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Most wading birds (Ciconiiformes) in Florida are tied to wetland habitats, and thus, 

to wetland protection and management.  I investigated factors that influence piscivorous 

wading bird’s foraging habitat selection and use at three spatial scales, and reasons why 

individuals choose to forage with others.  Field work was conducted within the northern 

Indian River Lagoon, a sub-tropical estuary in east central Florida.   

Based on follows from colonies, I found that nesting Great Egrets (Ardea alba) and 

Snowy Egrets (Egretta thula) preferred estuarine wetland habitat and avoided freshwater 

wetlands.  Interpretation of selection patterns depended on scale and habitats included.  

All birds followed foraged within 13 km of breeding colonies, well within the maxima 

reported for other colonies, suggesting that resources within impounded habitat met their 

energetic requirements. 

To facilitate testing hypotheses regarding wading bird habitat selection, I measured 

wading bird prey density in paired vegetated and unvegetated sites within impounded salt 
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marsh.  Over 88% of the fish captured belonged to three species (Cyprinodon variegatus, 

Gambusia. holbrooki, and Poecilia latipinna).  Fish were highly clumped spatially, and 

density and biomass varied substantially between impoundments and seasons for both 

habitats.   

Habitat selection within impoundments matched previous studies.  Most species 

preferred unvegetated to vegetated habitat and all strongly preferred the area within 0.5 m 

of the boundary between types.  Prey density had a strong effect on wading bird habitat 

use in unvegetated but not in vegetated wetland sites. 

I measured the success rate of wading birds foraging alone and in mixed-species 

aggregations, and also measured the prey density at the foraging sites and nearby unused 

sites.  Foraging sites had higher biomass (but not density) than the average level available 

throughout the landscape.  Foraging groups occurred at the sites with higher prey density 

(but not biomass) than solitary foragers.  Great Egrets benefited from foraging in groups, 

Snowy Egrets did not.  

This study underscored the importance of edge habitat for foraging wading birds in 

impounded marshes, supported the social facilitation hypothesis regarding group 

foraging, and provided baseline data to measure responses from restoration and 

management of marsh habitats in Florida. 
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CHAPTER 1 
INTRODUCTION 

Florida is home to 16 regularly occurring species within the order Ciconiiformes, 

birds commonly referred to as the long-legged wading birds (Robertson and Woolfenden 

1992).  Due to a long history of direct harvesting, habitat loss, and habitat alteration, most 

species of wading birds in Florida have experienced two distinct reductions in population 

sizes during the last 2 centuries (Ogden et al. 1978, Frohring et al. 1988, Ogden 1994).  

Following an initial decline due to plume hunting in the late nineteenth century, most 

species showed healthy increases following legal protection up to the 1930’s.  However, 

a second decline associated with extensive alteration of wetlands, resulted in great 

reductions to populations of most species in south Florida (Ogden 1994).  Recently, 

population declines have been documented throughout the state for many species (e.g., 

Frederick 1996; Ogden 1996a, 1996b).  Comparison of 2 statewide nesting colony 

surveys conducted in 1976-1978 and 1986-1989 indicated that the numbers of wading 

birds breeding in the state declined, and populations became more fragmented, between 

the two periods (Runde 1991).  Preliminary results of a third statewide nesting colony 

survey conducted in 1998-1999 show that the decline in numbers of breeding wading 

birds and fragmentation of wading bird populations continues (J. Swan and J. Dodge, 

Florida Fish and Wildlife Conservation Commission, personal communication).  Thus, 

many species of wading birds are listed as species of special concern by the Florida Fish 

and Wildlife Conservation Commission (Wood 1996).   
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The interpretation of population declines in Florida is made more difficult by the 

tremendous shifts in the distribution of wading birds during the last several decades in the 

southeastern United States (Ogden 1994, Fleury and Sherry 1995, Frederick et al. 1996, 

Frederick and Ogden 1997).  These changes have been attributed to changes in 

management of wetlands (especially hydrology) in the regions involved (Bancroft et al. 

1994, Frederick and Spalding 1994, Ogden 1994).  The ability of wading birds to shift 

their use of foraging habitat in response to changing conditions over smaller temporal and 

spatial scales also makes it difficult to track wading bird populations.  It can be difficult 

to separate such changing patterns of habitat use from changes in the status of 

populations.  Thus, there is a need for a more mechanistic understanding of factors 

influencing wading bird habitat selection and use.   

Wading birds are intricately tied to their wetland habitats, which provide resources 

for all aspects of their existence.  Unfortunately, wetland loss in Florida has occurred at a 

staggering rate with over half of all marshlands (or 1.57 million ha) destroyed by 1987 

(Kautz 1993).  Many experts agree that the greatest current threat to wading bird 

populations in Florida is the continued loss and alteration of wetland habitat in the state 

(Frederick and Spalding 1994; Hoffman et al. 1994; Ogden 1994, 1996a; 1996b; Rodgers 

1996; Runde 1996; Kushlan 1997).  With a constantly expanding human population, it 

does not seem likely that the pressure on natural wetland habitats in Florida will ease 

soon (DeFreese 1991, Gilmore 1995).  It is clear that the future of wading birds in Florida 

is tied to protection of wetlands, and where possible (e.g., managed wetlands) multi-

species or integrated management.  It is also clear that to formulate and implement a 
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suitable multi-species management strategy, a better understanding of several features of 

their ecology is needed. 

My goal in conducting this research was to augment our understanding of wading 

bird selection of foraging habitat at different scales.  In particular, I wished to learn more 

about factors that influence individual piscivorous wading birds when they make choices 

about what type of foraging habitat to use, and whether or not to forage with others.  I 

believe that science is essentially a way of gaining information about nature, and that 

there are several different methods that we can use to gain such knowledge.  Often, 

controlled, replicated, manipulative experiments are viewed as the best way to gain 

reliable scientific information.  But in many situations it is difficult or even impossible to 

perform such experiments.  In these cases, 2 other tools available have proved 

particularly useful: observational study and the comparative method.  This work has been 

mainly observational and I hope that it will make a contribution to our understanding. 

The complexity of ecological systems makes management of natural resources 

difficult for many reasons.  Before a manager can successfully apply interventions to a 

system, a basic understanding of the way the system will react is essential.  This type of 

knowledge comes from understanding the mechanisms by which elements of the system 

interact.  Before ecologists can develop mechanistic hypotheses, they must also 

understand the patterns which comprise the systems of interest.  This dichotomy was 

explained eloquently by Wiens (1989).  In trying to understand wading bird use of 

foraging habitat I strove to delve into the mechanisms governing their interactions with 

the environment (both biotic and abiotic).  A conceptual model of the factors influencing 

wading bird individual foraging success is given in Figure 1.1.  Often though, I was 
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limited in what is known about the patterns of wading bird foraging habitat use.  Thus, 

several of my objectives were aimed at describing the patterns of wading bird habitat 

selection and use, and foraging behavior in impounded wetlands.  In a few cases I was 

able to go deeper into glimpsing the underlying proximate causes of their behavior.  The 

objectives for this study were the following: 

1. Determine the relative importance of impounded wetlands as foraging habitat for 
wading bird populations breeding in the northern Indian River Lagoon ecosystem 
(hereafter IRL), and factors influencing habitat selection at the landscape level 
(Chapter 2), 

2. Measure patterns (temporal and spatial) of wading bird prey distribution within 
impounded wetlands in the northern IRL (Chapter 3), 

3. Document scale-dependent factors involved in wading bird foraging habitat 
selection and use within impounded wetlands in the northern IRL (Chapter 4), 

4. Document the spatial and temporal patterns of occurrence of mixed-species 
foraging aggregations of wading birds within impounded wetlands in the northern 
IRL (Chapter 4), 

5. Investigate the effect of prey density and group size on foraging success and 
distribution of foraging wading birds within impounded wetlands in the northern 
IRL (Chapter 5), 

6. Based on the results of the above objectives, formulate conservation and 
management recommendations to enhance wading bird habitat use and foraging 
success within impounded wetlands in the northern IRL based on the above factors 
(Chapter 6). 

I began this investigation by conducting a review of the first 11 years of data from 

a long-term monitoring program of wading bird habitat use on the Kennedy Space 

Center/Merritt Island National Wildlife Refuge, hereafter referred to as KSC/MINWR 

(Stolen et al. 2002).  This analysis revealed several key patterns that are of interest to 

managers at KSC/MINWR and require further explanation.  The first pattern of interest 

was the differential use of impoundments by wading birds on KSC/MINWR.  Over the 

11 year time period some impoundments had much higher use as wading bird foraging 
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habitat than others, despite a lack of obvious habitat differences explaining the patterns.  

A second observation from the long-term data was that wading birds used wetland habitat 

without emergent vegetation less, and wetland habitat with emergent vegetation more, 

than availability would suggest.  A related pattern observation was that there was a 

seasonal shift in habitat use for most species with vegetated habitats becoming more used 

during the late fall and early winter (periods of higher water levels). 

In Chapter 2, I assessed the relative importance of impounded wetland habitat to 

nesting populations of wading birds in the northern Indian River Lagoon system.  This 

has relevance to managers responsible for balancing the needs of different groups of 

wildlife (e.g., waterfowl, shorebirds, wading birds, fish).  I hypothesized that some 

species of wading birds nesting within the northern IRL would select impounded wetland 

habitat for foraging over estuarine edge and unimpounded freshwater wetland habitat 

types. 

In chapter 3, I delved into the underlying basis for habitat selection patterns by 

examining patterns in the distribution of fish between management types, seasons and 

habitat type (vegetated versus unvegetated).  I tested whether there was a difference in 

fish density or biomass between vegetated and unvegetated habitats within 

impoundments.  I also modeled the density of fish as a function of habitat, season, and 

impoundment to explore patterns within the factors determining density of wading bird 

prey. 

In Chapter 4, I examined patterns of habitat use and foraging ecology of wading 

birds within impoundments in search of factors important in determining foraging habitat 

suitability.  I specifically tested whether wading birds exhibited preference for any one of 
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3 habitat types within impoundments, namely, unvegetated, vegetated and edge habitat.  I 

also described species-specific patterns of occurrence of mixed-species foraging 

aggregations on KSC/MINWR.  I modeled the density of wading birds within 

impoundments as a function of prey density, habitat type, water depth, change in water 

depth, season and management, 

In Chapter 5 I addressed the question of the relative importance of prey density 

versus the presence of other foragers on individual foraging success.  I tested 3 

hypotheses.  First, that wading bird foraging sites have higher prey density than nearby 

unused sites, second, that wading bird groups occur at sites with higher prey density or 

biomass than sites occupied by solitary foragers, and third, that individual Great Egrets or 

Snowy Egrets derive a benefit from foraging in aggregations that is due to the presence of 

other foragers (as opposed to any benefit due to enhanced prey density at sites with 

groups). 

The ultimate measure of the functional value of a habitat is the ability of 

individuals using the habitat to recruit new members into the population (Garshelis 

2000).  Many studies of wading birds have demonstrated a tight link between the ability 

of parents to secure food and their ability to successfully produce offspring (Powell 1983, 

Hafner et al. 1986, Maddock and Baxter 1991, Hafner et al. 1993, Frederick and Spalding 

1994, Butler 1995, Thomas et al. 1999, Jakubas 2004).  Without the direct demonstration 

of this link however, there is always a danger that individuals may select habitat that is 

not beneficial (Van Horne 1983, Schlaepfer 2002).  My work attempted to measure 

components that are directly related to reproductive success and survival of wading birds 

(Figure 1.2).  The presence of a large and persistent wading bird population in my study 
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area provides indirect evidence that the area provides critical resources to wading birds 

(Stolen et al 2002). 

I addressed these research objectives and hypotheses in the impounded wetlands on 

the KSC/MINWR.  This area encompasses a large portion of the northern IRL.  

Stretching for ca. 250 km along Florida’s Atlantic coast, the IRL is a sub-tropical estuary 

with a high level of biodiversity, due to its location at the junction of the warm-temperate 

Carolinian Province and the Tropical Caribbean Province (Gilmore 1995).  Prior to recent 

human disturbance, the eastern shore of the IRL was extensively vegetated with 

mangrove swamps in the southern portion and irregularly flooded salt marsh habitats in 

the northern portion (Schmalzer 1995).  Almost all salt marsh habitat in the northern part 

of the IRL was impounded for mosquito control by the 1970’s (Brockmeyer et al. 1997).  

The northern part of the IRL is isolated from the nearest ocean inlet and has very low 

diurnal tidal changes (< 1 cm; Smith 1987).  In this region, seasonal and wind-driven 

water level fluctuations are of much greater importance (Smith 1993).  The hydrology of 

the northern IRL is marked by a high water period from September through December.  

This is followed by a gradual decline in water level with the lowest level occurring in late 

spring before the onset of summer rains.  These changes greatly influence the depth of 

water over salt marsh habitat that is connected to the estuary, and control the extent of 

marsh surface covered with water (Trost 1968).  A similar water-depth pattern also 

occurs within impoundments that are isolated from the estuary, probably as a function of 

rainfall, hydrostatic influence from the estuary, and evapo-transpiration (Stolen et al. 

2002). 
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KSC/MINWR contains 76 shallow impoundments in former salt marsh habitat.  

Human impacts on saline and brackish marshes of this region began as early as 1926 

when ditches were dug to drain marsh surfaces to reduce oviposition by mosquitoes 

(Aedes spp.).  Following World War Two, mosquito control efforts turned to intensive 

spraying of DDT in the 1940’s; however rapid evolution of pesticide-resistance rendered 

the use of DDT ineffective, and increasing public concern for risks associated with its use 

lead to the search for an alternative means of mosquito control.  A solution to the 

problem was found through impounding the salt marsh habitats that breed mosquitoes 

(Provost 1969).  The success of impounding salt marsh for mosquito control in the IRLS 

culminated in the impoundment of nearly all of the marshes bordering the Indian River 

Lagoon by 1970.  Alteration of the natural hydrology changed the characteristics of the 

wetland habitats within, prompting a profound change in the vegetative, fish, and bird 

communities (Provost 1969, Rey et al. 1990, Schmalzer 1995, Brockmeyer et al. 1997).  

The ultimate response of wading bird populations to the ongoing effort to restore the 

hydrologic connection between isolated wetlands and the IRL estuary has yet to be 

determined.  This study provides baseline data to measure presumed benefits. 
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Figure 1.1. A conceptual model of the factors influencing the foraging success of 
individual wading birds in shallow wetlands.  Factors are depicted as boxes, 
with broad environmental factors on the left and the factor of interest 
(individual foraging success) on the right.  Arrows depict casual relationships 
between factors.  The symbols at ends of arrows indicate the nature of casual 
relationships (+ = positive influence, - = negative influence, +/- = direction of 
influence depends on level of the factor, C = complex relationship about 
which insufficient information is known). 
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Figure 1.2. Diagram depicting the relationship between the functional value of the 
northern Indian River Lagoon system for wading bird populations, and the 
specific topics investigated in this dissertation.  Demographic performance 
(survival and reproduction) is the ultimate measure of the utility of the habitat 
for wading bird populations.  I addressed several topics that influence the 
ability of wading birds to obtain the resources necessary to survive and 
successfully reproduce.  The persistence of breeding colonies in the northern 
Indian River Lagoon system since monitoring began in 1987, suggests that the 
site has provided adequate levels of necessary resources over this time period.
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CHAPTER 2 
FORAGING HABITAT SELECTION BY NESTING GREAT EGRETS AND SNOWY 

EGRETS 

Populations of colonial nesting herons and egrets (hereafter ardeids) face a variety 

of threats, including isolation and alteration of coastal wetlands (Erwin et al. 2005).  In 

some regions coastal wetlands are isolated from estuaries by impoundments that are 

created to control wetland hydrology or function; these changes can strongly affect 

foraging habitat availability and quality (Brockmeyer et al. 1997, Erwin et al. 2005).   

Previous studies have shown that populations of colonial breeding wading birds can be 

limited by the availability of foraging habitat near their colonies (Fasola and Barbieri 

1978, Gibbs 1991, Butler et al. 1992, Ogden 1994, Gibbs and Kinkel 1997, Jakubas 

2004).  Similarly, food availability has been shown to limit the survival of nestlings 

(Maddock and Baxter 1991, Butler 1995, Jakubas 2004) and in one case, their subsequent 

reproductive success (Thomas et al. 1999).  Thus the availability and quality of foraging 

habitat surrounding colonies is important in determining reproductive success.   

For central place foragers like nesting egrets, distance from the colony is a factor 

that influences the choice of foraging habitat, and ultimately, demographic parameters 

(Gibbs 1991, Rosenberg and McKelvey 1999).  Smith (1995a) found that nesting success 

and nestling production of Tricolored Herons (Egretta tricolor) was negatively associated 

with flight distance.  Similarly, Simpson et al. (1987) reported that Great Blue Herons 

(Ardea herodias) that fed near colonies had greater breeding success than individuals that 

fed farther from colonies.  In some cases, colony abandonment may occur when flight 
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distances exceed 25-30 km (Frederick and Collopy 1989, Bancroft et al. 1994).  Frederick 

and Spalding (1994) hypothesized that lost time rather than increased energetic demands 

induced by longer foraging flights was a major contributor to reduced breeding 

productivity or colony abandonment.   

Among the factors influencing wading bird habitat use, water depth, which controls 

physical access to foraging habitat, and vegetation structure stand out as being the most 

significant (Chapter 4).  Previous studies have found that piscivorous wading birds prefer 

water depths below 25-30 cm (Chapter 4, Custer and Osborn 1978, Powell 1987, Gawlik 

2002), and more open habitats when foraging (Chapter 4, Breininger and Smith 1990, 

Hoffman et al. 1994, Surdick 1998, Bancroft et al. 2002).  Coastal impounded wetlands 

often provide these foraging conditions (Erwin 1996).  Previous studies have also 

suggested that estuarine wetlands may provide better foraging habitat for piscivorous 

wading birds than do nearby freshwater wetlands due to differences in prey (MacCarone 

and Parsons 1994).  

Nesting colonies of wading birds provide a tangible target for protecting and 

managing surrounding foraging habitat (Ogden 1994, Kushlan 1997, Lombardini et al. 

2001) and nesting ardeids can be a useful indicator of anthropogenic impacts to wetlands 

(Stolen et al. 2005).  However, for these biological elements to serve a conservation 

function, information on the factors influencing selection of foraging habitat is needed.  

The objective of this study was to quantify foraging habitat use by Great Egrets (Ardea 

alba) and Snowy Egrets (Egretta thula) nesting on spoil islands within the northern part 

of the Indian River Lagoon system in central Florida (USA).  This site contains extensive 

coastal impoundments and a large population of colonial nesting ardeids.  As such, it 
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serves as a good site to investigate the use of impounded coastal wetlands by colonial 

nesting ardeids and the potential interaction between flight distance and foraging habitat 

availability.  I compared patterns of foraging habitat use with available habitat at three 

scales to assess the importance of impounded salt marsh habitat to nesting Great Egrets 

and Snowy Egrets in this system.  The basic scientific hypothesis tested (for each scale) 

was that nesting wading birds selected impounded salt marsh for foraging habitat.  I also 

measured foraging flight distances and flight speed, because these parameters can 

influence colony and foraging site selection (e.g., Gibbs 1991).  Finally, I report 

information on foraging groups and flock size leaving the colonies because levels of 

foraging scalability in egrets varies widely among sites (Chapter 4, Caldwell 1981, Erwin 

1983b, Kersten et al. 1991, Hafner et al. 1993, Master et al. 1993) and these attributes 

may influence selection at local levels (Dall et al. 2005).   

Methods 

Study Site 

Follows of birds from their nests to foraging sites were made from three mixed-

species wading bird nesting colonies located within the boundaries of the Kennedy Space 

Center-Merritt Island National Wildlife Refuge (KSC/MINWR) (Figure 2.1).  The 55,000 

ha KSC/MINWR is located in the northern portion of the Indian River Lagoon system, a 

subtropical estuary that stretches for ca. 250 km from Ponce de Leon Inlet to Jupiter Inlet.  

This estuary is an important site for wading birds on the southeastern Atlantic coast of 

North America (Schikorr and Swain 1995, Sewell et al. 1995).  KSC/MINWR supports a 

large wading bird population that utilizes freshwater and impounded salt marsh habitats 

for feeding, roosting, and nesting (Smith and Breininger 1995, Stolen et al. 2002).  

Almost all salt marsh habitat in the northern Indian River Lagoon was impounded for 
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mosquito control by the 1970’s (Brockmeyer et al. 1997).  Within 15 km of the three 

colonies there were 90 impoundments (average size 141 ha, total area 12,716 ha) 

containing salt marsh habitat adjacent to the estuary.  The northern portion of the Indian 

River Lagoon system is isolated from ocean inlets and has very low diurnal tidal changes 

(< 1 cm; Smith 1987).  In this region, seasonal and wind-driven water level fluctuations 

are of much greater importance (Smith 1993).  Habitat within impoundments is 

predominantly a heterogeneous mixture of open water and vegetated cover types, with 

tall marsh grass (e.g., Spartina bakeri) and short marsh vegetation (e.g. Distichlis spicata, 

Batis maritima) predominating in vegetated areas (Schmalzer 1995).  Efforts are 

currently underway to reconnect isolated impounded wetlands to the estuary 

(Brockmeyer et al. 1997). 

Nesting colonies on KSC/MINWR have been monitored since 1987 (Stolen et al. 

2002).  Focal colonies were selected as the largest colony within each of three broad 

north-south strata of KSC/MINWR (Figure 2.1).  Two of the colonies occurred on spoil 

islands located near dredged navigation channels (Mullethead Island and Banana River 

#14) and the third was on a large naturally occurring island which had been drag-line 

ditched prior to 1970 for mosquito control (Big Island).  Mullethead Island has had 

nesting colonies in every year since monitoring began in 1987; Big Island has had 

colonies since 1993 and Banana River 14 since 1994 (E. D. Stolen, unpublished data).   

Foraging Flight Observations 

I followed Great Egrets and Snowy Egrets from their nests to their foraging 

locations (hereafter referred to as “follows”).  Follows were conducted using a NASA 

Huey helicopter between sunrise and five hours after sunrise.  The helicopter was 

hovered 300 m horizontal distance from each colony at an altitude of 150 m until a bird 



15 

 

was observed leaving the colony.  The helicopter remained at least 300 m behind the bird 

while it was followed.  Once a bird landed at a foraging location, a GPS position was 

recorded for the location using a Garmin 12 channel GPS receiver, and the habitat type 

was noted.  Habitat types were defined as open water (patches of at least 2 m of no 

emergent vegetation) or vegetated.   A site was considered occupied if at least one other 

wading bird occurred within 30 m of the landing location; in these cases the landing bird 

was considered to have joined an aggregation.  I recorded the identity of other wading 

birds within 100 m of the subject’s landing location.  If the subject was part of a group, 

an attempt was made to note the landing position of all members of the group, but often 

this was not possible because the subject bird would continue flying.  In these cases, only 

information about the subject bird was recorded. 

Habitat Use Analysis 

GPS positions of landing sites were recorded in a GIS for calculation of distances 

and habitat use analysis.  Analysis was conducted using the software packages ArcView 

3.2 and ArcMap 8.2 (ESRI, Redlands California).  Quantification of available habitat was 

based on a land cover map produced by the St. Johns River Water Management District 

using photo interpretation of 1:40,000 color-infrared aerial photography taken in 1999 

(Anonymous 2002).  To calculate the total amount of available habitat, three concentric 

distance-buffers of 5, 10, and 15 km radii were produced around each of the three 

colonies, and the ensuing regions wee each dissolved into a single polygon where the 

colony-specific distance-buffers overlapped. These distances were chosen to include all 

wetland habitat available within the range of flight distances of Great Egrets and Snowy 

Egrets observed in previous studies (e.g., Frederick and Collopy 1989, Bancroft et al. 

1994). 
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Wetland habitats within the distance-buffers were reclassified into three groups: 

impounded salt marsh, estuarine edge, and freshwater wetland.  Using the GIS, all 

wetland habitat occurring within the perimeter dikes surrounding impoundments was 

classified as impounded salt marsh habitat, and the area of these wetlands within each 

distance-buffer was summed.  Some areas that were impounded have recently been 

restored by removal or breeching of the perimeter dikes (Brockmeyer et al. 1997).  I 

included these areas in the total of impounded habitat for two reasons.  Although 

restoration of a few of these sites occurred decades ago, most restoration was completed 

more recently and all restored areas had experienced long periods of impoundment.  Thus 

restored sites may not yet have returned to functioning as unimpounded wetlands.  

Secondly, the total area of wetlands within these impoundments was small (less than 5 

percent) compared with the total for all wetlands within the 15–km buffer.  If these 

wetlands were included in another category, they would slightly increase the expected 

number of birds foraging in that habitat and decrease the expected number in impounded 

salt marsh.  Thus, inclusion of these wetlands within the impounded salt marsh area is 

conservative when evaluating the hypothesis of preference for impounded salt marsh 

(because it increases the predicted proportion of birds foraging within impoundments, 

thus making it harder to conclude that birds selected this habitat).   

Estuarine habitat was defined as shallow areas along the edges of three large 

lagoonal basins in the study area: the Indian River, The Banana River, and the Mosquito 

Lagoon (Figure 1).  To calculate the area of estuarine edge accessible to wading birds two 

different radii were produced along the estuarine edge within the basins,.  I used 2 buffer 

distances to quantify habitat for Great Egrets and Snowy Egrets separately.  Distances for 
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species-specific buffer widths were determined by examining the distribution of distances 

at which birds were observed during long-term foraging habitat use surveys of estuarine 

edge which have been conducted monthly on KSC/MINWR since 1987 (Stolen et al. 

2002).  Distances were chosen that included 95% of all observations for each species as 

follows: Great Egret 100 m (n=5804), Snowy Egret 40 m (n=3404).   

The area of freshwater wetlands was calculated by first summing the area of all 

unimpounded wetlands within each distance buffer, excluding the interiors of lakes and 

rivers.  Then to represent available foraging habitat within open water of lakes and rivers, 

a 1-m buffer was generated within all lakes and rivers and the area added to the total for 

unimpounded wetlands.  Because the 2000 Land Cover and Land Use map did not map 

wetlands less than 0.5 acres, I used polygons from a 1990 Land Cover map of 

KSC/MINWR which included such features (Larson 1992).  Because this map did not 

extend far enough west to include the entire study area, I mapped these features (where 

necessary) using 1999 orthorectified color infrared photography (Anonymous 1999).  

Although both Great Egrets and Snowy Egrets will use forested wetlands (Palmer 1962, 

Hancock and Kushlan 1984) it is unclear how important this habitat is to either species.  

Thus I conducted habitat use analysis both with and without these wetlands included, to 

assess the effect of uncertainty over their use.  I chose to include the analysis both with 

and without forested wetlands because planners may consider wetlands of all types as a 

unit when making management decisions (i.e., lumping forested and unforested wetlands 

together).   

I conducted habitat selection analysis using a resource selection ratio: wi 

=[proportion of habitat i used]/[proportion of habitat i available] (Manly et al. 2002). This 
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ratio measures the relative preference between habitat types allowing comparison of 

preferences between habitats that are not affected by what types are included.  For each 

analysis, I calculated the resource selection ratio of the observed bird use of each of the 

three habitat categories (impounded salt marsh, freshwater and estuarine edge) for each 

distance buffer (5,10, and 15 km) for each species.  Thus, I examined habitat use for 6 

different scenarios for each species (i.e., 5 km radius with forested wetlands included, 5 

km radius without forested wetlands included, etc.).  Selection ratios were evaluated to 

determine if they differed from 1.0 (and thus exhibited selection or avoidance of the 

habitat type) using a Bonferroni partitioning of experiment-wise α= 0.05.  I also tested 

whether each selection ratio for each habitat type differed from the other 2 using methods 

presented in Manly et al. (2002) for each habitat use scenario.  In several cases more than 

1 bird was followed from a colony to a single foraging site and in these cases, I included 

only 1 location in the analysis keeping with the assumption that individuals observed are 

independent (Manly et al. 2002).  I assumed that individuals followed on different days 

were independent from other observations.  To allow comparison with other habitat 

selection studies, I also calculated 95% confidence intervals on the proportions of habitat 

used by each species for each scenario using methods previously described (Neu et al. 

1974, Byers et al. 1984, Cherry 1996). 

Distance traveled between the nest and the foraging site was calculated with the 

GIS.  Due to the difficulty of observing birds exactly as they left nests, colony centers 

were used for the origins of all foraging flights.  Duration of foraging flight was 

calculated as the duration between the detection of the bird leaving the colony and the 

time the bird landed at the foraging site.  This usually resulted in a few seconds being 
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truncated between when a bird left a nest and when it was detected leaving a colony.  The 

average flight speed was calculated as the straight line distance traveled divided by the 

time of travel; this is a minimum estimate because many birds changed headings during 

travel resulting in actual flight distances being greater than straight line distances 

calculated in the GIS.   

Results 

Foraging Flight Characteristics 

Thirty Great Egrets and 54 Snowy Egrets were followed from 3 nesting colonies 

between April 7 and June 9, 2000 (on 7 days for Great Egret and on 8 days for Snowy 

Egret).  This period was after most nests were initiated and adults could be expected to be 

provisioning chicks (E. Stolen, unpublished data).  Great Egrets landed at 28 and Snowy 

Egrets at 31 unique foraging locations (Figure 2.1).  The destination of 3 Snowy Egrets 

and 1 Great Egret could not be determined.  There were still many active nests in all 3 

colonies when follows ended.  The maximum numbers of nests counted in the entire 

study area were 202 Great Egrets and 165 Snowy Egrets in 11 colonies (E. Stolen, 

unpublished data).   

Over half of all Snowy Egrets followed left the colonies in groups (8 of the 31 

separate follows).  Most of these groups were composed of conspecifics except in 2 cases 

when Snowy Egrets left the colony with a Great Egret.  The mean and median group size 

of Snowy Egrets that left colonies in groups was 3.9 and 2.5 respectively.  In addition, 4 

of the Snowy Egrets followed (2 single birds and a group of 2) joined groups in flight.  

Most Snowy Egrets that left colonies in groups or joined groups in flight arrived at 

foraging sites with those groups (2 Snowy Egrets followed did not).  All but 3 of the 

Snowy Egrets followed arrived at foraging sites that were occupied by mixed-species 
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foraging aggregations; 1 arrived at a site occupied by a lone Snowy Egret and 2 arrived at 

unoccupied sites.  The mean and median size of mixed-species foraging aggregations 

joined by Snowy Egrets is summarized in table 2.1.  The distance, duration and speed of 

all Snowy Egret foraging flights followed are summarized in Table 2.2. 

Seven of the 30 Great Egrets followed left colonies in groups (5 of 28 separate 

follows).  Two left in groups composed of another single Great Egret, the others with 

Snowy Egrets.  The mean and median group size of Great Egrets that left colonies in 

groups was 2.4 and 2 respectively.  No Great Egret followed joined a group in flight.  

Only 3 of the 7 Great Egrets that departed colonies in groups arrived at foraging sites 

with those groups (2 of the 5 follows).  Twenty-two of the 30 Great Egrets followed 

arrived at foraging sites that were occupied by foraging aggregations (20 of 28 follows); 

14 of the aggregations were composed of mixed-species foraging aggregations while 6 

were composed of only conspecifics.  The mean and median size of mixed-species 

foraging aggregations joined by Great Egrets is summarized in table 2.1.  The distance, 

duration and speed of the Great Egret foraging flights followed are summarized in Table 

2.2.   

Over all groups followed, aggregations joined by Great Egrets were significantly 

smaller than were those joined by Snowy Egrets (Mann-Whitney Test, Z = -2.011, p = 

0.044).  Great Egrets flew greater distances to foraging locations than did Snowy Egrets 

(Mann-Whitney U test, Z = 2.474, p = 0.013); the duration of trips from colonies to 

foraging sites were not statistically different between species (Mann-Whitney U test, Z = 

1.689, p = 0.091). 
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Habitat Use Analysis 

There was no difference in the frequency of use of the 3 habitat types between 

species (χ2
2 = 2.35, p=0.309).  Great Egrets that landed in impounded salt marsh (15 of 

28 sites) landed exclusively in open water and always joined a foraging aggregation.  

Similarly, most impounded salt marsh sites in which Snowy Egrets landed were in open 

water (14 of the 19).  Snowy Egrets landing in impoundments always joined aggregations 

of other wading birds.  The size of aggregations joined by birds landing in impounded 

salt marsh was larger than that for other habitats combined (Table 1) and the difference 

was significant for both Great Egret (Mann-Whitney Test, Z = -1.987, p = 0.047) and 

Snowy Egret (Mann-Whitney Test, Z = -2.02, p = 0.043).  Four of the freshwater wetland 

sites at which Great Egrets landed were open water while 1 was vegetated.  Similarly, 6 

of the freshwater wetland sites at which Snowy Egrets landed were open and 2 were 

vegetated.  All but 2 of the 12 estuarine edge sites at which Great Egrets and Snowy 

Egrets landed were in open water up to 40 m from the shoreline edge.  The two remaining 

sites (one for each species) were located on small unimpounded islands of low marsh 

vegetation located away from the mainland. 

The proportion of total area within flight distances from colonies that was wetland 

habitat ranged from 0.33 to 0.11 depending on flight radius, species, and whether or not 

forested wetlands were included in the analysis (Table 2.3).  Fifty-eight unique foraging 

locations were identified during follows of Great Egrets and Snowy Egrets.   More than 

half of the foraging sites were located within impounded salt marsh (Tables 2.4 and 2.5).  

When forested wetlands were included in the analysis, both species had positive selection 

ratios for impounded salt marsh and estuarine habitats and negative selection ratios for 



22 

 

freshwater habitat at all spatial scales (with the exception of impounded habitat for Great 

Egrets at the 5 km radius; Figure 2.2).  Great Egrets showed avoidance of freshwater 

habitat at the two larger spatial scales but not at the smallest scale; Snowy Egrets showed 

avoidance of freshwater habitat at both the largest and smallest spatial scales, and 

selection for impounded habitat at the largest spatial scale (Figure 2).  These patterns of 

habitat selection and avoidance largely disappeared when forested wetlands were 

excluded form the analysis (Figure 2.2). 
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Table 2.1. Summary of the sizes of foraging aggregations joined by Great Egrets and 
Snowy Egrets followed from three colonies on the Merritt Island National 
Wildlife Refuge.  Entries in table for each species are mean number (SE) of 
birds in aggregations on the first row, followed by median and sample size on 
the next row. 

Species Impounded Freshwater Estuarine Edge Combined (all sites)

Great Egret 112.0 (33.1) 11.0 (9.5) 6.2 (3.4) 70.4 (22.8)
107.5, n = 12 2.0, n  = 3 3.0, n = 5 10.5, n = 20

Snowy Egret 256.1 (82.1) 24.9 (8.0) 47.5 (12.5) 183.4 (58.9)
100, n = 19 30.0, n = 7 47.5, n = 2 47, n = 28  

 

Table 2.2. Summary of flight distance, duration and speed for Great Egrets and Snowy 
Egrets followed from three colonies on the Merritt Island National Wildlife 
Refuge.  Values in parentheses are standard errors.  Sample sizes are listed in 
table. 

Measure Great Egret Snowy Egret
Average distance (km) 6.2 (0.46),  n=28 4.7 (0.48), n=31

Median Distance (km) 5.6,  n=28 4.2, n=31

Distance range (km) 1.8 - 10.7,  n=28 0.7 - 12.5, n=31

Average duration (min) 10.3 (1.0), n=28 8.0 (0.92), n=30

Median Duration (min) 9.4, n=28 6.5, n=30

Duration range (min) 2.0 - 22.8, n=28 1.0 - 18.8

Average speed (km/hr)a 38.8 (1.6), n=28 38.2 (1.7), n=30  
a  average speed calculated from duration and distance of each flight. 

 



24 

 

Table 2.3. Areas of Great Egret and Snowy Egret foraging habitats within three flight-
radius distances from three nesting colonies in the northern Indian River 
Lagoon, Florida.  Areas are in hectares. 

Summary 5 km 10 km 15 km

Total area within distance of colonies 23,442 82,162 152,063

Area canal and lake 1 m buffer 19 59 78

Area estuary edge 40 m buffer 686 1,697 2,375

Area estuary edge 100 m buffer 1,532 3,785 5,278

Area impounded salt marsh with forest 3,509 9,857 12,064

Area impounded salt marsh without forest 2,710 7,782 9,448

Area freshwater wetlands with forest 2,620 8,930 14,418

Area freshwater wetlands without forest 632 2,969 4,380

Proportion Great Egret habitat with forests 0.33 0.28 0.21

Proportion Great Egret habitat without forests 0.21 0.18 0.13

Proportion Snowy Egret habitat with forests 0.29 0.25 0.19

Proportion Snowy Egret habitat without forests 0.17 0.15 0.11
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Table 2.4. Comparison of the proportion of bird use versus the proportion of habitat availability, for three types of foraging habitat by 
nesting Snowy Egrets.  Analysis was conducted at three spatial scales (15, 10 and 5 km buffer distances).  Bold text 
indicates evidence of selection (+) or avoidance (-) for a particular habitat type and scale. 

Comparrison Impounded salt marsh Freshwater wetlands Estuarine
15 km buffer
Numbers of individuals followed to each type of location within buffer 19 8 4
Bird use of habitat as proprtion of all use within buffer (95 % confidence intervala) 0.61 (0.37, 0.93) 0.26 (0.09, 0.55) 0.13 (0.02, 0.27)
Habitat as proportion of total area within buffer, forested wetlands included 0.42 0.5 0.08
Habitat as proportion of total area within buffer, forested wetlands not included 0.58 0.27 0.15

10 km buffer
Numbers of individuals followed to each type of location within buffer 17 8 4
Bird use of habitat as proprtion of all use within buffer (95 % confidence intervala) 0.60 (0.35, 0.92) 0.27 (0.09 0.55) 0.13 (0.02, 0.27)
Habitat as proportion of total area within buffer, forested wetlands included 0.48 0.44 0.08
Habitat as proportion of total area within buffer, forested wetlands not included 0.62 0.24 0.14

5 km buffer
Numbers of individuals followed to each type of location within buffer 15 4 3
Bird use of habitat as proprtion of all use within buffer (95 % confidence intervala) 0.67 (0.36, 0.95) 0.19 (0.030, 0.38) 0.14 (0.01, 0.27)
Habitat as proportion of total area within buffer, forested wetlands included 0.51 0.39 - 0.1
Habitat as proportion of total area within buffer, forested wetlands not included 0.66 0.17 0.17  

a based on Cherry (1996). 
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Table 2.5. Comparison of the proportion of bird use versus the proportion of habitat availability, for three types of foraging habitat by 
nesting Great Egrets.  Analysis was conducted at three spatial scales (15, 10 and 5 km buffer distances).  Bold text 
indicates evidence of selection (+) or avoidance (-) for a particular habitat type and scale. 

Comparrison Impounded salt marsh Freshwater wetlands Estuarine
15 km buffer
Numbers of individuals followed to each type of location within buffer 15 5 8
Bird use of habitat as proprtion of all use within buffer (95 % confidence intervala) 0.54 (0.29, 0.88) 0.18 (0.04, 0.37) 0.29 (0.01, 0.58)
Habitat as proportion of total area within buffer, forested wetlands included 0.38 0.46  - 0.17
Habitat as proportion of total area within buffer, forested wetlands not included 0.49 0.23 0.28

10 km buffer
Numbers of individuals followed to each type of location within buffer 14 4 8
Bird use of habitat as proprtion of all use within buffer (95 % confidence intervala) 0.54 (0.28, 0.88) 0.15 (0.02, 0.31) 0.31 (0.11, 0.62)
Habitat as proportion of total area within buffer, forested wetlands included 0.44 0.40 - 0.17
Habitat as proportion of total area within buffer, forested wetlands not included 0.53 0.21 0.26

5 km buffer
Numbers of individuals followed to each type of location within buffer 4 2 3
Bird use of habitat as proprtion of all use within buffer (95 % confidence intervala) 0.44 (0.07, 0.75) 0.22 (0.00, 0.37) 0.33 (0.03, 0.58)
Habitat as proportion of total area within buffer, forested wetlands included 0.46 0.34 0.2
Habitat as proportion of total area within buffer, forested wetlands not included 0.55 0.13 0.31  

 a based on Cherry (1996).
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Figure 2.1. Foraging locations of Great Egrets (circles) and Snowy Egrets (triangles) 

followed from three colonies in the northern Indian River Lagoon, Florida.    
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Figure 2.2. Great Egret and Snowy Egret foraging flight habitat resource selection ratios 
(error bars show SE) displayed by habitat type, for analyses with and without 
forested wetland habitats included, for three concentric radii of distances from 
colony locations.  Bars marked with * show evidence of selection or 
avoidance of habitat type.  IMP=impounded salt marsh, UNI=freshwater 
wetlands, EST=estuarine edge habitat. 
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 Discussion 

Colonial nesting Great Egrets and Snowy Egrets showed evidence of habitat 

selection, but patterns were dependent on the scale of the analysis and the decision to 

include or exclude forested wetlands.  Both species avoided freshwater habitat and used 

both impounded salt marsh and estuarine habitat more than expected at several spatial 

scales when forested wetlands were included.  When forested wetlands were excluded, 

both species appeared to use habitat in proportion to availability.  The difficulty in 

assessing habitat selection in animals due to uncertainty over the designation of what 

habitat is available is well-known (Johnson 1980, Alldredge and Ratti 1986, McClean et 

al. 1998, Manly et al. 2002).  My results caution researchers against arbitrarily including 

or excluding habitats at various scales as it may lead to incorrect interpretations of habitat 

selection, including placing undue importance on some habitat types. 

My results are consistent with other studies that have shown that patterns of habitat 

selection by egrets are dependent on the scale of the analysis (e.g., Custer and Osborn 

1978, Fasola and Barbieri 1978, Gibbs et al. 1987, Gibbs 1991, Gibbs and Kinkel 1997).  

One explanation for such a hierarchical process is that decisions made at the broadest 

spatial scale can influence (limit) choices at more local scales (Johnson 1980).  This 

possibility may explain the lack of apparent habitat selection by egrets when forested 

wetlands were excluded from the analysis.  In this study, forested wetlands tended to be 

more distant from colony sites, and egrets appeared to have selected colony sites that 

were surrounded by abundant suitable foraging habitat.  Habitat selection within the birds 

flight radius around the colony appeared to be determined by factors other than coarse 

wetland type (i.e., forested versus non-forested).   
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In this study almost all salt marsh habitat was impounded.  Although my results 

highlighted the value of impounded salt marsh habitats in this system, I did not assess its 

value as compared to unimpounded salt marsh habitat.  Portions of the study area are the 

focus of intensive restoration efforts (Brockmeyer et al. 1997).  Therefore, it would be 

appropriate to assess the question of selection between impounded versus unimpounded 

salt marsh habitat when restored areas become more common in the landscape.   

This study suggests that egrets nesting in the northern Indian River Lagoon estuary 

can find suitable foraging habitat in relative close proximity to colonies to meet the 

energetic demands of reproduction.  All egrets I followed traveled less than 13 km, with 

Great Egrets generally traveling farther than Snowy Egrets.  This distance was within the 

18 km radius traveled by most Great Egrets and Snowy Egrets from nesting colonies to 

foraging sites reported in other studies (e.g., Custer and Osborn 1978, Thompson 1978, 

Frederick and Collopy 1989, Bancroft et al. 1994, Smith 1995a).  Moreover, the average 

flight duration and flight speeds recorded in this study were similar to that recorded in 

previous studies (Custer and Osborn 1978, Thompson 1978).  Flying farther may occur if 

or when habitat conditions around colonies deteriorate (Bancroft et al. 1994, Frederick 

and Collopy 1989, Frederick and Spalding 1994).  Under such conditions, birds have to 

deal with trade-offs between carrying larger prey loads and the energetic demands of 

increased travel (Smith 1995a).  For this reason, distant habitats may not be preferred 

under optimal conditions, but may be important under unusual circumstances (drought), 

or during certain stages of the nesting cycle. 

Most of the Great Egrets and Snowy Egrets I followed landed at sites with other 

wading birds present, demonstrating the high level of social foraging under the conditions 
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in my study area (see Chapter 4).  The benefits of joining a group might be associated 

with locating prey resources (Krebs 1974, Hafner et al. 1998), or improved foraging 

success of group foraging individuals (Chapter 5, Caldwell 1981, Hafner et al. 1982, 

Cezilly et al. 1990, Master et al. 1993).  However, the degree to which Great Egrets and 

Snowy Egrets forage socially varies widely between studies.  For example, Smith 

(1995b) reported that Great Egrets and Snowy Egrets invariably joined foraging birds 

when followed from a nesting colony in south Florida.  Similarly, Custer et al. (2004) 

found that 34% of Great Egrets followed landed at sites with other wading birds present.  

In contrast, Custer and Galli (2002) found that Great Egrets landed at unoccupied sites 

74% of the time.  In this study, joining groups might have been facilitated by the 

tendency of the Great Egrets and Snowy Egrets to travel to foraging sites in groups.  

Group flights from nesting colonies also appears to vary widely between sites with some 

authors reporting levels lower than in this study (e.g., Erwin 1983b,1984; MacCarone and 

Parsons 1988; Smith 1995a). 

Most studies of ardeid foraging flights have suggested that the availability of 

foraging habitat surrounding the colonies is an important component in the protection of 

wading bird nesting colonies.  Nesting ardeids often switch foraging habitats rapidly in 

response to changes in hydrology (Smith 1995a, Smith and Collopy 1995, Custer et al. 

2004).  Therefore, protecting a mix of different wetland types within flight distance of 

colonies is prudent because unpredictable disturbances may affect some types but not 

others.  This study suggested that such a level of protection, including contingencies for 

fluctuations/changes in habitat conditions, could be met by protecting a variety of 

wetland habitats within 15 km of the nesting colonies of Great Egrets and Snowy Egrets 
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in Merritt Island.  The range of conditions described in this and other studies highlights 

the flexibility in foraging behavior of these species, but also underscores the value of 

gathering system-specific information to help guide management decisions on their 

behalf.  
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CHAPTER 3 
THE DISTRIBUTION OF WADING BIRD PREY IN IMPOUNDED WETLANDS IN 

THE NORTHERN INDIAN RIVER LAGOON ESTUARY 

Introduction 

Many species of wading birds are dietary specialists feeding on small fish living in 

shallow wetland habitats (Hancock and Kushlan 1984, Frederick 2002).  Available work 

has demonstrated a direct connection between prey distribution and piscivorous wading 

bird foraging habitat use (Kersten et al. 1991, Fasola et al. 1996, Master et al. 2005), and 

has highlighted the importance of understanding factors influencing prey availability 

within wetlands (e.g., Gawlik 2002).  Similarly, there is evidence that prey density (often 

considered a surrogate for availability) is an important factor determining foraging 

success of wading birds (e.g., Erwin et al. 1985, Cezilly et al. 1990).  To understand the 

factors underlying a predator’s selection between available foraging habitats, it is helpful 

to know the level of prey within each type.  A few studies have attempted to describe the 

relative distribution of piscivorous wading bird prey between available foraging habitats 

(e.g., Erwin et al. 1985, MacCarone and Parsons 1994, Fasola et al. 1996, Trexler et al. 

2003).  However, the generality of relationships will only be established as similar types 

of information are generated elsewhere. 

Stretching for ca. 250 km along Florida’s Atlantic coast, the Indian River Lagoon 

System (IRL) is a sub-tropical estuary with a highly diverse fauna of fish (Snelson 1983) 

and a large and diverse population of piscivorous wading birds (Smith and Breininger 

1995).  Prior to human alteration, the eastern shore of the northern IRL was extensively 
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vegetated with irregularly flooded salt marsh (Schmalzer 1995).  However, almost all salt 

marsh habitat was impounded for mosquito control between 1954 and the early 1970’s 

(Brockmeyer et al. 1997).  Impounding of these wetlands has had a large impact on the 

fish community within, beginning with a reduction in the diversity and abundance of fish 

as a result of initial impounding (Gilmore et al. 1982, Harrington and Harrington 1982).  

Native IRL salt marsh had a hydroperiod characterized by extreme changes in water 

depth and extent of marsh surface coverage between different seasons (Trost 1968).  

Impounding of marshes resulted in longer hydroperiods, greater water depths and a 

reduction in vegetated surface and increase in open water lacking emergent vegetation 

(Brockmeyer et al. 1997).  These changes apparently increased the populations of small 

resident fishes such as the Sheepshead Minnow (Cyprinodon variegatus) and the 

Mosquitofish (Gambusia holbrooki) (Brockmeyer et al. 1997, Gilmore 1998). 

The impounded salt marshes of the northern IRL are a good place to investigate 

patterns of piscivorous wading bird prey distribution.  Sketchy information from the pre-

impoundment period on wading bird use suggests that the native marsh habitat had low 

wading bird use, estimated at 0.9 individuals ha-1 (Trost 1968).  Since impounding, 

wading bird density within some impounded salt marsh habitat apparently increased by a 

factor of two (Provost 1968, Trost 1968), but several impoundments in the northern IRL 

with similar habitat composition and similar management histories are used at vastly 

different rates by foraging wading birds (Stolen et al. 2002).  Within impoundments of 

the northern IRL, piscivorous wading birds predominantly use shallow unvegetated 

flooded habitat and to a lesser extent, shallow flooded wetlands with low stature, salt-

tolerant plants (chapter 4, Breininger and Smith 1990, Smith and Breininger 1995, Stolen 
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et al. 2002).  However, it is unclear whether prey abundance or other factors (e.g., habitat 

structure, hydrology) are the key determinants of habitat preference.  The simple division 

of available habitat into two categories (vegetated and unvegetated) makes quantifying 

patterns of piscivorous wading bird prey abundance straightforward.  I designed this 

study primarily to test to the prediction that prey is more abundant in the unvegetated 

habitat type more often used by foraging wading birds.  

In addition, on-going restoration and management within this system allows the 

opportunity to test relationships between hydrology and wetland connectivity with 

wading birds and their prey (chapter 4, Stolen et al. 2005).  Understanding of the spatial 

and temporal abundance and distribution of resident fish within impounded salt marsh 

habitat in the northern IRL would enhance the ecological foundation for management of 

both fish and wading bird habitats.  It also would provide a better basis to compare and 

draw appropriate inferences and conservation insights about other wetlands in Florida.  

My objectives were the follwoing: 1) measure the density and biomass of fish within both 

unvegetated and vegetated wading bird foraging habitat within impounded salt marsh, 2) 

investigate seasonal patterns of abundance between habitats and management types, and 

3) characterize the patchiness of fish at a scale relevant to the use of this resource by 

wading birds.  This information will ultimately improve the understanding of the foraging 

habitat selection and foraging ecology of piscivorous wading birds within this system. 

Methods 

Study Site 

The study site consisted of two areas of impounded salt marsh located in the 

northern portion of the IRL on the Kennedy Space Center-Merritt Island National 

Wildlife Refuge (KSC/MINWR, Figure 3.1).  Habitat within impoundments is 
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predominantly a mixture of open water and vegetated cover types, with tall marsh grass 

(e.g., Spartina bakeri) and short marsh vegetation (e.g., Distichlis spicata, Batis 

maritima) predominating in vegetated areas (Schmalzer 1995).  The unvegetated open 

water areas within impoundments are of 2 types, both of which have sharply defined 

boundaries with vegetated areas.  Many large round “potholes”, ranging in diameter from 

a few to several hundred meters, occur within vegetated areas of the marsh.  These areas 

are shallow (< 0.3 m) but may be over 1 m below the marsh surface in the centers.  Large 

areas of shallow (<0.3 m) estuarine water that were impounded occur along the estuarine 

edges of impoundments and often grade into remnant creeks towards the higher marsh.  

Ditches (2-5 m across) along the impoundment perimeters also contain unvegetated open 

water habitat, but generally these areas are too deep for foraging by wading birds. 

The northern portion of the IRL is isolated from ocean inlets and has very low 

diurnal tidal changes (< 1cm; Smith 1987).  In this region, seasonal and wind-driven 

water level fluctuations are of much greater importance (Smith 1987,1993).  Hydrology is 

marked by a high water period from September through November (due to a local 

seasonal sea-level increase and a summer rainy season), followed by a gradual decline in 

water level with the lowest level occurring in early spring.  These changes greatly 

influence the depth of water over salt marsh habitat that is connected to the estuary, 

controlling the extent of marsh surface covered with water (Trost 1968).  A similar 

pattern occurs within impoundments isolated from the estuary, although water depths are 

generally greater than in unimpounded salt marsh (Stolen et al. 2002).  
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Figure 3.1. Map of study site showing location of study impoundments on the Kennedy 
Space Center-Merritt Island National Wildlife Refuge.  The fixed-station 
impoundments were: T10K, T10L, T27B, T38, SHILOH 1 AND SHILOH 
3.The random-site impoundments were: T10C, T10D, T10E, T10H, T10J, 
T10K, AND T10L. 
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Prey Sampling 

Throw-trap sampling (Kushlan 1981b) was used to quantify resident marsh fish 

abundance.  This type of sampling gear has been shown to produce accurate estimates of 

fish abundance in shallow wetlands similar to those in this study (Chick et al. 1992, 

Jordan et al. 1997, Stevens 2002).  To avoid startling fish, researchers approached a 

sample site by walking slowly and then tossed a 1-m2 throw-trap a distance of 1 to 2 m.  

Once the trap landed, researchers quickly secured the edges of the trap against the 

substrate.  Fish were then scooped from the trap using a 40 by 30 cm dip net with 2-mm 

mesh.  Vegetation within the trap was removed if it impeded movement of the dip net.  

When the large dip net was scooped 3 times without catching a fish, a 15 by 10 cm dip 

net with 2-mm mesh was used, which was more effective in scraping along the edges and 

into the corners of the trap.  The sample was completed when the smaller dip net was 

scooped 3 times without catching a fish.  The standard length (from anterior tip of body 

to base of the caudal fin) of the first 30 individuals of each species captured in each 

throw-trap deployment were measured to the nearest mm.  The mass of these fish was 

estimated using species-specific regression equations developed for fish captured in other 

impoundments on KSC/MINWR (Phil Stevens, USGS, unpublished data).   

Two sets of impoundments containing salt marsh habitat along the edge of the IRL 

were sampled.  The first set, termed fixed-station sampling impoundments (Figure 3.1), 

consisted of 3 pairs of impoundments, chosen to meet the following criteria based on data 

collected during long-term monitoring of wading birds on KSC/MINWR (Stolen et. al. 

2002): 1) impoundments had to be among those included in at least 5 years of monthly 

wading bird foraging habitat use surveys, 2) impoundments within pairs must be 

adjacent, and 3) within pairs the overall mean density of wading birds observed during 
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foraging habitat use surveys of one impoundment must have been at least twice as great 

as the other.  Once the pairs were selected, I identified at least 3 locations within each 

impoundment that met the following criteria: 1) locations were areas of open water at 

least 1 ha in size, 2) locations were adjacent to culverts that opened to the estuary 3) 

locations were adjacent to relict tidal creeks.  At each of these points, I set up a 3 by 3 

cell grid of 100-m2 cells marked with short PVC poles.  During each quarterly sampling 

period, 3 cells were chosen randomly within each grid and samples were collected with a 

1-m2 throw trap. 

The second set of impoundments, termed random-station sampling impoundments 

(Figure 3.1) consisted of 7 impoundments along the Black Point Wildlife Drive chosen to 

overlap with a multi-disciplinary study of the effects of impoundment on salt marsh 

habitat (referred to as the Wetlands Initiative, see Brockmeyer 2004 for details).  In these 

impoundments, I used a random sampling design to locate sites to compare fish density 

between wetland habitat with and without emergent salt marsh vegetation.  At each 

random point, a 1-m2 throw trap was used to sample fish at the nearest unvegetated and 

vegetated habitat to the random point.  Unvegetated habitat was defined as a flooded area 

with no emergent marsh vegetation that was at least 2 m in diameter.  One throw trap 

sample was collected at the unvegetated site, then a paired sample location was selected 

within the nearest flooded vegetated habitat that was contiguous to the open water habitat 

sampled.  Here a throw trap sample was collected in vegetated habitat which was paired 

with the unvegetated sample.  Paired vegetated sites were selected within 1 m of the edge 

of the contiguous open water, and at least 5 m from the location where the open water 

sample was made.  Vegetated habitat was defined as a flooded area with at least 25% 



40 

 

cover of emergent marsh vegetation and at least 2 m in diameter.  If no open water 

existed within 200 m of the chosen random point, no unvegetated sample was taken.  If 

no vegetated habitat existed within 200 m of the open water sample then no paired 

vegetated sample was collected. 

In addition to the fish data, other data recorded were: a GPS position of the sample, 

water depth, distance through the water at which a researcher could see the tip if a finger, 

a description of the substrate, surface water conditions, weather conditions, presence of 

submerged aquatic vegetation, and for vegetated samples the portion of the trap occupied 

by emergent vegetation.  Random-station throw trap samples were collected quarterly 

July 2001-July 2002.  During each quarterly sampling period, 10-15 points were chosen 

randomly within each impoundment.  The number of points sampled in each habitat, 

season, and impoundment combination is given in Table 3.1.  During the study, two 

impoundments (T10J and T10L) remained hydrologically isolated from the estuary while 

the other impoundments were connected via culverts open during some periods.   

Analysis 

Density of fish for each throw-trap deployment was calculated as the number of 

individuals of all species removed from the net.  Nonparametric tests were used in 

comparisons of fish densities and biomass to avoid making assumptions about 

distributions required for the use of parametric tests (Conover 1980).  I explored patterns 

of distribution of fish abundance measures (i.e., density and biomass for each prey 

sampling type) by plotting histograms for each variable.  I attempted to use 

transformations (natural log, square root and inverse) to reduce skew and kurtosis within 

each variable.  Patterns of correlation between measures of fish abundance (density and 

biomass) were explored using both Spearman’s ρ for raw variables and Pearson’s r for 
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transformed variables.  I report back-transformed means and 95% confidence intervals of 

abundance within season and impoundment.  I calculated the mean length and mean 

biomass of fish (all species combined) for each sample, using all individuals measured.  I 

explored patterns of these measures between habitat types using unpaired t-tests 

including all samples with measurement data.  I calculated the correlations between 

sample density and mean length and biomass fish using Spearman’s ρ . 

I used information-theoretic model selection methods (Burnham and Anderson 

2002) to explore patterns of fish density as a function of explanatory variables (e.g., 

season, impoundment, and habitat).  This approach is based on generating a set of 

alternative hypotheses that are stated as models relating a single response variable with a 

set of predictor variables.  The key step in this process is in generating a meaningful set 

of candidate models based on biological insight into the system, rather than fitting a 

series of models that includes various systematic combinations of predictor variables 

(e.g., step-wise backward elimination).  Information-theoretic model selection provides 

an objective means of comparing the relative support among the models in the set, given 

the data.  Models were formulated as general linear models (GLMs).  Models were 

considered for interpretation of their parameters if they met the following criteria: 1) 

ΔAICc of less than 10.0, 2) were included in the set of best supported models with 

combined Akaike weights of 0.95 (95% confidence set) and 3) had an evidence ratio 

relative to the best supported model greater than 0.135 (Burnham and Anderson 2002). 

For the fixed-station samples, GLMs were fit using fish abundance in sample grids 

as the response variable and including combinations of the explanatory variables 

Impoundment (6 levels) and Season (3 levels).  The set of candidate models included a 
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model with each of the main effects alone testing the hypothesis that each factor was the 

only one important in explaining the variation in fish density.  The model with both 

factors was also included based on the hypothesis that both effects were important in 

explaining the density of fish in samples.  I also included the full factorial model ( main 

effects and the two-way interaction between factors) to evaluate the overall fit of the 

models (Burnham and Anderson 2002).  I used ln(fish density+1) as the response variable 

in GLM analyses because this transformation produced the most normal distribution of 

each of the abundance variables.  The resulting variables were still skewed right, mainly 

due to presence of many zeros. 

For the random-station samples, GLMs were fit using fish abundance as the 

response variable and including combinations of the explanatory variables Habitat 

(vegetated or unvegetated), Impoundment (4 levels) and Season (4 levels).  I excluded 

samples collected in Post-nesting 2001 season and impoundments T10C, T10D and T10K 

from the analysis due to lack of samples (see Table 3.1).  The candidate model set 

considered included models with each factor alone, models with all pairs of two factors, 

models with each two-way interaction alone, a model with all two-way interactions, and 

several models with two-way interactions and the remaining factor as a main effect.  The 

full factorial model including the main effects, all two-way interactions, and the three-

way interaction between factors was evaluated to assess the overall fit of the models 

(Burnham and Anderson 2002).  I used ln(fish density+1) as the response variable in 

GLM analyses because this transformation produced the most normal distribution of each 

of the abundance variables.  The resulting variables were still skewed right, mainly due to 

presence of many zeros. 
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Results 

Fixed-Station Sampling 

One hundred and fifty-five fixed-station throw trap samples were taken during 3 

sampling periods in June 2000, July 2000 and January 2001; fish were present in 83 

(54%) of these.  Eleven species of fish were captured (2,133 individuals); 93% of 

individuals belonged to the top three species Sheepshead Minnow, Mosquitofish, and 

Sailfin Molly (Poecilia latipinna) (Table 3.2).  Other species of nekton were rarely 

captured during sampling at these sites; a total of 178 Grass Shrimp, (Paleomontes sp.) 

were captured in 8 samples.  Estimates of fish density and biomass were highly correlated 

(Spearman’s ρ = 0.962, n = 155, p < 0.0001; the sample size was 1 less than expected 

because 2 samples were aggregated due to data recording error).  The frequency 

distribution of fish density was highly skewed due to a large number of zeros (46% of 

throw samples; Figure 3.2).  Information-theoretic model selection resulted in a single 

model that included both Season and Impoundment main effects and had an Akaike 

weight of 0.92 (Tables 3.3- 3.5).  Results from this model indicated that fish density was 

higher in January 2001 than the other seasons and that impoundment T38 had higher 

density than all other impoundments (Figure 3.3). 

Random-Site Sampling 

A total of 326 unvegetated and 203 vegetated points were sampled.  In 128 cases 

no vegetated habitat existed within 200 m of the sample point and thus only an 

unvegetated sample was taken; in 5 cases no open habitat existed within 200m of the 

sample point so only a vegetated sample was taken.  Non-fish species were captured at 26 

of 326 unvegetated sites and 51 of 203 vegetated sites sampled.  Most of the non-fish 

prey captured were shrimp (Table 3.6).  Fish were captured at 174 of the unvegetated 
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sites and 180 of the vegetated sites.  Fifteen species of fish were captured, but over 88% 

belonged to the top three species (Sheepshead Minnow, Mosquitofish, and Sailfin Molly, 

Table 3.7).  There was a weak positive correlation between the number of fish and the 

number of shrimp in samples (Spearman’s ρ = 0.297, p =<0.0001, n=529).  There was a 

strong positive association between the occurrence of shrimp and the occurrence fish in 

samples (χ2
2 = 19.98, p<0.0001) and only 7 of 159 samples had shrimp but no fish. 

Mean fish density varied substantially between impoundments (Figure 3.4).  

Seasonal densities of fish also varied greatly for both unvegetated (Table 3.8) and 

vegetated habitats (Table 3.9).  Unvegetated points were more likely to have no fish than 

were the paired vegetated sites (χ2
1 = 44.76, p< 0.001).  The density of fish was greater in 

vegetated than unvegetated habitat (Wilcoxon signed-rank test, p < 0.0001, z = -6.94, 

n=218 pairs); the 95 % confidence interval of the difference between the density of the 

paired vegetated and unvegetated sites was (1,6) individuals/m2.  The mean fish density 

(individuals/m2) and 95% confidence interval for all vegetated sites was 8.2 (6.7, 9.9) and 

for all unvegetated sites 2.0 (1.6, 2.4).  The correlation between the densities of fish in 

vegetated versus unvegetated paired-samples was significantly positive, but weak 

(Spearman’s ρ = 0.300, n = 198, p < 0.0001).  Fish biomass also varied greatly by 

impoundment (Figure 3.5) and by season (Tables 3.10 and 3.11), and showed a similar 

pattern to density.  The mean biomass (g/m2) and 95% confidence interval for all 

vegetated sites was 3.0 (2.5-3.7) and for all unvegetated sites 1.1 (0.9-1.4).  Estimates of 

fish density and biomass were highly correlated for both unvegetated (Spearman’s ρ = 

0.963, n = 326, p < 0.0001) and vegetated sites (Spearman’s ρ = 0.852, n = 203, p < 

0.0001).  There was also a weak correlation between the biomass of fish between 
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vegetated and unvegetated sites (Spearman’s ρ = 0.190, n = 198, p < 0.007).  The 

frequency distribution of fish density was highly skewed for unvegetated samples due to 

a large number of zeros (47% of unvegetated samples, 19% of vegetated samples) (Figure 

3.6).   

The mean length and mean biomass of individual fish within samples is given in 

Table 3.12.  The mean length of fish (by sample points) was greater at unvegetated sites 

(24.0 mm, SE=0.74, n=170) than at vegetated sites (21.3 mm, SE=0.61, n=179), and the 

difference was significant (unpaired t-test with unequal variances: t=2.74, df=331.6, 

p=0.007).  Similarly, the mean biomass per fish at unvegetated sites (0.68 g, SE=0.11, 

n=170), was greater than that at vegetated sites (0.52 g, SE=0.10, n=179), but the 

difference was only marginally significant (unpaired t-test with unequal variances: 

t=1.90, df=334.6, p=0.058).  There was no correlation between the mean length and 

density of fish at sample points (Spearman’s ρ=0-0.035, p=0.519, n=349).  Nor was there 

a correlation between the mean biomass and density of fish at sample points (Spearman’s 

ρ=0-0.061, p=0.257, n=349).  The pattern of greater mean length in unvegetated sites was 

true for 3 of the 4 most abundant species (Table 3.13). 

Information-theoretic model selection resulted in two models with a combined 

Akaike weight of 0.99(Table 3.14).  The best-supported model included interactions 

between Habitat and Season, and Habitat and Impoundment, and had an Akaike weight 

of 0.82 (Tables 3.15 and 3.16).  Fish density was highest in vegetated habitat in the Post-

nesting and Winter seasons; this pattern reversed in Pre-nesting and Nesting seasons 

(Figure 3.7).  Marginal means of fish density within impoundments are shown in Figure 
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3.8.  The model with all three two-way interaction terms also had some support with an 

Akaike weight of 0.17 (Tables 3.14, 3.17 and 3.18). 
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Table 3.1. Number of points sampled during random-station fish sampling in unvegetated 
(unveg.) and vegetated (veg.) habitat during 5 seasons in 7 impoundments. 

impoundment unveg. veg. unveg. veg. unveg. veg. unveg. veg. unveg. veg.
T10C 15 9 10 10 10 10 10 8
T10D 12 10 9 9 10 5
T10E 11 10 10 10 1 10 9
T10H 15 14 10 10 10 10 4 10 10
T10J 15 15 10 10 10 10 10 2 10 10
T10K 12 15
T10L 13 15 15 14 10 10 10 3 10 9

Post 2002Post 2001 Winter 2001 Pre 2002 Nesting 2002

 
 
Table 3.2. Occurrence of fish by species in throw-trap samples in 6 fixed-station 

sampling impoundments on KSC/MINWR measured June 2000 through 
January 2001.  The first 2 columns give the number of samples (plots) with 
each species present, and the species’ rank by occurrence in samples.  The 
next 2 columns give the total number of each species captured for all samples, 
and the species’ rank by total number captured.  The last 4 columns give mean 
length, SE and range of lengths within species, and sample sizes for 
measurements. 

Species
Number of 
Plots

Rank by 
Plot

Total 
number

Rank by 
number

Mean 
length 
(mm) SE Range (mm) n

Cyprinodon variegatus 59 1 1483 1 24.4 0.30 (7-114) 823
Elops saurus 3 8 15 7 39.2 1.41 (32-51) 15
Fundulus confluentus 2 9 3 11 28.0 4.00 (24-32) 2
Gambusia holbrooki 35 2 358 2 18.4 0.40 (8-50) 210
Gobiosoma robustum 1 10 1 12 38.0 1
Lucania parva 7 6 21 6 23.1 1.34 (13-34) 20
Menidia beryllina 10 5 71 4 34.3 1.01 (21-55) 68
Microgobius gulosus 11 4 29 5 31.8 1.55 (20-44) 24
Mugil cephalus 6 7 10 8 44.3 6.84 (23-84) 10
Poecilia latipinna 21 3 132 3 24.9 0.70 (14-49) 125
Trinectes maculatus 2 9 4 10 33.0 1.78 (30-38) 4
Unkown fish 3 8 6 9
no fish at site 72 72  
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Table 3.3. Fixed-station fish sampling model selection results for GLM analysis with 
ln[1+fish density] as response variable and season (3 levels, S) and 
impoundment (6 levels, L) as explanatory variables. 

Model MLE  σ2 k AICc ΔAICc n/k wi

L, S 1.10 9 27.13 0.00 6 0.92

S 1.55 4 32.02 4.89 13 0.08

L 1.64 7 42.57 15.44 8 0.00

L*S 0.72 19 43.76 16.63 3 0.00  
 
Table 3.4. ANOVA table for GLM with fixed-station ln(1+fish density) as response 

variable and explanatory variables season and location. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 51.4a 7 7.35 5.68 0.00
Intercept 114.63 1 114.63 88.66 0.00
Season 28.52 2 14.26 11.03 0.00
Location 23.91 5 4.78 3.70 0.01
Error 58.18 45 1.29
Total 234.99 53
Corrected Total 109.60 52  

a R2 = 0.47 (Adjusted R2 = 0.39) 
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Table 3.5. Parameter estimates for GLM with fixed-station ln(1+fish density) as response 
variable and explanatory variables season and location. 

Parameter β SE 95% CI β

Intercept 2.48 0.47 (1.52 - 3.43)

season = JAN 2001 1.35 0.38 (0.58 - 2.11)

season = JUL 2000 -0.33 0.39 (-1.12 - 0.46)

season = JUN 2000 0a

location = Shiloh 1 -1.46 0.52 (-2.51 - -0.42)

location = Shiloh 3 -1.28 0.57 (-2.43 - -0.13)

location = T10K    -2.38 0.59 (-3.56 - -1.19)

location = T10L    -1.72 0.55 (-2.84 - -0.61)

location = T27B    -1.08 0.55 (-2.20 - 0.03)

location = T38     0a
 

a This parameter is set to zero because it is redundant. 
 
Table 3.6. Occurrence of non-fish nekton in random-site throw-trap samples in 7 

impoundments on KSC/MINWR measured July 2001 through July 2002.  
Table entries give the number of samples (sites) with each species and total 
number captured by habitat.  The total number of samples was 326 in 
unvegetated and 203 in vegetated habitats. 

Species Unvegetated Vegetated Unvegetated Vegetated
Grass shrimp (Palaemontes sp.) 23 48 702 48
Snapping shrimp (Alpheus sp.) 2 2 5 2
Crayfish (Procambrus sp.) 1 2 1 2
Unknown tadpole 3 3
Unkown Isopod 1 1

Number of Sites Total number
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Table 3.7. Occurrence of fish by species in throw-trap samples in wetland habitat with and without emergent vegetation in 7 random-
site impoundments on KSC/MINWR measured July 2001 through July 2002. The first 2 columns give the number of 
samples (sites) with each species, and the next 2 give the species’ rank by occurrence in samples (sites).  The next 2 
columns give the total number of each species captured for all samples, and the last 2 give the species’ rank by total 
number captured. 

Species Unvegetated Vegetated Unvegetated Vegetated Unvegetated Vegetated Unvegetated Vegetated
Cynoscion nebulosus 2 8 2 9
Cyprinodon variegatus 125 126 1 1 728 849 2 3
Floridichthys carpio 1 3 12 7 1 8 13 7
Fundulus confluentus 10 11 7 5 10 14 8 5
Fundulus sp. 5 2 9 8 6 2 10 9
Gambusia holbrooki 77 115 2 2 707 1331 3 1
Gobiosoma bosc 2 1 11 9 4 1 11 10
Gobiosoma robustum 3 1 10 9 25 1 7 10
Gobiosoma sp. 7 2 8 8 8 4 9 8
Jordanella floridae 1 12 1 13
Lucania parva 49 69 4 4 275 257 4 4
Menidia beryllina 16 6 27 6
Menidia sp. 3 1 10 9 3 1 12 10
Microgobius gulosus 22 9 5 6 52 12 5 6
Mugil cephalus 3 10 4 11
Poecilia latipinna 64 106 3 3 763 1097 1 2
Syngnathus scovelli 1 12 1 13
Syngnathus sp. 1 9 1 10
Unkown fish 2 2 11 8 3 2 12 9
no fish at site 152 23 152 23

Number of Sites Rank by site Rank by numberTotal number
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Table 3.8. Density of fish (individuals/m2) in wetland habitat without emergent vegetation in 7 random-site impoundments on 
KSC/MINWR measured July 2001 through July 2002. 

       
 

Post-nesting 
2001  

Winter 2001-
2002  

Pre-nesting 2002 
 

Nesting 2002 
 

Post-nesting 
2002 

Impoundment mean 95% CI  mean 95% CI  mean 95% CI   mean 95% CI  mean 95% CI 

T10C 0.2 (0.0-0.6)  0.3 (0.0-1.1)  0.0 (0.0-0.0)  0.2 (0.0-0.8)  0.1 (0.0-0.6) 

T10D 0.3 (0.0-0.7)  0.1 (0.0-0.3)  0.4 (0.0-1.2)  0.2 (0.0-0.7)  0.1 (0.0-0.3) 

T10E --a    1.8 (0.3-5.0)  0.5 (0.1-1.1)  1.2 (0.0-3.9)  0.1 (0.0-0.3) 

T10H 0.4 (0.0-1.0)  1.0 (0.0-3.0)  3.5 (1.0-9.4)  1.5 (0.3-3.6)  1.8 (0.7-3.6) 

T10J 2.7 (1.3-5.2)  5.9 (2.0-15.2)  16.1 (5.0-48.0)  9.4 (5.1-16.9)  5.5 (2.4-11.6) 

T10K 4.6 (1.4-11.7)    --a     --a      --a     --a    

T10L 4.1 (1.4-10.0)  7.3 (3.9-13.1)  18.0 (6.0-51.0)  23.3 (5.4-91.5)  5.5 (1.9-13.7) 
a  Not sampled due to change in impoundment selection following Post-nesting season 2001. 
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Table 3.9. Density of fish (individuals/m2) in wetland habitat with emergent vegetation in 7 random-site impoundments on 
KSC/MINWR measured  July 2001 through July 2002. 

       
 

Post-nesting 
2001  

Winter 2001-2002
 

Pre-nesting 
2002  

Nesting 2002 
 

Post-nesting 
2002 

Impoundment mean 95% CI  mean 95% CI  mean 95% CI   mean 95% CI  mean 95% CI 

T10C 4.9 (1.5-13.0)  3.1 (1.3-6.3)  --b   --b   10.0 (3.4-26.1) 

T10D --b   --b   --b   --b   2.1 (0.5-5.5) 

T10E --a    14.6 (7.4-28.1)  0.0   6.0   25.2 
(12.4-
50.4) 

T10H 0.3 (0.0-0.7)  5.3 (1.9-12.7)  0.0   1.8 (-0.8-34.3)  17.1 (8.4-33.9) 

T10J 3.7 (1.9-6.8)  22.7 (10.3-48.4)  11.5 (5.3-24.0)  16.2 (-1.0-289179.4)  48.2 
(29.1-
79.3) 

T10K 10.1 (6.7-15.0)   --a      --a      --a      --a    

T10L 5.7 (1.8-15.0)  23.1 (12.7-41.3)  10.1 (4.2-22.5)  2.2 (-0.8-43.1)  7.8 (2.9-18.8) 
a  Not sampled due to change in impoundment selection following Post-nesting season 2001. 
b  Not sampled due to lack of flooded vegetated habitat during sample period



 

 

53

Table 3.10. Biomass (g/m2) of fish in wetland habitat without emergent vegetation in 7 random-site impoundments on KSC/MINWR 
measured  July 2001 through July 2002. 

       
 

Post-nesting 
2001  

Winter 2001-
2002  

Pre-nesting 2002 
 

Nesting 2002 
 

Post-nesting 2002

Impoundment mean 95% CI  mean 95% CI  mean 95% CI   mean 95% CI  mean 95% CI 

T10C 0.1 (0.0 - 0.2)  0.2 (0.0 - 0.5)  0.0   0.0 (0.0 - 0.1)  0.1 (0.0 - 0.2) 

T10D 0.1 (0.0 - 0.3)  0.2 (0.0 - 1.0)  0.4 (0.0 - 1.1)  0.6 (0.0 - 2.8)  0.0 (0.0 - 0.1) 

T10E --a    0.9 (0.1 - 2.3)  0.8 (0.1 - 2.0)  0.5 (0.0 - 1.9)  0.0 (0.0 - 0.1) 

T10H 0.2 (0.0 - 0.5)  0.7 (0.0 - 1.9)  1.9 (0.3 - 5.4)  0.4 (0.0 - 1.0)  0.2 (0.0 - 0.6) 

T10J 1.0 (0.2 - 2.3)  2.6 (0.6 - 6.9)  9.7 (3.0 - 28.0) 3.3 (1.3 - 7.2)  2.6 (0.9 - 6.0) 

T10K 2.5 (0.5 - 7.0)  --a    --a    --a    --a   

T10L 1.6 (0.5 - 3.4)   3.9 (1.3 - 9.7)   6.9 (1.9 - 20.1) 9.3 (1.9 - 35.2) 4.2 (1.4 - 10.3) 
a  Not sampled due to change in impoundment selection following Post-nesting season 2001. 
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Table 3.11. Biomass (g/m2) of fish in wetland habitat with emergent vegetation in 7 random-site impoundments on KSC/MINWR 
measured July 2001 through July 2002. 

       
 

Post-nesting 
2001  

Winter 2001-
2002  

Pre-nesting 2002 
 

Nesting 2002 
 

Post-nesting 2002

Impoundment mean 95% CI  mean 95% CI  mean 95% CI   mean 95% CI  mean 95% CI 

T10C 2.5 (0.6 - 6.4)  2.5 (0.6 - 6.5)  --b   --b   3.0 (0.7 - 8.6) 

T10D --b   --b   --b   --b   3.6 (0.6 - 11.9) 

T10E --a    7.6 (3.9 - 14.4) 0.0 (0.0 - 0.0)  0.1 (0.0 - 0.0)  8.8 (4.4 - 16.6) 

T10H 0.2 (0.0 - 0.4)  1.6 (0.6 - 3.1)  0.0 (0.0 - 0.0)  1.2 (0.0 - 18.3) 4.5 (1.3 - 12.2) 

T10J 0.4 (0.2 - 0.7)  10.6 (6.9 - 16.1) 3.7 (1.2 - 8.9)  2.6 (0.0 - 42900) 13.7 (7.6 - 24.1) 

T10K 2.6 (0.7 - 6.3)   --a     --a      --a     --a    

T10L 3.1 (1.4 - 6.1)  5.5 (2.8 - 10.1) 2.9 (1.1 - 6.4)  0.5 (0.0 - 3.0)  1.8 (0.4 - 4.5) 
a  Not sampled due to change in impoundment selection following Post-nesting season 2001. 
b  Not sampled due to lack of flooded vegetated habitat during sample period. 
 



55 

 

Table 3.12. Mean length and mean biomass of individual fish captured within random-
site throw-trap samples by species.  Data is included for all samples for which 
these measures were made. 

  Species Mean length (mm) SE n Range (mm)
Cynoscion nebulosus 73.0 3.00 2 (70-76)
Cyprinodon variegatus 21.3 0.22 1413 (5-55)
Floridichthys carpio 33.8 6.01 9 (19-77)
Fundulus confluentus 24.3 3.10 18 (10-52)
Fundulus spp. 42.2 7.18 6 (18-65)
Gambusia holbrooki 19.7 0.14 1512 (1-40)
Gobiosoma bosci 24.4 2.50 5 (19-33)
Gobiosoma microgulosus 26.0 1
Gobiosoma robustum 29.0 1.39 26 (19-50)
Gobiosoma spp. 24.3 1.90 9 (16-34)
Jordanella floridae 26.0 1
Lucania parva 21.3 0.27 465 (7-44)
Menidia beryllina 36.3 1.83 24 (15-50)
Menidia spp. 36.3 10.88 4 (15-56)
Microgobius gulosus 30.6 1.24 60 (17-57)
Mugil cephalus 123.5 19.72 4 (74-160)
Poecilia latipinna 23.6 0.23 1353 (6-65)
Syngnathus scovelli 82.0 1  
 
Table 3.13. Mean length of individual fish in 2 habitat types within random-site throw-

trap samples, listed by species.  Data is included for all samples for which 
these measures were made. 

SPECIES

Mean 
Length  
(mm) SE n

Range 
(mm)

Mean 
Length  
(mm) SE n

Range 
(mm)

Cyprinodon variegatus 21.8 0.34 631 (5-55) 20.9 0.30 782 (7-50)
Gambusia holbrooki 21.1 0.25 444 (1-40) 19.1 0.17 1068 (7-39)
Lucania parva 21.0 0.38 240 (7-44) 21.6 0.38 225 (9-39)
Poecilia latipinna 27.5 0.32 532 (6-62) 21.0 0.28 821 (7-65)

Unvegetated Sites Vegetated Sites
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Table 3.14. Random-site model selection results for GLM analysis with ln[fish 
density+1] as response variable and habitat type (unvegetated/vegetated, H), 
season (5 levels, S), and impoundment (6 levels, I) as explanatory variables. 

Model MLE  σ2 k AIC ΔAIC AICc ΔAICc n/k wi

H*I, H*S 1.09 15 53.69 0.00 55.52 0.00 18.53 0.82

H*I, H*S, S*I 1.02 24 53.95 0.27 58.70 3.18 11.58 0.17

H*I 1.21 9 70.98 17.29 71.65 16.13 30.89 0.00

H*S, I 1.21 12 76.08 22.39 77.26 21.74 23.17 0.00

H*I, S 1.21 12 76.36 22.68 77.54 22.02 23.17 0.00

H,I 1.36 6 98.19 44.50 98.50 42.98 46.33 0.00

H,I,S 1.36 9 104.02 50.33 104.69 49.17 30.89 0.00

I*S, H 1.27 18 102.97 49.28 105.61 50.09 15.44 0.00

H*S 1.53 9 137.09 83.40 137.76 82.24 30.89 0.00

I 1.60 5 140.43 86.74 140.65 85.13 55.60 0.00

I,S 1.58 8 143.03 89.35 143.57 88.05 34.75 0.00

I*S 1.47 17 141.68 88.00 144.04 88.52 16.35 0.00

H 1.65 3 145.85 92.17 145.94 90.42 92.67 0.00

H,S 1.65 6 150.99 97.30 151.30 95.78 46.33 0.00

S 1.92 5 191.83 138.15 192.06 136.54 55.60 0.00

H*I*S (global model) 0.98 31 56.02 2.33 64.09 8.57 8.97 0.01  
 
 
Table 3.15. ANOVA table for GLM with random-site ln(fish density+1) as the 

explanatory variable and habitat*season and habitat*impoundment 
interactions included.  

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 237.6a 13 18.28 15.94 0.00
Intercept 830.55 1 830.55 724.30 0.00
season 4.27 3 1.42 1.24 0.30
impoundment 62.77 3 20.93 18.25 0.00
habitat 35.69 1 35.69 31.12 0.00
impoundment * habitat 32.56 3 10.85 9.46 0.00
season * habitat 32.90 3 10.97 9.56 0.00
Error 302.73 264 1.15
Total 1713.00 278
Corrected Total 540.33 277  

a R2 = 0.44 (Adjusted R2 = 0.41)  
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Table 3.16. Parameter estimates for GLM with random-site ln(fish density+1) as the 
explanatory variable and habitat*season and habitat*impoundment 
interactions.  

Parameter β SE 95% CI β
Intercept 2.34 0.20 (1.94 - 2.74)
season = nesting 2002 0.38 0.23 (-0.08 - 0.83)
season = post-nesting 2002 -0.22 0.23 (-0.68 - 0.24)
season = pre-nesting 2002 0.49 0.23 (0.04 - 0.95)
season = winter 2001 0a

impoundment = T10E -1.92 0.23 (-2.37 - -1.46)
impoundment = T10H -1.46 0.23 (-1.92 - -1.00)
impoundment = T10J -0.26 0.23 (-0.72 - 0.20)
impoundment = T10L 0a

habitat = vegetated 0.38 0.30 (-0.21 - 0.97)
habitat = unvegetated 0a

impoundment = T10E * habitat = vegetated 2.06 0.39 (1.30 - 2.82)
impoundment = T10E * habitat = unvegetated 0a

impoundment = T10H * habitat = vegetated 0.94 0.38 (0.21 - 1.68)
impoundment = T10H * habitat = unvegetated 0a

impoundment = T10J * habitat = vegetated 0.86 0.35 (0.17 - 1.55)
impoundment = T10J * habitat = unvegetated 0a

impoundment = T10L * habitat = vegetated 0a

impoundment = T10L * habitat = unvegetated 0a

season = nesting 2002 * habitat = vegetated -1.51 0.44 (-2.38 - -0.63)
season = nesting 2002 * habitat = unvegetated 0a

season = post-nesting 2002 * habitat = vegetated 0.52 0.33 (-0.14 - 1.17)
season = post-nesting 2002 * habitat = unvegetated 0a

season = pre-nesting 2002 * habitat = vegetated -1.05 0.39 (-1.81 - -0.29)
season = pre-nesting 2002 * habitat = unvegetated 0a

season = winter 2001 * habitat = vegetated 0a

season = winter 2001 * habitat = unvegetated 0a
 

a This parameter is set to zero because it is redundant. 
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Table 3.17. ANOVA table for GLM with random-site ln(fish density+1) as the 
explanatory variable and habitat*season, habitat*impoundment and 
season*impoundment interactions.  

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 256.3a 22 11.65 10.46 0.00
Intercept 706.52 1 706.52 634.33 0.00
season 4.34 3 1.45 1.30 0.28
impoundment 61.91 3 20.64 18.53 0.00
Habitat 25.91 1 25.91 23.27 0.00
impoundment * Habitat 20.23 3 6.74 6.05 0.00
season * Habitat 34.34 3 11.45 10.28 0.00
season * impoundment 18.71 9 2.08 1.87 0.06
Error 284.02 255 1.11
Total 1713.00 278
Corrected Total 540.33 277  

a R2 = 0.47 (Adjusted R2 = 0.43)  
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Table 3.18. Parameter estimates for GLM with random-site ln(fish density+1) as the 
explanatory variable and habitat*season, habitat*impoundment and 
season*impoundment interactions.  

Parameter β SE 95% CI β
Intercept 2.392 0.244 (1.91 - 2.87)
season = nesting 2002 0.563 0.382 (-0.19 - 1.32)
season = post-nesting 2002 -0.847 0.349 (-1.53 - -0.16)
season = pre-nesting 2002 0.707 0.372 (-0.02 - 1.44)
season = winter 2001 0a

impoundment = T10E -1.608 0.362 (-2.32 - -0.90)
impoundment = T10H -1.778 0.363 (-2.49 - -1.06)
impoundment = T10J -0.51 0.353 (-1.21 - 0.19)
impoundment = T10L 0a

habitat = vegetated 0.494 0.302 (-0.10 - 1.09)
habitat = unvegetated 0a

impoundment = T10E * habitat = vegetated 1.732 0.414 (0.92 - 2.55)
impoundment = T10E * habitat = unvegetated 0a

impoundment = T10H * habitat = vegetated 0.825 0.395 (0.05 - 1.60)
impoundment = T10H * habitat = unvegetated 0a

impoundment = T10J * habitat = vegetated 0.839 0.354 (0.14 - 1.54)
impoundment = T10J * habitat = unvegetated 0a

impoundment = T10L * habitat = vegetated 0a

impoundment = T10L * habitat = unvegetated 0a

season = nesting 2002 * habitat = vegetated -1.507 0.444 (-2.38 - -0.63)
season = nesting 2002 * habitat = unvegetated 0a

season = post-nesting 2002 * habitat = vegetated 0.505 0.328 (-0.14 - 1.15)
season = post-nesting 2002 * habitat = unvegetated 0a

season = pre-nesting 2002 * habitat = vegetated -1.34 0.425 (-2.18 - -0.50)
season = pre-nesting 2002 * habitat = unvegetated 0a

season = winter 2001 * habitat = vegetated 0a

season = winter 2001 * habitat = unvegetated 0a

season = nesting 2002 * impoundment = T10E -0.518 0.549 (-1.60 - 0.56)
season = nesting 2002 * impoundment = T10H -0.183 0.518 (-1.20 - 0.84)
season = nesting 2002 * impoundment = T10J 0.011 0.533 (-1.04 - 1.06)
season = nesting 2002 * impoundment = T10L 0a

season = post-nesting 2002 * impoundment = T10E 0.353 0.457 (-0.55 - 1.25)
season = post-nesting 2002 * impoundment = T10H 1.288 0.457 (0.39 - 2.19)
season = post-nesting 2002 * impoundment = T10J 0.931 0.457 (0.03 - 1.83)
season = post-nesting 2002 * impoundment = T10L 0a

season = pre-nesting 2002 * impoundment = T10E -1.076 0.566 (-2.19 - 0.04)
season = pre-nesting 2002 * impoundment = T10H 0.189 0.567 (-0.93 - 1.31)
season = pre-nesting 2002 * impoundment = T10J 0.096 0.453 (-0.80 - 0.99)
season = pre-nesting 2002 * impoundment = T10L 0a

season = winter 2001 * impoundment = T10E 0a

season = winter 2001 * impoundment = T10H 0a

season = winter 2001 * impoundment = T10J 0a

season = winter 2001 * impoundment = T10L 0a
 

a This parameter is set to zero because it is redundant. 
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Figure 3.2. Frequency of 1-m2 throw trap samples (tosses) within 7 density categories in 
fixed-station fish samples from impoundments on KSC/MINWR, sampled 
June 2000 – January 2001.  
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Figure 3.3. Mean fish densities measured during fixed-station fish sampling was greatest 
in January 2001.  Estimates based on data from 3 sampling periods, June 2000 
– January 2001 within 6 impoundments on KSC/MINWR.  
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Figure 3.4. Mean fish density was always greater for vegetated versus paired nearby 
unvegetated sites based on random-site sampling from 5 quarterly sampling 
periods, July 2001 – July 2002.  Error bars give 95% confidence intervals of 
back-transformed means.  
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Figure 3.5. Mean fish biomass was usually greater for vegetated versus paired nearby 
unvegetated sites.  Estimates based on random-site sampling data from 5 quarterly 
sampling periods, July 2001 – July 2002.  Error bars give 95% confidence intervals of 
back-transformed means.
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Figure 3.6. Frequency of 1-m2 throw trap samples (tosses) within 7 density categories in 

unvegetated and vegetated flooded habitat.  Samples taken July 2001 – July 
2002 in random-sample impoundments. 

 

0

5

10

15

20

25

30

Winter 2001-02 Pre-nesting 2002 Nesting 2002 Post-nesting 2002

Vegetated
Unvegetated

Fi
sh

 / 
m

2

0

5

10

15

20

25

30

Winter 2001-02 Pre-nesting 2002 Nesting 2002 Post-nesting 2002

Vegetated
Unvegetated

Fi
sh

 / 
m

2

 
 
Figure 3.7. Estimated marginal means of fish density (back-transformed) in vegetated and 

unvegetated habitats within 4 impoundments on MINWR/KSC by season.  
Estimates are from the GLM with random-site ln(fish density+1) as the 
explanatory variable and habitat*season and habitat*impoundment 
interactions included.   
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Figure 3.8. Estimated marginal means of fish density (back-transformed) in vegetated and 
unvegetated habitats within 4 impoundments on MINWR/KSC by 
impoundment.  Estimates are from the GLM with random-site ln(fish 
density+1) as the explanatory variable and habitat*season and 
habitat*impoundment interactions included.   
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Discussion 

The density of fish measured in this study was similar to other studies within the 

northern IRL (Schooly 1980, Stevens 2002, Brockmeyer 2004).  The density of fish for 

most sites that have been sampled in this system was higher than levels reported for 

vegetated habitats of the Everglades, a nearby, ecologically similar area which also has a 

large population of wading birds (Loftus and Eklund 1994, Trexler et al. 2002).  Turner et 

al (1999) pointed out that the Everglades is unusual among tropical wetland systems in 

having unusually low fish standing stocks.  However, the density of resident fish in 

impounded wetlands in the northern IRL was often considerably lower than the 20 

individuals/m2 considered by Trexler et al. (2003) to be the historic level of small marsh 

resident fish in the Everglades ecosystem.  This was especially true of the unvegetated 

habitats (Table 3.8). 

Other systems where wading birds forage have also been observed to have much 

higher levels of prey density than observed in northern IRL impoundments.  For example, 

in tidally replenished isolated pools in a New Jersey salt marsh the density of fish was an 

order of magnitude higher than that typically observed in this study (Master 1992, Master 

et al. 1993).  The relatively lower level of prey density observed in the northern IRL 

could have implications for the foraging ecology of piscivorous wading birds which may 

rely on concentrations of prey for successful foraging and nesting (Kushlan 1976b, 

Bancroft et al. 1994, Frederick and Spalding 1994, Gawlik 2002).  For some 

impoundments (e.g., T10 E, T10L and T10 J, Table 3.9) fish densities in vegetated 

habitat exceeded 20 individuals/m2 in some seasons.  Thus, the potential exists for 

foraging wading birds to locate higher prey concentrations within this system.   
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The impounded salt marsh habitats in the northern Indian River Lagoon are unique 

in many ways (Montague et al. 1987).  Of particular relevance to the resident small fish 

community is the presence of the perimeter dikes which dampen the effects on 

impounded wetlands of hydrologic changes in the estuary.  Compared to the adjacent 

estuary, water level is more stable in impoundments and impounded marshes are flooded 

deeper than native marshes (personal observation).  The resulting longer hydroperiod 

wetlands should support larger populations of small marsh-resident fish (e.g., Sheepshead 

Minnow, Mosquitofish, and Sailfin Molly) than would shorter hydroperiod unimpounded 

marshes (Loftus and Eklund 1994, Gilmore 1998, Trexler et al. 2002).  In addition, the 

perimeter dikes serve as a barrier to predatory fish, further increasing the standing stocks 

of small fish within impoundments (Gilmore 1998, Stevens 2002).  Abundance of prey 

has been suggested as an explanation of why impounded wetland habitat in the northern 

IRL is attractive to foraging wading birds (Breininger and Smith 1990, Schikorr and 

Swain 1995, Smith and Breininger 1995, Stolen et al. 2002) 

Within northern IRL impoundments, there was a tendency for habitats in closed 

impoundments (T10L and T10J) to have higher densities of fish than those connected via 

culverts open to the estuary during the study period (Brockmeyer 2004).  The closed 

impoundments had higher water levels throughout the study period, especially during 

times when the other impoundments were drying (Appendix A).  Thus, longer 

hydroperiods, isolation from predatory fish, or both factors may explain the higher 

standing stocks of small marsh resident fish observed in the closed impoundments. 

Densities of fish were generally higher in sites with emergent salt marsh vegetation 

than sites without such vegetation.  Higher density of fish in vegetated versus 
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unvegetated areas has been noted in other shallow systems containing mixtures of both 

habitat types (Rozas and Odum 1988).  Areas with vegetative structure may be attractive 

to fish because of protection against predators (Werner et al. 1983) and sometimes also 

because they contain more abundant food resources (McIvor and Odum 1988, Rozas and 

Odum 1988).  There was also a marked seasonal pattern to abundance of fish between 

sites with and without emergent salt marsh vegetation within impoundments, and the 

pattern suggested that some marsh resident fish may move into vegetated habitats when 

these sites become flooded in late fall and winter. In another impoundment in the 

northern IRL, Stevens (2002) demonstrated that marsh resident fish (e.g., Sheepshead 

Minnow, Mosquitofish, and Sailfin Molly) moved from the estuary edge to the vegetated 

marsh surface as rising water levels flooded these areas in late summer.   

While density of prey is obviously one important factor determining foraging 

success, others such as the mean size of prey may also determine the suitability of wading 

bird foraging habitat (Trexler et al. 1994, Werner et al. 2001).  I found that while prey 

density was higher in vegetated sites, unvegetated sites had larger prey.  This could have 

implications for wading birds since larger prey have higher energy per capture effort and 

are perhaps energetically superior prey items.  There was also a difference in species 

composition between habitats with fewer Sheepshead Minnow in vegetated sites than 

unvegetated.  These differences in the species composition and mean size of prey 

between vegetated and unvegetated sites might be important factors in determining 

foraging habitat use of piscivorous wading birds in this system (Chapter 4). 

In the northern IRL, there was a high level of variation in the abundance of fish 

between impoundments in both vegetated and unvegetated habitats (Figure 3.4).  This 
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suggests that wading bird prey is patchy at the among-impoundments spatial scale.  There 

was also evidence that prey was highly clumped at sampling sites within both habitat 

types (Figures 3.2 and 3.6), suggesting that prey distribution was also patchy at the 

within-impoundment spatial scale.  Finally, there was also considerable seasonal 

variability in both habitat types within impoundments (Tables 3.8-3.11). These patterns 

of prey distribution have important implications for wading bird foraging habitat use 

within this system (Chapter 4).
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CHAPTER 4 
EFFECTS OF HABITAT STRUCTURE AND PREY DISTRIBUTION ON WADING 

BIRD FORAGING HABITAT USE 

Introduction 

General ecological theory predicts that individuals should preferentially forage in 

habitats that provide higher levels of resources contributing to individual fitness (Krebs 

and Kacelnik 1991).  This leads to the prediction that, all factors being equal (e.g., 

competitor and predator density, absence of territorial exclusion), foragers will select 

habitat based on their ability to extract crucial resources from those habitats instead of 

foraging in other habitats (MacArthur and Pianka 1966, Charnov 1976, Rosenzweig 

1981).  Foraging habitat selection and use by long-legged wading birds (Ciconiiformes) 

is of ecological interest because the ability of parents to secure food for their broods has 

been linked to reproductive success (Powell 1983; Hafner et al. 1986, 1993) and foraging 

success affects survival of both juvenile and adult wading birds (Frederick and Spalding 

1994).  Thus, foraging ecology is directly related to fitness, and hence, to factors that 

control population trends. 

Despite a large volume of published studies on wading birds (for recent reviews see 

Kushlan 1978b, Bildstein 1997) several key questions regarding their foraging ecology 

remain unresolved (Erwin 1983a, Bildstein 1997, Kushlan 1997).  Foremost among these 

are how wading birds locate their prey resources, and how they exploit those resources 

once located.  Answering such questions is challenging because an individual’s foraging 

site selection, and ultimately foraging success, depends on factors occurring at different 
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scales (Chapter 2, Johnson 1980), and often the connections between scales is not well 

understood or documented.  Understanding how wading birds select foraging habitat is of 

particular conservation value in systems that have been modified in ways that affect 

wetland functions that determine habitat quality for wading birds (Chapter 3).  Here I 

differentiate between the terms “habitat selection” which refers to the behavioral 

mechanisms leading to preferential use of some habitats over others (Garshelis 2000), 

and “habitat preference” which refers to the proportional use of a habitat compared with 

its availability (Manly et al. 2002). 

Several studies have demonstrated a positive relationship between prey abundance 

and wading bird foraging rates (Kahl 1964, Erwin et al. 1985, Draulans 1987, Cezilly et 

al. 1990).  In shallow wetland systems, hydrology is often the principal control on the 

abundance of wading bird prey populations via influences on reproductive cycles and 

access to wetlands (Harrington and Harrington 1961, Kahl 1964, Kushlan 1976b, 

Gilmore et al. 1982).  A good example can be seen in the Everglades ecosystem in south 

Florida where long periods of inundation may increase fish standing stocks (Loftus and 

Eklund 1994).  Conversely, in this same system occasional droughts may reduce 

piscivorous predation pressure and release nutrients, creating conditions that allow small 

marsh fish populations to greatly increase (Loftus and Eklund 1994, Frederick and Ogden 

2001).  In, managed systems, such hydrological patterns can be disrupted with negative 

effects on populations of wading birds and their prey (Frederick and Ogden 2003).   

More recently, research has focused on factors affecting prey availability, rather 

than density, as paramount in determining piscivorous wading bird foraging success 

(Frederick and Loftus 1993, Gawlik 2002).  Hydrologic cycles for example, can affect the 
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availability of wading bird prey through water depth; wading birds do not dive and must 

be able to physically reach their prey to be able to capture it (Kushlan 1976b, Custer and 

Osborn 1978, Powell 1987, Gawlik 2002).  Water quality (e.g., dissolved oxygen, 

temperature) also has a potential impact on prey behavior and thus availability (Kersten 

et al. 1991, Frederick and Loftus 1993).  Hydrology is also a determining factor 

influencing vegetative composition, distribution and density.  Vegetation attributes (e.g., 

cover, structure) affect habitat quality for both wading birds and their prey, and greatly 

affect prey availability.   

Many authors have observed that wading birds preferentially forage in sites lacking 

emergent vegetation over adjacent vegetated sites (Kersten et al. 1991, Hoffman et al. 

1994, Chaves-Ramirez and Slack 1995, Schikorr and Swain 1995, Smith et al. 1995, 

Smith and Breininger 1995, Surdick 1998, Bancroft et al. 2002, Gawlik 2002, Stolen et 

al. 2002).  In some cases, this may be because vegetative structure can influence wading 

bird vulnerability to predators by reducing visibility (Caldwell 1986).  Another 

explanation is that increased structure greatly inhibits a forager’s ability to locate and 

capture prey.  The relationships between these factors are complex (see Chapter 1, Figure 

1.1) and thus decisions by wading birds regarding selection of foraging sites involve 

tradeoffs.  For example, in choosing between two habitats with different prey density, an 

individual must tradeoff between factors effecting prey availability (water depth, 

vegetative structure, presence of other foragers) and other factors including availability of 

information (e.g., locations of other foragers), relative predation risk, and the potential 

size of prey between sites. 
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In Chapter 2, I showed that nesting wading birds preferentially used impounded salt 

marshes in the northern Indian River Lagoon watershed.  There, birds foraged within 13 

km of breeding colonies, well within the maxima reported for other colonies.  These 

results suggested that resources within impounded habitat met their energetic 

requirements without their having to engage in long-distance forays.  Birds flew from 

colonies either in groups or by themselves depending on species, but almost invariably 

joined foraging flocks when landing.  In this chapter, I continue my assessment of habitat 

selection by waders in the northern Indian River Lagoon by focusing on a smaller spatial 

scale, namely, among and within impoundments.  In Chapter 3 I showed that the density 

of fish was greater in sites with emergent wetland vegetation, but fish were larger in sites 

without emergent vegetation.  Previous work demonstrated that within impoundments of 

the northern Indian River Lagoon, piscivorous wading birds predominantly use shallow 

flooded habitat without emergent vegetation, and to a lesser extent, shallow flooded 

wetlands with low stature, salt-tolerant plants (Stolen et al. 2002).  However, it is unclear 

whether prey abundance or other factors (e.g. habitat structure, hydrology) are the key 

determinants of habitat selection. 

In this chapter, I tested the hypothesis that wading birds prefer wetland habitat 

without emergent vegetation to habitat with emergent vegetation, and also examined their 

preference for the interface (edge) between these habitat types.  Next, to better 

understand factors that influence wading bird choice of foraging habitat, I modeled 

wading bird density as a function of prey density, habitat, season, hydrology and 

management.  This allowed comparison of the relative importance of these factors in 

determining wading bird habitat preference.  Finally, I described the size and composition 
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of foraging flocks within impoundments because their presence may have proximally 

influenced habitat selection (e.g., visual stimulus of foraging individuals), and also 

because, depending on prey density and habitat characteristics, flock size and 

composition might affect foraging success (Chapter 5). 

Methods 

The study site consisted of areas of impounded salt marsh habitat on the 55,000 ha 

Kennedy Space Center-Merritt Island National Wildlife Refuge (KSC/MINWR).  This 

site is located in the northern portion of the Indian River Lagoon system (IRL), a 

subtropical estuary which is an important site for wading birds on the southeastern 

Atlantic coast of North America (Schikorr and Swain 1995, Sewell et al. 1995).  The 

northern portion of the IRL is isolated from ocean inlets and has very low diurnal tidal 

changes (< 1cm; Smith 1987).  In this region, seasonal and wind-driven water level 

fluctuations are of much greater importance (Smith 1993).  Habitat within impoundments 

is predominantly a heterogeneous mixture of open water and vegetated cover types, with 

tall marsh grass (e.g., Spartina bakeri) and short marsh vegetation (e.g., Distichlis 

spicata, Batis maritima) predominating in vegetated areas (Schmalzer 1995).   

Three sets of data were collected to address the objectives of this work.  These were 

the following: 1) wading bird density and distribution, 2) water levels within 

impoundments, and 3) fish density and distribution.  Below I describe the sampling 

protocols for the first 2 data types.  Sampling protocols and a detailed summary of fish 

data are presented in Chapter 3.  I drew upon the fish data to test hypotheses concerning 

habitat selection by waders in this chapter (see below).  All data types were collected in 9 

study impoundments located on KSC/MINWR (Figure 4.1); 7 of these impoundments 

overlapped with the Wetlands Initiative, a simultaneous multi-disciplinary study of the 
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effects of hydrologic management on salt marsh habitat (Brockmeyer 2004).  The 

management of these impoundments was fixed during the period of my study.  Therefore, 

I could evaluate, via comparative tests, the effects of different management on some 

wetland functions.  Management types (for more details see Brockmeyer 2004) were the 

following: 

7.  1) Open - a management strategy in which impoundment culverts are left open 
throughout the year allowing water levels to fluctuate with the levels in the estuary.  
Impoundments T10C and T10H. 

8. 2) Rotational Impoundment Management (RIM) - a widely used seasonal mosquito 
control strategy that floods impoundments during the mosquito breeding season but 
leaves culverts open to the estuary during non-breeding season (September – May).  
Impoundments T10D and T10E. 

9. 3) Wildlife Aquatic Management (WAM) - a management strategy widely 
employed on the refuge that was designed to provide submerged aquatic vegetation 
for waterfowl by gradually increasing water levels from spring through fall with 
highest water levels in October or November.  Then water levels are then lowered 
in stages to allow waterfowl access to submerged aquatic vegetation throughout the 
winter and spring.  In this management type there may be a brief period in spring 
during which culverts remain open, but the study WAM impoundments remained 
closed during the course of the Wetlands Initiative.  Impoundments T10J and 
T10L. 

10. 4) Restored – refers to an impoundment in which the perimeter dike has been 
completely removed in an effort to return the marsh to its native condition.  
Impoundment T10K. 

I used ground surveys of wading birds within impoundments to address questions 

relating to factors influencing foraging habitat selection at the site (local or patch) scale.  

Ground surveys were conducted weekly January – July 2001 for all 9 impoundments.  

Surveys began 30 minutes after sunrise and were usually completed within five hours.  

Surveys were conducted while driving the perimeter dikes of the impoundment and 

always followed the same route due to traffic restrictions on some of the dike roads.  For 

each individual or group of wading birds the following data were recorded: location 
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within predetermined zones within impoundments (Figures 4.2 – 4.4), the number and 

species of individuals, microhabitat type (unvegetated flooded sites, unvegetated non-

flooded sites, vegetated flooded sites, perched), water depth (estimated from water 

position on legs), and activity (foraging or loafing).  Individuals were considered to be 

part of a group if the distance to the next nearest wading bird was within 10 body lengths.  

Whenever possible, approximate locations were recorded on aerial photos for all 

aggregations consisting of ten or more wading birds with average inter-individual 

distances less than 10 body lengths.  All spatial data were recorded in a GIS to allow 

spatial analysis of wading bird distribution patterns.   

For each species, I tabulated the total number of individuals observed, the 

proportion of individuals within aggregations, and the water depths at foraging locations 

by habitat type (vegetated and unvegetated).  Survey counts for each impoundment 

section were divided by section area to calculate wading bird density.  Because the 

interior areas of impoundments were sometimes obscured from perimeter dikes, I mapped 

the area of impoundments clearly visible from perimeter dikes using 1999 orthorectified 

color infrared photography (Anonymous 1999) and used that area in all calculations of 

wading bird density.  Density was transformed as ln(density+1) to help normalize data 

allowing means and 95% confidence intervals to be calculated on the log-transformed 

data; all statistics reported were back-transformed to the original units.  

For each species, I conducted a foraging habitat selection analysis using a resource 

selection ratio: wi =[proportion of habitat i used]/[proportion of habitat i available] 

(Manly et al. 2002). This ratio measures the relative preference between habitat types 

allowing comparison of preferences between habitats that are not affected by what types 
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are included.  Wetland habitat within the survey area was first classified into vegetated 

(sites with emergent vegetation) and unvegetated (sites without emergent vegetation) 

wetland habitat using a vegetation classification map (Brockmeyer 2004).  I next created 

a 0.5 m buffer within the perimeter of each habitat type.  The buffer areas were joined to 

create a 1m wide interface between the two habitat types called edge habitat.  I subtracted 

the respective buffer areas from both the vegetated and unvegetated wetland habitat 

areas.  This resulted in three wetland habitat types within the survey area: unvegetated, 

vegetated and edge. 

I conducted aerial surveys to evaluate factors influencing foraging habitat selection 

at a larger scale (e.g., between impoundments).  Aerial surveys of the 7 Wetlands 

Initiative impoundments were conducted July 2001 – July 2002 to overlap with fish 

sampling (Chapter 3).  Surveys were conducted 0900 – 1100 EST in a NASA Huey 

helicopter flying at an altitude of approximately 60 m, and a speed of 60 kts.  These 

surveys were included in monthly wading bird foraging habitat use surveys conducted as 

part of long-term monitoring on KSC/MINWR (Stolen et al. 2002).  During surveys, each 

impoundment was flown systematically such that all area within impoundments was 

surveyed.  At each impoundment, the following data were collected: species, number of 

individuals, and cover type (wetland habitat with or without emergent vegetation).  

Habitat specific wading bird density was calculated for unvegetated and vegetated habitat 

within each impoundment.  The area of each habitat type within impoundments was 

calculated using a vegetation classification map (Brockmeyer 2004).  When more than 

one survey was conducted during a season (based on periods of fish sampling), the mean 

density was calculated.  
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Water level data for the Wetlands Initiative impoundments was obtained from the 

St. Johns River Water Management District (for details of water level data collection see 

Brockmeyer 2004).  The data consisted of hourly recordings of water level within each 

impoundment.  For T10K (the restored impoundment) the water level measured in the 

estuary adjacent to the impoundment was used.  For each survey date I calculated the 

mean daily water level for the study impoundments.  I calculated the daily change in 

water level as the difference between a day’s mean water level and the previous days 

mean water level.  I then calculated the sum of the daily change in water level over the 7 

days prior to the survey date.  Finally I calculated mean monthly water levels for 

examination of seasonal patterns of change in water levels.  The daily impoundment 

water level data used for modeling wading bird abundance is summarized in Appendix A. 

Finally, I formulated a series of competing models that allowed me to evaluate 

factors that may influence wading bird foraging habitat selection at the impoundment 

level (Anderson and Burnham 2002, Johnson and Omland 2004).  Models were 

formulated as general linear models (GLM) predicting wading bird density as a function 

of explanatory variables which included fish density, season (2 levels) management type 

(3 levels), habitat (vegetated or unvegetated), water depth, and change in water depth.  

Table 4.1 lists the models with a brief description of the factors evaluated by each.  

Relationships were modeled for the 5 sampling periods during which fish density was 

measured (Chapter 3).  Seasons used in analysis were nesting (March – May, included 2 

fish sampling periods) and non-nesting (July-February, included 3 fish sampling periods).  

Management types used in analysis were: Open, RIM, and WAM (see above for 
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definitions).  Impoundment T10K was not included in this analysis because its 

management type (restored) was not replicated.   

I used information-theoretic model selection methods (Burnham and Anderson 

2002) to choose among the models (GLMs).  Models were considered for interpretation 

of their parameters if they met the following criteria: 1) ΔAICc of less than 10.0, 2) were 

included in the set of best supported models with combined Akaike weights of 0.95 (95% 

confidence set) and 3) had an evidence ratio relative to the best supported model greater 

than 0.135 (Burnham and Anderson 2002).  A model including the 6 main effects and all 

two-way interactions considered in any other model was evaluated to access the overall 

fit of the models (Burnham and Anderson 2002).  The goodness-of-fit and other 

diagnostics for meeting general linear model assumptions were investigated for all 

models considered for interpretation (Grafen and Hails 2002).  I also applied the same 

model selection procedure separately for those individual wading bird species for which 

the number of individuals was at least 10% of the total for all species combined.  All 

statistical calculations were performed using either Microsoft Access, Microsoft Excel 

2003 (Microsoft Corperation, 1985-2003) or SPSS 12.0 (SPSS Inc. 1988-2003).
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Table 4.1. Models set for analysis of factors that effect wading bird density in foraging habitat on KSC/MINWR. 
Models Description
P wading bird density controlled primarily by density of prey 
P*H the effects of prey density on wading bird density differ between habitat types
P*D the effects of prey density on wading bird density depend on water depth
H wading bird density controlled primarily by habitat
H*S wading birds switch habitats seasonally due to factors other than prey density
H*D wading birds respond to depth differently in different habitats
M*H management influences wading bird habitat preference
D wading bird density controlled primarily by depth
C wading birds use change in water depth to choose foraging habitat
H*C wading birds respond to change in water depth differently bewteen habitats
H, C habitat preference and change in water depth
P, H wading bird density controlled by density of prey and habitat
H, D wading bird density controlled by depth of water and habitat
P, D wading bird density controlled by density of prey and water depth
M wading bird density controlled by management effects not included in any other variable
P, M wading bird density controlled by density of prey and management effects
P*M management effects influences the effect of prey density  

a Variables: P = prey density, H = habitat, S = season, M = management, D = depth, C= change in depth 
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Figure 4.1. Map of study site showing location of 9 study impoundments on the Kennedy 

Space Center-Merritt Island National Wildlife Refuge (T10C, T10D, T10E, 
T10G, T10H, T10I, T10J, T10K, and T10L).  The Wetlands Initiative subset 
of impoundments included: T10C, T10D, T10E, T10H, T10J, T10K, and 
T10L.   
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Figure 4.2. Aerial photographs of study impoundments showing sections used to record 
locations of foraging wading birds during ground surveys.  Impoundments 
shown are T10L and T10K. 
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Figure 4.3. Aerial photographs of study impoundments showing sections used to record 
locations of foraging wading birds during ground surveys.  Impoundments 
shown are T10H, T10I, and T10J. 
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Figure 4.4. Aerial photographs of study impoundments showing sections used to record 
locations of foraging wading birds during ground surveys.  Impoundments 
shown are T10C, T10D, T10E, and T10G. 
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Results 

Twenty-five wading bird ground surveys of the nine study impoundments were 

conducted between 11 January and 19 July 2001, yielding a total of 9,781 individuals of 

13 species of wading bird (Table 4.2).  Three of the species (Cattle Egret, Bulbulcus ibis, 

Green Heron, Butorides virescens, and Black-crowned Night Heron, Nycticorax 

nycticorax) were sighted very infrequently and were not included in subsequent analyses.  

The mean density of wading birds observed during ground surveys was 0.26 

individuals/ha and the 95% confidence interval of the mean was (0.20, 0.32).  The mean 

density varied over time and generally decreased over the survey period (Figure 4.5).  

Density within impoundment sections also varied greatly with some sections having 

much greater use than others (Figure 4.6).  Wading bird density decreased with the 

proportion of open water habitat (Figure 4.7) and increased with the proportion of edge 

habitat (figure 4.8) within impoundment sections (see Figures 4.2-4.4).  

Over 80% of birds observed from dikes were foraging in water at or below their 

tarsal joint, but species varied in their propensity to forage in deeper water (Table 4.3).  

Foraging habitat use varied by species, but most species used unvegetated wetland habitat 

more than vegetated wetland habitat, with Great Blue Heron (Ardea herodias) and Wood 

Stork (Mycteria americana) being notable exceptions (Figure 4.9).  The proportion of 

unvegetated wetland habitat within impoundments varied between 0.06 and 0.99 (Figure 

4.10).  Between 7 to 28% of the observations of foraging wading birds were within 0.5 m 

of the interface between unvegetated open water and vegetated habitat (Figure 4.11).  All 

species greatly preferred edge habitat (habitat within 0.5 m of the interface between 

vegetated and unvegetated habitat) to both unvegetated and vegetated habitats (Figure 

4.12, Table 4.4).  All species except Great Blue Heron and Wood Stork also preferred 
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unvegetated to vegetated habitat based on the proportion that was available within the 

impoundments (Figure 4.12, Table 4.4).   

Over half (59%) of all individual wading birds observed from dikes were in 

foraging aggregations ranging in size from 2 to 398 individuals (Figure 4.13).  The mean 

group size was 43.9 (SE = 0.88, n = 9725) with a modal size of 5 (calculated with 

individuals included).  White Ibis (Eudocimus albus) made up 47% of all birds observed 

in foraging aggregations, while Great Egrets (Ardea alba) Snowy Egrets (Egretta thula) 

and Tricolored Herons (E. tricolor) combined made up 39% (Figure 4.14).  Species 

varied greatly in their propensity for group foraging (Figure 4.15).  Locations of large 

foraging aggregations appeared somewhat clumped with aggregations more common at 

the edges of impoundments and few within the interiors (Figure 4.16).  Large foraging 

aggregations also tended to be clumped temporally (Figure 4.17). 

Seven aerial surveys overlapped with periods when fish samples were taken within 

the Wetlands Initiative impoundments.  The density of wading birds measured during 

aerial surveys varied greatly between impoundments and within impoundments, the 

density also varied greatly between habitat types (Figure 4.18).  For 2 of the 

impoundments (T10C and T10D) the density was close to zero for both habitat types; 

these impoundments contained mostly unvegetated habitat (Figure 4.10).  Among the 

remaining 4 impoundments, the density within unvegetated habitat was much higher than 

that in vegetated habitat.  The pattern of wading bird density within each management 

type varied differently between habitat type and season.  Impoundments with connection 

to the estuary (Open and RIM management types) had higher wading bird density in 

vegetated than unvegetated foraging habitat (Figure 4.19).  Closed impoundments (WAM 
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management type) showed the opposite pattern with higher wading bird density in 

unvegetated than vegetated foraging habitat (Figure 4.19).  Similarly, among seasons the 

pattern of wading bird density in foraging habitat was opposite for impoundments with 

connection to the estuary and those closed during the study period (Figure 4.20). 

Information-theoretic model selection resulted in a single model with an Akaike 

weight of 0.91 (Table 4.5).  The best-supported model included the interaction between 

fish density and habitat type (Tables 4.6 and 4.7).  In this model the effect of prey density 

is different for each habitat type.  Four individual species (Great Egret, Snowy Egret, 

Tricolored Heron and White Ibis) had enough observations to conduct model selection. 

The best supported models for Great Egret, Snowy Egret, Tricolored Heron and White 

Ibis also included the interaction between fish density and habitat type.  Model selection 

results for these species are included in Appendix B. 
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Table 4.2 Occurrence of wading birds during ground surveys of 9 impoundments on the 
KSC/MINWR, January - July 2001. 

Species n 
Proportion 
of Total 

Proportion 
observed in  
Aggregations 

    
Great Blue Heron (Ardea herodias) 312 0.03 0.07 
    
Great Egret (A. alba) 1,306 0.13 0.55 
    
Snowy Egret (Egretta thula) 1,395 0.14 0.75 
    
Little Blue Heron (E. caerulea) 398 0.04 0.49 
    
Tricolored Heron (E. tricolor) 1,703 0.17 0.29 
    
Reddish Egret (E. rufescens) 260 0.03 0.20 
    
Cattle Egret (Bulbulcus ibis) 3 < 0.01 0.67 
    
Green Heron (Butorides virescens) 20 < 0.01 0.10 
    
Black-crowned Night Heron (Nycticorax 
nycticorax) 1 < 0.01 0.00 
    
White Ibis (Eudocimus albus) 3,666 0.37 0.74 
    
Glossy Ibis (Plegadis falcinellus) 238 0.02 0.86 
    
Roseate Spoonbill (Platalea ajaja) 307 0.03 0.77 
    
Wood Stork (Mycteria americana) 140 0.01 0.55 
    
Unidentified 32 < 0.01 0.41 
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Table 4.3. Water depth at locations where foraging wading birds were observed in impoundments during ground surveys of 
impoundments on KSC/MINWR, January – July 2001. Numbers are counts of observations of individuals or groups in 
specified habitat. 

Species Lower Middle Upper Lower Middle Upper Length of Lega Sourceb

Great Blue Heron (Ardea herodias) 49 47 5 1 24 / 18 1
Great Egret (A. alba) 80 128 89 9 1 21 / 16 1
Snowy Egret (Egretta thula) 108 100 43 6 1 13 / 10 1
Little Blue Heron (E. caerulea) 54 49 15 4 2 13 / 10 1
Tricolored Heron (E. tricolor) 276 309 115 18 2 3 13 / 10 1
Reddish Egret (E. rufescens) 102 75 11 2 26 2
White Ibis (Eudocimus albus) 161 163 106 8 16 2
Glossy Ibis (Plegadis falcinellus) 19 21 4 2 n/a 3
Roseate Spoonbill (Platalea ajaja) 31 20 14 3 1 20 2
Wood Stork (Mycteria americana) 21 13 3 2 n/a 3

Unvegetated Vegetated

 
a Number gives either 1) length of tarsometatarsus / tibiotarsus or 2) total leg length measured from museum skin 
b Sources of leg lengths 1) E. Stolen, unpublished data, 2) Powell 1987, 3) n/a indicates measure not available 
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Table 4.4. All species of wading birds observed showed selection for edge habitat over both vegetated and unvegetated habitats.  With 
the exception of Great Blue Heron and Wood Stork, all species also showed selection for unvegetated and avoidance of 
vegetated habitat.  Data from ground surveys of impoundments on KSC/MINWR, January - July 2001. 

Edge Unvegetated Vegetated

Species p(edge) wi edge se 95% CI p(open) wi open se 95% CI p(veg) wi veg se 95% CI n B edge B open B veg

Great Blue Heron 0.28 9.20 1.05 (6.68 - 11.72) 0.42 0.78 0.07 (0.62 - 0.93) 0.30 0.70 0.08 (0.52 - 0.88) 197 0.86 0.07 0.07

Great Egret 0.22 7.21 0.98 (4.85 - 9.56) 0.66 1.22 0.06 (1.07 - 1.37) 0.12 0.28 0.05 (0.15 - 0.41) 192 0.83 0.14 0.03

Snowy Egret 0.07 2.39 0.27 (1.73 - 3.04) 0.67 1.24 0.03 (1.17 - 1.31) 0.26 0.60 0.03 (0.52 - 0.68) 967 0.56 0.29 0.14

Little Blue Heron 0.13 4.14 0.71 (2.45 - 5.83) 0.65 1.20 0.06 (1.06 - 1.34) 0.23 0.53 0.06 (0.38 - 0.68) 239 0.71 0.20 0.09

Tricolored Heron 0.09 3.02 0.64 (1.48 - 4.57) 0.83 1.53 0.05 (1.42 - 1.65) 0.08 0.18 0.04 (0.08 - 0.28) 218 0.64 0.32 0.04

Reddish Egret 0.27 8.90 0.90 (6.74 - 11.06) 0.63 1.17 0.05 (1.04 - 1.30) 0.10 0.22 0.04 (0.12 - 0.32) 263 0.86 0.11 0.02

White Ibis 0.17 5.70 0.39 (4.78 - 6.63) 0.65 1.21 0.03 (1.14 - 1.27) 0.17 0.40 0.03 (0.34 - 0.47) 1,046 0.78 0.17 0.06

Glossy Ibis 0.19 6.28 0.38 (5.38 - 7.19) 0.65 1.20 0.03 (1.14 - 1.26) 0.16 0.38 0.03 (0.32 - 0.44) 1,170 0.80 0.15 0.05

Roseate Spoonbill 0.19 6.12 0.27 (5.47 - 6.78) 0.62 1.15 0.02 (1.10 - 1.20) 0.19 0.45 0.02 (0.40 - 0.49) 2,185 0.79 0.15 0.06

Wood Stork 0.20 6.68 1.54 (2.99 - 10.37) 0.53 0.97 0.11 (0.72 - 1.23) 0.27 0.63 0.12 (0.34 - 0.92) 74 0.81 0.12 0.08  
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Table 4.5. Information-theoretic model selection results for GLM analysis with (wading 
bird density)1/2 as response variable, fish density (P), water depth (D), and 
change in water depth (C) as covariates and factors: season (S, 2 levels), 
management (M, 2 levels), and habitat (H, unvegetated or vegetated).  

Model MLE  σ2 k AIC ΔAIC AICc ΔAICc n/k exp(-0.5Δi) wi

P*H 0.13 5 -91.23 1.39 -89.87 0.00 10 1.00 0.91
P, M 0.15 5 -84.33 8.30 -82.96 6.91 10 0.03 0.03
P 0.17 3 -82.78 9.85 -82.26 7.61 17 0.02 0.02
P*M 0.14 7 -83.77 8.85 -81.11 8.76 7 0.01 0.01
P, H 0.17 4 -81.31 11.31 -80.43 9.44 13 0.01 0.01
P, D 0.17 4 -80.92 11.70 -80.03 9.84 13 0.01 0.01
M 0.17 4 -80.25 12.38 -79.36 10.51 13 0.01 0.00
P*D 0.17 5 -79.06 13.57 -77.70 12.17 10 0.00 0.00
C 0.19 3 -77.28 15.35 -76.76 13.11 17 0.00 0.00
M*H 0.15 7 -79.29 13.33 -76.63 13.24 7 0.00 0.00
H 0.19 3 -76.69 15.94 -76.17 13.70 17 0.00 0.00
D 0.19 3 -76.54 16.08 -76.02 13.85 17 0.00 0.00
H*S 0.17 5 -77.35 15.27 -75.99 13.88 10 0.00 0.00
H*C 0.18 5 -75.94 16.69 -74.57 15.30 10 0.00 0.00
H, C 0.19 4 -75.45 17.18 -74.56 15.31 13 0.00 0.00
H, D 0.19 4 -74.71 17.92 -73.82 16.05 13 0.00 0.00
H*D 0.19 5 -73.25 19.38 -71.88 17.98 10 0.00 0.00
H*C, H*S, H*D, 
P*H, P*D, P*M 0.08 16 -92.63 0.00 -76.14 13.73 3 0.00 0.00  
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Table 4.6. ANOVA table for GLM with (wading bird density)1/2 as response variable and 
including the fish density*habitat interaction.  

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 2.99a 3 1.00 6.95 0.00
Intercept 1.98 1 1.98 13.77 0.00
habitat 0.29 1 0.29 2.01 0.16
fish density 2.44 1 2.44 17.02 0.00
habitat * fish density 1.78 1 1.78 12.38 0.00
Error 6.60 46 0.14
Total 17.60 50
Corrected Total 9.60 49  

a R2 = 0.312 (Adjusted R2 = 0.267) 
 
 
Table 4.7. Parameter estimates for GLM with (wading bird density)1/2 as response 

variable and including the fish density*habitat interaction.  
Parameter β SE 95% CI β
Intercept 0.38 0.12 (0.14 - 0.62)
habitat = unvegetated -0.21 0.15 (-0.51 - 0.09)
habitat = vegetated 0a

fish density 0.00 0.01 (-0.01 - 0.02)
habitat = unvegetated * fish density 0.05 0.01 (0.02 - 0.08)
habitat = vegetated * fish density 0a

 
a This parameter is set to zero because it is redundant. 
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Figure 4.5. Mean density of wading birds during ground surveys of 9 impoundments on KSC/MINWR, January – July 2001.  Error 

bars show 95% confidence limits of back-transformed means. 
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Figure 4.6. Mean density of wading birds by impoundment section (see figures 4.2-4.4) during ground surveys of 9 impoundments on 

KSC/MINWR, January – July 2001.  Error bars show 95% confidence limits of back-transformed means.  The solid bar 
shows the overall mean density of 0.26 individuals / ha and the dashed lines show the 95% confidence limits of that mean.
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Figure 4.7. A linear regression showed that as the proportion of open habitat increased 

the wading bird density decreased.  Data collected within impoundment 
sections during ground surveys, on KSC/MINWR January – July 2001. 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Proportion Edge Habitat

W
ad

in
g 

B
ird

 D
en

si
ty

 (i
nd

. /
 h

a)

y  =  0.18 + 3.1x
R2 = 0.135

0

0.1

0.2

0.3

0.4

0.5

0.6

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Proportion Edge Habitat

W
ad

in
g 

B
ird

 D
en

si
ty

 (i
nd

. /
 h

a)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10
Proportion Edge Habitat

W
ad

in
g 

B
ird

 D
en

si
ty

 (i
nd

. /
 h

a)

y  =  0.18 + 3.1x
R2 = 0.135

 
Figure 4.8. A linear regression showed that as the proportion of edge habitat increased the 

wading bird density increased.  Data collected within impoundment sections 
during ground surveys, on KSC/MINWR January – July 2001. 
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Figure 4.9. Habitat use by species of wading birds observed during ground surveys of 

foraging habitat use of 9 impoundments on KSC/MINWR, January – July 
2001. 

 

0

0.2

0.4

0.6

0.8

1

1.2

T10C T10D T10E T10G T10H T10I T10J T10K T10L

Pr
op

or
tio

n

0

0.2

0.4

0.6

0.8

1

1.2

T10C T10D T10E T10G T10H T10I T10J T10K T10L

Pr
op

or
tio

n

 
Figure 4.10. Proportion of unvegetated habitat contained within 9 impoundments on 

KSC/MINWR, circa 2001. 
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Figure 4.11. Distance to edge for observations of wading birds of 10 species during ground surveys of 9 impoundments on 

KSC/MINWR, January – July 2001.  For each species, bars give proportion of observations within each distance to nearest 
edge category.  
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Figure 4.12. Resource selection ratios (wi) for wading birds foraging in impoundments on MINWR/KSC.  Error bars give 95% CI 

with Bonferoni adjustment to permit multiple comparisons between habitat types within each species. 
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Figure 4.13. Histogram of sizes of wading bird foraging aggregations observed during 

ground surveys of impoundments on KSC/MINWR, January – July 2001. 

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Great Blue
Heron

Great Egret Snowy
Egret

Little Blue
Heron

Tricolored
Heron

Reddish
Egret

White Ibis Glossy Ibis Roseate
Spoonbill

Wood Stork

Pr
op

or
tio

n

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

Great Blue
Heron

Great Egret Snowy
Egret

Little Blue
Heron

Tricolored
Heron

Reddish
Egret

White Ibis Glossy Ibis Roseate
Spoonbill

Wood Stork

Pr
op

or
tio

n

 
Figure 4.14. Composition of wading bird foraging aggregations observed during ground 

surveys of 9 impoundments on KSC/MINWR, January – July 2001. 
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Figure 4.15. The number of birds observed in each of 4 group sizes categories by species, 

during ground surveys of 9 impoundments on KSC/MINWR, January – July 
2001. 
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Figure 4.16. Spatial distribution of wading bird foraging aggregations (10 individuals or 

larger) observed during ground surveys of foraging habitat use of 9 
impoundments on KSC/MINWR, January – July 2001. 
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Figure 4.17. Temporal distribution of wading bird foraging aggregations (10 individuals 

or larger) observed during ground surveys of foraging habitat use of 9 
impoundments on KSC/MINWR, January – July 2001.  
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Figure 4.18. Wading bird density in 7 impoundments measured during aerial surveys 

concurrent with fish sampling periods.  Bars give mean density over the 5 
samples and error bars show standard error of mean. 
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Figure 4.19. Mean wading bird density in 2 types of foraging habitat measured in 6 

impoundments during aerial surveys concurrent with fish sampling periods.  
Bars show mean density by management type and habitat and error bars give 
standard error of the mean.  Impoundment T10K was not included in this 
figure since its management type (restored) was not replicated. 
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Figure 4.20. Mean wading bird density in 2 seasons measured in 6 impoundments during 

aerial surveys concurrent with fish sampling periods.  Bars show mean density 
by management type and season and error bars give standard error of the 
mean.  Impoundment T10K was not included in this figure since its 
management type (restored) was not replicated. 
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Discussion 

Foraging Habitat Selection 

I found evidence of piscivorous wading birds selecting foraging habitat at 2 scales.  

At the smaller scale (i.e., within impoundments) all species except Great Blue Heron and 

Wood Stork showed a strong preference for wetland habitat without emergent vegetation 

over vegetated wetland habitat (2-8 times, see column “B” in Table 4.4).  Other studies 

have also noted a preference by wading birds for foraging in wetland habitat that is more 

open versus habitat with emergent vegetation (Kushlan 1978b, Breininger and Smith 

1990, Smith 1995a, Smith and Breininger 1995, Surdick 1998, Bancroft et al. 2002, 

Stolen et al. 2002).  Although wading birds preferred open water over vegetated habitat, 

all areas of open water were not used equally; instead wading birds in the northern IRL 

were concentrated near the edges between open and vegetated habitat (Figure 4.11).  

When I included the area within 0.5 m of the boundary of vegetated and unvegetated 

habitat within impoundments as a separate category (edge habitat), there was a strong 

preference for edge habitat over the other two types (Figure 4.12, Table 4.4).  One 

explanation for this pattern is that edges might have a higher level of prey availability 

because small marsh fish hide form piscine predators within dense vegetation, but remain 

near open water areas with higher food resources (McIvor and Odum 1988, Rozas and 

Odum 1988).  Another explanation of the preference of wading birds for edge habitat 

could be that water depth is more optimal (i.e., less deep) for foraging wading birds near 

edges rather than in deeper unvegetated areas away from edges. 

Wading birds can only forage efficiently in water up to a certain depth (Custer and 

Osborn 1978, Powell 1987).  Most of the wading birds observed were foraging in water 

that was below their tarsal joint; for most species that occur in the northern Indian River 
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Lagoon this means depths of 20 cm or less (Table 4.3).  Water depths within impounded 

wetlands in the northern IRL are elevated in late fall and early winter, followed by lower 

levels in spring (Smith 1993).  Based on results of a long-term monitoring program, 

Stolen et al. (2002) found that wading birds in the northern IRL increased their relative 

use of vegetated habitat within impoundments during fall and winter, coinciding with 

periods of higher water levels.  During these periods, much of the open water habitat is 

too deep for wading birds to forage in efficiently (E. Stolen, unpublished data).  

However, there is also some evidence of a spatial shift in prey from open water to 

vegetated habitats that coincides with changes in hydrology (Harrington and Harrington 

1961,1982; Gilmore 1998).  In Chapter 3 I showed that the density of fish remained fairly 

constant in the unvegetated habitat but increased markedly in vegetated habitat in post-

nesting and winter seasons (June – December).   

Despite their preference for unvegetated open water over vegetated habitat there 

was a decrease in wading bird density within impoundment subsections as the proportion 

of open water habitat increased.  One explanation for this pattern could be that wading 

birds prefer to forage in open water habitat where it is mechanically easier to catch prey 

(prey more available) but areas with more open water may have lower prey populations.  

Another is that with increasing proportion of open water, the amount of edge habitat 

decreased.  Stolen et al. (2002) found a correlation between wading bird use of 

impoundments and the ratio of unvegetated to vegetated habitat within impoundments, a 

measure that is expected to be highly correlated with the amount of edge habitat.  

Similarly, in this study wading bird density within impoundment subsections increased 

with the amount of edge habitat. 
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At a broader spatial scale (i.e., among impoundments) I found that both prey 

density and habitat type were important in predicting wading bird foraging habitat use.  

The effect of hydrological connection to the estuary (i.e., management type for Wetlands 

Initiative impoundments) mirrored seasonal effects, highlighting the importance of water 

level in making habitat accessible to wading birds.  In the impounded salt marsh habitat 

of the northern IRL small resident fish are the primary type of prey for wading birds 

(Chapter 3).  These fish are highly clumped both spatially and temporally (Chapter 3, 

Schooly 1980, Gilmore 1995, Stevens 2002, Brockmeyer 2004).  The model including 

the interaction between fish density and habitat type (unvegetated vs. vegetated) was 

selected as the best model to explain wading bird density.  In this model, prey density had 

a positive effect on wading bird density for unvegetated habitat, but in vegetated habitat 

wading bird density remained essentially constant within the range of prey density 

measured within impoundments (Figure 4.21).  This model was also in the set of selected 

models for each species considered individually, with similar fitted parameter estimates 

(Appendix B).  However, for Great Egret and Tricolored Heron, more than one model 

was selected, some of which included the additional variables management type and 

water depth (Appendix B).  Among these species, Gawlik (2002) suggested that Great 

Egret, and to a lesser extent Tricolored Heron, may be more able to cope with lower prey 

density, which might make other factors more important in determining selection of 

foraging habitat for these species. 

Although fish density was higher in vegetated habitat, wading birds preferred to 

forage in unvegetated habitat.  There are several possible explanations for this pattern.  

One explanation is that the composition of prey may differ between open and vegetated 
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habitats and the birds may be selecting foraging habitat based on this difference.  In 

Chapter 3 I showed that unvegetated sites had slightly larger fish than unvegetated sites.  

Wading birds may benefit from foraging in these sites by capturing larger, energetically 

more profitable prey items.  Another possibility might be that prey density alone may not 

be a good predictor of prey availability, especially when used to compare structurally 

different habitats.  Many previous studies have noted that prey availability is a more 

accurate (but much harder to measure) indicator of habitat quality (reviewed in 

Sutherland 1996). 

Another possible explanation is that wading birds do select sites with higher prey 

densities, but above some threshold level they do not differentiate between sites with 

different prey densities (Miranda and Collazo 1997).  Conversely, Gawlick (2002) found 

that wading birds stopped foraging in sites when the prey density fell below certain 

thresholds.  If both vegetated and unvegetated sites were perceived as having equally 

high (or low) prey density, wading birds might prefer more open habitats for other 

reasons, such as better visibility of predators (Caldwell 1986).  There is conflicting 

evidence about the dependence of wading bird foraging success on the concentration of 

their prey organisms (e.g., Kushlan 1976b, 1978b; Frederick and Spalding 1994; Gawlik 

2002).  This is complicated by the fact that different species vary in their need for such 

concentrations: for example the Wood Stork is highly dependent on prey being 

concentrated (Ogden et al. 1976) but Great Egret is not (Powell 1987).  It may be that some 

species of wading birds are not good at detecting prey patches but must rely instead on 

environmental or social cues to provide them with information about prey distribution 

(Gawlik 2002, Master et al. 2005).   
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Figure 4.21. Results of model predicting wading bird density as a function of prey density and habitat type for Wetlands Initiative 

impoundments.  Figure shows output of model within observed range of fish density. 
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Mixed-Species Foraging Aggregations 

A large proportion of wading birds observed foraging in impounded salt marsh 

habitat in the northern Indian River Lagoon were in mixed-species foraging aggregations 

(Table 4.2). Moreover, over one-third were in aggregations that contained over 50 

individuals (Figure 4.13).  This contrasts with other sites where aggregations of a highly 

similar community of species were smaller (e.g., Master 1992).  Species that showed the 

greatest tendencies to forage in aggregations were Snowy Egret, White Ibis, Glossy Ibis 

(Plegadis falcinellus) and Roseate Spoonbill (Platalea ajaja) (Table 4.2); these species 

also appeared to favor medium-sized groups over large groups (Figure 4.15).  Another 

group of species including Great Egret, Little Blue Heron (Egretta. caerulea), Tricolored 

Heron, Reddish Egret (E. rufescens) and Wood Stork were observed in foraging 

aggregations less frequently (Table 4.2).  With the exception of Great Egret, most of 

these species also appear to favor medium sized groups (Figure 4.15).  Many authors 

have suggested that white plumage is associated with group foraging (Kushlan 1977, 

1978b; Caldwell 1981; Crozier and Gawlik 2003) but in this study some of the most 

conspicuous group foragers had other plumage colors (e.g., Glossy Ibis and Roseate 

Spoonbill).  However, it is unclear how closely human perception of plumage coloration 

matches that of birds, and these species may appear very conspicuous to other wading 

birds (Cuthill et al. 1999),. 

Mixed species foraging aggregations contained up to 10 different species of wading 

birds (Figure 4.14).  Usually, the only prey available at the foraging site consisted of 3 or 

4 species of small marsh resident fish (Chapter 3).  Thus, this diverse assemblage of birds 

was foraging in one location on what appeared to be a fairly uniform prey resource.  This 

suggests that competition was not strong enough to eliminate very similar species, such 
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as among various Egretta species, or that perhaps the individuals were benefiting from 

the presence of other individuals (Chapter 5).   

One question which I wanted to answer was if wading bird aggregations were 

occurring at particular sites (e.g., remnant tidal creeks, near culverts) or were clumped 

temporally in areas with high prey numbers.  This might be expected if such groups 

occurred at sites that tended to concentrate prey (Kushlan 1976b).  Based on the observed 

patterns of occurrence of aggregations there did not seem to be general types of feature 

within impoundments that were favored by such groups.  Aggregations appeared to be 

concentrated near the edges of vegetated and unvegetated habitat within impoundments 

(Figure 4.16).  Groups were also somewhat clumped temporally at the impoundment 

level (Figure 4.17), perhaps reflecting changes in prey availability as foraging conditions 

changed in individual impoundments. 
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CHAPTER 5 
BENEFITS TO INDIVIDUALS IN PISCIVOROUS WADING BIRD MIXED-SPECIES 

FORAGING AGGREGATIONS 

Introduction 

Aggregations of foragers are a conspicuous phenomenon that occurs in a variety of 

animals (Krause and Ruxton 2002) including wading birds (e.g., Caldwell 1981, 1986; 

Erwin 1983b; Kersten et al. 1991; Hafner et al. 1993; Master et al. 1993).  Several 

hypotheses have been proposed to explain how individuals benefit from foraging in 

mixed-species aggregations.  These can be summarized into 4 broad categories: 

concentration of individuals in high-quality patches (Fretwell and Lucas 1970), 

protection from predators (Hamilton 1971), information exchange among individuals 

(Valone and Giraldeau 1993, Dall et al. 2005), and direct enhancement of foraging 

success to individuals due to the presence of other foragers (social facilitation; Kushlan 

1978b).  These hypotheses are not mutually exclusive and more than 1 might be 

operating at any given time (Morse 1970, Powell 1985). 

There are numerous ways that each of these categories might apply to wading birds 

foraging in aggregations.  For example, there is ample evidence that mixed-species 

aggregations in wading birds often form in areas of high prey density (Kushlan 1976b, 

1981a; Erwin et al. 1985; Kersten et al. 1991; Smith 1995b).  Other studies have shown 

that wading birds locate prey patches using the presence of other foragers; this is often 

referred to as local enhancement (Krebs 1974, Kushlan 1976a, Caldwell 1981, Erwin 

1983b, Smith 1995b, Gonzalez 1997).  Similarly, the risk of predation to members of a 
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foraging flock might be reduced due to increased predator detection, predator confusion 

and risk-spreading (Hamilton 1971, Yaukey 1995, Larsen 1996); such a benefit has been 

shown for wading birds (Caldwell 1986).  Lower time devoted to vigilance can also lead 

directly to increased foraging success if an individual feeding in an aggregation can 

spend more time foraging (e.g., Caraco 1979, Sullivan 1984, Elger 1989, Hino 1998).   

Foraging success might also be improved through gaining additional information 

about the location of prey within a patch (Valone 1989, Valone and Giraldeau 1993), or 

learning from other foragers about foraging tactics, or novel prey types (Krebs and Inman 

1992, Beauchamp et al. 1997).  For example, some species of wading birds may act as 

focal or core members that attract others to mixed-species foraging aggregations 

(Kushlan 1977, Caldwell 1981, Erwin 1983b, Master et al. 1993, Smith 1995b, Strong et 

al. 1997).  In other studies, it was shown that the proximity to Snowy Egrets (Egretta 

thula) was positively correlated with foraging success for Great Egrets (Ardea alba), 

Tricolored Herons (E. tricolor) and Little Blue Herons (E. caerulea) (Caldwell 1981).   

Foraging groups might make prey more susceptible to predation, thereby improving 

an individual member’s foraging success (Morse 1970, Powell 1985, Rodrigues et al. 

1994, Hino 1998).  This is often referred to as the “beating” effect, but “social 

facilitation” is perhaps a better label because it does not presume the mechanism by 

which an individual benefits from the presence of other foragers.  This mechanism 

assumes that prey is mobile and cryptic or otherwise difficult to capture, as is the case for 

predators of schooling fish (Morse 1970).  Neill and Cullen (1974) showed that 

individual fish isolated from schools may become more susceptible to predators.  It is 

plausible that this mechanism might apply to wading bird species feeding on schooling 
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fish, and Smith (1995b) noted that wading birds feeding on schooling fish can cause the 

schools to become confused.  Kushlan (1978a) demonstrated that Little Blue Herons 

increase their foraging success rate in this way when foraging near White Ibises 

(Eudocimus albus). 

These examples underscore the challenge involved in differentiating between 

enhanced foraging success due to foraging in better prey patches versus improved 

foraging success due to the presence of other foragers within a patch.  Measuring the 

benefits to an individual foraging in mixed-species aggregations can be complex; careful 

analysis is required to discern causal relationships and pathways among the myriad of 

factors influencing foraging success (Chapter 1, Fig 1.1).  This challenge is underscored 

by the many studies that have shown the costs incurred by wading birds foraging in 

mixed-species aggregations (Kushlan 1976a, 1978a,c; Russell 1978; Caldwell 1980; Petit 

and Bildstein 1987).  Further attention to this topic is warranted because mixed-species 

foraging aggregations are a prominent feature of wading bird foraging ecology.  

Moreover, wading birds are an important component of the trophic structure of many 

systems (Chapter 4, Breininger and Smith 1990, Stolen et al. 2002).  Yet, although many 

studies have evaluated this question, only three (Krebs 1974, Erwin et al. 1985, Master et 

al. 1993) have measured prey density levels, the presumed underlying factor governing 

the tradeoffs between solitary and group foraging strategies.  Of the three studies, only 

Master et al. (1993) assessed the tradeoffs between solitary and group foraging for Snowy 

Egret, Tricolored Heron and Great Egrets, the species of interest in this study. 

In this chapter, I studied the foraging success of 3 species of piscivorous wading 

birds under various field conditions in an effort to isolate the relative contributions to 
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enhanced foraging success due to foraging in better patches versus that due to the 

presence of other foragers.  To achieve this research goal, I tested 3 interrelated, 

hierarchical hypotheses that allowed me to statistically partition the effects of prey 

density and foraging with others, on foraging success.  First, I tested whether wading 

birds were selecting foraging sites with higher prey density or biomass than that at nearby 

unused sites.  Second, I tested whether or not wading bird foraging aggregations occurred 

at sites with higher prey density than that at sites occupied by individuals.  Finally, I 

monitored foraging success of birds foraging alone and in groups, and simultaneously 

measured the prey density at those sites, allowing me to address the primary question of 

interest, namely the relative importance and influence of prey density and the presence of 

other foragers (social facilitation) on foraging success. 

Methods 

Study Site 

The study site consisted of areas of impounded salt marsh habitat on the 55,000 ha 

Kennedy Space Center-Merritt Island National Wildlife Refuge (KSC/MINWR).  This 

site is located in the northern portion of the Indian River Lagoon system (IRL), a 

subtropical estuary which is an important site for wading birds on the southeastern 

Atlantic coast of North America (Breininger and Smith 1990, Schikorr and Swain 1995, 

Sewell et al. 1995, Smith and Breininger 1995, Stolen et al. 2002).  Mixed-species 

foraging aggregations of several hundred or more individuals are common in impounded 

wetlands on KSC/MINWR (Chapter 4).  The northern portion of the IRL is isolated from 

the nearest ocean inlet and has very low diurnal tidal changes (< 1cm; Smith 1987).  In 

this region, seasonal and wind-driven water level fluctuations are of much greater 

importance (Smith 1993).  Habitat within impoundments is predominantly a 
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heterogeneous mixture of open water and vegetated cover types, with tall marsh grass 

(e.g., Spartina bakeri) and short marsh vegetation (e.g., Distichlis spicata, Batis 

maritima) predominating in vegetated areas (Schmalzer 1995).  Eighteen impoundments 

were chosen for observations of foraging wading birds on KSC/MINWR (Figure 5.1).  

During the first year of observation this area was experiencing a sever drought and water 

levels were unusually low in many impoundments by mid summer.  Rainfall and water 

levels during the second year were more typical. 

Foraging Behavior Observations  

Between January 2002 – June 2003, I made observations of wading bird foraging 

behavior coupled with prey sampling at locations where the birds were foraging, to 

determine the effect of group size and prey density on foraging rates between and within 

species.  I chose the 3 most abundant species of piscivorous wading birds on 

KSC/MINWR (Stolen et al. 2002): Great Egret, Snowy Egret, and Tricolored Heron.  

Observations were made from sunrise to 6 hours after sunrise.  This time block 

encompasses the period of largest wading bird aggregations and highest feeding activity 

in many areas studied (Hom 1983, Cezilly et al. 1990, Kersten et al. 1991).  To obtain 

unambiguous identification of a foraging group for sampling, groups were defined as 2 or 

more individuals foraging with inter-individual distances 10 m or less (Erwin 1983a, 

Wiggins 1991, Master et al. 1993).  Group size classes were designated as: individual, 

small (2-10 individuals) medium (11-50 individuals), and large (> 51 individuals).  To 

simplify the experimental design, only birds foraging in unvegetated habitat type were 

included; this is the most common habitat type used by wading bird aggregations on 

KSC/MINWR (Chapter 4, Breininger and Smith 1990, Stolen et al. 2002). 
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During each observation session, an individual or group of foraging birds was 

randomly selected as the sampling unit as follows.  First a focal impoundment and 

direction of travel was randomly chosen.  Then, while traveling around the impoundment 

perimeter dike, the first individual or group encountered in the impoundment (that was of 

the target size and habitat class) was selected.  Wading birds were chosen for observation 

to equalize sample sizes among group size categories.  Care was taken that the distance of 

potential observation units from the impoundment perimeter dike did not influence 

choice of sampling unit.   

During behavioral observations individual wading birds were observed from a 

distance of 100–350 m using a 15-60x spotting scope.  For each individual observed, 

foraging behavior was measured for a period of 1 to 3 minutes, during which the total 

number of strikes, the number of successful captures, and the number of steps taken was 

recorded.  When possible, the length (estimated based on bill length) and identity (fish 

versus non-fish) of prey items ingested was recorded.  Other variables recorded for each 

individual observed were: microhabitat type in which the bird was foraging, group size 

and species composition, water depth (estimated by leg length), distance to nearest other 

wading bird at start of observation, nearest distance to other wading bird during 

observation, any aggressive behavior towards or from another forager, movements other 

than walking, distance to perimeter dike, distance to observer, and location.  

Four variables were calculated from behavioral data for use in analyses.  

Captures/min and unsuccessful strikes/min were based on the number of prey items 

captured; this could be detected because wading birds usually make a distinctive head-

jerking motion when swallowing prey items.  Strikes/min was the total number of times 
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the bird’s bill penetrated the water including both successful and unsuccessful capture 

attempts.  Foraging success rate was calculated as the number of captures divided by the 

total number of strikes made during the observation period.  The mean length of prey 

items was calculated for all individuals for which data were available.  Estimated lengths 

based on the proportion of bill lengths were converted to mm based on mean 

measurements of museum specimens (E. Stolen, unpublished data).  Independent samples 

t-tests (without the assumption of equal variances) were used to test for differences 

between the mean sizes of fish captured between solitary individuals and birds foraging 

in groups for each species. 

Immediately following foraging observations, prey abundance was estimated by 

making three tosses of a 1-m2 throw-trap (Kushlan 1981b).  This type of sampling gear 

has been shown to produce accurate estimates of nekton abundance in shallow wetlands 

similar to those in this study (Chick et al. 1992, Jordan et al. 1997).  During prey 

sampling, researchers first approached the sample site by walking slowly and then tossed 

a 1-m2 throw trap from a distance of 1-2 m.  Once the trap landed, researchers quickly 

secured the edges of the trap against the substrate.  Fish were then scooped from the trap 

using a 40 by 30 cm dip net with 2 mm mesh.  Vegetation was removed within the trap if 

it impeded movement of the dip net.  When the large dip net was scooped 3 times without 

catching a fish, a 15 by 10 cm dip net with 2mm mesh was used which was more 

effective in scraping along the edges and into the corners of the trap.  The sample was 

completed when the smaller dip net was scooped 3 times without catching a fish.  The 

first 30 individuals of each species captured in each throw-trap deployment were 

measured to the nearest mm.  The mass of these fish was estimated using species-specific 
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regression equations developed for fish captured in impoundments on KSC/MINWR 

(Phil Stevens, U.S. Geological Service, unpublished data).  For each deployment of the 

throw trap I also recorded water depth, water temperature, salinity, presence of 

submerged aquatic or emergent vegetation, GPS position, and the overall vegetation of 

the foraging site.  Following sampling at the foraging site, prey samples were also taken 

at a paired random location within the same habitat type 100-1000 m from the foraging 

site.  Paired random locations were chosen by first randomly selecting a compass bearing, 

and then sampling the nearest area of similar habitat at a distance randomly chosen 

between 100 - 1000 m from the foraging observation point.  If this procedure resulted in a 

site outside of the impoundment, a new random bearing was chosen.  Paired random sites 

were sampled using the same procedures as foraging sites. 

For each sample site (used and paired-unused) I calculated the fish density, 

estimated prey biomass, and also the mean fish length and mean fish mass for all species 

combined.  Within a sample, wet prey biomass was estimated by multiplying the mean 

biomass for each species within the sample by the number of individuals of that species.  

I also included the biomass of shrimp (Palaemonetes sp.) in samples, using 0.0817 g as 

the mean mass of shrimp based on data in Gilmore (1998).  Contrasts between used and 

non-used (random) sites (e.g., density of fish, biomass of fish) were made using paired-t 

tests.  Contrast between sites with groups and paired-random sites were made using 

unpaired t-test without the assumption of equal variances.  All of the raw foraging rate 

variables were highly right-skewed and square-root transformations were used to 

normalize the distributions.  Fish density was also highly skewed to the right; I used the 

transformation ln (fish density+1) to normalize the distribution.  After transformation, 
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these variables did not differ significantly from a normal distribution based on results of 

one-sample Kolmogorov-Smirnov tests.  

I used information-theoretic model selection methods (Burnham and Anderson 

2002) to choose between alternative General Linear Models (GLMs) with 

(captures/min)1/2 as the response variable.  The analysis was based on a planned 

observational experimental design with capture rate (successful captures/min) as the 

response variable and group size and prey density as an explanatory variable.  This 

design was similar to an Analysis of Covariance (ANCOVA) with group as the factor and 

prey density as the covariate.  I justified the use of group size as a categorical variable 

because it avoided a priori assumptions about the functional relationship (e.g., linear, 

non-linear) between capture rates and group size, while still retaining the ability to 

discern changes in capture rates as a function of group size categories.  Kushlan (1978b) 

hypothesized that the relation resembles an inverted parabola with foraging rates 

maximum at intermediate group sizes.  However, given large gaps in the distribution of 

group sizes recorded in the study area, I lacked the ability to differentiate between a 

linear and a quadratic model.  To better understand the effect of group size, I used 2 

alternate forms of the group size variable during analyses: the categorical variable with 4 

levels based on the sampling design, and a binary variable coding whether the individual 

was foraging in a group or alone.  I also wanted to consider the possibility that the effects 

of prey density might differ between group sizes (or between groups and individuals), so 

I included interaction terms in some models.  Thus, 7 models were considered with 

(captures/min)1/2 as the response variable and the following explanatory variables: 

11. 1) A model with prey density as a covariate (PD). 

12. 2) A model with the binary group variable as a factor (GB). 
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13. 3) A model with both prey density as a covariate and the binary group variable as a 
factor (GB, PD). 

14. 4) A model with main effects and the interaction between prey density and the 
binary group variable (GB*PD). 

15. 5) A model with group category as a factor (GC). 

16. 6) A model with both prey density as a covariate and group category as a factor 
(GC, PD). 

17. 7) A model with main effects and the interaction between prey density and group 
category (GC*PD). 

Models were considered for interpretation of their parameters if they met the 

following criteria: 1) ΔAICc of less than 10.0, 2) were included in the set of best 

supported models with combined Akaike weights of 0.90 (90% confidence set) and 3) 

had an evidence ratio relative to the best supported model greater than 0.082 (Burnham 

and Anderson 2002).  The goodness-of-fit and other diagnostics for meeting GLM 

assumptions were investigated for all models; only those meeting the basic assumptions 

of a GLM were considered for interpretation (Grafen and Hails 2002).  All statistical 

calculations were performed using either Microsoft Access, Microsoft Excel 2003 

(Microsoft Corporation, 1985-2003) or SPSS 12.0 (SPSS Inc. 1988-2003). 
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Results 

Prey Density at Used and Paired Random Sites  

Between January and May 2001 and March and May 2002, the foraging behavior 

of 100 wading birds foraging in aggregations ranging in size from 1 - 450 individuals was 

recorded from 63 sites.  The density of fish at sites used by wading birds was not 

significantly greater than at paired randomly selected unused sites (Table 5.1).  The 

biomass of fish at sites used by wading birds was significantly greater than at paired 

unused sites (Table 5.2).  The density of fish at sites used by solitary foraging wading 

birds was significantly less than that at sites used by foraging groups (Table 5.1).  

Similarly, the mass of fish at sites used by foraging individuals was less than that at sites 

used by foraging groups, but the difference was not significant (Table 5.2).  Both the 

mean length and the mean mass of fish at sites at which wading birds were foraging were 

greater than at paired random sites (Table 5.3).  The correlations between fish density and 

the mean length or the mean biomass of fish at sites used by wading birds were not 

significant (Table 5.4).  There was a significant correlation between the mean length and 

the mean biomass of fish at sites used by wading birds (Table 5.4).   

Behavior-Prey Sampling 

Information-theoretic model selection with Great Egret (captures/min)1/2 as the 

response variable resulted in 3 models with a combined Akaike weight of 0.89 (Table 

5.5).  The best-supported model included only the binary group variable, and predicted 

that Great Egrets had higher foraging success when in groups (Tables 5.6 and 5.7, Figure 

5.2).  The next best model included the binary group variable and the covariate prey 

density (Tables 5.8 and 5.9).  This model predicted a similar effect for the group variable 

as the simpler model, but also suggested that the relationship between capture rate and 



122 

 

prey density was inverse for Great Egret.  The final model included the categorical group 

variable (Tables 5.10 and 5.11).  This model also predicted that capture rate was greater 

for individuals foraging in groups versus solitary foragers.  The model also indicated a 

tendency for capture rate to level off or slightly decline as group size increased above the 

small group size category (Figure 5.3).  

Information-theoretic model selection with Snowy Egret (captures/min)1/2 as the 

response variable resulted in 4 models with a combined Akaike weight of 0.94 (Table 

5.12). The best-supported model included the binary group variable and predicted that 

Snowy Egrets had higher foraging success when foraging alone than in groups (Tables 

5.13 and 5.14, Figure 5.2).  The next best model included both the covariate prey density 

and the binary group variable (Tables 5.15 and 5.16).  This model predicted a similar 

effect for the group variable as the simpler model, and also suggested that capture rate 

increased as prey density increased for Snowy Egret.  The next model selected included 

only the covariate prey density, however this model did not fit the data very well 

(multiple coefficient of determination below 0.05) and thus no further consideration was 

given to this model.  The final model included the interaction between the categorical 

group variable and the covariate prey density (Tables 5.17 and 5.18).  This model 

predicted that solitary Snowy Egrets had higher capture rates than individuals foraging in 

a group of any size category (Figure 5.4). 

Information-theoretic model selection with Tricolored Heron (captures/min)1/2 as 

the response variable resulted in 4 models with a combined Akaike weight of 0.94 (Table 

5.23).  However, none of these models fit the data very well (all models had a multiple 
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coefficient of determination below 0.1) and thus no further consideration was given to 

these models.   

A summary of foraging rates for Great Egrets (Table 5.24), Snowy Egrets (Table 

5.25), and Tricolored Herons (Table 5.25) are provided for comparison with other 

studies.  There were no significant differences in the mean lengths of fish captured by 

solitary foragers versus those in groups for any species (Great Egret t=0.966, df=15, 

p=0.350; Snowy Egret t=-0.461, df=15, p=0.652; Tricolored Heron t=0.36, df=21, 

p=0.970); differences are shown in Figure 5.4. 
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Table 5.1. Mean fish density and mean total biomass (with 95% confidence intervals) at 
sites used by foraging wading birds and paired random sites.  Measurements 
are of fish/m2 and were back-transformed from estimates calculated with 
ln(fish density+1).   

n t a df a p a

Fish density (fish / m2) 7.25 (5.15 - 10.06) 5.81 (3.93 - 8.42) 62 1.38 61 0.09

Biomass (g / m2) 4.01 (2.77 - 5.66) 2.70 (1.77 - 3.95) 62 2.23 61 0.01

Used Sites Random Sites

 
a Results of paired t-test for Ho: The difference between means at used and paired random 
sites was positive. 
 
Table 5.2. Mean fish density and mean total biomass (with 95% confidence intervals) at 

sites used by foraging individuals and groups of wading birds.  Measurements 
are of fish / m2 and were back-transformed from estimates calculated with 
ln(fish density+1).   

n n t a df a p a

Fish density (fish / m2) 4.55 (2.01 - 9.24) 21 9.10 (6.35 - 12.88) 41 1.80 31.9 0.04

Biomass (g / m2) 2.74 (1.24- 5.25) 21 4.82 (3.12 - 7.23) 41 1.48 39.3 0.07

Individual Sites Group Sites

 
a Results of separate variance unpaired t-test for Ho: The difference between means at 
sites occupied by groups versus sites occupied by individuals was positive.   
 
Table 5.3. Mean length and mean mass (with 95% confidence intervals) of fish in 

samples at sites used by wading birds and paired-unused sites.  Values in table 
are back-transformed to original units.   

Random sites Used sites ta dfa pa

Mean Length (cm) 21.6 (20.2, 23.0) 23.0 (21.6, 24.5) -1.89 55 0.03

Mean Biomass (g) 0.35 (0.28, 0.44) 0.48 (0.38, 0.60) -2.57 55 0.01  
a Results of paired t-test for Ho: The difference between means at used sites and paired 
random sites was positive. 
 
Table 5.4. Correlations between mean length and mean mass of fish in samples at sites 

used by wading birds.  The sample size was 120 for all comparisons. 
Fish density a Mean fish length a Mean fish biomass a

Fish density a Pearson r 1 -0.02 0.04
p (2-tailed) 0.81 0.64

Mean fish length a Pearson r -0.022 1 0.92
p (2-tailed) 0.809 0.00

Mean fish biomass a Pearson r 0.04 0.92 1
p (2-tailed) 0.64 0.00  

a The data was transformed as ln(fish density +1), ln(mean fish length), and ln(mean fish 
biomass). 
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Table 5.5. Information-theoretic model selection results for GLM analysis of Great Egret 

(captures / min)1/2 as response variable, prey density (PD) as covariate and 
binary group variable (GB) or group category (GC) as a factor. 

Model MLE  σ2 k AIC ΔAIC AICc ΔAICc n/k wi wi / wi best

GB 0.36 3 -25.75 0.00 -24.86 0.00 10.33 0.64 1.000
GB, PD 0.36 4 -24.00 1.75 -22.46 2.40 7.75 0.19 0.301
GC 0.35 5 -22.29 3.45 -19.89 4.96 6.20 0.05 0.084
PD 0.42 3 -20.55 5.19 -19.67 5.19 10.33 0.05 0.075
GB*PD 0.36 5 -22.03 3.72 -19.63 5.23 6.20 0.05 0.073
GC, PD 0.35 6 -20.57 5.18 -17.07 7.79 5.17 0.01 0.020
GC*PD 0.28 9 -21.19 4.55 -12.62 12.24 3.44 0.00 0.002  
 
Table 5.6 ANOVA table for GLM of Great Egret (captures / min)1/2 as response variable 

with the binary group variable (GB) as a factor.  

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 2.06 1 2.06 5.37 0.03
Intercept 9.61 1 9.61 25.04 0.00
Group 2.06 1 2.06 5.37 0.03
Error 11.13 29 0.38
Total 32.00 31
Corrected Total 13.20 30  
R2 = 0.156 
 
Table 5.7 Parameter estimates for GLM of Great Egret (captures / min)1/2 with the binary 

group variable (GB) as a factor.  
Parameter β SE 95% CI β
Intercept 0.93 0.13 (0.67 - 1.20)
Group category = individual -0.59 0.25 (-1.11 - -0.07)
Group category = group 0a

 
a This parameter is set to zero because it is redundant. 
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Table 5.8 ANOVA table for GLM of Great Egret (captures / min)1/2 as response variable 
with prey density (PD) as covariate and the binary group variable (GB) as a 
factor. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 2.15 2 1.08 2.73 0.08
Intercept 2.63 1 2.63 6.68 0.02
Group 2.12 1 2.12 5.37 0.03
ln(Fish density+1) 0.09 1 0.09 0.23 0.64
Error 11.04 28 0.39
Total 32.00 31
Corrected Total 13.20 30  
R2 = 0.163 
 
Table 5.9. Parameter estimates for GLM of Great Egret (captures / min)1/2 as response 

variable with prey density (PD) as covariate and the binary group variable 
(GB) as a factor. 

Parameter β SE 95% CI β
Intercept 1.06 0.31 (0.44 - 1.69)
Group category = individual -0.60 0.26 (-1.13 - -0.07)
Group category = group 0a

ln(fish density + 1) -0.06 0.12 (-0.29 - 0.18)  
a This parameter is set to zero because it is redundant. 
 
Table 5.10 ANOVA table for GLM of Great Egret (captures / min)1/2 as response variable 

with group category (GC) as a factor. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 2.26 3 0.75 1.86 0.16
Intercept 16.16 1 16.16 39.89 0.00
Group category 2.26 3 0.75 1.86 0.16
Error 10.94 27 0.41
Total 32.00 31
Corrected Total 13.20 30  
R2 = 0.171 
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Table 5.11 Parameter estimates for GLM of Great Egret (captures / min)1/2 as response 
variable with group category (GC) as a factor. 

Parameter β SE 95% CI β
Intercept 0.99 0.18 (0.61 - 1.37)
Individuals -0.65 0.29 (-1.24 - -0.05)
Small groups -0.23 0.34 (-0.93 - 0.46)
Medium groups -0.03 0.32 (-0.68 - 0.63)
Large groups 0a

 
a This parameter is set to zero because it is redundant. 
 
Table 5.12. Information-theoretic model selection results for GLM analysis of Snowy 

Egret (captures / min)1/2 as response variable, prey density (PD) as covariate 
and binary group variable (GB) or group category (GC) as a factor. 

Model MLE  σ2 k AIC ΔAIC AICc ΔAICc n/k wi wi / wi best

GB 0.31 3 -30.31 0.00 -29.42 0.00 10.33 0.48 1.00
GB, PD 0.30 4 -29.69 0.62 -28.16 1.26 7.75 0.25 0.53
PD 0.33 3 -27.91 2.40 -27.02 2.40 10.33 0.14 0.30
GB*PD 0.30 5 -27.70 2.61 -25.30 4.12 6.20 0.06 0.13
GC 0.30 5 -27.07 3.24 -24.67 4.76 6.20 0.04 0.09
GC, PD 0.29 6 -26.52 3.79 -23.02 6.40 5.17 0.02 0.04
GC*PD 0.28 9 -21.60 8.71 -13.03 16.39 3.44 0.00 0.00  
 
Table 5.13 ANOVA table for GLM of Snowy Egret (captures / min)1/2 as response 

variable with the binary group variable (GB) as a factor.  

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 1.27 1 1.27 3.83 0.06
Intercept 10.39 1 10.39 31.36 0.00
Group 1.27 1 1.27 3.83 0.06
Error 9.61 29 0.33
Total 22.07 31
Corrected Total 10.88 30  
R2 = 0.117 
 
Table 5.14 Parameter estimates for GLM of Snowy Egret (captures / min)1/2 with the 

binary group variable (GB) as a factor.  
Parameter β SE 95% CI β
Intercept 0.51 0.11 (0.28 - 0.74)
Group category = individual 0.55 0.28 (-0.03 - 1.13)
Group category = group 0a

 
a This parameter is set to zero because it is redundant. 
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Table 5.15. ANOVA table for GLM of Snowy Egret (captures / min)1/2 as response 
variable with prey density (PD) as covariate and the binary group variable 
(GB) as a factor. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 1.69 2 0.84 2.57 0.09
Intercept 1.29 1 1.29 3.92 0.06
Group 1.19 1 1.19 3.64 0.07
ln(Fish density+1) 0.42 1 0.42 1.28 0.27
Error 9.19 28 0.33
Total 22.07 31
Corrected Total 10.88 30  
R2 = 0.155 
 
Table 5.16. Parameter estimates for GLM of Snowy Egret (captures / min)1/2 as response 

variable, prey density (PD) as covariate and the binary group variable (GB) as 
a factor. 

Parameter β SE 95% CI β
Intercept 0.26 0.25 (-0.25 - 0.77)
Group category = individual 0.53 0.28 (-0.04 - 1.11)
Group category = group 0a

ln(fish density + 1) 0.11 0.10 (-0.09 - 0.31)  
a This parameter is set to zero because it is redundant. 
 
Table 5.17. ANOVA table for GLM of Snowy Egret (captures / min)1/2 as response 

variable with the interaction between prey density (PD) and the binary group 
variable (GB). 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 1.69 3 0.56 1.66 0.20
Intercept 1.07 1 1.07 3.15 0.09
Group category 0.25 1 0.25 0.73 0.40
ln(prey density + 1) 0.37 1 0.37 1.07 0.31
Group category * ln(prey density + 1) 0.00 1 0.00 0.00 0.95
Error 0.37 1 0.37
Total 0.00 1
Corrected Total 9.19 27  

a R2 = 0.155 
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Table 5.18. Parameter estimates for GLM of Snowy Egret (captures / min)1/2 as response 
variable with the interaction between prey density (PD) and the binary group 
variable (GB). 

Parameter β SE 95% CI β
Intercept 0.27 0.29 (-0.33 - 0.87)
Individuals 0.50 0.59 (-0.71 - 1.71)
Groups 0a

ln(prey density + 1) 0.11 0.12 (-0.14 - 0.35)
Individual * ln(prey density + 1) 0.01 0.22 (-0.43 - 0.46)
Group * ln(prey density + 1) 0a

 
a This parameter is set to zero because it is redundant. 
 
Table 5.19. Information-theoretic model selection results for GLM analysis of Tricolored 

Heron (captures / min)1/2 as response variable, prey density (PD) as covariate 
and binary group variable (GB) or group category (GC) as a factor. 

Model MLE  σ2 k AIC ΔAIC AICc ΔAICc n/k wi wi / wi best

PD 0.36 3 -29.62 0.00 -28.84 0.00 11.67 0.45 1.00
GB 0.37 3 -28.74 0.88 -27.97 0.88 11.67 0.29 0.65
GB, PD 0.36 4 -27.83 1.79 -26.50 2.34 8.75 0.14 0.31
GB*PD 0.35 5 -26.83 2.79 -24.76 4.09 7.00 0.06 0.13
GC 0.36 5 -25.90 3.72 -23.83 5.01 7.00 0.04 0.08
GC, PD 0.34 6 -25.56 4.06 -22.56 6.28 5.83 0.02 0.04
GC*PD 0.32 9 -22.22 7.40 -15.02 13.82 3.89 0.00 0.00  
 
Table 5.20. Summary of foraging rates of Great Egrets in various sized groups.  Values in 

table are back-transformed means (with 95 % confidence limits).  
Individual Small Medium Large

Paces / min. 15.16 (8.75, 23.31) 15.16 (5.13, 30.48) 14.14 (1.72, 38.56) 11.78 (5.34, 20.73)

Captures / min. 0.12 (0.00, 0.45) 0.57 (0.00, 2.28) 0.78 (0.59, 6.41) 0.88 (0.27, 1.85)

Strikes / min. 0.37 (0.06, 0.96) 0.68 (0.00, 2.59) 1.18 (0.24, 7.10) 1.62 (0.85, 2.64)

Success rate 0.27 (0.03, 0.50) 0.81 (0.10, 0.97) 0.58 (-0.56, 0.96) 0.65 (0.37, 0.86)  
 
Table 5.21. Summary of foraging rates of Snowy Egrets in various sized groups.  Values 

in table are back-transformed means (with 95 % confidence limits).  
Individual Small Medium Large

Paces / min. 42.07 (23.85, 65.41 40.99 (20.80, 67.97 21.80 (2.60, 59.66) 31.45 (17.61, 49.29)

Captures / min. 1.13 (0.01, 4.06) 0.31 (0.02, 0.96) 0.34 (0.55, 3.65) 0.26 (0.03, 0.69)

Strikes / min. 3.88 (0.11, 12.98) 0.82 (0.14, 2.05) 2.11 (0.48, 4.89) 1.53 (0.76, 2.57)

Success rate 0.27 (-0.02, 0.53) 0.45 (0.08, 0.75) 0.24 (-0.30, 0.71) 0.27 (0.05, 0.48)  
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Table 5.22. Summary of foraging rates of Tricolored Herons in various sized groups.  

Values in table are back-transformed means (with 95 % confidence limits).  
Individual Small Medium Large

Paces / min. 37.95 (20.34, 61.02 28.32 (13.03, 49.48 14.19 (1.37, 75.80) 20.50 (4.43, 48.32)

Captures / min. 0.45 (0.14, 0.94) 0.49 (0.03, 1.52) 0.60 (0.01, 2.75) 0.38 (0.02, 1.21)

Strikes / min. 1.79 (0.63, 3.55) 2.10 (0.98, 3.63) 1.34 (0.11, 7.02) 1.08 (0.15, 2.85)

Success rate 0.51 (0.00, 0.88) 0.31 (0.09, 0.52) 0.56 (-0.48, 0.99) 0.44 (0.02, 0.79)  
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Figure 5.2. Great Egrets had a higher capture rate when foraging in groups than when 
foraging alone, while Snowy Egrets had higher capture rate foraging solitarily.  
The figure shows estimated mean capture rate for the model including the 
binary group variable.  The values are back-transformed to the original units; 
error bars show 95% confidence interval. 
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Figure 5.3. Great Egrets increased their capture rate as group size increased.  Figure 

shows estimated mean capture rate for the model with group category as the 
explanatory variable.  Values are back-transformed to the original units; error 
bars show 95% confidence interval. 
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Discussion 

Among factors known to influence the foraging success of individual wading birds, 

prey availability and habitat structure are probably the best understood (Chapter 4).  

However, there are additional factors that may affect individual foraging success.  These 

include social interactions (Kushlan 1978c), predation (Caldwell 1986, Butler and 

Vennesland 2000, Rivers 2000), disturbance by humans (Stolen 2003), and proximity to 

other foraging birds (Kushlan 1978a, Caldwell 1981).  Proximity to other foragers is 

particularly relevant for piscivorous wading birds because foraging aggregations are a 

conspicuous element of their behavior (e.g., Chapter 4, Frederick and Bildstein 1992, 

Smith 1995b, Bouton et al. 1999, Custer et al. 2004).  In this chapter, I investigated the 

relative importance of proximity to other foragers by collecting comprehensive data on 

prey levels and foraging activity by both solitary and group foragers.  Many previous 

studies have found a benefit to individuals of foraging in groups, but were not able to 

separate site characteristics from the effects of proximity to other foragers (Table 5.27).  I 

designed this study hypothesizing that an explanation for the lack of generalized results 

of previous studies was that most lacked simultaneous, comprehensive data on prey 

levels and foraging activity by both solitary and group foragers. 

Consistent with past studies I found that foraging sites had higher prey density and 

significantly higher prey biomass than nearby unused sites.  Also, I found that foraging 

sites occupied by groups tended to have higher prey densities than did sites occupied by 

individuals.  Furthermore, fish were larger at sites used by wading birds.  Summarizing 

these results, wading birds are locating patches of prey, and groups occur at sites with 

higher prey levels than do solitary foragers.  Thus, to understand how individuals benefit 

from foraging in groups, one must consider the effects of increased prey levels as well as 
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the effect of other foragers on foraging success.  It is also important to remember that 

prey density does not always equate to availability, and many factors can influence 

availability (Gawlik 2002).  In this study, I attempted to control for factors affecting prey 

availability by restricting sampling to one habitat type within a small geographic region, 

thus keeping differences between sites small. 

In the case of Great Egrets, I found that foraging success increased for individuals 

in groups over that of solitary foragers (Figure 5.2).  This effect was separate and 

stronger than the effect of prey density alone.  This finding supported the hypothesis that 

the benefits were due to social facilitation.  In contrast, Snowy Egret foraging success 

increased in solitary foragers compared to group foragers.  This is evidence against the 

social facilitation hypothesis for this species, and suggests that individual Snowy Egrets 

may pay a price for foraging in groups.  Some have speculated that Snowy Egrets may 

serve as food finders for other members of mixed-species foraging aggregations (Kushlan 

1977, Caldwell 1981, Master 1992, Gawlik 2002).  My results suggest that the benefits of 

foraging alone might be short-lived, decreasing as other foragers join them.  Snowy 

Egrets may offset, at least temporarily, some of the disadvantages of foraging in groups 

because groups in this study foraged in sites of higher prey density.  Within sites, I did 

not find that Snowy Egrets foraging in groups were capturing larger fish (i.e., greater 

biomass) as another means to offset costs, but my power to detect this was low. 

Offsetting costs of group foraging by means of choosing sites with higher density, 

however, does not resolve larger questions regarding the evolution of foraging strategies 

for the species.  For example, why are Snowy Egrets so conspicuous?  One answer may 

be that under circumstances different from those I studied, individual Snowy Egrets may 
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derive benefits form the presence of other foragers.  One possibility was raised by 

Caldwell (1981) who speculated that Snowy Egrets benefited from the proximity to 

subordinate species (e.g., Tricolored Heron, Little Blue Heron) that they could displace 

from prey within a foraging site.  In this study the high proportion of (presumably) 

dominant Great Egrets in foraging groups (Chapter 4) may have diminished this benefit.  

Another possibility is that information about foraging sites is more important to 

individuals than is maximizing short-term foraging success (Valone 1991).  In support of 

this explanation is the fact that more than half of the Snowy Egrets followed from 

colonies on KSC/MINWR left in groups and almost all joined groups at foraging sites 

(Chapter 2).   

The lack of strong evidence for a positive relationship between prey density and 

capture rate for both species was noteworthy.  This was unexpected since many studies 

have suggested that wading bird populations require prey to become concentrated in 

order for individuals to forage efficiently in groups (Kushlan 1976b, Hafner et al. 1982, 

Cezilly et al. 1990, Gawlik 2002).  A plausible explanation for this seeming discrepancy 

is that the ranges of prey density recorded in this study, while not markedly high, were 

still within the range of maximum foraging efficiency (Krebs 1974, Miranda and Collazo 

1997).  If true, this suggests that at least under some circumstances, prey density is not 

the most important factor affecting wading bird foraging success.  My results highlight 

the fact that wading birds are highly opportunistic foragers capable of rapid responses to 

changing habitat conditions (Strong et al. 1997, Gawlik 2002, Frederick and Ogden 

2003).  Generalized conclusions about the benefits and costs of feeding in aggregations 
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must consider the context within which they occur (e.g., prey type and density, vegetative 

cover, water depth, turbidity, composition of aggregations). 

I documented that the benefit to Great Egrets and cost to Snowy Egrets foraging in 

groups was in large part due to the presence of other foragers.  However, the mechanism 

involved is unknown.  The next logical step would be to conduct detailed behavioral 

observations of individual wading birds foraging in groups to document how they interact 

with other nearby foragers (Petit and Bildstein 1987).  Also, observations on prey 

behavior at sites at which aggregations are foraging would be very helpful.  However, 

this could prove difficult in the often murky water where wading bird aggregations feed, 

and experimental investigations of prey responses to predators would also be useful.  

Experimental manipulation of the habitat (e.g., prey refugia) or prey composition (e.g., 

cryptic versus conspicuous, shoaling versus non-shoaling) would allow specific tests of 

hypothesized mechanisms for the social facilitation effect.  The causes and consequences 

of mixed-species wading bird foraging aggregations is a rich topic deserving much 

further investigation.  
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Table 5.23.  Summary of studies investigating the benefits to wading birds of foraging in 
aggregations compared to foraging solitarily.  For each study, the table gives 
the species investigated, whether or not results indicated higher foraging 
success of individuals in groups over those foraging alone and whether or not 
prey density was measured.  The table also categorizes the studies based on 
whether they supported enhanced foraging site characteristics versus social 
facilitation as the explanation for the benefit of foraging in groups.   

Author Species a Foraging success Explanation b Prey Density Measured
higher in groups

Krebs (1974) GBHE Yes Site Yes
Erwin (1985) GREG, SNEG No c No
Caldwell (1981) GREG, SNEG, TRHE, LBHEYes d Site No
Wiggins (1981) GREG Yes e Site No
Master et al. (1993) SNEG Yes f Social Faciltiation Yes

TRHE, GREG No  
Hafner et al. (1982) LIEG Yes Site No

SQHE No
Erwin et al, (1985) LIEG Mixed g Social Faciltiation Yes
Cezilly et al. (1990) LIEG Yes Site
This study GREG Yes Social Faciltiation Yes

SNEG, TRHE No  
a GBHE = Great Blue Heron, GREG = Great Egret, SNEG = Snowy Egret, TRHE = 

Tricolored Heron, LIEG = Little Egrets (Egretta grazatta), SQHE = Squacco Herons 
(Ardeola ralloides) 

b Site = benefits due to site characteristics (e.g., prey availability); Social Facilitation = 
benefits due to presence of other foragers. 

c However, foragers stayed in patches longer when in groups than when alone. 
d Enhanced foraging success was due to proximity to Snowy Egrets which were 

presumed to be better at locating prey patches. 
e However, solitary birds caught larger fish causing equal food intake between categories. 
f Also, increased variance in capture rate, decrease in success rate. 
g Birds in largest group showed increased foraging success rate, but intermediate-sized 

groups did worse than individuals. 
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CHAPTER 6 
CONSERVATION IMPLICATIONS AND MANAGEMENT RECOMMENDATIONS  

Wading birds are intricately tied to their wetland habitats, which provide resources 

for all aspects of their existence.  It follows that the future of wading birds in Florida is 

tied to protection of wetlands, and where possible (e.g., managed wetlands), multi-species 

or integrated management.  It is also clear that to formulate and implement a suitable 

multi-species management strategy, a better understanding of several features of their 

ecology is needed.  My goal in conducting this research was to learn more about factors 

that influence individual piscivorous wading birds when they make choices about what 

type of foraging habitat to use, and whether or not to forage with others.  In this chapter I 

summarize the key findings of this dissertation and how they relate to conservation of 

wading birds and management of their foraging habitat at the Kennedy Space Center-

Merritt Island National Wildlife Refuge (KSC/MINWR) in the northern Indian River 

Lagoon system (IRL). 

In Chapter 2, I showed that wading birds nesting in the northern IRL select 

foraging habitat within impounded wetlands at KSC/MINWR.  This was an indication 

that these habitats provide critical resources for wading bird populations at KSC/MINWR 

while under the high energetic demands of nest provisioning (Powell 1983, Hafner et al. 

1993).  As with other studies (e.g., Klein 1993, Klein et al. 1995, Erwin 1996, Erwin et 

al. 2005), I found that impounded wetlands were suitable foraging areas because they 

provide extensive open habitat interspersed with vegetation.  Vegetated areas harbored 

high densities of prey and as such may affect the foraging habitat quality of open areas 
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for wading birds.  While this is the true, my results should not be construed to imply that 

other wetland types in northern IRL (e.g., estuarine edge and freshwater wetlands) are not 

important for wading birds.  Although distance and availability make these wetland types 

less attractive to wading birds nesting in the colonies on KSC/MINWR, circumstances 

(e.g., droughts) might temporarily reduce the quality of impounded wetlands and thus 

raise the relative value of alternative sites.  I caution managers against focusing solely on 

impounded wetlands and ignoring the condition of these other wetlands types.  Because 

almost all of the fringing marshes of the northern IRL were impounded for mosquito 

control by the 1970’s, it is not possible to determine the effect of impounding these 

wetlands on wading bird habitat preference.  I could only evaluate preference under the 

current habitat availability context.  However, because several impoundments have 

recently been restored (i.e., breeching or removal of perimeter dike), it would be possible 

to address this question by studying wading bird habitat use or foraging success within 

restored versus impounded systems.  An even better approach would be to apply a pre-

intervention and post-intervention study design with appropriate controls (James and 

McCulloch 1995) in impoundments that are scheduled to be restored in the future. 

In Chapter 3 I showed that impounded salt marsh habitat can produce large 

populations of small, resident fish under certain conditions.  I found that vegetated sites 

generally had higher densities of these fish.  Previous work has shown that wading birds 

prefer to forage in unvegetated shallow water habitat over vegetated habitat (Breininger 

and Smith 1990, Smith and Breininger 1995), and that wading bird use of foraging 

habitat at KSC/MINWR can be partly explained by the amount of interspersion of open 

and vegetated habitat (Stolen et al. 2002).  My results in Chapter 4 confirmed this for 
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most species.  Furthermore, I found that preference for foraging in the area where 

unvegetated and vegetated habitats adjoin (edge habitat) was strong for all species of 

wading birds observed.  This had not been demonstrated previously, and has important 

implications for management of wading bird foraging habitat. 

In Chapter 4, I documented the high prevalence of mixed-species wading bird 

foraging aggregations on KSC/MINWR.  Finally, in Chapter 5, I showed that such 

aggregations occurred at sites with elevated prey levels.  This confirms that under 

prevailing conditions on KSC/MINWR wading birds can locate foraging sites that have 

more fish than the average level available throughout the landscape.  I also found that at 

least one species, the Great Egret (Ardea alba), benefited from foraging in these 

aggregations under certain conditions.  Higher prey densities at sites used by 

aggregations might offset some of the costs of foraging in mixed-species groups for 

Snowy Egrets (Egretta thula), a species I found to forage more efficiently in solitary 

conditions.  Further research is needed to investigate how Snowy Egrets cope with group 

foraging in impounded wetlands on KSC/MINWR in light of my findings. 

Master (1992) reviewed the literature on wading bird aggregations, and concluded 

that patchy prey distribution, high prey availability and low defensibility are key 

characteristics of sites with aggregations.  He further concluded that alternating periods 

of abundance and decline characterize habitats where aggregations have been observed.  

Similarly, Caldwell (1981) described sites where group foraging is prevalent as having 

prey that is abundant, seasonally predictable, clumped, and mobile.  Managers should 

strive to maintain these conditions within the impounded wetlands on KSC/MINWR.  

Attaining such conditions, however, are less likely to succeed if management is focused 
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on creating large concentrations of prey within systems.  One obvious reason has to do 

with factors affecting availability of prey, particularly water depth.  Although longer 

hydroperiods are correlated with increased standing stocks of resident fish within 

impoundments (Brockmeyer 2004), if water levels are kept above that at which wading 

birds can forage (typically less than 30 cm) high levels of prey may not benefit wading 

birds.  Instead, management should strive to create a variety of hydrologic conditions 

over an area with suitable habitat for both prey production and wading bird foraging.   

A strong result of my work was the finding that wading birds greatly prefer the 

edges between wetlands with and without emergent vegetation.  Management of 

impounded wetlands on KSC/MINWR should strive to maintain and enhance such edge 

habitat, when possible within the context of management for other species (multi-species 

management).  This may best be achieved by maintaining an interspersion of open water 

and vegetated habitats within impoundments, and by allowing seasonal variation in water 

levels.  Since the impoundments on KSC/MINWR have an abundance of unvegetated, 

shallow areas, emphasis would be best placed on maintaining and enhancing the 

condition of vegetated areas that are flooded for part of the year.  Such areas may be 

important in production of fish populations, and also are important foraging habitat 

during winter when water levels are naturally higher throughout the Indian River Lagoon 

estuary (Stolen et al. 2002).  In support of this, I found that wading bird density within 

impoundment sub-sections increased with the amount of vegetated habitat within. 

Although the model with prey density and foraging habitat type was able to explain 

some of the variation in the pattern of wading bird density among impoundments 

(Chapter 4), I did not detect a strong relationship between prey density and wading bird 
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density under the conditions that prevailed throughout the period of observation.  There 

was also evidence for a seasonal difference in wading bird foraging habitat use between 

impoundments that had more hydrologic connection with the estuary and those that did 

not.  When interpreting these results it should be noted that during this period there were 

no rapid changes in hydrology within these impoundments; other studies in the IRL have 

noted strong numerical responses by wading birds to unusually dense concentrations of 

their prey resulting from rapid drying (Schikorr and Swain 1995, Stevens 2002). 

In some southern IRL impoundments, rapid drying (termed “drawdowns”) has been 

shown to increase usage by foraging wading birds (Schikorr and Swain 1995, Sewell et 

al. 1996), and these authors proposed that increasing the use of drawdowns would be 

beneficial to wading bird populations in the IRL.  Drying of wetlands has also been 

shown to be very important for wading bird foraging habitat use in the Everglades 

(Bancroft et al. 1994, Frederick and Spalding 1994, Hoffman et al. 1994).  While this 

mechanism may be useful in creating short-term enhancement of foraging habitat for 

wading birds, 2 cautions are apparent.  First, in impoundments, the presence of perimeter 

dikes is a barrier to the movement of fish tracking the interface between flooded and 

drying areas.  In the Everglades, it is the existence of sustained drying that is associated 

with the strongest positive relationship with nesting (Frederick and Ogden 2003), and 

reversals of these patterns is often associated with nest failure (Frederick and Collopy 

1989, Smith and Collopy 1995).  Wading birds take advantage of concentration of fish 

along a “drying front” as water levels fall.  In impoundments of the northern IRL, such 

patterns of drying in wetlands may be truncated by dikes, leaving wading birds without 

suitable foraging habitat.  Since impounding, seasonal hydrologic patterns haves 
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changed, and often water and fish are contained in impoundments by dikes.  A similar 

situation exists in the Water Conservation Areas in the northern Everglades where water 

depths are often too deep for foraging by wading birds (Bancroft et al. 1994, Bancroft et 

al. 2002). 

Another consideration is fish standing stocks.  There is a danger that repeated 

drying of marshes might reduce the standing stock of fish within impoundments over 

time.  In this study, the highest density of fish, and the highest level of wading bird use 

occurred within the managed impoundments which were closed during the course of the 

study.  Within the open impoundments, intense drying resulted in little suitable wading 

bird habitat and lower densities of fish during some periods.  Frederick and Ogden (2003) 

point out that in the historic Everglades system, with its longer hydroperiod and perhaps 

larger standing stock of small fish, some species of wading birds probably did not rely as 

heavily on drying of marshes to concentrate fish.   

Wading birds can be very useful as bioindicators of the health of estuarine 

ecosystems (Stolen et al. 2005).  Useful attributes of wading bird populations as 

indicators within the northern IRL include their use of large spatial extent, their 

sensitivity to contaminants, the rapidity with which populations can respond to 

perturbations, and the numerous species from which to select an indicator.  These 

attributes provide the ability to tailor the indicator to a specific ecosystem attribute.  

Wading bird indicators have proven capable of uncovering problems in ecosystems 

before specific causal mechanisms are known (Frederick and Ogden 2003).  In addition 

to the use of foraging habitat, other important wading bird indicators to monitor in the 
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Northern IRL include nesting success, parasites and contaminants.  Managers should 

encourage research into these areas on KSC/MINWR 

Reversing population declines and increasing the likelihood of population 

persistence of wading birds in Florida, and elsewhere, are ultimately the goals of 

conservation efforts and natural resources agencies.  To help meet these challenges, 

explicit linkages between foraging success and reproductive and survival rates need to be 

established (Chapter 1, Figure 1.2).  It is only then that more definitive statements about 

the local population status and persistence probability can be made.  In the KSC/MINWR 

(northern IRL) wetlands complex, my work laid a strong foundation to facilitate making 

those linkages by defining the scales and elucidating factors involved in the selection of 

foraging sites by wading birds breeding in the area.  Distance to foraging sites, their 

quality (e.g., habitat type, prey density) and attributes (e.g., edges, depth) suggested that 

those waders could be meeting many, if not most, of their energetic requirements within 

the KSC/MINWR wetlands complex.  The demographic relevance of the area to local 

population dynamics is further strengthened by the fact that the said breeding colonies 

have been active for over 15 years (E. Stolen, unpublished data). 

 



 

 

APPENDIX A 
WATER LEVELS WITHIN IMPOUNDMENTS AND INDIAN RIVER LAGOON 

ESTUARY MEASURED DURING WETLANDS INITIATIVE 
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Figure A.1. Mean monthly water levels within 6 impoundments on KSC/MINWR between February 2000 and February 2003. 
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Figure A.2. Mean monthly water levels at 3 gauge stations near study impoundments on KSC/MINWR between February 2000 and 

February 2003.
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APPENDIX B 
MODEL SELECTION RESULTS FOR INDIVIDUAL WADING BIRD SPECIES 

Table B.1. Model selection results for GLM analysis with (Great Egret density)1/2 as 
response variable, fish density (P), water depth (D), and change in water depth 
(C) as covariates and factors: season (S, 2 levels), management (M, 2 levels,), 
and habitat (H, unvegetated or vegetated).  

Model MLE  σ2 k AIC ΔAIC AICc ΔAICc n/k exp(-0.5Δi) wi

P, M 0.05 5 -143.89 0.00 -142.53 0.00 10 1.00 0.25
P 0.05 3 -142.44 1.45 -141.92 0.60 17 0.74 0.19
P*H 0.05 5 -143.14 0.75 -141.77 0.75 10 0.69 0.17
P*M 0.04 7 -143.63 0.26 -140.96 1.56 7 0.46 0.12
M 0.05 4 -140.93 2.96 -140.05 2.48 13 0.29 0.07
P, H 0.05 4 -140.58 3.31 -139.69 2.83 13 0.24 0.06
P, D 0.05 4 -140.48 3.41 -139.59 2.93 13 0.23 0.06
P*D 0.05 5 -138.76 5.13 -137.39 5.13 10 0.08 0.02
H 0.06 3 -137.17 6.73 -136.64 5.88 17 0.05 0.01
D 0.06 3 -136.90 6.99 -136.38 6.15 17 0.05 0.01
C 0.06 3 -136.83 7.06 -136.31 6.22 17 0.04 0.01
H*S 0.05 5 -137.14 6.75 -135.77 6.75 10 0.03 0.01
M*H 0.05 7 -137.70 6.19 -135.04 7.49 7 0.02 0.01
H, D 0.06 4 -135.31 8.59 -134.42 8.11 13 0.02 0.00
H, C 0.06 4 -135.29 8.60 -134.40 8.13 13 0.02 0.00
H*C 0.06 5 -134.89 9.00 -133.53 9.00 10 0.01 0.00
H*D 0.06 5 -134.10 9.79 -132.74 9.79 10 0.01 0.00
H*C, H*S, H*D, 
P*H, P*D, P*M 0.04 16 -134.38 9.51 -117.89 24.63 3 0.00 0.00  
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Table B.2. Model selection results for GLM analysis with (Snowy Egret density)1/2 as 
response variable, fish density (P), water depth (D), and change in water depth 
(C) as covariates and factors: season (S, 2 levels), management (M, 2 levels,), 
and habitat (H, unvegetated or vegetated).  

Model MLE  σ2 k AIC ΔAIC AICc ΔAICc n/k exp(-0.5Δi) wi

P*H 0.01 5 -212.67 0.00 -211.30 0.00 10 1.00 0.984
P, H 0.02 4 -201.45 11.21 -200.57 10.74 13 0.00 0.005
P*D 0.01 5 -201.13 11.53 -199.77 11.53 10 0.00 0.003
P 0.02 3 -199.77 12.90 -199.25 12.06 17 0.00 0.002
M 0.02 4 -198.70 13.97 -197.81 13.49 13 0.00 0.001
H 0.02 3 -197.96 14.70 -197.44 13.86 17 0.00 0.001
P, D 0.02 4 -198.26 14.40 -197.37 13.93 13 0.00 0.001
C 0.02 3 -197.26 15.41 -196.74 14.56 17 0.00 0.001
D 0.02 3 -197.20 15.46 -196.68 14.62 17 0.00 0.001
P, M 0.02 5 -197.58 15.09 -196.21 15.09 10 0.00 0.001
H, C 0.02 4 -196.14 16.52 -195.25 16.05 13 0.00 0.000
H, D 0.02 4 -196.14 16.52 -195.25 16.05 13 0.00 0.000
H*D 0.02 5 -195.71 16.96 -194.34 16.96 10 0.00 0.000
H*S 0.02 5 -195.22 17.45 -193.86 17.45 10 0.00 0.000
H*C 0.02 5 -194.44 18.23 -193.07 18.23 10 0.00 0.000
M*H 0.02 7 -195.72 16.95 -193.05 18.25 7 0.00 0.000
P*M 0.02 7 -194.15 18.51 -191.49 19.82 7 0.00 0.000
H*C, H*S, H*D, 
P*H, P*D, P*M 0.01 16 -203.64 9.03 -187.15 24.15 3 0.00 0.000  
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Table B.3. Model selection results for GLM analysis with (Tricolored Heron density)1/2 
response variable, fish density (P), water depth (D), and change in water depth 
(C) as covariates and factors: season (S, 2 levels), management (M, 2 levels,), 
and habitat (H, unvegetated or vegetated).  

Model MLE  σ2 k AIC ΔAIC AICc ΔAICc n/k exp(-0.5Δi) wi

P*H 0.02 5 -191.82 0.00 -190.46 0.00 10 1.00 0.69
M 0.02 4 -186.46 5.36 -185.58 4.88 13 0.09 0.06a

P, H 0.02 4 -185.88 5.94 -184.99 5.47 13 0.06 0.05a

H 0.02 3 -185.06 6.76 -184.54 5.92 17 0.05 0.04a

P 0.02 3 -185.02 6.80 -184.50 5.96 17 0.05 0.04a

C 0.02 3 -184.47 7.35 -183.95 6.51 17 0.04 0.03a

D 0.02 3 -184.02 7.80 -183.50 6.96 17 0.03 0.02
P, M 0.02 5 -184.46 7.36 -183.10 7.36 10 0.03 0.02
H, C 0.02 4 -183.66 8.16 -182.77 7.69 13 0.02 0.01
H, D 0.02 4 -183.20 8.62 -182.31 8.15 13 0.02 0.01
P, D 0.02 4 -183.06 8.76 -182.17 8.28 13 0.02 0.01
H*S 0.02 5 -182.59 9.23 -181.23 9.23 10 0.01 0.01
H*C 0.02 5 -181.80 10.02 -180.44 10.02 10 0.01 0.00
P*D 0.02 5 -181.80 10.02 -180.44 10.02 10 0.01 0.00
M*H 0.02 7 -182.97 8.85 -180.30 10.16 7 0.01 0.00
H*D 0.02 5 -181.48 10.35 -180.11 10.35 10 0.01 0.00
P*M 0.02 7 -180.71 11.11 -178.04 12.42 7 0.00 0.00
H*C, H*S, H*D, 
P*H, P*D, P*M 0.02 16 -173.95 17.87 -157.47 32.99 3 0.00 0.00  

a Model results not presented below, because model did not fit data very well (multiple 
coefficient of determination below 0.09).  
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Table B.4. Model selection results for GLM analysis with (White Ibis density)1/2 as 
response variable, fish density (P), water depth (D), and change in water depth 
(C) as covariates and factors: season (S, 2 levels), management (M, 2 levels,), 
and habitat (H, unvegetated or vegetated).  

Model MLE  σ2 k AIC ΔAIC AICc ΔAICc n/k exp(-0.5Δi) wi

P*H 0.14 5 -89.05 0.00 -87.69 0.00 10 1.00 0.994
P, D 0.19 4 -74.35 14.70 -73.46 14.23 13 0.00 0.001
C 0.20 3 -73.97 15.08 -73.45 14.24 17 0.00 0.001
H 0.20 3 -73.92 15.13 -73.40 14.29 17 0.00 0.001
D 0.20 3 -73.88 15.18 -73.35 14.34 17 0.00 0.001
P, M 0.18 5 -74.45 14.60 -73.09 14.60 10 0.00 0.001
H*S 0.19 5 -73.91 15.15 -72.54 15.15 10 0.00 0.001
H*C 0.19 5 -73.90 15.15 -72.54 15.15 10 0.00 0.001
H, C 0.20 4 -72.09 16.96 -71.20 16.49 13 0.00 0.000
H, D 0.20 4 -71.97 17.08 -71.09 16.60 13 0.00 0.000
P*D 0.19 5 -72.36 16.69 -71.00 16.69 10 0.00 0.000
M*H 0.17 7 -73.33 15.73 -70.66 17.03 7 0.00 0.000
H*D 0.20 5 -69.97 19.08 -68.61 19.08 10 0.00 0.000
P*M 0.18 7 -70.76 18.30 -68.09 19.60 7 0.00 0.000
H*C, H*S, H*D, 
P*H, P*D, P*M 0.10 16 -84.07 4.99 -67.58 20.11 3 0.00 0.000
P 0.23 3 -66.58 22.48 -66.06 21.63 17 0.00 0.000
P, H 0.23 4 -64.58 24.48 -63.69 24.00 13 0.00 0.000
M 0.23 4 -64.58 24.48 -63.69 24.00 13 0.00 0.000  
 
 
Table B.5. ANOVA table for GLM of (Great Egret density)1/2 with management type as a 

factor and fish density as a covariate. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 0.58a 3 0.19 3.83 0.02
Intercept 0.24 1 0.24 4.77 0.03
management type 0.26 2 0.13 2.64 0.08
fish density 0.24 1 0.24 4.78 0.03
Error 2.30 46 0.05
Total 4.17 50
Corrected Total 2.88 49  

a R2 = 0.200 (Adjusted R2 = 0.148)  
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Table B.6. Parameter estimates for GLM of (Great Egret density)1/2 with management 
type as a factor and fish density as a covariate. 

Parameter β SE 95% CI β
Intercept 0.11 0.07 (-0.04 - 0.25)
management type = OPEN 0.07 0.08 (-0.10 - 0.24)
management type = RIM -0.12 0.09 (-0.29 - 0.06)
management type = WAM 0a

fish density 0.01 0.00 (0.00 - 0.02)  
a This parameter is set to zero because it is redundant. 
 
 
Table B.7. ANOVA table for GLM of (Great Egret density)1/2 with fish density as a 

covariate. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 0.31a 1 0.31 5.82 0.02
Intercept 0.31 1 0.31 5.80 0.02
fish density 0.31 1 0.31 5.82 0.02
Error 2.57 48 0.05
Total 4.17 50
Corrected Total 2.88 49  

a Adjusted R2 = 0.90) 
 
 
Table B.8. Parameter estimates for GLM of (Great Egret density)1/2 fish density as a 

covariate. 
Parameter β SE 95% CI β
Intercept 0.10 0.04 (0.02 - 0.18)
fish density 0.01 0.00 (0.00 - 0.02)  

a This parameter is set to zero because it is redundant. 
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Table B.9. ANOVA table for GLM of (Great Egret density)1/2 with the interaction 
between prey density and habitat type. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 0.54a 3 0.18 3.55 0.02
Intercept 0.25 1 0.25 4.99 0.03
habitat 0.04 1 0.04 0.87 0.36
fish density 0.48 1 0.48 9.45 0.00
habitat * fish density 0.22 1 0.22 4.39 0.04
Error 2.34 46 0.05
Total 4.17 50
Corrected Total 2.88 49  

a R2 = 0.188 (Adjusted R2 = 0.135)  
 
 
Table B.10. Parameter estimates for GLM of (Great Egret density)1/2 with the interaction 

between prey density and habitat type. 
Parameter β SE 95% CI β
Intercept 0.14 0.07 (-0.01 - 0.28)
habitat = unvegetated -0.08 0.09 (-0.26 - 0.10)
habitat = vegetated 0a

fish density 0.004 0.004 (-0.01 - 0.01)
habitat = unvegetated * fish density 0.018 0.008 (0.00 - 0.04)
habitat = vegetated * fish density 0a

 
a This parameter is set to zero because it is redundant. 
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Table B.11. ANOVA table for GLM of (Great Egret density)1/2 with the interaction 
between prey density and management type. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 0.74a 5 0.15 3.06 0.02
Intercept 0.20 1 0.20 4.20 0.05
management type 0.05 2 0.03 0.52 0.60
fish density 0.22 1 0.22 4.51 0.04
management type * fish density0.17 2 0.08 1.71 0.19
Error 2.14 44 0.05
Total 4.17 50
Corrected Total 2.88 49  

a R2 = 0.26 (Adjusted R2 = 0.17) 
 
 
Table B.12. Parameter estimates for GLM of (Great Egret density)1/2 with the interaction 

between prey density and management type. 
Parameter β SE 95% CI β
Intercept 0.10 0.08 (-0.06 - 0.25)
management type = OPEN    0.03 0.10 (-0.18 - 0.23)
management type = RIM     -0.067 0.104 (-0.28 - 0.14)
management type = WAM     0a

fish density 0.009 0.005 (0.00 - 0.02)
management type = OPEN * fish density 0.016 0.013 (-0.01 - 0.04)
management type = RIM * fish density -0.011 0.01 (-0.03 - 0.01)
management type = WAM* fish density 0a

 
a This parameter is set to zero because it is redundant. 
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Table B.13. ANOVA table for GLM of (Great Egret density)1/2 with management type as 
a factor. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 0.38a 2 0.19 4.05 0.02
Intercept 1.20 1 1.20 25.28 0.00
management type 0.38 2 0.19 4.05 0.02
Error 2.70 57 0.05
Total 4.28 60
Corrected Total 3.09 59  

a R2 = 0.12 (Adjusted R2 = 0.094)  
 
 
Table B.14. Parameter estimates for GLM of (Great Egret density)1/2 with management 

type as a factor. 
Parameter β SE 95% CI β
Intercept 0.22 0.05 (0.12 - 0.31)
management type = OPEN -0.04 0.07 (-0.17 - 0.10)
management type = RIM -0.19 0.069 (-0.32 - -0.05)
management type = WAM 0a

 
a This parameter is set to zero because it is redundant. 
 
 
Table B.15. ANOVA table for GLM of (Great Egret density)1/2 with habitat type as a 

factor and fish density as a covariate. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 0.32a 2 0.16 2.92 0.06
Intercept 0.23 1 0.23 4.24 0.05
habitat 0.01 1 0.01 0.12 0.73
fish density 0.29 1 0.29 5.37 0.03
Error 2.56 47 0.05
Total 4.17 50
Corrected Total 2.88 49  

a R2 = 0.11 (Adjusted R2 = 0.073)  
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Table B.16. Parameter estimates for GLM of (Great Egret density)1/2 with habitat type as 
a factor and fish density as a covariate. 

Parameter β SE 95% CI β
Intercept 0.08 0.07 (-0.06 - 0.22)
habitat = unvegetated 0.03 0.07 (-0.12 - 0.17)
habitat = vegetated 0a

fish density 0.009 0.004 (0.00 - 0.02)  
a This parameter is set to zero because it is redundant. 
 
 
Table B.17. ANOVA table for GLM of (Great Egret density)1/2 with fish density and 

water depth as covariates. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 0.31a 2 0.16 2.87 0.07
Intercept 0.03 1 0.03 0.56 0.46
depth 0.00 1 0.00 0.03 0.86
fish density 0.30 1 0.30 5.55 0.02
Error 2.57 47 0.06
Total 4.17 50
Corrected Total 2.88 49  

a R2 = 0.11 (Adjusted R2 = 0.071)  
 
 
Table B.18. Parameter estimates for GLM of (Great Egret density)-2 with fish density and 

water depth as covariates. 
Parameter β SE 95% CI β
Intercept 0.08 0.11 (-0.14 - 0.30)
depth 0.05 0.29 (-0.54 - 0.64)
fish density 0.008 0.004 (0.00 - 0.02)  
 
 
 



157 

 

Table B.19. ANOVA table for GLM of (Snowy Egret density)1/2 with the interaction 
between prey density and habitat type. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 0.28a 3 0.09 7.40 0.00
Intercept 0.02 1 0.02 1.78 0.19
habitat 0.00 1 0.00 0.21 0.65
fish density 0.20 1 0.20 16.10 0.00
habitat * fish density 0.18 1 0.18 13.93 0.00
Error 0.58 46 0.01
Total 1.09 50
Corrected Total 0.86 49  

a R2 = 0.33 (Adjusted R2 = 0.28)  
 
 
Table B.20. Parameter estimates for GLM of (Snowy Egret density)1/2 with the interaction 

between prey density and habitat type. 
Parameter β SE 95% CI β
Intercept 0.04 0.04 (-0.03 - 0.11)
habitat = unvegetated -0.02 0.04 (-0.11 - 0.07)
habitat = vegetated 0a

fish density 0.00 0.00 (0.00 - 0.01)
habitat = unvegetated * fish density 0.02 0.00 (0.01 - 0.02)
habitat = vegetated * fish density 0a

 
a This parameter is set to zero because it is redundant. 
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Table B.21. ANOVA table for GLM of (Tricolored Heron density)1/2 with the interaction 
between prey density and habitat type. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 0.24a 3 0.08 4.11 0.01
Intercept 0.02 1 0.02 1.02 0.32
habitat 0.00 1 0.00 0.04 0.84
fish density 0.15 1 0.15 7.94 0.01
habitat * fish density 0.15 1 0.15 7.93 0.01
Error 0.88 46 0.02
Total 1.30 50
Corrected Total 1.12 49  

a R2 = 0.21 (Adjusted R2 = 0.16)  
 
 
Table B.22. Parameter estimates for GLM of (Tricolored Heron density)1/2 with the 

interaction between prey density and habitat type. 
Parameter β SE 95% CI β
Intercept 0.03 0.04 (-0.06 - 0.12)
habitat = unvegetated -0.01 0.05 (-0.12 - 0.10)
habitat = vegetated 0a

fish density 0.00 0.00 (-0.01 - 0.01)
habitat = unvegetated * fish density 0.02 0.01 (0.00 - 0.03)
habitat = vegetated * fish density 0a

 
a This parameter is set to zero because it is redundant. 
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Table B.23. ANOVA table for GLM of (White Ibis density)1/2 with the interaction 
between prey density and habitat type. 

Source

Type III 
Sum of 
Squares df

Mean 
Square F Sig.

Corrected Model 3.24a 3 1.08 7.20 0.00
Intercept 0.28 1 0.28 1.89 0.18
habitat 0.69 1 0.69 4.62 0.04
fish density 1.85 1 1.85 12.32 0.00
habitat * fish density 2.71 1 2.71 18.08 0.00
Error 6.90 46 0.15
Total 11.71 50
Corrected Total 10.13 49  

a R2 = 0.32 (Adjusted R2 = 0.28)  
 
 
Table B.24. Parameter estimates for GLM of (White Ibis density)1/2 with the interaction 

between prey density and habitat type. 
Parameter β SE 95% CI β
Intercept 0.27 0.12 (0.02 - 0.52)
habitat = unvegetated -0.32 0.15 (-0.63 - -0.02)
habitat = vegetated 0a

fish density -0.01 0.01 (-0.02 - 0.01)
 habitat = unvegetated * fish density 0.06 0.02 (0.03 - 0.09)
habitat = vegetated * fish density 0a

 
a This parameter is set to zero because it is redundant. 
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University of Florida into agreeing to chair Eric’s supervisory committee.  During the 

completion of Eric’s studies at the University of Florida, Eric and Megan collectively 

achieved their greatest contributions to the future when Ethan Douglas Stolen was born in 

November of 2000 and then Erin Leslie Stolen was born in October of 2003. 
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