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Anthropogenic hydrologic alterations can affect the quality of lake littoral zone 

habitats for wading birds, such as the great egret (Ardea alba), snowy egret (Egretta 

thula), and white ibis (Eudocimus albus).  One such lake in Florida, Lake Okeechobee, 

has experienced a marked decline in wading bird nesting since the 1970’s, concomitant 

with changes in lake level management.  It’s hypothesized that a reduction in foraging 

habitat has led to the nesting decline; however, there is little quantitative evidence of this 

link.  A habitat suitability model was developed for Lake Okeechobee wading birds that 

incorporate the spatial and temporal dynamics of environmental factors that affect 

wading bird foraging and tests whether foraging habitat is linked to numbers of nests.  
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INTRODUCTION 
 

Wetlands and the animals they support have experienced dramatic declines with 

increased human pressure.  Over 53% of wetland extent in the U.S. was lost between the 

1780s and 1980s.  Many remaining wetlands experienced decreased functionality due 

eutrophication and drainage (Mitsch and Gosselink 2007).  One large wetland system that 

historically supported large numbers of nesting wading birds was Lake Okeechobee 

(hereafter the Lake) and the surrounding marshes (David 1994a,Figure 1). Beginning in 

1884, rivers flowing into the Lake were channelized and outgoing flow was diverted to 

the east and west into the St Lucie and Caloosahatchee Rivers, respectively. Lake water, 

regulated since 1931, now serves as the primary water supply for South Florida's 

expanding human population.   

Altered flows and water management infrastructure have led to increased nutrient 

transport, eutrophication of the Lake, and a reduction in the spatial extent and 

heterogeneity of its associated wetlands (Dovell 1956, Havens and Gawlik 2005).  High 

water levels have reduced water clarity, triggering a loss of submerged aquatic 

vegetation, a reduction in the production of aquatic fauna, drowned willow heads, and 

reduced numbers of nesting wading birds (David 1994b, Havens and Gawlik 2005). The 

collapse of the Lake's food web has also compromised the economic health of the 

surrounding areas because the Lake supports high levels of ecotourism and recreational 
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fishing (Johnson et al. 2007, Steinman et al. 2002).  Concern for the ecological integrity 

of the Lake’s ecosystem led the South Florida Water Management District (SFWMD) 

and The United States Army Corps of Engineers (USACE) to modify water management 

regimes to better mimic natural hydrologic fluctuations (Havens and Gawlik 2005).   

In 2000, the United States Congress authorized a $10.5 billion project known as 

The Comprehensive Everglades Restoration Project (CERP).  CERP implements best 

management practices using scientific data to create a sustainable solution for reducing 

the degradation of the Greater Everglades while balancing both the natural system and 

anthropogenic needs (CERP, www.ervergladesplan.org).  A key component of this 

restoration effort is to mimic historic flows through the center of the system as opposed 

to redirecting water to the estuaries through canals to the east and west.  

The Central Everglades Planning Project (CEPP) was developed as part of CERP 

to implement parts of CERP that have rapid ecological benefits. CEPP is based on an 

extensive analysis of over a decade of previous research and restoration projects have 

been conducted throughout the greater Everglades region.  The plan dictates that with 

proper hydrological management, the ecological improvements spanning the entire region 

from the interior wetlands to the coastal estuaries would be established.  Another goal of 

CEPP is to provide more efficient control of floods and water supplies for both 

agricultural and urban areas. Improved hydrologic management under CEPP will require 

that both hydrological and biological tools are developed to evaluate various hydrologic 

scenarios.  
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Wading birds are one group of biological indicators that has been used for 

hydrologic scenario evaluation in South Florida (Frederick et al. 2009).  Wading birds are 

of high interest to the public and are good indicators of wetland integrity (Frederick and 

Ogden 2003, Frederick et al. 2009, Kushlan 1993). The first quantitative aerial surveys 

on the Lake began in 1957 (David 1994a, Zaffke 1984), although these species have been 

monitored on the Lake by game wardens since the early 1900’s.  Historic patterns of 

wading bird nesting on the Lake have been used to recommend particular water 

management regimes (David 1994a, Smith and Collopy 1995), but there have been no 

recent attempts to link current water management of the Lake to wading bird indicators, 

nor is there a model that predicts the effects of future management regimes on wading 

birds.  

One type of model used to link management regimes to biological indicators is a 

habitat suitability model. One common type of habitat suitability model utilizes habitat 

suitability indices (HSI), numerical indices that represents the capacity of a particular 

habitat to support a given species or guild (Schamberger and Krohn 1982, Schamberger 

1982).  These HSI models have been used since the early 1980’s to help elucidate the 

effects of management decisions on the environmental conditions which in turn, affect 

wildlife responses (Schamberger and Krohn 1982, Schamberger 1982). Early habitat 

suitability models were based strictly on deductive reasoning and evaluated only by 

expert opinion.  These early models were crude by today’s standards, due primarily to 

limitations in computational power, and their validity was questioned because of their 

linear responses and lack of statistical examination (Curnutt et al. 2000).  Further 
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criticisms came from assumptions that show a constant preference to habitat regardless of 

the resources available (Nolet and Klaassen 2009) and the inability to properly measure 

availability (Garshelis 2000).   

Spatially Explicit Species Index models, which allowed for the inclusion of both 

temporal and spatial dynamics, were an improvement on the earlier habitat models 

(Curnutt et al. 2000, DeAngelis et al. 1998).  The Spatially Explicit Species Index models 

allowed for the inclusion of “landscape structure” in a geographic information system 

(GIS) for static variables such as topography and for the inclusion of dynamic variables 

such as daily water depth.  This link with GIS created a powerful tool that can aid in 

resource and wildlife management decisions (Boyce and McDonald 1999).   

In this study, a predictive Habitat Suitability Model (HSM) of foraging habitat for 

the great egret, snowy egret, and white ibis for the littoral zone of Lake Okeechobee was 

developed.  An extensive literature review of key variables that have been shown to 

affect wading bird foraging was used to design the model functions.  These functions 

included hydrologic and vegetative data that have been linked to prey availability in 

previous studies (Gawlik 2002, Kushlan 1976, Smith et al. 1995).  The model was 

evaluated using systematic aerial foraging survey data provided by the South Florida 

Water Management District (SFWMD).  To further elucidate the link between foraging 

habitat and wading bird response, the assumption that good foraging conditions during 

the breeding season led to higher peak nesting effort was examined.  Having strong ties 

with hydrological parameters, the HSM was applied in the evaluation of several 

alternative restoration scenarios for CEPP. Using lake stage outputs from these modeled 
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scenarios as basis for the inputs for the HSM, it was possible to explore differences over 

a 40-year period for predicted wading bird habitat quality.  By comparing cumulative 

frequency curves of these different scenarios, a useful tool can be established that links 

hydrologic management and restoration to an indicator of a healthy functioning 

ecosystem, wading bird nesting.  

Prey availability is thought to limit populations of wading birds in South Florida 

and is the basis of the HSM in this study. The data inputs encompass the hydropatterns 

and vegetative structure of the study area and that captures the link between system 

drivers and wading bird responses (Figure 3). Although prey availability will not be 

measured directly, it is affected by littoral zone characteristics and habitat configuration 

(Gawlik 2002).  For instance, studies have shown that recession rate and water depth 

have an enormous effect on prey concentrations and wading birds’ ability to access prey 

(Gawlik 2002, Kushlan 1976). Vegetation also greatly affects access to prey (Bancroft et 

al. 1994, Frederick et al. 1992), for example wading birds selected water lily (Nymphaea 

spp.) dominated sloughs were found to be selected for by wading birds during the 

breeding season (Smith 1995a), whereas birds avoided dense sawgrass (Cladium 

jamaicanse) (Bancroft et al. 2002, Hoffman et al. 1994). 

Although the quality of foraging patches is important, their spatial and temporal 

distribution, as well as the connectivity of patches, is critical for successful wading bird 

nesting (Strong et al. 1997). While flight distance does not constrain birds, distance does 

determine whether a foraging location is energetically efficient.    During the breeding 

season, a wading bird is bound to its nest, which it must return to every day.  Nests of 
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colonial breeders are typically located within inundated willow heads and spoil island 

nesting sites, locations where mammalian predation on nests is likely to be reduced 

(David 1994a, Frederick and Collopy 1989, Smith and Collopy 1995).  Adults invest 

more energy during chick rearing, the presence of quality foraging locations within close 

range becomes increasingly important as locations must have a high prey concentrations 

high enough to compensate for the energetic cost of flying that distance (Bancroft et al. 

1990, Smith 1995b).  By comparing habitat suitability within the adults’ foraging range 

to nest effort, we can attempt to link reproductive metrics with surrounding 

environmental factors.  
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METHODS 

STUDY AREA 

Lake Okeechobee (26.57° North latitude and 80.50° West longitude) is a large 

shallow subtropical lake located in South Florida (Figure 1).  The Lake is the center of 

the Greater Everglades Watershed, which flows from central Florida southward to the tip 

of Florida The Lake is surrounded by an earthen levee and heavily managed for 

agricultural and urban water supply along with recreational and commercial fishing.   

Within the levee, the lake encompasses an area of 1732 km2, with the littoral zone marsh 

occupying approximately 450 km2, predominately on the southern and western rim of the 

Lake.  This littoral zone is heavily used by wading birds in most years (Smith 1995). 

HABITAT SUITABILITY MODEL  

Extent and Resolution 

The littoral zone within the Herbert Hoover Dike surrounding Lake Okeechobee 

(Figure 1) was divided into 551,986 raster grid cells with a resolution of 30.48 m (100 ft). 

Vegetation was assumed to be static, while all other variables varied on a daily time step. 

All data was visualized, analyzed, and automated using ESRI ArcGIS 10.1 and Python 

2.6.1.   
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Model Structure  

The HSM is a temporally and spatially explicit model of indexed habitat 

suitability values that can be quantitatively linked with numerical responses of foraging 

wading birds.  Hydrological variables were the primary focus of the model, because 

water levels are heavily manipulated on the Lake and these variables strongly affect 

wading bird responses. Wading birds typically do not forage in water deeper than their 

legs allow, nor do they regularly forage on dry ground since their preferred prey, fish or 

aquatic invertebrates, are not found in this environment (Kushlan 1978).  Receding water 

depths increase the condition of a potential foraging location by concentrating prey 

(Kushlan 1976).     

For each HSM grid cell, indexed values were generated from the underlying 

habitat variables, as defined by an indexing function for each variable (Figure 3). 

Hydrological variables were modeled as continuous functions, whereas vegetation was 

binary.  The following rules were applied to the indexing functions: 

If the index value is categorical, then the value was set as a fixed number between 

0 and 1, inclusive, for the class i as: 

  Index = valuei , for ith class where 0≤ Index ≤1 

If there are only two defined classes (i.e. suitable or unsuitable) then: 

  Index =1, where habitat is suitable for species or guild 

  Index =0, where habitat is unsuitable for species or guild  
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 For an index with a continuous value i, a function was used in the form of: 

  Index = f(i), where 0≤Index≤1 

Data Sources 

SFWMD aerial foraging surveys.— From 2010 through 2012, the South Florida 

Water Management District (SFWMD) conducted monthly wading bird foraging flights 

over the littoral zone of Lake Okeechobee during the breeding season (January- June).  

Transects were flown east west at a spacing of 1km for complete coverage.  When a flock 

of 50 birds or more was encountered, it was circled to obtain a GPS coordinate, flock 

composition, and bird count.  After data collection, the transect was resumed from the 

location prior to spotting the flock. 

Monthly aerial colony surveys.— As part of the CERP Monitoring and Assessment 

Plan, Florida Atlantic University (FAU) conducted wading bird nesting surveys to 

determine both location and size of colonies on the Lake. From 2006-2012, aerial transect 

surveys of the entire littoral zone were flown at an altitude of 244 m at a speed of 185 

km/hr during the dry season.  The littoral zone on the eastern side of the Lake from Eagle 

Bay Island to the Clewiston Lock (Figure 2) was surveyed with a single transect that ran 

parallel to the perimeter levee.  The remaining transects were oriented East-West, spaced 

at an interval of 3 km, and traversed the littoral zone.  Two dedicated observers searched 

for colonies, one from each side of a Bell Jet Ranger 206 helicopter or Cessna 182 plane.  

Once a colony had been confirmed, it was circled at a lower altitude of 122 m to enable 

researchers to count the number of nests of each species present within the colony as well 
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as record photographs and geographic coordinates of the colony itself.  These were then 

mapped to specific stands of vegetation or islands onto 1 m resolution digital orthoquarter 

quadrangles (DOQQ).  Colonies were defined post-hoc as any assemblage of ≥ 2 nests 

that were separated by ≥200 m (Erwin et al. 1981; Smith and Collopy 1995).  Polygons 

were drawn based on specific vegetative stands or islands and the nest locations, and 

distances between colonies were calculated using ArcGIS software tools.  For each 

survey year, the monthly survey with highest nest totals for each species was used for the 

final yearly nest effort total.  

Vegetation data.— The vegetation data, acquired from the SFWMD, was interpreted 

from 1:6000 and 1:12000 scale color infrared (CIR) aerial photography flown on March 

25, 2006.  The 2003 SFWMD Lake Okeechobee Vegetation Classification System, which 

included over 26 vegetation classes, was used to code vegetation within the Lake study 

boundary with a minimum mapping unit of 20 m by 20 m.  Ecological groupings (e.g. 

similar hardwood types, floating vegetation) were made to simplify vegetation classes 

based on wading bird accessibility to capture prey.  Resampling of the dataset to a 

30.48m resolution was based on average values within the larger grid cell.   

Elevation data.— Ground surface elevation data for a bare earth Digital Elevation 

Model (DEM) was acquired in TIFF 32 format through Digital Coast from noaa.gov. The 

DEM is based on LiDAR data collected by Merrick & Company from September through 

December of 2007 for the Florida Division of Emergency Management (FDEM). LiDAR 

was collected over approximately 5928 square kilometers in parts of Broward, Glades, 
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Hendry, Highlands, Martin, Okeechobee, and Palm Beach counties. In 2007, water levels 

were the lowest on record for the Lake and the entire littoral zone was dry.  This allowed 

for an accurate assessment of earth surface elevation because there was no water to 

interfere with detection. The maximum point spacing was 1.2 m in non-obscured areas 

and vertical accuracy was approximately 9 cm.  

Hydrologic data.— Water depth was calculated by subtracting ground surface 

elevations from Lake stage.  Daily Lake stage was calculated as the mean of four interior 

lake gauges (L001, L005, L006, LZ40) and four perimeter gauges (S4, S352, S308, and 

S133) from the SFWMD DBHydro database. . Recession was calculated as the average 

daily stage of the previous two weeks calculated as (time (t) – time (t-14))/14.  Depth for 

time (t) is calculated as Stage (t) – DEM.   A positive recession rate will indicate a 

decreasing stage level. 

Hydrologic Sampling 

Lake stage is measured as 8 gages located within the limnotic zone.  Researchers 

and managers frequently assume the lake is a flat pool so the limnotic zone reflects stage 

throughout the lake; however, when water levels fall and become shallow in the heavily 

vegetated littoral zone, then the assumption of a flat pool may no longer be reasonable.  

Thus, the correlation between lake stage and water depth in the littoral zone depth was 

evaluated. Six Infinities water level data loggers were deployed in the marsh at Lake 

Okeechobee from 21 January 2010 until 9 June, 2010 to measure water depths. These 

strategically located gage locations were determined by balancing airboat accessibility, 

spatial extent, and the most disconnected areas from the limnotic zone (Figure 1).  Data 
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was downloaded throughout the season, with 5 measurements taken around the deployed 

gage to calibrate depth. These measured water depths were correlated (Proc Corr, SAS 

9.3) with depth gages accessible through DBHydro to determine if water depths could be 

predicted based on current DBHydro gages.  These included an 8 gage average, 4 gage 

interior average, nearest gage, and inverse distance interpolated depths for locations to 

determine which provided the highest r value which, in turn, was used to incorporate 

water depth into the model.   

Habitat Characterization and Functions  

Functions for both depth and recession were based on empirical data for the white 

ibis from Petersen and Gawlik (2011; Figure 4).    The white ibis was chosen because it is 

sensitive to water depth and prey density (Beerens et al. 2011, Gawlik 2002, Lantz et al. 

2011).The empirical data were derived from 2000-2009 System Reconnaissance Flight 

Data (SRF) of foraging wading birds during the dry seasons in the Water Conservation 

Areas and Everglades National Park in the Everglades, FL.  The flights were flown at a 

low altitude (61 m) and were spaced 2 km apart.  This area constitutes wetlands to the 

south of Lake Okeechobee in the greater Everglades Watershed with similar topography 

and vegetation as the Lake.  These curves were normalized and back-transformed to 

create the depth and recession functions, which were used to create the prey vulnerability 

index (VUL) and prey concentration index (CONC), respectively. This provides a way to 

classify depths into a 0-1 range based on initial value, be it depth or recession.   

The inundation function was used to create the prey abundance index (ABUND) 

by giving a higher score to cells that were inundated the previous wet season suggesting a 
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larger prey base, but limiting the score if the water depth exceeded an average of 1.8388 

m (6 feet, Figure 4).  Average wet season value was calculated as the mean from 1 July 

until 31 December prior to the start of the breeding season.  Values below 0.15 m and 

above 2 m were given an index value of 0.01, which indicates water levels were 

suboptimal low or suboptimal high for wading bird foraging.  Water depths from 0.15m 

to 1.3m were given a value of 1.  The index value for water depths between 1.3m to 2m 

was calculated using the function of f(x) = -1.4143x + 2.8287 where x is average depth in 

meters. However, if the initial dry season stage value (1 January of that year) was below -

15cm, it was given a value of 0.01. 

The final Boolean function, vegetation (Figure 4), is used to create the foraging 

accessibility index (VEG).  Locations with dense woody vegetation, terrestrial, or levee 

that are not easily accessible by foraging flocks were classified with a value of 0.01; all 

other locations were classified as 1.   

The final HSM value of a grid cell was calculated as a multiplicative function of 

the weighted individual index values, such that 0≤HSM≤1. The final model has the 

vulnerability of prey weighted highest as water depth is of highest importance for wading 

bird foraging site selection (Bancroft et al. 2002, Gawlik 2002). Once the indices for prey 

abundance (ABUND), prey vulnerability (VUL), prey concentration (CONC), and 

foraging accessibility (VEG) were calculated, they were combined into the final model 

weighted as follows for each grid cell: 

HSM (cell) = ABUND0.2 * VUL0.4 * CONC0.2 * VEG0.2 
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MODEL EVALUATION 

Foraging evaluation. ! . Predicted daily habitat scores were compared to 

observations of 192 foraging flocks (>50 birds) during the breeding seasons 2010-2012.  

Flock observations were overlaid onto the model grid cells to calculate a presence or 

absence of flocks with which to compare to daily-predicted values.  Values were assessed 

with a receiver operator characteristics (ROC) curve, which illustrates the performance of 

a binary classifier as its discrimination threshold is varied.  Binary response was the 

presence or absence of a flock over 50.  Cells were aggregated up to 91.44 m (300ft) 

resolution by taking the highest HSM value of cells in a 3x3 matrix, accounted for some 

discrepancy in sampling error due to taking GPS points from a helicopter. The area under 

the curve (AUC) was calculated for the ROC curve to determine validity of the model.  

An AUC under 0.5 is essentially useless, while a model over .7 can have environmental 

significance. 

Nest effort evaluation. ! In addition to comparing daily HSM scores with the 

presence of foraging flocks, the correlation between an annual measure of HSM values 

and annual measure of wading bird nest effort (maximum number of nests) was evaluated 

from 2006-2012.  HSM values were aggregated to an annual measure by first aggregating 

daily grid cell values to the average of the highest quartile values. Then, the averages of 

every day’s highest quartile values from February through May were averaged.  

Reasoning for using the highest quartile comes from previous analysis of SRF data 

(1985-2009) showing that during any given survey, no more than 26% of cells in the 

landscape were occupied by a wading bird (Petersen and Gawlik, unpublished data).  
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With one yearly aggregated value, this metric could then be directly compared to yearly 

peak nest effort for the white ibis, snowy egret, and great egret combined. Because it is 

not known whether a bird’s decision to nest or not is in response to average habitat 

conditions or the value of the poorest habitat conditions, an alternate metric was 

calculated by taking the minimum value of the highest quartile range of HSM values 

instead of the average.  Both metrics were then compared to nest effort and r-squared 

values were compared.   

MODEL APPLICATION: CENTRAL EVERGLADES PLANNING PROJECT 

 To determine whether the HSM could be used to evaluate hydrologic 

management scenarios, the HSM was applied to four different CEPP scenarios (ECB, 

IORBL1, ALT4R, and ALT4R1) for this study.  The hydrologic output from the Regional 

Simulations Model Basins (RSMBN, RSM2.3.5 SFWMD) predictions was used as input 

to the HSM.  All scenarios assumed the current Lake Okeechobee Regulations Schedule 

(LORS2008) were in effect.  These four different scenarios use historic climactic inputs 

(1965-2005), but incorporate different water management regimes and structural 

alteration (i.e. removal of levees, seepage management, and creation of new water 

storage).  Restoration scenarios, ALT4R and ALT4R1, are results of incorporating CEPP 

restoration initiatives, while IORBL1 does not include CEPP restoration but does 

incorporate other restoration efforts that can enhance the system. The environmental 

conditional baseline (ECB) included no restoration.  Applying the HSM to a multi-

decadal dataset with a large variation in temporal climactic trends can lead to trends not 

visible in analysis over a shorter period of time; thus data from 1966-2005 was used. 
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Model Output ! Methodology for producing the HSM was the same as the nest 

effort evaluation except the HSM was produced on a weekly time step instead of daily 

time step.  The weekly time step was a compromise between computation efficiency and 

the ability to still see trends in time-sensitive variables like recession rate. Elevation and 

vegetation remained static during the simulated 40-year period. 

Cumulative Frequency Curves.!  Highest quartile minimum HSM values were 

calculated and then used to create cumulative frequency curves to examine frequency of 

highest HSM values for the different scenarios. Similar to how duration curves are used 

for steam flow and stage values, this method is an effective way to compare HSM scores 

from different model runs.  These curves can show the percent of time that an HSM value 

was exceeded by reorganizing HSM values in order of magnitude. This approach 

compared scenarios with the greatest number of high yearly HSM values, which in turn 

could be correlated with higher nest effort.  As yearly fluctuations in hydrology are 

expected in wetland systems, the results that would most likely attribute to best 

conditions for wading birds overall would be for higher HSM values in the top quartile as 

opposed to overall average of all years.   Wading birds are long-lived animals, and with 

large nest effort outbursts interspersed between years of non-peak resource availability, it 

could better benefit the overall population.  
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RESULTS 

HABITAT SUITABILITY MODEL 

Hydrologic sampling.!  During the sampling period, Lake stage ranged from 

3.71m to 4.23m. A high correlation (r=0.99) was found between all deployed gages and 

the 8-gage average lake stage except for gage IPN4 (r=0.95, n=92) (Figure 5).  During 

the study, this gage reached the maximum depth readings and may have led to slightly 

spurious readings.. This high correlation found between the deployed gages and the 8-

gage average lake stage suggested that the assumption of a flat pool is appropriate and 

lake stage is a good measure of water depths in the littoral zone.  This conformation not 

only allowed for reduced complexity in the model, but also allowed strength in both-hind 

casting values and applying the model to future scenarios. 

MODEL EVALUATION 

Foraging Evaluation. !  The evaluation exercise produced an AUC of 0.77 (Figure 

6), spanning all surveys from 2010-2012, suggesting that the model was useful.    

Furthermore, when individual flights were compared visually with predicted habitat 

suitability maps, foraging locations coincided with high HSM values (Figure 7).  The 

maps represent contrasting hydrological conditions from 2010 and 2011 (Figure 7).  

Although high HSM values were present at the beginning of 2010, a major reversal in the 

trend of receding water in March lead to inundation of previously dry marsh, which led to 
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suboptimal conditions for the rest of the year.  In 2011, however, no such reversal 

occurred, and HSM values were high and corresponded with large numbers of foraging 

birds (Figure 8).   

Nest Effort Evaluation. !  There was a strong positive relationship (r2=0.818, 

p<0.0052, n=7) between predicted habitat suitability and peak nest effort from 2006-2012 

for the great egret, snowy egret, and white ibis combined (Figure 9).  This value was 

slightly higher than the relationship between the average of the highest quartile (r2=0.679, 

p<0.0226, n=7) and was used for all subsequent representations of the HSM.  The 

minimum score could have a closer tie to nesting effort than other other habitat 

parameters because the variance is slightly lower or it may be that birds are more 

sensitive to a lower threshold of habitat quality than a mean or upper value.     

Nest effort ranged from 10,176 pairs in 2006 to 20 pairs in 2008, which 

coincided, with the range of yearly foraging habitat suitability model values (0.61 and 

0.08, respectively).  These nest effort numbers represent the second highest and lowest 

values on record for the 31 years of aerial surveys conducted from 1957-2012 (3200 

mean pairs per year spanning all years).     

MODEL APPLICATION 

A comparison of HSM values showed that values for all restoration scenarios 

exceeded that of the ECB indicating any restoration effort would benefit wading bird 

habitat; however slight differences arose between scenarios. ALT4R1 had the highest 

frequency of HSM values exceeding 0.7 while ECB had the lowest (Figure 10). A 

difference in frequencies of higher HSM values for the ALT4R and ALT4R1 restoration 
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scenarios as opposed to the ECB was seen. The influence of CERP projects (ALT4R, 

ALT4R1) had an improvement on the overall availability of habitat over current 

operations without CERP restoration efforts (IORBL1).  The difference between each 

model was most clearly seen between the highest 20% - 40% frequencies of HSM scores 

in the cumulative frequency curve.  For instance, an average value of 70 can be found in 

ALT4R1 for 31.3% of all values while it only occurs 21.3% in the ECB. Thus there 

would be an expectation of increased nest effort in years with high yearly HSM values.  

As can be seen with the 2006-2012-nest effort model evaluation (Figure 9), the worst 

foraging years correlated with HSM values under 30 whereas the highest were above 60.  

If we compare this to the restoration scenarios cumulative frequency curves (Figure 10), 

this is where the greatest difference in frequency can be seen. 
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DISCUSSION 

The HSM performed remarkably well given that it was derived from a few 

hydrologic parameters based on Everglades’ studies. With an AUC of 0.77, the foraging 

locations matched well with HSM predicted habitat.  Furthermore, the high correlation of 

the annual HSM value with nest effort (R2=0.8176, p<0.0052, n=7) showed that daily 

foraging conditions were indeed linked to an annual measure of reproductive output by 

birds.  Recession, water depth, previous wet season inundation, and vegetative structure 

have been seen to be important in other Everglades studies (Bancroft and Sawicki 1995, 

Bancroft et al. 2002, Herring et al. 2010, Kushlan 1976), and they also seem to translated 

well to the Lake and ecological processes that drive wading bird nesting (David 1994b, 

Smith et al. 1995). 

The generality of the response of wading birds to the few hydrological parameters 

in the HSM suggest that the temporal framework of this HSM could be applied to other 

focal species or expanded to different regions.  Wetlands throughout the world show 

similar trends of wading birds responding to hydrologic fluctuations.  For instance, little 

egrets (Egretta Garzetta) have shown a preference for seasonal marshes that dried out 

each summer in the Camargue of Southern France (Hafner et al. 1986), and wood storks 

(Mycteria Americana) in the Llanos of Venezuela preferred ponds with receding water 

levels and high concentrations of fish (Gonzalez 1997).  The simplicity and 
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compartmentalization of the model could lead to applications based on these similarities 

of wading birds through different wetlands in the world. 

  Nevertheless, fine-tuning the HSM to account for individual species responses 

could lead to more in-depth understanding of species population dynamics.  The 

independent foraging data used in the evaluation could be enlarged such that a subset 

could be partitioned to validate new RSFs or to select from new habitat data, including 

improved vegetation characteristics, which may become available.  Because the HSM is 

compartmentalized into components, specific inputs (i.e. DEM or vegetation) could be 

updated as better data become available.    One weakness of the HSM was that we limited 

the model extent to the area within the levee since because we do not currently have the 

spatial and temporal data for the surrounding wetlands.  Also, there is a little empirical 

evidence of the hydrologic conditions understanding of the hydrologic conditions within 

the Lake that lead to increased prey availability.  Previous large-scale studies in the 

everglades have explored hydrologic fluctuations affecting prey populations(Gawlik 

2002, Kushlan 1976, Lantz et al. 2010), but the dynamics of a littoral zone with large lake 

connectivity could lead to slightly different results.  Further studies into prey populations 

in relation to hydrologic fluctuations and habitat structure on the Lake could lead to 

improved refinements in future models.  

The CEPP scenarios application shows that the model could be a useful tool for 

linking hydrologic management and restoration to one part of a healthy functioning 

ecosystem, wading bird nesting. Since these large colonial nesters are easily monitored, 

future colony sampling efforts can be applied to this model to strengthen validation of 
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this link.  Mechanistic links between focal species and their habitats are key for a model 

to be successful as a tool (Frederick and Ogden 2003). As such, this model can be a 

valuable component of ensuing the health of a valuable habitat into the future for both 

wildlife and human needs.  

The HSM provides a quantitative link between hydrology, foraging habitat, and 

nesting effort as it allows for the evaluation of water management and restoration 

scenarios. One of the key strengths is the simplicity of the model with variables based on 

data that are available in real time.  Habitat suitability maps can be created quickly for 

current monitoring and water management decisions as well as for the long-term analysis 

of hydrologic management and restoration scenarios.  As such, it could serve as an 

effective tool for resource managers. 
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Figure 1.  Map of Lake Okeechobee (26.57° North latitude and 80.50° West longitude) 

and location in relation to Florida, United States. Displayed are model extent and 

geographic locations of both agency gages and deployed gages for littoral zone study of 

hydrology correlation.  Model extent was limited by LiDAR values for the littoral zone 

within the Herbert Hoover Dike surrounding Lake Okeechobee. 
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Figure 2.  Map of systematic aerial transects flown over Lake Okeechobee for nesting 

surveys. 

 



 

25 
 

 
Figure 3.  Conceptual model showing data inputs and calculation process for individual 

indices and final Habitat Suitability Model. 
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Figure 4.  Suitability curves for individual indices in final habitat suitability model. 
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Figure 5. Correlation between Lake stage and individual deployed gages. Notice high 

correlations for all gages (r=0.99) except for gage IPN4 (r=0.95).  This may be resultant 

of spurious effects due to gage malfunction.



 

28 
 

 

Figure 6. Receiver operator characteristics curve for correctly predicted foraging 

locations. The area under the curve was 0.77. 
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Figure 7.  Habitat Suitability Model GIS outputs for six total representative flights during 

two contrasting years and actual foraging flock locations.   Notice that the location of 

better habitat (bright green) changes through the season but that it tends to correspond to 

the locations of foraging wading birds.  The generally poorer habitat scores in 2011 were 

caused by lower initial lake stage.  The reduction in habitat scores in May of 2010 was 

the result of increased lake stage resulting in reversals. 
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Figure 8.  Daily Habitat Suitability Model values and corresponding foraging flight 

counts for wading birds at Lake Okeechobee for 10 aerial wading bird survey dates. The 

blue line is the mean for the highest quartile of model values.  The dotted lines represent 

the minimum and maximum value for the upper quartile. 
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Figure 9.  Graph representing the strong positive relationship (R2=0.8176, p<0.0052, 

n=7) for predicted habitat suitability and peak nest effort of white ibis, snowy egret, and 

great egret combined.  The yearly habitat suitability value was calculated as the mean 

minimum HSM score of the upper quartile for January through May.  
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Figure 10.  Cumulative frequency curves of HSM values for each restoration scenario.  

HSM values are based on mean minimum weekly HSM values for the upper quartile 

from January-May coinciding with the breeding season from the 1965-2005 climactic 

data.  Notice the difference in frequencies of higher habitat suitability model (HSM) 

values for the ALT4R and ALT4R1 restoration scenarios as opposed to the 

environmental conditional baseline (ECB).  For instance, an average value of 70 can be 

found in ALT4R1 31.3% of all values while it only occurs 21.3% in the ECB. 
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