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Seasonal variation in food availability is one of the primary limitations to avian 

populations, particularly during the breeding season.  However, the behavioral responses 

between species may differ based on foraging strategies.  I examined the influence of 

food availability on landscape-level habitat selection, patch-level habitat selection, and 

movements of two wading bird species with divergent foraging strategies, the Great Egret 

and White Ibis.  On a landscape scale, there appeared to be a relationship among resource 

availability, the temporal scale of the independent variable, and whether the response was 

similar or different between species.  At the patch level, results demonstrated a 

relationship between resource availability and the spatial scale of the independent 

variables selected by birds.  Species movements were consistent with the differing 

strategies.  This study is the first to make the link between landscape hydrology patterns, 

prey availability, and responses in wading bird habitat selection at multiple spatial scales.   
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CHAPTER 1: GENERAL INTRODUCTION 

 

 

INTRODUCTION 

The Florida Everglades is the focus of broad-scale wetland restoration efforts that 

intend to restore ecosystem-wide biological processes and ecological function.  The 

Comprehensive Everglades Restoration Plan (CERP) was implemented to reintroduce 

historic water flow patterns in order to recover and sustain the defining characteristics of 

the greater Everglades (RECOVER 2004a).  One of the primary characteristics of the 

ecosystem‟s historical hydrology was an abundant and stable wading bird population.  As 

indicators of ecosystem function, changes in wading birds population numbers provide a 

valuable tool for tracking the effects of hydrological change.  Predicting wading bird 

populations in response to the hydrologic and habitat changes that will result from CERP 

will require an understanding of the effects of hydrology and habitat on intermediate 

pathways such as prey availability, wading bird habitat selection and movement patterns.   

Restoring near-historic hydrological function to the Everglades requires a direct 

linkage of hydrology, prey availability and wading bird reproductive success.  Declines in 

annual breeding success and populations of colonial nesting wading birds 

(Ciconiiformes) in the Florida Everglades system are believed to be linked to reduced 

prey availability as a result of historic water management practices (Kahl 1964, Kushlan 
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1986, Kushlan and Frohring 1986, Frederick and Collopy 1989, Powell et al. 1989, 

Frederick and Spalding 1994, Ogden 1994, Gawlik 2002).  Water management practices 

are believed to be associated in varying degrees with five main ecological stressors that 

have and are continuing to affect the ecosystem health of the Everglades.  These stressors 

include reduced spatial extent, reduced water quality, reduced water storage capacity, 

compartmentalization, and introduction and spread of exotic species (Ogden 2005).  

Through the process of compartmentalization and peripheral drainage, the connectivity of 

water flow has been drastically altered from a hydrologically integrated wetland to 

several hydrologically managed wetlands.  Mainly, these stressors have interacted to alter 

location, seasonal timing, and magnitude of prey concentrations relative to traditional 

colony locations.  Thus, the wading bird response has been to shift from traditional 

colony locations near the southern edge of the ridge and slough system to novel colonies 

located in the northern impoundments (Ogden 2005), presumably following higher prey 

concentrations.  It is unknown however, if this new spatial distribution of resources can 

support abundant and stable populations of wading birds in a dynamic, spatially 

constrained wetland.   

Life history requirements for wading bird reproduction include 16-week period to 

initiate nesting and fledge young.  A consequence of modification to the historic 

Everglades hydrology and consequent redistribution of wading birds has been a 

disruption to the natural cues that once existed to initiate breeding.  Cues that once 

reflected the earliest signs of food abundance now prevail later in the dry season due to 

the disproportionate (85%) reduction of peripheral short hydroperiod wetlands (Fleming, 
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1994).  This reduction of shallow water foraging sites early in the dry season has been 

linked to late colony formation of wading birds at traditional colony sites in the southern 

Everglades (Fleming et al. 1994b) and may lead to reproductive failure.  Adequate water-

level indicators of foraging sites that will provide a spatially diverse food supply for the 

entirety of the breeding season are now limited.  Thus, temporal consistency of optimal 

water depths in the landscape and a greater sensitivity to varying climactic conditions 

may now regulate breeding success.  While new breeding sites are likely selected each 

year based on the first available patch of suitable habitat (Prevot-Julliard et al. 1997), 

temporal connectivity in food availability must persist throughout the 16-week breeding 

season within an energetically beneficial foraging distance to the colony to ensure 

successful reproductive effort (Bancroft et al. 1994).  Additionally, variable landscape 

characteristics that affect the spatial distribution of prey have been shown to have an 

effect on daily foraging flight distances (Beerens, Chapter 3). 

Reproductive success of wading birds depends on habitat characteristics at 

multiple spatial scales; incorporating individual patches and their spatial distribution.  It 

also depends on characteristics that change at varying temporal scales, such as 

hydrological attributes and prey availability.  It is thus important to explicitly consider the 

spatial and temporal scale being investigated.  This thesis examines habitat selection, at 

two spatial scales, and movements of two wading birds species (Great Egret and White 

Ibises) that differ sharply in their foraging strategies and population trends.  The study 

years of 2006 and 2007 provided contrasting hydrological conditions and levels of prey 

availability thereby providing a natural framework for testing how the two species adjust 
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their habitat selection and movements in response to varying food availability and general 

habitat quality.  

The first chapter describes a habitat selection model utilized to determine 

landscape level habitat features that are selected at a spatial scale of 400m x 400m.  At 

the landscape scale, a suite of variables was chosen to capture daily to decadal influences 

on habitat selection.  These variables were used to develop resource selection functions 

(RSFs), which identified habitats that were selected by Great Egrets and White Ibises 

accounting for changing habitat availability.  Identifying the key habitat characteristics of 

high-quality patches, and their respective temporal scale, for species with contrasting 

foraging strategies will provide a range of habitat conditions that can be used to guide 

Everglades restoration targets.  The second chapter examines patch-level microhabitat 

selection by identifying variables contributing to finer scale habitat use.  I used an 

information theoretic approach to develop RSFs, which identified 1m x 1m habitats that 

were selected by Great Egrets and White Ibises.  To approximate the hierarchical 

selection of water depth, water depth mean was additionally calculated from a 30-m 

transect and estimated at a 400-m x 400-m scale.  The final chapter examines the 

relationship between foraging flight distances and surface water dynamics.  The goal of 

this chapter was to determine if movements were indeed related to differing foraging 

strategies and to identify which short-temporal scale hydrological variables were 

associated with the differences in foraging flight distances.



 

5 

 

LITERATURE CITED 

Bancroft, G. T., A. M. Strong, R. J. Sawicki, W. Hoffman, and S. D. Jewell.  1994. 

Relationships among wading bird foraging patterns, colony locations, and 

hydrology in the Everglades.  Pages 615-658 in Everglades, the ecosystem and its 

restoration. (S.M. Davis and J. C. Ogden, Eds.) St. Lucie Press, Delray Beach, 

Florida.     

Fleming, D. M., W. F. Wolff, and D. L. DeAngelis.  1994. Importance of landscape 

heterogeneity of Wood Storks in Florida Everglades. Environmental Management 

18:743-757.  

Frederick, P. C. and M. G. Spalding.  1994. Factors affecting reproductive success of 

wading birds (Ciconiiformes) in the Everglades ecosystem. Pages 659-692 in 

Everglades, the ecosystem and its restoration. (S.M. Davis and J. C. Ogden, Eds.) 

St. Lucie Press, Delray Beach, FL. 

Frederick, P. C., and M. W. Collopy.  1989. Nesting success of Ciconiiform species in 

relation to water conditions in the Florida Everglades. Auk 106:625-634.   

Gawlik, D. E.  2002. The effects of prey availability on the numeric response of wading 

birds. Ecological Monographs. 73:329-346. 

Haig, D. M., D. W. Mehlman, and L.W. Oring.  1998. Avian Movements and Wetland 

Connectivity in Landscape Conservation. Conservation Biology 12:749-758.



 

6 

 

Kahl, M. P.  1964. Food ecology of the Wood Stork (Mycteria americana) in Florida. 

Ecological Monographs 34:97-117. 

Kushlan, J. A.  1986. Response of wading birds to seasonally fluctuating water levels: 

strategies and their limits. Colonial Waterbirds 9:155-162. 

Kushlan, J. A. and P. C. Frohring.  1986. The history of the southern Florida wood stork 

population. Wilson Bulletin 98:368-386. 

Ogden, J. C.  1994. A comparison of wading bird nesting colony dynamics (1931-1946 

and 1974-1989) as an indication of ecosystem conditions in the southern 

Everglades. Pages 533-570 in Everglades, the ecosystem and its restoration. (S. 

M. Davis and J. C. Ogden, Eds.) St. Lucie Press, Delray Beach, FL. 

Ogden, J. C.  2005. Everglades Ridge and Slough Conceptual Ecological Model. 

Wetlands 25:810-820. 

Powell, G. V. N., R. D. Bjork, J. C. Ogden, R. T. Paul, A. H. Powell, and R. B. 

Robertson, Jr.  1989. Population trends in some Florida Bay wading birds. Wilson 

Bulletin 101:436-457. 

Prevot-Julliard, A. C., E. Danchin, D. Lebreton, and T. Boulinier.  1997. Recruitment and 

dispersal in colonial waterbirds: when and where to breed? Pages 121-136 in 

Colonial breeding in waterbirds: evolutionary causes and functional 

consequences. (F. Cezilly, H. Hafner, and D. N. Nettleship, Eds.) Oxford 

University Press, Oxford, United Kingdom. 



 

7 

 

RECOVER.  2004a. Section 1.1: The scope and purpose of the CERP monitoring and 

assessment plan. Pages 1:1-1:14 in Monitoring and Assessment Plan: January 

2004. Available at http://www.evergladesplan.org/pm/recover/recover_map.cfm



 

8 

 

 

CHAPTER 2:  HABITAT SELECTION OF TWO WADING BIRD SPECIES 

WITH DIVERGENT FORAGING STRATEGIES 

 

 

ABSTRACT 

Seasonal variation in food availability plays an influential role in the population 

dynamics of many species and communities.  Particularly during the breeding season, 

food availability can limit avian populations because adults have increased energetic 

demands for egg production and chick rearing.  This study quantifies habitat selection of 

breeding radio-tagged Great Egrets and White Ibises to test the growing evidence that 

wading bird population responses can be linked to how constrained a species is in its 

choice of habitats.  Searchers like the White Ibis are more constrained in their selection of 

foraging sites, tending to select high quality patches and abandon them quickly.  In 

contrast, exploiters like the Great Egret are opportunistic, minimizing searching effort by 

staying at foraging areas longer until prey densities were low.  The research was 

conducted in the Everglades, where fluctuating resources levels are particularly 

pronounced due to periodic drying and flooding.  Foraging locations and random 

locations representing available foraging sites were was classified in ArcMap using five 

hydrological variables calculated from daily Everglades Depth Estimation Network 
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(EDEN) water depths, five vegetation classes, vegetation diversity, and soil phosphorus.  

These variables represent processes that occur over a wide range of temporal scales to 

capture daily to decadal influences on habitat selection.  These variables were used to 

develop resource selection functions (RSFs), which identified habitats that were selected 

by Great Egrets and White Ibises accounting for changing habitat availability.  There 

appeared to be a relationship among resource availability, the temporal scale of the 

independent variable, and whether the response was similar or different between species.  

One set of independent variables differed strongly between years as a function of 

resource availability.  Within this set, variables that change over short time scales, such 

as surface water dynamics (e.g. water depth, recession rates and site reversal) tended to 

produce a similar response by both species.  In contrast, longer-term processes involved 

in prey productivity such as days since drydown and hydroperiod produced a different 

response between species.  This study offers insight into the role that seasonal variation 

in food availability plays in species-specific population dynamics and adds to previous 

work on the role that foraging strategy adaptations play in a changing environment.  
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INTRODUCTION 

Seasonal variation in food availability plays an influential role in the population 

dynamics of many avian species and communities (Beals 1970, Newton 1980), and how 

species adjust their behavior throughout the annual cycle (Hahn 1998).  Particularly 

during the breeding season, food availability can limit avian populations (Skutch 1949, 

Lack 1954, Ricklefs 1968) because adults have increased energetic demands for egg 

production and chick rearing.  Wading birds can respond to food limitations through 

proximate mechanisms such as of movement patterns, breeding seasonality, colony site 

selection and site tenacity (Kushlan 1986) and through the ultimate mechanism of a 

foraging strategy adaptation.  Foraging strategies reveal historical adaptations used to 

cope with fluctuating food resources.  Birds that depend upon continual renewal of 

resources and cues to find those resources have developed a divergent set of adaptations 

used to cope with spatial and temporal fluctuations in resource availability.  Within a 

given set of morphological adaptations, the relative stability of the environment will 

influence the behavioral exploitation pattern (Klopfer 1962).  Theoretical work 

demonstrates that under increased environmental variation, predators should change their 

niche breadth (Emlen 1966, MacArthur and Pianka 1966).  In years when birds are food 

limited, niche breadth will contract, or members of a species will utilize food resources 

that they are most adapted to exploiting (Baker and Baker 1973, Conner 1981).  

Therefore, differences in habitat selection patterns among species should be more 

apparent when food is limiting.  In times of high prey availability, niche breadth will 

widen and overlap is predicted to increase.  A second prediction is that predators will be 
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more selective of energetically profitable prey items in a food rich environment.  These 

patterns have repeatedly been observed in the feeding behavior of birds in response to 

variable environments (Lack 1946, Root 1967, Baker and Baker 1973, Conner 1981, 

Nudds 1983).  

The Everglades is a model ecosystem to observe varying behavioral responses to 

food limitation because species must adapt to resources changing daily.  Because wading 

birds respond behaviorally to spatial and temporal variation in the quality, quantity, and 

availability of their food resource, selection patterns can be used to assess the effects of 

these transient conditions (Erwin 1982).  Measuring the behavioral response of habitat 

selection to changes in food availability as a result of hydrological change allows for a 

quantitative understanding of this relationship and its implication on populations.   

Breeding wading birds need spatially connected and temporally available foraging 

patches within an energetically beneficial foraging distance of a colony to reproduce 

successfully (Bancroft et. al 1994).  Landscape connectivity is defined as the functional 

relationship among habitat patches due to their spatial distribution and the movement of 

organisms in response to landscape structure (Taylor et al. 1993).  Many species select 

new breeding sites each year based on the first available patch of suitable habitat (Prevot-

Julliard et al. 1997).  Wading birds depend on both characteristics of individual patches 

and on their spatial distribution to provide sustained forage throughout the four-month 

breeding season.  

  Hydrological cycles with inter-annual variation overlaid on a topographical 

template provide the physical variation in landscape connectivity for wading bird species 
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in the Everglades.  Hydrological cycles play a key role in creating high quality patches by 

indirectly providing replenishment and spatial variability of forage.  Seasonal food 

availability is influenced by the natural drying down of the Everglades, via slow moving 

sheet flow and evaporation, and short-term weather events such as rainfall.  Spatial and 

temporal variability in rain events, water management, geographic topography and 

nutrients are all drivers of the spatial distribution of patches (Fig. 1).   

Connectivity is additionally dependent on morphology and how individual species 

respond behaviorally to landscape structure.  The foraging strategy used by an animal 

affects its daily and annual energy balance.  Gawlik (2002) proposed a conceptual model 

to highlight the potential factors that can modify the effect of prey density on wading 

birds.  The model depicts how factors that affect regional prey populations might only 

partly affect the availability of prey for wading birds.  Gawlik (2002) tested the prey 

availability hypothesis and observed that vulnerability and density of prey did not always 

result in a similar foraging response or strategy across a suite of wading bird species.  

These results suggest that differences in physiological condition during the breeding 

season could be linked in part to species-specific foraging strategies (searchers versus 

exploiters; Gawlik 2002) and prey availability across the landscape.  Species that exhibit 

opposing foraging strategies perceive costs very differently as patch quality decreases.  

Searchers like the White Ibis  tend to select high-quality patches and abandon them 

quickly, whereas exploiters like the Great Egret tend to stay at foraging areas longer until 

prey densities are low (Gawlik 2002).  Another characterization is that Great Egrets tend 

to be opportunistic (McCrimmon et al. 2001); whereas White Ibis tend to be more 
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constrained in their selection of foraging sites (Gawlik 2002).  The Great Egret and White 

Ibis were selected for this study, as they are representative of the searcher and exploiter 

foraging strategies (Gawlik 2002), and have dissimilar population trends.  White ibis (a 

searcher) have declined approximately 87%, while Great Egret (an exploiter) increased 

270% in the same period across the Everglades (Crozier and Gawlik 2003a).  Disparate 

population trends could indicate that wading bird species are uniquely responding to 

changes in prey availability.  

The study years of 2006 and 2007 provided contrasting hydrological conditions 

and levels of prey availability thereby providing a natural framework for testing how the 

two species adjust their habitat selection in response to varying food availability.  

Hydrologic conditions in 2006 were characterized by a long period of inundation 

preceding the dry season, a rapid recession, few reversals in the water level recession, 

and above average prey availability.  These conditions were favorable for nesting and an 

experimental study suggested that food did not limit White Ibis nestling growth and 

survival (Cook and Herring 2007).  In contrast, 2007 was a year characterized by a short 

period of inundation preceding the dry season, a rapid recession rate, and more reversals 

leading to lower prey availability, reduced wading bird nesting effort and food that was 

limiting White Ibis nestling growth and survival (Cook and Herring 2007). 

Differential habitat selection between years will suggest that species have flexible 

selection patterns based on variation in hydrology and fluctuation in prey availability.  

The degree of species-specific behavioral flexibility or variation in niche breadth may 

explain how food limitation is differentially driving population patterns.  Similar 
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selection patterns between years will suggest that some habitat features influence prey 

availability regardless of hydrology and are less associated with opposing population 

trends.   

One of the strengths of the probability-based parameter estimates in this study is 

that the estimates can be imported directly into wading bird habitat suitability indices 

used for evaluating restoration scenarios.  The estimates also provide an empirical 

predictive habitat model that uses EDEN water depths and that can be linked to a GIS.  

The resulting maps identify areas likely to be used by wading birds and they highlight the 

changing probability of use of the landscape as water levels change and the season 

progresses.  Identifying the key habitat characteristics of those high-quality patches for 

species with contrasting foraging strategies will provide a range of habitat conditions that 

can be used to guide restoration progress. 
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METHODS 

Study System 

 

The research was conducted in the Everglades of Florida (Fig. 2), where 

fluctuating resources levels are particularly pronounced due to periodic drying and 

flooding.  Water depth is an important predictor of differential wading bird habitat 

selection (Gawlik 2002) and reproductive success (Frederick and Spalding 1994) among 

species.  Drying rate, or recession rate, is highly correlated with wading bird distribution 

(Russell et al. 2002), breeding attempts (Kahl 1964, Frederick and Spalding 1994), and 

location and nesting chronology of White Ibis colonies (Kushlan 1979).  A rapid 

recession rate functions in shorter-term processes to both concentrate prey and provide a 

continual supply of new pools in which to forage.  Temporary disruptions to the drying 

process can lead to prey dispersal and subsequent colony abandonment (Frederick and 

Collopy 1989, Frederick and Spalding 1994).  This trend is especially coupled with dry 

season rainfall events and increasing water levels.  Reversals in the drying process can 

slow rates of capture (Gawlik 2002) and increase search and travel times (Bancroft et al. 

1994).  Vegetation patterns are influenced by environmental processes that operate at 

distinct temporal and spatial scales (Gunderson 1994).  Most significant to determination 

of vegetation community density and composition are long-term hydroperiods associated 

with the region (Gunderson 1994, Hoffman et al. 1994).  Hydroperiod is an important 

determinant of vegetation community composition and density (Gunderson 1994).  In 

oligotrophic wetlands, phosphorus is the main nutrient limiting primary and secondary 

productivity (Harper 1992) and community composition is especially sensitive to nutrient 
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enrichment.  Increases in phosphorus can be traced back to agricultural fertilizer runoff 

exacerbated by water management practices.  Nutrients are also a primary determinant of 

fish biomass (Turner et al. 1999). 

Field Methods 

 

Great egrets and White Ibises were captured prior to the initiation of breeding 

between 10 Jan – 24 March during 2006-2007 in Arthur R. Marshall Loxahatchee 

National Wildlife Refuge and Water Conservation Areas 2 and 3 using a net gun and a 

modified flip trap (Herring et al. 2008).  Radio transmitters were then attached to birds 

using a figure eight harness around the legs and lower back of each bird (the transmitter 

weight (16 g) was ≤ 3% of the total mass of each bird).  All captured birds were banded 

with a U.S. Fish and Wildlife Service aluminum bands.  Sample sizes totaled 88 radio-

tagged birds (27 egrets and 61 ibis) in 2006 and 113 birds (49 egrets and 64 ibis) in 2007.  

A subset of radio-tagged ibis and egrets were located three to four times a week 

from a plane with strut mounted four-element antennas and a null system.  After a flight, 

frequencies of located birds were deleted from the telemetry receiver and after two flights 

all frequencies were reentered into the telemetry receiver such that birds were never 

located more than twice in a week.  Each day‟s locations were assumed independent 

because a bird will return to a roosting site over night.  Additionally, there was a 

minimum of three days between each successive radiolocation of an individual to ensure 

independence as there is some evidence that wading birds may forage overnight 

(Beerens, unpublished data). 
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When a bird was determined to be foraging, the location at the center of its flock 

was recorded with a geographic positioning system.  Aerial photographs were taken to 

subsequently confirm remote-sensed data used to classify habitat parameters.  Foraging 

site locations were plotted on a map of the Everglades using a geographic information 

system (Arcmap v. 7.2, ESRI, Redlands, CA).  Hydrological variables were estimated at 

daily time steps throughout the breeding season using the Everglades Depth Estimation 

Network (EDEN), a landscape level nearly real-time hydrological model (USGS 2006).  

Available foraging habitat was defined as the area enclosed by the Water Conservation 

Areas (see Fig. 2).  All birds were trapped and the majority of foraging occurred in these 

areas.  Furthermore, there was complete EDEN model coverage in the Water 

Conservation Areas.   

In ArcMap, each foraging location (n = 1,217) and each random location (n = 

206,726) representing available habitat was classified by five hydrological variables, five 

vegetation classes, vegetation diversity, and soil phosphorus.  These variables were 

chosen to represent processes that occur over a wide range of temporal scales to capture 

daily to decadal influences on habitat selection (Fig. 3).  Daily changes in availability 

were calculated for all variables framed within a yearly temporal scale.  All other 

variables (hydroperiod, vegetation, vegetation diversity and soil phosphorus) were 

assumed constant within the study period.   

All hydrologic variables were calculated from daily water depths obtained from 

EDEN.  This hydrologic monitoring tool provides daily water depth information using an 

integrated network of nearly real-time water level monitoring, ground-elevation 
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modeling, and water-surface modeling at a spatial scale of 400 x 400 meters.  The 

hydrological variables recession rate, days since drydown and hydroperiod, were 

calculated as continuous variables in SAS 9.1 for each date and cell combination using 

daily EDEN water depths.  Daily recession rate was obtained by subtracting the water 

depth in a cell on a given day from the water depth two weeks prior and dividing by 14 

days.  Positive recession rates indicate that water is receding while negative rates indicate 

a reversal occurring due to local rainfall or managed pulse flow.  Days since drydown 

was calculated by counting the number of days since the water depth in a cell was less 

than zero.  Hydroperiod was obtained by calculating the mean number of days per year, 

out of the last eight years, that water depth was greater than zero.  Dry to wet reversal 

was calculated as a binary variable for each unique combination of date and cell using 

EDEN daily water depths.  This variable was given a value of one if a cell had gone dry 

and was rewetted within a year, whereas the variable had a value of zero if the cell was 

still wet when the reversal occurred.  Hydrographs of the study area were produced to 

display daily surface water dynamics (i.e. water depths, recession rate, reversals) of 2006, 

2007 and an eight year mean from 2000-2007.  

Vegetation type and vegetation diversity were classified using Florida Vegetation 

and Land Cover 2004 (FFWCC 2004).  This vegetation map uses Landsat Thematic 

Mapper satellite imagery from 2003 and was categorized into 43 vegetation and land 

cover types at 30 m × 30 m resolution.  The five most common vegetation types in the 

study area were sawgrass marsh (52%), freshwater marsh and wet prairie (35%), shrub 

and hardwood swamp (7%), cattail (4%), and open water and high impact urban (2%).  
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Shrub and hardwood swamp represent two combined vegetation classes most closely 

associated with higher elevation areas with more tree cover.  Similarly, open water and 

high impact urban vegetation classes represent areas with deeper water such as canals and 

topographical depressions with little vegetative cover.  Vegetation classes were binary 

variables and assigned based on the majority type within a 250-meter buffer surrounding 

the observed location.  Buffer size was determined by calculating the average error 

associated with each telemetry point.  Vegetation diversity was calculated by summing 

the number of unique vegetation or land use types within each buffer.  System-wide soil 

phosphorus concentrations were obtained from a separate study that mapped soil 

phosphorus levels across the landscape in 2004 (S. Newman, South Florida Water 

Management District, unpublished data).   

Statistical Analyses 

 

Known foraging locations and their measured habitat parameters (see Fig. 3) were 

compared with measured habitat parameters of random locations determined to be 

available to birds.  Variable selection was conducted for each species and year 

combination separately with the a priori expectation that selection patterns would differ 

between species and between the years, which had markedly different hydrologic 

conditions, prey density, and wading bird nesting effort.  The decision to compare species 

was made prior to sampling whereas the decision to compare years was made after 

sampling but before the analyses.  Correlation analyses were performed on all pairs of 

hydrological variables to assess collinearity.  Variables were retained if r2
 < 0.7.  

ANOVAs were used to examine significant differences in habitat selection between 
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species and years.  Habitat selection by Great Egrets and White Ibises in 2006 and 2007 

was modeled using resource selection functions (RSFs) with multiple explanatory 

variables.  An RSF is any model that yields values proportional to the probability of use 

of a resource unit (Manley 2002).  

RFSs were estimated for both species in 2006 and 2007 using a stratified Cox 

proportional hazards likelihood maximization routine (PROC PHREG, SAS Institute Inc. 

2003) that allows available resource units to change daily.  The discrete choice model is 

estimated by maximizing the multinomial logit likelihood (Manley et al. 2002).  The 

PHREG procedure performs regression analysis based on the Cox proportional hazards 

model, expressed as  

λij(t) = λ(t;Zi) = λo(t)exp(Z'ijβ)  

where λo(t) is a baseline hazard function, Zi is the string of independent variables for the 

ith individual, and β is the string of coefficients associated with the independent variables 

(Cox 1972, Anderson and Gill 1982, SAS Institute Inc. 2003).  β is estimated by the 

partial likelihood function and partial likelihood functions are given for each model 

variable (SAS Institute Inc. 2003, Allison 2005).  This model allows available resource 

units to change daily by a incorporating a new set of hydrological variables for each time 

step.  Hazard ratios were used to determine the magnitude of effect for each variable.  I 

used the BRESLOW option in PHREG to handle ties because tied data were rare (Allison 

2005).  Survival probabilities were calculated to estimate the survivor function, 

controlling for the effects of the covariates (Allison 2005).  The survivor function is 

expressed as  
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S(t;Zi) = [So(t)] exp(
Z'iβ

)  

where So(t) is the baseline survivor function, Z‟i is the string of independent variables 

and β is the string of coefficients associated with the independent variables (SAS Institute 

Inc. 2003).  A negative logarithm transformation was performed on the survival 

probabilities to obtain the cumulative hazard function (Allison 2005).  The log-survivor 

functions or cumulative hazard functions for each species and year combination were 

plotted to illustrate the shape of the hazard function.  An increasing hazard function is 

evidence that overall probability of use is increasing in the landscape.  The probability of 

use is 1- S(t:Zi) and was calculated for each day. 

Water depth were modeled as a quadratic relationship (depth + depth
2
; Bancroft et 

al 2002, Russell et al. 2002) because use by wading birds is over a narrow range of low 

water depths with minimal bird use at very high and extremely low (below ground) water 

depths.  Quadratic terms for hydroperiod and recession rate were also included in the 

models to examine non-linear relationships.  Four global models for foraging site 

selection, one for each combination of species and year, included terms for depth + 

depth
2
, hydroperiod, hydroperiod

2
, days since drydown, recession rate, recession rate

2
, 

dry to wet reversal, five vegetation classes (sawgrass marsh, freshwater marsh and wet 

prairie, cattail marsh, shrub/hardwood swamp, open water/high impact urban), vegetation 

diversity, phosphorus and phosphorus
2
.  Final models were determined through stepwise 

selection (McCracken et al 1998, Cooper and Millspaugh 1999, Johnson et al. 2000).  In 

this process, variables are entered into and removed from the model in such a way that 

each forward selection step can be followed by one or more backward elimination steps 
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(SAS Institute Inc. 2003).  The stepwise selection process terminates if no further 

variable can be added to the model or if the variable just entered into the model is the 

only variable removed in the subsequent backward elimination (SAS Institute Inc. 2003).  

Variables were considered important for inclusion in the RSF models when significant 

differences (P < .05) occurred between used and available locations.  

For several variables with high importance in the models (i.e. water depth, 

recession rate), I tested for significant differences between years and species with two-

way ANOVA tests to determine if a change in selection patterns was due to a change in 

habitat use or habitat availability.  

Maps for each month of the study period were constructed to illustrate the 

probability of Great Egrets and White Ibises using foraging habitat based on the survivor 

function given by the proportional hazards model (Appendix 1).  
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RESULTS 

Habitat data from 424 Great Egret and 793 White Ibis foraging locations were 

used in the analysis.  There were 206,179 random locations generated over the length of 

the study period or 1,640 generated per day (n = 126 days).  High correlations were found 

between depth and days since drydown (r = .726, P < .0001); however, because this 

variable represented a unique temporal scale it was retained in the models.  Hydrograph 

data revealed higher mean depths in 2006 than the prior eight year mean and lower mean 

depths in 2007 than the eight year mean (Fig. 4), thus four models, one for each species 

and year combination were used to compare habitat selection responses. 

Great Egrets 2006 (Good habitat conditions) 

  

Probability of use for Great Egrets was related to water depth, soil phosphorus 

level, presence of cattail-dominated vegetation, and days since drydown in order of 

descending importance based on the likelihood scores (Table 1).  Analysis of water depth 

at foraging locations indicated selection of foraging sites with shallow water.  Overall, 

the peak probability of use was between -19 and 18 cm.  The sign of the phosphorus 

coefficient revealed that sites low in soil phosphorus concentrations were used in the 

highest proportion relative to their availability in the landscape.  The hazard ratio of 

0.685 indicates that for every one unit (100mg/kg) increase in phosphorus concentrations 

over the range 1 to 1400 mg/kg, there was a 31.5% less chance of the site being used 

(Table 1).  In addition, Great Egrets selected foraging sites with high days since drydown 

and cattail dominated habitat.    
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White Ibises 2006 (Good habitat conditions) 

Probability of use for White Ibises in 2006 was related to water depth, soil 

phosphorus levels, recession rate and the quadratic form of hydroperiod, respectively 

(Table 1).  Analysis of water depth at foraging locations indicated selection of foraging 

sites with shallow water that was similar to depths selected by Great Egrets in the same 

year.  Overall, the peak probability of use was between -16 and 15cm (Fig. 5).  White ibis 

preferred sites where water was receding slightly slower (.254 ± .024 cm/day) than 

system-wide recession rates (.317 ± .002 cm/day), indicated by a negative RSF 

coefficient.  The sign of the coefficient revealed that sites low in phosphorus 

concentrations were used in the highest proportion relative to their availability in the 

landscape, as was the case with Great Egrets.  However, in the good year White Ibis 

differed from Great Egrets in their selection for hydroperiod and days since drydown.  

White ibis selected foraging sites with short hydroperiods (Fig. 6) whereas Great Egrets 

show no selection for short hydroperiods.  Moreover, Great Egrets selected sites with 

long days since drydown whereas no selection for this variable was observed for White 

Ibises.   

Great Egrets 2007 (Poor habitat conditions) 

 

Probability of use for Great Egrets in 2007 was related to recession rate, water 

depth, cattail-dominated vegetation, dry to wet reversal, soil phosphorus levels, open 

water/high-impact urban dominated vegetation, freshwater marsh and wet prairie 

dominated vegetation and the quadratic form of recession rate, in order of descending 

importance based on the likelihood scores (Table 1-1).  Selectivity for rapid recession 
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rates dramatically increased in 2007, receiving the highest likelihood score.  Specifically, 

probability of use increases to >60% if water levels at a site were receding even slightly 

greater than 0 cm/day (Fig. 7).  Recession rates were similar in the landscape between 

years (Fig. 4).  However, use of rapid recession sites increased significantly (P < .0001) 

in the year with poor habitat conditions (Fig. 8).   

In 2007, Great Egrets selected a broader range of less optimal water depths, in 

contrast to the good year, when they were more selective of optimal water depths (Fig. 5).  

There was a significant (P < .0001) decline in available mean water depths (9.80 ± .08 

cm) in comparison to the good year (23.33 ± .09 cm; Fig. 9) but used water depths were 

similar between years.  Overall, the range with the highest probability of use was between 

-33 and 31.5 cm (Fig. 5).  Great egrets avoided sites that underwent a dry to wet reversal 

in the poor year.  In 2007, 22.5% of available sites fulfilled the criteria for a dry to wet 

reversal, while only 15% of used locations met the criteria.  The sign of the coefficient 

revealed that sites low in phosphorus concentrations were again used in the highest 

proportion to their availability in the landscape.  Low soil phosphorus concentrations 

were selected in both a good year (2006) and a poor year (2007) indicating importance in 

the model regardless of variation in hydrological conditions.  Great egrets also selected 

freshwater marsh and wet prairie, open water/high impact urban, and cattail dominated 

sites respectively. 

White Ibises 2007 (Poor habitat conditions) 

 

Probability of use for White Ibises in 2007 was related to recession rate, soil 

phosphorus levels, water depth, the quadratic form of hydroperiod, open water/high 
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impact urban dominated vegetation, and dry to wet reversal, in order of descending 

importance based on likelihood score.  Selectivity for rapid recession rates dramatically 

increased in 2007, receiving the highest score.  Similar to the Great Egret model in the 

poor year, probability of use increased to >60% when water levels at a site were receding 

even slightly greater than 0 cm/day (Fig. 7).  Use of rapid recession sites increased 

significantly (P < .0001) in comparison to the good year (Fig. 8).  Like the Great Egret, 

White Ibises were less selective of optimal water depths in the poor year than in 2006, 

when selectivity for optimal depths was the highest (Fig. 5).  Analysis of water depth at 

foraging locations indicated selection of foraging sites similar to depths selected by Great 

Egrets in the same year, however, White Ibises showed higher selectivity for optimal 

depths.  Overall, the range with the highest probability of use was between -25.5 and 25 

cm (Fig. 5).  White ibises avoided sites that underwent a dry to wet reversal.  In the 

landscape, 22.5% of sites fulfilled the criteria for a dry to wet reversal, while only 15% of 

used locations met the criteria.  Similar to the good year, White Ibis selected short 

hydroperiod foraging sites (Fig. 6).  The sign of the coefficient revealed that sites low in 

phosphorus concentrations were used in the highest proportion to their availability in the 

landscape.  In all models, high soil phosphorus concentrations were avoided indicating 

importance regardless of variation in hydrological conditions.  White ibis also selected 

open water/high impact urban dominated vegetation.   

Cumulative Hazard Function 

 

 The cumulative hazard function indicated that the probability of birds using the 

landscape  increased by Julian date in both years, suggesting landscape features selected 
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by Great Egrets and White Ibises were increasingly more suitable as the season 

progressed (Fig. 10).  This pattern continued until the first major reversal (Fig. 10), which 

caused a decrease in the probability of use.  Great egrets in 2006 were the exception 

because probability of use simply stopped increasing after the reversal.  
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DISCUSSION 

As expected, adult Great Egrets and White Ibises did not randomly select foraging 

locations, but displayed a clear preference for distinct habitat features.  There appeared to 

be a relationship among resource availability, the temporal scale of the independent 

variable, and whether the response was similar or different between species.  One set of 

independent variables differed strongly between years as a function of resource 

availability.  Within this set, variables that change over short time scales, such as surface 

water dynamics (e.g. water depth, recession rates and site reversal) tended to produce a 

similar response by both species.  In contrast, longer-term processes involved in prey 

productivity such as days since drydown and hydroperiod produced a different response 

between species.  The differential selection of these features between years suggests the 

species have flexible selection patterns based on resource availability.  Given the high 

degree of environmental variability in the Everglades, this study has evidence to suggest 

that foraging is optimized through flexible habitat selection based on resource 

availability.   

However, some relationships, such as the avoidance of high soil phosphorus 

concentrations remained constant through both years and therefore do not vary with 

changes in resource availability.  Variables associated with much longer temporal scales 

(i.e. hydroperiod, vegetation, phosphorus) show little fluctuation between years, but still 

can highly influence wading bird foraging.  Long-term selection patterns can provide 

evidence that certain habitat features are consistently important to foraging (i.e. short 
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hydroperiods for White Ibises, cattail for Great Egrets and low soil phosphorus 

concentrations for both species).  

Species showed a clear difference in selection, mostly in longer-term processes 

involved in seasonal inundation and prey productivity, such as days since drydown and 

hydroperiod.  A similar response to water depth and recession rates suggests that Great 

Egrets and White Ibises are responding to some habitat features, such as surface water 

dynamics (i.e. water depth, recession rates) in a similar fashion.  In years when food is 

limited by prey production, as in 2007, birds likely use water depths and recession rate as 

a way to increase prey density through a concentration effect.  However, in years when 

prey production is high due to a long period of inundation preceding the dry season, as in 

2006, birds did not rely on recession to concentrate prey as much.     

Surface Water Dynamics 

 

Results indicated distinct differences in water depth selectivity between species 

and years, the latter observed only in the reduction of mean available depths in the year 

with poor habitat conditions.  White Ibis always showed higher selectivity for optimal 

depths than Great Egrets (Fig. 5), which is consistent with the view that the cost of 

foraging deeper is higher for searchers than exploiters (Gawlik 2002).  Both species 

showed higher selectivity for optimal depths during a good year compared to a poor year 

(Fig. 5).  In a drought year, the response to water depth was positive and linear as depths 

were being selected only at the deep end of the available gradient.  A similar pattern has 

been noted in other drought years (e.g., Bancroft et al. 2002).  These findings underscore 

the responsiveness that birds exhibit toward water depth and further suggest that in order 
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to support the entire wading bird community in South Florida, a gradient of different 

water depths may be necessary.  Such a situation would have been more prevalent 

historically when the Everglades was twice its current size and consisted of abundant 

marshes across the entire range of hydroperiods.   

The effect of water depth on wading birds is a function of both morphology and 

behavior.  Species appear to be limited by morphological constraints such as leg length or 

bill length in the case of tactile foragers.  More importantly, behavioral plasticity allows 

birds to readjust their foraging tactics as environmental conditions change.  Gawlik 

(2002) demonstrated that the “searcher” strategy (i.e. White Ibis) is constrained by both 

water depth and prey density, while the “exploiter” strategy (i.e. Great Egrets) has a 

weaker response to each variable.  The increased freedom from water depth constraints 

exhibited by exploiters could be explained by a combination of factors including: 

morphological adaptations (i.e. leg length, bill length; Powell 1987), broad diet (Smith 

1997), low habitat specificity (Beerens, unpublished data) and greater physiological 

tolerance (Herring 2008).    

Results from this study‟s RSF models are the first to indicate that wading bird 

selectivity of recession rates may change based on prey availability, although it has been 

speculated that recession rates should be a more important process to produce high food 

availability in a degraded ecosystem than healthy one (Frederick and Spalding 1994).  

Interannual variability in prey availability appeared to result in a flexible response to 

recession rates.  While there was no significant difference in recession rates used between 

species, there was a highly significant difference between years.  Despite a similar mean 
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recession rate between years (~.32 cm day
-1

), there was a stark difference in selectivity 

patterns by both species.  In 2006, Great Egrets used site with recession rates similar to 

those available in the landscape.  In contrast, both species selected sites with more rapid 

recession rates in 2007.  This effect was visible in the increased tolerance of sites with 

negative recession rates in 2006.  Their behavioral response of selecting rapid recession 

rates in the second year may have allowed access to new patches when prey was limiting, 

a particularly important response as large flocks may have been rapidly depleting the few 

foraging areas available.  This provides support for the water recession model (Russell et 

al. 2002), particularly in a drought year.  

Gawlik and Crozier (2007) did not observe a site selection response to recession 

rate in an experimental setting but they did observe a strong response from water depth, 

suggesting that as a cue, receding water may not reflect high quality habitat for some 

species.  Indeed, Kushlan (1986) found that recession rate had no effect on the 

distribution of foraging for White Ibises, whereas it did for Wood Storks.  Rapid 

recession rates may concentrate more prey in shallow pools, but the mobility of each prey 

type plays an important role in prey availability.  If the escape behavior of prey is limited 

when they are in concentrated pools, their availability to wading birds is greater than their 

density would suggest.  In addition, differential selectivity of prey types by wading birds 

may cause a species to be more reliant on tracking prey concentrations that occur along 

the drying edge as water recedes as opposed to feeding in deeper water.  Crayfish 

biomass was found to be much higher at a subset of White Ibis foraging sites in 

comparison to Greg Egret sites during the study period (Beerens, unpublished data).  
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Crayfish often burrow as an adaptation to receding water levels and appear to concentrate 

less than fish and shrimp (Jordan 1996).  In one study, shrimp density in a Northern 

Everglades slough increased from an average of 50 m
-2

 prior to drawdown to 425 m
-2

 

following water recession while crayfish numbers did not increase significantly (Jordan 

1996).  The effect of crayfish burrowing to avoid desiccation could lead to White Ibises 

having a lesser reliance on rapid recession rates for prey concentration.  This may provide 

one explanation for the dissimilar response of White Ibises to recession rate in 2006 and a 

lesser response than Great Egrets in 2007 (Fig. 7).  

In a set of regression models examining the effects of water depth, drying rate and 

disruption on wading bird distribution, drying rate had the largest effect for most wading 

bird species including White Ibises (Russell et al. 2002).  Frederick and Spalding (1994) 

suggest that this relationship is an artifact of recent declines in prey populations.  In this 

scenario, water recession rate selection is viewed as an indicator of both patch quality and 

patch distribution, and not necessarily a historical requirement of reproductive success.  

Although originally discussed in terms of decadal shifts in habitat quality, if this notion 

was applied to annual time scales, it would be consistent with the observed pattern of 

increased selectivity for rapid recession rates in years with low prey availability.   

In drought conditions, increases in water levels can have a greater effect on prey 

densities than when water levels are high (Garrett 2007).  Thus, previous month water 

conditions may be a better predictor of bird distribution immediately following a reversal 

(Bancroft et al. 1994).  In this study, the most severe reversals in both years were 

followed by a decrease or leveling of the cumulative hazard function (Fig. 10).  There 
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was a steeper decline in 2007 than 2006 and for White Ibises than Great Egrets.  Results 

indicate that the impact of reversals indeed varies between years and species and may be 

closely associated with antecedent water conditions.  For example, there was moderate 

nest failure following reversals in 2007 despite dry conditions (Cook and Herring 2007).  

This was likely a consequence of the short period of inundation preceding the dry season.                                          

During periods of rising water, recently dried sites are often the only areas with 

appropriate depths.  Such sites might have much lower prey densities than sites with 

similar water depths, but which had not dried recently (Trexler et al. 2002).  A dry to wet 

reversal variable was included in the models to draw the distinction between processes 

that change prey density of a patch versus processes that cause complete prey depletion.  

A dry to wet reversal occurred when a cell depth value dropped below a threshold (0 cm) 

and became positive again within the same year.  While a depth of zero may not represent 

the complete absence of water from a cell, pockets of water that do exist are most likely 

too few to contain substantial amounts of prey or prey mortality has occurred as a result 

of heat stress or desiccation (Chick et al. 2004, Ruetz et al. 2005).  In 2007, Great Egrets 

and White Ibises avoided sites that had undergone a dry to wet reversal whereas in 2006 

they used them in proportion to their availability in the landscape.  These data suggest 

that both species were more tolerant of sites rewetting in 2006, possibly due to higher 

prey concentrations that year.  An alternate hypothesis is that the dilution effect from the 

reversal may have been more detrimental to prey concentrations in 2007 independent of 

prey density. 
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Days since Drydown & Hydroperiod 

 

Habitat selection by Great Egrets and White Ibises was found to be highly 

dependent on present and past surface water conditions.  Both influence the distribution 

(Trexler et al. 2002), demographics (Loftus and Eklund 1994, Chick et al. 2004), and 

availability of prey species (Kushlan 1976, 1978).  Specifically, prey abundance is 

largely influenced by days since drydown (yearly scale) and hydroperiod (decadal scale; 

Loftus and Eklund 1994, Chick et al. 2004), whereas prey vulnerability to capture is 

influenced by surface water dynamics occurring within a single year (Gawlik 2002).  This 

is a vital distinction because one or more of the components of prey availability can limit 

wading bird populations in a given year.   

Hydrological data suggests that in 2006 many regions dried down for the first 

time in several years.  If their broader depth tolerance allowed Great Egrets to forage in 

sites with higher days since drydown, the species would have had access to a more 

abundant and likely larger prey base.  Conversely, it appears that in 2007 prey 

populations did not have enough time to recover.  Most cells had gone dry in 2006 and 

were not rewetted until well after the onset of the rainy season.  This impact is evident in 

the significantly lower mean days since drydown in 2007 (382.4 days ± 1.1 SE) than 

2006 (503.7 days ± 1.0 SE). 

In the RSF models, days since drydown and hydroperiod reflect processes 

operating at different temporal scales, although the variables are correlated (r = 0.67).  

Days since drydown was calculated from the three years preceding each year in the study 

and hydroperiod was calculated as an eight year mean of yearly inundation.  Great egrets 
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used longer hydroperiods and higher days since drydown than White Ibises in both years, 

but both species used longer hydroperiod sites and shorter days since drydown sites in 

2006 than in 2007.  Because longer hydroperiods are correlated with longer days since 

drydown, this difference suggests species respond to these variables distinctly, based on 

resource availability.   

Studies show that an increase in the number of days since a drydown results in 

increased abundance within small and large fish assemblages and variation in community 

structure (Loftus and Eklund 1994, Trexler 2002, Chick et al. 2002).  Modeling studies 

have revealed that there is a hydroperiod threshold of six months, below which fish are 

not allowed adequate time to build up in biomass (DeAngelis et al. 2005).  However, 

there is substantial variation in life-history traits that allows species to recolonize newly 

flooded habitat (DeAngelis et al. 2005).  For example, the eastern mosquitofish is a rapid 

colonizer (Congdon 1994) and displays no relationship between its density and days since 

drydown (DeAngelis et al. 2005, Chick et al. 2008).  Movement by fishes tends to scale 

with body size (Ware 1978), and small and large fish density and community 

composition differ with spatial scale (Trexler 2002).  This finding implies that for some 

small fish populations (i.e. mosquitofish and flagfish) the effects of hydrological 

disturbance (i.e. drydown) are mediated through rapid reproduction rates following re-

flooding.  Larger fishes may possess a greater ability to find deep-water refugia such as 

airboat trails, alligator holes and canals during a drydown.   

This study supports the notion that White Ibises are dependent on shorter 

hydroperiod wetlands during the breeding season (Kushlan 1986, Hoffman 1994, Ogden 
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1994), potentially relying more heavily on prey species that rapidly colonize (i.e. shrimp 

and small fish) or emerge from burrows (i.e. crayfish) in newly flooded areas.  While 

days since drydown function mainly to increase prey abundance, it is the diverse array of 

hydroperiods in the landscape that provide continuous forging habitat for wading birds 

throughout the breeding season (Fleming et al. 1994, Gawlik 2002).  To sustain 

populations, short hydroperiod areas must be available early for proper nest initiation and 

long hydroperiod areas to sustain adults and nestlings throughout the full range of natural 

hydrological variation. 

Phosphorus & Vegetation  

 

All models showed that egrets and ibises were avoiding areas of high phosphorus 

concentrations in the soil.  Wading birds do not directly respond to increased phosphorus 

loading, but they could be impacted through indirect pathways that influence prey 

abundance by changing the food web, and that influence prey vulnerability by altering the 

vegetation structure (Davis 1994, McCormick et al. 2002).  The shift from diverse floral 

communities to communities dominated by a few species that are highly competitive in 

eutrophic conditions is a well-known response to increased phosphorus levels in the 

Everglades (Davis 1994, Newman et al. 1998, McCormick et al. 2002).  On a 

microscopic scale, high phosphorus levels result in changes to periphyton distribution and 

species composition (Browder et al. 1994, Davis 1994, Newman et al. 1998, McCormick 

et al. 2002).  Even slight additions of phosphorus can indirectly decrease the abundance 

of mature periphyton mats by reducing the amount of filamentous cyanobacteria.  A 

reduction in filamentous cyanobacteria and the calcareous matrix they secrete was shown 
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to increase grazing in omnivorous fish (Chick et al. 2008).  This increased food 

availability (i.e. diatoms and green algae) releases omnivorous fish from bottom-up 

control and may increase fish populations (Chick et al. 2008).    

In both years, Great Egrets selected cattail marsh dominated habitat, but 

interestingly, avoided areas with high soil phosphorus concentrations.  Historically, 

nutrients were deposited more slowly and uniformly via rainfall (McCormick 2002).  

Current levels of phosphorus input, however, have promoted the conversion of sawgrass 

to cattail-dominated habitats that form dense stands in both ridges and sloughs.  Cattail is 

an historical attribute of the ecosystem, but it occurred in much lower abundance than it 

exists today (Davis 1994, Bartow 1996).  Historically, cattail is believed to have been 

associated largely with areas of disturbance such as recent burns or alligator holes, which 

act as refuges to fish during receding water (Davis 1994).  It is also indicative of sites 

with slightly longer hydroperiods, which tend to have more larger fish than short 

hydroperiod sites.   

There is some evidence to suggest that elevated phosphorus levels produce an 

increase in fish density compared to unenriched sites (Turner et al. 1999, Trexler et al. 

2002).  However, in these studies, concentrations were not specified or they were at the 

low end of the enrichment gradient (100 mg/kg – 450 mg/kg) in the landscape.  

Concentrations at this level did not seem to coincide with cattail dominance in the Florida 

Vegetation and Land Cover 2003 map.  Miao and DeBusk (1999) have shown similar 

photosynthesis rates between sawgrass and cattail rates up to 450 mg/kg; however, when 

rates exceeded 500 mg/kg, growth was 47% greater in cattail.  At this concentration and 
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greater the dense monocultures of cattail can inhibit the ability of birds to access prey and 

therefore reduce the vulnerability of prey animals.  For example, satellite imagery and 

ground-based sampling methods have indicated a decline in open water habitat for 

wading birds because of cattail expansion (Rutchey and Vilchek 1994, McCormick et al. 

1999).  Crozier and Gawlik (2002) observed an increase in wading bird use in enriched 

areas compared with unenriched areas.  However, the authors noted that in the enriched 

areas bird mostly used relatively rare artificial openings (i.e. airboat trails) in the cattail 

marsh that provided accessibility to increased prey populations. 

Great egrets also selected freshwater marsh and wet prairie in 2007.  This habitat 

community is one of the primary locations of periphyton (Browder et al. 1994) and a 

source of high aquatic productivity (Davis et al. 1994) due to generally longer 

hydroperiods (Loftus and Eklund 1994).  Wet-prairie habitats are 10-20 cm lower in 

elevation (Ross et al. 2003) and possess higher fish densities than adjacent sawgrass 

ridges (Jordan 1996, Trexler et al. 2002).  Freshwater marsh and wet prairie is a 

community often dominated by spikerush (Eleocharis spp.), maidencane (Panicum 

hemitomon), or beakrush (Rynchospora tracyii; Busch et al. 1998).  These species are 

associated with low vegetative cover.  This combination of high productivity and open 

vegetative cover can provide optimal foraging habitat when water levels are low.  The 

association of both species with open water/high impact urban habitat in the drought 

conditions of 2007 is likely an artifact of these habitats occurring in long hydroperiod 

areas that were used more frequently in the drought conditions of 2007.
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Figure 1. Conceptual model of how landscape processes affect wading bird habitat 

selection and ultimately population responses. 
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Figure 2. Map of study area with Water Conservation Areas outlined in black.  
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Figure 3. The relationship between parameters of interest and their respective temporal 

scales. 
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Figure 4. Hydrograph depicting EDEN mean water depths, recession rates and reversals 

during the water years of 2005-2006, 2006-2007 and the eight year mean from 2000-

2007.  
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Figure 5. Relative probability of use for water depth + water depth
2
.  Depth selectivity is 

highest for White Ibises in 2006, followed by Great Egrets in 2006, White Ibises in 2007 

and Great Egrets in 2007. 
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Figure 6. Relative probability of use for hydroperiod by White Ibises in 2006 and 2007. 

 

Figure 7. Relative probability of use for recession rate by Great Egrets (GREG) and 

White Ibises (WHIB) in 2007. 
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Figure 8. Yearly mean (± SE) recession rates, by Great Egret (GREG) and White Ibis 

(WHIB) use and availability.  Asterisks indicate significance level of P < .05. 

 

Figure 9. Yearly mean (± SE) EDEN depths, by Great Egret (GREG) and White Ibis 

(WHIB) use and availability.  Asterisks indicate significance level of P < .05.  
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Figure 10. Cumulative hazard function (-log survivor function) depicting hazard of use 

by Julian date for Great Egrets in 2006 (A) and 2007 (B) and White Ibises in 2006 (C) 

and 2007 (D).  The dotted lines show the timing of a major reversal.  If the cumulative 

hazard function curves upward, it is evidence for an increasing probability of use.  
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Table 1. Habitat Selection by Great Egrets (GREG) and White Ibises (WHIB) in the 

Water Conservation Areas for 2006 (good habitat conditions) and 2007 (poor habitat 

conditions). 

GREG 2006 Habitat Selection           

Variable β SE 

Chi-

Square P 

Hazard 

Ratio 

Depth+depth
2
 1.0440 0.000 23.851 0.040 0.999 

Phosphorus -0.3782 0.092 16.841   <.0001 0.685 

Cattail Marsh 1.0440 0.404 6.663   <.0001 2.841 

Days since drydown 0.0006 0.000 4.605 0.024 1.001 

      

GREG 2007 Habitat Selection                                                                                        

Variable β SE 

Chi-

Square P 

Hazard 

Ratio 

Recession rate 1.5208 0.226 45.383   <.0001 4.576 

Depth+depth
2
 -0.0003 0.000 14.052   <.0001 1.000 

Cattail Marsh 0.9785 0.272 12.932   <.0001 2.660 

Dry to Wet Reversal -0.6008 0.179 11.280 0.001 0.548 

Phosphorus -0.2474 0.075 10.983 0.001 0.781 

Open water/Urban 0.8421 0.346 5.939 0.015 2.321 

Freshwater Marsh & Wet 

Prairie 0.2806 0.131 4.574 0.033 1.324 

Recession rate
2
 -0.1262 0.064 3.920 0.048 0.881 
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WHIB 2006 Habitat 

Selection           

Variable β SE 

Chi-

Square P 

Hazard 

Ratio 

Depth+depth
2
 -0.0015 0.000 91.402   <.0001 0.999 

Phosphorus -0.3573 0.048 54.573   <.0001 0.700 

Recession rate -0.5117 0.098 27.169   <.0001 0.600 

Hydroperiod
2
 0.0000 0.000   8.288 0.004 1.000 

      

WHIB 2007 Habitat Selection                                                                                        

Variable β SE 

Chi-

Square P 

Hazard 

Ratio 

Recession rate 0.7294 0.116 39.608   <.0001 2.074 

Phosphorus -0.3767 0.070 28.876   <.0001 0.686 

Depth+depth
2
 -0.0006 0.000 26.579   <.0001 0.999 

Hydroperiod
2
 0.0000 0.000 16.772   <.0001 1.000 

Open water/Urban 1.2103 0.335 13.043   <.0001 3.355 

Dry to Wet Reversal -0.5690 0.185   9.500 0.002 0.566 
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CHAPTER 3: MICROHABITAT SELECTION OF TWO WADING BIRD 

SPECIES WITH DIVERGENT FORAGING STRATEGIES 

 

 

ABSTRACT 

Seasonal variation in food availability is one of the primary limitations to avian 

populations, particularly during the breeding season.  This study quantifies microhabitat 

selection of breeding radio-tagged Great Egrets and White Ibises to test the growing 

evidence that wading bird population responses can be linked to how constrained a 

species is in its choice of habitats.  Searchers like the White Ibis are more constrained in 

their selection of foraging sites, tending to select high quality patches and abandon them 

quickly.  In contrast, exploiters like the Great Egret are opportunistic, minimizing 

searching effort by staying at foraging areas longer until prey densities were low.  The 

foraging locations of these individuals were visited via airboat, within 24 hours of aerial 

flights, to measure water depth, flocculent thickness, vegetation structure and prey 

density.  These habitat classifications were used to assess patch selection by identifying 

variables contributing to finer scale habitat use at a scale of 1-m x 1-m.  To approximate 

the hierarchical selection of water depth, water depth mean was additionally calculated 

from a 30-m transect and estimated at a 400-m x 400-m scale.  These same habitat 

variables were measured at random sites, likely to be used by foraging wading birds, as 
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part of the CERP Monitoring and Assessment Plan.  I used an information theoretic 

approach to develop resource selection functions (RSFs), which identified habitats that 

were selected by Great Egrets and White Ibises.  Results demonstrated a relationship 

between resource availability and the spatial scale of the independent variables selected.  

Great Egrets and White Ibises selected fine-scale independent variables at a scale of 1-m 

in the year with good habitat conditions, whereas only water depth, at a higher-order 

scale (30-m and 400-m) was selected in a year with poor habitat conditions, likely due to 

a greater abundance of high-quality patches distributed in the landscape.  The differential 

selection of variables at differing spatial scales between years suggests that the species 

observed in this study have flexible selection patterns, though the flexibility of selection 

patterns may differ.  White Ibises were more selective of their foraging sites than Great 

Egrets in the good year, whereas there was little selection for fine-scale habitat variables 

by both species in the poor year. 
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INTRODUCTION 

Seasonal variation in food availability plays an influential role in the population 

dynamics of many avian species and communities (Beals 1970, Newton 1980), and how 

species adjust their behavior throughout the annual cycle (Hahn 1998).  Particularly 

during the breeding season, food availability can limit avian populations (Skutch 1949, 

Lack 1954, Ricklefs 1968) because adults have increased energetic demands for egg 

production and chick rearing.  Wading birds can respond to food limitations through 

proximate mechanisms such as of movement patterns, breeding seasonality, colony site 

selection and site tenacity (Kushlan 1986) and through the ultimate mechanism of a 

foraging strategy adaptation. 

Foraging strategies reveal historical adaptations, which were used to cope with 

fluctuating food resources.  Birds that depend upon continual renewal of resources and 

cues to find those resources have developed a divergent set of adaptations in response to 

spatial and temporal fluctuations in the quality, quantity, and availability of their food.  In 

unpredictable environments, the foraging strategy used by an animal strongly affects its 

daily and, and therefore annual energy balance.  Habitat relationships are also shaped by 

the predictability of resources.  A founding principle of habitat selection is that habitat 

preference strengthens in those habitats where a species experience high reproductive 

success (Levins 1968).  Thus, interplay exists between innate and experiential 

preferences and the role of behavioral flexibility in habitat selection may be strengthened 

when species breed in unpredictable environments.  

A key component of habitat preference is the spatial scale at which the selection 

mechanism is operating; Birds are likely to respond to limitations in prey availability on 
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several different spatial scales (Wiens 1976).  Fundamental to variation among these 

scales is the degree of resource heterogeneity, which may change both seasonally and 

annually.  Resource heterogeneity, or patchiness, is scale-dependent and species may 

respond differently depending on the annual distribution of resources.  For example, 

when resources are evenly distributed across the landscape, it is more profitable for an 

animal to select habitats based on course-scale, or higher-order landscape characteristics.  

Water depth functions as such a cue for foraging habitat and in a poor year, when prey 

conditions are poor and prey is distributed more evenly, birds are likely selecting habitats 

based solely on finding adequate depths at a landscape scale.  In contrast, when resources 

are unevenly distributed, fine-scale habitat characteristics are more reliable indicators of 

habitat quality (Wiens 1976, Johnson 1980).  In this situation, characteristics such as 

vegetation structure within a patch may become a more influential cue to find high-prey 

densities.  Habitat selection thus responds to the grain of resource distribution in a given 

year and is scale-dependent. 

Studying habitat selection at multiple spatial scales may elucidate landscape 

patterns that influence prey availability both within and between patches.  Erwin (1983) 

identified three levels, or scales, of wading bird decisions: bearing of initial flight, choice 

of habitat patch, and foraging microhabitat within the patch.  Two major factors affecting 

microhabitat selection in wading birds are prey abundance and prey vulnerability (Fig. 1).  

The landscape patterns that control these processes differ.  This distinction is vital as one 

or more of the components of prey availability can limit wading bird populations in a 

given year.  On a landscape scale, overall prey abundance is largely influenced by days 

since drydown and hydroperiod (Loftus and Eklund 1994, Chick et al. 2004), while prey 
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vulnerability to capture is influenced by surface water dynamics occurring within a single 

year (Gawlik 2002).  Surface water dynamics have a proven relationship with the nesting 

success of wading birds (Kahl 1964, Clark 1978, Ogden 1994 Hoffman et al. 1994, 

Russell et al. 2002).  However, within-patch selection may be regulated more by 

structural complexity (i.e. flocculent thickness, vegetation, and microtopography) of the 

habitat.  Thus, direct measurements of prey abundance and prey vulnerability will lead to 

a better understanding of habitat selection at a finer scale.   

The influence of water depth on wading bird prey vulnerability has been 

demonstrated (Gawlik 2002, Lantz 2008), but the impact of habitat structure is less clear.  

Flocculent thickness, emergent and submergent vegetation density, microtopography, and 

distance from the foraging site to the nearest edge are all likely to influence prey 

abundance and vulnerability to capture.  These structural components interact with the 

existing water level and can increase or decrease the habitat complexity found at 

locations throughout the marsh.  On a local scale, aquatic habitat complexity has been 

shown to increase the number of prey attracted to a particular location (Crowder and 

Cooper 1982, Cyr and Downing 1988, McIver and Odum 1988, Jordan 1996, Warfe and 

Barmuta 2006).   

This study quantifies microhabitat selection of breeding radio-tagged Great Egrets 

and White Ibises to test the growing evidence that wading bird population responses can 

be linked to how constrained a species is in its choice of habitats.  Searchers like the 

White Ibis are more constrained in their selection of foraging sites, tending to select high 

quality patches and abandon them quickly.  In contrast, exploiters like the Great Egret are 

opportunistic, minimizing searching effort by staying at foraging areas longer until prey 
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densities were low.  Measuring the change in selection patterns in response to 

hydrological change and subsequent variations in food availability allows for a 

quantitative understanding of this relationship and its implication on populations.  The 

Everglades is a model ecosystem to observe varying behavioral responses to food 

limitation because species must adapt to resources that change daily.  The study years of 

2006 and 2007 provided contrasting hydrological conditions and levels of prey 

availability thereby providing a natural framework for testing how the two species adjust 

their habitat selection in response to varying food availability and general habitat quality.  

   I examined patch-level habitat selection to: 1) identify variables contributing to 

finer scale habitat use at a scale of 1-m x 1-m (hereafter the 1-m scale) and 2) 

approximate the potential hierarchical selection of water depth by additionally calculating 

mean depth from a 30-m transect (hereafter the 30-m scale) and estimating depth at a 

400-m x 400-m scale (hereafter the 400-m scale) using the Everglades Depth Estimation 

Network (EDEN), a landscape level nearly real-time hydrological model (USGS 2006).  

EDEN provides a daily estimate of water depths across the entire ecosystem.  
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METHODS 

Field Methods 

 

Great Egrets and White Ibises were captured prior to the initiation of breeding in 

Arthur R. Marshall Loxahatchee National Wildlife Refuge and Water Conservation Areas 

2 and 3 using a net gun and a modified flip trap (Herring et al. 2008).  Radio transmitters 

were then attached to birds using a figure eight harness around the legs and lower back of 

each bird (the transmitter weight (16 g) was ≤ 3% of the total mass of each bird).  All 

captured birds were banded with a U.S. Fish and Wildlife Service aluminum band.  

Sample sizes totaled 88 radio-tagged birds (27 egrets and 61 ibis) in 2006 and 113 birds 

(49 egrets and 64 ibis) in 2007.  

A subset of radio-tagged ibis and egrets were located three to four times a week 

from a plane with strut mounted four-element antennas and a null system.  When a bird 

was determined to be foraging, the location at the center of its flock was recorded with a 

geographic positioning system.  Great egrets and White Ibis foraging sites were randomly 

selected for an intensive habitat study at the patch scale.  The foraging locations of these 

individuals were visited via airboat, within 24 hours of aerial flights, to measure habitat 

use parameters (see Table 1) including water depth, flocculent thickness, vegetation 

structure and prey density (throw trap method).  These habitat classifications were used to 

assess patch selection by identifying variables contributing to habitat use at the 1-m scale.  

A standard 1-m by 1-m throw trap was used to measure prey density and species 

composition at the two exact GPS locations where the highest density of the radio-tagged 

bird species was located in the aerial photograph (Fig. 2).  After the throw-trap was 

tossed, all enclosed vegetation were measured and then removed from the trap to make 
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collection of aquatic fauna easier.  Aquatic fauna were then removed from the throw trap 

by passing a 100 cm x 40 cm bar seine through the water column within the trap until 

getting three consecutive sweeps with no fish or invertebrates.  Captured fauna < 15 cm 

in length were transferred directly from the bar seine to jars containing a solution of 

water and MS 222, a rapid euthanizing agent.  Larger fauna were identified, measured, 

and released.  Samples were immediately stored on ice and remained so until they were 

transported to the lab, where they were refrigerated.  In the lab, samples were identified, 

measured and weighed.  Overall prey biomass at each site was uses to measure prey 

abundance. 

The physical features at the patch scale were characterized by measuring a suite 

of variables within the throw trap.  Submergent and emergent vegetation structure was 

characterized using the point-quarter method (Cottam and Curtis, 1956).  Depth from 

water surface to the top of the flocculent layer and total water depth were recorded in 

each quadrat, as was the location of each quadrat (within 3 m).  Distance to ecotonal edge 

was recorded by estimating the distance to the nearest sawgrass or cattail ridge at 

foraging sites and by using a rangefinder for random sites. 

Because habitat selection can vary with the scale of interest (Boyce et al. 2003), 

water depth was examined at a 1-m, 30-m, and 400-m scale.  One 30-m transect was 

centered on each throw trap at each site.  The orientation of transects were perpendicular 

to the direction of water flow, east and west for sampling in the study area.  Total water 

depth was measured every 1 meter and averaged across the transect (Fig. 2).  To measure 

microtopographical variation, the coefficient of variation for each transect was calculated.  

To approximate water depth at a 400-m scale, foraging site locations were plotted on a 
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map of the Everglades using a geographic information system (Arcmap v. 7.2, ESRI, 

Redlands, CA).  Water depth was then estimated at the day of foraging within a 400-m x 

400-m grid cell using EDEN.  

Available Habitat and Prey  

 

Characterization of the habitat and prey available to wading birds were obtained 

the CERP Monitoring and Assessment Plan, Seasonal Fauna Concentrations Project 

(Gawlik and Botson 2008).  Data from the CERP study were used to characterize random 

sites in the Arthur R. Marshall Loxahatchee National Wildlife Refuge, Water 

Conservation Area 2A and Water Conservation Area 3A.  No birds were observed 

foraging at random sites even though some of these sites could have been used for 

foraging in the past or might be used eventually.  Prey concentrations were sampled in a 

three-stage sampling design (Cochran 1977) with landscape subunits (LSU), primary 

sampling units (PSU), and throw-trap subsamples (SS).  The LSU and PSU remained 

fixed throughout the monitoring plan whereas the SS were randomly selected each year 

based on an annual delineation of slough boundary.  The third stage of sampling was the 

individual throw trap.  The locations of two 1-m
2
 SS were selected randomly without 

replacement at each PSU each year.  Each random point defines a sampling site, which 

represents a patch of suitable habitat of variable size that contains the TT.  Suitable 

habitat was loosely defined as an area with moderate to no emergent vegetation with less 

than one-third of its surface covered with water.  These areas were represented by 

sloughs in the slough and ridge portion of the landscape.  Only locations that fell within 

suitable surface water were included as sample sites (see Gawlik et al. 2004) to avoid 

sampling sites there were obviously unsuitable wading bird habitats based on previous 
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studies.  Habitat and prey sampling methods at random sites were similar to those at used 

sites described above.  This approach allows for a comparison between variables 

measured at random suitable sites and those measured at sites used by foraging Great 

Egrets and White Ibises.  Random habitat and prey abundance data provide a baseline of 

conditions that existed at the landscape scale in 2006 and 2007.   

Statistical Analysis 

 

Habitat variables at known foraging locations (see Table 1) were compared with 

those at random locations.  Six terms were entered into the models as 1-m scale variables, 

mean transect depth and transect coefficient of variation were entered as 30-m variables, 

and EDEN depths as a 400-m scale variable.  As all random sites were potentially 

suitable for wading bird foraging when they were sampled, availability was treated as 

being constant through time.  This was done to approximate what is „truly available‟ to 

the bird and account for temporal changes in availability.  Hydrograph data revealed 

higher mean depths in 2006 than the prior eight year mean, and lower mean depths in 

2007 than the eight year mean (Fig. 3).  Thus, four models, one for each species and year 

combination were used to compare habitat selection responses.   

Habitat selection was analyzed using PROC LOGISTIC (SAS Institute Inc. 2003) 

and resource selection functions (RSFs).  RSFs are especially useful for studying the 

influence of scale on habitat selection because they offer a framework that can be used to 

bridge spatio-temporal scales (Boyce 2006).  Models were constructed using an 

information theoretic model selection approach (Burnham and Anderson 2002).  

Akaike‟s Information Criterion for small sample sizes (AICc; Sugiura 1978) was utilized 

to evaluate which a priori models are most parsimonious.  I calculated delta AIC (Δi, 
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Akaike‟s Information Criterion) and AIC weights (ωi) from AICc values.  Models with 

the lowest AICc value was considered the best explanatory model; although, additional 

competing models with ΔAICc < 2 were considered equally plausible given the data 

(Burnham and Anderson 2002).  Models with ΔAICc > 4 were considered to have little to 

no support (Burnham and Anderson 2002).  Model-averaged coefficients were calculated 

by only using the exponentiated AICC values from models that contained the parameter, 

the exponentiated values were then summed, the original exponentiated AICC value was 

then divided by the new sum to get new Akaike weights.  I then multiplied the raw 

(individual model) parameters by the new weights and summed the products.  To assess 

magnitude of individual parameters, I calculated weights or parameter likelihoods by 

summing the model weights for each variable in the most parsimonious model for every 

model that it occurred in, this allowed for a quantitative assessment of the contribution of 

each variable to the response variable. 

 

 

 

 

 

 

 

 

 

 



 

70 

 

RESULTS 

Habitat data from 85 Great Egret and 111 White Ibis foraging locations were 

paired with habitat data from 95 random locations.  Low correlations were found between 

all variables in a preliminary screening, thus all were retained in the global model.  The 

environmental variables that predicted locations of wading bird foraging use within a 

patch differed between years and between species to a lesser extent (Table 2).   

Great Egrets 2006 

 

 Great Egrets in 2006 selected foraging sites at the 1-m scale that were deeper in 

water depth, but with lower flocculent thickness than random sites.  Great Egrets also 

selected foraging sites lower in prey biomass and higher in emergent stem density and 

submergent vegetation density than random sites.  A competing model did not include 

selection for higher submergent vegetation density.  The top model was 1.52x more likely 

to explain habitat use than the second best model (Table 3).  Model parameter likelihood 

indicated the most support for water depth, flocculent thickness, and prey biomass when 

weights were summed across the top models (Table 4).  Overall, probability of use was 

highest at depths greater than 15 cm (Fig. 4).  A decrease in probability of use 

corresponded with increases in prey biomass simply because prey biomass was much 

higher at random than foraging sites (Fig. 5).   

White Ibises 2006 

 

 White Ibises in 2006 selected foraging sites at the 1-m scale that were deeper in 

water depth, but with lower flocculent thickness than random sites.  White Ibises also 

selected foraging sites lower in prey biomass, farther from an ecotonal edge and deeper in 

30-m scale depths.  A competing model, with equal support (Table 3), included selection 
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for high emergent stem density, high submergent vegetation density and low transect 

coefficient of variation.  Model parameter likelihood indicated high importance for depth, 

flocculent thickness, biomass, and transect mean when weights were summed across the 

top models (Table 4).  White Ibises in 2006 selected foraging sites that were deeper in 

water depth than random sites, but shallower in water depth than Great Egret sites (Fig. 

4).  Selection for lower flocculent thickness showed increased importance in this model 

compared with Great Egrets in 2006 (Fig. 6).  In 2006, White Ibises showed low 

probability of use for high prey biomass (Fig. 5), again due to the lower prey biomass at 

their foraging sites.  An additional parameter of importance was a greater 30-m scale 

depth.  Probability of use exceeds 85% with a 30-m scale depth greater than 15 cm (Fig. 

7).   

Great Egrets 2007 

 

Great Egrets in 2007 selected foraging sites at the 1-m scale that were deeper in 

water depth and lower in flocculent thickness than random sites.  Great Egrets also 

selected sites higher in biomass, closer distance to ecotonal edge, and higher in emergent 

stem density and submergent vegetation density.  The top model also included selection 

for 30-m scale depths and deeper 400-m scale depths, both higher-order terms.  The 

global model was 1.29x more likely to explain habitat use than the terms for depth, flock 

and transect mean, and 1.38x more likely to explain habitat use than solely the term for 

transect mean (Table 3).  Model parameter importance indicated high importance only for 

30-m scale depth, when weights were summed across the top models (Table 5).  Great 

Egrets in 2007 selected deeper 30-m scale depths than did White Ibises in 2006 (Fig. 8) 
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White Ibises 2007 

 

 The best model for White Ibises in 2007 indicated selection at the 1-m scale for 

deep water depths, low prey biomass, and high emergent stem density.  This model was 

1.5x more likely to explain habitat use than the second best model consisting of 

additional terms for low flocculent thickness and high emergent stem density (Table 3).  

A model with similar support showed selection for 400-m scale water depths, a higher-

order term (Table 3).  However, model parameter importance indicated low importance 

for all variables when weights were summed across models (Table 5).  Visual 

examination of the data suggests that White Ibises were using 400-m scale depths outside 

of the range (±) of random sites.    
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DISCUSSION 

As expected, adult Great Egrets and White Ibises displayed a clear preference for 

distinct habitat features, especially in the year with good habitat conditions.  The study 

suggests a relationship between resource availability and the spatial scale of the 

independent variables selected.  Great Egrets and White Ibises selected fine-scale (1-m) 

independent variables in the year with good habitat conditions (2006), whereas more 

higher-order variables were selected in a year with poor habitat conditions (2007).  The 

differential selection of variables at differing spatial scales between years suggests that 

the species observed in this study have flexible selection patterns.  In this case, selection 

patterns were based on hydrological variation, with water levels causing fluctuations in 

prey availability.  Both species were more selective of fine-scale habitat features in 2006 

than in 2007, likely due to a greater abundance of high-quality patches distributed in the 

landscape and high heterogeneity.   

In the year with good habitat conditions (2006), White Ibises had a higher 

probability than Great Egrets of using sites with depths less than 20 cm and low 

flocculent thickness.  Low flocculent thickness increases available space in the water 

column and is related to increased prey densities (Garrett 2007).  At the 30-m scale, 

maximal probability of use for depth was reached at 25 cm for White Ibises in 2006 and 

15 cm for Great Egrets in 2007.  These observations are consistent with the notion that 

White Ibises prefer swallower water depths than Great Egrets (Gawlik 2002), but 

additionally both species may respond differently to water depths at a higher-order across 

the slough, based on changing resource availability, as this variable showed importance 

for each species in different years.  For example, when prey concentrations were high, 
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White Ibises were more likely to use 30-m scale depths, as prey were more available.  In 

a year with poor habitat conditions, Great Egrets likely were selecting deeper water at a 

30-m scale to find the fewer number of patches that supported viable prey populations.  

These patterns are consistent with the searcher and exploiter strategies. 

In the year with good habitat conditions (2006), Great Egrets had an equal 

probability of using sites with lower levels of prey biomass.  This pattern could be 

explained by the considerable depletion of prey that occurred from large flocks within the 

24 hours between identification of the foraging sites and ground sampling, as prey 

availability was extremely high (J. Beerens pers. obs.).  In addition, there was much 

higher variability in prey biomass at random sites than foraging sites (Table 2), 

suggesting birds were finding sites with high prey biomass and likely depleting them to 

similar levels.  However, Great Egret foraging sites did have a higher proportion of large 

prey to small prey than White Ibis foraging sites (Beerens, unpublished data), indicating 

differential prey selection based on size.   

Further, Great Egrets and White Ibises selected high emergent stem density and 

high submergent vegetation density in at least one of the top two models in both years, 

suggesting habitat structure influences prey availability.  The finding clearly shows that 

the species in this study responded to more than prey abundance and water depth.  It is 

likely that vegetation structure signals high prey densities and may be an initial cue 

within a patch when prey biomass is patchy.  The finding adds to a previous experimental 

study in which Great Egrets were shown to select treatments with intermediate levels of 

vegetation (Lantz 2008).  The lack of importance of either prey abundance variable by 
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both species in 2007 indicates that in a year with poor habitat quality these species were 

simply selecting the best water depths regardless of prey density.  

In the year with poor habitat conditions (2007), a model with high support for 

White Ibises indicated selection for deeper 400-m depths than random sites, but the 

importance of this variable was low.  Great Egrets were responding to water depth at the 

scale of 30-m, selecting deeper transect means than random sites.  High model parameter 

likelihood for this lone variable in 2007 suggests that Great Egrets were selecting sloughs 

that contained sufficient amounts of water to support viable prey populations, which were 

selected in the top model.  Clearly, both species were responding to habitat variables at a 

higher-order scale in 2007 than in 2006, when habitat conditions were good.  



 

76 

 

LITERATURE CITED 

Beals, E. W.  1970. Birds of a Euphorbia Acacia woodland in Ethiopia: habitat and 

seasonal changes. Journal of Animal Ecology 39:277-297  

Boyce, M. S.  2006. Scale for resource selection functions. Diversity and Distributions 

12: 269–276. 

Boyce, M. S., P. R. Vernier, S. E. Nielsen and F. K. A. Schmiegelow.  2006. Evaluating 

resource selection functions. Ecological Modeling 157:279–298. 

Boyce, M. S., J. S. Mao, E. H. Merrill, D. Fortin, M. G. Turner, J. M. Fryxell, and P. 

Turchin.  2003. Scale and heterogeneity in habitat selection by elk in Yellowstone 

National Park. Ecoscience 10:321-332. 

Burnham, K. P., and D. R. Anderson.  2002. Model selection and inference: a practical 

information-theoretic approach. Springer-Verlag, New York, New York, USA. 

Chick, J.H., Ruetz, C.R. & Trexler, J.C.  2004. Spatial scale and abundance patterns of 

large fish communities in freshwater marshes of the Florida Everglades. Wetlands 

24:652–664. 

Clark, E.B.  1978. Factors affecting the initiation and success of nesting in an east-central 

Wood Stork colony. Colonial Waterbirds 2:178-188. 

Cochran, W. G.  1977. Sampling techniques. John Wiley and Sons Inc., New York. 

Cottam, G. and J. T. Curtis.  1956. The use of distance measures in phytosociological 

sampling. Ecology 37:451-60.



 

77 

 

Crowder, L.B. and W.E. Cooper.  1982. Habitat structural complexity and the interaction 

between bluegills and their prey. Ecology 63:1802-1813. 

Cyr, H. and J.A. Downing.  1988. The abundance of phytophilous invertebrate on 

different species of submerged macrophyte. Freshwater Biology 20:365-374. 

Erwin, R. M.  1983. Feeding habitats of nesting wading birds: Spatial use and social 

influences. Auk 100:960-970. 

ESRI Inc.  2003. ESRI© ArcMap™ 9.2: ArcEditor. Redlands, California, USA.  

Garrett, P. B.  2007. Factors affecting wading bird prey concentrations in the everglades 

during the dry season. Thesis, Florida Atlantic University, Boca Raton, FL. 

Gawlik, D. E.  2002. The effects of prey availability on the numeric response of wading 

birds. Ecological Monographs 73:329-346. 

Gawlik, D. E., B. Botson.  2008.  Aquatic fauna seasonal concentrations Contract 

CP040319, deliverable 17: 2007 Annual Report. Unpublished Report to the South 

Florida Water Management District, West Palm Beach, FL, USA.  

Gawlik, D.E., G. Herring, B. Botson, R. Harris and B. Garrett.  2004. Aquatic fauna 

seasonal concentrations. Deliverable 4B: Pilot project report. Contract: CP040319 

Submitted to the South Florida Water Management District, West Palm Beach, 

FL, USA. 

Hahn, T. P.  1998. Reproductive seasonality in an opportunistic breeder, the red crossbill, 

Loxia curvirostra. Ecology 79:2365–2375. 

Herring, G.  2008. Constraints of landscape level prey availability on physiological 

condition and productivity of Great Egrets and White Ibises in the Florida 

Everglades. PhD dissertation. Florida Atlantic University, Boca Raton, FL. 



 

78 

 

Hoffman, W., G.T. Bancroft, and R.J. Sawicki. 1994. Foraging habitat of wading birds in 

the Water Conservation Areas of the Everglades. p. 585-614. In S.M. Davis and 

J.C. Ogden (eds.) Everglades: The Ecosystem and Its Restoration. St. Lucie Press, 

Delrey Beach, FL, USA. 

Jordan, F.  1996. Spatial ecology of decapods and fishes in a northern Everglades wetland 

mosaic. PhD dissertation, University of Florida, Gainesville. 

Johnson, D. H.  1980. The comparison of usage and availability measurements for 

evaluating resource preference. Ecology 61:65-71. 

Kahl, M. P.  1964. Food ecology of the Wood Stork (Mycteria americana) in Florida. 

Ecological Monographs 34:97-117. 

Kushlan, J. A.  1979. Feeding ecology and prey selection in the White Ibis. Condor 

81:376-389 

Kushlan, J. A.  1986. Response of wading birds to seasonally fluctuating water levels: 

strategies and their limits. Colonial Waterbirds 9:155-162. 

Lack, D.  1954. The natural regulation of animal numbers. Oxford University Press, 

London, United Kingdom. 

Lantz, S.  2008. The effects of water depth and vegetation on wading bird foraging 

habitat selection and foraging success in the Everglades. Thesis. Florida Atlantic 

University, Boca Raton, FL. 

Levins, R.  1968. Evolution in Changing Environments: Some Theoretical Explorations. 

Princeton University Press, Princeton, NJ. 



 

79 

 

Loftus, W. F., and A. M. Eklund.  1994. Long-term dynamics of an Everglades small-fish 

assemblage, p. 461-483. In S. Davis and J.C. Ogden (eds). Everglades: the System 

and its Restoration. St. Lucie Press, Delray Beach, FL 

McIvor, C. C. and W. E.  1988. Food, predation risk, and microhabitat selection in a 

marsh fish assemblage. Ecology 69:1341-1351. 

Newton, I.  1980. The role of food in limiting bird numbers. Ardea 68:11-30 

Ogden, J. C.  1994. A comparison of wading bird nesting colony dynamics (1931-1946 

and 1974-1989) as an indication of ecosystem conditions in the southern 

Everglades. p. 533-570. In S. M. Davis and J. C. Ogden (eds.). Everglades: the 

ecosystem and its restoration. St. Lucie Press, Delray Beach, FL. 

Ricklefs, R. E.  1968. On the limitations of brood size in passerine birds by the ability of 

adults. Proceedings of the National Academy of Science 61:847-851. 

Russell, G. J., O. L. Bass, Jr., and S. L. Pimm. 2002. The effect of hydrological patterns 

and breeding-season flooding on the numbers and distribution of wading birds in 

Everglades National Park. Animal Conservation 5: 185-199.  

SAS Institute, Inc  2003. SAS 9.1.3 Help and Documentation. SAS Institute, Inc., Cary, 

NC.  

Skutch, A. F.  1949. Do tropical birds rear as many young as they can nourish. Ibis 91:69-

93 

Sugiura, N.  1978. Further analysis of the data by Akaike‟s information criterion and the 

finite corrections. Communications in Statistics, Theory and Methods A7:13-26. 

 



 

80 

 

U. S. Geological Survey.  2006. The Everglades Depth Estimation Network (EDEN) for 

Support of Ecological and Biological Assessments. U. S. Department of the 

Interior. Fact Sheet 2006-3087.   

Warfe, D.M., and L.A. Barmuta.  2006. Habitat structural complexity mediates food web 

dynamics in a freshwater macrophyte community. Oecologia 150:141-154. 

Wiens, J. A.  1976. Population responses to patchy environments. Annual Reviews in 

Ecology and Systematics 7:81-120. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

81 

 

 

 

Figure 1. Conceptual model of how habitat features and prey availability affect wading 

bird habitat selection and ultimately population responses. 
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Figure 2. Diagram of throw trap site selection and 30-meter east/west depth transects   

 

Figure 3. Hydrograph depicting EDEN mean water depths, recession rates and reversals 

during the water years of 2005-2006, 2006-2007 and the eight year mean from 2000-

2007.  
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Figure 4. Relative probability of use for water depth by Great Egrets (GREG) and White 

Ibises (WHIB) in 2006. 

 

Figure 5. Relative probability of use for prey biomass by Great Egrets (GREG) and 

White Ibises (WHIB) in 2006. 
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Figure 6. Relative probability of use for flocculent thickness by White Ibises (WHIB) in 

2006. 

 

Figure 7. Relative probability of use for mean transect depth by White Ibises (WHIB) in 

2006. 
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Figure 8.  Relative probability of use for mean transect depth by Great Egrets (GREG) in 

2007. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

86 

 

Table 1. Descriptions of model variables.  

Variable Description 

DEPTH Depth at throw trap (cm) 

DEPTH
2
 Depth at throw trap

2
 (cm) 

FLOCK Flocculent thickness at throw trap (cm) 

EDEPTH EDEN modeled water depth (cm) 

EDEPTH
2
 EDEN modeled water depth

2
 (cm) 

BM Throw trap  (1m x 1m)
2
 prey biomass 

DIST Distance from throw trap to nearest edge (m) 

EMER Emergent vegetation stem density 

SUBMER Submergent vegetation density 

TMEAN 30 m transect mean depth (cm) 

TCV 30 m transect coefficient of variation  

 

Table 2. Sample size, mean, and standard deviation for variables measured at Great Egret 

and White Ibis foraging sites, and random sites in 2006 and 2007. 

2006 

Great 

Egret     

White 

Ibis     Random     

 

N Mean  STD N Mean  STD N Mean  STD 

Depth (cm) 28 20.19 6.54 57 17.91 5.62 29 18.62 12.07 

Flock (cm) 28 8.02 4.62 57 7.07 3.94 29 9.48 6.03 

EDEN Depth(cm) 28 -0.96 11.32 57 5.67 7.12 29 2.85 12.28 

Biomass (g/m
2
) 28 38.61 50.44 57 19.90 50.08 29 108.00 202.38 

Dist (m) 28 12.39 8.38 57 10.98 7.18 29 6.24 6.46 

Emergent (cm) 28 21.00 21.51 57 24.16 16.06 29 45.12 47.52 

Submergent (cm) 28 10.43 11.49 57 15.35 17.52 29 40.83 52.03 
Transect Depth 

(cm) 28 16.55 7.04 57 14.09 7.30 29 8.26 5.15 

Transect CV (cm) 28 3.18 2.97 57 2.80 2.37 29 1.95 1.74 

2007 
         Depth (cm) 57 24.23 7.50 52 17.23 5.80 64 15.60 7.07 

Flock (cm) 57 12.07 4.58 52 10.23 4.26 64 9.73 5.50 

EDEN Depth(cm) 57 6.99 19.02 52 2.89 20.09 64 0.65 13.62 

Biomass (g/m
2
) 57 12.75 13.16 52 10.35 10.00 64 9.84 11.20 

Dist (m) 57 15.77 11.95 52 19.15 18.75 64 14.30 14.98 

Emergent (cm) 57 30.75 27.81 52 19.73 11.07 64 33.82 47.21 

Submergent (cm) 57 16.78 14.18 52 10.86 11.33 64 30.64 51.91 

Transect Depth 

(cm) 57 20.47 6.66 52 13.21 6.90 64 9.97 5.35 

Transect CV (cm) 57 4.51 2.78 52 3.15 2.57 64 2.52 1.71 
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Table 3. Akaike‟s Information Criterion (adjusted for small sample sizes; AICc) model 

selection for adult Great Egret and White Ibis habitat use. Models presented only include 

those that were within four AICc values of the top model (Δi = 0). 

Models by year and species k AICc ∆i wi 

Great Egrets 2006 

         DEPTH + DEPTH
2 

+
 
FLOCK + BM + EMER + 

SUBMER 7 46.74 0.00 0.32 

     DEPTH + DEPTH
2 

+ FLOCK + BM + EMER  6 47.54 0.81 0.21 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + DIST + EMER + 

SUBMER  8 48.37 1.64 0.14 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + DIST + EMER + 

SUBMER + TMEAN + TCV 10 49.73 2.99 0.07 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + SUBMER  6 49.74 3.00 0.07 

White Ibises 2006         

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + DIST + TMEAN  7 64.87 0.00 0.30 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + DIST + EMER + 

SUBMER + TMEAN + TCV  10 65.26 0.00 0.30 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + DIST + TMEAN 

+ EDEPTH + EDEPTH
2 

 9 66.19 0.93 0.19 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + TMEAN + TCV 7 68.71 3.45 0.05 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + DIST + EMER + 

SUBMER + TMEAN + TCV + EDEPTH + 

EDEPTH
2 

 12 68.43 3.56 0.05 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + DIST  6 68.60 3.73 0.05 

Great Egrets 2007         

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + DIST + EMER + 

SUBMER + TMEAN + TCV + EDEPTH + 

EDEPTH
2 

 12 94.60 0.00 0.18 

     DEPTH + DEPTH
2 

+ FLOCK + TMEAN 5 95.19 0.59 0.14 

     TMEAN 2 95.27 0.67 0.13 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + DIST + TMEAN 

+ EDEPTH + EDEPTH
2 

 9 95.30 0.70 0.13 

     DEPTH + DEPTH
2
 + FLOCK + BM + DIST + 

TMEAN 7 95.68 1.08 0.11 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + DIST + EMER + 

SUBMER + TMEAN + TCV 10 96.07 1.47 0.09 
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     DEPTH + DEPTH
2 

+
 
FLOCK + BM + TMEAN 6 96.82 2.22 0.06 

     DEPTH + DEPTH
2 

+
 
FLOCK + TMEAN + TCV 6 97.18 2.58 0.05 

     TMEAN + TCV 3 97.23 2.63 0.05 

     DEPTH + DEPTH
2 

+
 
BM + TMEAN 5 97.24 2.64 0.05 

White Ibises 2007         

     DEPTH + DEPTH
2 

+
 
BM + EMERGENT 5 141.40 0.00 0.21 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + EMER + 

SUBMER 7 142.26 0.86 0.14 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + EMER  6 142.26 0.87 0.14 

     DEPTH + DEPTH
2 

+
 
BM + SUBMER 5 142.41 1.02 0.13 

     DEPTH + DEPTH
2 

+
 
EDEPTH + EDEPTH

2 
 5 142.48 1.08 0.12 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + DIST + EMER + 

SUBMER 8 143.99 2.60 0.06 

     DEPTH + DEPTH
2 

+
 
FLOCK + BM + SUBMER 6 144.40 3.01 0.05 

     TMEAN 2 144.92 3.53 0.04 
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Table 4. Model averaged parameter estimates, likelihood, weighted conditional standard 

error and 95% confidence intervals for Great Egrets (GREG) and White Ibises (WHIB) in 

2006. 

GREG 2006             

Parameter N Estimate Likelihood WC SE UCI LCI 

Depth 23 0.6788 0.942 0.305 1.274 0.084 

Depth 2 23 -0.0105 0.942 0.006 0.001 -0.022 

Flock 

Thickness 21 -0.2111 0.897 0.136 0.054 -0.476 

EDEN Depth 6 -0.0397 0.023 0.048 0.055 -0.134 

EDEN Depth 2 3 -0.0021 0.023 0.003 0.004 -0.008 

Biomass  24 -0.0069 0.942 0.005 0.004 -0.017 

Dist to Edge 8 0.0668 0.284 0.080 0.222 -0.088 

Emergent 7 -0.0292 0.772 0.015 0.001 -0.059 

Submergent 7 -0.0368 0.656 0.024 0.010 -0.084 

Transect Mean 11 0.1655 0.160 0.110 0.379 -0.048 

Transect CV 5 0.0331 0.094 0.285 0.589 -0.523 

WHIB 2006             

Parameter N Estimate Likelihood WC SE UCI LCI 

Depth 23 0.5264 0.960 0.199 0.915 0.137 

Depth 2 23 -0.0084 0.960 0.004 0.000 -0.017 

Flock 

Thickness 21 -0.3951 0.960 0.136 -0.129 -0.661 

EDEN Depth 6 0.0717 0.236 0.070 0.209 -0.066 

EDEN Depth 2 3 -0.0044 0.236 0.003 0.002 -0.011 

Biomass 24 -0.0120 0.960 0.005 -0.002 -0.022 

Dist to Edge 8 0.1098 0.873 0.066 0.238 -0.018 

Emergent 7 -0.0215 0.345 0.014 0.005 -0.048 

Submergent 7 -0.0096 0.345 0.016 0.021 -0.041 

Transect 

Mean 11 0.1769 0.914 0.095 0.362 -0.009 

Transect CV 5 -0.4748 0.398 0.286 0.084 -1.033 
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Table  5. Model averaged parameter estimates, likelihood, weighted conditional standard 

error and 95% confidence intervals for Great Egrets (GREG) and White Ibises (WHIB) in 

2007. 

GREG 2007             

Parameter N Estimate Likelihood WC SE UCI LCI 

Depth 23 -0.2717 0.733 0.234 0.185 -0.728 

Depth 2 23 0.0084 0.733 0.005 0.018 -0.001 

Flock 

Thickness 21 -0.1662 0.772 0.097 0.024 -0.356 

EDEN Depth 6 -0.0007 0.397 0.022 0.043 -0.044 

EDEN Depth 2 3 0.0022 0.397 0.001 0.004 0.000 

Biomass  24 0.0054 0.635 0.023 0.051 -0.040 

Dist to Edge 8 -0.0402 0.503 0.025 0.008 -0.088 

Emergent 7 -0.0204 0.269 0.012 0.003 -0.044 

Submergent 7 -0.0079 0.269 0.015 0.022 -0.038 

Transect Mean 11 0.3452 1.000 0.096 0.532 0.159 

Transect CV 5 -0.1074 0.391 0.186 0.255 -0.470 

WHIB 2007             

Parameter N Estimate Likelihood WC SE UCI LCI 

Depth 23 0.3750 0.878 0.168 0.702 0.048 

Depth 2 23 -0.0079 0.878 0.004 0.000 -0.016 

Flock 

Thickness 21 -0.0481 0.436 0.072 0.093 -0.189 

EDEN Depth 6 0.0163 0.151 0.014 0.045 -0.012 

EDEN Depth 2 3 0.0017 0.151 0.001 0.003 0.000 

Biomass  24 -0.0075 0.773 0.019 0.030 -0.045 

Dist to Edge 8 0.0053 0.099 0.014 0.032 -0.021 

Emergent 7 -0.0227 0.582 0.011 -0.002 -0.043 

Submergent 7 -0.0212 0.426 0.015 0.009 -0.051 

Transect Mean 11 0.0713 0.091 0.051 0.171 -0.028 

Transect CV 5 -0.0538 0.055 0.127 0.194 -0.301 
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CHAPTER 4:  THE EFFECT OF SURFACE WATER DYNAMICS ON 

MOVEMENTS OF GREAT EGRETS & WHITE IBISES 

 

 

ABSTRACT 

Seasonal variation in food availability is one of the primary limitations to avian 

populations, particularly during the breeding season.  Central place foragers, such as 

breeding wading birds, need spatially connected and temporally available foraging 

patches within an energetically beneficial foraging distance of a colony to reproduce 

successfully.  This study examines one pathway by which species with divergent foraging 

strategies respond, through movement, to seasonal and annual variation in prey 

availability.  I quantified the distance flown from colony or roosting site to foraging site 

by radio-tagged Great Egrets and White Ibises because they differ in their sensitivity to 

hydrologic conditions and they exhibit dissimilar population trends.  I used an 

information theoretic approach to examine the effects of year, region, water depth, 

recession rate, dry reversal and days since drydown on distances flown to foraging sites.  

Distance flown to foraging sites by Great Egrets and White Ibis differed, with ibis flying 

4.76 km (60%) farther than egrets.  This pattern is consistent with the searcher and 

exploiter strategies.  Great egrets are more likely to exploit patches until prey are nearly 

depleted, resulting in closer foraging distances.  Ibis in contrast, leave patches with more 
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prey present and search for higher quality patches even if farther from a colony.  Great 

egrets used foraging areas farther from the nest to find optimal recession rates in a year 

with poor habitat conditions (2007).  Results from this study‟s models support the idea 

that wading bird selectivity of recession rates may change based on prey availability.  

White ibises used foraging areas farther from the nest to avoid foraging sites that had 

gone dry and re-wet in a year with poor habitat conditions (2007).  This pattern did not 

occur in 2006 and the discrepancy suggests that rainfall may have been more detrimental 

to prey concentrations in 2007 than 2006 because of the drought conditions in 2007.  

Understanding this linkage between prey availability and movements of wading birds 

across a temporally changing landscape throughout the breeding cycle may be critical in 

understanding how hydrology mediates species-specific nesting and population patterns 

in the Everglades.  
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INTRODUCTION 

Seasonal variation in food availability is one of the primary limitations to avian 

populations, particularly during the breeding season.  Central place foragers, such as 

breeding wading birds in the Everglades, need spatially connected and temporally 

available foraging patches within an energetically beneficial foraging distance of a 

colony to reproduce successfully (Bancroft et. al 1994).  An assumption of optimal 

foraging theory is that a positive relationship exists between an animal‟s foraging 

patterns, its short-term benefits in feeding, and its long-term fitness.  Behavioral 

flexibility plays a vital role in optimizing foraging decisions in an environment with 

fluctuating resources.  Birds can respond to food limitation primarily through the decision 

of whether or not to initiate nesting.  Once nesting is initiated, birds can respond to food 

limitation by increasing foraging rates or increasing the prey mass per foraging trip.  

There are two potential ways that a bird can increase the prey mass per foraging trip: 

either by traveling farther to better quality foraging sites or by spending more time 

searching for higher quality prey (i.e. increasing selectivity).   

The increased time and energy costs associated with long distance travel have a 

proven relationship with a reduced ability of wading birds to provision their young 

(Gibbs 1991, Smith 1995).  One strategy avian species use to offset the costs of increased 

energetic demands of reproduction is to build up energetic reserves prior to breeding.  

This tactic may serve to buffer the potential costs of long distance travel in a year with 

low prey availability.  However, foraging distances exceeding 25-30 km coincide with 

nest abandonment as the energetic and time costs of long distance travel increasingly 
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outweigh the benefits of feeding in high quality habitat (Frederick and Collopy 1988, 

Bancroft et al. 1990, Bancroft et al. 1994).   

If changes in hydrology have reduced either total fish biomass or the distribution 

of high quality patches in the landscape, it should be reflected in colony specific 

responses to the quality of surrounding habitats.  A reduction in the availability of good 

foraging areas relative to nest sites will force wading birds to spend a larger portion of 

their time in flight.  Thus, a measure of surface water dynamics at foraging sites relative 

to the distance flown from colony locations may reveal how birds are optimizing prey 

distributions and availability (Fig. 1).   

Studies have consistently shown shorter foraging flight distances for Great Egrets 

than White Ibises in the Everglades (Frederick and Collopy 1988, Bancroft et al. 1990, 

Frederick 1993).  However, the mechanism by which prey availability affects wading 

birds and produces species-specific movement patterns has not been identified.  One 

explanation for this discrepancy is the difference observed in each species‟ sensitivity to 

hydrologic conditions (Gawlik 2002).  Searchers like the White Ibis are more constrained 

in their selection of foraging sites, tending to select high quality patches and abandon 

them quickly.  In contrast, exploiters like the Great Egret are opportunistic, minimizing 

searching effort by staying at foraging areas longer until prey densities were low.  There 

is growing evidence that wading bird population responses can be linked to how 

constrained a species is in its choice of habitats. 

This study examines one pathway by which species with divergent foraging 

strategies respond through movement to seasonal and annual variation in prey 

availability.  I quantified the movements (distance flown from colony or roost to foraging 
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site) of radio-tagged Great Egrets and White Ibises, because they differ in their sensitivity 

to hydrologic conditions and they exhibit dissimilar population trends.   
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METHODS 

Great egrets and White Ibises were captured prior to the initiation of breeding 

between 10 Jan – 24 March during 2006-2007 in Arthur R. Marshall Loxahatchee 

National Wildlife Refuge and Water Conservation Areas 2 and 3 in South Florida.  Birds 

were captured using a net gun and a modified flip trap (Herring et al. 2008).  Radio 

transmitters were then attached to birds using a figure eight harness around the legs and 

lower back of each bird (the transmitter weight (16 g) was ≤ 3% of the total mass of each 

bird).  All captured birds were banded with a U.S. Fish and Wildlife Service aluminum 

band.  Sample sizes totaled 88 radio-tagged birds (27 egrets and 61 ibises) in 2006 and 

113 birds (49 egrets and 64 ibises) in 2007.  

A subset of radio-tagged ibises and egrets were located three to four times a week 

from a plane with strut mounted four-element antennas and a null system.  After a flight, 

frequencies of located birds were deleted from the telemetry receiver and after two flights 

all frequencies were reentered into the telemetry receiver such that birds were never 

located more than twice in a week.  When a bird was determined to be foraging, the 

location at the center of its flock was recorded with a geographic positioning system.  

Foraging site locations were plotted on a map of the Everglades using a geographic 

information system (Arcmap v. 7.2, ESRI, Redlands, CA).  Hydrological variables were 

estimated at foraging sites throughout the breeding season using the Everglades Depth 

Estimation Network (EDEN), a landscape level nearly real-time hydrological model 

(USGS 2006).   

A combination of daytime and nighttime aerial telemetry flights were used to 

identify nesting colony or roosting sites throughout the nesting season.  When a bird was 



 

97 

 

observed at a specific colony both before and after a foraging location was recorded, the 

straight-line distance traveled from colony or roosting sites to a foraging site was 

calculated. 

Statistical Analysis 

 

I used an information theoretic approach to examine the effects of year, region 

(Water Conservation Area), water depth, recession rate, dry to wet reversal and days 

since drydown on distances flown to foraging sites.  I built and ranked competing models 

(Burnham and Anderson 2002) using Proc Mixed in SAS (Littell et al. 1996).  I used the 

AICC values adjusted for small samples sizes in all models (Burnham and Anderson 

2002).  I calculated delta AIC (Δi, Akaike‟s Information Criterion) and AIC weights (ωi) 

from AICc values.  Models with the lowest AICc value was considered the best 

explanatory model; although, additional competing models with ΔAICc < 2 were 

considered equally plausible given the data (Burnham and Anderson 2002).  Models with 

ΔAICc > 4 were considered to have little to no support (Burnham and Anderson 2002). 

Competing models were developed with hydrological variables known to 

influence wading bird foraging decisions.  Water depth is an important predictor of 

differential wading bird habitat selection (Gawlik 2002) and reproductive success 

(Frederick and Spalding 1994) among species.  Drying rate, or recession rate, is highly 

correlated with wading bird distribution (Russell et al. 2002), breeding attempts (Kahl 

1964, Frederick and Spalding 1994), and location and nesting chronology of White Ibis 

colonies (Kushlan 1979).  A rapid recession rate functions to both concentrate prey and 

provide a continual daily supply of new pools in which to forage.  Temporary disruptions 

to the drying process can lead to prey dispersal and subsequent colony abandonment 
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(Frederick and Collopy 1989, Frederick and Spalding 1994).  This trend is especially 

coupled with dry season rainfall events and increasing water levels.  Reversals in the 

drying process can slow rates of capture (Gawlik 2002) and increase search and travel 

times (Bancroft et al. 1994).  Separate models were run for each species because of well-

known a priori differences in their ecology that would make a general multispecies 

model meaningless.   
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RESULTS 

I relocated 95% of all radio-tagged birds at least once between 6 Feb and 30 Jun 

2006 and I relocated 90% of all radio-tagged birds at least once between 23 Jan and 5 Jun 

2007.  Mean number of relocations per radio-tagged bird was 10 in 2006 and 7 in 2007.  

Both species flew farther to forage in 2006 than in 2007 (Fig. 2).  In both years, White 

ibises flew farther than did Great Egrets (Fig. 2).  There was also a difference in foraging 

distance among regions, which differed in prey density (Beerens, unpublished data). 

The AIC model with the most support for Great Egret foraging flight distance 

contained the variables Year + Region + Recession.  The weight of the evidence for this 

model was 72%, and this model received 4x the support of the second best model.  The 

second best model (18% weight of evidence) contained the variables Year + Region + 

Reversal and received 1.8x the support of the Year + Region model (Table 1).  The 

longest flights for Great Egrets were associated with very specific recession rates (~0.5 

cm/day) in a poor year, whereas no such relationship existed in a poor year (Fig. 3). 

The two models with the most support for White Ibis foraging flight distance 

were Year + Region + Rev (56% weight of evidence) and Year + Region + Recession (32 

% weight of evidence).  The best model received 1.5x the support of the Year + Region + 

Recession model, which received 2.9x the support of the next model (Table 2).  The 

longest flights for White Ibises were associated with foraging sites that had not gone dry 

and re-wet in a poor year, whereas no such relationship existed in a good year.  The 

longest flights for White Ibises were associated with very specific recession rates (~0.5 

cm/day) in a poor year, whereas no such relationship existed in a good year (Fig. 4).  This 
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relationship was stronger for Great Egrets than White Ibises based on the support for best 

models and visual examination of the data. 
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DISCUSSION 

Differences in distance flown to foraging sites demonstrated that Great Egrets and 

White Ibises used consistently different foraging patterns in both good and poor habitat 

quality breeding conditions.  While both species flew shorter distance in 2007, Great 

Egrets traveled to closer foraging sites in both years. Foraging flight distances were the 

longest in Water Conservation Area (WCA) 3 compared with WCA 2 and the 

Loxahatchee National Wildlife Refuge.  Additionally, the frequency of colony-to-colony 

movement increased in 2007 due to decreased nesting effort, thereby shortening distances 

flown to foraging sites when conditions changed.  As habitat conditions were poor, there 

tended to be a greater abundance of small colonies in contrast to 2006, when birds were 

more concentrated in larger and more productive colonies. 

In years with increased numbers of non-breeding wading birds in the Everglades 

(e.g., 2007) species-specific differences may be less apparent because birds do not have 

the increased energy demands from rearing chicks.  In years with good habitat conditions 

(e.g., elevated prey densities) being a searcher species may prove to be advantageous 

strategy, because many high quality patches are available and there is little cost to 

searching for more profitable patches.  In years with poor habitat conditions, the cost of 

locating high quality patches may be much higher if more time is spent searching for a 

more profitable patch.  Alternatively, exploiters species in either good or below average 

years will have more time available to forage because they spend less time traveling to 

and from foraging sites.  

Year, region and recession rate affected how far Great Egrets flew when foraging.  

They used foraging areas farther from the nest to find optimal recession rates in a year 
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with poor habitat conditions (2007) than in a year with good habitat (2006).  Results from 

this study support the idea that wading bird selectivity of recession rates changes based 

on prey availability (Chapter 1).  Interannual variability in prey availability appeared to 

result in a flexible response to recession rates as Great Egrets traveled farther to reach 

optimal recession rates in 2007 in comparison to 2006 when no such relationship existed.  

This finding supports prior studies that home range will expand when prey availability is 

low as flight distances are negatively correlated to food availability (Tella et al. 1998, 

Brickle et al. 2000, Bruun and Smith 2003).  Bancroft et al. (1994) found nest failure to 

occur when distances exceeded 25 km and hypothesized that these long distance flights 

were associated with large-scale reversals.  Our results suggest that Great Egrets increase 

flight distance in search of more profitable foraging areas, only selecting optimal 

recession rates at a longer distance from the colony or roosting site. 

The year, region, and whether a site had gone dry prior to re-wetting, affected 

how far White Ibises flew when foraging.  They used foraging areas farther from the nest 

and avoided foraging sites that had gone dry prior to being re-wetted in a year with poor 

habitat conditions.  This pattern did not occur in 2006 and the discrepancy suggests that 

rainfall may have been more detrimental to prey concentrations because of the drought 

conditions that existed in 2007.  A competing model suggests that the variables year, 

region and recession rate affected White Ibis flight distance, showing that foraging areas 

farther from the nest were used to find optimal recession rates in a year with poor habitat 

conditions (2007).  This relationship was not as strong as in the Great Egret model 

indicating that White Ibises may have a lesser reliance on recession rate.  Smith (1995) 

found that abrupt reversals in established drying trends led to increased flight distances 
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by White Ibises, but also that an increase in water levels when they were already rising 

led to shorter flights.  He concluded that the steadiness of the surface water trends rather 

than the direction of change were determining flight distances.  This study shows this 

pattern only in a good year (2006), when roughly a quarter of all foraging occurred in 

areas where water was rising, in contrast to 10% in 2007.  Among all species and years, 

the greatest foraging flight distances were associated with a recession rate of about 0.5 

cm/day (Fig. 3, 4), suggesting this rate may serve as an optimal rate to concentrate fish in 

most years.
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Figure 1.  Conceptual model of how landscape processes affect wading bird movements 

and ultimately population responses. 

 
Figure 2.  Mean Distance traveled ± SE from colony/roosting site to foraging site by year 

and species. 
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This study shows this pattern only in a good year (2006)

 

Figure 3.  Straight-line distances flown by Great Egrets in 2006 and 2007 from nesting or 

roosting site to foraging sites, and recession rates associated with those foraging sites. 
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Figure 4.  Straight-line distances flown by White Ibises in 2006 and 2007 from nesting or 

roosting site to foraging sites and recession rates associated with those foraging sites. 
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Table 1.  Akaike‟s Information Criterion (adjusted for small sample sizes; AICc) model 

selection for adult Great Egret distances flown from colony or roosting site to foraging 

site.   

Model k AICc ∆i wi 

Great Egrets     

year + region + res1 + res2 5 1251.9 0.0 0.72 

year + region + rev 4 1254.7 2.8 0.18 

year + region 3 1255.9 4.0 0.10 

year + region + depth 4 1266.3    14.4 0.00 

year + region + dsd 4 1268.1    16.2 0.00 

year + region + depth + res1 + res2 + rev + 

dsd 8 1271.5    19.6 0.00 

depth + res1 + res2 + rev + dsd 6 1322.6    70.7 0.00 

Intercept 1 1323.7    71.8 0.00 

depth + res1 + res2 + dsd 5 1324.7    72.8 0.00 

depth + res1 + res2 + rev 5 1325.3    73.4 0.00 

depth + res1 + res2 4 1329.6    77.7 0.00 

depth 2 1334.5    82.6 0.00 
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Table 2.  Akaike‟s Information Criterion (adjusted for small sample sizes; AICc) model 

selection for adult White Ibis distances flown from colony or roosting site to foraging 

site.   

Model k AICc ∆i wi 

White Ibises     

year + region + rev 4 2599.7 0.0 0.56 

year + region + res1 + res2 5 2600.8 1.1 0.32 

year + region 3 2602.9 3.2 0.11 

year + region + depth 4 2612.3 12.6 0.00 

year + region + dsd 4 2615.1 15.4 0.00 

year + region + depth + res1 + res2 + rev + 

dsd 8 2618.8 19.1 0.00 

depth + res1 + res2 + rev + dsd 6 2778.3 178.6 0.00 

depth + res1 + res2 + rev 5 2779.1 179.4 0.00 

depth + res1 + res2 4 2780.8 181.1 0.00 

depth + res1 + res2 + dsd 5 2783.7 184.0 0.00 

depth 2 2787.4 187.7 0.00 

Intercept 1 2793.6 193.9 0.00 
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CHAPTER 5: SYNTHESIS 

 

 

A key conceptual model underlying Everglades restoration efforts proposes that 

hydrologic changes affect wading bird prey availability and, consequently, nesting 

patterns.  However, the specific factors by which prey availability affects wading birds 

and produces species-specific habitat use and movement patterns has not been 

conclusively identified.  This thesis documents these factors, adding to the knowledge of 

how species uniquely respond to changes in landscape and patch-level prey availability, 

and how birds will likely respond to ecosystem restoration.   

Landscape-level habitat selection research, examined in Chapter 2, demonstrated 

that responses were scale dependent.  Short-term factors (e.g., water depth and recession 

rate) produced similar responses between species whereas the response to long-term 

factors (e.g., hydroperiod) differed, with Great Egrets selecting wetter sites and White 

Ibises selecting shorter hydroperiod sites.  In the good habitat year, Great Egrets and 

White Ibises were both more selective of optimal water depths, in contrast to 2007 when 

they selected a broader range of less optimal water depths.  Data showed that selectivity 

for rapid recession rates by both species dramatically increased in the poor habitat 

condition year.  However, probability of use modeling results demonstrated that Great 
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Egrets were less susceptible to hydrological reversals, which may explain 

differing population responses during poor habitat years.  Chapter 3 considered patch-

level habitat selection.  Research demonstrated a relationship between resource 

availability and the spatial scale of the independent variables selected.  Great Egrets and 

White Ibises selected fine-scale independent variables in the year with good habitat 

conditions, whereas more higher-order variables were selected in a year with poor habitat 

conditions, likely due to a greater abundance of high-quality patches distributed in the 

landscape.  The differential selection of variables at differing spatial scales between years 

suggests that the species observed in this study have flexible selection patterns, though 

the flexibility of selection patterns may differ.  White Ibises were more selective of their 

foraging sites than Great Egrets in the good year, whereas there was little selection for 

habitat variables by both species in the poor year.  Again, Great Egrets likely had a better 

strategy to cope with food limitation pressures: they selected deeper water as a potential 

mechanism to exploit a decreased number of profitable patches.   

Movement patterns, examined in Chapter 4, are consistent with the searcher and 

exploiter strategies previously observed (Gawlik 2002, Lantz 2008).  Great Egret and 

White Ibis foraging flights differed, with ibis flying 4.76 km (60%) farther than egrets.  

Great Egrets are more likely to exploit patches until prey are nearly depleted, resulting in 

closer foraging distances.  White Ibises, in contrast, have a higher giving-up density 

(Gawlik 2002) and search for higher quality patches, even if farther from a colony.  

Modeling results indicated that Great Egrets used foraging areas farther from the nest to 

find optimal recession rates in a year with poor habitat conditions (2007).  Those results 

support findings in Chapter 2 that wading bird selectivity of recession rates changed 
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based on prey availability.  White ibises used foraging areas farther from the nest to avoid 

foraging sites that had gone dry and re-wet in a year with poor habitat conditions (2007), 

a pattern that did not occur in 2006.  The discrepancy suggests that rainfall may have 

been more detrimental to prey concentrations in 2007 than 2006 likely because there 

were fewer prey animals produced during the drought of 2007.  Among all species and 

years, the greatest foraging flight distances were associated with a recession rate of about 

0.5 cm/day, suggesting this is an optimal rate to concentrate prey in most years.  

Everglades Management 

 

The chapters in this thesis illustrate that hydrological conditions and prey 

availability during the wading bird breeding season produce differential habitat selection 

and movements of foraging searcher and exploiter species.  The fact that White Ibises 

were more selective of foraging sites, particularly after hydrological reversals in poor 

habitat condition years suggest that they will not respond similarly to management of the 

Everglades.  Short-term water level reversals will likely produce earlier, and larger 

negative responses (e.g., foraging site abandonment and increased long-distance flight) in 

White Ibises than Great Egrets, given the decreases in probability of habitat use 

associated with hydrological reversals.  Modest increases in water depths, which do not 

necessarily prevent wading birds from foraging, can slow recession rates enough to 

disrupt the nesting cycle and cause nest failure.  These effects may be more acute during 

years with poor habitat conditions, when White Ibises are more dependent on the 

hydrologic process of concentrating prey.  Given that White Ibises responded more 

acutely than Great Egrets to changing hydrological conditions, the restoration of 

hydrological conditions across the Everglades will likely produce a greater, more 
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immediate response in the nesting population for this species and other searcher species 

like the Snowy Egret and Wood Stork.    

An additional finding is that species respond to habitat variables at unique spatial 

and temporal scales depending on their foraging strategy and the quality of habitat 

conditions.  This was the first wading bird study to identify species-specific responses to 

the individual components of prey availability (prey production and prey vulnerability) 

by examining their mechanisms at distinct temporal scales.  The similar response 

between species to recession rate, across years, demonstrates the changing importance of 

this variable based on habitat conditions and suggests that the selection of recession rates 

depends solely on habitat quality.  This view is markedly different from that of previous 

studies where recession rate was viewed as having a fixed threshold of 5 cm per day 

(Kushlan 1976b, Frederick and Collopy 1989a, 1989b).  These findings add to the 

literature a significant understanding of the temporal, scale dependent processes of 

wading bird habitat relationships, and may serve to refine how restoration progress is 

interpreted.  
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APPENDIX 1 

 

 

HEIRARCHICAL RESOURCE SELECTION AND MOVEMENTS OF TWO WADING BIRD SPECIES WITH 

DIVERGENT FORAGING STRATEGIES IN THE EVERGLADES 

 

 

Appendix 1 is a series of maps, which are depictions of the resource selection models, in effect, showing the landscape quali ty 

relative to Great Egrets and White Ibises on specific dates.  Blue is representative of low probability of use, whereas red 

indicates high probability of use.  It is noteworthy that the largest reversals occurred on May 15, 2006 and April 4, 2007 and 

have a noticeable effect of decreasing probability of use following their respective reversals to varying degrees between 

species and years. 
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Appendix 1A. Probability of Use for Great Egrets in 2006 
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Appendix 1B. Probability of Use for White Ibises in 2006
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Appendix 1C. Probability of Use for Great Egrets in 2007
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Appendix 1D. Probability of Use for White Ibises in 2007
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