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ABSTRACT 

 

 The North American Waterfowl Management Plan (NAWMP) is built on the 

premise that the collective effects of regionally-delivered habitat conservation actions 

will impact waterfowl population growth by influencing survival and recruitment.  

Availability of food energy was identified as the factor most likely to limit vital rates of 

ducks during non-breeding periods.  Daily ration bioenergetics models based on Ideal 

Free Distribution (IFD) theory are used to estimate quantitative habitat objectives for 

target duck populations.  These models incorporate assumptions about daily energy 

demands of waterfowl, energetic carrying capacity of priority habitats, and the manner in 

which ducks use foraging habitats of varying energy density.  The accuracy of these 

assumptions affects the degree to which habitat objectives are sufficient to support duck 

populations and contribute to achievement of NAWMP goals. 

I measured energetic carrying capacity (ECC), duck use, and wetland- and 

landscape-scale variables associated with actively and passively managed wetlands in 

central and northwest Ohio during autumn and spring, 2001-2004, to test assumptions of 

a bioenergetics model used by the Upper Mississippi River and Great Lakes Region Joint 

Venture (UMR & GLR JV).  Mean ECC was statistically similar between actively and 

passively managed wetlands ( activex = 3,446 duck energy-days [DED]/ha; passivex  = 2,047 

DED/ha), and exceeded the UMR & GLR JV assumption that 1,236 DED/ha are
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provided by managed wetland habitats.  However, ECC of actively and passively 

managed wetlands declined by >80% between autumn and spring migration, resulting in 

low food energy densities during spring ( x  = 66 – 242 DED/ha). 

 The probability of a wetland being used by ducks and cumulative duck use of 

wetlands were significantly and positively affected by food energy density.  However, 

ducks did not use wetlands in direct proportion to food energy density, which 

contradicted predictions of daily ration models (DRM) and IFD theory.  For example, 

parameter coefficients from one analysis suggested that for every doubling of ECC, 

cumulative duck use increased by only 33% during autumn and 13% during spring.  

Factors other than food energy density affected wetland use by ducks.  Based on a 

subsample of 68 passively managed wetlands, duck use during autumn increased with 

ECC, wetland area, and area of wetlands within 1 km, but decreased as wetlands became 

increasingly isolated from other wetlands.  Duck use during spring increased with ECC, 

decreased with increasing distance from rivers, but was unrelated to wetland area. 

 Although DRMs provide a simplistic and useful method for calculating habitat 

objectives for wintering and migrating ducks, they likely do not accurately describe the 

complexity of factors affecting duck use of foraging habitats.  My results suggest habitat 

objectives based on linear predictions of DRMs may underestimate habitat requirements 

of target duck populations.  Lacking bioenergetics models that accurately describe 

functional carrying capacity of foraging habitats, conservation planners should consider 

providing habitat in excess of DRM predictions to ensure populations are not limited by 

undetected constraints on food availability.
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CHAPTER 1 

INTRODUCTION 

 

 During the 1980s, duck populations in North America were among their lowest 

levels ever recorded (U.S. Fish and Wildlife Service 1998).  Prolonged drought and 

conversion of native grasslands and wetlands to agricultural production in prairie 

breeding areas and degradation of wetlands in important wintering and migration areas 

were widely recognized as primary factors responsible for declining duck populations.  

The North American Waterfowl Management Plan (NAWMP) was signed in 1986 by the 

U.S. and Canada with the goal of restoring North American waterfowl populations to 

levels observed during the 1970s (U.S. Department of the Interior and Environment 

Canada 1986).  Mexico became a signatory nation in 1988, and the NAWMP now exists 

as a model for international wildlife habitat conservation.  The NAWMP embraces the 

philosophy that growth of waterfowl populations can be affected most effectively and 

efficiently through the cumulative effects of numerous, local-scale habitat conservation 

actions that mitigate factors constraining waterfowl survival and recruitment (Williams et 

al. 1999).   

 The waterfowl annual cycle is characterized by a series of intricately related 

events whose timing and resource requirements have been shaped over millennia through 

the pressures of natural selection.  Waterfowl are among the most intensively studied
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wildlife taxa in the world (Weller 1988, Smith et al. 1989, Batt et al. 1992, Baldassarre 

and Bolen 2006), and the timing, location, and resource needs of annual cycle events are 

relatively well understood.  Based on this knowledge, the NAWMP identified geographic 

regions essential for sustaining waterfowl population in North America.  The NAWMP 

established regionally-based partnerships among state, federal, and private entities under 

a Joint Venture (JV) framework to facilitate efficient and strategic delivery of habitat 

conservation within priority regions (U.S. Department of the Interior and Environment 

Canada 1986). 

 Implementation of the NAWMP embodies a strategic approach to conservation 

that includes identifying priority species, establishing regional population objectives, 

identifying limiting factors, quantifying habitat objectives, landscape-scale delivery of 

priority conservation actions, conducting targeted research and evaluation, and iteratively 

refining objectives and priorities based on contemporary science (National Ecological 

Assessment Team 2006).  Habitat objectives for supporting regional waterfowl 

populations are calculated from biological models that describe species-habitat 

relationships and their linkage to population vital rates.  Despite robust understanding of 

waterfowl population dynamics and habitat requirements, available scientific information 

is sometimes insufficient to fully inform parameter estimates and functional form of 

biological models used to estimate population and habitat objectives.  In these cases, 

conceptual models of species-habitat relationships, reasoned judgments, and explicit 

assumptions have influenced NAWMP conservation planning strategies. 

 Waterfowl spend approximately 7-8 months annually engaged in molting, 

courtship and pair formation, and other maintenance activities and in regions distant from 
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their breeding grounds, yet waterfowl ecology during the non-breeding period received 

limited attention from avian researchers prior to the 1980s.  Pioneering studies on duck 

wintering ecology identified relationships between wetland habitat conditions on 

migration and wintering areas and timely completion of energetically-demanding annual 

cycle events such as contour feather molt, courtship and pair formation, 

thermoregulation, and assimilation of nutrient reserves (Heitmeyer 1988, Paulus 1988, 

Loesch and Kaminski 1989, Dubovsky and Kaminski 1994, Jorde et al. 1995, Demarest 

et al. 1997).  Indeed, winter habitat conditions and diet quality affect waterfowl body 

mass and condition during non-breeding periods (Jorde et al. 1995, Ballard et al. 2006) 

and early winter body mass may influence overwinter survival of ducks (Reinecke et al. 

1987, Conroy et al. 1989, Bergan and Smith 1993, Robb 2002).  Moreover, wetland 

availability, as indexed by winter precipitation was shown to influence subsequent 

recruitment of mallards (Anas platyrhynchos) (Heitmeyer and Fredrickson 1981, 

Kaminski and Gluesing 1987) and northern pintails (Anas acuta) (Raveling and 

Heitmeyer 1989).  Consequently, conservation planners hypothesized that availability of 

food energy (i.e., calories) was the most limiting factor for ducks during migration and 

winter (e.g., Wilson and Esslinger 2002, Soulliere et al. 2007).  This became known 

generally as the food limitation hypothesis and is the foundation for landscape-scale 

habitat conservation planning for migrating and winter ducks (Assessment Steering 

Committee 2007). 

 The food limitation hypothesis is formally incorporated into habitat conservation 

plans through bioenergetics models that are used to calculate habitat objectives for target 

populations of migrating and wintering ducks.  Bioenergetics models represent a class of 
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resource depletion models that extend from Ideal Free Distribution (IFD) theory (Fretwell 

and Lucas 1970).  Resource depletion models incorporate measures of search efficiency, 

handling time, and foraging thresholds (i.e., resource density below which foraging is no 

longer energetically profitable) to estimate theoretical energetic carrying capacity of a 

site or landscape (Sutherland and Anderson 1993, Goss-Custard et al. 2002).  

Bioenergetics models for ducks most commonly take the form of daily ration models 

(DRMs) that aggregate food energy density across multiple habitats and divide by daily 

energy demands of target duck species to estimate the number of duck use-days (i.e., 

carrying capacity) an area can theoretically support (Miller and Newton 1999, Goss-

Custard et al. 2002). 

Daily ration models for wintering and migrating ducks assume food energy 

density is the best measure of habitat quality.  Ideal Free Distribution theory predicts 

individuals should distribute among habitats in proportion to their relative habitat quality.  

If resources are finite and non-shareable (e.g., wetland plant seeds), individual fitness 

(e.g., energy intake rate) will decline as new individuals enter the highest quality habitats 

(Fretwell and Lucas 1970, Johnson 2007).  Lower quality habitat patches should be 

occupied only after individual fitness in higher quality patches declines to a point 

equivalent to that in low quality patches.  Thus, where food energy density is considered 

the best indicator of habitat quality, IFD theory predicts that foraging habitats with 

greatest food energy density will be occupied first and at highest densities, followed in 

turn by foraging habitats with lesser amounts of food. 

Daily ration models for migrating and wintering ducks usually make the 

following assumptions:  1) ducks forage among habitat patches (i.e., wetlands) in 
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accordance with predictions of IFD theory, 2) carrying capacity is a linear function of 

food energy density, after adjusting for an empirically- or theoretically-based foraging 

threshold, 3) costs incurred by traveling among foraging habitats are negligible, and 4) 

access to food resources is not restricted by disturbance or other factors.  An important 

consequence of these assumptions is that resulting habitat objectives are a linear function 

of population energy demands.  If foraging ducks follow predictions of IFD theory, 

DRMs should reliably predict cumulative duck use among sites with varying food energy 

densities in food-limiting environments (e.g., Sutherland and Allport 1994, Gill et al. 

2001).  Ideal free distribution theory also predicts that ducks in food-limiting 

environments should move among and forage in habitat patches until resources are 

uniformly depleted to a threshold energy density (Sutherland 1996).  Thus, depletion of 

food resources should correlate strongly with initial abundance, and when food depletion 

is caused principally by ducks, strong correlations between depletion and initial 

abundance would provide support for the food limitation hypothesis.  Despite their 

importance in habitat conservation planning for migrating and winter ducks and their 

existence within a framework of IFD theory, few studies in North America have tested 

predictions of DRMs and the food limitation hypothesis (e.g., Naylor 2002). 

The Upper Mississippi River and Great Lakes Region (UMR & GLR) JV 

comprises portions of 10 states in the Mississippi and Central flyways and annually 

supports >13 million waterfowl during migration and winter (Bookhout et al. 1989, 

Soulliere et al. 2007).  The UMR & GLR JV calculate habitat objectives for migrating 

ducks under the following assumptions:  1) average energetic carrying capacity (ECC) of 

non-agricultural, managed wetlands equals 1,236 duck energy-days (DED)/ha, where 1 
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DED represents the daily energy requirement of a mallard-sized duck (Prince 1979, 

Reinecke et al. 1989); 2) ducks satisfy energy demands principally from wetlands 

actively managed for waterfowl; 3) availability of food resources is more limiting during 

autumn than spring; and 4) meeting habitat objectives to support ducks during autumn 

migration is sufficient to support ducks during spring migration (UMR & GLR JV 

Management Board 1998).  The UMR & GLR JV explicitly assumed unmanaged or 

passively managed wetlands on private land did not contribute substantially to satisfying 

energy demands of target duck populations.  Wetland restoration and creation have been 

implemented widely through federal and state wetland conservation programs (Heard et 

al. 2000), yet few studies have quantified foraging value and use of these wetlands by 

migrating and wintering ducks (O’Neal et al. 2008). 

 In cooperation with a companion study (Steckel 2003), I collected data on ECC 

and duck use of actively and passively managed wetlands in central and northwest Ohio 

during autumn and spring 2001 – 2004, to evaluate assumptions of a bioenergetics model 

used by the UMR & GLR JV to estimate habitat objectives for migrating ducks.  In 

Chapter 2, I estimate ECC of actively and passively managed wetlands during autumn 

and spring and evaluate the following assumptions:  1) ECC of actively managed 

wetlands equals 1,236 DED/ha, 2) passively managed wetlands contribute minimally to 

foraging needs of migrating ducks, and 3) availability of food energy is more limiting 

during autumn than spring.  In Chapter 3, I examine the relationship between cumulative 

duck use and ECC of actively and passively managed wetlands to test theoretically 

predictions of a DRM and the food limitation hypothesis.  Daily ration models assume 

wetland use is determined exclusively by variation in food energy density.  However, 
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wetland use by ducks may be affected by factors other than food abundance.  In Chapter 

4, I use a subsample of passively managed wetlands to investigate the relative influence 

of ECC and wetland- and landscape-scale variables on wetland use by ducks.  I use 

results to evaluate DRM assumptions and their potential validity for habitat conservation 

planning for migrating ducks.
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CHAPTER 2 

ENERGETIC CARRYING CAPACITY OF ACTIVELY AND PASSIVELY 

MANAGED WETLANDS FOR MIGRATING DUCKS IN OHIO 

 

Abstract 

 Habitat conservation strategies of the North American Waterfowl Management 

Plan (NAWMP) are guided by current understanding of factors that limit growth of 

waterfowl populations.  The 1998 implementation plan of the Upper Mississippi River 

and Great Lakes Region Joint Venture (UMR & GLR JV) assumed that availability of 

foraging resources during autumn in wetlands actively managed for waterfowl was the 

primary limiting factor for duck populations during the non-breeding season.  I used 

multi-stage sampling during autumn and spring 2001 – 2004 to estimate energetic 

carrying capacity (ECC) of actively and passively managed wetlands in Ohio and 

examine this assumption.  Energetic carrying capacity during autumn was similar 

between actively and passively managed wetlands each year.  Averaged across years, 

energetic carrying capacity was 3,446 and 2,047 duck energy-days (DED)/ha for actively 

and passively managed wetlands, respectively.  These estimates exceeded the UMR & 

GLR JV assumption that 1,236 DED/ha were provided by managed wetland habitats.  

Energetic carrying capacity declined each year by >80% between autumn and spring 

migration.  Consequently, ECC of actively and passively managed wetlands was low 
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during spring ( x  = 66 – 242 DED/ha).  These results suggested that duck foraging 

resources in actively and passively managed wetland habitats are abundant during 

autumn, but overwinter declines may create food-limiting environments during spring. 

 

Introduction 

Conservation and management of waterfowl populations in North America have 

been guided since 1986 by goals and objectives of the North American Waterfowl 

Management Plan (NAWMP).  Success of the NAWMP is predicated on identifying 

factors limiting population growth, and mitigating their effect through landscape-scale 

habitat conservation and management (Williams et al. 1999).  Diet quality and wetland 

habitat conditions may affect waterfowl body condition, survival, and subsequent 

recruitment (Heitmeyer and Fredrickson 1981, Delnicki and Reinecke 1986, Reinecke et 

al. 1987).  Consequently, the Upper Mississippi River and Great Lakes Region Joint 

Venture (UMR & GLR JV) assumed that availability of foraging resources was the factor 

during migration and winter most likely to limit waterfowl populations.  The UMR & 

GLR JV thus established habitat objectives for migrating and wintering waterfowl from 

bioenergetics models that estimate quantities of habitats necessary to satisfy seasonal 

energy demands of waterfowl (NAWMP, Plan Committee 2004). 

A hallmark of the NAMWP is its recognition that conservation objectives and 

strategies should be based on existing knowledge of waterfowl ecology, and refined 

subsequently with contemporary science.  The 1998 NAWMP update (NAWMP, Plan 

Committee 1998) advocated explicitly for evaluations of biological foundations.  This 

stimulated several examinations of the assumptions and parameter values of Joint 
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Venture bioenergetics models (e.g., Naylor 2002, Olson 2003, Penny 2003, Greer 2004, 

Rutka 2004).  I designed this study to evaluate selected assumptions of a bioenergetics 

model for the UMR & GLR JV.   

Habitat objectives of the UMR & GLR JV were derived under the following 

assumptions:  1) average energetic carrying capacity (ECC) of non-agricultural, managed 

wetlands equals 1,236 duck energy-days (DED)/ha, where 1 DED represents the daily 

energy requirement of a mallard-sized duck (Prince 1979, Reinecke et al. 1989); 2) ducks 

satisfy energy demands principally from wetlands actively managed for waterfowl; 3) 

availability of foraging resources is more limiting during autumn than spring; and 4) 

meeting habitat objectives to support waterfowl during autumn migration is sufficient to 

support waterfowl during spring migration (UMR & GLR JV Management Board 1998).  

The UMR & GLR JV explicitly assumed that unmanaged or passively managed wetlands 

on private land would not contribute substantially to meeting energy demands of 

migrating waterfowl.  However, wetland restoration and creation in the U.S. have been 

promoted successfully through federal and state conservation programs (Heard et al. 

2000).  Many restoration and creation efforts occur on private land, and management 

activities may be infrequent, non-existent, or inconsistent with traditional waterfowl 

management practices (e.g., moist-soil management [Fredrickson and Taylor 1982]).  Yet 

few attempts have been made to document the potential for restored and created wetlands 

on private land to satisfy energy demands of waterfowl during migration and winter. 

 I estimated ECC of actively and passively managed wetlands in Ohio during 

autumn and spring to test assumptions of the UMR & GLR JV waterfowl bioenergetics 

model.  My specific objectives were to 1) estimate and compare ECC between actively 
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and passively managed wetlands prior to autumn and spring duck migration and 2) 

estimate and compare overwinter depletion rates of ECC between actively and passively 

managed wetlands. 

 

Study Areas 

 I defined actively managed wetlands as those annually affected by mechanical 

manipulations of water levels or vegetation with the primary goal of improving habitat 

for waterfowl, and whose management was guided by their geographic association with a 

larger system of managed wetlands.  I defined passively managed wetlands as those 

restored or created through federal or state conservation programs, geographically 

disassociated with a larger system of managed wetlands, and not regularly receiving 

active manipulation of water levels or vegetation to improve habitat for waterfowl. 

 I studied actively managed wetlands at 3 wetland complexes in central Ohio (Big 

Island, Killbuck Marsh, and Killdeer Plains Wildlife Areas) and 2 in the southwest Lake 

Erie coastal region of Ohio (Pickerel Creek Wildlife Area and Winous Point Marsh) 

(Figure 2.1).  Big Island, Killbuck Marsh, Killdeer Plains, and Pickerel Creek are owned 

and managed by the Ohio Division of Wildlife (ODW).  Winous Point Marsh 

encompasses 1,775 ha of lacustrine and palustrine wetlands and is one of the largest 

privately owned coastal wetland complexes in Ohio (Sherman et al. 1996).  Wetlands on 

these areas included natural or restored basins in which water levels were managed 

through a system of dikes, pumps, and water control structures.  Management activities 

included seasonal drawdowns to promote growth of moist-soil vegetation (Fredrickson 

and Taylor 1982), stabilization of water levels to promote interspersion of vegetation and 
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open water (i.e., hemi-marsh), and planting of agricultural crops (e.g., buckwheat 

[Fagopyrum esculentum]) and seed producing wetland plants (e.g., Japanese millet 

[Echinochloa crusgalli var. frumentacea]) (Bookhout et al. 1989:148).  Primary 

management goals were to enhance wetland habitat for migrating and wintering 

waterfowl and provide waterfowl hunting opportunities. 

 Big Island and Killdeer Plains are located in Marion and Wyandot counties in the 

Central Lowland Till Plains physiographic region of Ohio (Brockman 1998).  

Surrounding land use was primarily grain agriculture and restored grasslands.  Killbuck 

Marsh is located in Wayne and Holmes counties in the Glaciated Allegheny Plateaus 

(Brockman 1998).  Land use near Killbuck Marsh comprised grain agriculture, pasture, 

and mixed upland deciduous forests.  Pickerel Creek and Winous Point are located in 

Ottawa and Sandusky counties in the Huron-Erie Lake Plains physiographic region 

(Brockman 1998).  Surrounding land use consisted primarily of grain agriculture and 

privately and publicly owned wetlands managed to enhance habitat for waterfowl and 

provide waterfowl hunting opportunities.  

 I studied passively managed wetlands on privately owned land in 19 counties of 

central and northwest Ohio (Figure 2.1).  Surrounding land use varied among sites, but 

generally included grain agriculture, restored grasslands, and mixed upland deciduous 

forests.  Passively managed wetlands were restored or created through federal or state 

conservation programs including the Conservation Reserve, Wetlands Reserve, Wildlife 

Habitat Incentives, and ODW Private Lands Wetlands Restoration Programs.  Vegetation 

composition of passively managed wetlands was generally dominated by non-persistent 

annual grasses, sedges, and forbs (e.g., Cyperus spp., millet [Echninochloa spp.], panic 
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grass [Panicum spp.], smartweed [Polygonum spp.]); persistent emergent macrophytes 

(e.g., cattail [Typha spp.]); and submerged or floating vascular plants (e.g., coontail 

[Ceratophyllum demersum], pondweed [Najas spp., Potamogeton spp.]). 

 

Methods 

Sampling Design 

 I used multi-stage sampling (MSS) to estimate ECC of actively and passively 

managed wetlands in Ohio during autumn and spring 2001 – 2004 (Levy and Lemeshow 

1999, Stafford et al. 2003, 2006b).  I treated wetlands as primary sampling units and plots 

within wetlands as secondary sampling units.  I stratified wetlands by management 

intensity (active and passive) to ensure adequate representation of actively and passively 

managed wetlands and facilitate planned comparisons.  My target population for actively 

managed wetlands included those on the 5 wetland complexes selected for study.  My 

target population for passively managed wetlands included those restored or created in 19 

selected counties of Ohio and matching my criteria for passive management.  A list of 

passively managed wetlands for my study areas did not exist, so I adopted a database 

maintained by the Ohio Division of Wildlife (ODW, unpublished data) of such wetlands 

as my sampling frame.  I sampled only passively managed wetlands during 2003 – 2004 

because less is known about ECC of these wetlands, and I desired a broader assessment 

of spatio-temporal variability in ECC among them.  I visually inspected wetlands and 

conversed with landowners to verify management intensity of wetlands selected from the 

ODW database. I excluded wetlands that did not match my criteria for passive 
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management, and I reduced the target population size (i.e., wetlands in ODW database) 

proportionally.   

 I used stratified random sampling at the second stage (i.e., plots within wetlands) 

to maximize precision of ECC estimates for individual wetlands and to meet 

requirements of MSS.  I considered vegetation zones within wetlands as strata and 

proportionally allocated 12-15 0.0625-m2 plots (i.e., 25 x 25-cm sampling frame) among 

them (Levy and Lemeshow 1999).  However, I imposed a minimum secondary sample 

size of 2 plots per stratum in my proportional allocation strategy to facilitate analyses.  

Thus, my samples were not truly self-weighting (Levy and Lemeshow 1999:153).  I 

manually weighted sample plots (i.e., second stage sampling weight) by the proportional 

coverage of their respective vegetation zone.  I measured wetland size and estimated 

proportional coverage of vegetation zones with ArcView GIS 3.2 (Environmental 

Systems Research Institute, Inc., Redlands, CA, USA) and color, aerial photos (image 

resolution <2 m per pixel) collected by county auditors and the National Agricultural 

Imagery Program during spring of my study years.  I ground-truthed coverage of 

vegetation zones during visits to study wetlands.  I stratified vegetation within wetlands 

by the following zones:  moist-soil, consisting primarily of annual grasses and forbs (e.g., 

millet, panic grass, smartweed); emergent marsh, consisting primarily of persistent and 

nonpersistent aquatic macrophytes (e.g., arrowhead [Sagittaria spp.], cattail, water 

plantain [Alisma plantago]); submergent marsh, consisting of submerged or floating 

aquatic vegetation (e.g., coontail [Ceratophyllum demersum], pondweed); and 

unvegetated open water, where water depth or turbidity prevented growth of vegetation.  
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I recorded locations of plots with Global Positioning Systems and hand-drawn maps to 

ensure consistency in placement of plots between autumn and spring sampling periods. 

 

Autumn Energetic Carrying Capacity 

I estimated ECC by sampling standing seed, below-ground (i.e., tubers), and 

submerged aquatic vegetation of plant species commonly consumed by ducks (Farney 

1975, Hoffman and Bookhout 1985) (Table 2.1).  I selected sampling dates that coincided 

with periods of maximum seed maturation and minimal seed drop or consumption (i.e., 

17 Aug - 6 Oct).  I estimated standing seed biomass (kg/ha) within plots by counting 

numbers of inflorescences of relevant species (Table 2.1) and collecting a representative 

inflorescence to measure seed production per inflorescence.  Seeds were threshed from 

inflorescences and chaff removed with forceps and mesh sieves in the laboratory.  I 

estimated tuber biomass by excavating soil in plots to a depth of 10 cm, but I sampled for 

tubers only in wetlands where I observed above-ground growth of tuber-producing 

species (Table 2.1).  I rinsed excavated soil through sieves (mesh sizes 5 [4.0 mm] and 18 

[1.0 mm]) to expose and facilitate removal of tubers.  I collected by hand all submerged 

aquatic vegetation in the water column of a plot when located in standing water.  I sorted 

submerged aquatic vegetation to identify and retain only plant parts and species valued as 

food resources for ducks (Table 2.1). 

I dried seeds, tubers, and submerged aquatic vegetation to constant mass at 50° C 

and weighed to nearest 0.01 g.  I derived species-specific seed biomass estimates for each 

plot by multiplying the number of inflorescences by the dry mass of seed collected from 

the representative inflorescence.  I converted estimates of seed, tuber, and submerged 
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aquatic vegetation biomass to energetic carrying capacity (DED/ha) as described by 

Reinecke et al. (1989:236).  I used 292 kcal/day as the daily energy requirement for a 

representative (i.e., mallard-sized) duck.  I used published estimates and modified values 

of true metabolizable energy (TME) for moist-soil seeds, tubers, and submerged aquatic 

vegetation when calculating energetic carrying capacity (Table 2.1). 

 

Spring Energetic Carrying Capacity 

I sampled wetlands immediately following thaw in late winter (1 – 21 Mar, 2002-

2004) to estimate spring ECC.  High water levels and overwinter dispersal of seeds 

rendered sampling methods used during autumn impractical for spring.  I sampled during 

spring moist-soil seed, tuber, and submerged aquatic vegetation biomass by vertically 

positioning a 30-cm diameter stovepipe at each plot (Feddersen 2001) and using repeated 

sweeps with a 0.541-mm mesh net to extract plant material from the sampled water 

column and wetland substrate.  I discontinued sweeps when recovery of vegetation and 

seeds became inefficient (i.e., when 4 consecutive sweeps produced no additional 

material; usually 10-20 total sweeps).  I combined in a plastic storage bag the contents of 

all sweeps collected from a plot and stored it at -2° C until processing.  I rinsed samples 

through mesh sieves and removed intact seeds, tubers, and submerged aquatic vegetation.  

I dried and weighed samples following procedures described for autumn.  I did not sort 

seeds or tubers by species and was thus unable to use species-specific TME values to 

estimate ECC.  I used instead TME values of 2.5 kcal/g for seeds (Checkett et al. 2002) 

and 3.55 kcal/g for tubers (i.e., mean of chufa [Cyperus esculentus] and broad-leaved 

arrowhead [Sagittaria latifolia], Table 2.1).  Senescence of submerged aquatic vegetation 
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during winter precluded my encounter and collection of it during spring sampling.  

Procedures for estimating per plot ECC during spring were similar to those described for 

autumn.  I visually estimated percent inundation of actively and passively managed 

wetlands weekly during 24 September – 31 December 2001 – 2003 and 9 March – 5 May 

2002 – 2004.  

 

Statistical Analyses 

 I analyzed data separately by year because my sample of wetlands differed 

annually.  I used PROC SURVEYMEANS in SAS Version 9.1 to estimate autumn and 

spring ECC of actively and passively managed wetlands (SAS Institute 2004).  For 

autumn and spring separately, I used the CONTRAST option in PROC SURVEYREG to 

test for differences in ECC attributable to management intensity (i.e., active vs. passive) 

during 2001 – 2003 (SAS Institute 2004).  Stafford et al. (2003, 2006b) discussed 

benefits of MSS design and analysis for ecological studies.  My decision to sample only 

passively managed wetlands during 2003 – 2004 precluded comparisons between 

management intensity for autumn and spring 2003 – 2004.  I used PROC 

SURVEYMEANS and stratified random sampling at the second stage of cluster sampling 

to generate precise estimates of ECC for individual wetlands. 

Reinecke et al. (1989) and Greer et al. (2009) suggested that waterfowl were 

unable to forage profitably on waste rice densities ≤50 kg/ha.  I desired to compare ECC 

estimates of actively and passively managed wetlands to this foraging threshold.  

However, because TME estimates (kcal/g) differ between moist-soil and agricultural 

 21



 

seeds (Kaminski et al. 2003), I was uncertain of the applicability of a rice seed biomass 

threshold to non-agricultural wetlands.  Foraging profitability of habitat patches is 

generally a function of instantaneous rate of energy intake and energetic costs of search 

and handling times (Stephens and Krebs 1986).  I reasoned accordingly that a foraging 

threshold expressed in energetic (e.g., DED/ha) rather than biomass currencies could be 

more generically applied across habitat types, assuming negligible differences in search 

and handling times among habitats.  I followed methods of Reinecke et al. (1989:236) 

and used 3.34 kcal/g as TME estimate for waste rice to convert 50 kg/ha (waste rice 

biomass foraging threshold) to its energetic equivalent of 572 DED/ha.  Thus, I used 572 

DED/ha as an energetic-based foraging threshold.  I used PROC LOGISTIC in SAS 

Version 9.1 to model the effect of management intensity on the probability that ECC of 

individual wetlands exceeded the foraging threshold prior to autumn and spring migration 

(SAS Institute 2004).   

I estimated overwinter ECC depletion rates for individual wetlands by subtracting 

spring ECC from autumn ECC and dividing the difference by autumn ECC (i.e., [autumn 

ECC – spring ECC]/ autumn ECC).   I arcsin transformed depletion rates to satisfy 

normality and equality of variance assumptions (Quinn and Keough 2002).  I used PROC 

GLM in SAS Version 9.1 to test for differences in depletion rates between actively and 

passively managed wetlands for 2001-2002 and 2002-2003 (SAS Institute 2004).  

Because I sampled only passively managed wetlands during 2003-2004, comparisons to 

actively managed wetlands were not possible for that year.  I was uncertain of the extent 

to which migrating ducks in my study areas depended upon submerged aquatic vegetation 
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to satisfy energy demands.  If submerged aquatic vegetation was a minor component of 

ducks’ diet, then my inclusion of it could overestimate wetland ECC.  I estimated ECC 

with and without submerged aquatic vegetation to assess the potential overestimation that 

could occur by including it in my analyses.  

 

Results 

 Sample sizes of studied wetlands varied among combinations of years, sampling 

periods (i.e., autumn, spring), and management intensity (Table 2).  These differences 

occurred because of limited availability of wetlands matching management intensity 

criteria and greater logistical and time constraints associated with sampling during spring 

than autumn (i.e., brief time period between spring thaw and arrival of ducks prevented 

sampling of all wetlands during spring).  However, I studied a subset of wetlands during 

multiple years (i.e., n = 23; 16 actively managed, 7 passively managed during 2001-2002 

and 2002-2003) to satisfy objectives of a companion study (i.e., Steckel 2003).  I 

included in analyses of spring ECC and overwinter depletion only wetlands for which I 

estimated spring ECC (i.e., n = 23 in 2001 – 2002 and 2002 – 2003; n = 15 in 2003 – 

2004 [Table 2]).   

 Median size of actively managed wetlands was 4.3 ha (range = 0.6 – 44.7) during 

2001-2002 and 4.1 ha (range = 0.6 – 44.7) during 2002-2003.  Median size of passively 

managed wetlands was 0.5 ha (range = 0.2 – 3.0) during 2001-2002, 0.6 ha (range = 0.2 – 

6.5) during 2002-2003, and 0.8 ha (range = 0.2 – 6.5) during 2003-2004.  Estimated 

water levels of actively managed wetlands exceeded 80% of wetland capacity on 16 
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October 2001 and 2002.  Water levels of passively managed wetlands were 78%, 46%, 

and 77% of wetland capacity on 16 October 2001, 2002, and 2003, respectively.   

When I excluded submerged aquatic vegetation from analyses, ECC was reduced 

by 4 – 21%, with the greatest reductions occurring for passively managed wetlands 

during autumn 2001 and 2003.  Thus, energetic value of submerged aquatic vegetation 

was a minor component of total ECC.  Submerged aquatic vegetation accounted for a 

greater percentage of ECC in passively than actively managed wetlands (i.e., 21% vs. 

6%) during autumn 2001, but accounted for similar percentages between actively and 

passively managed wetlands  (i.e., 4% vs. 3%) during autumn 2002 (Figure 2.2).  Duck 

species most likely to consume submerged aquatic vegetation (i.e., American wigeon 

[Anas americana], Canvasback [Aythya valisineria], gadwall [Anas strepera], redhead 

[Aythya americana], and ring-necked duck [Aythya collaris]) annually accounted for 10% 

of total ducks counted during ODW aerial winter waterfowl surveys for years 1980 – 

2000 (ODW, unpublished data).  Because submerged aquatic vegetation is an important 

diet component for certain duck species, and potential overestimation of wetland ECC 

was small (i.e., ≤21%) for duck species not regularly consuming submerged aquatic 

vegetation, I report ECC estimates that include the energetic value of submerged aquatic 

vegetation.   

Estimated autumn ECC was similar between actively and passively managed 

wetlands during 2001 (4,098 vs. 2,961 DED/ha; F1, 37  = 0.78; P = 0.384) and 2002 (2,769 

vs. 2,730 DED/ha; F1,45 < 0.01, P = 0.982) (Table 2.2).  Point estimates of autumn ECC 

for each year and management intensity combination were 1.4 – 3.3 times (1,722 – 4,098 
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DED/ha) the UMR & GLR JV assumption of 1,236 DED/ha (Table 2.2).  Combined 

across years, estimated ECC of actively and passively managed wetlands were 3,446 and 

2,047 DED/ha, respectively.  Actively and passively managed wetlands were equally 

likely to have autumn ECC estimates that exceeded the energetic foraging threshold (572 

DED/ha) during 2001 (active: 13 of 16, 81%; passive: 17 of 23, 74%; Wald = 0.28, P 

= 0.594) and 2002 (active: 12 of 22, 55%; passive: 16 of 25, 64%; Wald = 0.43, P = 

0.511).  Sixty percent (30 of 50) of passively managed wetlands had autumn ECC greater 

than the energetic foraging threshold during 2003. 

2
1χ

2
1χ

 Estimated spring ECC was similar between actively and passively managed 

wetlands during 2002 (66 vs. 65 DED/ha, F1, 21 < 0.01, P = 0.991) and 2003 (113 vs. 242 

DED/ha, F1,21 = 0.42, P = 0.526) (Table 2.2).  Combined across years, spring ECC of 

actively and passively managed wetlands was 89 and 207 DED/ha, respectively.  Mean 

spring ECC estimates for all year and management intensity combinations were less than 

the energetic foraging threshold of 572 DED/ha (Table 2.2).  Combined across years and 

management regimes, only 3 of 136 (3%) wetlands had spring ECC that exceeded the 

foraging threshold.  Mean ECC depletion rates were high and similar between actively 

and passively managed wetlands during 2001 – 2002 (95% vs. 99%; F1, 21 = 0.98, P = 

0.333) and 2002 – 2003 (80% vs. 82%; F1,21 = 0.08, P = 0.781).  Depletion rates were 

high (83%) for passively managed wetlands also during 2003 – 2004. 

 Moist-soil plant species accounted for the majority (≥77%) of available food 

energy in actively and passively managed wetlands (Figure 2.2).  Barnyardgrass 

(Echinochloa crusgalli) was detected more frequently (>10%) than any other plant 
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species in sample plots of actively and passively managed wetlands (Table 2.3).  

Japanese millet was encountered in only 4% of plots in actively managed wetlands, but 

produced a large quantity of seed and potential energy for foraging ducks (Table 2.3).  

Millets collectively accounted for 74% and 46% of total energy in actively and passively 

managed wetlands, respectively.  Beggarticks (Bidens spp.), rice cutgrass (Leersia 

oryzoides), and panic grass were more common and collectively accounted for a greater 

average percentage of energy in passively (33%) than actively (2%) managed wetlands 

(Table 2.3).  Coontail accounted for the greatest percentage (5%) of energy from 

submerged aquatic vegetation in actively managed wetlands.  Pondweeds accounted for 

the greatest percentage (9%) of energy from submerged aquatic species in passively 

managed wetlands (Table 2.3).  

Underground tubers of chufa and broad-leaved arrowhead contributed minimally 

(≤8%) to ECC of actively and passively managed wetlands in my study (Figure 2.2).  

Chufa is a valued foraging resource for waterfowl and may become locally abundant 

under ideal soil and moisture conditions (i.e., >10,600 DED/ha; Taylor and Smith 2003).  

Indeed, I observed large stands of chufa in several wetlands, but over all years detected 

chufa in <6% (2 of 38) and <7% (7 of 108) of actively and passively managed wetlands.  

I documented tuber production of broad-leaved arrowhead in only 2 wetlands across all 

years and management intensities.  

 

Discussion 

Autumn ECC of actively and passively managed wetlands exceeded the UMR & 

GLR JV assumption of 1,236 DED/ha during each year, suggesting that duck foraging 
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resources in these wetlands were abundant prior to autumn duck migration.  Although the 

point estimate of autumn ECC for actively managed wetlands was 1.4 times that for 

passively managed wetlands during 2001, high inter-wetland variability prevented 

detection of real differences that may have existed.  Mean estimates of autumn ECC 

exhibited a general decline over the 3 years of this study.  Because my sample of 

wetlands differed among years, I was unable to determine if this decline was coincident 

with a similar trend across the landscape or an artifact of sampling different wetlands 

among years.  My estimates of autumn ECC in actively and passively managed wetlands 

were comparable to those reported in previous studies (Table 2.4).  Variability in 

estimates among studies likely resulted from site-specific influences (e.g., soil fertility, 

weather, management intensity) or different sampling and estimation methods. 

Overwinter reduction in wetland plant foods is caused primarily by granivory 

(e.g., waterfowl, passerines, rodents) (Greer 2004, Stafford et al. 2006a) and 

decomposition (Nelms and Twedt 1996).  I am uncertain of exact causes of food 

depletion in my study and acknowledge that low estimates of spring ECC may have been 

influenced also by redistribution of seeds during winter.  Nevertheless, my estimates of 

overwinter depletion were consistent with those of Greer (2004) for fall-flooded moist-

soil habitats in Missouri ( x  = 73% and 87% during 2000 and 2001).  High overwinter 

depletion rates resulted in few wetlands having spring ECC estimates that exceeded the 

energetic foraging threshold of 572 DED/ha, suggesting that waterfowl foraging 

resources in managed wetlands are more limiting during spring than autumn.  Wetland 

conditions during late winter and spring have greater effects on mallard breeding 

productivity than those during autumn and early winter (Heitmeyer and Fredrickson 
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1981).  Consequently, food limitation during spring may have greater consequences to 

duck productivity than food limitation during autumn. 

My estimates of autumn and spring energetic carrying capacity reflect only the 

extent to which foraging resources were present in wetlands.  I did not quantify the extent 

to which foraging resources were available to ducks.  Indeed, numerous factors influence 

waterfowl use of wetlands and availability of foraging resources within them, including 

human disturbance (Cox and Afton 1997), distance of foraging habitat from roost sites 

(Adair et al. 1996), and local wetland conditions (e.g., water depth; Riley and Bookhout 

1993).  I often observed the majority (i.e., >50%, M. Brasher, The Ohio State University, 

personal observation) of moist-soil plants along the perimeter of wetland basins.  Because 

wetland perimeters are the last areas to become flooded within a wetland basin, foraging 

resources along the perimeter may be functionally unavailable until water levels are near 

wetland capacity.  ECC based on foraging resource availability are undoubtedly different 

from and less than those based foraging resource abundance. 

Invertebrates are a major component of the waterfowl diet during spring and 

summer as females prepare for egg formation and nesting (Krapu and Reinecke 1992).  

My sampling of wetland food resources did not account for invertebrate availability.  

Additionally, I estimated seed abundance for only a limited number of wetland plant 

species (Table 2.1).  Duck diets frequently contain minor amounts of seeds and foliage of 

wetland plant species other than those measured in this study (Farney 1975).  

Consequently, my results may slightly underestimate autumn and spring ECC of actively 

and passively managed wetlands.  For example, Anderson and Smith (1999) estimated 

that invertebrates contributed an additional 300 and 265 DED/ha to carrying capacity of 
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managed and unmanaged playas in Texas, and Straub (2008) reported invertebrate 

biomass accounted for <69 DED/ha in palustrine and lacustrine wetlands in the Upper 

Midwest during spring.  I was unaware of the degree to which ducks relied on seeds 

versus invertebrates to satisfy energy demands during spring in my study.  However, 

wetland plant seeds were identified as important dietary items for ducks during spring 

migration in Ohio (Farney 1975), Nebraska (Jorde et al. 1983), and Iowa (LaGrange and 

Dinsmore 1988).  Depauperate seed resources during spring may constrain nutrient 

acquisition of ducks prior to breeding. 

Few studies have documented wetland use patterns for ducks during spring 

migration in the Midwestern U.S.  Consequently, I was unaware of the extent to which 

waterfowl relied on actively and passively managed wetlands as defined in this study to 

satisfy energy demands during spring.  The timing of waterfowl migration generally 

coincides with periods of heavy rain and snow melt that lead to significant overbank 

stream flooding and creation of ephemeral wetlands.  These habitats are used heavily by 

waterfowl during late winter and spring migration (Lagrange and Dinsmore 1989, 

Heitmeyer 2006), but their energetic importance to migrating waterfowl is uncertain.  

Additional information is needed to understand the consequences to waterfowl 

populations of low energetic carrying capacity during spring of actively and passively 

managed wetlands similar to those in this study. 

Seeds of moist-soil plants accounted for the majority of food energy in actively 

and passively managed wetlands, but species occurrence and seed biomass differed 

between actively and passively managed wetlands.  Species composition of moist-soil 

plant communities is influenced by soil moisture, climatic conditions, abundance and 
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diversity of propagules in seed bank, and successional stage of site (Fredrickson and 

Taylor 1982).   Timing and duration of drawdown or natural drying of wetlands influence 

soil moisture conditions and subsequent moist-soil plant response (Fredrickson and 

Taylor 1982).  Barnyardgrass, millets, and smartweeds are abundant following early- and 

mid-season drawdowns of wetlands, while mid- and late-season drawdowns favor species 

such as rice cutgrass, panic grasses, barnyardgrass, and beggarticks (Fredrickson and 

Taylor 1982).  Wetland managers conducted drawdowns of actively managed wetlands 

primarily during spring in this study.  Natural drying of passively managed wetlands 

during summer simulated prolonged mid- or late-season drawdowns.  I observed patterns 

of species colonization similar to that reported by Fredrickson and Taylor (1982) in 

response to timing and duration of drawdowns. 

Wetland management strategies to enhance production of foraging resources for 

ducks typically consist of seasonal drawdowns with periodic soil and vegetation 

disturbances (e.g., disking, mowing) to promote growth of moist-soil plants (Fredrickson 

and Taylor 1982) or maintaining water at optimal depth and clarity to promote growth of 

submerged aquatic vegetation (Bookhout et al. 1989).  I observed management strategies 

in this study that were limited to complete drawdowns with minimal soil disturbance, 

partial drawdowns to encourage hemi-marsh distribution of robust emergent vegetation 

(Kaminski and Prince 1981), and stabilized or elevated water levels to control growth of 

invasive plant species (e.g., purple loosestrife [Lythrum salicaria]).  I believe this 

diversity of observed management practices was chiefly responsible for high inter-

wetland variation in moist-soil seed and submerged aquatic vegetation biomass among 

actively managed wetlands.  Restored wetlands may exhibit lower species richness and 
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diversity than natural wetlands, with restored wetlands vegetated more frequently by 

facultative wetland species (e.g., moist-soil annuals) (Seabloom and van der Valk 2003).  

Colonization of restored or created wetlands by moist-soil plants appears to provide an 

abundant forage base for ducks during autumn. 

 

Management Implications 

This study demonstrated that passively managed, restored and created wetlands 

may contribute greatly to satisfying foraging demands of ducks during autumn.  

However, water levels in passively managed wetlands are largely dependent on 

precipitation, and water levels influence the availability of foraging resources (Riley and 

Bookhout 1993).  If annually reliable foraging areas for waterfowl are desired, managers 

should promote wetland designs capable of increasing reliability of water levels in 

passively managed wetlands (e.g., adequate watershed area) and provide technical 

assistance to landowners for their consideration of greater management options (e.g., 

summer drawdowns [Kaminski 2005]).  Conversely, because the variable hydroperiod of 

passively managed wetlands may encourage establishment of plant communities different 

from those in actively managed wetlands, managers of wetland complexes should 

consider passive management as a strategy to provide diverse foraging opportunities for 

waterfowl during autumn.  Lastly, I encourage waterfowl managers and conservation 

planners in the UMR & GLR JV to reconsider assumed foraging values for managed 

wetlands and further investigate the impact of high overwinter food depletion rates on 

habitat needs for ducks during spring migration.
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Table 2.1.  Published estimates of true metabolizable energy (TME; kcal/g dry mass) of moist-soil seeds, tubers, and submerged 

aquatic vegetation and TME values used in this study to estimate autumn energetic carrying capacity of actively and passively 

managed wetlands in central and northwest Ohio, 2001 – 2004. 

Food type Published TME estimatesa
  

Plant species Mallard 
Northern 

pintail 

Blue-winged 

teal 

Canada 

goose Reference 
TME value 

this study 

Moist-soil seeds       

Bidens spp. b  0.55  Sherfy 1999 0.55c

Echinochloa colonum 2.54    Reinecke et al. 1989 2.54c

E. crusgalli 2.61    Checkett et al. 2002 2.64d

   2.67  Sherfy 1999  

E. walteri 2.86 2.82   Hoffman and Bookhout 1985 2.78d

   2.67  Sherfy 1999  

Leersia oryzoides 3.00 2.82   Hoffman and Bookhout 1985 2.91d

Fagopyrum esculentum      3.26e

Panicum dichotomiflorum  2.75    Checkett et al. 2002 2.65d,f

Continued 
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Table 2.1.  Continued. 

Food type Published TME estimates   

Plant species Mallard 
Northern 

pintail 

Blue- 

winged teal 

Canada 

goose Reference 
TME value

this study 

   2.54  Sherfy 1999  

Polygonum lapathafolium  1.52    Checkett et al. 2002 1.52c

P.  pensylvanicum  1.08 1.25   Hoffman and Bookhout 1985 1.21d

   1.59  Sherfy 1999  

P. spp.      1.29g

Setaria lutescens  2.88     2.88c,h

Tubers       

Cyperus esculentus    4.03 Petrie et al. 1998 4.03c

Sagittaria latifolia 3.06    Hoffman and Bookhout 1985 3.06c

Submerged aquatic vegetation       

Ceratophyllum demersum      0.49i

Najas spp.      0.82j

Continued 
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Table 2.1.  Continued. 

Food type Published TME estimates   

Plant species Mallard 
Northern 

pintail 

Blue- 

winged teal 

Canada 

goose Reference 
TME value

this study 

Potamogeton spp.      0.82j

a Published estimates reported for waterfowl species from which they were derived. 

b Blanks indicate unavailable data. 

c Value equals published estimate. 

d Value equals mean of published estimates. 

e Value equals mean of estimates of agricultural grain species as calculated by Kaminski et al. (2003). 

f Panicum dichotomiflorum estimate used for all Panicum species. 

g Value equals mean of estimates for Polygonum lapathafolium and P. pennsylvanicum. 

h Setaria lutescens estimate substituted for other Setaria species. 

i Value estimated by assuming 22.3% digestibility (i.e., estimate reported by Ballard et al. [2004] for northern pintail digestion of 

shoalgrass [Halodule wrightii] foliage) of gross energy content of Ceratophyllum demersum (2.18 kcal/g, Hoffman 1983). 

j Value estimated by assuming 22.3% digestibility (Ballard et al. 2004) of gross energy content of Potamogeton crispus (3.67 kcal/g, 

Hoffman 1983). 



 

Table 2.2.  Estimated means, standard errors (SE), 95% lower (LCL) and upper (UCL) confidence limits, and coefficients of 

variation (CV) of autumn and spring energetic carrying capacity (duck energy-days/ha) of actively and passively managed 

wetlands in central and northwest Ohio, 2001 – 2004. 

     Energetic carrying capacitya

Year 
Sampling 

periodb

Management 

intensity 

n 

wetlands 

n 

plots x  SE LCL UCL CV (%) 

2001-2002 Autumn Active 16 238 4,098 1,175 1,595 6,602 29 

  Passive 23 297 2,961 533 1,854 4,067 18 

  Combined 39 535 4,025 1,092 1,814 6,237 27 

 Spring Active 16 238 66 21 21 111 32 

  Passive 7 105 65 52 0 193 80 

  Combined 23 343 66 20 24 108 31 

2002-2003 Autumn Active 22 312 2,769 1,463 0 5,812 53 

  Passive 25 319 2,730 852 972 4,489 31 

  Combined 47 631 2,766 1,335 77 5,455 48 
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Continued 

 



 

Table 2.2.  Continued. 

     Energetic carrying capacitya

Year 
Sampling 

periodb

Management 

intensity 

n 

wetlands 

n 

plots x  SE LCL UCL CV (%) 

 Spring Active 16 240 113 43 22 204 38 

  Passive 7 105 242 195 0 719 81 

  Combined 23 345 120 41 35 206 34 

2003-2004c Autumn Passive 50 599 1,722 339 1,040 2,404 20 

 Spring Passive 15 180 218 84 38 398 39 

 

41

a Estimated with multi-stage sampling design with wetlands as primary sampling units, plots within wetlands as secondary sampling 

units, and wetlands stratified by management intensity.  Estimates accounted for metabolizable energy of moist-soil seeds, tubers, and 

submerged aquatic vegetation consumed commonly by waterfowl. 

 b Sampling dates:  Autumn = 17 Aug – 6 Oct; Spring = 1 – 21 Mar. 

c Actively managed wetlands were not sampled during 2003 – 2004. 

 



 

Table 2.3.  Percent occurrence, mean biomass (kg/ha), and energetic carrying capacity (duck energy-days [DED]/ha) of moist-

soil seeds, tubers, and submerged aquatic vegetation in plots sampled from actively and passively managed wetlands in central 

and northwest Ohio, 2001 – 2004. 

 Management intensity 

Food type Active  Passive 

Plant species 
% 

occurrence x  SE DED/ha  
% 

occurrence x  SE DED/ha 

Moist-soil seeds         

Bidens spp. 2.0 10.7 7.1 20 5.4 56.7 11.5 107 

Echinochloa colonum 0.2 0.1 0.1 1 0.3 0.7 0.4 6 

E. crusgalli 12.2 75.7 15.6 685 10.9 79.8 11.3 721 

E. crusgalli var. frumentacea 4.2 135.9 40.4 1,229 0.7 8.2 4.0 74 

E. walteri 4.9 64.9 34.1 632 2.1 14.0 3.8 136 

Fagopyrum esculentum 2.0 20.7 6.8 231 0.0 0.0 0.0 0 

Leersia oryzoides 2.4 3.6 1.8 36 4.5 32.6 7.3 325 

Panicum spp. 1.3 1.4 0.7 13 8.9 27.9 4.8 253 
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Continued 



 

Table 2.3.  Continued. 

 Management intensity 

Food type Active  Passive 

Plant species 
% 

occurrence x  SE DED/ha  
% 

occurrence x  SE DED/ha 

Polygonum lapathafolium 5.1 36.6 9.2 191 0.3 0.3 0.2 1 

P. pensylvanicum 2.0 6.9 2.5 25 2.6 12.8 4.5 47 

P. spp. 7.8 14.7 4.6 65 1.0 1.4 0.6 6 

Setaria spp. 1.6 3.7 1.5 36 5.9 8.2 1.6 81 

Tubers         

Cyperus esculentus 1.1 1.2 0.5 17 1.9 5.6 1.7 77 

Sagittaria latifolia 0.0 0.0 0.0 0 0.2 0.1 0.1 1 

Submerged aquatic vegetation         

Ceratophyllum demersum 2.0 99.7 52.2 167 1.7 18.9 5.4 32 

Najas spp. 3..5 10.0 3.0 29 3.6 29.1 5.6 82 

Potamogeton spp. 2.6 25.2 9.8 71 10.5 34.4 6.7 97 
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Table 2.4.  Published estimates of wetland plant food (i.e., moist-soil seeds, tubers, submerged aquatic vegetation [SAV]) 

biomass (kg/ha) and energetic carrying capacity (duck energy-days [DED]/ha) of actively and passively managed wetlands in 

various geographic study locations in the United States. 

Management 

regimea Food types sampled Study location Biomass DED/ha Reference 

Active Moist-soil seeds Miss. Alluvial Valley, Mo. 660 5,650b Fredrickson and Taylor 

1982 

Active Moist-soil seeds Southern High Plains, Tex. c 3,853 Haukos and Smith 1993 

Active Moist-soil seeds Southern High Plains, Tex. c 7,794 
Anderson and Smith 

1999 

Passive Moist-soil seeds Southern High Plains, Tex. c 1,806 Anderson and Smith 1999 

Active Moist-soil seeds California Central Valley  278d 2,371b,d Naylor 2002 

Active Moist-soil seeds 
Mississippi Alluvial Valley; 

Ill., Mo. 
2,484 21,369b Feddersen 2001 

Continued 
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Table 2.4.  Continued. 

Management 

regimea Food types sampled Study location Biomass DED/ha Reference 

Active Moist-soil seeds, tubers Rio Grande Valley, N.M. 1,238e 15,353b,e Taylor and Smith 

2003 

Active Moist-soil seeds, tubers 
Mississippi Alluvial Valley; 

Ark., La., Miss., Mo. 
828f 6,988f Penny 2003 

Passive Moist-soil seeds, tubers 
Mississippi Alluvial Valley; 

Ark., La., Miss., Mo. 
502 4,246 Penny 2003 

Active Moist-soil seeds Missouri River Valley, Mo. 1,695g 14,512b,g Greer 2004 

Active Moist-soil seeds Illinois River Valley, Ill. 790 6,760 Bowyer et al. 2005 

Active 
Moist-soil seeds, tubers, 

SAV Central and northwest Ohio 520h 3,502h This study 

Passive 
Moist-soil seeds, tubers, 

SAV Central and northwest Ohio 377h 2,320h This study 

Continued 



b DED estimates not reported in referenced publication.  Calculated for this table following methods of Reinecke et al. (1989:236) and 

using 2.5 kcal/g as average TME value for moist-soil seeds (Kaminski et al. 2003). 

a Management intensity assigned based on my assessment of study descriptions and extent to which they matched my definitions of 

active and passive management. 

e Average of estimates reported for 3 management strategies (mowing, disking, sustained flood). 

g Averaged across study years (2000, 2001) and treatments (fall-flooded and spring-flooded). 

f Average of estimates reported for 2 management intensities (intensive, active). 

c Biomass estimates not reported in referenced publication. 

h Averaged across study years (2001, 2002, 2003).

d Average of 2 study years (2000, 2001). 

Table 2.4.  Continued. 
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Figure 2.1.  Locations of actively managed wetlands ( ) and counties containing 

passively managed wetlands (shaded) in central and northwest Ohio from which 

autumn and spring energetic carrying capacity were estimated, 2001 – 2004.  
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Figure 2.2.  Contribution (percent; duck energy-days [DED]/ha) of moist-soil 

seeds, tubers, and submerged aquatic vegetation (SAV) to total estimated 

autumn energetic carrying capacity of actively and passively managed wetlands 

in central and northwest Ohio, 2001 – 2004.
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CHAPTER 3 

 

FOOD ENERGY DENSITY AS A PREDICTOR OF WETLAND USE BY DUCKS 

DURING AUTUMN AND SPRING MIGRATION 

 

Abstract 

 Landscape-scale habitat conservation for migrating and wintering ducks is guided 

by the food limitation hypothesis which asserts that availability of food energy is the 

most limiting factor for ducks during non-breeding periods.  Bioenergetics models, most 

often in the form of daily ration models (DRMs), provide the framework by which the 

food limitation hypothesis is incorporated into duck habitat conservation planning.  

Specifically, DRMs are used to estimate energetic carrying capacity (ECC) of foraging 

habitats and calculate landscape-scale habitat objectives for target duck populations.  

Daily ration models assume food energy density (i.e., ECC) is the best measure of habitat 

quality and assume ducks follow predictions of Ideal Free Distribution theory by using 

wetlands in direct proportion to ECC.  I used a DRM to estimate ECC of actively and 

passively managed wetlands in Ohio during autumn and spring, 2001 – 2004, and I 

conducted weekly duck counts to measure duck use on these same wetlands.  I used 

negative binomial hurdle regression models to determine the relationship between duck 

use and ECC and assess whether observed patterns of duck use were consistent with
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predictions of DRMs.  Lastly, I used model results to evaluate support for the food 

limitation hypothesis for migrating ducks in northern Ohio.  Mean cumulative duck use 

was less than wetland ECC during autumn each year but was considerably greater than 

ECC during spring each year.  The probability of a wetland being used by ducks was 

positively related to ln(ECC) during autumn and spring (P ≤ 0.07).  Among wetlands 

used by ducks, ln(cumulative duck use/ha) was positively related  to ln(ECC) during 

autumn (P < 0.001) and year, management intensity (active vs. passive), and ln(ECC) 

during spring (P ≤ 0.069).  However, duck use did not follow linear predictions of 

DRMs, and instead was an exponential function of ECC.  For example, the  estimates 

for ln(ECC) indicated that for every doubling of autumn ECC, cumulative duck use 

during autumn increased by only 33%, while for every doubling of spring ECC, 

cumulative duck use during spring increased by 13%.  My results suggested conventional 

DRMs did not accurately describe relationships between duck use and food energy 

density on actively and passively managed wetlands in northern Ohio.  Factors other than 

food energy density (e.g., water depth) likely influenced availability of food resources 

and, thus, functional carrying capacity of study wetlands.  Bioenergetics models that fail 

to account for these factors may produce erroneous measures of landscape carrying 

capacity and underestimate habitat objectives for migrating ducks.  Habitat conservation 

planners should consider the utility of more sophisticated and biologically realistic 

bioenergetics models for calculating habitat objectives for migrating ducks.  Lacking 

such models, it may be necessary to provide habitat in excess of DRM predictions to 

ensure duck populations are not constrained by undetected factors affecting wetland and 

landscape carrying capacity. 

β̂
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Introduction 

Habitat conditions during non-breeding periods can affect avian population 

dynamics through cumulative influences on individuals’ ability to complete annual cycle 

events (Newton 2006).  Migrating and wintering waterfowl must satisfy large energy 

demands associated with migration, contour feather molt, courtship and pair formation, 

thermoregulation, and assimilation of nutrient reserves (Paulus 1988) while minimizing 

exposure to mortality.  Body mass and condition of waterfowl during non-breeding 

periods are affected by diet composition and access to high quality foraging habitats 

(Delnicki and Reinecke 1986, Jorde et al. 1995, Ballard et al. 2006), and early winter 

body mass may influence overwinter survival (Conroy et al. 1989, Bergan and Smith 

1993, Robb 2002).  Wetland habitat conditions encountered by ducks during winter may 

affect subsequent recruitment (Heitmeyer and Fredrickson 1981, Kaminski and Gluesing 

1987, Raveling and Heitmeyer 1989).  Accordingly, the availability of food resources has 

been identified as the factor during non-breeding periods with greatest potential to limit 

growth of waterfowl populations (Williams et al. 1999, Assessment Steering Committee 

2007).  The food limitation hypothesis embodies these concepts. 

Landscape-scale habitat conservation planning for ducks during non-breeding 

periods is founded principally on the food limitation hypothesis such that priority is 

placed on conservation actions that enhance food production for ducks.  Bioenergetics 

models are the framework by which the food limitation hypothesis is formally 

incorporated into habitat conservation plans for migrating and wintering ducks.  

Bioenergetics models represent a class of resource depletion models that extend from 
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Ideal Free Distribution (IFD) theory (Fretwell and Lucas 1970).  Resource depletion 

models incorporate measures of search efficiency, handling time, and foraging thresholds 

(i.e., resource density below which foraging is no longer energetically profitable) to 

estimate theoretical energetic carrying capacity of a site or landscape (Sutherland and 

Anderson 1993, Goss-Custard et al. 2002).  These models are also frequently used to 

quantify habitat needs as a function of cumulative energy demands of target populations 

and mean energy density of foraging habitats.  Bioenergetics models for migrating and 

wintering ducks most commonly take the form of daily ration models (DRMs) that 

aggregate food energy density across habitat patches and divide by daily energy demands 

of the target duck species to estimate the number of duck use-days (DUD) an area can 

theoretically support (Goss-Custard et al. 2002). 

Ideal Free Distribution theory predicts individuals should distribute themselves 

among habitats in proportion to their relative habitat quality (e.g., food abundance).  If 

resources are finite and non-shareable (e.g., wetland plant seeds), measures of individual 

fitness (e.g., energy intake rate) will decline as new individuals enter the highest quality 

habitat patch (Fretwell and Lucas 1970, Johnson 2007).  Lower quality habitat patches 

are occupied only after individual fitness in higher quality patches declines to a point 

where occupancy of low quality patches is just as profitable as high quality patches.  

Thus, when food resources are the primary determinant of habitat quality, IFD theory 

predicts that foraging habitats with greatest food abundance will be occupied first and at 

highest densities, followed in turn by foraging habitats with less food. 

Daily ration models as currently applied to habitat conservation planning for 

wintering and migrating ducks assume food energy density is the best measure of habitat 
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quality.  Ideal Free Distribution theory predicts that if this assumption is true, and when 

measured within a food-limiting environment, DRMs should reliably predict cumulative 

duck use among sites with varying food energy densities (e.g., Sutherland and Allport 

1994, Gill et al. 2001).  Moreover, DRMs predict that individuals in food-limiting 

environments should move among and forage in patches until resources are uniformly 

depleted to a threshold energy density (Sutherland 1996).  Food energy depletion should 

correlate strongly with initial food energy density, and if depletion is caused principally 

by ducks, strong correlations between depletion and initial food energy density would 

provide support for the food limitation hypothesis.  Despite their importance in guiding 

landscape-scale habitat conservation for ducks during non-breeding periods and their 

existence within a framework of IFD theory, few studies in North America have tested 

predictions of DRMs and the food limitation hypothesis (e.g., Naylor 2002). 

 I used a DRM to estimate energetic carrying capacity (ECC), in units of duck 

energy-days (DED), of actively and passively managed wetlands in Ohio, and I compared 

these estimates to observed cumulative duck use, measured in duck use-days, during 

autumn and spring to test predictions of DRMS and the food limitation hypothesis.  My 

objectives were to 1) determine if a relationship existed between cumulative duck use and 

ECC for actively and passively managed wetlands in Ohio during autumn and spring, 2) 

determine if the relationship between cumulative duck use and ECC was stronger in 

autumn than spring, 3) examine the relationship between overwinter ECC depletion and 

cumulative duck use during autumn, 4) examine the relationship between ECC depletion 

and initial (i.e., autumn) ECC, and 5) determine if ECC in actively and passively 

managed wetlands in Ohio was depleted to a constant level independent of initial ECC.   
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 Consistent with predictions of DRMs and the food limitation hypothesis, I 

hypothesized that cumulative duck use during autumn and spring would be positively and 

linearly related to ECC.  I hypothesized also that overwinter depletion would be 

positively related to autumn duck use and ECC.  An early assumption of waterfowl 

managers in the Midwestern U.S. was that food energy availability was more limiting 

during autumn than spring [Upper Mississippi River and Great Lakes Region Joint 

Venture (UMR and GLR JV) Management Board 1998).  Thus, I hypothesized that the 

relationship between cumulative duck use and ECC would be stronger during autumn 

than spring.  Lastly, I hypothesized that duck foraging during autumn would reduce food 

energy among wetlands to a uniform density (i.e., foraging threshold) independent of 

initial ECC. 

 

Study Areas 

 I defined actively managed wetlands as those annually affected by mechanical 

manipulations of water levels or vegetation with the primary goal of improving habitat 

for waterfowl, and whose management was guided by their geographic association with a 

larger system of managed wetlands.  I defined passively managed wetlands as those 

restored or created through federal or state conservation programs, geographically 

disassociated with a larger system of managed wetlands, and not regularly receiving 

active manipulation of water levels or vegetation to improve habitat for waterfowl. 

 I studied actively managed wetlands at 3 wetland complexes in central Ohio (Big 

Island, Killbuck Marsh, and Killdeer Plains Wildlife Areas) and 2 in the southwest Lake 

Erie coastal region of Ohio (Pickerel Creek Wildlife Area and Winous Point Marsh) 
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(Figure 2.1).  Big Island, Killbuck Marsh, Killdeer Plains, and Pickerel Creek are owned 

and managed by the Ohio Division of Wildlife (ODW).  Winous Point Marsh 

encompasses 1,775 ha of lacustrine and palustrine wetlands and is one of the largest 

privately owned coastal wetland complexes in Ohio (Sherman et al. 1996).  Wetlands on 

these areas included natural or restored basins where water levels were managed through 

a system of dikes, pumps, and water control structures.  Management activities included 

seasonal drawdowns to promote growth of moist-soil vegetation (Fredrickson and Taylor 

1982), stabilization of water levels to promote interspersion of vegetation and open water 

(i.e., hemi-marsh), and planting of agricultural crops (e.g., buckwheat [Fagopyrum 

esculentum]) and seed producing wetland plants (e.g., Japanese millet [Echinochloa 

crusgalli var. frumentacea]) (Bookhout et al. 1989:148).  Primary management goals 

were to enhance wetlands for migrating and wintering waterfowl habitat and provide 

waterfowl hunting opportunities. 

 Big Island and Killdeer Plains are located in Marion and Wyandot counties in the 

Central Lowland Till Plains physiographic region of Ohio (Brockman 1998).  

Surrounding land use was primarily grain agriculture and restored grasslands.  Killbuck 

Marsh is located in Wayne and Holmes counties in the Glaciated Allegheny Plateaus 

(Brockman 1998).  Land use near Killbuck Marsh comprised grain agriculture, pasture, 

and mixed upland deciduous forests.  Pickerel Creek and Winous Point are located in 

Ottawa and Sandusky counties in the Huron-Erie Lake Plains physiographic region 

(Brockman 1998).  Surrounding land use consisted primarily of grain agriculture and 

privately and publicly owned wetlands managed to enhance habitat for waterfowl and 

provide waterfowl hunting opportunities. 
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 I studied passively managed wetlands on privately owned land in 19 counties of 

central and northwest Ohio (Figure 2.1).  Surrounding land use varied among sites, but 

generally included grain agriculture, restored grasslands, and mixed upland deciduous 

forests.  Passively managed wetlands were restored or created through federal or state 

conservation programs including the Conservation Reserve, Wetlands Reserve, Wildlife 

Habitat Incentives, and ODW Private Lands Wetlands Restoration Programs.  Vegetation 

composition of passively managed wetlands was generally dominated by non-persistent 

annual grasses, sedges, and forbs (e.g., Cyperus spp., millet [Echninochloa spp.], panic 

grass [Panicum spp.], smartweed [Polygonum spp.]); persistent emergent macrophytes 

(e.g., cattail [Typha spp.]); and submerged or floating vascular plants (e.g., coontail 

[Ceratophyllum demersum], pondweed [Najas spp., Potamogeton spp.]). 

 

Methods 

I used multi-stage sampling to estimate ECC of actively and passively managed 

wetlands in Ohio during autumn and spring, 2001-2004 (Levy and Lemeshow 1999, 

Stafford et al. 2006, Brasher et al. 2007).  My target population of actively managed 

wetlands included all those on the 5 wetland complexes selected for study.  My target 

population of passively managed wetlands included those restored or created in 19 

counties of central and northwest Ohio and matching my criteria for passive 

management.  A comprehensive list of passively managed wetlands for my study areas 

did not exist, so I adopted a database of restored or created wetlands (L. Miller, ODW, 

unpublished data) as my sampling frame.  I sampled only passively managed wetlands 

during 2003 – 2004 because less is known about ECC of these wetlands, and I desired a 
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broader assessment of spatio-temporal variability in ECC among them.  I visually 

inspected wetlands and consulted with landowners to verify management intensity of 

wetlands selected from the ODW database.  I excluded wetlands that did not match my 

criteria for passive management, and I reduced the target population size (i.e., wetlands in 

ODW database) proportionally. 

I used stratified random sampling at the second stage (i.e., plots within wetlands) 

to maximize precision of ECC estimates for individual wetlands and to meet 

requirements of MSS.  I considered vegetation zones within wetlands as strata and 

proportionally allocated 12-15 0.0625-m2 plots (i.e., 25 x 25-cm sampling frame) among 

them (Levy and Lemeshow 1999).  However, I imposed a minimum secondary sample 

size of 2 plots per stratum in my proportional allocation strategy to facilitate analyses.  

Thus, my samples were not truly self-weighting (Levy and Lemeshow 1999:153).  I 

manually weighted sample plots (i.e., second stage sampling weight) by the proportional 

coverage of their respective vegetation zone within a wetland.  I measured wetland size 

and estimated proportional coverage of vegetation zones with ArcView GIS 3.2 

(Environmental Systems Research Institute, Inc., Redlands, CA, USA) interpreted from 

color, aerial photographs (image resolution <2 m pixel) collected by county auditors and 

the National Agricultural Imagery Program during spring of my study years.  I ground-

truthed coverage of vegetation zones during visits to study wetlands.  I stratified 

vegetation within wetlands by four zones:  moist-soil, consisting primarily of annual 

grasses and forbs (e.g., millet, panic grass, smartweed); emergent marsh, consisting 

primarily of persistent and non-persistent aquatic macrophytes (e.g., arrowhead 

[Sagittaria spp.], cattail, water plantain [Alisma plantago]); submergent marsh, consisting 
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of submerged or floating aquatic vegetation (e.g., coontail, pondweed); and unvegetated 

open water, where water depth or turbidity prevented growth of vegetation.  I recorded 

locations of plots with Global Positioning Systems and hand-drawn maps to ensure 

consistency in placement of plots between autumn and spring sampling periods. 

 

Autumn energetic carrying capacity 

I estimated ECC by sampling standing seed, below-ground (i.e., tubers), and 

submerged aquatic vegetation of plant species commonly consumed by ducks (Farney 

1975, Hoffman and Bookhout 1985) (Table 2.1).  I selected sampling dates to coincide 

with periods of maximum seed maturation and minimal seed drop or consumption (i.e., 

17 Aug - 6 Oct).  I estimated standing seed biomass (kg/ha) within plots by counting 

numbers of inflorescences of relevant species (Table 2.1) and collecting a representative 

inflorescence to measure seed production per inflorescence.  I threshed seeds from 

inflorescences and removed chaff with forceps and mesh sieves in the laboratory.  I 

estimated tuber biomass by excavating soil in plots to a depth of 10 cm, but I sampled for 

tubers only in wetlands where I observed above-ground growth of tuber-producing 

species (Table 2.1).  I rinsed excavated soil through sieves (mesh sizes 5 [4.0 mm] and 18 

[1.0 mm]) to expose and facilitate removal of tubers.  I collected by hand all submerged 

aquatic vegetation in the water column of a plot when located in standing water.  I sorted 

submerged aquatic vegetation to identify and retain only plant parts and species valued as 

food resources for ducks (Table 2.1). 

I dried seeds, tubers, and submerged aquatic vegetation to constant mass at 50° C 

and weighed these to the nearest 0.01 g.  I derived species-specific seed biomass 
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estimates for each plot by multiplying the number of inflorescences by the dry mass of 

seed collected from the representative inflorescence.  I used a DRM as generally 

described by Reinecke et al. (1989:236) to convert estimates of seed, tuber, and 

submerged aquatic vegetation biomass to energetic carrying capacity in DED/ha.  I used 

292 kcal/day as the daily energy requirement for a representative (i.e., mallard-sized) 

duck, and I used published and adjusted values of true metabolizable energy (TME) for 

moist-soil seeds, tubers, and submerged aquatic vegetation (Table 2.1).  However, 

because empirical evidence for a foraging threshold in non-agricultural wetlands was 

lacking, I did not subtract a foraging threshold value from ECC estimates for my study 

wetlands. 

 

Spring energetic carrying capacity 

I sampled wetlands immediately after thawing in late winter (1 – 21 Mar, 2002-

2004) to estimate spring ECC.  Higher water levels rendered sampling methods used 

during autumn impractical in spring.  I sampled moist-soil seed, tuber, and submerged 

aquatic vegetation biomass during spring by vertically positioning a 30-cm diameter 

stovepipe at each plot and using repeated sweeps with a 0.541-mm mesh net to extract 

plant material from the sampled water column and wetland substrate (Feddersen 2001).  I 

discontinued sweeps when 4 consecutive sweeps produced no additional material; usually 

10-20 total sweeps.  I combined the contents of all sweeps collected from a plot and 

stored it at -2° C in a plastic freezer bag until processing.  I rinsed samples through mesh 

sieves and removed intact seeds, tubers, and submerged aquatic vegetation.  I dried and 

weighed samples following procedures described for autumn.   
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I converted biomass estimates to wetland ECC with a DRM as used during 

autumn.  However, I did not sort seeds or tubers collected during spring by taxonomic 

level and was unable to use species-specific TME values to estimate ECC in spring.  I 

used instead TME values of 2.5 kcal/g for seeds (Kaminski et al. 2003) and 3.55 kcal/g 

for tubers (i.e., mean of chufa [Cyperus esculentus] and broad-leaved arrowhead 

[Sagittaria latifolia], Table 2.1). 

 I estimated ECC for fewer wetlands during spring than autumn due to time 

constraints associated with spring sampling (i.e., brief time between spring thaw and 

arrival of ducks).  I estimated spring ECC during 2001 – 2002 and 2002 – 2003 for only 

wetlands associated with a companion study (Steckel 2003).  I estimated spring ECC 

during 2003 – 2004 for only 15 passively managed wetlands where nocturnal surveys 

were conducted.  I restricted analyses that depended on spring ECC data (e.g., duck use 

vs. ECC during spring, ECC depletion) to only wetlands for which I estimated spring 

ECC (i.e., actively managed wetlands: n = 21 in 2001 – 2002 and 2002 – 2003; passively 

managed wetlands: n = 7 in 2001 – 2002 and 2002 – 2003, n = 15 in 2003 – 2004). 

 

Depletion 

I calculated ECC depletion as the difference between autumn and spring ECC.  

When my estimates of spring ECC exceeded those for autumn (n = 7), I substituted 

autumn ECC values for spring and assumed no depletion of food resources occurred 

between sampling periods. 

 

60 



 

Cumulative duck use 

 I surveyed wetlands twice weekly to estimate cumulative duck use during time 

periods that coincided with autumn and spring migration through my study region.  I 

conducted autumn duck counts during 16 Oct – 27 Dec 2001, 18 Oct – 4 Dec 2002, and 

16 Oct 2003 – 1 Jan 2004.  I conducted spring duck counts during 11 Mar – 25 Apr 2002, 

17 Mar – 31 Apr 2003, and 4 Mar – 12 May 2004.  I conducted 1 survey each during 

diurnal and nocturnal periods weekly to account for diel differences in behavior and 

habitat use patterns (e.g., Cox and Afton 1997, Anderson and Smith 1999).  I conducted 

diurnal and nocturnal surveys on the same wetland <48 hours apart to minimize bias 

resulting from daily variation in local duck abundance.  I enumerated ducks by species 

and guild (Table 3.1) during diurnal periods with spotting scopes (Bausch and Lomb® 20-

60 x 80 mm) and during nocturnal periods with Generation 3 light enhancing optics 

(Dark Invader Nightmare® scope, BE Meyers 50 mW laser illuminator, and 100-500 mm 

zoom lens).  I attempted to obtain complete coverage of wetlands during surveys by 

viewing from 1-3 positions around the wetland.  However, vegetation density and size 

precluded complete visual coverage on a few wetlands.  For these wetlands, I restricted 

surveys to portions of the wetland that could be effectively observed and adopted the 

observable area as the surveyed area. 

For autumn and spring separately, I calculated cumulative duck use-days for 

wetland j during year i as  
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where  was the number of ducks of species k observed on wetland j during diel 

period l (1 = diurnal, 2 = nocturnal) of week t and year i;  was the Julian date of the 

survey for wetland j during diel period l of week t and year i;  was the proportion of 

a 24 hour day accounted for by diel period l during week t and year i; and  was the 

mean body mass of species k expressed as a proportion of the mean body mass of a 

mallard (Table 3.1).  I weighted counts by  because nocturnal and diurnal time 

periods accounted for unequal portions of the diel cycle, and I assumed ducks exploited 

food resources during nocturnal and diurnal periods in proportion to their temporal 

length.  I adjusted counts for a given species by  to account for the allometric 

relationship between body mass and daily energy demand of ducks (Miller and Eadie 

2006) and achieve consistency in energetic currencies between ECC (duck energy-days) 

and observed duck use (duck use-days) (i.e., both expressed relative to mallard energy 

demands).  I standardized DUD estimates among wetlands of different sizes by dividing 

cumulative use by the wetland area surveyed. 
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I conducted nocturnal surveys on a subsample (n = 15) of passively managed 

wetlands during 2003 – 2004 because widespread spatial distribution of wetlands 

precluded conducting nocturnal surveys on all wetlands.  Moreover, data from 2001 – 

2003 indicated use during nocturnal periods accounted for, on average, 10.5% (range = 

0.0 – 100.0%) and 5.1% (range = 0.0 – 56.5%) of total duck use on passively managed 

wetlands during autumn and spring, respectively.  I randomly selected wetlands for 

nocturnal surveys during 2003 – 2004 by assigning random numbers to all wetlands 
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studied during this year, ranking wetlands in ascending order of random numbers, and 

selecting the first 15 wetlands from this ranked list.  I used data from these 15 wetlands to 

adjust estimates of duck use for wetlands not surveyed during nocturnal periods in 2003 – 

2004 using the following modification to my standard DUD equation: 
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where  was the mean proportion of total duck use attributable to nocturnal time 

periods for the guild with which species k was associated (Table 3.1), as measured from 

the subsample of wetlands surveyed during nocturnal periods in 2003 – 2004. 
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Statistical analyses 

 I used PROC SURVEYMEANS in SAS Version 9.1 (SAS Institute 2004) as 

described in Chapter 2 to estimate ECC of individual wetlands during autumn and spring.  

I treated observed duck use as cumulative counts adjusted for wetland size (DUD/ha) and 

used discrete distributions for count data (e.g., Poisson, negative binomial) in statistical 

models where duck use was the dependent variable.  Data for cumulative duck use were 

strongly right-skewed and characterized by large numbers of zeros representing wetlands 

where ducks were not observed (Figure 3.1).  Conventional models for count data 

perform poorly for datasets with abundant zeros, resulting in poor model fit, violations of 

distributional assumptions, biased standard errors that generate overly optimistic 

significance values, and invalid scientific inference (Ridout et al. 1998, Potts and Elith 
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2006).  I considered zero-inflated and hurdle regression models (Ridout et al. 1998, Zuur 

et al. 2009) for investigating associations between cumulative duck use and ECC of 

actively and passively managed wetlands. 

 Zero-inflated and hurdle regression models accommodate zeros by combining a 

standard discrete distribution (e.g., Poisson or negative binomial) with the binomial 

distribution.  The discrete distribution describes count data while the binomial accounts 

for zeros present in greater number than predicted by the discrete distribution (Ridout et 

al. 1998).  Zeros in the response variable may originate from multiple processes including 

flawed experimental design (e.g., sampling at incorrect time), non-detection of animal 

being surveyed (e.g., observer error), false zeros (e.g., habitat suitable but not used), or 

structural zeros (e.g., site not used because habitat unsuitable) (Potts and Elith 2006, Zuur 

et al. 2009).  Zero-inflated regression describes the occurrence of zeros using a mixture of 

discrete and binomial distributions that allows zeros to originate from both distributions.  

This approach may be useful in discriminating different sources of zeros as the binomial 

distribution is treated as modeling false zeros while the count distribution models true 

zeros that arise under certain conditions (Zuur et al. 2009).  In contrast, hurdle regression 

is considered a two-part model that does not differentiate among sources of zeros.  In the 

first part, the binomial distribution (i.e., zero model) models the occurrence of zero vs. 

non-zero counts, while in the second part a zero-truncated distribution (count model) 

models the relationship between non-zero counts and selected covariates (Potts and Elith 

2006, Zuur et al. 2009). 

 The key difference between zero-inflated and hurdle regression is how zeros are 

modeled.  Although model selection criteria (e.g., Akaike’s Information Criterion 

64 



 

[Burnham and Anderson 2002]) may be used to examine which model specification best 

fits the data, the choice between zero-inflated and hurdle models should occur a priori 

and be based on biological knowledge and characteristics of the data (Cunningham and 

Lindenmayer 2005, Potts and Elith 2006, Zuur et al. 2009).  Most of my study wetlands 

were small with low to moderate vegetation density which enabled near complete 

visibility during surveys.  Because of this, and the non-secretive nature of ducks, I 

consider it unlikely that abundant zeros originated from poor study design or observer 

error.  Rather, I believe the majority of zeros in my dataset were structural and likely 

caused by processes other than variation in wetland ECC.  Consequently, I used hurdle 

regression (Zuur et al. 2009) to model cumulative duck use during autumn and spring. 

Although my primary interest was to investigate the relationship between 

cumulative duck use and ECC, I also explored the influence of management intensity 

(active vs. passive) and year to more deeply understand the relationship between duck use 

and ECC.  I used the pscl package (Jackman 2008) in the R system for statistical 

computing (R Development Core Team 2009) and followed recommendations of Zeileis 

et al. (2008) in using the hurdle functions to implement hurdle regression models.  I 

began with models including all main and interaction effects of ECC, year, and 

management intensity and used likelihood ratio statistics calculated from the ltest 

package (Zeileis and Hothorn 2002) in R to compare nested models and sequentially 

eliminate non-significant factors.  I used α = 0.05 to denote statistical significance, but I 

recognized the trivial nature of an arbitrary significance level when interpreting model 

results (Johnson 1999).  I considered different parameterizations for the zero and count 
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models to investigate the possibility that different processes were responsible for 

generating zero vs. non-zero counts (Ridout et al. 1998).   

Another feature common to count data in environmental studies is overdispersion, 

in which the variance of the response variable is greater than its mean.  When this occurs, 

the Poisson distribution may be a poor choice because it assumes equi-dispersion and 

inadequately describes overdispersed data (Ridout et al. 1998, Potts and Elith 2006, Zuur 

et al. 2009).  In such instances, the negative binomial distribution or quasi-Poisson 

parameterization become better options because they contain an additional parameter that 

explicitly describes the extra variation caused by overdispersion.  The negative binomial 

is derived from a mixture of the Poisson and gamma distributions, while the quasi-

Poisson, although not a true distribution, uses a dispersion parameter within the Poisson 

structure to specify the relationship between the mean and variance of the response 

variable.  When overdispersion is absent, each of these reduces to the standard Poisson 

distribution (Zuur et al. 2009).  Because of this relationship (i.e., they are nested models), 

one method of testing for overdispersion and selecting the most suitable distribution 

involves running each model specification and comparing fit using likelihood ratio tests 

(Zeileis et al. 2008).  Additionally, the quasi-Poisson model estimates the dispersion 

parameter, for which significant departures from 1 indicate over- or underdispersed data.  

I initially modeled duck use with standard Poisson, negative binomial, and quasi-Poisson 

models, each with a logit link function in a generalized linear modeling framework, and 

chose between Poisson and negative binomial distributions based on measures of 
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overdispersion and model fit (Zuur et al. 2009).  I interpreted model results relative to the 

natural log of response variables in models where I specified the logit link function. 

Generalized linear models do not produce R2 values to quantify amount of 

response variation explained by predictor variables.  However, residual deviance, defined 

as twice the difference between log-likelihood of the saturated model and the model 

under study, and null deviance, defined as the residual deviance in an intercept-only 

model, are considered maximum likelihood equivalents to total and residual sums of 

squares (Zuur et al. 2009:217-218).  Thus, explained deviance, calculated as  

100    
deviance null

deviance residual  - deviance null
× , may be used to estimate variation explained by 

a given model.  Although null and residual deviances are not calculated for hurdle 

regression, identical model results may be obtained for the zero and count components 

using separate generalized linear models (Zuur et al. 2009:272), which do calculate null 

and residual deviances.  I modeled zero and count components separately using 

generalized linear models and calculated explained deviance after identifying a final 

fitted hurdle regression model for explaining variation in cumulative duck use. 

I used a Gaussian distribution and identity link function within the generalized 

linear modeling function (glm) of R to test the separate hypotheses that ECC depletion 

was related to cumulative duck use and initial ECC during autumn.  Similarly, I used the 

glm function to test the relationship between spring ECC and autumn ECC to determine if 

food energy was depleted to a uniform density independent of initial ECC (i.e., foraging 

threshold).  Data on autumn ECC, spring ECC, and depletion were strongly right skewed 
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(Figures 3.2, 3.3); thus, I included these variables in statistical models as natural log 

transformations. 

 

Results 

I estimated duck use and ECC on 7 – 50 passively managed wetlands in central 

and northwest Ohio each year during autumn and spring, 2001 – 2004.  I estimated duck 

use and ECC on 21 – 27 actively managed wetlands in this same region each year during 

2001 – 2003.  I did not study actively managed wetlands during 2003 – 2004.  Median 

size of passively managed wetlands was 0.6 ha (range = 0.2 – 3.6) during 2001 – 2002, 

0.7 ha (range = 0.2 – 6.7) during 2002 – 2003, and 1.0 ha (range = 0.2 – 5.3) during 2003 

– 2004.  Median size of actively managed wetlands was 4.3 ha (range = 0.6 – 44.7) 

during 2001-2002 and 4.1 ha (range = 0.6 – 44.7) during 2002-2003.   

 Mallards were observed in greater abundance on actively and passively managed 

wetlands than all other duck species during autumn and spring across all years (Figure 

3.4).  Duck species other than mallards were more uniformly abundant during spring than 

autumn and collectively exceeded total mallard abundance during spring.  Mallards 

accounted for 82.8% of all ducks observed during autumn, but only 45.6% during spring 

(Figure 3.4).  Based on the subset of wetlands for which I estimated spring ECC, point 

estimates of cumulative duck use were less than ECC during autumn each year, while 

cumulative duck use exceeded ECC during spring each year (Figures 3.5, 3.6).  Among 

individual wetlands, cumulative duck use exceeded ECC during autumn for 0 of 28 (0%), 

3 of 28 (10.7%), and 1 of 15 (6.7%) wetlands during autumn 2001 – 2003.  Cumulative 
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duck use exceeded ECC for 17 of 28 (60.7%), 15 of 28 (53.6%), and 12 of 15 (80%) of 

wetlands during spring 2002 – 2004.  Scatterplots of raw data revealed a weak, positive 

relationship between duck use and energetic carrying capacity (Figure A.1). 

 

Autumn duck use 

 I did not observe ducks on 71 of 146 (48.6%) actively and passively managed 

wetlands during autumn, 2001 – 2003, producing an abundance of zeros in my dataset.  

Using a saturated model, the negative binomial distribution provided significantly better 

model fit for autumn duck use than the Poisson (log(L) = -518 vs. -56,124,  = 

111,213, P < 0.001), suggesting overdispersion.  The dispersion parameter for autumn 

duck use was 3,878, as estimated from the quasi-Poisson model.  Consequently, I 

specified the negative binomial distribution in all hurdle regression models of autumn 

duck use.  My final fitted hurdle regression model for autumn duck use contained only 

ln(ECC) as a significant factor in the zero and count models (Table 3.2).  Interactions 

among year, management intensity, and ln(ECC) were not significant (P > 0.220) in the 

zero and count models.  Additive effects of year (P > 0.247) and management intensity 

(P > 0.253) were also not significant.  The final fitted model indicated the probability a 

wetland was used and cumulative duck use were positively related to ln(ECC) (Table 3.2, 

Figure 3.7).  Although the P-value for ln(ECC) in the zero model exceeded 0.05 (P = 

0.07), I retained ln(ECC) in the final model to enable comparisons to the relationship for 

spring.  Explained deviance was <10% for the zero and count components of my final 

fitted model (Table 3.2). 

2
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Spring duck use 

 I did not observe ducks on 13 of 72 (18.1%) actively and passively managed 

wetlands during spring, 2002 – 2004, again leading to an abundance of zeros in my 

dataset.  The negative binomial distribution provided significantly better model fit for 

spring duck use than the Poisson (log(L) = -438 vs. -11,387,  = 21,899, P < 0.001), 

suggesting overdispersion.  The dispersion parameter for spring duck use was 532, as 

estimated from the quasi-Poisson model.  Consequently, I specified the negative binomial 

distribution in all hurdle regression models of spring duck use.  My final fitted hurdle 

regression model for spring duck use included only ln(ECC) as a significant factor in the 

zero model; but contained the additive effects of year, management intensity, and 

ln(ECC) in the count model (Table 3.3).  Interactions among year, management intensity, 

and ln(ECC) were not significant (P > 0.524) in the zero and count models, while 

additive effects of year (P = 0.249) and management intensity (P = 0.833) were not 

significant in the zero model.  The zero model indicated the probability of a wetland 

being used was positively related to ln(ECC).  For wetlands used by ducks, the count 

model indicated cumulative duck use was positively related to ln(ECC), was greater on 

passively than actively managed wetlands, and was greater during 2002 than 2003 or 

2004 (Table 3.3, Figure 3.8).  Explained deviance was <20% for the zero and count 

components of my final fitted model (Table 3.3). 
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Depletion and foraging threshold 
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 Autumn to spring ECC depletion rate was high and averaged 84.3% (SE = 

14.1%), 82.1% (SE = 13.8%), and 76.8% (SE = 8.5%) for passively managed wetlands 

during 2001 – 2002, 2002 – 2003, and 2003 – 2004, respectively.  Depletion rate 

averaged 89.6% (SE = 5.0%) and 66.9% (SE = 8.9%) for actively managed wetlands 

during 2001 – 2002 and 2002 – 2003, respectively.  Natural log of ECC depletion was not 

influenced by ln(cumulative duck use) during autumn (  = 1.047, P = 0.306) and was 

best described by the intercept-only model (Figure 3.11).  By definition, residual 

deviance for the intercept-only model is equal to null deviance; therefore, a measure of 

explained deviance was of no practical value.  A separate model indicated ln(ECC 

depletion) was strongly and positively related to ln(autumn ECC) (  = 1.049,  = 

258.18, P < 0.001) (Figure 3.12), and explained deviance suggested >97% of variation in 

ln(ECC depletion) was explained by ln(autumn ECC).  Natural log of spring ECC was 

strongly and positively related to ln(autumn ECC) (  = 0.493,  = 30.01, P < 0.001) 

(Figure 3.13), and ln(autumn ECC) explained 34% of the variation in ln(spring ECC).  

Averaged across management intensity and years, spring ECC was 145 (SE = 30) 

DED/ha. 
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Discussion 

 Few studies have examined waterfowl response to variation in food abundance 

during non-breeding periods in North America.  I compared duck use and ECC of 

actively and passively managed wetlands in northern Ohio to explore patterns of wetland 

use by ducks relative to predictions of DRMs and the food limitation hypothesis.  Most 
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conventional resource depletion models predict one-to-one linear relationships between 

cumulative use and food abundance, after adjusting for theoretically or empirically based 

foraging thresholds (Gill et al. 2001, Nolet et al. 2006).  The DRM I used to estimate 

ECC of study wetlands followed the structure of conventional depletion models and 

predicted simple, additive relationships between cumulative duck use and ECC.  I did not 

detect ducks on many wetlands with abundant food resources, and scatterplots of raw 

data revealed patterns of cumulative duck use relative to ECC that deviated from linear 

predictions of DRMs (Figure A.1).  However, hurdle regression models that 

accommodated the zero-inflated structure of my data identified statistically significant 

relationships between ln(cumulative duck use) and ln(ECC) during autumn and spring.   

 The probability of a wetland being used by ducks was mildly influenced by ECC 

during autumn, but exhibited a stronger relationship to ECC during spring.  However, 

<7% of variation in wetland use during autumn and spring was explained by ECC, 

suggesting that food energy density only partially influenced wetland use.  Wetlands 

were more likely to be used during spring than autumn regardless of ECC, as evidenced 

by a y-intercept for spring that, on the probability scale, was 2 times that for autumn.  

Most ducks in North America are gregarious during autumn, but courtship and pair bond 

formation increase as winter progresses (McKinney 1992).  Although waterfowl social 

behavior during spring migration is poorly understood, higher wetland use rates during 

spring may reflect increased spacing across the landscape as a mechanism to minimize 

interactions with conspecifics and competition for resources immediately prior to the 

breeding season (Anderson and Titman 1992).   
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 Cumulative duck use was positively related to ECC during autumn and spring, but 

this relationship was significant only when expressed on the natural logarithm scale.  

Results from a post-hoc analysis testing for linear relationships between duck use and 

ECC using untransformed data revealed non-significant relationships during autumn (P = 

0.951) and spring (P = 0.757).  Significant results on the logarithmic scale suggest duck 

use of wetlands was an exponential (i.e., non-linear) function of ECC, rather than an 

additive function as assumed by DRMs.  For example, the  estimate for ln(ECC) in the 

autumn count model indicated that for every doubling of ECC, cumulative duck use 

increased by only 33% (i.e., 2

β̂

0.409 =  1.327).  Likewise, for every doubling of spring ECC, 

cumulative duck use increased by 13% (i.e., 20.181 = 1.133).   

 Despite statistically significant relationships between cumulative duck use and 

ECC for autumn and spring count models, measures of explained deviance were <20%, 

suggesting ECC was at best a weak predictor of cumulative duck use.  The lack of strong 

relationships between duck use and ECC could be expected if ducks did not use my study 

wetlands as foraging habitats.  I used scan sampling techniques (Altmann 1974) to collect 

behavioral data from ducks observed on actively and passively managed wetlands during 

autumn and spring, 2002 - 2004.  These data revealed that ducks spent on average 20.2% 

and 28.0% of their time engaged in feeding behaviors during autumn and spring, 

respectively.  These results were within the range of estimates previously reported for 

waterfowl during non-breeding periods (Paulus 1988) and confirmed that ducks did use 

my study wetlands as foraging habitats. 

 Graphical depictions of cumulative duck use and wetland ECC in rank order from 

lowest to highest ECC (Figures 3.9, 3.10) revealed no definitive pattern between duck use 
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and ECC during autumn.  Energetic carrying capacity exceeded cumulative duck use for 

all wetlands except 1 where I consistently observed large flocks of ducks in autumn.  In 

contrast, cumulative duck use exceeded ECC on most wetlands during spring, but was 

low on wetlands with very little food.  Average cumulative duck use during spring on 

wetlands with spring ECC = 0 was 121 (SE = 44) DUD/ha, while average cumulative 

duck use on wetlands with spring ECC > 0 was 484 (SE = 76) DUD/ha.  Among 

wetlands where spring ECC exceeded 0, duck use appeared to vary randomly (Figure 

3.10). 

Overwinter depletion of ECC was not related to cumulative duck use during 

autumn, which was not consistent with predictions of the food limitation hypothesis 

(Sutherland 1996).  These results suggest factors other than exploitation by foraging 

ducks were responsible for depleting food resources, as I observed a rather ubiquitous 

pattern of high depletion even for wetlands where I observed low duck use during 

autumn.  Overwinter reduction in food resources may result from granivory by non-

waterfowl species (e.g., passerines, rodents) (Greer et al. 2007, Stafford 2004) and 

decomposition (Nelms and Twedt 1996).  The perimeter of my study wetlands often 

contained dense stands of moist-soil vegetation, and these areas were last to flood during 

autumn.  Thus, a portion of moist-soil seeds were available for exploitation by non-

waterfowl granivores for several weeks between seed maturation and wetland inundation. 

However, the majority of wetland basins were available to foraging ducks by mid to late 

October.  Water levels in passively managed wetlands were estimated to be 78%, 46%, 

and 77% of basin capacity by the first week of autumn duck surveys (i.e., October 16) 

during 2001, 2002, and 2003, respectively.  Water levels in actively managed wetlands 

74 



 

were >80% of basin capacity by this date in 2001 and 2002.  Alternatively, seeds may 

have drifted within wetlands, forming dense aggregations along shorelines or other 

physical barriers that were not effectively sampled during spring. 

The food limitation hypothesis predicts that food resources will be depleted to a 

common threshold across patches (i.e., wetlands) of varying food densities (Sutherland 

1996).  Consequences of this prediction are that ECC depletion will be positively related 

to initial (i.e., autumn) ECC (Sutherland 1996), and food energy density will be reduced 

to a common threshold independent of initial ECC (Nolet et al. 2006).  Consistent with 

this prediction, ECC depletion was significantly and positively related to autumn ECC.  

In contrast, spring ECC was significantly and positively related to autumn ECC, which 

was not consistent with predictions of a common foraging threshold.  Because a 

relationship did not exist between depletion and autumn duck use, the positive 

relationship between depletion and autumn ECC should not be considered strong support 

for the food limitation hypothesis.  These results were probably an artifact of wetland 

food resources being exposed to myriad factors that combined to reduce food energy to 

low densities, with greater depletion occurring on wetlands with higher initial ECC 

simply because more food resources were available for depletion.  Thus, my estimates of 

spring ECC should not be used as a foraging threshold for actively and passively 

managed wetlands. 

 I detected statistically significant relationships between cumulative duck use and 

ECC, but ducks did not distribute themselves among wetlands in direct proportion to 

estimates of food energy density.  These results conflicted with predictions of 

conventional DRMs for ducks during non-breeding periods.  Natural selection favors 
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individuals occupying habitats that maximize fitness, and IFD theory predicts that habitat 

use patterns should reflect variation in habitat quality (Johnson 2007).  However, I 

believe deviations from DRM predictions do not necessarily indicate departures from 

IFD theory.  I submit it was more likely that simple measures of wetland ECC, which 

were the basis for DRM predictions, were poor indicators of habitat quality.  Indeed, 

ducks may use wetlands based on factors other than food abundance, such as their ability 

to provide greater thermal cover (i.e., lower thermoregulatory costs) (Jorde et al. 1984, 

Longcore and Gibbs 1988) or greater visual isolation from conspecifics (Kaminski and 

Prince 1981).  Low predictive ability of regression models suggested the DRM used in 

this study did not adequately capture complexities of habitat quality and, thereby, wetland 

use by ducks during autumn and spring migration. 

 Two important assumptions of IFD theory are that individuals perceive and 

respond immediately to variation in resource abundance among patches (Fretwell and 

Lucas 1970) and that travel distance among patches is negligible (Kennedy and Gray 

1993).  Researchers have demonstrated that spatial separation of patches may impose 

sampling constraints on foragers if separation exceeds their perceptual abilities (Harper 

1982, Kennedy and Gray 1997, Gill et al. 2001).  Gill et al. (2001) observed shorebird 

use of estuaries and sites within estuaries that agreed with predictions of DRMs, but 

questioned the predictive ability of models at larger spatial scales.  The dispersed nature 

of wetlands in my study may have exceeded perceptual abilities of migrating ducks and 

contributed to deviations from DRM predictions.  Nevertheless, my data and analyses 

appropriately represented the prevailing structure of DRMs used in waterfowl habitat 

conservation planning, as such models are rarely spatially explicit. 
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 Failure to account for food resources that are present but unavailable may produce 

erroneous measures of carrying capacity (Sutherland 1996, Nolet et al. 2006).  My 

estimates of ECC reflected only the density of food energy in study wetlands and did not 

account for temporal variation in resource availability.  Although inundation patterns of 

passively managed wetlands varied among years (Brasher et al. 2007), timing of 

complete inundation occurred early enough that resources were available for exploitation 

during most of the autumn survey period.  Disturbance (e.g., hunting) may also affect 

availability of wetland food resources (Sutherland 1996).  Passively managed wetlands in 

my study were rarely hunted, and other forms of disturbance appeared similarly 

infrequent.  Actively managed wetlands in my study were subject to waterfowl hunting 

during autumn, but this activity was restricted to diurnal survey periods.  I assumed food 

resources in actively managed wetlands were available for disturbance-free exploitation 

during nocturnal periods, and my nocturnal duck surveys were designed to capture this 

phenomenon.  This assumption was consistent with conventional DRMs used in 

waterfowl habitat conservation planning. 

Similarly, failure to account for all available food resources may bias estimates of 

ECC.  For example, my ECC estimates did not account for aquatic invertebrate biomass.  

Invertebrates are an important diet item for many ducks species during spring and 

summer as females prepare for egg formation and nesting (Krapu and Reinecke 1992).  

Anderson and Smith (1999) estimated invertebrates contributed an additional 300 and 

265 DED/ha to carrying capacity of managed and unmanaged playas in Texas, and Straub 

(2008) reported invertebrate biomass accounted for <69 DED/ha in palustrine and 

lacustrine wetlands in the Midwestern U.S. during spring.  Although the value reported 
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by Straub (2008) represents 54.7% of average spring ECC for passively managed 

wetlands in this study, the overall magnitude of failing to account for invertebrates was 

likely small (i.e., <69 DED/ha). 

I did not include a foraging threshold in my DRM because data were not available 

to inform a threshold value for non-agricultural wetlands.  I conducted a post-hoc 

analysis using 572 DED/ha as a hypothetical foraging threshold as proposed by Brasher 

et al. (2007) to evaluate the potential consequence of not including a foraging threshold 

in my DRM.  Results from this analysis for autumn were identical to those generated 

using my DRM without a foraging threshold.  Because only a few wetlands had spring 

ECC >572 DED/ha, a post-hoc analysis was not possible for spring. 

My approach to testing the food limitation hypothesis depended fundamentally on 

a resource depletion model that accurately described functional carrying capacity of study 

wetlands.  I estimated ECC using a simplistic DRM that assumed all food resources were 

available to foraging ducks and food energy density was the lone measure of habitat 

quality.  Under the assumption that duck use was a reliable indicator of relative habitat 

quality (Johnson 2007), my results suggested the DRM used in this study did not provide 

an accurate measure of functional carrying capacity of wetlands.  Duck use was 

influenced positively by ECC, but ducks did not use wetlands in direct proportion to 

estimates of ECC generated from a DRM.  Simple, additive relationships between food 

energy density and cumulative duck use, as predicted by DRMs, may incorrectly estimate 

functional carrying capacity of wetlands for migrating ducks.  Indeed, factors such as 

water depth, vegetation cover, and disturbance may affect availability of food resources, 

and these are not considered in DRMs.  

78 



 

Nolet et al. (2006) used observations of Bewick’s swans (Cygnus columbianus 

bewickii) to test alternate forms of depletion models and discovered carrying capacity 

predictions varied greatly among models depending on assumptions about foraging 

strategies employed.  Likewise, van Gils et al. (2004) demonstrated variation in predation 

risk, foraging costs, and resource availability among patches may produce average 

foraging thresholds that differ from theoretically derived thresholds.  Foragers are known 

to adjust patch choice decisions and behaviors in response to variation in predation risk 

and energy balance (Bednekoff 2007), but such considerations are rarely incorporated 

into carrying capacity models.  van Gils et al. (2004) offered suggestions for deriving 

more robust estimates of carrying capacity by measuring habitat quality on the basis of 

fitness maximization rather than energy maximization. 

 Because the DRM used in this study inadequately described functional carrying 

capacity, my analyses do not represent a definitive test of the food limitation hypothesis.  

However, my results provided partial evidence that food limitation is likely greater 

during spring than autumn.  For example, cumulative duck use exceeded ECC of 

individual wetlands at much greater frequencies during spring than autumn and ECC had 

a larger influence on the probability a wetland was used during spring than autumn.  

Although food was seemingly abundant during autumn in my study, count components of 

hurdle regression models suggested the relationship between cumulative duck use and 

ECC was stronger during autumn than spring.  Spring migration immediately precedes 

breeding periods for waterfowl in North America, and most waterfowl species rely at 

least partially on nutrient reserves acquired during spring migration to ensure successful 

and timely completion of clutch formation (Arzel et al. 2006, Klaassen et al. 2006, 

79 



 

Schmutz et al. 2006).  Indeed, Devries et al. (2008) documented earlier nest initiation 

dates, larger clutches, and greater nesting propensity for mallards in better body condition 

upon arrival on breeding grounds.  Because spring body condition is likely affected more 

by acquisition of food resources during spring than autumn (Loesch et al. 1992), food 

limitation during spring may have greater impacts on population growth than food 

limitation during autumn.   

 

Management Implications 

 Landscape-scale habitat conservation planning for ducks during non-breeding 

periods is founded on the food limitation hypothesis.  Quantitative habitat objectives for 

migrating and wintering ducks are derived using bioenergetics models that assume 

habitat quality is a linear function of food energy density.  Consequently, gains in food 

energy density on the landscape should translate into incremental, additive gains in 

capacity of a landscape to support ducks.  My results demonstrated duck use of wetlands 

in northern Ohio during autumn and spring migration did not follow linear predictions of 

conventional DRMs.  Rather, I detected evidence of positive, non-linear relationships 

between cumulative duck use and wetland ECC that call into question the use of 

conventional DRMs for estimating habitat objectives for migrating ducks.  I submit that 

additional factors likely influenced availability of food resources and functional carrying 

capacity of wetlands.  Failure to account for these factors in DRMs may produce 

erroneous estimates of wetland and landscape carrying capacity (e.g., van Gils et al. 

2004, Nolet et al. 2006) and compromise effectiveness of landscape-scale habitat 

conservation planning for ducks. 
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 Goss-Custard et al. (2003) argued that under certain scenarios spatial depletion 

models (SDMs) provide a more realistic estimate of carrying capacity than DRMs.  

Spatial depletion models differ from DRMs primarily through recognizing that food 

resources occur in distinct patches and relative profitability of patches may differ in 

response to disturbance or accessibility of resources (Goss-Custard et al. 2003).  Daily 

ration models explicitly assume all food resources within a given region are amalgamated 

at a single location and relative profitability is identical among habitats.  Waterfowl 

foraging habitats are widely distributed across the North American landscape, and the 

relative costs of exploiting food resources undoubtedly differs among habitats.  Thus, 

DRMs do not accurately describe the biological complexities affecting patterns of 

wetland use by migrating and wintering ducks. 

 Waterfowl conservation planners should consider the utility of SDMs to increase 

biological realism of bioenergetics models.  However, these considerations must 

acknowledge trade-offs between biological realism and financial and logistical costs of 

parameterizing more sophisticated models.  Because physiology and sociobiology of 

ducks differ between autumn and spring migration, consideration should also be given to 

using different model structures in bioenergetics models to inform separate habitat 

objectives for autumn and spring migration.  For example, Nolet et al. (2006) 

demonstrated that carrying capacity predictions may depend on whether foragers use a 

site for stopover or wintering and the associated decision-rules (e.g., threshold density vs. 

critical density) and foraging strategies employed (e.g., energy maximizers vs. satisfiers).  

In the absence of bioenergetics models that effectively describe functional carrying 

capacity of foraging habitats, conservation planners should consider providing habitat in 
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excess of DRM predictions to ensure population vital rates are not limited by undetected 

constraints on food availability. 

 Additional research is necessary to determine if patterns observed in this study 

exist in other regions of importance to migrating and wintering waterfowl.  It would be 

particularly valuable to examine results at varying scales and in regions having wetland 

densities greater than that observed in northern Ohio.  Indeed, Greer et al. (2009) opined 

that failure to account for patch-specific profitability (i.e., giving-up densities) is unlikely 

to systematically bias carrying capacity estimates for planning regions as large as the 

Mississippi Alluvial Valley.  If true, potential consequences of using DRMs to estimate 

habitat objectives for migrating and wintering ducks are likely minimal. 

Zero-inflated and hurdle regression models were developed originally by Mullahy 

(1986) and Lambert (1992) for modeling response data from economic and product 

manufacturing fields, but have since received expanded application in biomedical and 

sociology research (Ridout et al. 1998).  Ecologists are increasingly recognizing the value 

of these specialized distributions in modeling occurrences of rare, but biologically 

relevant, phenomena (Eskelson et al. 2009) or the presence and abundance of wildlife 

species in relation to habitat variables (e.g., Mayer et al. 2005, Cunningham and 

Lindenmayer 2005).  I found hurdle regression models appropriate for describing my 

zero-inflated dataset on duck use of wetlands, and I recommend their use to other 

ecologists seeking to draw scientific inference from datasets complicated by an 

abundance of zeros in the response variable. 
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Table 3.1.  Foraging guild, published mean body mass (kg), and mean body mass 

expressed as proportion of mallard body mass for duck species observed during surveys 

of actively and passively managed wetlands in central and northwest Ohio during autumn 

and spring, 2001 – 2004.  

Species Guild 

Body mass

(kg)a

Body mass 

(proportion of mallard)

American wigeon (Anas americana) Grazing 0.77 0.670 

Gadwall (A. strepera) Grazing 0.86 0.748 

American black duck (A. rubripes) Dabbling 1.16 1.009 

American green-winged teal (A. crecca) Dabbling 0.31 0.270 

Blue-winged teal (A. discors) Dabbling 0.42 0.365 

Mallard (A. playrhynchos) Dabbling 1.15 1.000 

Northern pintail (A. acuta) Dabbling 0.91 0.791 

Northern shoveler (A. clypeata) Dabbling 0.64 0.557 

Wood duck (Aix sponsa) Dabbling 0.66 0.574 

Canvasback (Aythya valisineria) Diving 1.20 1.043 

Lesser scaup (A. affinis) Diving 0.77 0.670 

Redhead (A. americana) Diving 0.98 0.852 

Ring-necked duck (A. collaris) Diving 0.70 0.609 

Bufflehead (Bucephela albeola) Diving 0.41 0.357 
 

a Body mass estimated as mean of all age and sex cohorts reported by Bellrose (1976).



 

Table 3.2.  Effect estimates ( ) for zero and count components of final fitted hurdle regression model describing relationship 

between ln(cumulative duck use) and ln(energetic carrying capacity [ECC]) of actively and passively managed wetlands 

during autumn in central and northwest Ohio, 2001 – 2003. 

β̂
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  Predictor variable β̂  
∧

SE  z P 
Null 

deviance
Residual 
deviance

Explained 
deviance (%) 

Zero model        
 Intercept -0.729 0.467 -1.562 0.118    
 ln (ECC) 0.122 0.067 1.809 0.070    
      202.29 198.87 1.69 
Count model        
 Intercept 1.621 1.448 1.119 0.263    
 ln (ECC) 0.409 0.116 3.518 <0.001    
         111.96 100.91 9.87 

 

 

 

 



  Predictor variable β̂  
∧

SE  z P 
Null 

deviance
Residual 
deviance

Explained 
deviance (%) 

Zero model         
 Intercept 0.730 0.448 1.629 0.103    
 ln (ECC) 0.291 0.143 2.033 0.042    
       68.00 63.44 6.71 
Count model          
 Intercept 5.745 0.321 17.897 <0.001    
 ln (ECC) 0.181 0.071 2.563 0.010    

 
Management 
intensity        

  Passive 0.571 0.314 1.816 0.069    
 Year        
  2003 -0.868 0.312 -2.785 0.005    
  2004 -0.916 0.398 -2.302 0.021    
            84.45 68.01 19.47 

Table 3.3.  Effect estimates ( ) for zero and count components of final fitted hurdle regression model describing 

ln(cumulative duck use) as a function of management intensity (active vs. passive), year, and ln(energetic carrying capacity 

[ECC]) of actively and passively managed wetlands during spring in central and northwest Ohio, 2002 – 2004. 

β̂
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Figure 3.1.  Frequency distribution of cumulative duck use (duck use-days/ha) of 

actively and passively managed wetlands in central and northwest Ohio during autumn 

(top) and spring (bottom), 2001 – 2004. 
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Figure 3.2.  Frequency distribution of energetic carrying capacity (duck energy-

days/ha) of actively and passively managed wetlands in central and northwest Ohio 

during autumn (top) and spring (bottom), 2001 – 2004. 
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Figure 3.3.  Frequency distribution of autumn to spring depletion of energetic carrying 

capacity (duck energy-days/ha) in actively and passively managed wetlands in central 

and northwest Ohio, 2001 – 2004. 
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Figure 3.4.  Total observed cumulative duck use-days for species observed on actively and passively managed wetlands in 

central and northwest Ohio during autumn (left) and spring (right), 2001 – 2004.  Species codes: ABDU = American black duck, 

AGWT = American green-winged teal, AMWI = American wigeon, BUFF = bufflehead, BWTE = blue-winged teal, GADW = 

gadwall, LESC = lesser scaup, MALL = mallard, NOPI = northern pintail, NSHO = northern shoveler, REDH = redhead, RNDU 

= ring-necked duck, RUDU = ruddy duck, WODU = wood duck.

Figure 3.4.  Total observed cumulative duck use-days for species observed on actively and passively managed wetlands in 

central and northwest Ohio during autumn (left) and spring (right), 2001 – 2004.  Species codes: ABDU = American black duck, 

AGWT = American green-winged teal, AMWI = American wigeon, BUFF = bufflehead, BWTE = blue-winged teal, GADW = 

gadwall, LESC = lesser scaup, MALL = mallard, NOPI = northern pintail, NSHO = northern shoveler, REDH = redhead, RNDU 

= ring-necked duck, RUDU = ruddy duck, WODU = wood duck.
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Figure 3.6.  Mean (± SE) cumulative duck use (duck use-days/ha) and energetic 

carrying capacity (duck energy-days/ha) of passively managed wetlands in central and 

northwest Ohio during autumn and spring, 2001 – 2004. 
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Figure 3.7.  Observed (circles) and estimated (lines) relationships between duck use and energetic carrying capacity (ECC) of 

actively and passively managed wetlands in central and northwest Ohio during autumn, 2001- 2003.  Estimated relationships 

derived from zero and count components of final fitted hurdle regression models.  Left graph depicts relationship between the 

probability a wetland was used by ducks and ln(ECC); dashed lines are 95% confidence bands.  Right graph depicts 

relationship between ln(cumulative duck use) and ln(ECC). 
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Figure 3.8.  Observed (circles) and estimated (lines) relationships between cumulative duck use and energetic carrying capacity 

(ECC) of actively and passively managed wetlands in central and northwest Ohio during spring, 2002 – 2004.  Estimated 

relationships derived from zero and count components of final fitted hurdle regression model.  Left graph depicts relationship 

between the probability a wetland was used by ducks and ln(ECC); dashed lines are 95% confidence bands.  Right graph 

depicts relationship between ln(cumulative duck use) and ln(ECC) for combinations of management intensity and year. 
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Figure 3.9.  Relationship between cumulative duck use (duck use-days/ha) and energetic carrying capacity (ECC; duck 

energy-days/ha) of actively and passively managed wetlands in central and northwest Ohio during autumn, 2001 – 2003.  

Paired columns of duck use and ECC arranged by rank ordering of ECC. 



0

500

1000

1500

2000

2500

3000

3500

4000

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52 55 58 61 64 67 70
Rank order by energetic carrying capacity

  D
uc

k 
en

er
gy

 (u
se

)-d
ay

s/h
a_

Energetic carrying capacity

Cumulative duck use

 

Figure 3.10.  Relationship between cumulative duck use (duck use-days/ha) and energetic carrying capacity (ECC; duck 

energy-days/ha) of actively and passively managed wetlands in central and northwest Ohio during spring, 2002 – 2004.  

Paired columns of duck use and ECC arranged by rank ordering of ECC.
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Figure 3.11.  Observed (circles) and estimated (solid line) relationship between 

ln(energetic carrying capacity depletion) and ln(autumn cumulative duck use) for actively 

and passively managed wetlands in central and northwest Ohio, 2001- 2004.  Dashed 

lines are 95% confidence bands. 
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Figure 3.12.  Observed (circles) and estimated (solid line) relationship between 

ln(energetic carrying capacity depletion) and ln(autumn energetic carrying capacity) for 

actively and passively managed wetlands in central and northwest Ohio, 2001- 2004.  

Dashed lines are 95% confidence bands. 
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Figure 3.13.  Observed (circles) and estimated (solid line) relationship between ln(spring 

energetic carrying capacity) and ln(autumn energetic carrying capacity) for actively and 

passively managed wetlands in central and northwest Ohio, 2001- 2004.  Dashed lines are 

95% confidence bands. 
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CHAPTER 4 

 

WETLAND- AND LANDSCAPE-SCALE DETERMINANTS OF WETLAND USE BY 

DUCKS DURING AUTUMN AND SPRING MIGRATION IN OHIO 

 

Abstract 

 Availability of dietary energy is considered the most limiting factor for migrating 

and wintering ducks in North America, but ducks may not use foraging habitats in direct 

proportion to energetic carrying capacity (ECC).  Understanding the effects of food and 

non-food factors on patterns of wetland use by migrating and wintering ducks is 

necessary for reliable habitat conservation planning.  I studied duck use of passively 

managed wetlands in Ohio during autumn and spring, 2001 – 2004, to identify wetland- 

and landscape-scale factors influencing distribution of ducks among wetlands.  I used 

hurdle regression models within an information theoretic model selection framework to 

select among competing models for explaining variation in duck use.  Model-averaged 

parameter estimates suggested the probability of a wetland being used by ducks during 

autumn increased with wetland area, ECC, and area of wetland within 1 km, but 

decreased as wetlands became increasingly isolated from other wetlands.  The probability 

of a wetland being used during spring increased with ECC, perimeter-area ratio, and
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amount of wetland within 1 km, but declined as wetlands became increasingly isolated 

from rivers.  Cumulative duck use/ha during autumn was positively related to ECC and 

wetland area, while effects of other predictor variables were small.  Cumulative duck use 

during spring increased with ECC and amount of wetland within 1 km, but decreased 

with increasing distance from rivers.  Larger wetlands received disproportionately greater 

duck use during autumn, suggesting wetland size may be an important consideration for 

habitat conservation strategies for ducks during autumn migration.  However, area did not 

affect duck use during spring, likely because of changes in duck sociobiology between 

autumn and spring.  Energetic carrying capacity positively influenced duck use, but 

observations deviated from linear predictions of daily ration models.  Factors other than 

food energy density (e.g., wetland area, spatial isolation) likely affect functional carrying 

capacity of wetlands for migrating ducks.  Bioenergetics models that fail to account for 

these factors may underestimate habitat needs of target duck populations. 

 

Introduction 

Habitat conservation for migrating and wintering ducks in North America is based 

principally on the food limitation hypothesis, which states that availability of dietary 

energy from food resources is the most likely limiting factor for ducks during non-

breeding periods (Williams et al. 1999, Assessment Steering Committee 2007).  Indeed, 

migrating and wintering waterfowl must satisfy large energy demands associated with 

migration, contour feather molt, courtship and pair formation, thermoregulation, and 

assimilation of nutrient reserves (Paulus 1988) while minimizing exposure to mortality.  

Wetland habitat conditions encountered by ducks during winter may affect subsequent 
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recruitment (Heitmeyer and Fredrickson 1981, Kaminski and Gluesing 1987, Raveling 

and Heitmeyer 1989).  Body mass and condition of ducks during non-breeding periods 

are affected by diet composition and access to high quality foraging habitats (Delnicki 

and Reinecke 1986, Jorde et al. 1995, Ballard et al. 2006), and early winter body mass 

may influence overwinter survival (Conroy et al. 1989, Bergan and Smith 1993, Robb 

2002).  Consequently, high priority is placed on conservation strategies that enhance 

production and availability of food resources for ducks during non-breeding periods. 

Conservation planners use daily ration bioenergetics models (Goss-Custard et al. 

2003) to quantify habitat needs of wintering and migrating ducks as a function of 

cumulative energy demands of target populations and mean energy density of foraging 

habitats (Soulliere et al. 2007).  Daily ration models (DRMs) represent a class of resource 

depletion models that extend from Ideal Free Distribution (IFD) theory and predict 

individuals should distribute themselves among habitats in proportion to relative habitat 

quality (Fretwell and Lucas 1970, Sutherland 1996).  Daily ration models assume food 

energy density is the best measure of habitat quality and that ducks will use wetlands in 

direct proportion to energetic carrying capacity (ECC) as estimated from DRMs.  

However, ducks may not distribute themselves in direct proportion to food energy density 

(Chapter 3). 

Food resource density affects use of wetlands by waterfowl (LaMontagne et al. 

2003, Anteau and Afton 2009, Chapter 3), but landscape and site-scale variables may also 

influence waterfowl use and distribution among wetlands.  Previous studies have 

documented relationships between wetland use by waterfowl and wetland area (Fairbairn 

and Dinsmore 2001, Riffell et al. 2001, McKinstry and Anderson 2002, Kahara 2007), 
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wetland edge complexity (Riffell et al. 2001, Fairbairn and Dinsmore 2001), proximity to 

other wetlands (Parcuellos and Telleria 2004), wetland area on the surrounding landscape 

(Brown and Dinsmore 1986, McKinstry and Anderson 2002, Kahara 2007), adjacent land 

use (Raeside et al. 2007), vegetation cover (McKinstry and Anderson 2002, Raeside et al. 

2007, Stafford et al. 2007, Anteau and Afton 2009), disturbance (Stafford et al. 2007), 

water chemistry (LaMontagne et al. 2003, Kahara 2007, Anteau and Afton 2009), and 

water depth (McKinstry and Anderson 2002).  Bioenergetics models rarely account for 

effects of non-food factors on wetland use by waterfowl and functional availability of 

food resources; the consequences of this are unknown. 

I estimated cumulative duck use of passively managed wetlands in central and 

northwest Ohio to test the relative importance of ECC and wetland- and landscape-scale 

factors in explaining wetland use by ducks during autumn and spring migration.  I 

considered ECC, wetland area, distance to nearest managed wetland complex, distance to 

nearest river, distance to nearest wetland, wetland area within 1 km, percent vegetation 

cover, and perimeter to area ratio as potential explanatory variables. 

 

Study Areas 

 I defined passively managed wetlands as those restored or created through federal 

or state conservation programs, geographically disassociated with a larger system of 

managed wetlands, and not regularly receiving active manipulation of water levels or 

vegetation to improve habitat for waterfowl.  I studied passively managed wetlands on 

privately owned land in 19 counties of central and northwest Ohio (Figure 2.1).  

Surrounding land use varied among sites, but generally included grain agriculture, 
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restored grasslands, and mixed upland deciduous forests.  Passively managed wetlands 

were restored or created through federal or state conservation programs including the 

Conservation Reserve, Wetlands Reserve, Wildlife Habitat Incentives, and ODW Private 

Lands Wetlands Restoration Programs.  Vegetation composition of passively managed 

wetlands was generally dominated by non-persistent annual grasses, sedges, and forbs 

(e.g., Cyperus spp., millet [Echninochloa spp.], panic grass [Panicum spp.], smartweed 

[Polygonum spp.]); persistent emergent macrophytes (e.g., cattail [Typha spp.]); and 

submerged or floating vascular plants (e.g., coontail [Ceratophyllum demersum], Najas 

spp., pondweed [Potamogeton spp.]). 

 Unlike Chapters 2 and 3, I did not include actively managed wetlands in these 

analyses.  Data for actively managed wetlands included in Chapters 2 and 3 were 

obtained from a companion study (Steckel 2003) in which study objectives did not 

necessitate collection of wetland- and landscape-scale variables.  Additionally, several 

landscape-scale variables addressed measures of wetland isolation, and because actively 

managed wetlands were, by definition, geographically associated with wetland 

complexes, their inclusion would not have contributed meaningful information to 

elucidating relationships between duck use and wetland isolation.   

 

Methods 

Wetland-scale variables 

Energetic carrying capacity 

I used multi-stage sampling to estimate ECC of passively managed wetlands in 

Ohio during autumn and spring, 2001-2004 (Levy and Lemeshow 1999, Stafford et al. 
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2006, Brasher et al. 2007).  My target population of passively managed wetlands included 

those restored or created in 19 counties of central and northwest Ohio and matching my 

criteria for passive management.  A comprehensive list of passively managed wetlands 

for my study areas did not exist, so I adopted a database of restored or created wetlands 

(L. Miller, ODW, unpublished data) as my sampling frame.  I visually inspected wetlands 

and consulted with landowners to verify management intensity of wetlands selected from 

the ODW database.  I excluded wetlands that did not match my criteria for passive 

management, and I reduced the target population size (i.e., wetlands in ODW database) 

proportionally. 

I used stratified random sampling at the second stage (i.e., plots within wetlands) 

to maximize precision of ECC estimates for individual wetlands and to meet 

requirements of MSS.  I considered vegetation zones within wetlands as strata and 

proportionally allocated 12-15 0.0625-m2 plots (i.e., 25 x 25-cm sampling frame) among 

them (Levy and Lemeshow 1999).  However, I imposed a minimum secondary sample 

size of 2 plots per stratum in my proportional allocation strategy to facilitate analyses.  

Thus, my samples were not truly self-weighting (Levy and Lemeshow 1999:153).  I 

manually weighted sample plots (i.e., second stage sampling weight) by the proportional 

coverage of their respective vegetation zone within a wetland.  I stratified vegetation 

within wetlands by four zones:  moist-soil, consisting primarily of annual grasses and 

forbs (e.g., millet, panic grass, smartweed); emergent marsh, consisting primarily of 

persistent and non-persistent aquatic macrophytes (e.g., arrowhead [Sagittaria spp.], 

cattail, water plantain [Alisma plantago]); submergent marsh, consisting of submerged or 

floating aquatic vegetation (e.g., coontail, pondweed); and unvegetated open water, 
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where water depth or turbidity prevented growth of vegetation.  I recorded locations of 

plots with Global Positioning Systems and hand-drawn maps to ensure consistency in 

placement of plots between autumn and spring sampling periods. 

 

Autumn ECC 

I estimated ECC by sampling standing seed, below-ground (i.e., tubers), and 

submerged aquatic vegetation of plant species commonly consumed by ducks (Farney 

1975, Hoffman and Bookhout 1985) (Table 3.1).  I selected sampling dates to coincide 

with periods of maximum seed maturation and minimal seed drop or consumption (i.e., 

17 Aug - 6 Oct).  I estimated standing seed biomass (kg/ha) within plots by counting 

numbers of inflorescences of relevant species (Table 2.1) and collecting a representative 

inflorescence to measure seed production per inflorescence.  I threshed seeds from 

inflorescences and removed chaff with forceps and mesh sieves in the laboratory.  I 

estimated tuber biomass by excavating soil in plots to a depth of 10 cm, but I sampled for 

tubers only in wetlands where I observed above-ground growth of tuber-producing 

species (Table 2.1).  I rinsed excavated soil through sieves (mesh sizes 5 [4.0 mm] and 18 

[1.0 mm]) to expose and facilitate removal of tubers.  I collected by hand all submerged 

aquatic vegetation in the water column of a plot when located in standing water.  I sorted 

submerged aquatic vegetation to identify and retain only plant parts and species valued as 

food resources for ducks (Table 2.1). 

I dried seeds, tubers, and submerged aquatic vegetation to constant mass at 50° C 

and weighed these to the nearest 0.01 g.  I derived species-specific seed biomass 

estimates for each plot by multiplying the number of inflorescences by the dry mass of 
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seed collected from the representative inflorescence.  I used methods described by 

Reinecke et al. (1989:236) to convert estimates of seed, tuber, and submerged aquatic 

vegetation biomass to energetic carrying capacity in DED/ha (i.e., identical to methods 

used in Chapter 3).  I used 292 kcal/day as the daily energy requirement for a 

representative (i.e., mallard-sized) duck, and I used published and adjusted values of true 

metabolizable energy (TME) for moist-soil seeds, tubers, and submerged aquatic 

vegetation (Table 2.1).  However, because empirical evidence for a foraging threshold in 

non-agricultural wetlands was lacking, I did not subtract a foraging threshold value from 

ECC estimates for my study wetlands. 

 

Spring ECC 

I sampled wetlands immediately after thawing in late winter (1 – 21 Mar, 2002-

2004) to estimate spring ECC.  Higher water levels rendered sampling methods used 

during autumn impractical in spring.  I sampled moist-soil seed, tuber, and submerged 

aquatic vegetation biomass during spring by vertically positioning a 30-cm diameter 

stovepipe at each plot and using repeated sweeps with a 0.541-mm mesh net to extract 

plant material from the sampled water column and wetland substrate (Feddersen 2001).  I 

discontinued sweeps when 4 consecutive sweeps produced no additional material; usually 

10-20 total sweeps.  I combined the contents of all sweeps collected from a plot and 

stored it at -2° C in a plastic freezer bag until processing.  I rinsed samples through mesh 

sieves and removed intact seeds, tubers, and submerged aquatic vegetation.  I dried and 

weighed samples following procedures described for autumn.   
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I converted biomass estimates to wetland ECC as described for autumn.  

However, I did not sort seeds or tubers collected during spring by taxonomic levels and 

was unable to use species-specific TME values to estimate ECC in spring.  I used instead 

TME values of 2.5 kcal/g for seeds (Kaminski et al. 2003) and 3.55 kcal/g for tubers (i.e., 

mean of chufa [Cyperus esculentus] and broad-leaved arrowhead [Sagittaria latifolia], 

Table 2.1). 

 

Area 

 The importance of patch size in determining species richness and total number of 

occupants has been documented for a variety of avian and terrestrial species (Connor et 

al. 2000, Riffell et al. 2001, Rosenzweig 2002).  However, patch size may also influence 

density of individuals, either positively (Taft and Haig 2006) or negatively (Fairbairn and 

Dinsmore 2001), suggesting existence of area sensitivities among birds.  Because the 

tendency among avian taxa is for density to be positively related to patch area (Connor et 

al. 2000), I included wetland area (AREA) as an explanatory variable and hypothesized 

that duck use would be positively related to wetland area.  

 

Perimeter:Area ratio 

 Perimeter to area ratio (P:A) provides a measure of the relative complexity of the 

shape of a patch (i.e., wetland), which also describes relative amount of edge (Turner et 

al. 2001).  Perimeter to area ratio is an important determinant of grassland breeding bird 

presence and richness (Helzer and Jelinski 1999), and may influence use of wetlands by 

mallards (Fairbairn and Dinsmore 2001).  Density of breeding dabbling ducks is greatest 
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on wetlands with approximate 50:50 interspersion of vegetation and open water, 

presumably because a higher vegetation-water interface may enhance production of 

aquatic invertebrates or provide opportunities for visual isolation of pairs (Kaminski and 

Prince 1981).  Larger values of P:A indicate greater relative wetland edge, so I included 

P:A as an explanatory variable and hypothesized that duck use would be positively 

related to P:A. 

  

Vegetation cover 

 Vegetation type and extent influences presence and abundance of waterfowl 

species within a wetland (McKinstry and Anderson 2002, Stafford et al. 2007, Anteau 

and Afton 2009).  However, the strength of this relationship may vary (VanRees-Siewart 

and Dinsmore 1996).  I summed percent coverage of moist-soil and emergent vegetation 

to produce a single measure of percent vegetation cover (COVER) for each wetland.  If 

ducks respond favorably to equal interspersion of vegetation and open water, densities 

should be greatest at approximately 50% COVER and decline as it approaches 0 and 

100%.  Thus, I hypothesized the relationship between duck use and COVER would best 

be described by a quadratic function (i.e., COVER + COVER2) such that duck densities 

would be highest at intermediate values. 

 

Landscape-scale variables 

Distance to nearest managed wetland complex 

 Duck abundance is expected to be greater on managed wetland complexes than 

isolated, unmanaged wetlands because manipulations are employed on managed 
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complexes specifically to maximize production of food resources for ducks.  Managed 

wetland complexes may serve as daytime roost sites for ducks that engage in nocturnal 

foraging flights into the surrounding landscape as an adaptation to high disturbance 

during diurnal time periods (Cox and Afton 1997).  I measured the shortest linear 

distance between study wetlands and the nearest managed wetland complex 

(DCOMPLEX) and hypothesized that duck use would be negatively related to 

DCOMPLEX.  I considered U.S. Fish and Wildlife Service National Wildlife Refuges; 

Ohio, Indiana, and Michigan state Wildlife Management Areas; and privately-owned 

wetland complexes identified from aerial imagery in my selection of managed wetland 

complexes from which to measure distances. 

 

Distance to nearest river 

 Major waterfowl migration corridors often follow river drainages (Bellrose and 

Crompton 1970).  Waterfowl use visual landscape cues (e.g., rivers) to navigate during 

migration, and following migratory pathways through alluvial floodplains likely confers 

evolutionary advantages related to greater chance of encountering newly available 

foraging habitats following rain and overbank flooding of rivers (Heitmeyer 2007).  

Consequently, waterfowl abundance should be higher in proximity to major rivers and 

streams.  I measured shortest linear distance between study wetlands and the nearest river 

(DRIVER) and hypothesized that duck use would be negatively related to DRIVER.  I 

followed Sanders (2001) in defining rivers as waterways >161 km in length and having 

watersheds of >1,813 km2.  I used river length and watershed measurements from 

Sanders (2001) to determine if waterways within my study area matched these criteria.  
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Rivers matching these criteria included the Auglaize, Great Miami, Maumee, 

Muskingum, Sandusky, and Scioto.  I included one additional river whose measurements 

only partially met these criteria (i.e., Blanchard River; length = 146 km, watershed = 

1,996 km2). 

 

Distance to nearest wetland 

 Various measures of wetland isolation affect avian species richness and individual 

use of wetlands (Brown and Dinsmore 1986, Paracuellos and Telleria 2004, Anteau and 

Afton 2009).  I measured shortest linear distance between study wetlands and the nearest 

palustrine wetland (DWETLAND) and hypothesized that duck use would be negatively 

related to DWETLAND. 

 

Wetland area within 1 km 

 Wetland area within the surrounding landscape has strong, positive influences on 

species richness and use of wetlands by waterfowl and other wetland-dependent birds 

(Brown and Dinsmore 1986, Fairbairn and Dinsmore 2001, McKinstry and Anderson 

2002, Taft and Haig 2006).  I measured total area of palustrine wetlands within a 1 km 

radius of the centroid of study wetlands (WETAREA) and hypothesized that duck use 

would be positively related to WETAREA. 

I used ArcView GIS 3.2 (Environmental Systems Research Institute, Inc., 

Redlands, CA, USA) to measure AREA, P:A, and all landscape-scale variables from 

color, aerial photographs (image resolution <2 m pixel) collected by county auditors and 

the National Agricultural Imagery Program during spring of my study years.  I measured 
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COVER using ArcView GIS 3.2 and aerial photographs, but I verified classification of 

vegetation zones during visits to wetlands.  

 

Cumulative duck use 

 I surveyed wetlands twice weekly to estimate cumulative duck use during time 

periods that coincided with autumn and spring migration through my study region.  I 

conducted autumn duck counts during 16 Oct – 27 Dec 2001, 18 Oct – 4 Dec 2002, and 

16 Oct 2003 – 1 Jan 2004.  I conducted spring duck counts during 11 Mar – 25 Apr 2002, 

17 Mar – 31 Apr 2003, and 4 Mar – 12 May 2004.  I conducted 1 survey each during 

diurnal and nocturnal periods weekly to account for diel differences in behavior and 

habitat use patterns (e.g., Cox and Afton 1997, Anderson and Smith 1999).  I conducted 

diurnal and nocturnal surveys on the same wetland <48 hours apart to minimize bias 

resulting from daily variation in local duck abundance.  I enumerated ducks by species 

and guild (Table 3.1) during diurnal periods with spotting scopes (Bausch and Lomb® 20-

60 x 80 mm) and during nocturnal periods with Generation 3 light enhancing optics 

(Dark Invader Nightmare® scope, BE Meyers 50 mW laser illuminator, and 100-500 mm 

zoom lens).  I attempted to obtain complete coverage of wetlands during surveys by 

viewing from 1-3 positions around the wetland.  However, vegetation density and size 

precluded complete visual coverage on a few wetlands.  For these wetlands, I restricted 

surveys to portions of the wetland that could be effectively observed and adopted the 

observable area as the surveyed area. 

For autumn and spring separately, I calculated cumulative duck use-days for 

wetland j during year i as  
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where  was the number of ducks of species k observed on wetland j during diel 

period l (1 = diurnal, 2 = nocturnal) of week t and year i;  was the Julian date of the 

survey for wetland j during diel period l of week t and year i; and  was the 

proportion of a 24 hour day accounted for by diel period l during week t and year i.  I 

weighted counts by  because nocturnal and diurnal time periods accounted for 

unequal portions of the diel cycle, and I assumed ducks exploited food resources during 

nocturnal and diurnal periods in proportion to their temporal length.  Unlike Chapter 3, I 

did not adjust duck counts for differences in relative body mass because I could not 

envision a relationship between energetic measures of duck use and wetland- or 

landscape-scale variables not related to food abundance.  I standardized DUD estimates 

among wetlands of different sizes by dividing cumulative use by the wetland area 

surveyed, thus creating density estimates of cumulative duck use. 

ltijkn )(

ltijd )(

ltip )(

ltip )(

I conducted nocturnal surveys on a subsample (n = 15) of passively managed 

wetlands during 2003 – 2004 because widespread spatial distribution of wetlands 

precluded conducting nocturnal surveys on all wetlands.  Moreover, data from 2001 – 

2003 indicated use during nocturnal periods accounted for, on average, 10.5% (range = 

0.0 – 100.0%) and 5.1% (range = 0.0 – 56.5%) of total duck use on passively managed 

wetlands during autumn and spring, respectively.  I randomly selected wetlands for 

nocturnal surveys during 2003 – 2004 by assigning random numbers to all wetlands 
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studied during this year, ranking wetlands in ascending order of random numbers, and 

selecting the first 15 wetlands from this ranked list.  I used data from these 15 wetlands to 

adjust estimates of duck use for wetlands not surveyed during nocturnal periods in 2003 – 

2004 using the following modification to my standard DUD equation: 
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where  was the mean proportion of total duck use attributable to nocturnal time 

periods for the guild with which species k was associated (Table 3.1), as measured from 

the subsample of wetlands surveyed during nocturnal periods in 2003 – 2004. 

kg

  

Statistical analyses 

 I used PROC SURVEYMEANS in SAS Version 9.1 (SAS Institute 2004) as 

described in Chapter 2 to estimate ECC of individual wetlands during autumn and spring.  

I treated observed duck use as cumulative counts adjusted for wetland size (DUD/ha) and 

used discrete distributions for count data (e.g., Poisson, negative binomial) in statistical 

models where duck use was the dependent variable.  Data for cumulative duck use were 

strongly right-skewed and characterized by large numbers of zeros representing wetlands 

where ducks were not observed (Figure 3.1).  Conventional models for count data 

perform poorly for datasets with abundant zeros, resulting in poor model fit, violations of 

distributional assumptions, biased standard errors that generate overly optimistic 

significance values, and invalid scientific inference (Ridout et al. 1998, Potts and Elith 
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2006).  I considered zero-inflated and hurdle regression models (Ridout et al. 1998, Zuur 

et al. 2009) for investigating relationships between cumulative duck use and wetland- and 

landscape-scale variables of passively managed wetlands. 

 The key difference between zero-inflated and hurdle regression is how zeros are 

modeled.  Although model selection criteria (e.g., Akaike’s Information Criterion [AIC]; 

Burnham and Anderson 2002) may be used to examine which model specification best 

fits the data, the choice between zero-inflated and hurdle models should occur a priori 

and be based on biological knowledge and characteristics of the data (Cunningham and 

Lindenmayer 2005, Potts and Elith 2006, Zuur et al. 2009).  Most of my study wetlands 

were small with low to moderate vegetation density which enabled near complete 

visibility during surveys.  Because of this, and the non-secretive nature of ducks, I 

considered it unlikely that abundant zeros originated from poor study design or observer 

error.  Rather, I believe the majority of zeros in my dataset were structural and likely 

caused by processes other than variation in wetland ECC.  Consequently, I used hurdle 

regression (Zuur et al. 2009) to model cumulative duck use during autumn and spring. 

Another feature common to count data in environmental studies is overdispersion, 

in which the variance of the response variable is greater than its mean.  When this occurs, 

the Poisson distribution may be a poor choice because it assumes equi-dispersion and 

inadequately describes overdispersed data (Ridout et al. 1998, Potts and Elith 2006, Zuur 

et al. 2009).  In such instances, the negative binomial distribution or quasi-Poisson 

parameterization become better options because they contain an additional parameter that 

describes the extra variation caused by overdispersion.  One method of testing for 

overdispersion and selecting the most suitable distribution involves running each model 
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specification and comparing fit using likelihood ratio tests (Zeileis et al. 2008).  

Additionally, the quasi-Poisson model estimates the dispersion parameter, for which 

significant departures from 1 indicate over- or underdispersed data.  I initially modeled 

duck use as a function of autumn ECC with standard Poisson, negative binomial, and 

quasi-Poisson models, each with a logit link function in a generalized linear modeling 

framework, and chose between Poisson and negative binomial distributions based on 

measures of overdispersion and model fit (Zuur et al. 2009).  I used likelihood ratio 

statistics calculated from the ltest package (Zeileis and Hothorn 2002) in the R system for 

statistical computing (R Development Core Team 2009) to assess model fit. 

I developed a set of 37 a priori candidate models to explain variation in duck use 

of passively managed wetlands in central and northwest Ohio during autumn and spring 

migration (Tables 4.1, 4.2).  I developed model parameterizations based on combinations 

of explanatory variables that reflected reasonable hypotheses for explaining patterns of 

wetland use by migrating ducks (Burnham and Anderson 2002).  I included an intercept-

only model to determine if inclusion of explanatory variables improved model fit beyond 

that based on a mean value of duck use.  I used the same set of candidate models but 

conducted analyses and evaluated model output separately for autumn and spring.  I did 

not consider 3-way interactions and considered only a few 2-way interactions among 

explanatory variables because I desired to focus on models representing tractable 

explanations of wetland use by ducks.  Although hurdle regression models may 

accommodate different parameterizations for the zero and count components to describe 

different processes for generating zero vs. non-zero counts (Ridout et al. 1998),  I 
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included in my set of a priori candidate models only those with identical variable 

specifications in the zero and count components.  This produced a more manageable list 

of candidate models.   

I selected among competing models using Akaike’s Information Criterion 

adjusted for small sample size (AICc) because this criterion provides a useful means of 

evaluating relative merit of non-nested models, as was the case with my set of candidate 

models (Burnham and Anderson 2002).  Models having the lowest AICc are considered 

the most parsimonious and best supported among the candidate models.  I calculated 

ΔAICc by subtracting each model’s AICc from that of the most parsimonious model and 

generated normalized Akaike weights (wi) to evaluate the relative likelihood of each 

model being the actual best model (Burnham and Anderson 2002).  Model-averaging 

provides a formal means of accounting for model-selection uncertainty when a single best 

model is not apparent (Burnham and Anderson 2002).  I calculated model-average 

parameter estimates ( β̂  ) and unconditional standard errors from a confidence set of best 

models based on a threshold evidence ratio (i.e., wi / wmin) of 0.05, where wmin was the 

Akaike weight for the model with lowest ΔAICc (Burnham and Anderson 2002:171).  

Evidence ratios may be interpreted as the relative likelihood that a given model is more 

plausible than the model having the smallest AICc (Burnham and Anderson 2002).   

After examining model selection results of my a priori models, I constructed a 

series of exploratory models in which I specified different parameterizations for zero and 

count components of hurdle regression models (Tables 4.3, 4.4).  I considered different 

combinations of explanatory variables for autumn and spring based on results from a 
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priori models.  I conducted analyses and evaluated support for exploratory models using 

methods described for a priori models, except I did not create a confidence set of models 

or generate model-averaged parameter estimates. 

 I used the pscl package (Jackman 2008) in the R system for statistical computing 

(R Development Core Team 2009) and followed recommendations of Zeileis et al. (2008) 

in using the hurdle function to implement hurdle regression models.  I specified the logit 

link in hurdle regression models, and therefore interpreted model results relative to the 

natural log of cumulative duck use-days/ha.  Data on autumn ECC, spring ECC, and 

WETAREA were strongly right skewed; thus, I included these variables in statistical 

models as natural log transformations.  Specification of the logit link enables examination 

of log-log relationships where the response variable is expressed as a power of the 

explanatory variable (Guthery and Bingham 2007).  I included the natural log 

transformation of AREA in one candidate model to test the hypothesis that the effect of 

AREA on duck use diminishes with increasing AREA (i.e., analogous to species-area 

curve; Rosenzweig 2002).  When necessary, I calculated effect of variables in interaction 

terms by evaluating each variable at the mean value of the variable with which it 

interacted (Table 4.5) (Guthery and Bingham 2007).  I used the corvif function in the 

AED package (Zuur et al. 2009) to calculate variance inflation factors (VIF) and check 

for multicollinearity among explanatory variables.  I considered VIF ≥3 as evidence of 

collinearity and removed correlated variables until all VIF were <3 (Zuur et al. 

2009:387). 
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 Generalized linear models do not produce R2 values with which to quantify 

amount of response variation explained by predictor variables.  However, residual 

deviance, defined as twice the difference between log-likelihood of the saturated model 

and the model under study, and null deviance, defined as the residual deviance in an 

intercept-only model, are considered maximum likelihood equivalents to total and 

residual sums of squares (Zuur et al. 2009:217-218).  Thus, explained deviance, 

calculated as 100    
deviance null

deviance residual  - deviance null
× , may be used to estimate variation 

explained by a given model.  Although null and residual deviances are not calculated for 

hurdle regression, identical model results may be obtained for the zero and count 

components using separate generalized linear models (Zuur et al. 2009: 272), which do 

calculate null and residual deviances.  Thus, I calculated explained deviance to assess 

variation explained by the most parsimonious models. 

 

Results 

I estimated duck use and ECC on 15, 18, and 50 passively managed wetlands in 

central and northwest Ohio during autumn 2001, 2002, and 2003, respectively.  I 

estimated duck use on these same wetlands during spring, 2002 – 2004, but I estimated 

ECC during spring for only 15 wetlands, all in 2004.  All wetlands studied during 2001 – 

2002 were studied also during 2003 – 2004; thus, these data were not independent.  

Consequently, I excluded data collected during 2001 – 2002 from my analyses.  I 

excluded data from 2001 – 2002 rather than 2003 – 2004 because I studied a greater 
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number of wetlands during 2003 – 2004, and including data from 2001 – 2002 would 

have contributed another year of annual variation.   

One wetland studied during 2003 – 2004 had a large influence on model selection 

results for autumn.  Cumulative duck use for this wetland was 17,591 DUD/ha, which 

was nearly 10 times the next largest value (1,859 DUD/ha) (Figure 3.9).  Although 

logarithmic transformations (i.e, via the logit link) reduce the influence of extreme 

observations, inclusion of this wetland in my autumn dataset prevented convergence for 

maximum likelihood estimators in some candidate models.  Additionally, rankings of 

model parsimony differed substantially between datasets with and without this 

observation.  Consequently, I excluded this wetland from analysis of autumn duck use, 

resulting in a final sample size of 67 wetlands.  This wetland did not generate an extreme 

observation for duck use during spring (818 DUD/ha), so I retained it in my dataset for 

analyzing duck use during spring (n = 68). 

 Collinearity was absent among explanatory variables as all VIF values were <2.5.  

I desired to include a measure of food energy density in models describing duck use 

during spring, but I measured spring ECC for only 15 wetlands.  I used Pearson 

correlation coefficients to explore the potential for autumn ECC to serve as a proxy for 

spring ECC, and thereby maximize sample size for models of spring duck use.  Autumn 

and spring ECC were strongly correlated (R2 = 0.85, P < 0.001), so I included autumn 

ECC as a measure of food energy density in models of duck use during spring.  

Overdispersion was present in the response variable, as evidenced by better fit of a 

negative binomial than Poisson distribution during autumn (log(L) = -243 vs. -3,680,  2
1χ

 126



 

= 6,874, P < 0.001) and spring (log(L) = -424 vs. -12,350,  = 23,854, P < 0.001). 

Consequently, I used a negative binomial distribution in all models of cumulative duck 

use. 

2
1χ

 

Autumn 

 The model including additive effects of AREA, ln(ECC), and DWETLAND was 

identified as most parsimonious for describing duck use of passively managed wetlands 

during autumn (Table 4.1).  The probability of a wetland being used by ducks (i.e., zero 

component of hurdle regression model) was positively related to wetland area and ECC 

but negatively related to the nearest palustrine wetland (Table 4.6).  Cumulative duck 

use/ha was positively related to all 3 explanatory variables in the count component.  

However, standard errors for parameter estimates were relatively large, leading to 95% 

confidence intervals that overlapped zero for ln(ECC) in the zero component and 

DWETLAND in the zero and count components (Table 4.6).  Explained deviance for the 

zero component of the most parsimonious model was 16.0%, while the count component 

explained 36.1% of variation in cumulative duck use/ha.  My confidence set of best 

models contained the top 5 models, which collectively accounted for 98% of Akaike 

model weights (Table A.1).  AREA and ln(ECC) were contained as additive terms in 

each model, although the second best model contained their interaction term (Table 4.1).   

 Model-averaged effect estimates suggested AREA, ln(ECC), and ln(WETAREA) 

positively influenced the probability that a wetland was used by ducks during autumn, 

while the probability of use decreased with increasing distance from the nearest 

palustrine wetland (Table 4.7).  Model-averaged estimates in the count component 
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indicated cumulative duck use/ha was positively influenced by AREA, DWETLAND, 

and ln(ECC).  Effect estimates for DCOMPLEX and ln(WETAREA) were small (| β̂  | ≤ 

0.003; Table 4.7).  Unconditional standard errors were relatively large for all parameter 

estimates, resulting in 95% confidence intervals that overlapped zero for all parameters 

except ln(ECC) in the count component (Table 4.7). 

 The best supported exploratory model describing duck use during autumn 

contained an interaction between ln(ECC) and AREA in the zero component and additive 

effects of these variables in the count component (Table 4.3).  The AICc for this model 

was only 0.86 smaller than that for the best supported a priori model. 

 

Spring 

 Duck use of passively managed wetlands during spring was best modeled by the 

additive effects of ln(ECC) and DRIVER (Table 4.1).  This model indicated the 

probability of a wetland being used by ducks was positively related to ln(ECC) but 

negatively related to DRIVER (Table 4.8).  Cumulative duck use/ha was positively 

related to ln(ECC) but negatively related to DRIVER in the count component.  

Confidence intervals for the effect of DRIVER overlapped zero, but those for ln(ECC) 

were distinct from zero (Table 4.8).  Explained deviance for the zero component of the 

most parsimonious model was 15.9%, while the count component explained only 10.6% 

of variation in cumulative duck use/ha.  Model selection uncertainty was substantial 

during spring.  The Akaike weight in favor of the most parsimonious model was 0.291 

(Table 4.1), and my confidence set of best models included the top 14 models (Table 

A.2).  These models collectively accounted for 91.0% of Akaike model weights. 
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 Model-averaged effects of ln(ECC), P:A, and ln(WETAREA) were positive, 

while that for DRIVER was negative in the zero component of models describing duck 

use during spring (Table 4.9).  Model-averaged effect estimates were small (| β̂  | ≤ 0.007) 

for all other parameters in the zero model (Table 4.9).  Model-averaged effects of 

ln(ECC) and ln(WETAREA) in the count model were positive, while effects of DRIVER 

and P:A were negative.  Unconditional standard errors were large for all model-averaged 

effect estimates, especially P:A, resulting in all confidence intervals overlapping zero 

(Table 4.9). 

 The best supported exploratory model describing duck use during spring 

contained ln(ECC) in the zero component and additive effects of ln(ECC) and DRIVER 

in the count component (Table 4.4).  The AICc for this model was 0.08 units larger than 

that for the best supported a priori model. 

 

Discussion 

  Wetland AREA and ln(ECC) were the most important variables determining the 

probability of a wetland being used by ducks during autumn, as each variable was present 

in the zero component of 5 models comprising my confidence set of models (Table A.1).  

Although variances around estimates were large, the model-averaged effect estimate for 

AREA indicated that for each 1 ha increase in wetland size, the odds of use increased 

nearly 5 fold (e1.598 = 4.94).  For each 1 unit increase in ln(ECC), the odds of use 

increased by 35% (e0.299 = 1.35), and the ECC value at which probability of use exceeded 

50% was estimated to be 2,416 DED/ha.  The negative effect of DWETLAND indicated 
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probability of use decreased as wetlands became increasingly isolated.  Specifically, the 

point estimate for this effect suggested that for every 1 km increase in distance from the 

nearest wetland, the odds of use decreased by 25% (i.e., 1- (e-0.284) = 0.247).  However, 

this variable was present in only 1 of the 5 models in my confidence set and its 95% 

confidence interval overlapped zero; its importance in explaining duck use may be 

questionable.   

 The relationship between patch area and species richness as described by island 

biogeography theory (MacArthur and Wilson 1967) is a well-studied phenomenon in 

ecology (Connor et al. 2000, Rosenzweig 2002).  In his review of island biogeography, 

Rosenzweig (2002:211) defined a generic island as, “…a self-contained region whose 

species originate entirely by immigration from outside the region.”  Under this definition, 

wetlands may reasonably be considered islands amidst a landscape of unsuitable habitats 

for ducks, and as such, patterns of species richness and use of wetlands should follow 

predictions of island biogeography.  Indeed, numerous studies have documented 

relationships between wetland area and waterfowl species richness (Brown and Dinsmore 

1986, Gotelli and Graves 1996, Connor et al. 2000, Guadagnin et al. 2009).  Although I 

did not model species richness, I aggregated duck use across all species observed such 

that use of a wetland by any duck species constituted a used wetland.  If larger wetlands 

support greater species richness, then the probability of a wetland being used by any 

member of a group of similar species should increase with wetland area. 

 Use of wetlands by lesser scaup (Aythya affinis) during spring in the upper 

Midwest is positively related to area of open water and wetland size (Kahara 2007, 

Anteau and Afton 2009), and previous authors have speculated that scaup use wetland 
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area as a cue to amphipod densities (Lindeman and Clark 1999).  Waterfowl primarily 

used wetlands >1.4 ha in size during spring migration in Wyoming (McKinstry and 

Anderson (2002).  Although ducks used wetlands as small as 0.21 ha in my study, the 

mean size of used wetlands was 1.49 ha, while that for unused wetlands was 0.86 ha.  

 One explanation for species-area curves is the habitat diversity hypothesis, which 

postulates that larger areas contain a greater diversity of microhabitats and are therefore 

able to satisfy resource needs of a greater number of species (Gotelli and Graves 1996).  

A second hypothesis, the passive sampling hypothesis, states that larger areas receive 

proportionally more individuals simply because they provide a larger target for settling 

and, hence, contain more species (Gotelli and Graves 1996).  The range of wetland sizes 

in my study was probably narrow relative to the perceptual abilities of waterfowl, 

suggesting the passive sampling hypothesis was likely not an exclusive explanation for 

the observed relationship between autumn duck use and wetland AREA.  Based on 

general field observations of increasing spatial and vegetative diversity with increasing 

wetland size, it seems likely that the habitat diversity hypothesis may be partly 

responsible for my results. 

 The positive relationship between probability of wetland use and ln(ECC) was 

consistent with IFD theory which predicts wetlands possessing greatest densities of food 

resources should be the ones first utilized (Sutherland 1996, Goss-Custard et al. 2003).  

The model-averaged effect size for this relationship was similar to that generated in 

Chapter 3 from a larger sample of actively and passively managed wetlands (0.122 vs. 

0.299) and their confidence intervals overlapped.   
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 Spatial isolation is an important factor influencing species richness and the 

probability of wetland use by ducks (Brown and Dinsmore 1986, Paracuellos and Telleria 

2004, Kahara 2007).  Although indistinguishable from a slope of zero (i.e., no effect), the 

sign of the effect size for DWETLAND was consistent with predictions of earlier studies 

demonstrating species richness and probability of use were inversely related to various 

measures of wetland isolation (McKinstry and Anderson 2002, Kahara 2007).  Under the 

assumption that neighboring wetlands contribute a source of potentially colonizing 

individuals and species, this relationship may be explained by island biogeography theory 

in which wetlands closer to source populations experience higher colonization rates (i.e., 

higher probability of use), lower extinction rates, and thereby greater species richness 

(MacArthur and Wilson 1967, Rosenzweig 2002).   

 Wetland area was unexpectedly absent as an important predictor of the probability 

of wetland use during spring.  AREA was present in only 1 of 14 a priori models in my 

confidence set of best models (Table A.2).  Among other variables, only ECC and P:A 

had an effect size suggestive of meaningful impacts on wetland use during spring, but 

standard errors for these predictors were large and confidence intervals substantially 

overlapped zero.  Perimeter–area ratio was present in only 1 of 14 models in my 

confidence set of models (Table A.2), casting doubt on the true importance of P:A in 

predicting probability of wetland use.  In contrast, ln(ECC) was present in 9 of 14 models 

in the candidate set, and the model-averaged effect size for ln(ECC) in this study was 

remarkably similar to that estimated for a larger sample of actively and passively 

managed wetlands (Chapter 3; 0.291 vs. 0.237).  Distance to nearest river occurred in 5 

of 14 models and suggested the probability of use decreased with increasing distance 
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from a major river.  The lack of meaningful relationships with other variables likely 

resulted from high wetland use rates; 60 of 68 wetlands were used by ducks during 

spring. 

 Among wetlands used by ducks, model-averaged estimates from the count 

component of hurdle regression models indicated AREA and ln(ECC) were the most 

important variables determining cumulative duck use/ha during autumn.  The coefficient 

for DWETLAND suggested cumulative duck use/ha increased as distance to nearest 

wetland became greater.  I suspect this was a spurious result as I can conceive of no 

reasonable, biological explanation for it.  DWETLAND occurred in only 1 of 5 models in 

my confidence set for explaining duck use during autumn (Table A.1), and the 

unconditional standard error for this estimate was large, causing its confidence interval to 

substantially overlap zero.  The model-averaged point estimate for AREA suggested that 

for every 1 ha increase in wetland area, cumulative duck use/ha increased by 37% (e0.312 

= 1.37; Figure 4.1).  However, the confidence interval for AREA overlapped zero, casting 

uncertainty on its true impact.  Energetic carrying capacity had a strong and positive 

influence on cumulative duck use/ha.  Confidence intervals for the effect of ln(ECC) did 

not overlap zero, and the coefficient indicated that cumulative duck use/ha increased non-

linearly with ECC at a rate equivalent to ECC0.727. 

 For an individual species, equilibrium theory of island biogeography predicts the 

abundance of that species will increase linearly with patch area, such that density remains 

constant across patches of different size (MacArthur and Wilson 1967).  However, the 

relationship between patch area and density has received considerable attention, with 

results often in disagreement with MacArthur and Wilson’s (1967) prediction (Connor et 
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al. 2000).  Two alternative hypotheses for explaining the relationship between density 

and area include the resource concentration (Root 1973) and density compensation 

(MacArthur et al. 1972) hypotheses.  The density compensation hypothesis is based on 

observations where the collective density of multiple species was equal on small islands 

to that of mainland source areas.  If species richness is lower on small islands, then 

average density per species should be higher on small than large islands (Connor et al. 

2000).  The resource concentration hypothesis postulates that individuals should 

concentrate disproportionately in areas of high resource abundance, and because larger 

patches often contain greater abundance of resources, density is predicted to correlate 

positively with patch area (Connor et al. 2000). 

 Connor et al. (2000) estimated the relationship between bird density and patch 

area was, on average, positive, but noted this relationship was present only when 

examined at the level of individual species.  When Connor et al. (2000) amalgamated bird 

species at higher taxonomic levels, the average correlation between density and patch 

area was negative but not statistically different from zero.  Although confidence intervals 

for AREA overlapped zero, models containing the positive effect of AREA were among 

the best supported for explaining variation in cumulative duck use/ha during autumn.  I 

was uncertain of the taxonomic amalgamations that informed the meta-analysis of 

Connor et al. (2000), but duck species observed in my study may represent a taxonomic 

grouping whose habitat requirements during autumn are similar enough to justify their 

amalgamation. 

 One mechanism proposed to explain the resource concentration hypothesis is that 

higher densities of individuals may facilitate completion of socio-biological annual cycle 
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events (Connor et al. 2000).  Waterfowl are gregarious during autumn as they seek 

courtship and pairing opportunities (Paulus 1988).  Moreover, individual predation 

probabilities may be lower and opportunities to locate and exploit high quality foraging 

habitats higher for waterfowl associating in high densities.  Availability of potential 

mates is likely a valuable component of habitat quality, because locating potential mates 

and establishing a pair bond has direct implications for individual fitness.  Under this 

scenario, the resource concentration hypothesis offers a likely explanation for the 

positive, albeit weak, relationship I observed between wetland area and duck density 

during autumn. 

 Ducks responded positively to increases in food energy density during autumn as 

evidenced by the rather large coefficient for ln(ECC) and confidence intervals that did 

not overlap zero.  However, and similar to Chapter 3, this relationship was detected on a 

log-log scale, suggesting it deviated from linear predictions of conventional bioenergetics 

models for duck habitat conservation.  The coefficient for ln(ECC) was similar to that 

estimated from a larger sample of actively and passively managed wetlands (Chapter 3) 

(0.402 vs. 0.727; Tables 3.2, 4.7). 

 Energetic carrying capacity and perimeter-area ratio were the only predictors with 

effect estimates indicative of meaningful influences on cumulative duck use/ha during 

spring (Table 4.9).  The effect estimate for P:A was negative, suggesting that use 

decreased with increasing edge complexity.  However, the confidence interval for P:A 

substantially overlapped zero.  The effect of ECC was positive and similar to that 

estimated from a larger sample of actively and passively managed wetlands (Chapter 3) 

(0.181 vs. 0.108; Tables 3.3, 4.9), and ln(ECC) appeared in 9 of 14 models in my 
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confidence set of models (Table A.2).  AREA did not appear as an important variable 

influencing cumulative duck use/ha during spring.  I suspect the lack of an AREA effect 

resulted from changing social behavior of ducks as they become less gregarious during 

spring in advance of the breeding season (Anderson and Titman 1992).  If the resource 

concentration hypothesis is responsible for the AREA-density relationship during 

autumn, and if the driving mechanism is access to available mates, then the need for 

resource concentration lessens during spring because most ducks have established pair 

bonds by that time (Anderson and Titman 1992).  

 I used autumn ECC as a proxy for food energy density during spring because I 

sampled ECC during spring for only 15 passively managed wetlands.  The correlation 

between autumn and spring ECC was high, and this substitution seemed justified.  

However, I was interested in the degree to which model selection results may have 

changed if spring ECC, rather than autumn ECC, was used to describe duck use during 

spring.  I re-ran models of spring duck use, but used data from only the 15 passively 

managed wetlands where I measured spring ECC.  I included both autumn and spring 

ECC as predictor variables in the model set.  Because all 15 wetlands were used by ducks 

during spring, hurdle regression models were not necessary.  Instead, I used generalized 

linear models with a negative binomial distribution and logit link function to model 

spring duck use.  I considered 55 exploratory models (Table A.3) and calculated model 

selection criteria as described for a priori candidate models.  Results indicated that model 

selection uncertainty remained high, and no apparent trends emerged to suggest the 

inclusion of spring ECC would have substantially altered the confidence set of models or 

conclusions about duck use of passively managed wetlands during spring. 
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Management Implications 

 Joint Ventures of the North American Waterfowl Management Plan use 

bioenergetics models to estimate habitat objectives for migrating and wintering ducks.  

These models follow predictions of resource depletion models based on IFD theory and 

assume cumulative duck use of a foraging habitat is directly proportional to its estimated 

energetic carrying capacity.  However, cumulative duck use has been shown to deviate 

from linear predictions of bioenergetics models (Chapter 3).  I used hurdle regression 

models to assess the impact of food energy density and wetland- and landscape-scale 

variables not related to food resource abundance on duck use of passively managed 

wetlands in northern Ohio.  Previous studies have examined effects of wetland- and 

landscape-scale variables on duck use, but few have interpreted results for their 

implications to landscape-scale application of bioenergetics models. 

 Measures of food energy density consistently appeared as important variables 

influencing duck use.  Yet consistent with earlier findings (Chapter 3), this relationship 

was non-linear and indicated duck use of wetlands was lower than predicted by daily 

ration bioenergetics models.  For example, if food energy density of a given wetland was 

estimated to be 2,500 DED/ha, DRMs would predict, in food-limiting environments, that 

cumulative duck use would be 2,500 DUD/ha.  However, model-averaged parameter 

estimates from the count component of my hurdle regression models for autumn duck use 

suggested duck use would be only 117 DUD/ha.  If these results are representative of 

duck use patterns across the landscape, bioenergetics models may underestimate habitat 

requirements for target duck populations. 
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 The quality and expected use of wetlands is assumed to be directly related to food 

energy density, irrespective of their size.  My results demonstrated, however, that at least 

for duck use during autumn, large wetlands were disproportionately more valuable than 

small wetlands, such that estimated density of duck use increased with wetland area.  

This trend was absent for duck use during spring, likely reflecting changes in social 

behavior of waterfowl.  This suggests wetland area may be less important when 

developing habitat objectives and conservation strategies to satisfy duck resource needs 

during spring. 

 Measures of spatial isolation have been frequently demonstrated to effect 

probability of wetland use by ducks, and these relationships have implication for spatial 

prioritization of wetland restoration activities (Brown and Dinsmore 1986, McKinstry 

and Anderson 2002).  Within the range of variables and measurements I recorded, spatial 

isolation of passively managed wetlands did not have statistically significant impacts on 

duck use of passively managed wetlands.  However, for all but a few variables and 

models, estimated effects were consistent with an inverse relationship between duck use 

and spatial isolation. 

 Although conventional bioenergetics models based on IFD theory provide a 

simplistic and valuable means for estimating habitat conservation needs for target duck 

populations, they likely do not provide realistic measures of functional carrying capacity 

of foraging habitats.  My results suggest linear predictions of resource depletion models 

inadequately describe functional carrying capacity of wetlands for migrating ducks.  

Island biogeography theory provides a potentially useful means to explore impacts of and 

explanations for non-food factors that may constrain duck use of foraging habitats.  I 
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encourage waterfowl conservation planners to consider non-food factors (e.g., wetland 

size, spatial isolation) in future iterations of bioenergetics models.  Additionally, it would 

be particularly valuable to investigate the repeatability of my results by studying the 

relative influence of food and non-food factors in other regions of importance to 

migrating and wintering ducks. 
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Table 4.1. A priori candidate hurdle regression models and associated model selection criteria to explain variation 

in ln(cumulative duck use-days/ha) of passively managed wetlands in central and northwest Ohio during autumn, 

2002 – 2003.  Parameterizations were identical in count and zero components of hurdle models.  

 

Continued 

Model descriptiona  -log (L)b Kc AICc
d Δ AICc

e wi
f

AREA + ln (ECC) + DWETLAND 243.41 9 507.98 0.00 0.461 

AREA * ln (ECC) 244.26 9 509.68 1.70 0.197 

AREA + ln (ECC) 247.01 7 509.92 1.94 0.175 

AREA + ln (ECC) + ln (WETAREA) 244.82 9 510.81 2.83 0.112 

AREA + ln (ECC) + DCOMPLEX 245.98 9 513.12 5.14 0.035 

AREA + ln (ECC) + DRIVER 246.98 9 515.12 7.14 0.013 

ln (ECC) 253.44 5 517.87 9.90 0.003 

AREA + DWETLAND 252.03 7 519.95 11.94 0.001 

ln (ECC) * P:A 249.83 9 520.81 12.83 0.001 

ln (ECC) + P:A  252.48 7 520.87 12.89 0.001 

ln (ECC) + DCOMPLEX 252.77 7 521.44 13.46 0.001 
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Table 4.1.  Continued. 
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Continued 

Model descriptiona  -log (L)b Kc AICc
d Δ AICc

e wi
f

AREA 255.58 5 522.13 14.16 0.000 

ln (ECC) + DCOMPLEX + ln (WETAREA) 250.67 9 522.49 14.51 0.000 

ln (ECC) + DRIVER 253.37 7 522.63 14.65 0.000 

AREA + ln (WETAREA) 253.44 7 522.78 14.80 0.000 

ln (ECC) + COVER + COVER2 250.98 9 523.12 15.14 0.000 

ln (AREA) 256.33 5 523.65 15.68 0.000 

ln (ECC) * DWETLAND 251.26 9 523.69 15.71 0.000 

ln (ECC) + DRIVER + ln (WETAREA) 251.49 9 524.15 16.17 0.000 

AREA + COVER + COVER2 251.84 9 524.84 16.86 0.000 

AREA + DCOMPLEX 254.74 7 525.38 17.40 0.000 

ln (ECC) + P:A + COVER + COVER2 249.32 11 525.45 17.47 0.000 

AREA + DRIVER 254.95 7 525.81 17.83 0.000 

ln (ECC) * DCOMPLEX 252.37 9 525.90 17.92 0.000 

 



 

Table 4.1.  Continued. 
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Continued 

Model descriptiona  -log (L)b Kc AICc
d Δ AICc

e wi
f

NULL 259.81 3 526.00 18.02 0.000 

DWETLAND 257.78 5 526.54 18.57 0.000 

ln (WETAREA) 258.19 5 527.36 19.39 0.000 

ln (ECC) * DRIVER 253.29 9 527.74 19.76 0.000 

P:A 258.63 5 528.25 20.28 0.000 

DCOMPLEX 259.02 5 529.02 21.05 0.000 

DRIVER 259.25 5 529.48 21.51 0.000 

DWETLAND + ln (WETAREA) 257.07 7 530.05 22.07 0.000 

DCOMPLEX + ln (WETAREA) 257.24 7 530.38 22.40 0.000 

DRIVER + ln (WETAREA) 257.73 7 531.36 23.38 0.000 

COVER + COVER2 258.09 7 532.09 24.11 0.000 

DCOMPLEX * ln (WETAREA) 256.24 9 533.64 25.66 0.000 

DRIVER * ln (WETAREA) 257.21 9 535.58 27.60 0.000 

 
 



 

 

149

Table 4.1.  Continued. 

a Models with interaction terms also contain additive effects of parameters in interactions.  Predictor abbreviations:  

AREA = area (ha) of study wetland, COVER = % emergent vegetation, DCOMPLEX = distance (km) to nearest managed 

wetland complex, DRIVER = distance (km) to nearest river, DWETLAND = distance (km) to nearest wetland, ECC = 

autumn energetic carrying capacity (duck energy-days/ha), P:A = perimeter to area ratio (m/m2), , WETAREA = wetland 

area (ha) within 1 km. 

b Negative log-likelihood. 

c Number of estimated parameters. 

d Akaike’s Information Criterion (AIC) adjusted for small sample size (Burnham and Anderson 2002). 

e Difference in AICc between given model and model with lowest AICc. 

f Normalized Akaike model weights (Burnham and Anderson 2002). 

 

 

 

 

 

 



 

Table 4.2. A priori candidate hurdle regression models and associated model selection criteria to explain variation 

in ln(cumulative duck use-days/ha) of passively managed wetlands in central and northwest Ohio during spring, 

2003 – 2004.  Parameterizations were identical in count and zero components of hurdle models.  

 

Continued 

Model descriptiona  -log (L)b Kc AICc
d Δ AICc

e wi
f

ln (ECC) + DRIVER 428.37 7 872.60 0.00 0.291 

ln (ECC) + DCOMPLEX 429.23 7 874.33 1.73 0.122 

ln (ECC) 431.73 5 874.42 1.82 0.117 

DRIVER * ln (WETAREA) 427.14 9 875.38 2.79 0.072 

ln (ECC) * DRIVER 427.20 9 875.50 2.91 0.068 

ln (ECC) + DRIVER + ln (WETAREA) 427.41 9 875.91 3.32 0.055 

ln (ECC) * DCOMPLEX 428.08 9 877.25 4.66 0.028 

AREA + ln (ECC) + DRIVER 428.08 9 877.26 4.67 0.028 

DCOMPLEX 433.16 5 877.28 4.68 0.028 

DRIVER 433.19 5 877.34 4.74 0.027 

ln (ECC) + P:A 431.04 7 877.95 5.35 0.020 
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Table 4.2.  Continued. 
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Continued 

Model descriptiona  -log (L)b Kc AICc
d Δ AICc

e wi
f

ln (ECC) + DCOMPLEX + ln (WETAREA) 428.48 9 878.06 5.47 0.019 

NULL 435.86 3 878.09 5.49 0.019 

DWETLAND 433.70 5 878.36 5.76 0.016 

AREA + ln (ECC) 431.47 7 878.81 6.21 0.013 

ln (ECC) * DWETLAND 428.89 9 878.87 6.28 0.013 

AREA + ln (ECC) + DCOMPLEX 428.90 9 878.89 6.30 0.012 

AREA + ln (ECC) + DWETLAND 428.92 9 878.93 6.34 0.012 

ln (WETAREA) 434.99 5 880.94 8.34 0.004 

DRIVER + ln (WETAREA) 432.41 7 880.69 8.09 0.005 

ln (WETAREA) 434.99 5 880.94 8.34 0.004 

DCOMPLEX + ln (WETAREA) 432.58 7 881.02 8.42 0.004 

AREA + DRIVER 432.88 7 881.63 9.03 0.003 

P:A 435.39 5 881.75 9.15 0.003 

 



 

Table 4.2.  Continued. 
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Continued 

Model descriptiona  -log (L)b Kc AICc
d Δ AICc

e wi
f

AREA + DCOMPLEX 432.96 7 881.78 9.18 0.003 

AREA + ln (ECC) + ln (WETAREA) 430.43 9 881.96 9.37 0.003 

AREA * ln (ECC) 430.50 9 882.10 9.51 0.003 

AREA 435.67 5 882.31 9.71 0.002 

ln (AREA) 435.83 5 882.61 10.01 0.002 

AREA + DWETLAND 433.38 7 882.63 10.03 0.002 

DWETLAND + ln (WETAREA) 433.54 7 882.94 10.34 0.002 

ln (ECC) + COVER + COVER2 431.35 9 883.79 11.20 0.001 

AREA + ln (WETAREA) 434.83 7 885.53 12.93 0.000 

COVER + COVER2 434.86 7 885.58 12.98 0.000 

DCOMPLEX * ln (WETAREA) 432.47 9 886.03 13.44 0.000 

ln (ECC) + P:A + COVER + COVER2 430.69 11 888.08 15.49 0.000 

AREA + COVER + COVER2 434.62 9 890.33 17.74 0.000 

 
 



 

 

153

Table 4.2.  Continued. 

a Models with interaction terms also contain additive effects of parameters in interactions.  Predictor abbreviations:  

AREA = area (ha) of study wetland, COVER = % emergent vegetation, DCOMPLEX = distance (km) to nearest managed 

wetland complex, DRIVER = distance (km) to nearest river, DWETLAND = distance (km) to nearest wetland, ECC = 

autumn energetic carrying capacity (duck energy-days/ha), P:A = perimeter to area ratio (m/m2), WETAREA = wetland area  

(ha) within 1 km. 

b Negative log-likelihood. 

c Number of estimated parameters. 

d Akaike’s Information Criterion (AIC) adjusted for small sample size (Burnham and Anderson 2002). 

e Difference in AICc between given model and model with lowest AICc. 

f Normalized Akaike model weights (Burnham and Anderson 2002). 

 

 

 

 

 



 

Table 4.3. Exploratory hurdle regression models and associated model selection criteria to explain variation in 

ln(cumulative duck use-days/ha) of passively managed wetlands in central and northwest Ohio during autumn, 2002 

– 2003.  Parameterizations differed between zero and count components of exploratory hurdle regression models. 
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Continued 

Model description (Zero  |  Count)a -log(L)b Kc AICc
d Δ AICc

e wi
f

ln (ECC) * AREA  |  ln (ECC) + AREA 244.32 8 507.12 0.00 0.342 

ln (ECC) + AREA + DWETLAND  |  ln (ECC) + AREA 244.59 8 507.65 0.53 0.262 

AREA + WETAREA  |  ln (ECC) + AREA  246.43 7 508.75 1.63 0.152 

AREA  |  ln (ECC) + AREA 248.34 6 510.08 2.96 0.078 

ln (ECC) * AREA  |  ln (ECC)  247.20 7 510.29 3.17 0.070 

AREA + DCOMPLEX  |  ln (ECC) + AREA 247.53 7 510.96 3.84 0.050 

AREA + DRIVER  |  ln (ECC) + AREA 248.31 7 512.52 5.40 0.023 

ln (ECC) + AREA  |  ln (ECC)  249.89 6 513.18 6.06 0.017 

DCOMPLEX  |  ln (ECC) + AREA 251.21 6 515.82 8.70 0.004 

DRIVER  |  ln (ECC) + AREA 251.95 6 517.29 10.17 0.002 
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Table 4.3.  Continued. 

a Models with interaction terms also contain additive effects of parameters in interactions.  Predictor abbreviations: AREA = 

area (ha) of study wetland, DCOMPLEX = distance (km) to nearest managed wetland complex, DRIVER = distance (km) to 

nearest river, DWETLAND = distance (km) to nearest wetland, ECC = autumn energetic carrying capacity (duck energy-

days/ha), WETAREA = wetland area (ha) within 1 km. 

b Negative log-likelihood. 

c Number of estimated parameters. 

d Akaike’s Information Criterion (AIC) adjusted for small sample size (Burnham and Anderson 2002). 

e Difference in AICc between given model and model with lowest AICc. 

f Normalized Akaike model weights (Burnham and Anderson 2002). 

 

 

 

 

 

 

 



 

Table 4.4. Exploratory hurdle regression models and associated model selection criteria to explain variation in 

ln(cumulative duck use-days/ha) of passively managed wetlands in central and northwest Ohio during spring, 2003 

– 2004.  Parameterizations differed between zero and count components of exploratory hurdle regression models. 

 

 

156

Continued 

Model description (Zero  |  Count)a -log(L)b Kc AICc
d Δ AICc

e wi
f

ln (ECC)  |  ln (ECC) + DRIVER 429.64 6 872.68 0.00 0.341 

ln (ECC)  |  ln (ECC) + DWETLAND 430.02 6 873.43 0.75 0.234 

ln (ECC) + AREA  |  ln (ECC) + DRIVER 429.42 7 874.73 2.05 0.122 

ln (ECC) + AREA  |  ln(ECC) + DWETLAND 429.80 7 875.49 2.81 0.084 

AREA + DCOMPLEX  |  ln (ECC) 431.29 6 875.98 3.30 0.065 

ln (ECC)  |  ln (ECC) + DCOMPLEX 431.44 6 876.28 3.60 0.056 

AREA + DCOMPLEX  |  ln (ECC) + ln (WETAREA) 430.50 7 876.90 4.22 0.041 

AREA + DRIVER  |  ln (ECC) 432.38 6 878.16 5.48 0.022 

ln (ECC) + AREA  |  ln(ECC) + DCOMPLEX 431.22 7 878.34 5.66 0.020 

AREA + DRIVER  |  ln (ECC) + ln (WETAREA) 431.59 7 879.08 6.40 0.014 

 



a Predictor abbreviations:  AREA = area (ha) of study wetland, DCOMPLEX = distance (km) to nearest managed wetland 

complex, DRIVER = distance (km) to nearest river, DWETLAND = distance (km) to nearest wetland, ECC = autumn 

energetic carrying capacity (duck energy-days/ha), WETAREA = wetland area (ha) within 1 km. 

d Akaike’s Information Criterion (AIC) adjusted for small sample size (Burnham and Anderson 2002). 

e Difference in AICc between given model and model with lowest AICc. 

f Normalized Akaike model weights (Burnham and Anderson 2002). 

c Number of estimated parameters. 

b Negative log-likelihood. 

Table 4.4.  Continued. 
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Table 4.5.  Summary statistics for wetland- and landscape-level variables used to explain 

variation in ln(cumulative duck use-days/ha) of passively managed wetlands (n = 68) in 

central and northwest Ohio during autumn (2002 – 2003) and spring (2003 – 2004).  

Predictor variablea  x  SE Range 

AREA 1.24 0.16 0.17 - 6.54

COVER 49.56 3.84 0.00 - 100.00

DCOMPLEX 49.20 4.67 0.50 - 125.00

DRIVER 19.79 1.90 0.12 - 55.00

DWETLAND 0.77 0.14 0.01 - 6.32

ECC 2,330.00 475.68 0.00 - 18,373.00

P:A 0.06 0.003 0.02 - 0.17

WETAREA 7.89 2.42 0.00 - 114.79
 

a AREA = area (ha) of study wetland, COVER = % emergent vegetation, DCOMPLEX = 

distance (km) to nearest managed wetland complex, DRIVER = distance (km) to nearest river, 

DWETLAND = distance (km) to nearest wetland, ECC = autumn energetic carrying capacity 

(duck energy-days/ha), P:A = perimeter to area ratio (m/m2), WETAREA = wetland area (ha) 

within 1 km. 

 

 

 

 

 



 

Table 4.6.  Effect estimates ( ), conditional standard errors ( ), and 95% confidence intervals (CI) for parameters in zero 

and count components of the most parsimonious a priori hurdle regression model explaining variation in ln(cumulative duck 

use) of passively managed wetlands in central and northwest Ohio during autumn, 2002 – 2003. 

β̂
∧

SE
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Model descriptiona Component Predictor variable β̂  
∧

SE  95% CI 

AREA + ln (ECC) + DWETLAND Zero model  Intercept -1.467 0.822 -3.078 - 0.144 

  AREA 0.848 0.378 0.107 - 1.589 

  ln (ECC) 0.199 0.116 -0.028 - 0.426 

  DWETLAND -0.603 0.338 -1.265 - 0.059 
        

 Count model Intercept -1.002 1.111 -3.180 - 1.176 

  AREA 0.361 0.140 0.087 - 0.635 

  ln (ECC) 0.716 0.154 0.414 - 1.018 

  DWETLAND 0.414 0.317 -0.207 - 1.035 

a Predictor abbreviations:  AREA = area (ha) of study wetland, DWETLAND = distance (km) to nearest wetland, ECC = autumn 

energetic carrying capacity (duck energy-days/ha). 



 

Table 4.7.  Model-averaged effect estimates ( β̂ ), unconditional standard errors ( ), and 95% confidence 

intervals (CI) for parameters in zero and count components of hurdle regression models in confidence set of 

best models (evidence ratio >0.05) explaining variation in ln(cumulative duck use-days/ha) of passively 

managed wetlands in central and northwest Ohio during autumn, 2002 – 2003. 

∧

SE

 

Continued 

Model component Predictor variablea β̂  
∧

SE  95% CI 

Zero model Intercept -2.327 1.619 -5.500 - 0.846 

 AREA 1.598 1.479 -1.300 - 4.497 

 DCOMPLEX 0.000 0.001 -0.001 - 0.002 

 DWETLAND -0.284 0.369 -1.007 - 0.439 

 ln (ECC) 0.299 0.229 -0.150 - 0.749 

 ln (WETAREA) 0.039 0.074 -0.106 - 0.183 

 AREA * ln (ECC) -0.121 0.210 -0.532 - 0.290 
  

Count model Intercept -0.923 1.256 -3.385 - 1.539 

 AREA 0.312 0.234 -0.145 - 0.770 
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Table 4.7.  Continued. 

Model component Predictor variablea β̂  
∧

SE  95% CI 

 DCOMPLEX 0.000 0.000 -0.001 - 0.001 

 DWETLAND 0.195 0.284 -0.362 - 0.751 

 ln (ECC) 0.727 0.177 0.381 - 1.074 

 ln (WETAREA) -0.003 0.021 -0.045 - 0.038 

  AREA * ln (ECC) 0.007 0.026 -0.044 - 0.057 
  

a AREA = area (ha) of study wetland, DCOMPLEX = distance (km) to nearest managed wetland complex, 

 

161

DRIVER = distance (km) to nearest river, DWETLAND = distance (km) to nearest wetland, ECC = autumn energetic 

carrying capacity (duck energy-days/ha), WETAREA = wetland area (ha) within 1 km. 

 

 

 

 

 

 



 

Table 4.8.  Effect estimates ( ), conditional standard errors ( ), and 95% confidence intervals (CI) for parameters in 

zero and count components of the most parsimonious a priori hurdle regression model explaining variation in 

ln(cumulative duck use-days/ha) of passively managed wetlands in central and northwest Ohio during spring, 2003 – 2004. 

β̂
∧

SE

Model descriptiona Component Predictor variable β̂  
∧

SE  95 % CI 

ln (ECC) + DRIVER Zero model Intercept 1.494 1.070 -0.603 - 3.591 

  ln (ECC) 0.304 0.146 0.018 - 0.590 

  DRIVER -0.041 0.026 -0.092 - 0.010 
  

 Count model Intercept 5.202 0.414 4.391 - 6.013 

  ln (ECC) 0.148 0.059 0.032 - 0.264 

  DRIVER -0.023 0.011 -0.045 - -0.001 
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a Predictor abbreviations:  AREA = area (ha) of study wetland, DRIVER = distance (km) to nearest river. 

 

 



 

Table 4.9.  Model-averaged effect estimates ( β̂ ), unconditional standard errors ( ), and 95% confidence 

intervals (CI) for parameters in zero and count components of hurdle regression models in confidence set of 

best models (evidence ratio >0.05) explaining variation in ln(cumulative duck use-days/ha) of passively 

managed wetlands in central and northwest Ohio during spring, 2003 – 2004. 

∧

SE

 

Continued 

Model component Predictor variablea β̂  
∧

SE  95% CI 

Zero model Intercept 1.258 1.543 -1.766 - 4.282 

 AREA -0.006 0.016 -0.036 - 0.024 

 DCOMPLEX 0.007 0.012 -0.017 - 0.031 

 DRIVER -0.026 0.034 -0.092 - 0.040 

 DWETLAND 0.014 0.034 -0.053 - 0.081 

 ln (ECC) 0.237 0.200 -0.156 - 0.630 

 P:A 0.285 0.787 -1.258 - 1.828 

 ln (WETAREA) 0.093 0.212 -0.322 - 0.508 

 ln(ECC) * DCOMPLEX 0.000 0.000 -0.001 - 0.001 

 ln (ECC) * DRIVER 0.001 0.002 -0.003 - 0.004 
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Table 4.9.  Continued. 
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Continued 

Model component Predictor variablea β̂  
∧

SE  95% CI 

 DRIVER * ln (WETAREA) -0.006 0.011 -0.028 - 0.016 
       

Count model Intercept 5.332 0.572 4.211 - 6.454 

 AREA -0.001 0.005 -0.009 - 0.008 

 DCOMPLEX -0.001 0.002 -0.004 - 0.003 

 DRIVER -0.016 0.017 -0.050 - 0.018 

 DWETLAND -0.004 0.009 -0.021 - 0.013 

 ln (ECC) 0.108 0.083 -0.055 - 0.270 

 P:A -0.114 0.272 -0.647 - 0.419 

 ln (WETAREA) 0.015 0.035 -0.053 - 0.083 

 ln(ECC) * DCOMPLEX 0.000 0.000 0.000 - 0.000 

 ln (ECC) * DRIVER 0.000 0.001 -0.001 - 0.002 

 DRIVER * ln (WETAREA) 0.000 0.001 -0.002 - 0.002 
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Table 4.9.  Continued. 

a AREA = area (ha) of study wetland, DCOMPLEX = distance (km) to nearest managed wetland complex, 

DRIVER = distance (km) to nearest river, DWETLAND = distance (km) to nearest wetland, ECC = autumn energetic 

carrying capacity (duck energy-days/ha), P:A = perimeter to area ratio (m/m2), WETAREA = wetland area (ha) within 

1 km. 
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Figure 4.1.  Estimated relationship between energetic carrying capacity (duck energy-days [DED]/ha) and 

cumulative duck use-days/ha for wetlands of 3 different sizes (1, 2, and 3 ha).  Larger wetlands received 

proportionally greater use for a given food energy density.
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CHAPTER 5 

MANAGEMENT IMPLICATIONS 

 

Habitat conservation for migrating and wintering ducks is guided by the food 

limitation hypothesis that asserts availability of dietary energy from food resources is the 

most limiting factor for ducks during non-breeding periods.  Joint ventures of the North 

American Waterfowl Management Plan use bioenergetics models, most often in the form 

of daily ration models (DRMs), to calculate habitat objectives necessary to satisfy energy 

demands of target duck populations.  Habitat objectives are appropriate only to the extent 

that assumptions and parameter estimates of daily ration models are valid.  

The Upper Mississippi River and Great Lakes Region Joint Venture estimated 

habitat objectives under the following assumptions:  1) average energetic carrying 

capacity (ECC) of non-agricultural, managed wetlands equals 1,236 duck energy-days 

(DED)/ha, where 1 DED represents the daily energy requirement of a mallard-sized duck 

(Prince 1979, Reinecke et al. 1989); 2) ducks satisfy energy demands principally from 

wetlands actively managed for waterfowl; 3) availability of food resources is more 

limiting during autumn than spring; and 4) meeting habitat objectives to support ducks 

during autumn migration is sufficient to support ducks during spring migration (UMR & 

GLR JV Management Board 1998).  Additionally, DRMs usually make the following 

assumptions:  1) ducks forage among habitats in accordance with predictions of ideal free
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distribution theory, 2) wetland carrying capacity is a linear function of food energy 

density, after adjusting for an empirically- or theoretically-based foraging threshold, 3) 

costs incurred by traveling among foraging habitats are negligible, 4) access to food 

resources is not restricted by disturbance or other factors, and 5) habitat objectives can be 

calculated as a linear function of population energy demands. 

 Energetic carrying capacity of actively and passively managed passively wetlands 

was greater than previously assumed by the UMR & GLR JV, and passively managed 

wetlands may contribute substantially to satisfying energy demands of migrating ducks in 

Ohio.  However, duck use of wetlands in northern Ohio during autumn and spring 

migration did not follow linear predictions of conventional DRMs.  Rather, relationships 

between duck use and ECC were non-linear, indicating that simplistic DRMs may not 

adequately describe functional carrying capacity of wetlands.  My results demonstrated 

that wetland- and landscape-scale factors unrelated to food abundance may influence 

wetland use by ducks during autumn and spring migration.  Specifically, larger wetlands 

may be disproportionately important during autumn migration, while wetland area is 

likely less important during spring.  Negative relationships between duck use and 

measures of spatial isolation, although not statistically significant, indicated travel costs 

among foraging habitats likely influence functional availability of wetlands and food 

resources in them.  Bioenergetics models that fail to account for these factors may 

produce erroneous estimates of wetland and landscape carrying capacity. 

 Waterfowl conservation planners should consider the utility of spatial depletion 

models to increase biological realism of bioenergetics models.  However, these 

considerations must acknowledge trade-offs between biological realism and financial and 

 168



 

logistical costs of parameterizing more sophisticated models.  Sociobiology of ducks 

differs between autumn and spring migration, which likely contributed to different 

wetland use patterns observed between autumn and spring in my study.  Thus, 

consideration may be warranted for using different bioenergetics model structures to 

inform habitat objectives between autumn and spring.  Because the DRM used in this 

study inadequately described functional carrying capacity, my analyses did not provide a 

definitive test of the food limitation hypothesis.  Nevertheless, my results provide partial 

support for greater food limitation during spring than autumn.  In the absence of 

bioenergetics models that effectively describe functional carrying capacity of foraging 

habitats, conservation planners should consider providing habitat in excess of DRM 

predictions to ensure population vital rates are not limited by undetected constraints on 

food availability, especially during spring migration. 

 Lastly, this study should be replicated in other regions of importance to migrating 

and wintering waterfowl.  This study represented one of the first efforts in North America 

to examine patterns of duck use relative to predictions of daily ration models.  Particular 

attention should be given to evaluating relationships between duck use and carrying 

capacity at multiple spatial scales and accounting for factors having potential to affect 

functional carrying capacity of foraging habitats (e.g., water depth, disturbance, spatial 

isolation).  Determining if my results were representative of a broader pattern on the 

landscape is essential for assessing the extent to which use of simplistic DRMs may 

hinder progress toward achieving goals of the North American Waterfowl Management 

Plan.
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APPENDIX:  SUPPLEMENTAL TABLES AND FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table A.1.  Effect estimates ( ) and conditional standard errors ( ) for parameters in zero and count components of 

hurdle regression models in confidence set of best models (evidence ratio >0.05) explaining variation in ln(cumulative 

duck use-days/ha) of passively managed wetlands in central and northwest Ohio during autumn, 2002 – 2003.  

β̂
∧

SE

 

Continued 

Model descriptiona Δ AICc
b Component Predictor variable β̂  

∧

SE  
AREA + ln (ECC) + DWETLAND 0.00 Zero model  Intercept -1.467 0.822 
   AREA 0.848 0.378 
   ln (ECC) 0.200 0.116 
   DWETLAND -0.603 0.338 
      
  Count model Intercept -1.002 1.111 
   AREA 0.361 0.140 
   ln (ECC) 0.716 0.154 
   DWETLAND 0.414 0.317 
      
AREA * ln (ECC) 1.70 Zero model Intercept -5.243 2.124 
   AREA 4.799 2.126 
   ln (ECC) 0.720 0.304 
   AREA*ln (ECC) -0.602 0.293 
      
  Count model Intercept -0.581 1.655 
   AREA 0.152 0.543 
   ln (ECC) 0.697 0.248 
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Table A.1.  Continued.  

 

Continued 

Model descriptiona Δ AICc
b Component Predictor variable β̂  

∧

SE  
   AREA*ln (ECC) 0.034 0.097 
      
AREA + ln (ECC) 1.94 Zero model Intercept -1.597 0.798 
   AREA 0.674 0.321 
   ln (ECC) 0.176 0.112 
      
  Count model Intercept -0.982 1.169 
   AREA 0.335 0.147 
   ln (ECC) 0.762 0.159 
      
AREA + ln (ECC) + ln (WETAREA) 2.83 Zero model Intercept -1.966 0.862 
   AREA 0.779 0.359 
   ln (ECC) 0.200 0.117 
   ln (WETAREA) 0.339 0.171 
      
  Count model Intercept -0.956 1.180 
   AREA 0.341 0.150 
   ln (ECC) 0.760 0.160 
   ln (WETAREA) -0.029 0.158 
      
AREA + ln (ECC) + DCOMPLEX 5.14 Zero model Intercept -2.045 0.909 
   AREA 0.712 0.341 
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Table A.1.  Continued.  

Model descriptiona Δ AICc
b Component Predictor variable β̂  

∧

SE  
   ln (ECC) 0.174 0.113 
   DCOMPLEX 0.009 0.008 
      
  Count model Intercept -1.394 1.271 
   AREA 0.375 0.156 
   ln (ECC) 0.772 0.157 
   DCOMPLEX 0.005 0.007 

 

a Models with interaction terms also contain additive effects of parameters in interactions.  Predictor abbreviations: AREA = 

 area (ha) of study wetland, DCOMPLEX = distance (km) to nearest managed wetland complex, DRIVER = distance (km) to 

nearest river, DWETLAND = distance (km) to nearest wetland, ECC = autumn energetic carrying capacity (duck energy-days/ha), 
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WETAREA = wetland area (ha) within 1 km. 

b Akaike’s Information Criterion (AIC) adjusted for small sample size (Burnham and Anderson 2002). 

 

 
 
 
 
 
 



 

Table A.2.  Effect estimates ( ) and conditional standard errors ( ) for parameters in zero and count components of 

hurdle regression models in confidence set of best models (evidence ratio >0.05) explaining variation in ln(cumulative duck 

use-days/ha) of passively managed wetlands in central and northwest Ohio during spring, 2003 – 2004. 

β̂
∧

SE
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Continued 

Model descriptiona Δ AICc
b Component Predictor variable β̂  

∧

SE  
ln (ECC) + DRIVER 0.00 Zero model Intercept 1.494 1.070 
   ln (ECC) 0.304 0.146 
   DRIVER -0.041 0.026 
      
  Count model Intercept 5.202 0.414 
   ln (ECC) 0.148 0.060 
   DRIVER -0.023 0.011 
      
ln (ECC) + DCOMPLEX 1.73 Zero model Intercept -0.512 0.965 
   ln (ECC) 0.317 0.162 
   DCOMPLEX 0.028 0.016 
     
  Count model Intercept 5.030 0.445 
   ln (ECC) 0.134 0.064 
   DCOMPLEX -0.003 0.004 
      
ln (ECC) 1.82 Zero model Intercept 0.461 0.794 
   ln (ECC) 0.314 0.145 

 



 

Table A.2.  Continued. 
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Continued 

Model descriptiona Δ AICc
b Component Predictor variable β̂  

∧

SE  
  Count model Intercept 4.955 0.429 
   ln (ECC) 0.126 0.062 
      
DRIVER * ln (WETAREA) 2.79 Zero model Intercept 3.386 1.051 
   DRIVER -0.013 0.035 
   ln (WETAREA) 1.296 0.629 
   DRIVER * ln (WETAREA) -0.075 0.030 
      
  Count model Intercept 6.032 0.258 
   DRIVER -0.015 0.011 
   ln (WETAREA) 0.095 0.149 
   DRIVER * ln (WETAREA) -0.004 0.010 
      
ln (ECC) * DRIVER 2.91 Zero model Intercept 2.923 1.957 
   ln (ECC) 0.023 0.320 
   DRIVER -0.093 0.061 
   ln (ECC) * DRIVER 0.010 0.011 
      
  Count model Intercept 5.946 0.773 
   ln (ECC) 0.046 0.107 
   DRIVER -0.063 0.034 
   ln (ECC) * DRIVER 0.005 0.004 

 



 

Table A.2.  Continued. 

 

Continued 

Model descriptiona Δ AICc
b Component Predictor variable β̂  

∧

SE  
ln (ECC) + DRIVER + ln (WETAREA) 3.32 Zero model Intercept 1.620 1.136 
   ln (ECC) 0.288 0.151 
   DRIVER -0.040 0.026 
   ln (WETAREA) -0.144 0.243 
      
  Count model Intercept 5.001 0.431 
   ln (ECC) 0.172 0.063 
   DRIVER -0.023 0.011 
   ln (WETAREA) 0.094 0.075 
      
ln (ECC) * DCOMPLEX 4.66 Zero model Intercept -1.156 1.313 
   ln (ECC) 0.459 0.252 
   DCOMPLEX 0.050 0.039 
   ln (ECC) * DCOMPLEX -0.005 0.006 
      
  Count model Intercept 5.453 0.577 
   ln (ECC) 0.059 0.086 
   DCOMPLEX -0.013 0.008 
   ln (ECC) * DCOMPLEX 0.002 0.001 
      
AREA + ln (ECC) + DRIVER 4.67 Zero model Intercept 1.773 1.162 
   AREA -0.193 0.252 
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Table A.2.  Continued. 

 

Continued 

Model descriptiona Δ AICc
b Component Predictor variable β̂  

∧

SE  
   ln (ECC) 0.310 0.148 
   DRIVER -0.043 0.027 
      
  Count model Intercept 5.233 0.467 
   AREA -0.019 0.128 
   ln (ECC) 0.148 0.060 
   DRIVER -0.024 0.011 
     
DCOMPLEX 4.68 Zero model Intercept 1.101 0.565 
   DCOMPLEX 0.031 0.017 
     
  Count model Intercept 5.890 0.245 
   DCOMPLEX -0.002 0.004 
     
DRIVER 4.74 Zero model Intercept 3.158 0.811 
   DRIVER -0.042 0.025 
     
  Count model Intercept 6.096 0.245 
   DRIVER -0.017 0.010 
     
ln (ECC) + P:A 5.35 Zero model Intercept -0.336 1.418 
   ln (ECC) 0.329 0.148 
   P:A 12.943 19.383 
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Table A.2.  Continued. 

 

Continued 

Model descriptiona Δ AICc
b Component Predictor variable β̂  

∧

SE  
  Count model Intercept 5.223 0.516 
   ln (ECC) 0.129 0.063 
   P:A -5.166 5.292 
      
ln (ECC) + DCOMPLEX + ln (WETAREA) 5.47 Zero model Intercept -0.423 1.064 
   ln (ECC) 0.310 0.165 
   DCOMPLEX 0.027 0.017 
   ln (WETAREA) -0.045 0.227 
      
  Count model Intercept 4.874 0.461 
   ln (ECC) 0.149 0.065 
   DCOMPLEX -0.002 0.004 
   ln (WETAREA) 0.090 0.074 
      
NULL 5.49 Zero model Intercept 2.165 0.399 
      
  Count model Intercept 5.801 0.153 
      
DWETLAND 5.76 Zero model Intercept 1.754 0.535 
   DWETLAND 0.769 0.871 
      
  Count model Intercept 5.958 0.179 
   DWETLAND -0.230 0.121 
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Table A.2.  Continued. 

 a Models with interaction terms also contain additive effects of parameters in interactions.  Predictor abbreviations:  AREA = area 

(ha) of study wetland, DCOMPLEX = distance (km) to nearest managed wetland complex, DRIVER = distance (km) to nearest river, 

DWETLAND = distance (km) to nearest wetland, ECC = autumn energetic carrying capacity (duck energy-days/ha), P:A = perimeter to 

area ratio (m/m2), WETAREA = wetland area (ha) within 1 km. 

b Akaike’s Information Criterion (AIC) adjusted for small sample size (Burnham and Anderson 2002). 

 

 

 

 

 

 

 

 

 

 



 

Table A.3. Exploratory negative binomial regression models and model selection criteria for explaining variation in 

ln(cumulative duck use-days/ha) of passively managed wetlands in central and northwest Ohio during spring, 2003 – 

2004.  Models were fit to dataset of 15 wetlands for which spring energetic carrying capacity was estimated. 

 

Continued 

Model descriptiona -log(L)b Kc AICc
d Δ AICc

e wi
f

ln (aECC) * DRIVER 102.79 5 222.24 0.00 0.152 

DWETLAND 107.07 3 222.32 0.08 0.146 

DRIVER 107.52 3 223.23 0.99 0.093 

NULL 109.40 2 223.81 1.57 0.070 

AREA + DWETLAND 106.26 4 224.52 2.28 0.049 

ln (vECC) 108.35 3 224.87 2.63 0.041 

ln (WETAREA) 108.36 3 224.89 2.65 0.040 

DRIVER + ln (WETAREA) 106.58 4 225.17 2.93 0.035 

AREA + DRIVER 106.64 4 225.27 3.03 0.033 

DCOMPLEX 108.75 3 225.68 3.44 0.027 

DWETLAND + ln (WETAREA) 106.97 4 225.94 3.70 0.024 

ln (vECC) * DRIVER 104.72 5 226.10 3.86 0.022 

AREA 109.16 3 226.50 4.26 0.018 
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Table A.3.  Continued. 

 

Continued 

Model descriptiona -log(L)b Kc AICc
d Δ AICc

e wi
f

ln (aECC) 109.20 3 226.58 4.34 0.017 

ln (vECC) + DRIVER 107.35 4 226.69 4.45 0.016 

AREA + ln (vECC) + DWETLAND 105.02 5 226.70 4.46 0.016 

DRIVER * ln (WETAREA) 105.05 5 226.77 4.53 0.016 

ln (AREA) 109.30 3 226.78 4.54 0.016 

ln (aECC) + DRIVER 107.40 4 226.80 4.56 0.016 

P:A 109.39 3 226.97 4.73 0.014 

AREA + ln (WETAREA) 107.71 4 227.42 5.18 0.011 

AREA + ln (aECC) + DWETLAND 105.45 5 227.57 5.33 0.011 

ln (vECC) + DCOMPLEX 108.02 4 228.03 5.79 0.008 

AREA + ln (vECC) 108.02 4 228.04 5.80 0.008 

DCOMPLEX + ln (WETAREA) 108.16 4 228.33 6.09 0.007 

ln (vECC) * DWETLAND 105.90 5 228.48 6.23 0.007 

ln (vECC) + P:A 108.33 4 228.66 6.42 0.006 

COVER + COVER2 108.44 4 228.87 6.63 0.006 
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Table A.3.  Continued. 

 

Continued 

Model descriptiona -log(L)b Kc AICc
d Δ AICc

e wi
f

ln (aECC) + DCOMPLEX 108.44 4 228.88 6.64 0.006 

ln (vECC) * P:A 106.16 5 228.98 6.74 0.005 

ln (vECC) + COVER + COVER2 106.28 5 229.23 6.99 0.005 

ln (aECC) * DWETLAND 106.28 5 229.24 6.99 0.005 

ln (vECC) + DRIVER + ln (WETAREA) 106.31 5 229.29 7.05 0.004 

AREA + ln (vECC) + DRIVER 106.33 5 229.33 7.09 0.004 

AREA + ln (vECC) + ln (WETAREA) 106.36 5 229.39 7.15 0.004 

AREA + DCOMPLEX 108.74 4 229.49 7.25 0.004 

AREA * ln (vECC) 106.53 5 229.72 7.48 0.004 

AREA + ln (aECC) 108.870 4 229.740 7.50 0.004 

ln (aECC) * P:A 106.560 5 229.786 7.55 0.004 

AREA + ln (aECC) + DRIVER 106.582 5 229.830 7.59 0.003 

ln (aECC) + DRIVER + ln (WETAREA) 106.584 5 229.834 7.59 0.003 

AREA + ln (aECC) + ln (WETAREA) 106.789 5 230.246 8.00 0.003 

ln (aECC) + P:A 109.194 4 230.388 8.15 0.003 
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Table A.3.  Continued. 
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Continued 

Model descriptiona -log(L)b Kc AICc
d Δ AICc

e wi
f

AREA * ln (aECC) 106.930 5 230.527 8.29 0.002 

ln (vECC) + DCOMPLEX + ln (WETAREA) 107.242 5 231.151 8.91 0.002 

AREA + COVER + COVER2 107.631 5 231.928 9.69 0.001 

ln (aECC) + DCOMPLEX + ln (WETAREA) 107.697 5 232.061 9.82 0.001 

ln (vECC) * DCOMPLEX 107.837 5 232.341 10.10 0.001 

AREA + ln (vECC) + DCOMPLEX 107.931 5 232.529 10.29 0.001 

DCOMPLEX * ln (WETAREA) 108.124 5 232.915 10.67 0.001 

ln (aECC) * DCOMPLEX 108.127 5 232.921 10.68 0.001 

ln (aECC) + COVER + COVER2 108.357 5 233.382 11.14 0.001 

AREA + ln (aECC) + DCOMPLEX 108.424 5 233.514 11.27 0.001 

ln (vECC) + P:A + COVER + COVER2 106.143 6 234.785 12.54 0.000 

ln (aECC) + P:A + COVER + COVER2 108.348 6 239.196 16.96 0.000 

 

 

 



a Models with interaction terms also contain additive effects of parameters in interactions.  Predictor abbreviations:  aECC = 

autumn energetic carrying capacity (duck energy-days/ha), AREA = area (ha) of study wetland, COVER = % emergent 

vegetation, DCOMPLEX = distance (km) to nearest managed wetland complex, DRIVER = distance (km) to nearest river, 

DWETLAND = distance (km) to nearest wetland, P:A = perimeter to area ratio (m/m2), vECC = spring autumn energetic 

carrying capacity (duck energy-days/ha), WETAREA = wetland area (ha) within 1 km. 

  d Akaike’s Information Criterion (AIC) adjusted for small sample size (Burnham and Anderson 2002). 

e Difference in AICc between given model and model with lowest AICc. 

f Normalized Akaike model weights (Burnham and Anderson 2002). 

c Number of estimated parameters. 

b Negative log-likelihood. 

Table A.3.  Continued. 
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Figure A.1.  Scatterplots of cumulative duck use (duck use-days/ha) against energetic 

carrying capacity (duck energy-days/ha) of actively and passively managed wetlands in 

central and northwest Ohio during autumn (top) and spring (bottom), 2001 – 2004. 
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