

This difference may indicate that Wood Storks require higher concentrations of prey or 

larger fish in order to forage successfully, which may be more likely to occur in 

shallower water (Kahl 1964, Kushlan et al. 1975). There could also be some aspect of 
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shallow water that makes prey more vulnerable to Wood Storks, thus increasing their 

foraging success (Gawlik 2002). 

Vegetation structure is another factor known to influence wading bird foraging 

site selection (Bancroft et al. 2002, Safran et al. 2000). Here, vegetation density is 

associated with structural complexity, thus areas of more dense vegetation are assumed to 

be more structurally complex. Patterns in vegetation create a noticeable framework of 

spatial patchiness, which is known to influence the distribution of foragers (Wiens 1976). 

Studies on wading bird foraging in relation to emergent vegetation suggest that both type 

and density of vegetation may influence foraging site use (Bancroft et al. 2002, Hoffman 

et al. 1994, Stolen 2006). Little is known about the affects of submerged aquatic 

vegetation (SAV) on wading bird foraging.   

Dimalexis and Pyrovetsi (1997) showed that long legged waders (Grey Heron A. 

cinerea and Great Egret) preferred foraging in open water, presumably because lack of 

SAV allowed them to search for prey more effectively than in sites with vegetation. In a 

study on foraging patterns of Little Egrets (E. garzetta), Kersten et al. (1991) found that 

these birds tended to form dense foraging aggregations in areas of open water during 

early morning hours. These foraging aggregations occurred in areas surrounded by dense 

vegetation, where overnight respiration by vegetation had severely depleted the water of 

oxygen. Aquatic surface respiration of fish in these areas, in response to hypoxic 

conditions, increased levels of predation by wading birds. This response diminished 

throughout the morning as oxygen content in the water was replenished. Studies have 

shown that mosquitofish begin to perform aquatic surface respiration when oxygen 

concentration levels drop below 3 mg/L (Cech et al. 1985). Mosquitofish and other 
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topwater species have also been shown to be physiologically adapted to perform aquatic 

surface respiration (Lewis 1970, Killgore and Hoover 2001). Laboratory experiments 

using Green Herons (Butorides virescens) and guppies have shown that fish using aquatic 

surface respiration are at a greater risk of predation (Kramer et al. 1983).   

In a study on foraging site selection of Snail Kites (Rostrhamus sociabilis), 

Bennetts et al. (2006) showed that vegetation structure had a greater influence on patch 

selection than snail density, suggesting that the birds were using vegetation cues as 

signals of habitat quality. However, there is little known about the effects of structural 

complexity to avian predators. Evidence shows that increased structural complexity may 

limit the foraging success of fish predators despite higher prey densities (Stoner 1982, 

Anderson 1984, Diehl 1988, Valley and Bremigan 2002). In a study using tethered 

mummichogs in plots with and without SAV, Rozas and Odum (1988) found that relative 

predation pressure is significantly less in SAV. Anderson (1984) found that bass spent an 

increased amount of time searching for and handling prey in areas with synthetic 

submerged macrophytes, and had lower encounter rates. Structural complexity may have 

an effect on the swimming speed of fish predators (Anderson 1984, Winfield 1986), or 

create visual obstructions that inhibit foraging (Stoner 1982). Prey dynamics based on 

structural complexity may also influence foraging efficiency or success. In an 

experimental study, Savino and Stein (1982) showed that prey changed their behavior 

from schooling to dispersal with increasing structure, thus affecting their availability. In 

the presence of predators, mayflies (Baetidae sp.) were more likely to move down or 

under substrate of gravel or leaves, thus lowering their risk of attack (through 

“microhabitat depression”) and therefore their availability to prey (Charnov 1976).  
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Many studies of wading bird foraging investigate the effects of water depth or 

vegetation on wading bird foraging site selection (Smith et al. 1995, Strong et al 1997, 

Arengo and Baldassarre 1999, Ntiamoa-Baidu et al. 1999, Maccarone and Brzorad 2005) 

or foraging success (Kent 1987, Maccarone and Brzorad 2002) but often fail to provide a 

linkage between these foraging parameters and prey density.  Evaluating foraging habitat 

selection and foraging success of wading birds in a system with controlled prey density is 

a powerful tool in understanding how hydrologic changes as part of the Everglades 

restoration will affect wading bird prey availability.  In the course of this project, I 

conducted a large-scale experiment as part of the Loxahatchee Impoundment Landscape 

Assessment (LILA) project at the Arthur R. Marshall Loxahatchee National Wildlife 

Refuge.  LILA is a unique research facility designed to replicate large-scale experiments 

while controlling water depth and flow, thus allowing for controlled experiments in a 

system that mimics the Everglades.  In the experiment, I varied water depth (two levels) 

and vegetation density (three levels) while controlling other factors that may affect prey 

availability, such as prey density. This approach was used in order to determine the 

specific effects that water depth and vegetation density may have on wading bird prey 

availability, which I measured quantitatively through foraging habitat selection and 

foraging success. A conceptual model demonstrates the pathways through which these 

habitat features may affect prey availability (Fig. 1-2). In 2007 I used bladderwort 

(Utricularia sp.), a type of SAV, and in 2008 I focused on emergent vegetation, using 

spike rush (Eleocharis sp.).  The experiment is explained in detail in the following 

chapters: Chapter 2 focuses on the effects of water depth and submerged aquatic 

vegetation on prey availability to foraging wading birds, while the effects of water depth 
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and emergent vegetation are discussed in Chapter 3. Chapter 4 summarizes the work done 

in this study and discusses conservation and management implications. 
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Figure 1-1. Conceptual model demonstrating the potential factors contributing to high-
quality wading bird foraging patches (Gawlik 2002).  
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Figure 1-2. Conceptual model depicting the pathways through which vegetation and 
water depth may affect prey availability. 
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CHAPTER 2 

THE EFFECTS OF WATER DEPTH AND SUBMERGED AQUATIC VEGETATION 
ON FORAGING HABITAT SELECTION AND FORAGING SUCCESS OF WADING 
BIRDS 

Introduction 

Food availability has been shown to be a major factor limiting the success of 

avian populations (Skutch 1949, Lack 1954, 1966).  Food availability is dependent not 

only  upon food density, but also the accesibility of this food.  For organisms that forage 

by capturing mobile prey, the potential of prey escape becomes an additional factor that 

emphasizes the importance of prey vulnerability.  Prey availability is thus a composite 

variable consisting of both prey density and the vulnerability of that prey to capture, the 

latter which can be affected by a number of different characteristics of the predator, prey, 

and environment (Wiens 1984, Sutherland 1996, Gawlik 2002).   

For foraging birds, both prey vulnerability and prey density are of great 

importance.  Characteristics of avian predators which are known to influence prey 

vulnerability include bill length of shorebirds, which can constrain avian predators 

feeding on prey burrowed in the mud (Zwarts and Wanink 1984), and leg length of 

wading birds (Ciconiiformes), which can determine maximum water depths for foraging 

(Powell 1987).  Irrespective of density, prey that are burrowed past a threshold depth or 

beneath a water body of a certain depth may not be available to avian predators.  There 
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are a number of different environmental characteristics that can influence prey 

vulnerability.  Water depth has been shown to have a strong influence on wading bird 

foraging habitat selection (Smith et al. 1995, Strong et al 1997, Arengo and Baldassarre 

1999, Ntiamoa-Baidu et al. 1999, Gawlik 2002, Master et al. 2005, Gawlik and Crozier 

2007).  Master et al. (2005) observed that Snowy Egrets (Egretta thula) showed a 

preference for shallow rather than deep pools in tidally influenced salt marsh.  Because 

water depth was not related to prey density in this study, they suggested that Snowy 

Egrets may have selected the shallower pools because of greater access to prey (i.e., 

vulnerability to capture).  

Vegetation is another component of the environment that has great potential to 

influence the vulnerability of prey to capture.  However, little information exists 

regarding the effects of submerged aquatic vegetation (SAV) on wading birds, probably 

because this vegetation type is difficult to assess with aerial surveys, which has been the 

sampling method in many previous studies (e.g., Hoffman et al. 1994, Smith et al. 1995, 

Bancroft et al. 2002).  Vegetation adds structural complexity to the water column, which 

is known to increase the prey use of these areas in the presence of predators (Werner et 

al. 1983).  In areas of structural complexity, prey may alter their behavior to lower their 

risk of attack, for example by moving behind substrates such as SAV (Charnov et al. 

1976).  

In seasonally fluctuating wetlands such as the Florida Everglades, water depth is 

constantly changing across the landscape, thus necessitating wading birds to continually 

reassess potential foraging sites in order to select high quality foraging patches.   Studies 

have shown that prey availability is important in determining foraging habitat selection 
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by wading birds (Ntiamoa-Baidu et al. 1999, Laubhan and Gammonley 2000, Safran et. 

al. 2000, Gawlik 2002).  Although the specifics of patch selection are unclear, it is 

thought that wading birds utilize environmental and social cues that could indicate prey 

availability, in addition to visual cues indicating the presence of fish (Kushlan 1976a, 

Master et al. 1992, 2005, Gawlik and Crozier 2007).  In order to nest successfully, 

wading birds must locate these areas of high prey availability (Powell and Powell 1986, 

Frederick and Spalding 1994).  The idea that prey availability limits wading bird 

population sizes is termed the “prey availability hypothesis” (Gawlik 2002).  Decreased 

prey availability is thought to constrain avian populations in the Florida Everglades 

(Gawlik 2002) as well as other wetlands around the world (Butler 1994, Hafner 1997).  

Understanding the mechanisms by which habitat features like water depth and 

vegetation structure affect the availability of prey, and ultimately the quality of feeding 

sites for wading birds, is a precursor for predicting how future habitat changes will affect 

wading bird populations.  Currently there are no models of how structural complexity 

may reduce prey vulnerability to avian predation or how vegetation density may affect 

wading bird foraging success.  My objectives in this study were to experimentally test the 

affects of water depth and SAV density on prey availability to foraging wading birds, 

measured quantitatively through foraging habitat selection and foraging success. 
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Methods 

 

Study area 

I conducted one experiment each in January and April 2007 at the Loxahatchee 

Impoundment Landscape Assessment (LILA) project in the Arthur R. Marshall 

Loxahatchee National Wildlife Refuge (hereafter Lox), Boynton Beach, Florida (see van 

der Valk et al. 2007).  LILA consists of four replicated 7-ha semi-natural wetland 

impoundments with a re-circulating water system that allows control over water depths.  

The impoundments (hereafter macrocosms) were designed to mimic the physical features 

of the Everglades, and consist of deep and shallow sloughs separated by shallower ridges 

(Fig. 2-1).  

 

Experimental design 

To quantify the effects of SAV and water depth on wading bird foraging habitat 

selection and foraging success, I conducted two replicates of an experiment.  Three 10 x 

10 m enclosures were constructed in both the deep and shallow sloughs of a macrocosm 

at LILA (Fig. 2-1).  The enclosure size was chosen because it was large enough to 

accommodate a flock of birds with their respective social behaviors, but small enough to 

control vegetation densities and prey communities.  Deep and shallow enclosures were 

separated by approximately 100 m, and enclosures within each slough were placed 15-20 

m apart.  Enclosures were constructed as a square floating curtain wall of 3-mm mesh 

size black knotless nylon material.  A weighted line was sewed around the bottom of the 
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curtain and pushed into the sediment.  Buoyant strips of closed cell foam were affixed to 

the top of the curtain to create a continuous floating barrier to fish.  Floats protruded 

approximately 1 cm out of the water so as to be inconspicuous to foraging birds. 

Two water depth treatments were used to evaluate effects on wading bird 

foraging; 10 cm in the shallow slough and 25 cm in the deep slough (shallow and deep 

respectively).  Depths were chosen based on maximum foraging depths of target wading 

bird species.  The shallow treatment was below maximum foraging depth limits of all 

species, while the deeper treatment was only available to long-legged waders: Great 

Egret (Ardea alba), Great Blue Heron (A. herodias), and Wood Stork (Mycteria 

americana; Powell 1987, Gawlik 2002).   

Vegetation treatments created varying structural complexity among enclosures, 

ranging from no vegetation to high densities of vegetation.  To ensure that enclosures 

were cleared of initial vegetation, the enclosure walls were gathered in the center of the 

study plot and then expanded outward, and any remaining vegetation was removed by 

hand.  I collected SAV from nearby marshes within Lox, and stocked each enclosure with 

either 0 L/m2, 2 L/m2, or 5 L/m2 of bladderwort (Utricularia sp.; none, light, and heavy 

densities respectively).  I chose this species because it is native to the Florida Everglades 

and is characteristic of slough communities (Loveless 1959, Gunderson 1994).  

I placed minnow traps in the enclosures two days prior to the experiment to clear 

out any existing prey.  Enclosures were then stocked with 20/m2 eastern mosquitofish 

(Gambusia holbrooki), a native Everglades species.  I chose the eastern mosquitofish 

because they are one of the most common fish in the Everglades (Jenni 1969, Trexler et 

al. 2002) and are common in the diet of many wading birds in the Everglades (Smith 
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1997).  Fish were purchased from a commercial fish farm, or caught locally using a 

combination of seining and minnow trapping.  Average fish size was 2.56 ± 0.42 cm 

standard length.    

Every morning of the experiment, white plastic wading bird decoys were placed 

in each enclosure (Crozier and Gawlik 2003b).  These decoys served to initially attract 

wading birds to the macrocosms to forage.  It is known that sociality is an important 

influence in selection of foraging habitat (Caldwell 1981, Master 1992, Master 1993, 

Gawlik and Crozier 2007).  Krebs (1974) showed that decoys are an effective method of 

attracting wading birds to a specific area.  In the January replicate, I placed two White 

Ibis (Eudocimus albus) decoys in each enclosure.    I increased the number of decoys 

during the second replicate to attract wading birds to the LILA impoundments when 

foraging conditions were excellent in surrounding areas and wading birds were less 

attracted to small decoy flocks.  Thus during the April replicate I placed five White Ibis 

decoys and two Great Egret decoys within each of the enclosures.  I removed decoys at 

the completion of observations each day. 

Observations were conducted by vehicle from a nearby levee, or by individuals 

sitting on the levee.  The presence of an observer on the levee did not appear to change 

bird behavior.  Days were assumed to be independent because enclosures were placed 

close enough to be viewed simultaneously from the air by flying wading birds, thus 

allowing birds to reassess the macrocosm each morning (January n=7 days, April n=5 

days; Gawlik 2002, Master et al. 2005).   

To restock the enclosures daily, ensuring constant densities throughout the 

experiment, I used mark-recapture methods to estimate the fish density in the enclosures.  
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I marked fish using visible implant elastomer (VIE; Northwest Marine Technology, Shaw 

Island, WA).  This marking technique has been used successfully in fish as small as 8 

mm (Frederick 1997).  Six different colors of VIE (red, orange, yellow, green, blue, and 

pink) were used to mark fish in batches.  Prior to marking, I anesthetized fish using 50 

ppm of tricaine methanesulfonate (MS-222). I marked the fish by injection with a small 

line of elastic polymer using 28 gauge insulin needles. Marking location was above the 

lateral line and anterior to the caudal peduncle.  By injecting the polymer into the fish as 

the needle was pulled out, I created a lateral mark 1-2 mm long that terminated while the 

needle was still under the skin.  VIE polymer is made of surgical quality plastic, with 

non-toxic dyes that were not expected to impact the health of the wading birds ingesting 

the tagged fish (NMT Biological Support, pers. com.).  

At the end of each day of observations, I placed bird netting over the enclosures to 

create a closed population of fish within the enclosure.  A sub sample of marked fish (200 

fish, 10% of the initial stock) was released into each enclosure and allowed to disperse 

for at least two hours.  I then recaptured fish using minnow traps baited with pellet fish 

food, which were allowed to soak for a minimum of six hours.  Lincoln-Peterson 

population estimates (Williams et al. 2002) were used to assess the populations, and 

additional fish were added to return to original stocking densities.   

 

Data Analysis 

Foraging habitat selection 

I quantified wading bird foraging habitat selection in the field by identifying and 

counting the number of foraging wading birds in each enclosure and comparing use to 
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availability.  The numbers and arrival times of all birds foraging in the enclosures was 

recorded, as well as departure times and movements between enclosures.  Observers 

recorded the number of wading birds in each enclosure every 15 minutes for the entire 

observation period, which began at dawn and lasted approximately three hours.  Because 

of the potential influence of sociality once birds began foraging within the enclosures, I 

scored enclosures as either used (1) or non-used (0) for each of these intervals.  These 

scores were averaged over the entire morning to give a snapshot of use of the enclosures 

every day.  Wading bird use of the enclosures was also compared to availability to 

determine foraging habitat selection using Manly’s standardized selection index (Manly 

et al. 2002).  I analyzed each replicate separately because the term for the sampling 

period proved to be significant in the foraging success model (see Results). 

Foraging success 

Observations of foraging birds were obtained by video-taping the enclosures.  

Foraging success was later quantified in the laboratory by analyzing videotapes of 

foraging birds and constructing time activity budgets.  Each individual bird was analyzed 

separately to determine capture rate and capture efficiency.    

Videos were analyzed using EthoLog 2.2, a tool for recording the events and 

timing of behavioral observation sessions (Ottoni 2000).  Foraging techniques were 

recorded as state events, and activities were recorded as instant events.  All techniques 

and activities not given key codes in EthoLog were keyed in as “other,” and these 

behaviors were subsequently described.  Foraging techniques were defined as stand-and-

wait, walking, probing, groping, or other, an umbrella term used to encompass the 

remainder of feeding strategies as described by Kushlan (1976b) and Kelly et al. (2003).  
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Foraging activity was measured by recording the number of successful and unsuccessful 

strikes. Capture rate was defined as the number of prey captured per minute and capture 

efficiency was defined as the number of prey captured divided by the total number of 

attempts (#successful strikes/# total strikes).  Both capture rate and capture efficiency 

were calculated for all species pooled together and all species individually based on the 

treatment variables, although it was not possible to calculate capture efficiencies for 

probing or groping species [i.e. White Ibis, Glossy Ibis (Plegadis falcinellus), Wood 

Stork].  

Data were tested for normality prior to analyses.  I used a square root 

transformation of capture rate based on the slopes of the linear regression of ln variance 

vs. ln mean (Box et al. 1978).  No transformation was necessary for capture efficiency.  

All data were analyzed using a three-way analysis of variance (ANOVA) with sampling 

period, water depth, and SAV density as treatment variables (PROC GLM, SAS version 

9.1).  Interaction terms were not significant and were dropped from the final model.  I 

analyzed capture rate data for each of the six most abundant species of wading birds, and 

capture efficiency data for each of the four most abundant species.  Only time-activity 

budgets in which the bird actively foraged for over 1 min were used in the analysis.  

Because of high individual variation in wading bird foraging success (see Results), I ran 

the analysis using foraging duration cut-off times of 2, 3, and 5 min.  Only results from 

the 1 min cut-off are reported because results were consistent across all analyses.  
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Results 
 

Foraging habitat selection  

Great Blue Herons, Great Egrets, Glossy Ibises (Plegadis falcinellus), Little Blue 

Herons (E. caerulea), Snowy Egrets, Tricolored Herons (E. tricolor), White Ibises, and 

Wood Storks, were all observed foraging within the experimental enclosures.  Wading 

bird use at any given time ranged from 0-31 birds per enclosure and from 0-78 birds 

summed throughout the enclosures.  

Manly’s standardized selection index showed that wading birds preferred the 

shallow water depth treatment in both replicates (Table 2-1).  This trend was exaggerated 

as the season progressed; in January birds used all treatment combinations, selecting 

shallow treatments over deep treatments (Bshallow = 0.581, Bdeep = 0.419), while in April 

wading bird habitat selection was limited to shallow treatment enclosures (Bshallow = 1.0, 

Bdeep = 0.0).  Selection across vegetation treatments varied somewhat between the two 

replicates, although overall birds showed a preference for vegetated foraging sites.  In the 

first replicate, birds selected the heavy-shallow treatment (Table 2-1a), while in the 

second replicate, birds showed the highest selection for the light-shallow treatment (Table 

2-1b).  
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Foraging success 

I collected 618 time activity budgets totaling 3,504 min. Foraging durations 

ranged from 1-18 min (n = 576; mean ± SE, 6.07 ± 4.32 min).  Capture rate varied 

significantly based on the sampling period (P < 0.001), with most species having higher 

capture rates in the second sampling period (Tables 2-2 and 2-3).  Neither water depth 

nor SAV density had a significant effect on capture rates for all species pooled (P = 0.968 

and P = 0.088 respectively; Table 2-2).  Great Egrets had a significantly higher capture 

rate in the deep water (P = 0.014; Table 2-2).  However, the capture rate for other species 

was not affected based on water depth or SAV (Table 2-2).  

Capture efficiency did not vary significantly based on the sampling period 

(P=0.472, Table 2-4).  SAV density did not have a significant effect on capture efficiency 

(P = 0.259), although water depth was significant (P = 0.038; Table 2-4).  The capture 

efficiency of Great Egrets was higher in the deep water treatment than the shallow; this 

difference was approaching significance and likely explains the overall significance of 

water depth on capture efficiency (P = 0.054; Table 2-3). The capture efficiency of other 

species was not affected.  

 

Discussion 
 

This experiment indicated that water depth and SAV density are important 

environmental cues in determining foraging habitat selection by wading birds.  The 

preference for shallow water habitat in this experiment is consistent with other studies 
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that have examined the relationship between wading bird foraging and water depth 

(Kushlan 1976a, Frederick and Collopy 1989, Dimalexis and Pyrovetsi 1997, Strong et al 

1997, Bancroft et al. 2002, Gawlik 2002).  Wading birds rely on a progressive dry-down 

during the breeding season, which concentrates prey into isolated pools of water 

(Kushlan et al. 1975, Kushlan 1976a).  Rapid dry-down was also associated with 

concentrations of prey in roadside canals, culverts, and ponds (Jenni 1969).   

The preference for vegetated habitat is contrary to some studies that show a 

tendency to forage in open water. Dimalexis and Pyrovetsi (1997) showed that long 

legged waders preferred foraging in open water, presumably because lack of SAV 

allowed them to search for prey more effectively.  Kersten et al. (1991) found that Little 

Egrets (Egretta garzetta) tended to form dense foraging aggregations in areas of open 

water during early morning hours, where overnight respiration by SAV had severely 

depleted the water of oxygen and forced fish to the surface of open areas to breathe.  

However, other studies provide evidence that birds may choose to forage in or near 

vegetated areas because of elevated prey densities.  Safran et al. (2000) showed that 

White-faced Ibis (Plegadis chihi) were more likely to forage in areas close to vegetation, 

which they presumed to be because of higher prey abundance.   

The shift in preference from the heavy density to the light density suggests that 

SAV density may be an environmental cue that varied seasonally between January and 

April.   It is thought that cold weather may affect both prey availability and prey behavior 

(Kushlan 1978, Frederick and Loftus 1993).  Some species of fish in the Everglades, 

including mosquitofish, are less active in colder weather (8-11° C air temperature) than in 

warmer weather (19-23° C, Frederick and Loftus 1993).  In an observational study, 
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significantly less fish were sighted within study plots on cold mornings than on warm 

mornings (Frederick and Loftus 1993), suggesting a behavioral change by the fish based 

on temperature which may also affect prey availability.  Fish were also more likely to 

hide in vegetation during times with cooler temperatures (Frederick and Loftus 1993).   

Additional research also suggests that prey densities within vegetation may vary 

seasonally (Stolen 2006).   Minimum daily temperatures during the January replicate of 

our study ranged from 8.6-18.4° C; average temperatures were 12.3-21.9° C (DBHYDRO 

database, http://www.sfwmd.gov/org/ema/dbhydro/, South Florida Water Management 

District, West Palm Beach, Florida). Therefore, during periods of cooler weather within 

the January replicate, behavior of the fish relating to temperature and vegetation may 

have affected foraging site selection of the birds.  Alternatively, seasonal variation in the 

foraging behavior and energetic demands of the birds may result in a shift of foraging 

habitat preferences.  The January replicate of the experiment coincided with the pre-

breeding season for these birds, while the April replicate fell during the breeding season, 

when most birds were provisioning chicks.  It is possible that the changing needs of these 

breeding birds could result in a change in foraging activity.  Campos and Lekuona (1997) 

and Matsunaga (2000) showed that herons varied their foraging strategies seasonally in 

relation to breeding stage.  Breeding birds were more likely to forage in shallow water 

(Campos and Lekuona 1997), similar to the increased selection for shallow water 

foraging sites found in this study.  Several studies have found foraging success to be 

highest during the breeding period (Kazantzidis and Goutner 1996, Matsunaga 2000) in 

agreement with this study.  
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The significant effect of water depth on capture efficiency was due mainly to the 

foraging success of the Great Egret.  For this species, both capture rate and capture 

efficiency were significantly affected by water depth, but not in the direction expected.  

Foraging success of the Great Egret was actually higher in the deep water treatment than 

in the shallow.  Other studies have supported our results that Great Egrets tend to forage 

in deeper water than other species.  Moreno et al. (2005) showed that Great Egrets 

foraging in a lagoon in Brazil most frequently chose a foraging depth of 25 cm.  Gawlik 

(2002) found that Great Egrets had a lower giving-up density than other species, and 

were more likely to exploit deeper water than other species.  Although Great Egrets were 

shown to preferentially forage in shallow water, this “exploiter” was more likely to 

forage in sub-optimal conditions compared to other “searcher” species (Gawlik 2002).  

The ability of the Great Egret to forage successfully in deeper water could also partially 

explain the growing population trend of this species over the past century despite marked 

declines in other wading bird populations (Crozier et al. 2000), which is often linked with 

the loss of optimal wetland foraging habitat (Ogden 1994, Hafner 1997).    

One of the more surprising findings of this study was that SAV did not 

significantly inhibit foraging success to avian predators. There is evidence showing that 

increased structural complexity limits the foraging success of predatory fish despite 

higher prey densities (Vince et al. 1976, Diehl 1988), possibly by inhibiting swimming 

speed of the predators (Anderson 1984, Winfield 1986) or creating visual obstructions 

that inhibit foraging (Stoner 1982).  Based on our findings that vegetated enclosures did 

not significantly impact the foraging success of wading birds, the particular aspects of 
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SAV that impair the foraging success of fish predators do not seem to have the same 

impact on predatory wading birds.   

A general finding of this project was that habitat features had a stronger effect on 

wading bird habitat selection than on foraging success.  This pattern may be more 

generalized for wading birds than previously thought.  Gawlik (2002) showed strong 

patterns of habitat selection by wading birds in response to water depth and prey density 

experiments but there was little change in foraging success (DEG, unpubl. data).  

Similarly, Moreno et al. (2005) did not find a relationship between water depth and 

foraging efficiency of Great Egrets and Snowy Egrets, and Kent (1987) found that the 

habitat in which herons experienced the highest capture efficiency was not always the 

habitat that was most frequently used. We offer four hypotheses that could explain this 

pattern for wading birds, wherein habitat features were more important in determining 

foraging habitat selection than foraging success.   

Selection for certain environmental features does not necessarily indicate the 

quality of the habitat, but rather the attractiveness of that habitat (ecological trap theory; 

Battin 2004).  Animals may misinterpret environmental cues, thus preferentially selecting 

a habitat that may be equal to or lower quality than other available patches. In this study, 

shallow water and foraging habitat with SAV were more attractive to wading birds than 

alternative sites.  However, these habitats did not provide additional energetic gain to the 

birds (measured by foraging success), therefore the selected treatments may not in fact 

indicate better quality foraging habitat.   

Next, Draulans (1987) found that the foraging success of Grey Herons (A. 

cinerea) followed a type 2 functional response, leveling off when prey densities reached a 
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threshold of 0.45 /m2 fish (Holling 1959).  While his study took place at a different scale, 

the threshold prey density found by Draulans (1987) was significantly lower than the 20 

/m2 fish used in this experiment.  It is possible that using a lower density of fish may have 

teased apart subtle differences in foraging success based on water depth and vegetation.  

An alternative hypothesis is that wading birds used environmental cues as an 

indication of patch quality, but, upon locating and choosing a patch, foraging success was 

highly variable due to intrinsic inter- and intra-specific differences (i.e. age of bird, 

relative satiation, metabolic state, physiological differences, etc.).  For example, other 

studies have shown that Snowy Egrets foraging in a variety of habitats and regions 

experienced highly variable mean capture efficiencies: 0.50 (Rodgers 1983), 0.42-0.60 

(Master et al. 1993), 0.07-0.47 (Kent 1987), and 0.43 (Kent 1986).  In this study, capture 

efficiency of the Snowy Egret ranged from 0-1, and capture rate ranged from 0-7 

fish/min.  This high variability indicates that additional factors may be influencing 

foraging success.   

The most probable hypothesis is that birds may have been attracted to habitat 

features such as shallow water and SAV because of anticipated elevated prey densities. It 

has been shown that aquatic prey concentrations are higher in vegetated areas than in 

non-vegetated areas (Dvorac and Best 1982, Diehl 1988, Rozas and Odum 1988, Stolen 

2006).  If wading birds cued in on the shallow water and SAV in the enclosures as an 

indication of higher prey density, then the standardized prey densities used in the 

experiment can explain why foraging success was not higher in the enclosures which 

were preferred for foraging.    
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The purpose of this study was to begin quantifying the linkages between 

hydrology, vegetation, and wading bird foraging.   Because both routine wetland 

management and large scale ecological restoration projects often concentrate on 

hydrologic manipulations with little understanding of the implications across the 

ecosystem, there is a need to understand the effects of hydrologic manipulation of 

wetlands systems on the response by upper trophic level animals (Gawlik 2006).  The 

chances of successfully restoring wetland ecosystems can be increased by incorporating 

wildlife species but only if there is a clear understanding of the linkage with the processes 

being restored.  The findings of this project suggest that changes in water and vegetation 

affect the attractiveness of foraging habitat to wading birds, but it is not yet clear how this 

may affect wading bird foraging and subsequent reproductive success. Declining habitat 

quality has been linked to declines in wading bird populations (Bancroft 1989, Frederick 

and Spalding 1994, Ogden 1994,  USFWS 1996) and habitat manipulations clearly 

produce strong patterns of habitat selection (Gawlik 2002, Master et al. 2005, Gawlik and 

Crozier 2007), which is thought to be adaptive (Smith and Dawkins 1971, Smith and 

Sweatman 1974).  However, if these habitat manipulations produce no benefit in terms of 

foraging success then more work is needed to understand how birds benefit from 

improved foraging habitat.  This will be a key precursor to using wading birds as 

indicators of ecological restoration or routine wetland management.
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Figure 2-1.  Loxahatchee Impoundment Landscape Assessment (LILA) project. 
Macrocosms are numbered 1-4, with enclosures outlined by squares in macrocosms 1 and 
4. For each macrocosm, the shallow slough is to the south of the deep slough, separated 
by the ridge.  
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Table 2-1. Manly's standardized selection index with 95% confidence limits for wading 
bird foraging habitat selection in relation to water depth and submerged aquatic 
vegetation density in a) January and b) April.  Wading bird use was compared to 
availability across 6 enclosures in LILA.  A selection index greater than the population 
proportion indicates selection, and less than indicates avoidance. 

            

a) 
 

Water SAV  Population  Selection   Confidence Limits 
Depth Density   Proportion  Index Lower Upper 

 

Shallow None 0.167 0.143 0.079 0.207 

Shallow Light 0.167 0.186 0.115 0.257 

Shallow Heavy 0.167 0.252 0.173 0.332 

Deep None 0.167 0.048 0.009 0.086 

Deep Light 0.167 0.176 0.107 0.246 

Deep Heavy 0.167 0.195 0.123 0.267 

            

b) 
 

Water SAV Population  Selection   Confidence Limits 
Depth Density Proportion  Index Lower Upper 

 
Shallow None 0.167 0.318 0.187 0.449 

Shallow Light 0.167 0.477 0.337 0.618 

Shallow Heavy 0.167 0.205 0.091 0.318 

Deep None 0.167 0 0 0 

Deep Light 0.167 0 0 0 

Deep Heavy 0.167 0 0 0 
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Table 2-2. Capture rates (CR, # cap/min) and capture efficiencies (CE, # successful strikes/# total strikes) in shallow water for the 
Little Blue Heron, Snowy Egret, Tricolored Heron, Glossy Ibis, and White Ibis, and in both shallow and deep water for the Great 
Egret, separated by sampling period (January and April). Results are presented as mean ± SE, with n indicating the number of birds.  
 

Species SAV CR ± SE n CE ± SE n CR ± SE n CE ± SE n
Great Egret None 0.29 ± 0.55 13 0.30 ± 0.36 12 0.73 ± 1.04 2 0.75 1

Light 0.19 ± 0.34 9 0.60 ± 0.55 5 0.75 ± 0.67 9 0.33 ± 0.13 9
Heavy 0.21 ± 0.31 13 0.38 ± 0.43 12 0.23 1 0.33 1

Great Egreta None 1.58 1 1 1 - -
Light 0.68±0.85 9 0.56±0.31 8 - -
Heavy 0.26±0.18 9 0.68±0.30 7 - -

Little Blue Heron None 0.06 ± 0.14 5 0.25 ± 0.25 3 1.23 ± 0.78 14 0.52 ± 0.22 14
Light 0.28± 0.23 12 0.57 ± 0.33 7 1.21 ± 0.77 17 0.51 ± 0.20 17
Heavy 0.58 ± 0.41 15 0.51 ± 0.36 16 1.60 ± 1.59 5 0.70 ± 0.26 4

Snowy Egret None 0.29± 0.34 10 0.26 ± 0.34 9 0.90 ± 0.79 42 0.23 ± 0.13 42
Light 0.53± 0.66 15 0.30 ± 0.31 14 1.17 ± 1.11 67 0.27 ± 0.16 66
Heavy 0.28 ± 0.33 10 0.14 ± 0.14 10 1.49 ± 1.36 15 0.30 ± 0.22 15

Tricolored Heron None 0.54 ± 0.70 6 0.39 ± 0.22 5 0.99 1 0.4 1
Light 0.23 ± 0.24 3 0.39 ± 0.54 3 0.88 1 0.5 1
Heavy 1.31 ± 0.22 2 0.49 ± 0.01 2 - 0 - 0

Glossy Ibis None 1.75 1 - 1.51 ± 0.49 4 -
Light - 0 - 1.51 ± 1.22 18 -
Heavy 1.11 ± 0.41 7 - 1.06 ± 0.92 12 -

White Ibis None 0.98± 1.13 19 - 1.78 ± 1.45 53 -
Light 0.79 ± 0.71 25 - 1.9 ± 1.44 44 -
Heavy 1.02 ± 0.85 27 - 2.24± 2.07 38 -

January April

aIndicates deep water results
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Table 2-3. Type II General Linear Model analysis of variance for capture rates of wading 
birds in relation to sampling period, water depth, and SAV density. 
     
Source df MS F P 
All species      

     Sampling period 1 28.571 104.610 <0.0001 

     Water depth 1 0.000 0.000 0.968 

     SAV density 2 0.668 2.450 0.088 

Glossy Ibis     

     Sampling period 1 0.030 0.170 0.684 

     Water depth 1 0.002 0.010 0.912 

     SAV density 2 0.155 0.870 0.426 

Great Egret     

     Sampling period 1 1.226 7.680 0.007 

     Water depth 1 1.023 6.410 0.014 

     SAV density 2 0.125 0.780 0.463 

Little Blue Heron     

     Sampling period 1 6.282 37.690 <.0001 

     Water depth 1 0.030 0.180 0.674 

     SAV density 2 0.366 2.200 0.119 

Snowy Egret     

     Sampling period 1 6.065 27.120 <.0001 

     Water depth 1 0.151 0.680 0.412 

     SAV density 2 0.498 2.230 0.111 

Tricolored Heron     

     Sampling period 1 0.389 2.140 0.178 

     Water depth 1 0.228 1.250 0.292 

     SAV density 2 0.366 2.020 0.189 

White Ibis     

     Sampling period 1 8.506 25.440 <.0001 

     Water depth 1 0.652 1.950 0.164 

     SAV density 2 0.081 0.240 0.786 
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Table 2-4. Type III General Linear Model analysis of variance for capture efficiencies of 
wading birds in relation to sampling period, water depth, and SAV density. 
     
Source df MS F P 
 
All species      

     Sampling period 1 0.040 0.520 0.472 

     Water depth 1 0.336 4.350 0.038 

     SAV density 2 0.105 1.360 0.259 

Great Egret     

     Sampling period 1 0.003 0.030 0.874 

     Water depth 1 0.509 3.890 0.054 

     SAV density 2 0.004 0.030 0.967 

Little Blue Heron     

     Sampling period 1 0.095 1.230 0.271 

     Water depth 1 0.267 3.450 0.068 

     SAV density 2 0.062 0.800 0.455 

Snowy Egret     

     Sampling period 1 0.015 0.400 0.530 

     Water depth 1 0.000 0.000 0.950 

     SAV density 2 0.023 0.600 0.550 

Tricolored Heron     

     Sampling period 1 0.000 0.000 0.958 

     Water depth 1 0.277 2.880 0.128 

     SAV density 2 0.029 0.300 0.750 
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CHAPTER 3 

THE EFFECTS OF WATER DEPTH AND EMERGENT VEGETATION ON 
FORAGING HABITAT SELECTION AND FORAGING SUCCESS OF WADING 
BIRDS 
 

Introduction 
 

Food availability is a major constraint for avian populations (Skutch 1949, Lack 

1954).  In some cases, food availability is largely dependent upon the density of 

accessible food (i.e. songbirds picking up seeds off the ground).  In cases involving 

mobile prey, which are adapted to avoiding predation, vulnerability to capture may 

become a large component of availability.  Therefore, both prey density and prey 

vulnerability become important factors in the foraging success, and ultimately population 

dynamics, of predators.  Understanding the specific factors that contribute to prey 

availability and their relative strength is necessary in order to predict predator responses 

to those factors that may mediate prey availability. 

Prey vulnerability may be broken up into characteristics of the predator, the prey 

and the environment.  For avian predators, characteristics that influence prey 

vulnerability may include behavior, such as foraging technique (i.e. stand and wait; Kelly 

et al. 2003), or physical characteristics, such as bill length (see Zwarts and Wanink 1984).  

Similarly, prey characteristics may be behavioral, such as distribution in the water 

column (i.e. top-feeders or bottom-dwellers), or physical, including size or coloration.  
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Characteristics of the environment that may affect prey availability are numerous, 

but may include features such as water depth and vegetation. Wading birds normally 

forage by standing or wading through the water, and are constrained physically by their 

leg length (Powell 1987).  Water depth is known to influence habitat selection of foraging 

wading birds (Smith et al. 1995, Strong et al 1997, Arengo and Baldassarre 1999, 

Ntiamoa-Baidu et al. 1999, Gawlik 2002, Master et al. 2005, Gawlik and Crozier 2007).  

Emergent vegetation is known to influence wading bird foraging decisions in 

some cases, although the specific aspects of vegetation that affect prey availability are not 

clear.  Hoffman et al. (1994) and Bancroft et al. (2002) used aerial surveys to show that 

the distribution of wading birds is related to the vegetation community at a coarse scale 

(2 km x 2 km grain size).  Studies of wading bird foraging habitat in relation to 

vegetation have mixed results.  Some evidence shows that open water may be preferred 

for foraging (Kersten et al. 1991), while other evidence suggests that vegetated areas are 

preferred (Kushlan 1979).  Some variation might be explained by species-specific 

preference of either vegetated or open habitat (Dimalexis and Pyrovetsi 1997, Green and 

Leberg 2005a, Green and Leberg 2005b, Green 2005).   

Species that do not rely on visual cues when foraging may face different 

constraints than visual feeders.  White Ibis (Eudocimus albus) often forage by tactile 

probing, placing their bills in vegetation or mud and capturing prey by touch (Kushlan 

1979).  Fish and invertebrates that use vegetation as a shelter to escape detection by 

visual predators may actually be more vulnerable to tactile feeders, especially if predators 

are targeting vegetated habitats.  Conversely, the presence of vegetation may over-
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stimulate or manually obstruct tactile foragers, thus decreasing vulnerability of prey in 

these environments. 

Decreased prey availability is thought to constrain avian populations in the 

Florida Everglades (“prey availability hypothesis”, Gawlik 2002) as well as other 

wetlands around the world (Butler 1994, Hafner 1997).  Studies have shown that prey 

availability is important in determining wading bird foraging habitat selection (Frederick 

and Spalding 1994, Safran et. al. 2000, Gawlik 2002) and foraging success (Gawlik 2002, 

Master et al. 2005).  In this study I investigated environmental variables that may 

influence prey vulnerability.  Additional information on the affects of water depth and 

emergent vegetation on wading bird foraging at a fine scale will continue to elucidate 

subtle differences in the response of wading bird foraging to prey availability.  In a large-

scale experiment, I manipulated water depth and the density of emergent vegetation and 

measured the response through both wading bird foraging habitat selection and foraging 

success. 

 

Methods 
 

Study area 

I conducted this study from January through March 2008 at the Loxahatchee 

Impoundment Landscape Assessment (LILA) project in the Arthur R. Marshall 

Loxahatchee National Wildlife Refuge, Boynton Beach, Florida.  LILA consists of four 

replicated 7-ha semi-natural wetland impoundments with a re-circulating water system 

that allows control over water depths.  The impoundments (hereafter macrocosms) were 
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designed to mimic the physical features of the Everglades, and consist of deep and 

shallow sloughs separated by shallower ridges (Fig. 2-1).  I used macrocosms 1 and 4 in 

the experiment. 

 

Experimental design 

To quantify the effects of water depth and emergent vegetation on wading bird 

foraging habitat selection and foraging success, an experiment was conducted at LILA 

with two replicates.  I constructed three 10 x 10 m enclosures in both the deep and 

shallow sloughs of macrocosms 1 and 4 at LILA (Fig. 2-1).  This size of enclosure was 

chosen because it is large enough to attract foraging wading birds, but small enough to 

control vegetation densities and prey communities.  Deep and shallow enclosures were 

separated by approximately 100 m, and enclosures within each slough were placed 15-20 

m apart.  Enclosures were constructed with 3 mm mesh size black knotless nylon 

material.  A weighted line was sewed around the bottom of the material and pushed into 

the sediment of the marsh.  Buoyant strips made from closed cell foam were affixed to 

the top of the mesh material to create a continuous floating barrier to fish.  Floats only 

protruded approximately 1 cm out of the water so as to be inconspicuous to foraging 

birds. 

Two water depth treatments were used to evaluate effects on wading bird 

foraging; 10 cm in the shallow slough and 25 cm in the deep slough (shallow and deep 

respectively).  Depths were chosen based on maximum foraging depths of target wading 

bird species.  The shallow treatment was below maximum foraging depth limits of all 

species, whereas the deeper treatment was mainly available to long-legged waders: Great 
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Egret (Ardea alba), Great Blue Heron (A. herodias), and Wood Stork (Mycteria 

americana; Powell 1987, Gawlik 2002).   

Vegetation treatments created varying structural complexity among enclosures, 

with treatment levels including no vegetation (0 stems per 0.25 m2), sparse densities of 

vegetation (11.5 ± 5.7 stems per 0.25 m2), and moderate densities of vegetation (34.8 ± 

8.2 stems per 0.25 m2; spike rush; Eleocharis sp.).  These stem densities are consistent 

with other studies characterizing spike rush densities as sparse or dense (sparse 55.4 ± 1.6 

stems/m2, dense 113.2 ± 4.2 stems/m2; Karunaratne et al. 2006).  I chose to use spike rush 

because it is native to the Florida Everglades and common in Everglades sloughs and wet 

prairies (Loveless 1959, Gunderson 1994).  To ensure that enclosures were cleared of 

initial vegetation, the enclosure walls were gathered in the center of the study plot and 

then expanded outward, and any remaining submerged aquatic vegetation was removed 

by hand.  Emergent vegetation was cleared totally in the “no vegetation” treatment 

enclosures, and thinned or transplanted as necessary in the other enclosures to meet our 

desired treatment densities.  I transplanted emergent vegetation from nearby sloughs 

within LILA. 

I placed minnow traps in the enclosures 4 days prior to the experiment to clear out 

any existing prey.  Enclosures were then stocked at a density of 20 fish/m2 with eastern 

mosquitofish (mean standard length = 24.4 ± 0.3 mm; Gambusia holbrooki), a native 

Everglades species.  I chose the eastern mosquitofish because they are one of the most 

common fish in the Everglades (Jenni 1969, Trexler et al. 2002) and are prevalent in the 

diet of many wading birds in the Everglades (Smith 1997, Dorn et al. In Press).  Fish 

were purchased from a commercial fish farm or caught within LILA using minnow traps.      
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Each morning of the experiment, wading bird decoys were placed in each 

enclosure in order to initially attract wading birds to the macrocosms to forage (Crozier 

and Gawlik 2003b).  It is known that sociality is an important influence in selection of 

foraging habitat (Caldwell 1981, Master 1992, Master 1993, Gawlik and Crozier 2007).  

Krebs (1974) and Crozier and Gawlik (2003b) showed that decoys are an effective 

method of attracting wading birds to a specific area.  I used decoy flocks consisting of 18 

white plastic wading bird decoys next to each enclosure, and four white plastic decoys 

within the enclosure.  For the wading bird decoys I used plastic lawn flamingos that were 

painted white to resemble White Ibis (Crozier and Gawlik 2003b).  Two Great Egret 

decoys were also placed adjacent to each enclosure. 

Observations were conducted from a vehicle on an adjacent levee.  The presence 

of a vehicle on the levee did not appear to change bird behavior, and studies have shown 

that wading birds are less disturbed by a vehicle than by observers walking on the levee 

(Stolen 2003).  Days were assumed to be independent because enclosures were placed 

close enough to be viewed simultaneously from the air by flying wading birds, thus 

allowing birds to reassess the macrocosm each morning (Gawlik 2002, Master et al. 

2005).  The first replicate of the experiment ran between 14 - 25 January (n = 10 days), 

and the second replicate ran between 26 February - 11 March (n = 14 days).  

To ensure constant fish densities throughout the experiment, I used mark-

recapture methods to estimate the fish density in the enclosures after foraging 

observations, and restocked the enclosures daily.  I marked fish using visible implant 

elastomer (VIE; Northwest Marine Technology, Shaw Island, WA).  This marking 

technique has been used successfully in fish as small as 8 mm (Frederick 1997).  Six 
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different colors of VIE (red, orange, yellow, green, blue, and pink) were used to mark 

fish in batches.  Prior to marking, I anesthetized fish using 50 ppm of tricaine 

methanesulfonate (MS-222). I marked the fish by injection with a small line of VIE using 

28 gauge insulin needles. Marking location was above the lateral line and anterior to the 

caudal peduncle.  By injecting the VIE into the fish as the needle was pulled out, I 

created a lateral mark 1-2 mm long that terminated while the needle was still under the 

skin.  VIE polymer is made of surgical quality plastic, with non-toxic dyes that were not 

expected to impact the  health of the marked fish or the wading birds ingesting the tagged 

fish (NMT Biological Support, pers. com.).    

At the end of each day of observations, I placed bird netting over the enclosures to 

eliminate wading bird predation of fish, thus creating a closed population of fish within 

the enclosure.  I released approximately 200 fish (10% of the initial stock) into each 

enclosure and allowed to disperse for at least 2 hours.  I then recaptured both tagged and 

untagged fish using minnow traps baited with pellet fish food.  Lincoln-Peterson 

population estimates (Williams et al. 2002) were used to assess the populations by 

comparing numbers of tagged and untagged fish, and additional fish were added into the 

enclosures to return to original stocking densities.      

 

Data Analysis 

Foraging habitat selection 

I quantified wading bird foraging habitat use in the field by identifying and 

counting the number of foraging wading birds in each enclosure.  The numbers and of 

birds foraging in the enclosures were recorded, as well as the foraging duration.  
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Observers recorded the number of wading birds in each enclosure over the entire 

observation period, which began at dawn and lasted approximately three hours.  Because 

of the potential influence of sociality once birds began foraging within the enclosures, I 

recorded the enclosures as either used (1) or non-used (0) throughout the observation 

period.  The number of minutes of use of each enclosure was summed up each day.  

Wading bird use of the enclosures was compared to availability to determine foraging 

habitat selection using Manly’s standardized selection index (Manly et al. 2002).   

Foraging success 

Observations of foraging birds were obtained by video-taping the enclosures.  

Foraging success was later quantified in the laboratory by analyzing videotapes of 

foraging birds and constructing time activity budgets.  I examined each bird separately to 

determine capture rate and capture efficiency.  Because of low sample sizes in the deep 

water treatment, videos were only analyzed for the shallow water treatment.  

Videos were analyzed using EthoLog 2.2, a tool for recording the events and 

timing of behavioral observation sessions (Ottoni 2000).  Foraging techniques were 

recorded as state events, and activities were recorded as instant events.  Foraging 

techniques were defined as either stand-and-wait, walking, probing, groping, or other, an 

umbrella term used to encompass the remainder of feeding strategies as described by 

Kushlan (1976b) and Kelly et al. (2003).  Foraging activity was measured by recording 

the number of successful and unsuccessful strikes. Capture rate was defined as the 

number of prey captured per minute of active foraging and capture efficiency was defined 

as the number of prey captured divided by the total number of attempts (#successful 

strikes/# total strikes).  Both capture rate and capture efficiency were calculated for each 
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species based on the treatment variables, although it was not possible to calculate capture 

efficiencies for probing or groping species [i.e. White Ibis, Glossy Ibis (Plegadis 

falcinellus), Roseate Spoonbill (Ajaia ajaja), Wood Stork].  

Data were tested for normality and equal variance assumptions prior to analyses.  

I used a square root transformation on capture rate, as determined based on the slope of 

the linear regression of ln variance vs. ln mean (Box et al. 1978).  Transformed data were 

analyzed using an analysis of variance (ANOVA) with vegetation density as a treatment 

variable and macrocosm as a blocking factor (PROC GLM, SAS version 9.1).  Because 

of strong selection for the shallow water treatment, only shallow water foraging success 

was analyzed.  I analyzed capture rate data for each of the seven most abundant species 

of wading birds, and capture efficiency data for each of the four most abundant species.  

Only time-activity budgets in which the bird actively foraged for over 1 min were used in 

the analysis.  Because of high individual variation in wading bird foraging success (see 

Results), I ran the analysis using foraging duration cut-off times of 3 and 5 min.  Only 

results from the 1 min cut-off are reported because results were consistent across all 

analyses. 

 

Results 
 

Foraging habitat selection 

Great Blue Herons, Great Egrets, Glossy Ibises, Little Blue Herons (E. caerulea), 

Roseate Spoonbills, Snowy Egrets, Tricolored Herons (E. tricolor), White Ibises, and 
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Wood Storks were all observed foraging within the experimental enclosures.  Wading 

bird use at any given time ranged from 0-47 birds per enclosure.  

Manly’s standardized selection index showed that wading birds preferred the 

shallow water depth treatment over the deep water treatment (Table 3-1).  Within shallow 

water, foraging birds showed a preference for the sparse density of emergent vegetation, 

followed by the no vegetation treatment (Table 3-1).  Birds generally avoided deep water, 

but showed a relative preference for the no vegetation and sparse vegetation densities 

over the moderate vegetation treatment. 

 

Foraging success 

I collected 378 time activity budgets totaling 1,599 min. Foraging durations 

ranged from 1-18 minutes (mean ± SE, 4.01±3.15), and were highly variable across 

treatments and species (Table 3-2).  For all species except Roseate Spoonbill, capture rate 

did not vary significantly based on vegetation density (Table 3-3).  The Roseate 

Spoonbill had the highest capture rates in the sparse vegetation followed by the no 

vegetation treatment (Table 3-2).  Capture rates of the White Ibis, Glossy Ibis, and 

Roseate Spoonbill were significantly higher in M4 than M1 (Table 3-3) so the final 

models for those species included a term for macrocosm.   

Capture efficiency for three of the four species was not significantly affected by 

the vegetation densities (Table 3-4).  Only the capture efficiency of the Snowy Egret 

showed the effects of vegetation on capture efficiency.  Although selection showed that 

wading birds preferred the sparse vegetation treatment, the capture efficiency of the 



   

44 
 

Snowy Egret was lower in this treatment than in the other two vegetation treatments 

(Table 3-2). 

 

Discussion 

 This experiment indicated that water depth and emergent vegetation density are 

important environmental cues for foraging wading birds.  Wading birds selected foraging 

habitat with shallow water and moderate levels of emergent vegetation.  It appears as if 

water depth is a more important habitat feature than vegetation density: all three 

vegetation treatments in combination with shallow water were selected over the deep 

water enclosures. 

 The preference for the shallow water treatment in this experiment is consistent 

with other studies that have examined the relationship between wading bird foraging and 

water depth (Kushlan 1976d, Frederick and Collopy 1989, Dimalexis and Pyrovetsi 1997, 

Strong et al 1997, Bancroft et al. 2002, Gawlik 2002).  In the Everglades, wading birds 

rely on a progressive dry-down during the breeding season, which concentrates prey into 

isolated patches of water, resulting in increased fish densities (Kushlan et al. 1975, 

Kushlan 1976d).  Wading birds may anticipate that shallow water will have higher fish 

densities than neighboring deeper water.  Master et al. (2005) observed that Snowy 

Egrets preferred shallow over deep pools in a tidally influenced salt marsh that did not 

show density dependence based on water depth.  However, I was unable to make 

inferences regarding water depth in relation to foraging success because our time-activity 

budgets only included the shallow water treatment. 
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 Studies investigating the correlation between vegetation and wading bird foraging 

have mixed results, with most studies showing a preference for foraging in open water 

habitat (Breininger and Smith 1990, Kersten et al. 1991, Dimalexis and Pyrovetsi 1997).  

Areas of emergent vegetation may impede movement or visibility.  Some small wader 

species are thought to avoid foraging in areas of emergent vegetation to lower their risk 

of predation (Metcalfe 1984, Cresswell 1994), and White-faced Ibises (Plegadis chihi) 

have been shown to display increased vigilance when foraging in vegetated agricultural 

fields (Bray and Klebenow 1988).  Although presumably birds foraging in areas of 

emergent vegetation would have reduced visibility, predation upon wading birds in the 

Everglades does not appear to be a major factor (Kushlan 1981).   

Conversely, some studies of other avian and piscine predators show a preference 

for intermediate levels of vegetation.  Bennetts et al. (2006) found that Snail Kites 

selected foraging sites with sparse levels of vegetation, presumably because more dense 

vegetation may obscure visual identification of prey.  Similarly, bluegill (Lepomis 

macrochirus) were shown to have the highest foraging profitability in intermediate 

macrophyte densities (Crowder and Cooper 1982).  

 Prey species respond to both relative predation pressure and habitat profitability 

when choosing habitats in order to minimize the ratio of mortality rate to gross foraging 

rate (Gilliam and Fraser 1987).  In the presence of predators, prey species may seek 

refuge in vegetation despite lower foraging return rates (Werner et al. 1983).   It has also 

been shown in numerous systems and studies that aquatic prey concentrations are higher 

in vegetated areas than in non-vegetated areas (Dvorac and Best 1982, Diehl 1988, Rozas 

and Odum 1988, Stolen 2006).  Safran et al. (2000) showed that White-faced Ibises were 
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more likely to forage in areas close to vegetation, presumably because of higher prey 

abundance.  Stolen (2006) also showed that edge habitat (within 0.5 m of the boundary 

between vegetated and unvegetated habitat) was preferred by foraging wading birds.  

Emergent vegetation may also calm the water surface, especially in windy conditions, 

thus resulting in higher visual clarity for visually foraging birds (Hom 1983).  Selection 

for areas of sparse vegetation may be a compromise.   

Although wading birds showed selection for certain habitat features, individual 

foraging success was, for the most part, not affected by these variables.  These results 

agree with a prior study at LILA investigating the affects of water depth and submerged 

aquatic vegetation on wading bird foraging (Chapter 2). As in this study, wading birds 

consistently showed a preference for certain habitat features (shallow water and 

submerged aquatic vegetation), but did not incur a benefit when foraging within these 

treatments. 

The difference in foraging success between macrocosms by probing species 

(White Ibis, Glossy Ibis, and Roseate Spoonbill) is an interesting finding. Although it is 

uncertain what caused this effect, as I attempted to control for differences between the 

two macrocosms, it is interesting to note that these three species are all tactile feeders, as 

opposed to the visual feeders which did not show an effect of the macrocosm.  The 

substrate differs slightly between the two macrocosms; M1 has a deeper peat substrate 

whereas M4 has more sand in the substrate, which could partially explain the difference 

in foraging success.  

Although the capture efficiency of the Snowy Egret was significantly affected by 

the vegetation treatments, capture rate was not, which indicates that vegetation treatments 
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would not greatly affect overall energetic gain.  Our overall results suggest that wading 

birds were cueing in on shallow water and sparse vegetation as habitat features indicative 

of some anticipated gain, most likely elevated prey densities.  Bennetts et al. (2006) 

showed that vegetation structure may have a greater influence on patch selection than 

prey density.  It is possible that wading birds in the Everglades cue in on habitat features 

such as emergent vegetation or water depth as perceived cues about foraging habitat 

quality.  In Chapter 2 I showed that there was no effect (positive or negative) of foraging 

within areas of submerged aquatic vegetation despite consistent selection for this habitat 

feature. Taken together, these two studies show that wading birds cue in on 

environmental features when selecting a foraging location but that relative foraging 

success of individuals is not greatly affected.  

There are several explanations that may partially explain the results in this study, 

with birds showing strong selection for certain habitat features without a noticeable 

energetic gain.  Selection for certain environmental features, such as vegetation, does not 

necessarily indicate the quality of the habitat, but rather the attractiveness of that habitat 

(ecological trap theory; Battin 2004). Wading birds may misinterpret environmental cues, 

thus preferentially selecting for habitat features such as shallow water and sparse 

vegetation although these habitats may be equal to or lower quality than other available 

patches.  The uniform prey densities used in this experiment throughout all of the 

enclosures could result in similar foraging success between water depths and vegetation 

treatment, indicating that these treatments themselves do not greatly affect foraging 

success.  It is also possible that wading birds cue in on physical factors such as the 

presence of other birds or certain environmental features in order to initially select a 
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foraging location, but upon arriving at a foraging site had highly variable foraging 

success. Another possibility is that the high prey density used in this experiment created a 

threshold response of foraging success.  Draulans (1987) found that foraging success of 

Grey Herons (Ardea cinerea) varied little at high prey densities after a certain prey 

threshold was reached, following a type 2 functional response (Holling 1959).  For Grey 

Herons this threshold was 0.45 fish/m2, considerably lower than the fish density of 20/m2 

used in this study. However, Grey Herons were capturing fish averaging 7-10 cm.  The 

small fish size used in this study most likely increased the threshold, but may have kept it 

below the density used within this study.  

This study is one of the first to quantify wading bird foraging habitat selection and 

foraging success by linking water, vegetation, and birds.  The foraging habitat selection 

demonstrated by wading birds indicates that these birds are indeed cueing in on specific 

habitat features.  Changes in water levels and vegetative communities could affect the 

attractiveness of habitat to foraging birds, thus potentially altering foraging decisions and 

movements of wading birds.  However, it is still unclear how these changes may affect 

foraging success and resultant population dynamics of wading birds. Future studies could 

investigate varying prey densities within fixed habitats in order to continue to explore the 

determinants of wading bird foraging success. 

Quality of habitat is a main determinant of wading bird population size and 

diversity (Hafner 1997), and declining habitat quality has been linked to declines in 

wading bird populations (Bancroft 1989, Frederick and Spalding 1994, Ogden 1994).  

Understanding which habitat features make up high-quality foraging habitat for wading 

birds is necessary in order to successfully incorporate wading birds foraging as a 
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performance measure in the Everglades restoration. Wetland ecosystem restorations are 

enhanced by incorporating wildlife species such as wading birds into evaluation and 

monitoring plans, but it is necessary to understand the linkages between wildlife and the 

processes being restored (Gawlik 2006).  The results from this study indicate that wading 

birds show strong selection patterns for certain habitat features, and prior studies have 

also demonstrated the rapid response of wading birds to local or regional changes in 

hydrology or prey availability (Kushlan 1979, Erwin 1983, Dugan et al. 1988).  However, 

because the habitat features in this study did not have predictable effects on foraging 

success, more research is needed in order to predict the changes that will provide the 

greatest benefit wading birds, and is fundamental to using wading birds in setting 

restoration targets and measuring restoration progress. 
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Table 3-1. Manly's standardized selection index with 95% confidence limits for wading 
bird foraging habitat selection in relation to water depth and emergent vegetation density. 
Wading bird use was compared to availability across 6 enclosures in LILA. A selection 
index greater than the population proportion indicates selection, and less than indicates 
avoidance. 

 
Water Emergent Vegetation Population Selection Confidence Limits 
Depth Density Proportion Index Lower  Upper 

 
Shallow None 0.167 0.302 0.285 0.319 

Shallow Sparse 0.167 0.404 0.386 0.422 

Shallow Moderate 0.167 0.208 0.193 0.223 

Deep None 0.167 0.037 0.030 0.044 

Deep Sparse 0.167 0.030 0.024 0.036 

Deep Moderate 0.167 0.019 0.014 0.024 
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Table 3-2. Capture rates (CR, # cap/min) and capture efficiencies (CE, # successful 
strike/total strike attempts) for Glossy Ibis, Great Egret, Little Blue Heron, Roseate 
Spoonbill, Snowy Egret, Tricolored Heron, and White Ibis in shallow water, separated by 
emergent vegetation density treatment. Results are presented as mean ± SE, with n 
indicating the number of birds for each measure.  
 
Species Vegetation Density CR ± SE n CE ± SE n 
 

Glossy Ibis None - - 

Sparse 1.47 ± 1.14 7 - 

Moderate 0.52 ± 0.62 10 - 

Great Egret None 0.17 ± 0.24 2 0.13 ± 0.18 2 

Sparse 0.66 ± 0.40 9 0.34 ± 0.19 9 

Moderate 0 1 - 

Little Blue Heron None 1.18 ± 0.90 24 0.51 ± 0.27 24 

Sparse 1.16 ± 0.96 46 0.41 ± 0.28 44 

Moderate 1.77 ± 1.35 16 0.61 ± 0.25 15 

Roseate Spoonbill None 1.63 ± 1.01 3 - 

Sparse 2.03 ± 0.91 1 - 

Moderate 0.55 3 - 

Snowy Egret None 1.27 ± 1.08 25 0.41 ± 0.27 23 

Sparse 1.35 ± 2.08 49 0.20 ± 0.25 49 

Moderate 0.78 ± 0.46 18 0.39 ± 0.26 17 

Tricolored Heron None 0.64 ± 0.92 9 0.26 ± 0.34 9 

Sparse 0.45 ± 0.47 7 0.31 ± 0.29 6 

Moderate 0.70 ± 0.53 9 0.33 ± 0.08 9 

White Ibis None 1.55 ± 1.38 35 - 

Sparse 1.28 ± 1.32 62 - 

  Moderate 0.82 ± 0.89 44 -   
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Table 3-3. Type II General Linear Model analysis of variance for capture rates of wading 
birds in relation to emergent vegetation density with macrocosm as a blocking factor. 
 
Source df MS F P 
 

All species 

     Vegetation 2 1.43 1.65 0.193 

     Macrocosm 1 0.19 0.22 0.636 

Glossy Ibis 

     Vegetation 2 1.87 4.87 0.020 

     Macrocosm 1 2.92 7.61 0.013 

Great Egret 

     Vegetation 2 1.17 3.5 0.075 

     Macrocosm 0 - - 

Little Blue Heron 

     Vegetation 2 0.55 0.82 0.442 

     Macrocosm 1 0.04 0.06 0.810 

Roseate Spoonbill 

     Vegetation 2 0.62 18.02 0.021 

     Macrocosm 1 1.17 34.08 0.010 

Snowy Egret 

     Vegetation 2 0.65 0.74 0.480 

     Macrocosm 1 1.12 1.28 0.261 

Tricolored Heron 

     Vegetation 2 0.18 0.26 0.774 

     Macrocosm 1 2.10 3.01 0.098 

White Ibis 

     Vegetation 2 1.52 1.62 0.202 

     Macrocosm 1 6.24 6.64 0.011 
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Table 3-4. Type II General Linear Model analysis of variance for capture efficiencies of 
wading birds in relation to emergent vegetation density with macrocosm as a blocking 
factor. 
 

Source df MS F    P 

 

All species 

     Vegetation 2 2.266 1.24 0.291 

     Macrocosm 1 11.872 6.51 0.012 

Great Egret 

     Vegetation 1 3.657 2.13 0.178 

     Macrocosm 0 0 - - 

Little Blue Heron 

     Vegetation 2 0.909 0.65 0.524 

     Macrocosm 1 0.513 0.37 0.546 

Snowy Egret 

     Vegetation 2 5.781 3.57 0.033 

     Macrocosm 1 6.336 3.91 0.051 

Tricolored Heron 

     Vegetation 2 0.06 0.02 0.977 

     Macrocosm 1 7.312 2.87 0.106 
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CHAPTER 4 

CONCLUSIONS 
 

Locating high-quality foraging habitat is essential for successful foraging and, 

ultimately, reproductive and population success of wading birds.  Because wading birds 

serve as indicators of the health of the Everglades ecosystem, wading bird population 

dynamics can be used to assess the restoration process, and habitat features determined to 

be suitable for wading birds can be used to set restoration targets.   

In Chapter 2, I showed that wading birds showed a preference for foraging in 

shallow water with SAV.  In Chapter 3 I showed that wading birds selected foraging 

habitat with shallow water and moderate levels of emergent vegetation.  In both years, 

wading bird foraging success was not affected by the treatment variables.  

The selection of environmental features such as water depth and vegetation 

demonstrates that these features may indicate the relative quality of a foraging patch.  

Wading birds selected foraging habitat with shallow water depths and intermediate levels 

of vegetation (SAV and emergent).  Shallow water appeared to be the more important 

habitat feature; wading birds selected all three vegetation treatments within the shallow 

water depth preferentially over any of the deep water enclosures.  However, given the 

controlled prey densities used in this study, these habitat features did not appear to 

enhance or inhibit foraging success.  For most species, neither capture rates nor capture 

efficiency varied significantly based on either water depth (2007) or vegetation density 
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(2007 and 2008).   Although we were unable to relate foraging success to water depth in 

2008, the results for vegetation were consistent across multiple experiments and across a 

broad spatial scale encompassing two wading bird breeding seasons.  

Shallow water depth has been shown repeatedly to enhance wading bird foraging 

habitat selection (Kushlan 1976d, Frederick and Collopy 1989, Dimalexis and Pyrovetsi 

1997, Strong et al 1997, Bancroft et al. 2002, Gawlik 2002).  My results are consistent 

with these studies.  Studies on the effects of vegetation on wading bird foraging have 

found mixed results.  The experiments in this study showed a clear trend towards 

selection of foraging habitat with moderate levels of vegetation.  The selection of 

foraging habitat with moderate vegetation may indicate a tendency to choose habitat that 

incurs some of the benefits of both open water and dense vegetation, while also 

minimizing the downfalls.  Potential advantages of vegetated habitat include higher prey 

densities (Dvorac and Best 1982, Diehl 1988, Rozas and Odum 1988), and shelter from 

weather elements such as wind that may obscure visibility (Hom 1983).  Disadvantages 

to foraging within vegetation include structural complexity which may conceal prey or 

impede vision or dexterity of avian predators, and increased risk to predation in areas of 

emergent vegetation.  Although wading birds do not have many natural predators in the 

Everglades, avoidance of areas with low visibility may be instinctive. 

The results from these studies indicated that despite selection for shallow water 

and vegetation, prey within these habitats were not more vulnerable to foraging birds, as 

indicated by lack of a difference in individual foraging success across all treatments.  

There are a number of possible hypotheses which may explain these results.  One 

possibility is that the habitats selected for by birds may be an ecological trap (Battin 
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2004), with birds selecting these features even though they do not represent better quality 

habitat.  Another option is that wading birds selected areas with shallow water and 

vegetation because these habitat features are often associated with high prey densities. 

The fish density used in these experiments may have been high enough to elicit a type 2 

functional response (Holling 1959), with lower densities potentially teasing apart subtle 

differences based on habitat features. Alternatively, foraging success may have been 

highly variable because of factors not controlled in these experiments, such as bird age, 

relative satiation, or physiological state. Of these, the most likely hypothesis is that 

wading birds were selecting shallow water because of anticipated higher prey densities.  

It is known that receding water concentrates prey populations during the dry season in the 

Everglades, thus increasing prey density in conjunction with microtopography.  Wading 

birds may have cued in on the shallow water depths in the experiments as an indication of 

elevated prey densities and thus enhanced prey availability, but, because of the controlled 

prey densities within the experiment, failed to attain higher foraging success.   

One difference between the experiments over the two years of the study was the 

relative difference between experimental replicates.  In 2007, wading birds, although still 

selecting for sites with vegetation, shifted their preference between vegetation densities.  

Additionally, during the second replicate in 2007 birds showed an increase in their 

preference towards shallow water and had increased foraging success.  These differences 

between replicates were not observed in 2008.  There are two probable explanations for 

these discrepancies.  First, the replicates in 2008 were less temporally distinct than in 

2007, with a gap of only one month between them in 2008 as opposed to two months in 

2007.  Additionally, the relative numbers of breeding birds were highly disparate: in 
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2007, there were over 32,000 nests initiated throughout the Water Conservation Areas 

between February and July (Frederick and Simon 2007) while in 2008 nesting numbers 

were in the low thousands (M. Cook pers. com).  If breeding birds indeed have increased 

energetic demands and subsequently exhibit dissimilar foraging behavior than non-

breeding birds, then a greater difference between experimental replicates as in 2007 

would be expected.  In 2008, however, because very little breeding activity was taking 

place during the second experimental replicate, I would expect little change in foraging 

habitat selection or success between replicates based on differences in breeding stage of 

the birds.  

The lack of a significant difference in foraging success among water depth and 

vegetation density treatments is an important finding.  These results indicate that wading 

birds may forage equally successfully across a wide gradient of habitat conditions, 

including water depth (10-25 cm), SAV density, and emergent vegetation density, as long 

as prey densities are relatively high.  If birds were allowed to deplete prey consistently 

throughout the experiment (if I had not restocked daily), it is likely that birds would have 

abandoned the enclosures when prey densities reached species-specific giving-up 

densities, which may vary based on habitat characteristics (Gawlik 2002).  Thus, in 

determining ideal wading bird habitat as part of the Everglades restoration, a broad suite 

of habitats may present suitable foraging habitat for wading birds given suitable prey 

densities.  Focus on a hydrologic regime that provides a continual mosaic of areas with 

suitable water depths so as to make prey available to wading birds throughout the dry 

season may be more important to wading bird conservation than specific parameters such 

as exact depths or plant densities.  
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This research has shown that habitat features such as water depth and vegetation 

may affect the attractiveness of sites to foraging wading birds.  However, the effect of 

these variables on energetic gain and reproductive success of wading birds remains 

uncertain.  Additional research may continue to elucidate factors affecting prey 

availability to foraging wading birds, and in particular the high variation in foraging 

success that we found in this study.  Similar experiments with varied prey densities may 

be useful to determine if prey density is indeed the main determinant of wading bird 

foraging success.  Studies with a marked population of color-banded birds would allow 

analysis of foraging success of the same individuals within different habitat features; this 

research could show potential variation among individuals given different habitat features 

that may not be evident across many individuals and species.  Continued research on 

specific factors affecting wading bird foraging success will aid in the development of 

restoration targets and in tracking the progress of the Everglades restoration.
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