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ABSTRACT 

Greater sandhill cranes (Antigone canadensis tabida) and endangered whooping 

cranes (Grus americana) share many life history traits.  Therefore, evaluating sandhill 

crane productivity in certain locations could be an indicator of future whooping crane 

breeding success.  Since 2011, captive-reared whooping cranes have been released at 

Horicon Marsh in Dodge County, Wisconsin, adding to the reintroduced Eastern 

Migratory Population.  However, reproductive success of this population has remained 

low.  Few whooping cranes spend the breeding season at Horicon Marsh, so questions 

remain as to whether whooping cranes can nest and raise young successfully at Horicon.  

To reevaluate Horicon Marsh as a release area for whooping cranes, I studied nest density 

and success as well as colt survival of sandhill cranes at Horicon Marsh.  Fifty-seven 

nests were detected via aerial surveys during 2018–2019.  Detection probability was 

estimated to be 66% using a closed-population mark-recapture method.  Nest densities 

(0.64 nests/km2) were lower than reported in other studies.  Using trail cameras, I 

estimated nest success of 36 sandhill crane nests.  Both apparent nest success (0.82) and 

daily nest survival (0.991) were high compared to other published estimates.  Colt 

survival was estimated by tracking family groups where one adult was radio marked to 

determine the fate of the colt(s).  Colts were estimated to have a 3% chance of surviving 

to fledge.  My results suggest that availability of nesting habitat and nest success were not 

limiting sandhill crane productivity at Horicon Marsh.  However, colt survival may be 

too low to contribute to the growth of the sandhill crane population, raising questions 

about the potential for reproductive success for cranes of either species at Horicon Marsh. 
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PREFACE 

Chapter 1 of this thesis provides background information on the history of 

sandhill cranes in the Eastern Population and reintroductions of whooping cranes.  

Chapter 2 is written in journal format to be prepared for submission to The American 

Midland Naturalist.  Chapter 3 is written in the format of The Wildlife Society Bulletin.  

Chapters 2 and 3 are written as stand-alone documents to be prepared for individual 

publication; therefore, some redundancy exists in each chapter. 

Taxonomy is ever-changing, and in this thesis, I have used the recently 

reclassified genus Antigone for sandhill cranes rather than Grus.  Until further evidence is 

available to support this classification, it is anticipated that the accepted taxon name will 

return to Grus canadensis in the near future.    
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CHAPTER 1: SANDHILL AND WHOOPING CRANES—BACKGROUND AND 

LITERATURE REVIEW 

INTRODUCTION 

Justification 

Sandhill (Antigone canadensis) and whooping cranes (Grus americana) share 

many ecological and behavioral traits as the two North American members of the family 

Gruidae.  Both species are monogamous, long-lived, and form long-term pair bonds.  

Adults of both sexes appear alike, and they are highly territorial during the breeding 

season (Johnsgard 1983).  In the spring, 1 or 2 eggs are laid on a nest built of vegetation 

(e.g. Typha or Carex spp.) usually surrounded by shallow water (Meine and Archibald 

1996).  Wetlands are required for nesting and roosting overnight to avoid being preyed 

upon by a variety of avian and mammalian species (Allen 1952, Johnsgard 1983).  The 

male and the female of a pair alternately incubate the nest for a period of 29–30 days.  

The pair may renest if their first nest is not successful (Johnsgard 1983).  Young are 

precocial and can leave the nest within 24 hours of hatching; adults continue to provide 

care for their colts throughout the pre-fledging period (Meine and Archibald 1996).  Colts 

fledge at 2–3 months and, for migratory subspecies, typically travel with their parents to 

wintering grounds in the fall.  Once fledged, they have a high likelihood of surviving to 

adulthood (Erickson and Derrickson 1981, Wheeler et al. 2018).  Subadults can form 

pairs in their second year but may not acquire a territory and nest until they are 3 to 6 

years old (Johnsgard 1983, Wheeler et al. 2018).  Limited reproductive potential and 

strict dependence on wetlands make cranes vulnerable to ecological disturbance and 

habitat loss (Miller and Barzen 2016).   
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 Whooping cranes are endangered (CWS and FWS 2007).  Because of the 

biological similarities between sandhill and whooping cranes, previous studies have 

compared the two species to help evaluate potential areas for establishing reintroduced 

populations of whooping cranes as part of recovery goals for the species (McMillen 1988, 

Bishop 1990, CWS and FWS 2007).  Determining the breeding success of sandhill cranes 

may provide an index for that of whooping cranes in a particular region.  If sandhill 

cranes, which are abundant in Wisconsin, are unable to raise colts successfully in an area, 

it may be unreasonable to predict that whooping cranes could successfully raise their 

colts in that area too.  I examined nest abundance, nest survival, and colt survival of 

greater sandhill cranes (A. c. tabida) at Horicon Marsh, WI with the goal of providing 

recommendations for managers as they decide whether to continue releases of captive-

reared whooping cranes in this location.       

Historic recovery of sandhill and whooping crane populations 

Greater sandhill cranes (hereafter sandhill cranes) in the Eastern Population (EP) 

breed, migrate, and winter within the Atlantic and Mississippi Flyways (Van Horn et al. 

2010).  The majority of sandhill cranes in the EP breed in the Upper Midwest and 

southcentral Canada and winter in areas ranging between the breeding grounds and 

Florida (Walkinshaw 1960, Meine and Archibald 1996).  In 2018, the population totaled 

over 97,000 (Dubovsky 2019).  Recent population growth represents a recovery from a 

steep decline in population in the late 19th century; the EP was nearly extirpated due to 

hunting and loss of habitat with only about 25 breeding pairs remaining in Wisconsin by 

the 1930s (Henika 1936).  Subsequent protection and restoration of wetlands and 

restrictions on hunting allowed the population to rebound dramatically (Meine and 
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Archibald 1996).  The population numbered 30,000 by 1994, and today, sandhill cranes 

continue to be documented on new breeding and wintering grounds as their range 

expands (Meine and Archibald 1996, Su et al. 2004, Lacy et al. 2015).   

Like the EP of sandhill cranes, whooping crane populations underwent 

precipitous declines in the late 19th and early 20th centuries (Meine and Archibald 1996).  

Hunting, specimen collecting, and loss of habitat led to the extirpation of all but one self-

sustaining wild population, the Aransas-Wood Buffalo Population (AWBP; Meine and 

Archibald 1996).  By the winter of 1941–1942, just 15 individuals remained in the 

AWBP (Meine and Archibald 1996).  Through a broad range of conservation actions, the 

AWBP has slowly grown to about 500 individuals as of 2019 (Butler 2019).  Whooping 

cranes remain the rarest of the world’s fifteen crane species (iucnredlist.org; accessed 5 

February 2020).  Recovery goals focus on protecting whooping cranes and their habitats 

throughout their flyways, maintaining and increasing the genetic diversity of the AWBP 

and of captive flocks, and offering public outreach and education (CWS and FWS 2007).  

Additionally, establishing a geographically separated, self-sustaining population of 

whooping cranes is a primary recovery goal to reduce the likelihood of extinction of the 

species (CWS and FWS 2007).  Several attempts have been made to establish populations 

that are separate from the AWBP.  An unsuccessful cross-fostering experiment in Grays 

Lake National Wildlife Refuge (NWR) in Idaho, in which whooping crane eggs from the 

AWBP and captive facilities were placed in the nests of sandhill cranes, ran from 1975–

1990 (Kuyt 1996).  High mortality rates and a complete lack of pair formation prevented 

the success of the Grays Lake experiment (Kuyt 1996).  Captive-reared juvenile 

whooping cranes were released in central Florida in 1993 in an attempt to form a 
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nonmigratory flock, but mortality rates were high and productivity was low (Nesbitt 

2001, Folk et al. 2008).  The International Whooping Crane Recovery Team (IWCRT) 

made the decision to cease releases of captive-reared cranes into the Florida population in 

2008 (Stehn 2008).  As of 2020, two populations of reintroduced whooping cranes exist 

separate from the AWBP:  a non-migratory population in Louisiana established in 2011, 

and the Eastern Migratory Population (EMP) in Wisconsin.  Neither population has 

reached self-sustainability, but the success of either—or both—would help to fulfill 

recovery goals for whooping cranes under the Endangered Species Act (Stehn 2012). 

The EMP was established in 2001 as insurance against catastrophic losses in the 

AWBP and the then-current Florida population.  Three areas in Wisconsin were 

evaluated as potential breeding sites:  Central Wisconsin, including Necedah NWR; 

Horicon Marsh, including Horicon NWR and Horicon Marsh Wildlife Area (WA) in 

eastern Wisconsin; and Crex Meadows WA in northwest Wisconsin (Cannon 1999).  

Because Wisconsin was likely not part of the core breeding range of whooping cranes 

historically, some conjecture was required regarding which locations were suitable (Van 

Schmidt et al. 2014).  Site selection criteria included biological data such as water quality 

and habitat availability, sociopolitical data, and crane hazard data (Cannon 1999).  The 

IWCRT noted that none of the sites fully met the site selection criteria; Crex Meadows 

and Horicon Marsh did not have the desired amount of shallow wetland habitat, and 

Central Wisconsin had a number of potential risks stemming from contaminants and poor 

water quality.  Ultimately, the IWCRT moved to establish the EMP in Central Wisconsin, 

specifically Necedah NWR (USFWS 2004).   



5 

 

In 2001, the Whooping Crane Reintroduction Team1 (a collection of state, federal, 

and non-profit agencies) began the process of establishing the EMP.  Captive-born 

juvenile whooping cranes were costume-reared at Necedah NWR to prevent them from 

imprinting on the human form.  They were taught to migrate to Chassahowitzka NWR in 

Florida following an ultralight aircraft flown by a costumed keeper (Urbanek et al. 

2005b).  When those birds reached breeding age, most returned to Necedah NWR to 

establish and defend breeding territories.  The first nesting attempt by a pair of 

reintroduced EMP cranes was in 2005, and the first wild-hatched colts were hatched in 

2006 (Urbanek et al. 2010a).  As of December 2020, the EMP is composed of about 80 

whooping cranes.  Twenty-eight wild-hatched colts have fledged in the wild since 2006 

(Thompson et al. 2021), 18 of these from nests at Necedah.  This rate of recruitment is 

not high enough for the EMP to be considered self-sustaining (Fasbender et al. 2015).  

Population increases occur primarily from yearly releases of captive-reared cranes.  

Necedah NWR is still the core breeding area for whooping cranes in Wisconsin. 

Previous research at Necedah National Wildlife Refuge, Wisconsin 

 Whooping cranes at Necedah NWR have passed some key milestones for 

reintroduction:  they largely survived, learned to migrate to and from the wintering 

grounds, formed pairs, and nested (Urbanek et al. 2010a).  However, none of 22 first 

nests and only one renest in the first seven years of reintroduction were successful, and 

biologists noticed that incubating cranes were abandoning their nests synchronously 

(Urbanek et al. 2010b).  Necedah NWR is unparalleled in central Wisconsin for its 

 
1 Formerly the Whooping Crane Eastern Partnership (WCEP); this partnership was expanded and re-named 

in 2019 to facilitate collaboration among all parties involved in whooping crane reintroduction across North 

America including reintroduced populations, the AWBP, and captive breeding centers. 
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abundance of two major species of ornithophilic bloodfeeding black flies (Simulium 

annulus and S. johannseni).  Nearly 20 times as many black flies were collected during 

sampling at Necedah NWR compared to seven other sites located throughout southern 

Wisconsin (Adler 2010).  River and stream conditions within a 10-km radius of Necedah 

NWR are ideal for black fly development (Adler 2010).  These flies attack whooping 

cranes (Urbanek et al. 2010b).  Incubating whooping cranes demonstrate black fly 

avoidance behaviors (head rubs, bill flicks) and may eventually abandon their nests 

(McKinney 2014, Jaworski 2016).  The whooping crane incubation period at Necedah 

NWR tends to coincide with emergence of black flies, and daily nest survival was 

strongly and negatively related to black fly abundance (Jaworski 2016, Barzen et al. 

2018).  Experimental reduction in black fly populations slightly increased nest survival 

(Barzen et al. 2018).  Forced renesting, or the management practice of removing eggs 

from first nests to encourage cranes to lay a second clutch after peak black fly emergence, 

is a management tool that has been practiced at Necedah NWR since 2015 to improve 

nest success (Jaworski 2016).  Despite an increase in nest success, the rate of 

reproduction remained too low to maintain the population.  

 Interestingly, sandhill cranes nesting at Necedah NWR are not observed to 

abandon their nests during black fly emergence (McKinney 2014).  The historic range of 

sandhill cranes in central Wisconsin may have allowed them to acclimate behaviorally to 

black fly infestations over time (Henika 1936, Jaworski 2016), whereas whooping cranes 

likely did not nest in Wisconsin historically (Allen 1952, Austin et al. 2019).  The genetic 

ancestors of reintroduced EMP whooping cranes came from the AWBP, so EMP cranes 

have not had time to adjust nesting phenology or behavior to avoid black flies in 
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Wisconsin.  Regardless of black flies, however, colt survival for both sandhill and 

whooping cranes is low (Barzen et al. 2018, McLean 2019).  At Necedah NWR, only 4 

out of 85 radio-marked sandhill crane colts (4.7%) survived to fledge in a two-year study 

(McLean 2019), and prior to 2011, only 2 EMP whooping crane colts had survived to 

fledge.  While the EMP is still a relatively new population, the limiting factor to 

productivity for both sandhill and whooping cranes at Necedah NWR seems to be colt 

survival rather than nest success if management actions are taken to mitigate the effects 

of black flies.  The factors underlying poor fledging success are not entirely known, but 

impacts of black flies and strong pressure from predators in rural central Wisconsin are 

two likely hypotheses (Jaworski 2016, McLean 2019). 

Shifting the release area of EMP whooping cranes to eastern Wisconsin 

 In 2010, the IWCRT advised that Necedah NWR no longer be used as a release 

site for captive-reared whooping cranes due to the nest abandonment issue, and the 

reintroduction team began searching for new release areas (WCEP 2011).  Because 

whooping cranes are philopatric to their natal areas, managers hoped to release additional 

captive-reared cranes in more productive locations.  Habitat suitability modeling 

identified areas within a study area in eastern Wisconsin (Figure 1.1) that were ranked as 

“highly suitable” based on wetland availability and a lack of black flies (Van Schmidt et 

al. 2014).  The largest highly suitable wetland complex was Horicon Marsh, and the 

nearby White River Marsh WA was a close second choice.  These areas became the 

primary locations for releasing captive-reared whooping cranes into the EMP in 2011.  

Horicon Marsh is the focus of this study.  It is the largest freshwater cattail marsh in the 

United States (USFWS 2016).  It is also designated as a state and globally Important Bird 
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Area and a Wetland of International Importance (Audubon 2016, Ramsar Convention 

2009, Steele 2007).  During 2011–2020, 35 fledged whooping crane juveniles were 

released at Horicon NWR, 11 of which are currently alive and 4 of which spend the 

breeding season at Horicon Marsh (Whooping Crane Reintroduction Team unpublished 

data).  The first breeding pair to nest at Horicon NWR did so in 2020.  

 The presence or absence of wetlands is not, however, a comprehensive indicator 

of crane habitat.  While cranes are dependent on wetlands for nesting, not all wetlands are 

quality nesting habitat, a fact which was not reflected when selecting the initial release 

area for the EMP or when identifying new release areas in 2010.  The habitat suitability 

model used by Van Schmidt et al. (2014) accounted for habitat selection of whooping 

cranes nesting at Necedah NWR, then identified areas in eastern Wisconsin that were 

similar to those selected habitats.  Landcover was classified broadly based on National 

Land Cover Database designations; the only wetland types included were open water, 

emergent herbaceous wetland, and woody wetland.  Horicon Marsh is a 130 km2 wetland 

complex located near the headwaters of the Rock River (USFWS 2007).  Extremely 

dense stands of hybrid cattail (Typha x glauca) dominate the marsh basin (USFWS 2016).  

Bennett (1978) noted that sandhill cranes in southeastern Wisconsin did not nest in large, 

continuous stands of cattail or other emergent vegetation because cranes appeared to need 

to be able to walk to and from the nest.  At Horicon Marsh, concentrations of other 

species such as sedges (Carex spp.), giant bur-reed (Sparganium eurycarpum), and river 

bulrush (Bolboschoenus fluviatilis) are interspersed throughout the cattail and are used as 

habitat by nesting sandhill cranes (Berzins pers. obs.).  All of these vegetation types were 

classified collectively as emergent herbaceous wetland in the Van Schmidt et al. (2014) 
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habitat suitability model.  During the initial release site assessment for the EMP in 1999, 

investigators were concerned that much of Horicon Marsh would not be available as 

whooping crane habitat because of the high density of cattails (Cannon 1999), and 

observations at Horicon indicate that sandhill cranes do not nest in dense cattail (Berzins 

pers. obs.).  Landcover data with narrower wetland classifications are not currently 

available, so the area available to nesting sandhill or whooping cranes within Horicon 

Marsh is unknown. 

Sandhill cranes as a substitute species for whooping cranes 

When breeding whooping cranes are not present in an area, researchers have 

turned to sandhill cranes as a substitute species to assess various aspects of 

reintroduction.  Sandhill crane nest success has been used as an important criterion for 

selecting whooping crane reintroduction areas.  The site of the Grays Lake cross-

fostering experiment was chosen in part due to the presence of a high-density sandhill 

crane population with a high (78–92%) nest success rate (Kuyt 1996).  The presence of a 

stable population of Florida sandhill cranes (A. c. pratensis) was seen as justification for 

the release of whooping cranes to form the Florida non-migratory population in the 

Kissimmee Prairie region (Nesbitt et al. 1997).  The number and productivity of Florida 

sandhill cranes in the area were used as primary criteria for selecting a whooping crane 

release site “as an index of the quality of crane habitat” in addition to land use status in 

the surrounding areas (Bishop 1990), and a similar study on greater sandhill cranes was 

conducted at Seney NWR in Michigan in the 1980s (McMillen 1988).  Sandhill cranes 

were not used as substitute species for the Louisiana reintroduction, but records indicate 

that the reintroduction area is contained within the historic range of a flourishing, 
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breeding population of whooping cranes (Johnsgard 1983, Gomez 2014).  However, 

sandhill crane productivity was not utilized as a basis for selecting the core reintroduction 

area for the EMP.  No recent productivity data were available for any of the three 

proposed reintroduction sites, so spring counts of sandhill cranes at each location were 

used instead (Cannon 1999).  These abundance data do not provide information about 

crane nesting or fledging success.  Even with large numbers of sandhill cranes present, 

productivity could be low (Van Horne 1983).  One might expect that whooping cranes, 

which have a slightly longer pre-fledging period compared to sandhill cranes (Johnsgard 

1983), would have lower rates of reproductive success, but it follows that if sandhill 

cranes are not fledging colts in a particular region, whooping cranes would not either if 

limiting factors are the similar for both species.   

Other crane species have served as examples in several other aspects of whooping 

crane conservation and reintroduction.  Costume-rearing and establishing migration 

routes using ultralight aircraft were pioneered on sandhill cranes before attempting to use 

those techniques on whooping cranes (Horwich 2001, Urbanek et al. 2005a).  Sandhill 

cranes in the Mid-continent Population wintering alongside AWBP whooping cranes 

were shown to be good surrogates for assessing disease risks for whooping cranes 

(Bertram 2016).  Sandhill cranes were used as a surrogate species to study the problem of 

potential whooping crane power line collisions (Morkill and Anderson 1991).  When 

establishing a population of Mississippi sandhill cranes (A. c. pulla, an endangered 

subspecies) from fledged, captive-reared juveniles, techniques for facilitating pair 

formation in red-crowned cranes (G. japonensis), whooping cranes, and white-naped 

cranes (G. vipio) were used as guidelines (Ellis et al. 1992).  All fifteen species of cranes 
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are members of the same family, Gruidae, so broad similarities among them are to be 

expected. 

However, known information about sandhill cranes should be extrapolated to 

whooping cranes cautiously.  Johnsgard (1983) wrote that the reproductive biologies of 

all cranes are “surprisingly similar”, and that nest success rates are generally quite high 

(70–80%); however, fledging rates are more variable between years, species, and 

populations, and are difficult to obtain with accuracy.  Additionally, morphological and 

behavioral differences between sandhill and whooping cranes should not be ignored.  

Whooping cranes are larger, more conspicuous due to their size and bright white 

plumage, more territorial, more defensive of their young, more carnivorous, and more 

dependent on larger wetlands than sandhill cranes (Walkinshaw 1949, Allen 1952, Kuyt 

1981, Meine and Archibald 1996).  They require larger territories, and they exhibit 

different behaviors when responding to disturbances at the nest (Jaworski 2016).  

Whooping cranes undergo a full flightless molt of their primary feathers every 2–3 years, 

leaving them vulnerable to predation and more reliant on protected wetlands (Lacy and 

McElwee 2014), whereas adult sandhill cranes have a partial molt annually and do not 

become flightless (Lewis 1978).  AWBP whooping cranes chose vast, open wetlands 

including lakes, marshes, mudflats, and sedge meadows as favored nesting areas 

(Timoney 1999), while sandhill nests can be heavily concealed in vegetation (Littlefield 

1995, Berzins pers. obs.).  Sandhill and whooping cranes co-nesting at Necedah NWR 

did not appear to exhibit strong species-specific differences in nest site selection (Strobel 

and Giorgi 2017), but this may reflect natal philopatry over true selection for a particular 

habitat as many EMP whooping cranes were raised at Necedah NWR (Van Schmidt et al. 
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2014).  As the more generalist species, sandhill cranes in the EP have adapted to changes 

in the landscape to recover from near-extirpation (Su et al. 2004, Lacy et al. 2015), 

whereas whooping cranes remain rare. 

Using a substitute or surrogate species as a proxy for a target species requires a 

major assumption:  both species should share the ecological and behavioral traits that 

make the target species vulnerable on a population level (Caro et al. 2005).  Unlike 

whooping crane populations, the EP of sandhill cranes is not imperiled.  Sandhill cranes 

are generally more adaptable to anthropogenic changes to the landscape as they can breed 

in smaller wetlands and in areas dominated by agriculture (Miller and Barzen 2016).  

Conversely, using sandhill crane productivity to predict whooping crane reproductive 

success reflects strong similarities in natural history and breeding biology between the 

two species (Johnsgard 1983).  Sandhill cranes are the closest phylogenetic relative to 

whooping cranes in North America (Krajewski et al. 2010).  When evaluating a specific 

release site, perhaps population-level trends (i.e. the EP of sandhill cranes) are less 

important than the properties of the focal sub-population (i.e. the Horicon Marsh 

population of sandhill cranes).  Within the same marsh, young of each species are likely 

vulnerable to the same predators, diseases, and environmental stressors (Nesbitt et al. 

2008, Bertram 2016), while adults of both species must find suitable nesting habitat and 

care for their colts.  At the colt stage, sandhill and whooping cranes have more similar 

nutritional needs (Johnsgard 1983, Bergeson et al. 2001a).  Sandhill and whooping cranes 

have been known to select similar habitats for nesting in central Wisconsin (Strobel and 

Giorgi 2017).  Whooping cranes may be able to nest in areas in which sandhill cranes can 

nest at Horicon Marsh as well.  For managers, selecting ideal nesting habitat for 
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reintroduced birds outside of their historic range can be challenging and somewhat 

subjective (Van Schmidt et al. 2014).  When evaluating a single marsh for a whooping 

crane release site, perhaps managers would be better served by assessing sandhill crane 

productivity. 

Sandhill and whooping cranes at Horicon Marsh 

 Sandhill crane reproductive success at Horicon Marsh has not been previously 

studied.  In general, however, sandhill cranes are among the most well-studied of all 

crane species, and many studies have reported on their life history and breeding ecology 

in various populations (Meine and Archibald 1996).  As a result, studies can generally 

compare rates of nest density, nest success, colt survival, and fledging success.  In 

addition, factors that impact nest success in sandhill cranes have been well described for 

some nesting areas.  This thesis seeks to address sandhill crane nesting abundance and 

density, rates of nest success, and rates of colt survival to fledging at Horicon Marsh.  As 

captive-reared whooping crane releases continue in eastern Wisconsin, understanding 

aspects of sandhill crane productivity at Horicon Marsh will help managers to evaluate 

the potential of this unique wetland area as a whooping crane nesting site.  
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Figure 1.1.  The eastern Wisconsin study area (bold black box) used in the Van Schmidt et al. (2014) habitat suitability 

analysis, Necedah National Wildlife Refuge in Juneau County, White River Marsh Wildlife Area in Green Lake and 

Marquette Counties, and Horicon Marsh in Dodge and Fond du Lac Counties.  Horicon Marsh is divided into Horicon 

National Wildlife Refuge and Horicon Marsh Wildlife Area. 
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CHAPTER 2: SANDHILL CRANE NEST DETECTION AND AVAILABILITY 

OF NESTING HABITAT 

INTRODUCTION 

Sandhill (Antigone canadensis) and whooping cranes (Grus americana) are the 

two members of the crane family, Gruidae, that occur in North America.  Both are 

flagship species for the conservation of wetlands (Meine and Archibald 1996).  Sandhill 

cranes are the most abundant crane species worldwide, while endangered whooping 

cranes are the rarest (CWS and FWS 2007).  The Aransas-Wood Buffalo Population 

(AWBP), which migrates between Aransas National Wildlife Refuge (NWR) in southern 

coastal Texas and Wood Buffalo National Park in Alberta and the Northwest Territories, 

is the only remaining self-sustaining wild population of whooping cranes (Meine and 

Archibald 1996).  To hedge against extinction by means of catastrophic losses in the 

AWBP, establishing a second self-sustaining population geographically separated from 

the AWBP is a primary goal for whooping crane recovery (CWS and FWS 2007).  

Several reintroduction attempts have been made since the 1970s in Idaho and Florida, but 

these efforts were unsuccessful due to high mortality rates, poor pair formation, and low 

productivity (Kuyt 1996, Nesbitt 2001, Folk et al. 2008).  Two reintroduced populations 

currently exist:  the Eastern Migratory Population (EMP), breeding in Wisconsin and 

migrating to the southeastern United States (established in 2001); and the Louisiana non-

migratory population (established 2011).  Neither the EMP nor the Louisiana population 

are yet self-sustaining, and reintroduction techniques continue to be developed and 

refined.    

Because Wisconsin was not known to be part of the core breeding range of 

whooping cranes historically, some conjecture was required regarding which habitats 
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were suitable for breeding (Van Schmidt et al. 2014, Austin et al. 2019).  The EMP was 

established in central Wisconsin, specifically Necedah NWR, since its wetland 

communities were thought to be suitable habitat for whooping cranes (Cannon 1999, Van 

Schmidt et al. 2014).  However, while EMP whooping cranes at Necedah NWR did have 

success surviving, forming pairs, and nesting, low nest success and colt survival have 

prevented the population from being self-sustaining (Urbanek et al. 2010a, Jaworski 

2016, McLean 2019).  One identified cause of low reproductive success is nest 

abandonment due to irritation by avian-feeding black flies Simulium annulus and S. 

johannseni (Urbanek et al. 2010b, Converse et al. 2013), but other unknown factors may 

contribute as well.  Due to low productivity at Necedah NWR, the Whooping Crane 

Reintroduction Team (formerly the Whooping Crane Eastern Partnership) decided in 

2011 that future releases of EMP whooping cranes would occur within a study area in 

eastern Wisconsin, a region about 110 km southeast of Necedah NWR that includes 

Horicon Marsh (including Horicon NWR and Horicon Marsh Wildlife Area [WA]) in 

Fond du Lac and Dodge Counties and White River Marsh WA in Green Lake and 

Marquette Counties (Stehn 2011, Van Schmidt et al. 2014).  Because whooping cranes 

are philopatric to their natal areas, managers hoped to release additional captive-reared 

cranes in more productive locations.  A habitat suitability analysis identified potential 

nesting areas that were similar to habitats that nesting whooping cranes selected at 

Necedah NWR (Van Schmidt et al. 2014).  Horicon Marsh and White River Marsh WA 

had the largest areas of suitable habitat and zero to low densities of avian-feeding black 

flies (Adler 2010, Van Schmidt et al. 2014).  Since 2011, 35 captive-reared juvenile 

whooping cranes have been released at Horicon NWR, 11 of which are alive to date.  
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However, only 4 of these cranes regularly spend the breeding season at Horicon Marsh, 

and the first nesting attempt did not occur until 2020.  Thus, questions remain as to 

whether Horicon Marsh could be a productive breeding location for EMP whooping 

cranes. 

Identifying suitable habitat for reintroduction can be challenging, particularly 

when attempting to reintroduce a species outside of its historic range (Van Schmidt et al. 

2014, Barzen et al. 2019).  However, greater sandhill cranes (A. c. tabida, hereafter 

sandhill cranes) breed in Horicon Marsh.  Sandhill and whooping cranes share many 

ecological and life history traits, and both species faced severe population declines in the 

late 19th and 20th centuries (Meine and Archibald 1996).  Both species are long-lived, 

monogamous, dependent on wetlands for nesting and roosting, and are highly territorial 

during the breeding season (Johnsgard 1983).  One or two eggs are laid on a nest 

platform built of nearby vegetation and typically surrounded by shallow water (Meine 

and Archibald 1996).  The male and female take turns incubating the eggs for 29–30 

days; the young are precocial.  Parents continue to provide care for their colts throughout 

the pre-fledging period, which lasts about 75 days for sandhill cranes and 85 days for 

whooping cranes (Meine and Archibald 1996).  Once fledged, they have a high likelihood 

of surviving to adulthood (Erickson and Derrickson 1981, Wheeler et al. 2018).  Because 

the two species are so similar in their life histories and breeding strategies, identifying 

areas where sandhill crane recruitment is high may reveal areas where whooping cranes 

could raise their young successfully as well.  Presumably, sites where sandhill crane 

productivity is low could indicate that whooping cranes would not be able to sustain 

populations there either.  When management actions were taken to mitigate the effects of 
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black flies at Necedah NWR, nest success rates were comparable between sandhill and 

whooping cranes (Jaworski 2016).  Both species selected nest sites in similar habitats at 

Necedah NWR (Strobel and Giorgi 2017).  Interestingly, sandhill crane colt survival also 

is low at Necedah NWR (McLean 2019).   

In addition, the majority of Horicon Marsh is dominated by dense, monotypic 

stands of hybrid cattail (Typha x glauca; USFWS 2016).  Sandhill cranes commonly nest 

in standing dead cattail vegetation from the previous year (Bennett 1978, Urbanek and 

Bookhout 1988, Littlefield 2001), but the density of vegetation at Horicon Marsh may 

prohibit crane nesting, particularly in the marsh interior where the cattail is particularly 

rank.  Bennett (1978) noted that sandhill cranes in Wisconsin tended to avoid areas with 

vegetation tall or dense enough to impede movement or feeding activity around the nest.  

A moderate vegetation density that allowed cranes to walk to and from the nest appeared 

to be important.  He also reported that no nests were found in monotypic stands of cattail.  

Sandhill cranes have been observed nesting in lower-density monotypic stands of cattail 

at Horicon Marsh (Berzins pers. obs.), but with the extent of high-density cattail 

vegetation present, much of the wetland area may not be available as nesting habitat for 

sandhill cranes.  The habitat suitability analysis that led the Whooping Crane 

Reintroduction Team to begin releasing whooping cranes at Horicon NWR grouped all 

densities of cattail and other emergent vegetation types together as emergent herbaceous 

wetland (Van Schmidt et al. 2014).  However, sandhill cranes are not able to nest in 

emergent wetland where the cattail is too dense.  Additionally, whooping cranes tend to 

prefer nesting areas that are visually open with large amounts of open water (Timoney 

1999), so any estimate of the habitat that is available for sandhill crane nesting is likely to 
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be an overestimate for whooping cranes depending on the degree to which they avoid 

visually closed environments like cattail marshes.   

Overall, little is known about sandhill cranes nesting at Horicon Marsh.  In this 

study, I estimated the nesting abundance and density of sandhill cranes in Horicon Marsh 

by utilizing aerial transect surveys to locate nests and closed-capture models to estimate 

nest detection probabilities.  Nesting areas at Horicon Marsh are not readily accessible 

from the ground, and the marsh area is large; aerial surveys are therefore the most 

practical way to locate nests (Bishop 1990).  To better estimate the availability of crane 

nesting habitat in Horicon Marsh, I conducted a landcover classification of wetland 

habitat based on aerial imagery and actual vegetation characteristics measured at nest 

sites to calculate the area of wetland habitat available to nesting cranes excluding dense 

cattail areas.  Due to the large size of Horicon Marsh, I expected to find a relatively low 

density of sandhill crane nests; however, due to the rank cattail vegetation, there is likely 

less available nesting habitat for sandhill or whooping cranes than the nest density might 

imply.  Altogether, knowledge of nesting abundance and density will help managers 

assess the status of sandhill cranes breeding at Horicon Marsh, estimate available sandhill 

crane nesting habitat with regard to future whooping crane nesting, and to determine 

whether breeding whooping cranes could establish adequate territories without facing 

intense competition with sandhill cranes. 

METHODS 

Study area 

Horicon Marsh is the largest freshwater cattail marsh in the United States 

(USFWS 2016).  It is designated as a state and globally Important Bird Area and a 
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Wetland of International Importance (Audubon 2016, Ramsar Convention 2009, Steele 

2007).  The marsh is dominated by cattails, including native broad-leaved cattail (Typha 

latifolia), invasive narrow-leaved cattail (T. angustifolia), and hybrid cattail.  The native 

cattails provide habitat for marsh birds, but invasive narrow-leaved and hybrid cattail 

outcompete the native cattail and grow in dense stands that crowd out native species and 

spread rapidly.  Horicon Marsh is located on the west branch of the Rock River in Fond 

du Lac County and Dodge County, Wisconsin, 105 km northwest of Milwaukee.  The 

northern two-thirds of the Marsh is managed by the U.S. Fish and Wildlife Service as 

Horicon NWR (89 km2); the southern third (45 km2) is managed by the Wisconsin 

Department of Natural Resources as Horicon Marsh WA (Figure 2.1).  Sandhill cranes 

nesting on both properties were included in analyses of nest detection; only Horicon 

NWR was used for estimating available nesting area as aerial imagery was not available 

for Horicon Marsh WA. 

Helicopter surveys of nests 

Sandhill crane nests were located in Horicon Marsh via helicopter survey on 17 

April 2018 and 15–16 April 2019.  The pilot and an observer/navigator sat in the front 

seats of a four-seat Robinson R44 helicopter, and two additional observers sat in the rear 

seats; each observer had largely separate fields of view.  The two observers in the rear 

searched for nests continuously, and the pilot and navigator also could search 

opportunistically as their other duties allowed.  Observers searched for nests along 

transects spaced 100 m apart flown approximately 23 m above ground level at about 40 

km/hr.  Bishop (1990) reported that most nests were detected within 200 m on either side 

of a transect in surveys of Florida sandhill cranes (A. c. pratensis).  Observers in this 
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study were most comfortable with 100 m between transects after initially trying 150 m 

spacing and feeling that a significant amount of ground between adjacent transects was 

not being observed as a secondary goal of these surveys was to locate 25–35 nests for a 

nest survival study (see Chapter 3).  However, nests that were opportunistically sighted 

beyond the designated transect width were still included.  Transects were mainly oriented 

east-west spanning across the width of the marsh except when covering narrow strips of 

wetland between open water and upland.  Each observer called out as soon as he/she 

located a nest, and I collected the WGS 1984 latitude and longitude coordinates to record 

the location of nest detection using an XGPS160 SkyPro GPS Receiver connected to 

Collector for ArcGIS (ESRI 2018) over Bluetooth.  Next, the pilot maneuvered the 

helicopter to hover above the nest so I could record its location and the number of eggs 

on the nest platform.  Sandhill crane nests are large and fairly conspicuous from the air, 

and typically the incubating adult will readily flush when the helicopter approaches 

(Howard 1977, Bishop 1990).  Nesting Canada geese (Branta canadensis) were 

abundant, so care was taken to differentiate crane and goose nests because they can 

appear alike from the air; goose nests tend to be mounded higher than a crane nest and 

typically contain more than two eggs.  I only recorded observations of a nest if a crane 

was present on or near the nest.  After marking the nest location, we returned to the 

transect and continued in the direction of travel.  We did not survey over uplands or large 

open water areas because sandhill cranes require shallow water and vegetation for 

nesting. 
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Calculation of detection probability 

Following surveys, I visited a subset of detected nests to set up remote trail 

cameras for a nest survival study (see Chapter 3).  While at a nest, I used a hand-held 

GPS unit (Garmin eTrex Vista HCx, part number 010-00630-00) to collect the 

coordinates of the nest location.  For nests that I visited, this location point was more 

accurate than the point collected from the helicopter because we were not always able to 

hover directly over the nest, especially in 2018 due to windy conditions.  Forty-three 

nests (75.4%) were visited, and their coordinates were updated accordingly; 14 nests 

(24.6%) were not visited due to inaccessibility, so their locations were collected only 

from the helicopter.  I calculated the detection distance in ArcMap 10.7 (Environmental 

Systems Research Institute, Redlands, California) as the distance between the point 

where the nest was detected and the nest location.     

To determine observer detection probabilities of sandhill crane nests on helicopter 

surveys, I treated each nest as an individual in my dataset.  I repurposed a time-of-

detection approach (Alldredge et al. 2007, Riddle et al. 2008), where instead of 

encountering nests in separate time intervals, each observer had an opportunity to detect a 

nest.  I constructed an encounter history for each nest with zeros and ones signifying 

which observer detected the nest; for example, if a nest was found only by Observer #1, 

the encounter history would read ‘1000’.  I used a Huggins closed capture model to 

analyze the detection probability (Huggins 1989) in Program MARK (v.8.0; White and 

Burnham 1999).  I included year as a factor to account for differences in observer 

experience and weather conditions, and two covariates, distance (the distance from the 

point where the nest was detected to the nest itself) and distance2.  Because an observer 
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called out as soon as they detected a nest, there were no opportunities to encounter the 

same nest twice.  We did not repeat transects; therefore, the recapture probability, c, was 

fixed to zero in all models.   

I developed a set of candidate models including effects of individual observers, 

where the observer was sitting in the helicopter, year, distance, and distance2 (Table 2.1). 

For models that included the pilot, the pilot’s initial capture probability was fixed to zero 

because neither pilot was the first to detect any nest in either year.  Not all models had 

estimable parameters, and some gave unreasonably large estimates; these models were 

removed from the model set.  I used an information-theoretic approach to compare 

support among models (Burnham and Anderson 2002).  Models were ranked using 

Akaike’s Information Criterion adjusted for small sample sizes (AICc).  Any model with 

ΔAICc ≤ 2 was considered competitive; the model with the lowest AICc value was 

considered the best model.  These models produced estimates of detection for an observer 

detecting a nest.  I computed the probability P of a nest being detected by all observers as 

follows: 

𝑃 =  1 −  ∏(1 −  �̂�𝑜𝑏𝑠)

𝑛

1

 

where p̂obs is the individual detection probability for each observer and n is the number of 

observers. 

Calculation of nest density 

Program MARK calculates population abundance, N̂, for estimated parameters in 

each model.  Although sandhill crane territories include wetland and upland, nest sites 

occur in wetlands (Miller and Barzen 2016).  Therefore, I calculated nest density by 
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dividing the number of nests by the area (km2) of the wetland surveyed (Barzen et al. 

2016).  I calculated both the minimum nest density (nests found/wetland area surveyed) 

and estimated nest density based on detection probabilities (estimated nests/wetland area 

surveyed).  I also calculated the mean distance between the nearest neighbor of each nest 

in each year in ArcMap 10.7. 

Classifying cattail landcover at Horicon NWR 

The U.S. Fish and Wildlife Service collected 0.15 m resolution 4-band aerial 

imagery of the entirety of Horicon NWR on 7 July 2018.  The resulting photograph was 

georeferenced to a common coordinate system (NAD 1983 UTM Zone 16N) and clipped 

to the extent of cattail marsh delimited by the landcover classification given by the 

Horicon NWR Habitat Management Plan (HMP; USFWS 2016).  Only Horicon NWR 

was used for wetland classification as fine-scale aerial imagery was not available for 

Horicon Marsh WA.  Field sampling occurred between April and July 2019.  I collected a 

minimum of six points per landcover category for analysis.  In total, 52 data points were 

collected.  Three methods were used to collect data: 

(1) Sandhill crane nest sites.  Sandhill crane nests were located via helicopter survey 

on 15–16 April 2019.  Subsequently, nests were visited on foot and coordinates 

were collected using a hand-held GPS unit (Garmin eTrex Vista HCx).  While at 

the nest, I recorded the dominant vegetation cover type and percent cover within a 

5-m radius of the nest.  Possible vegetation types were based on detailed 

landcover categories delineated by the Horicon NWR HMP:  cattail (0–33% 

cover, 33–66% cover, 66–90% cover, and >90% cover), emergent vegetation not 

including cattail, and open water.  Only nests within the boundary of cattail extent 
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indicated by the landcover classification in the Horicon NWR HMP were 

considered.  Eight nest sites were included in analysis.  

(2) Random sites.  Up to three randomly selected sites within a 200-m radius of ten 

known sandhill crane nests also were visited.  I used this distance because a 

previous study (Baker et al. 1995) found that crane nest site habitat selection was 

not detected beyond 200 m.  Again, only sites within the boundary of cattail 

extent indicated by the landcover classification in the HMP were considered.  

Twenty-two random sites were included in analysis. 

(3) Habitat management plan classification.  The sandhill crane nest sites and 

random sites were not representative of all the habitat types that were included in 

the clipped imagery.  Therefore, I filled in gaps in landcover categories using a 

combination of U.S. Fish and Wildlife Service sUAS imagery collected 7 July 

2018 and ground-truth data collected by Horicon NWR staff in August 2018 in 

three impoundments on the northern side of the Refuge.  I also chose ten points 

spread throughout the Refuge that were clearly open water on the aerial image 

itself.  Overall, 22 of these points were used to fill in categories of open water, 

cattail (0–33% cover), and emergent vegetation. 

Subsequent to data collection, I established areas of interest using ERDAS 

Imagine 2016 (v.16.00, Hexagon Geospatial, Norcross, GA) around each point (i.e., the 

area of interest was roughly centered around each point) for use in training the 

classification.  I manually outlined areas surrounding each point roughly 10 m in 

diameter to reflect the area that was measured around nest sites.  I attempted to choose 

homogenous pixels for each vegetation class.  Classes reflected the vegetation types 
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determined in the field (open water, four densities of cattail, and emergent vegetation).  

Each class had 6–10 areas of interest with an average of 30,247 pixels per class.  Overall, 

181,481 pixels were used for training the classification.  False color (NIR-red-green) 

color-infrared (CIR) imagery was used for classification to differentiate between wetland 

vegetation types (Everitt et al. 2004).  I performed a supervised classification in ERDAS 

Imagine using the maximum likelihood algorithm (Patil et al. 2012). 

To assess the accuracy of the classification, I used vegetation data collected at 12 

nest sites in 2018 and 2020.   I created areas of interest that were 5-m radius circles 

surrounding the nest point to reflect the sampling area at the nest.  I used 41,410 pixels 

total.  Unfortunately, I was not able to collect additional ground-truth landcover data due 

to two significant events:  the Department of the Interior’s order grounding all unmanned 

aerial vehicles on their lands beginning in 2019, and the COVID-19 pandemic which 

restricted travel, funding, and access to Horicon NWR in 2020.  I created an error 

classification matrix by comparing the pixels in the area of interest to the dominant cover 

type determined in the field (Comber et al. 2012).  Diagonal elements represent areas that 

were correctly classified.  Off-diagonal elements were not correctly classified.  The 

columns express the possible classes as determined by ground-truthing, and the rows 

show the classes in which the pixels have been classified (Patil et al. 2012).  The 

accuracy assessment is a percentage expressed by taking the total of the main diagonal of 

the matrix divided by the total number of pixels.  Accuracy within rows is “user’s 

accuracy”, or the probability that a location classification on the map is actually 

representative of that class on the ground (Nagamani et al. 2015).  Accuracy within 
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columns, or “producer’s accuracy”, indicates how well the analyst has interpreted that 

class.   

RESULTS 

Probability of nest detection and estimated abundance 

  Thirty-two nests were detected in 2018 and 25 nests were detected in 2019 for a 

total of 57 nests (Figure 2.2).  Two nests were detected twice from adjacent transects; 

only the first detection was included in analyses.  Thirty nests (52.6%) were in Horicon 

NWR, and 27 nests (47.4%) were in Horicon Marsh WA.  The average detection distance 

was 80.1 m (SE = 6.35; range 5.85 to 211.58 m).  From the front seat of the helicopter, 

the pilot found 0 nests, and the navigator detected 11 (19.3%).  From the back seat, the 

two observers located 17 (29.8%) and 23 (40.4%) nests, respectively.  

  I removed ten models from my model set because either models failed to 

converge, confidence intervals were unreasonably wide, or the estimates of N̂ were 

implausibly large.  All models including distance2 were removed from the model set.  

Ultimately, I considered five candidate models to evaluate probability of nest detection 

including the intercept-only model, an observer model, and three models incorporating 

the effects of year and distance (n = 57 nests; AICc sample size = 228).  Over 99% of the 

model weight was associated with the top model, which was over 14 AICc units below 

the next best model (Table 2.2).  The top model represented the effect of observer, 

differentiating between the observers in the front seat (i.e., the navigator, because the 

parameter estimate for the pilot was fixed to zero) versus the two observers in the back 

seat of the helicopter.  Detection probability of the navigator was 0.353 ± 0.508 SE (95% 

CI = 0.0069 to 0.9771) and detection probability of the rear observers was 0.261 ± 0.236 
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SE (95% CI = 0.0309 to 0.796).  Confidence intervals were relatively large in the top 

model compared to other models.  However, model selection indicated little support for 

the effects of detection distance or year on the detectability of nests.   

The estimated parameters for the top model represent the probability of a single 

observer locating a nest, from which I calculated the probability of a nest being detected 

by all observers as P = 0.657.  I derived estimates of nest abundance, N̂, as the number of 

nests detected divided by P.  For Horicon Marsh, N̂ = 88 nests. 

Nest density 

In 2018, approximately 58.2 km2 of Horicon Marsh was surveyed via helicopter; 

in 2019, approximately 78.3 km2 were covered on the helicopter survey (Figure 2.3).  

Horicon NWR and Horicon Marsh WA combined have 119 km2 of wetland habitat 

according to the National Wetland Inventory (NWI) Version 2 (USFWS 1994).  

Therefore, 48.9% and 65.8% of the Horicon Marsh wetland area were surveyed in 2018 

and 2019, respectively.  However, some of these wetland areas are riverine or open water, 

which are not suitable for nesting cranes.  Each property has a large open water area that 

was purposely avoided because it was clear from the air that it was not nesting habitat:  

Main Pool, the largest managed impoundment in Horicon NWR, and the Rock River 

where it widens as it approaches the dam at the southern end of Horicon Marsh WA.  

After censoring these two open water areas, 59.6% of the potential nesting area was 

surveyed in 2018, and 80.1% was surveyed in 2019.    

I calculated a minimum nest density by dividing the number of nests that were 

detected by the amount of wetland area surveyed.  In 2018, this was 0.55 nests/km2 and in 

2019, the minimum nest density was 0.319 nests/km2.  I used the estimated total N̂ 
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derived from the top model to calculate nest density, distributing number of estimated 

nests proportionally to the actual count of nests detected in each year.  The estimated nest 

density in 2018 was 0.85 nests/km2 (SE = 0.66 nests/km2, 95% CI = 0.56 to 4.6 

nests/km2).  The estimated nest density in 2019 was 0.49 nests/km2 (SE = 0.39 nests/km2, 

95% CI = 0.33 to 2.7 nests/km2).  On average, the estimated nest density was 0.64 

nests/km2. 

I also calculated the mean distance between observed nests.  In 2018, the mean 

distance between nests was 727.6 ± 62 m.  In 2019, the mean distance between nests was 

1011 ± 184 m.  For both years combined, the mean distance was 851.8 ± 89.3 m. 

Supervised classification of Horicon NWR 

Cattail habitat made up 4212 hectares of Horicon NWR according to the Horicon 

NWR HMP.  The aerial imagery, when clipped to the cattail extent, had 1.9 × 109 pixels 

of 0.15-m resolution to classify.  Supervised classification using a maximum likelihood 

algorithm resulted in 17.10% of the study area being classified as 0–33% cattail cover, 

17.05% as 33–66% cattail cover, 20.03% as 66–90% cattail cover, and 18.51% as >90% 

cattail cover (Figure 2.4).  Emergent vegetation other than cattail made up 17.44%, and 

9.88% was open water.  Broadly, 72.7% of the area designated as cattail in the HMP was 

categorized as cattail in the classification.  Open water occurred on the edges of 

vegetation in Main Pool.  Dense cattail was scattered throughout the Refuge but was 

more concentrated in a few areas—in particular, south of Main Dike Road (MDR–South), 

on the southeastern edge of Main Pool, and on the east side of Teal impoundment.  

Emergent vegetation also was interspersed throughout the cattail but was more prevalent 

on the northern side of the Refuge, especially in Radke impoundment.   
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The error classification matrix indicated that the overall accuracy of the 

supervised classification was 33% (Table 2.3).  The top three categories of cattail density 

were most often misclassified as other cattail density categories.  Emergent vegetation 

was often misclassified as cattail as well.  The lowest density of cattail and open water 

were not seen at the nest sites used for accuracy evaluation, but both of these categories 

were represented in the classification.  User accuracy was between 0.5 and 0.29 for all 

classes except cattail >90%, where it was 0.96.  Producer accuracy was accurate for 

cattail 0–33% and open water, as neither of those classes were represented in the 

reference data.  Cattail 33–66%, cattail >90%, and emergent vegetation had producer 

accuracies ranging from 0.11 to 0.50.  Cattail 66–90% had a higher producer accuracy of 

0.82. 

DISCUSSION 

Nest detection and estimates of abundance 

I was able to make use of a closed capture-recapture method to estimate 

individual detection probabilities without repeating the survey transects on more than one 

occasion.  It is rarely, if ever, possible to count every individual, so being able to quantify 

detection probability is vitally important for providing a more reliable estimate of 

abundance (Nichols et al. 1986, Barbraud and Gélinaud 2005, Marques 2009).  Sandhill 

crane nests are typically large and conspicuous from the air, but with the limited 

viewshed and dual roles of observers on the survey, each observer failed to detect 

between 60–80% of the nests that were found, not including the pilot.  While the odds 

that any one observer missed a nest were high, the probability that all observers missed a 

nest was more acceptable, 34%.  By providing an estimate of detection probability, I am 
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able to report an adjusted measure of abundance that does not steeply underestimate the 

number of nesting pairs.  Overall, the top model estimated that the true number of nests in 

our survey area in both years combined was 88, compared to the 57 nests that were 

detected.   

Estimates of abundance of nesting pairs are likely underestimates.  I attempted to 

schedule our one or two days of surveying each year based on knowledge of nest 

initiation dates in past years from other sandhill crane nesting areas in south-central 

Wisconsin, but it is unknown whether surveys occurred during peak nesting.  In both 

years, surveys took place following spring snowstorms that could have led some cranes to 

abandon their nests.  Observers also could not differentiate first nests from renests, 

although it is more likely that we surveyed too early in the nesting period to observe most 

second nests.  Bennet (1978) reported an average initiation date of 10 April in southeast 

Wisconsin.  Survey methods also are likely to underestimate the number of nests.  Flight 

speed, light conditions, snow conditions, and time of day can affect the accuracy of 

detections (LeResche and Rausch 1974).  In addition, observers were not able to survey 

the entire wetland area in the Horicon Mash basin.  Terrain and habitat type can also 

impact detection accuracy (LeResche and Rausch 1974), but Horicon Marsh is a flat 

wetland, so I do not anticipate that either of those factors impacted nest detections in this 

study.  All observers benefited from having a dedicated navigator to keep the helicopter 

on the transects.  However, all observers certainly missed some nests.  In 2019, four adult 

cranes that were marked with radio transmitters for a colt survival study (see Chapter 3) 

had initiated nests by the first day of the survey.  Observers detected just one of these 

nests on the survey.   
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Nest density 

The nest density of sandhill cranes nesting in Horicon Marsh is low compared to 

other studies of sandhill cranes (Table 2.4).  In the Briggsville, WI population, a dense 

population thought to be near carrying capacity, mean nest density was over eight times 

the nesting density that was reported in this study (Barzen et al. 2016).  Compared to 

other nesting areas in the upper Midwest, nest density was slightly higher at Horicon 

Marsh.  In Minnesota in 1989, sandhill cranes were only just beginning to return to areas 

where they had nested following near extirpation of the Eastern Population in the early 

20th century; a minimum nest density was reported as 0.25 pairs/km2 (Provost et al. 

1992).  In Wisconsin, sandhills had started to move into the southeastern part of the state 

by the 1970s (Gluesing 1974, Bennett 1978).  The population has increased fairly steadily 

since then within a core area including Dodge County (Su et al. 2004).  The Horicon 

population could still be growing.  Studies that did not measure nest abundance reported 

the mean distance between active nests (Drewien 1973, Bennett 1978); in comparison, 

the distance between nests at Horicon Marsh was two to nearly four times higher, which 

reflects the large size of the marsh basin as I did not consider separate impoundments to 

be individual wetlands.  The sizable spacing between nests may indicate that additional 

nesting territories may be available but not currently filled.  However, because not all 

nests present in the marsh were detected, the real distance between active nests would be 

smaller on average.  Future study of territory size and overall recruitment may help to 

determine whether Horicon Marsh sandhill cranes are at or below carrying capacity.     

Sandhill crane productivity at Horicon Marsh does not appear to be limited by 

availability of nesting areas.  However, a crane’s home range could include a large 
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percentage of upland habitat as well as wetland, and a more useful measure of density 

would incorporate the number of breeding pairs and the areas of their entire territories 

(Barzen et al. 2016).  Because Horicon Marsh is such a large wetland, much of its area is 

interior wetland with little access to upland areas.  Nesting areas may be more limited to 

wetlands on the edge of the marsh in proximity to uplands, yet a number of nests were 

found in the marsh interior as far as 1770 m from the nearest upland area, especially in 

Horicon Marsh WA.  Dry areas in the marsh interior may be able to support colts until 

they grow enough to travel longer distances, but it is yet unknown where these pairs take 

their young to forage after they hatch.  Additional study of marked cranes could help to 

illuminate how sandhill cranes are using this unique wetland area for nesting and rearing 

of young. 

Survey coverage   

Aerial surveys were the only practical method for locating many nests as nesting 

areas at Horicon Marsh are not readily accessible from the ground, and the marsh area is 

large (Bishop 1990).  While complete coverage of the Horicon Marsh basin was not 

possible due to time constraints, I was able to adjust the areas surveyed in 2019 based on 

the coverage and results from 2018.  We were able to survey the likeliest crane nesting 

areas in 2018, but large portions of the west side of both Horicon NWR and Horicon 

Marsh WA were not surveyed in 2018 (see Figure 2.3).  The west side of Horicon NWR 

is largely wet meadow dominated by reed canary grass (Phalaris arundinacea; USFWS 

2016).  This area also is not easily accessible on foot.  Therefore, it was not prioritized for 

survey in 2018.  In 2019, we did cover the western edge of Horicon NWR completely, 

and we did not find any nests in the wet meadow habitat.  Sandhill cranes in other areas 
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have been known to use wet meadows with reed canary (Desroberts 1997, Littlefield 

1999), and I suspected that the boundary between emergent cattail marsh and wet 

meadow may have been acceptable nesting habitat, so it was worth investigating.  

However, no nests were found on the western side of Horicon NWR, in reed canary or 

cattail, in 2019.  We did find some nests on the western side of Horicon Marsh WA in 

2019 that we had been unable to survey in 2018.  In spite of high densities of cattail in the 

marsh interior, the edge of the marsh provided some areas for cranes to nest.  Excluding 

open water areas, we were able to cover the majority (80%) of wetland areas in the 

Horicon Marsh basin in 2019.  We also were able to survey nearly all of the edge of the 

Horicon Marsh basin, where nesting cranes readily would have access to upland areas to 

forage after colts hatch (Walkinshaw 1949). 

Availability of nesting habitat in cattail 

Sandhill cranes do not nest in dense cattail vegetation (Bennett 1978, Berzins 

pers. obs.).  At Horicon Marsh, nest sites were found in either lower-stature emergent 

vegetation such as sedge (Cyperaceae), small pockets of lower-stature emergent 

vegetation within a larger area of dense cattail, or open areas in cattail with more open 

water than the surrounding area of rank cattail vegetation (N. Hargett unpublished data).  

Therefore, areas of high-density cattail may still be suitable habitat for sandhill crane 

nesting if it has emergent vegetation or lower-density cattail interspersed.  The supervised 

classification revealed only one area at Horicon NWR that had a large, unbroken swath of 

cattail above 90% cover, about 12 hectares in the northeast corner of Teal impoundment.  

No crane nests were detected in this area.  Other sections of the Refuge, in particular the 

area south of Main Dike Road and the southeast corner of Main Pool, are dominated by 
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<90% cattail.  However, these two areas also have lower-density cattail and emergent 

vegetation spread throughout.  Sandhill cranes do nest in these areas.  Overall, high, truly 

monotypic expanses of dense cattail vegetation were not found to be widespread at 

Horicon NWR by this classification.  For sandhill cranes, nesting areas with appropriate 

vegetative cover may be widely available throughout the marsh.     

Accuracy assessment of the supervised classification was low, 33%.  A 

combination of factors likely contributed to this low accuracy.  First, the ground-truth 

data that were used to validate the classification were collected at a coarser resolution 

than the aerial imagery itself.  The imagery shows a large degree of heterogeneity due to 

the high resolution of the image; data collected at the nest characterized only the 

dominant vegetation type within a 5-m radius of the nest.  With additional validation data 

collected at similar resolution to the aerial imagery, I would predict that classification 

accuracy would be improved.  In addition, few data points were available for validation.  

Without the ability to collect additional ground-truth reference data in 2020, the accuracy 

assessment relied only on vegetation near sandhill crane nest sites, which may not be 

representative of the vegetation present throughout the marsh area.  Second, the timing of 

data collection for the aerial imagery, training data for classification, and reference data 

for accuracy assessment was spread over three years and several seasons.  Changes in 

landcover may have occurred from one year to the next.  Sandhill cranes nest in the 

spring when the vegetative cover surrounding their nesting areas is standing dead 

vegetation from the previous year.  By July, when the aerial imagery was collected, new 

green vegetation dominates.  Training data and reference data were collected in the spring 

over three years to classify summer imagery.   
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However, one class, >90% cattail cover, was well-classified according to the error 

matrix in both producer accuracy and user accuracy.  This class was never misclassified 

as emergent vegetation.  For other classes of cattail density, misclassifications were 

between cattail categories more often than they were in emergent vegetation especially 

between 66–90% cattail cover and >90% cover.  In contrast, emergent vegetation was 

most often misclassified as >90% cattail cover.  The ability to distinguish between the 

highest density cattail class and all other classes is the most important factor for 

identifying large areas of dense monotypic cattail where cranes could not nest.  

Improving the reference dataset for accuracy assessment could help to correct for some of 

these misclassification errors, but for nesting sandhill cranes, identifying the >90% cattail 

cover class is crucial to understanding where nesting habitat might be available within the 

marsh. 

 I was not able to conduct a similar classification for Horicon Marsh WA due to a 

lack of high-resolution imagery.  In comparison to Horicon NWR, Horicon Marsh WA 

has less capacity to manage water levels.  As a result, hybrid cattail is prevalent.  Sandhill 

crane nests at Horicon Marsh WA were more concealed in vegetation compared to nests 

at Horicon NWR (N. Hargett unpublished data).  Therefore, it is more likely that there 

may be areas of Horicon Marsh WA that are covered in 100% cattail without emergent 

vegetation distributed throughout.  Additional mapping and classification could help to 

identify whether the cattail vegetation at Horicon Marsh WA is dense enough to preclude 

nesting cranes. 
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Management implications   

Sandhill crane nesting at Horicon Marsh does not appear to be limited by habitat 

or territory availability.  Nesting density was higher than reported in other studies but 

well below the density of a population at carrying capacity (Barzen et al. 2016).  Mean 

distance between nests was larger than reported in other studies, suggesting that there is 

enough space for additional sandhill crane pairs to nest in Horicon Marsh.  In addition, 

nesting habitat does not appear to be limited by large expanses of dense, monotypic 

cattail vegetation with no potential for nesting, as much of the cattail extent also contains 

areas of less dense cattail and other emergent vegetation.  At least 25 pairs nest in the 

Marsh each year.  Based on nesting density and predicted habitat availability, sandhill 

cranes could nest in greater numbers at Horicon Marsh along with whooping cranes.  

Whooping cranes have been known to displace nesting sandhill cranes to establish 

territories (McMillen 1988); alternatively, they may be able to use areas that are suitable 

for sandhill cranes but not occupied by a breeding pair.  The relatively low density 

suggests that whooping cranes could nest without significant adverse effects of 

competition with sandhill cranes.  However, density alone is not necessarily a reliable 

indicator of habitat quality (Van Horne 1983).  Additional study to quantify other aspects 

of sandhill crane productivity, such as nest success and fledging rates, will help to 

determine whether Horicon Marsh can support breeding populations of sandhill and 

whooping cranes and guide management decisions regarding future captive-reared 

releases of EMP whooping cranes. 

Sandhill crane nests at Horicon Marsh tend to be well-concealed (N. Hargett 

unpublished data).  Whooping cranes, however, may be less inclined to nest in similar 
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areas because they favor nest sites with open water and visually open areas (Timoney 

1999).  In 2020, the first pair of whooping cranes to nest at Horicon chose a visually open 

nest site in river bulrush (Bolboschoenus fluviatilis) in an impoundment surrounded on 

three sides by a ≥30 m wide ditch (S. O’Dell pers. comm.).  A whooping crane-sandhill 

crane pair at Horicon NWR nested in a large open water area in 2019 (N. Hargett 

unpublished data).  If whooping cranes nest in Horicon Marsh in the future, they may 

find and select for areas with lower-stature emergent vegetation, although the marsh 

basin is predominately cattail.  However, few areas of the marsh are dominated by 

emergents other than cattail, so the number of whooping crane breeding pairs that could 

nest at Horicon Marsh could be limited.  Management actions that reduce cattail density 

could benefit nesting cranes of both species.  Alternatively, whooping cranes also may be 

more willing to nest in visually closed areas if that is mainly what is available on the 

landscape.  As EMP whooping cranes continue to disperse throughout Wisconsin, 

investigating nest site characteristics to evaluate whether areas with closed vegetation are 

being used by breeding whooping cranes will help managers to evaluate the potential 

propensity of whooping cranes to nest in dense cattail marsh.       
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Figure 2.1.  The location of Horicon Marsh, including Horicon National Wildlife Refuge and Horicon Marsh Wildlife 

Area, in Fond du Lac and Dodge Counties in southeastern Wisconsin. 
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Figure 2.2.  Locations of nests surveyed in Horicon Marsh in 2018 and 2019.  Wetland types are based on 

classifications from the National Wetland Inventory Version 2. 
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Figure 2.3.  Coverage of sandhill crane nest surveys at Horicon Marsh, including Horicon National Wildlife Refuge and Horicon Marsh Wildlife Area.  Surveys occurred on 17 

April 2018 and 15–16 April 2019.  Wetland types are grouped from National Wetland Inventory Version 2 classifications:  emergent wetland includes freshwater emergent 

wetland, freshwater forest/ shrub wetland, and other; open water includes lake, riverine, and freshwater pond. 
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Figure 2.4.  Supervised classification of 0.15-m resolution 2018 aerial imagery of Horicon NWR.  The imagery was 

clipped to include only areas that had been categorized as cattail in the 2016 Horicon NWR Habitat Management Plan. 
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Table 2.1.  Complete set of candidate models estimating detection probability of sandhill crane nests in Horicon Marsh, 

WI. 

 

 

a Removed from model set as data could not support the model, or models did not have estimable parameters. 
b Parameter for pilot fixed to 0. 

  

Model description Notation 

Single estimate of nest detection P(.) 

Observer P(obs) 
aFront seat observers vs. back seat observers P(obsseat) 
bNavigator vs. back seat observers P(obsnav) 

Year P(year) 
aObserver x year P(obs x year) 

Single estimate with distance as a covariate P(.), dist 
aObserver, distance P(obs), dist 
aFront seat observers vs. back seat observers, distance P(obsseat), dist 

Year, distance P(year), dist 
aObserver x year, distance P(obs x year), dist 
aSingle estimate, distance + distance2 P(.), dist + dist2 

aObserver, distance + distance2 P(obs), dist + dist2 

aFront seat observers vs. back seat observers, distance + 

distance2 
P(obsseat), dist + dist2 

aYear, distance + distance2 P(year), dist+ dist2 

aObserver x year, distance + distance2 P(obs x year), dist + dist2 
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Table 2.2.  Results of model selection examining sandhill crane nest detection at Horicon Marsh, WI, during aerial 

transect surveys in 2018 and 2019.  All candidate models are shown.  Models are ranked by Akaike’s information 

criterion corrected for small sample sizes (AICc).  wi is the Akaike weight, or the support for each model.  K is the 

number of parameters. 

 Model AICc ΔAICc wi K Deviance 

P(obsnav, pilot 

fixed to 0) 

128.07 0.00 0.99812 2 124.02 

P(dist) 142.35 14.28 0.00079 2 138.30 

P(.) 142.75 14.68 0.00065 1 140.73 

P(year) 144.30 16.23 0.00030 2 140.24 

P(year), dist 145.76 17.69 0.00014 4 137.58 
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Table 2.3.  Error classification matrix for a supervised classification of 2018 aerial imagery of Horicon NWR.  

Columns are ground-truth reference landcover data collected at sandhill crane nests in 2018 and 2020.  Rows are data 

from the classification.   

 Reference                                                                       

Classified 
Catttail 

0–33% 

Cattail 

33–66% 

Cattail 

66–90% 

Cattail 

>90% 
Emergent 

Open 

water 
Total User 

Catttail  

0–33% 
0 1724 1 3850 119 0 5694 0.00 

Cattail 

33–66% 
0 371 272 6803 62 0 7508 0.05 

Cattail 

66–90% 
0 987 2863 4804 2406 0 11060 0.26 

Cattail 

>90% 
0 89 213 7634 0 0 7936 0.96 

Emergent 0 215 128 6000 2638 0 8981 0.29 

Open 

water 
0 81 0 145 5 0 231 0.00 

Total 0 3467 3477 29236 5230 0 41410  

Producer 1.00 0.11 0.82 0.26 0.50 1.00  0.33 
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Table 2.4.  Published estimates of nest density of greater sandhill cranes, 1971–2019. 

Location Study Years 
Nest density 

(pairs/km2) 

Mean distance between 

active nests (m) 
Reference 

Horicon Marsh, WI 2018–2019 0.64 852 ± 89 This study 

Southeastern WI 1976–1977  327 ± 108 Bennett 1978 

Briggsville, WI 2001–2003 5.25 222 ± 701 Barzen et al. 2016 

Roseau River Wildlife 

Management Area, MN 
1989–1990 0.25  Provost et al. 1992 

Seney NWR, MI 1987 0.43  Urbanek and Bookhout 1988 

Grays Lake, ID 1971  431 ± 297 Drewien 1973 

Central FL2 1986 0.22–0.52  Bishop 1990 

 
1 Mean minimum distance between nests 
2Study of Florida sandhill cranes (A. canadensis pratensis) 
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CHAPTER 3: SANDHILL CRANE NEST SUCCESS AND COLT SURVIVAL AT 

HORICON MARSH, WI 

INTRODUCTION 

Sandhill (Antigone canadensis) and whooping cranes (Grus americana) share 

many ecological and behavioral traits as the two North American members of the family 

Gruidae.  Sandhill cranes are the most abundant crane species worldwide, while 

whooping cranes, the rarest species, are federally endangered (Meine and Archibald 

1996, CWS and FWS 2007).  Whooping crane populations underwent precipitous 

declines in the late 19th and early 20th centuries (Meine and Archibald 1996).  Hunting, 

specimen collecting, and loss of habitat led to the extirpation of all but one self-sustaining 

wild population, the Aransas-Wood Buffalo Population (AWBP; Miene and Archibald 

1996).  By the winter of 1941–1942, just 15 individuals remained in the AWBP (Meine 

and Archibald 1996).  Through a broad range of conservation actions, the AWBP has 

grown to about 500 individuals as of 2019 (Butler 2019).  Recovery goals focus on 

protecting whooping cranes and their habitats throughout their flyways, maintaining and 

increasing the genetic diversity of the AWBP and of captive flocks, and offering outreach 

and education for the public (CWS and FWS 2007).  As the one remaining wild 

population, however, the AWBP remains vulnerable to catastrophic loss.  Therefore, 

establishing additional geographically separated, self-sustaining populations of whooping 

cranes is a primary recovery goal to reduce the likelihood of extinction of the species 

(CWS and FWS 2007).  Two efforts to reintroduce separate populations are active today:  
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a non-migratory population in Louisiana (established 2011) and the Eastern Migratory 

Population (EMP; established 2001), which migrates between Wisconsin and the 

southeastern United States.  The EMP reintroduction is the focus of this study.          

 Necedah National Wildlife Refuge (NWR) in central Wisconsin was chosen as 

the core breeding area for the EMP based on the best available knowledge of whooping 

crane habitat at the time (Cannon 1999) and remains the main breeding area for the 

population today.  As of December 2020, the EMP is composed of about 80 whooping 

cranes.  However, the population is not self-sustaining, and increases in population totals 

largely come from yearly captive-reared releases.  Twenty-eight wild-hatched colts have 

fledged in the wild since the first successful nest hatched in 2006 (Thompson et al. 2021), 

with 18 of these from nests at Necedah.  This rate of recruitment is not high enough for 

the EMP to be considered self-sustaining (Fasbender et al. 2015).  Nest abandonment 

caused by avian-feeding black flies (Urbanek et al. 2010, Jaworski 2016) and low colt 

survival (McLean 2019) have limited the growth of the EMP.   

In 2010, the International Whooping Crane Recovery Team advised that Necedah 

NWR no longer be used as a release site for captive-reared whooping cranes due to the 

nest abandonment issue, and the reintroduction team began evaluating new release areas 

(WCEP 2011).  Habitat suitability modeling identified areas in eastern Wisconsin (Figure 

3.1) ranked as “highly suitable” based on wetland availability and a lack of black flies 

(Van Schmidt et al. 2014).  The largest highly suitable wetland complexes were Horicon 

Marsh (including Horicon NWR and Horicon Marsh Wildlife Area [WA]) in Dodge and 

Fond du Lac Counties and White River Marsh WA in Green Lake and Marquette 
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Counties.  Horicon Marsh is the focus of this study because it had the largest amount of 

suitable habitat, and because it has been a primary release area for captive-reared 

whooping cranes since 2011.  Between 2011–2020, 35 fledged whooping crane juveniles 

were released at Horicon NWR (Whooping Crane Reintroduction Team unpublished 

data).  However, just 11 (31%) of those cranes are currently alive, and only 4 spend the 

breeding season at Horicon Marsh.  Of those, only 3 are of breeding age as of 2020.  The 

first breeding pair nested at Horicon NWR in 2020, yet questions remain regarding 

whether whooping cranes might find a productive breeding area in Horicon Marsh.  

Greater sandhill cranes (A. c. tabida, hereafter sandhill cranes) currently breed at 

Horicon Marsh.  Like whooping cranes, the eastern population (EP) of sandhill cranes 

also underwent steep declines in the 20th century, numbering as few as 25 breeding pairs 

remaining in central Wisconsin in the 1930s (Henika 1936).  Subsequent protection and 

restoration of wetlands as well as restrictions on hunting allowed the EP to rebound 

dramatically (Meine and Archibald 1996).  The population numbered 30,000 by 1994 and 

over 97,000 in 2019 (Meine and Archibald 1996, Dubovsky 2019).  Today, sandhill 

cranes continue to be documented on new breeding and wintering grounds as their range 

expands (Su et al. 2004, Lacy et al. 2015).  Sandhill and whooping cranes share many 

common traits in life history and breeding ecology.  Both species are monogamous, long-

lived, and form long-term pair bonds.  Adults of both sexes appear alike, and they are 

highly territorial during the breeding season (Johnsgard 1983).  In the spring, one or two 

eggs are laid on a nest built of vegetation (e.g. Typha or Carex spp.) and usually 

surrounded by shallow water (Meine and Archibald 1996).  Wetlands are required for 
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nesting and roosting overnight to avoid depredation and predation by a variety of avian 

and mammalian predator species (Allen 1952, Johnsgard 1983).  The male and the female 

of a pair alternately incubate the nest for a period of 29–30 days.  Young are precocial 

and can leave the nest within 24 hours of hatching; adults continue to provide care for 

their colts throughout the pre-fledging period (Meine and Archibald 1996).  Colts fledge 

at 2–3 months and, for migratory subspecies, typically travel with their parents to 

wintering grounds in the fall.  Once fledged, they have a high likelihood of surviving to 

adulthood (Erickson and Derrickson 1981, Wheeler et al. 2018).  Subadults can form 

pairs in their second year but may not acquire a territory and nest until they are three to 

six years old (Johnsgard 1983, Wheeler et al. 2018).  Limited reproductive potential and 

strict dependence on wetlands make cranes vulnerable to ecological disturbance and 

habitat loss (Miller and Barzen 2016).     

 Due to the many similarities in life history between sandhill and whooping cranes, 

previous studies have compared the two species to help evaluate potential areas for 

establishing reintroduced populations of whooping cranes as part of recovery goals for 

the species (McMillen 1988, Bishop 1990, Kuyt 1996, CWS and FWS 2007).  At 

Necedah NWR, sandhill and whooping cranes have been known to select similar habitats 

for nesting (Strobel and Giorgi 2017).  Whooping cranes may be able to nest in areas in 

which sandhill cranes can nest and raise young at Horicon Marsh as well.  For managers, 

selecting ideal nesting habitat for reintroduced birds outside of their historic range can be 

challenging and somewhat subjective (Van Schmidt et al. 2014, Barzen et al. 2019).  

Though few whooping cranes have nested at Horicon Marsh, determining the breeding 
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success of sandhill cranes may provide a reliable index for that of whooping cranes in a 

particular area.  If sandhill cranes, which are abundant in Wisconsin, are unable to raise 

colts successfully in an area, it may be unreasonable to predict that whooping cranes 

could successfully raise their colts in that area, too.  Therefore, I examined overall nest 

success, daily nest survival, and daily colt survival of greater sandhill cranes at Horicon 

Marsh, WI.  I examined factors that may influence nest survival including water depth, 

the predominant vegetation type around the nest, how well the nest was concealed, how 

far the nest was located from disturbance, and whether the nest was on state or federal 

land.  I also estimated colt survival in each year of the study.  Finally, I provide some 

recommendations for managers as they decide whether to continue releases of captive-

reared whooping cranes at Horicon Marsh. 

STUDY AREA 

 During 2018–2020, I studied sandhill cranes at Horicon Marsh, located on the 

west branch of the Rock River in Dodge County and Fond du Lac County, 105 km 

northwest of Milwaukee, Wisconsin (Figure 3.1).  The entirety of the Marsh is about 22 

km long and 4.8–8 km wide (USFWS 2007).  The U.S. Fish and Wildlife Service 

manages the northern two-thirds of Horicon Marsh and adjacent uplands (89 km2) as 

Horicon NWR.  The southern portion (45 km2) of the Marsh is managed by the 

Wisconsin Department of Natural Resources as Horicon Marsh WA.  Sandhill cranes 

nesting in both Horicon NWR and Horicon Marsh WA were included in this study.    

Management activities on both properties focus on enhancing habitat for wildlife, 

particularly waterfowl, nesting birds, and migratory birds.  Manipulating water levels to 
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achieve wetland plant structure that supports the seasonal needs of wildlife populations is 

a primary management tool (USFWS 2007).  Horicon NWR has a complex water 

management program involving 18 managed impoundments ranging from small (5.67 

hectares) to large (4451.54 hectares).  Horicon NWR staff regularly record water levels in 

all Refuge impoundments, so water levels are known throughout the growing season.   

Average precipitation and temperature in Dodge County since 2000 were 91.4 cm and 

7.85°C, respectively; mean temperature in January was −7.31°C and in July, 21.76°C 

(NOAA National Centers for Environmental Information 2020).  Common vegetation 

types are hybrid cattail (Typha x glauca), reed canary grass (Phalaris arundinacea), soft 

stem bulrush (Schoenoplectus tabernaemontani), and giant bur-reed (Sparganium 

eurycarpum; USFWS 2016).  Compared to Horicon NWR, Horicon Marsh WA has a 

reduced capacity for water management because it is located downstream and has fewer 

impoundments.  A dam on the Rock River in the town of Horicon on the southern tip of 

the Marsh allows for some water control (Staffen 2012), though consideration of 

stakeholders downstream constrains options for water managers.  Due in part to reduced 

water management capabilities, hybrid cattail and invasive grasses are widespread.  

Horicon Marsh WA is mainly emergent wetland dominated by cattail (hybrid, broad- 

[Typha latifolia] and narrow-leaved [T. angustifolia]), arrowhead (Sagittaria spp.), giant 

bur-reed, common reed (Phragmites australis), and reed canary grass (Staffen 2012). 
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METHODS 

Locating nests 

 I conducted sandhill crane nest searches in Horicon Marsh, including Horicon 

NWR and Horicon Marsh WA, via helicopter survey on 17 April 2018 and 15–16 April 

2019.  (See Chapter 2 for a detailed description of aerial survey methods and an estimate 

of nesting density of sandhill cranes in the Horicon Marsh basin.)  Sandhill cranes tend to 

build their nests in shallow, emergent wetlands (Walkinshaw 1949).  Nests are usually 

conspicuous platforms that are readily visible from the air as a roughly circular opening 

in the vegetation.  Although the cranes themselves are generally cryptic, often the 

incubating adult would flush when the helicopter approached (Howard 1977).  This 

sudden movement was another visual indicator of a crane nest.  When an observer found 

a nest, the pilot would maneuver the helicopter over the nest.  I noted the number of eggs 

in the nest, and I collected the WGS 1984 latitude and longitude coordinates using a Dual 

XGPS160 SkyPro GPS Receiver connected to Collector for ArcGIS (iOS) Version 19.0.2 

(ESRI 2018) via Bluetooth.  Because only one or two subsequent days of surveying 

occurred each year, I was not able to differentiate between first nests and renests.   

 In 2020, due to restrictions on fieldwork caused by COVID-19, nest searching 

was limited to locating the nests of radio-marked adult sandhill cranes from the ground 

starting 2 May 2020.  I tracked cranes to their nests on foot.  Often, if the incubating 

crane was not the marked member of the pair, the marked mate would be close enough to 

the nest that both birds would flush when approached, revealing the nest location.   
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Nest characteristics and monitoring  

 To determine the fate of sandhill crane nests, I selected a subset of nests to be 

monitored using remote trail cameras (Bushnell Trophy Cam Aggressor Camo, Model 

119775).  One nest from each impoundment was randomly selected to receive a camera.  

When additional cameras were available, I deployed them on remaining nests chosen in 

random order.  Some nests had to be excluded from monitoring due to inaccessibility 

(i.e., it was not possible to reach the nest on foot due to a combination of ditches that 

could not be crossed on foot and thick vegetation that could not be accessed by 

watercraft, or the nest was unreasonably far in the interior of the marsh where canoe or 

airboat could not be used due to thick vegetation).  I waited a minimum of five days after 

locating nests to install cameras to reduce the likelihood of nest abandonment.   

At the nest, cameras were installed on a t-post up to 10 m away from the nest, but 

usually closer if thick vegetation interfered with the line of sight.  The t-posts were 

disguised with vegetation cut from nearby.  When possible, I oriented cameras facing 

north to reduce glare.  Cameras were programmed to take 1 photo every 5 minutes for 24 

hours/day.  After initial camera placement, I did not check the cameras until after 

incubation was over to avoid disturbing the nesting pair again (Jaworski 2016).  While at 

the nest, I measured the water depth to the nearest centimeter 1 m from the edge of the 

nest platform in the four cardinal directions; I took the mean of these four measurements 

to obtain an average water depth for each nest.  I collected coordinates at the nest using a 

hand-held global positioning system (GPS) unit (Garmin eTrex Vista HCx, part number 

010-00630-00).  I noted the number of eggs and floated the egg(s) to estimate their age 



65 

 

 

 

(Westerskov 1950, Dwyer and Tanner 1992).  I assigned each nest a concealment 

category (after Littlefield 2001):  “poor” for nests that were visible from over 50 m away; 

“fair” for nests visible from 10–50 m away; “good” for nests visible from 2–10 m; and 

“excellent” for nests only visible from less than 2 m away.  I also noted the predominant 

type of vegetation in the 3–4 m surrounding the nest to category:  cattail (unburned), 

cattail (burned), giant bur-reed, river bulrush (Bolboschoenus fluviatilis), other sedge 

(Cyperaceae), phragmites, or reed canary grass.  For nest survival modeling, these 

categories of predominant vegetation type were further condensed into cattail or no 

cattail, because the previous year’s dried standing cattail stems tended to form a dense 

“wall” of vegetation surrounding the nest compared to other vegetation types where the 

vegetation was either shorter or less dense.  I attempted to spend no more than 10 minutes 

at each nest site to minimize disturbance.  If a nest had failed between locating the nest 

and visiting the nest, I still took measurements at the nest site.  Following the nest visit, I 

used 0.5 m-resolution aerial imagery in ArcMap 10.7 (Environmental Systems Research 

Institute, Redlands, California) to quantify the distance between the nest and the nearest 

upland area because cranes typically bring their young to upland areas to feed as soon as 

they can leave the nest (Walkinshaw 1949).  Terrestrial predators may be able to more 

easily access nests that are nearer to upland areas as well.  I also measured the distance 

between the nest and the nearest road, a potential source of anthropogenic disturbance, 

and categorized the nearest road by degree of development (1 = dike road; 2 = a 

residential road or county road; and 3 = a highway).  
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 Based on the egg flotation data, I estimated date of nest initiation and expected 

hatch date (Dwyer and Tanner 1992).  I waited at least a week after the expected hatch 

date to pick up each nest camera to ensure that the incubation period had ended and the 

family group had left the area.  While at the nest site, I measured water depth 1 m from 

the edge of the nest in each of the four cardinal directions again to obtain an average 

water depth at the end of incubation.  To hedge against camera malfunctions, I also 

looked for evidence of hatching based on egg shell fragments.  If small shell fragments 

with no attached membranes were present in the upper layers of the nest, at least one 

chick was assumed to have hatched (McMillen 1988).  However, if no egg shell 

fragments were present, or if there were small fragments with membranes attached, I 

could not draw a conclusion based on the evaluation of shell fragments since one egg out 

of the clutch may have hatched successfully even if the other was later destroyed.  Nests 

were considered to be successful if at least one chick hatched.  After retrieving the 

cameras, I was able to determine the time off nest from the photos, or the length of time it 

took for one parent to resume incubation following camera setup.  I also determined the 

fate of the nest (hatch or fail) from the nest camera photos more conclusively than from 

egg shell analysis.  The photos also provided the fate date and the cause of nest failure in 

most cases.  Hatch date was considered to be the date the first chick hatched; typically, 

the second chick hatched on the next consecutive day.  If the actual hatch date was 

different from the predicted hatch date, I adjusted the date of nest initiation to 30 days 

prior to the hatch date (Walkinshaw 1981).   
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Colt survival monitoring 

 To monitor family groups, I marked adult sandhill cranes with very high 

frequency (VHF) radio transmitters (Advanced Telemetry Systems, Insanti, MN; 

frequencies 164 – 166 MHz; battery life >1400 days).  I targeted adult sandhill cranes for 

capture opportunistically depending on the availability of suitable capture locations.  

Potential capture sites were baited with corn in the days or weeks leading up to a capture 

attempt.  The goal was to capture one member of a breeding pair, which was determined 

by observing behavior of the cranes at the bait site via trail camera.  If a pair of cranes 

arrived at the bait site at a consistent time every day, appeared to be a mated pair and not 

travelling in a flock of three or more, or defended the bait site from geese or other cranes, 

they were considered for capture.  Adults were captured using a remote-fired leg snare 

which was set up on the morning of capture (see McLean 2019).  They were banded with 

three 2.54 cm plastic leg bands in a unique color combination above the tibiotarsus joint 

on one leg for visual identification and a VHF radio transmitter mounted to a 7.62 cm 

white plastic band above the tibiotarsus joint on the other leg.  A metal U.S. Geological 

Survey band was placed on one leg above the phalanges.  Capture and banding of adult 

sandhill cranes was approved by the University of Wisconsin—Stevens Point Animal 

Care and Use Committee (Protocol Number 2019.04.07) and the U.S. Geological Survey 

Bird Banding Lab (Permit 24022).  Cranes were captured in the fall of 2018, in the spring 

of 2019 before the conclusion of nesting, and in the fall of 2019.  The nests of marked 

cranes could be located, and I installed cameras on all of them in 2019.   
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After hatching, family groups were monitored remotely from surrounding roads 

or dikes to ascertain their locations and colt status, if possible.  The hatch date was either 

known from nest camera data or estimated working backward from colt developmental 

stage.  If I triangulated a family group to an inaccessible location such as private land or 

an area in the marsh where they could easily evade or outpace me, I refrained from 

approaching them on foot in favor of waiting until they were in a more practicable 

location.  At least once weekly, I confirmed visually and with adult behavior whether a 

marked adult had a colt (or colts) with it or not.  If a colt was present, adults were less 

willing to flush when approached by a vehicle or on foot.  Adults with a colt were likely 

to perform distraction behaviors such as threat walking, broken-wing displays, alarm 

calling, and attempting to lead me away from the area (Walkinshaw 1981), or one parent 

would stand guard while the other walked away into vegetation cover.  It also was 

possible to infer the presence of a colt based on provisioning behavior by one or both 

parents (McLean 2019).  Adults that did not have colts with them flushed readily when 

approached, even from great distances.  Colts that had been observed with their family 

group previously but later disappeared were considered to be deceased.  Colts were 

monitored until they disappeared or until they were observed to have fledged.  

Nest survival analysis 

 I estimated daily nest survival using the nest survival model in program MARK 

(v.8.0; White and Burnham 1999).  I standardized 15 April as day one of the nest 

monitoring season and converted all calendar dates to numerical dates.  Year (2018, 

2019, or 2020), property (Horicon NWR or Horicon Marsh WA), and the predominant 
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vegetation type (cattail or other) were modeled as groups.  There were eight groups total 

as there were no nests in cattail in Horicon Marsh WA in 2018, no nests located in 

Horicon WA in 2020, and no nests where the predominant vegetation type was not cattail 

in Horicon NWR in 2020.  The last day of the nest monitoring season was 14 May in 

2018, 29 May in 2019, and 20 May in 2020. 

 The nest survival model requires five pieces of information for each nest: 

(1) The day the nest was found (k) 

(2) The last day the nest was checked alive (l) 

(3) The last day the nest was checked (m) 

(4) The fate of the nest (f; 0 = successful, 1 = failed) 

(5) The number of nests with this encounter history (usually 1)  

For all entries, k ≤ l ≤ m.  If  f = 0, l must be equal to m as a nest that was successful on 

day l must be coded as last checked on that day, m (Dinsmore et al. 2002).  Additional 

covariates can be coded into the model input in groups and/or each encounter history.  

Covariates included were average water depth measured at the first nest visit during 

incubation, concealment score (represented by integers, 1 = poor and 4 = excellent), 

distance to nearest upland, nest age, distance to nearest road, and road type.  I aged 

successful nests by back-dating from their hatch date in most cases (86%), and estimated 

initiation dates of unsuccessful nests based on egg floatation data.  Combined with date 

and fate information from the nest camera photos, I was confident in the accuracy of both 

nest age and nest fate.  Nests with uncertain fates, nests that were abandoned due to 

investigator disturbance (characterized by pairs that did not resume incubation after 
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camera installation), and nests that were first found on their hatch date (with a pipping 

egg or a chick on the nest) were not included in daily nest survival analyses.  I used all 

known-fate nests to report apparent nest success, or the proportion of successful nests 

among all nests.   

I modeled nest survival as a function of multiple covariates.  I developed fourteen 

a priori candidate models consisting of a null nest model (.) assuming constant survival, 

models accounting for each factor or covariate individually, a model with an interaction 

between year and property, and three models accounting for potential interaction of 

average water depth with year, property, and predominant vegetation type (Table 3.1)  

Covariates were incorporated into models using a logit link function.  I used an 

information-theoretic approach (Burnham and Anderson 2002) to compare support 

among models.  Models were ranked using Akaike’s Information Criterion adjusted for 

small sample sizes (AICc).  The model with the lowest AICc value was considered the 

best, and any models with ΔAICc ≤ 2 also were considered competitive (Burnham and 

Anderson 2002).  These models produced estimates of daily nest survival rates.  I also 

calculated relative importance values for each variable by totaling the model weight (wi) 

for each model that included that variable.  To derive model-based estimates of nest 

success, I calculated the probability that a nest would survive the entire incubation period 

(30 days) by raising the daily survival rate (DSR) to the 30th power. 

Colt survival analysis 

 I repurposed the nest survival data-type model in program MARK to estimate 

daily survival of the colts of radio-marked parents.  The nest survival model is similar to 
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Kaplan-Meier models typically used to estimate survival of telemetered animals (Pollock 

et al. 1989), but it has the benefit of not requiring exact knowledge of when mortalities 

occurred.  Other studies have used the nest survival model to estimate daily chick or 

brood survival where the young were unmarked, monitoring intervals were not fixed, 

mortality dates were imprecise, or there were few opportunities to determine fate (Fields 

et al. 2006, Colwell et al. 2007, August 2011, Winkler et al. 2013).  In this study, hatch 

dates were known in some cases, but death dates were not precisely known, and 

monitoring intervals were not necessarily fixed.  In 2019, the known nests of all marked 

adults received a nest camera, so the hatch dates of 2019 colts are known.  Since the 2020 

field season did not start until early May due to the COVID-19 pandemic, only one nest 

received a camera, and the remaining 2020 colts were located by tracking their parents 

after hatching.  I was able to ascertain the status (live/dead) of colts at least once a week.  

Altogether, this information allowed me to determine when the colt was first found, the 

last day it was checked alive, and the day it was confirmed deceased.  The required five 

pieces of information in the nest survival model became: 

(1) The day the colt was found (k) 

(2) The last day the colt was checked alive (l) 

(3) The last day the colt was checked (m) 

(4) The fate of the colt (f; 0 = survived to fledge, 1 = died before fledging) 

(5) The number of colts with this encounter history (usually 1) 

Due to the small sample size of colts available, I grouped colt by year resulting in 

two groups, 2019 and 2020, with no additional covariates.  My model set consisted of 
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two models, a null model (.) assuming constant survival and a model accounting for the 

effect of year.  The year factor was incorporated into models using a logit link function.  

As with the nest survival models, I used an information-theoretic approach (Burnham and 

Anderson 2002) to compare support among models, and models were ranked using AICc.  

These models produced estimates of daily colt survival rates.  To derive model-based 

estimates of colt survival to fledging, I calculated the probability that a colt would 

survive to fledge by raising the DSR to the 75th power to represent the 75 days (10–11 

weeks) on average needed for a sandhill crane colt in Wisconsin to fledge (Johnsgard 

1983, McLean 2019). 

RESULTS 

Nest and nest site characteristics 

  Fifty-seven sandhill crane nests were detected on helicopter surveys, 32 in 2018 

and 25 in 2019.  An additional 3 nests were located in 2020 by tracking radio-marked 

adults to their nest sites.  Of those 60 nests, 46 (76.7%) were visited (16 in 2018, 27 in 

2019, and 3 in 2020) to set up trail cameras for nest monitoring and to collect information 

on nest site characteristics.  I visited 32 nests (69.6%) on Horicon NWR and 14 (30.4%) 

on Horicon WA.  The majority of these nests contained two-egg clutches (x̅ = 1.98, SE = 

0.022).  Nests were most often constructed of dead cattail vegetation.  A smaller 

proportion of nests were comprised of the dried vegetation of previous years’ sedges, 

rushes (Juncaceae), river bulrush, and/or reed canary grass.  For nests that hatched (n = 

27), the mean hatching date was 10 May, and 90% hatched between 3 May and 13 May 

(Figure 3.2).  Therefore, the mean nest initiation date was 10 April.   
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Nests were often found in small clearings surrounded by extremely dense cover of 

the previous year’s standing dead vegetation (N. Hargett, In progress).  The predominant 

vegetation surrounding the nest was most often unburned cattail (Table 3.2).  Of the nests 

where the predominant vegetation type was cattail, 18 (75%) were in monotypic stands of 

cattail.  Most other nests were surrounded by river bulrush, burned cattail, or a mixture of 

cattail and sedge.  No nests were located in upland habitat; shallow water was present at 

all but four nest sites (91.3%), and all of those were in dry areas within the boundaries of 

wetland impoundments.  The average water depth at camera installation measured 1 m 

from the edge of each nest was 28.4 cm (SE = 2.03; range 0 to 60.67 cm; n = 46).  The 

average water depth following incubation was 24.7 cm (SE = 2.54; range 0 to 75 cm; n = 

46), however, the number of days after the end of incubation that this measurement was 

taken was not consistent.  There was no significant difference in mean water depth 

between successful (x̅ = 27.7 cm, SE = 5.72 cm) and unsuccessful nests (x̅ = 28.9 cm, SE 

= 2.83 cm; two-sample t-test, t0.05(2),34 = 2.03, p = 0.834).  Concealment score was rated as 

poor for 4 nests (8.89%), fair for 17 (37.78%), good for 21 (46.67%), and excellent for 3 

(6.67%).  Water depth was not significantly different between concealment categories 

(one-way ANOVA, F0.05(1),3,42 = 2.83, p = 0.495).  Mean time off nest following camera 

setup was 85 minutes (n2018 = 10 nests, n2019 = 21 nests; range 15 to 229 minutes).   

Nests were exposed to varying levels of disturbance.  Often, nests were found on 

the edges of wetlands, but some were much farther from upland habitat.  The average 

distance from a nest to an upland was 278.13 m (SE = 53.26; range 17.9 to 1771.0 m).  

For some nests, the nearest upland available was a dike or dike road (Figure 3.3).  The 
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nearest road to 26 nests (56.5%) was a dike road.  The nearest road to 10 nests (21.7%) 

was a residential or county road, and the nearest road to 10 nests was a state or interstate 

highway (21.7%).  The nearest source of human disturbance to nests was a road in most 

cases.  The nearest road was 381.56 m from each nest on average (SE = 52.33; range 46.1 

to 1771.0 m).  Successful nests were on average 36 m closer to uplands (x̅ = 223.15 m for 

successful nests, x̅  = 259.18 m for unsuccessful nests) but 77 m farther away from the 

nearest road compared to unsuccessful nests (x̅  = 361.4 m for successful nests, x̅ = 

284.81 m for unsuccessful nests). 

Apparent nest success 

 Apparent nest success, or the proportion of nests that hatched out of all nests of 

known fate excluding abandonments due to investigator disturbance, was 81.8% in 2018–

2020 (n = 33; Table 3.3).  Camera failures combined with inconclusive egg shell 

evidence of hatching led to unknown fates of 10 nests (21.7% of nests monitored), 2 in 

2018 and 8 in 2019.  All cameras had been tested before they were deployed, but not for 

the duration of a full incubation period.  The cameras that failed apparently stopped 

taking photos partway through nesting even though the batteries had maintained a nearly 

full charge when the cameras were recovered.  Unfortunately, the cause of these camera 

failures is unknown.   

Nine nests failed in 2018–2020 (Table 3.3).  Three nests, all in 2018, were 

abandoned before the incubation period was over, apparently due to rising water levels.  

Cranes were observed in nest camera photos manipulating the nest material, building up 

the mound, or expanding the platform prior to abandoning.  Two nests failed between 
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their discovery on helicopter survey and the nest visit for unknown reasons.  One nest 

was preyed upon by a raccoon (Procyon lotor).  Three nests were abandoned likely due to 

investigator disturbance.  However, two of the abandonments in this study were by the 

same banded pair in subsequent years, which may indicate that those individuals were 

especially sensitive to disturbance compared to most cranes.   

Nest survival 

 Along with the camera failures, seven nests of known fate had to be removed 

from the daily nest survival analysis.  Two were first located and visited on the day that 

they hatched, so they gave no information to estimate daily survival; similarly, the two 

nests that failed before the first nest check and the three that were abandoned due to 

investigator disturbance were excluded from analyses.   

I considered 14 models to explain daily nest survival for nests of known fate 

monitored in 2018–2020 (n = 29 nests; AICc sample size = 672); apparent survival for 

these known fate nests was 86.2%, and all four nest failures occurred on Horicon NWR 

in 2018.  The top four models contained 65% of the weight of the fourteen total models.  

Two models had ΔAICc values < 2.0 (Table 3.4).  The model with the lowest ΔAICc score 

included the effect of year (Table 3.5).  The second model included the effect of property 

(Table 3.6).  The two top models had a combined Akaike weight of 0.45.  None of the 

models accounting for nest site characteristics other than property were competitive, and 

neither were any of the interaction models (ΔAICc > 2.0).   

In the S(Year) model (wi = 0.31), the parameter estimate for DSR in 2018 was 

0.985 (SE = 0.007; 64.5% nest survival, 95% CI = 31.2% to 84.8%).  No nests failed in 
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2019 and 2020 (100% nest survival).  In the S(Property) model (wi = 0.14), the estimate 

of daily nest survival for Horicon NWR was 0.991 (SE = 0.005; 75.5% nest survival, 

95% CI = 47.3% to 90.0%).  No nests failed on Horicon WA, so the estimate of daily 

nest survival was 1.0 (100% nest survival), and the model did not provide confidence 

intervals.  The S(.) model (wi = 0.06) estimated the DSR to be 0.994 (SE = 0.003; 83.6% 

nest survival, 95% CI = 62.1% to 93.5%).  Model averaged estimates of DSR for group 

combinations of property and cattail for each year were 0.990–0.993 (SE = 0.003–0.005) 

in 2018, 0.997–0.998 (SE = 0.001–0.002) in 2019, and 0.997 (SE = 0.002) in 2020.  No 

individual parameter estimate for daily nest survival in any candidate model was below 

0.983.  The relative importance value for the year factor (0.476) as it relates to daily 

survival was over one and a half times larger than for property (0.268); water depth and 

distance to road were also present in models that combined held over 10% of model 

weights (Table 3.7).   

Colt survival 

I banded 6 sandhill crane adults prior to the 2019 nesting season.  Four of these 

had successful nests.  One pair was never known to nest in 2019, although they could 

have had a nest that failed before it was detected.  One pair abandoned their nest 

following nest camera setup.  In the 2020 nesting season, I used 7 banded sandhill adults 

to find nests. Four of these had successful nests.  One pair went on to renest after losing 

the colt from their first nest at between 13 and 20 days old; this was the only confirmed 

instance of a renest in this study.  One pair was never known to nest in 2020, and one pair 

abandoned after camera setup; one adult that was banded in the fall of 2019 was found 
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deceased in 2020.  Overall, colts from 9 banded pairs over two years were available for 

colt survival analysis (including the renest; Table 3.8).    

All nests were two-egg clutches; in some cases, I could not confirm whether one 

or two eggs had hatched because the nest already had one hatched chick when it was first 

checked and was not revisited, or the camera viewshed did not show hatch of a second 

egg.  Therefore, it was not possible to calculate an estimate of colt survival based on the 

number of colts fledged relative to the number of colts known to hatch.  However, when 

family groups were checked for the first time after leaving the nest, each pair had only 1 

colt with them.  Estimates of daily survival are based on the 9 colts of known fate that 

were monitored.  No colts survived to fledge in 2019, and only 1 colt survived to fledge 

in 2020 (11.1% apparent brood survival).  Of the 8 colts that left the nest but did not 

fledge, mean age on the date last determined alive was 11 days. 

I considered two candidate models in daily colt survival analysis, a constant 

survival model (.) and a model accounting for the effect of year (n = 9 colts, AICc sample 

size = 165; Table 3.9).  The S(.) model (wi = 0.63) estimated the daily colt survival rate as 

0.956 (SE = 0.015), or a 3.44% probability of surviving a 75-day prefledging period 

(95% CI = 0.122% to 18.7%; Table 3.10).  In the S(Year) model (wi = 0.37), the daily colt 

survival estimate in 2019 was 0.934 (SE = 0.032), or a 0.59% probability of surviving to 

fledge (95% CI = 0.00015% to 15.1%); in 2020, when one colt did survive to fledge, the 

daily survival estimate was 0.967 (SE = 0.016), or an 8.13% chance of surviving to 

fledge (95% CI = 0.132% to 39.3%; Table 3.11).  The model averaged estimate for daily 
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colt survival was 0.948 (SE = 0.0215; 95% CI = 0.869–0.980) in 2019 and 0.960 (SE = 

0.0156; 95% CI = 0.912–0.982) in 2020.   

DISCUSSION 

Nests success and causes of nest failures 

Nest success and nest survival during this study were relatively high compared to 

other published estimates (Table 3.12).  Apparent nest success at Horicon Marsh was on 

the higher end compared to that of other nesting areas studied in the Great Lakes region, 

which ranged from 46–84%.  Notable in this study was the low incidence of nest 

depredation.  Many species reported to be nest or colt predators occur at Horicon Marsh, 

including coyotes (Canis latrans), raccoons, Virginia opossums (Didelphis virginiana), 

red and gray foxes (Vulpes vulpes and Urocyon cinereoargenteus, respectively), 

American crows (Corvus brachyrhynchos), bald eagles (Haliaeetus leucocephalus), and 

great-horned owls (Bubo virginianus; Walkinshaw 1949, Ivey and Scheuering 1997, 

Butler 2009), but only one nest was depredated in three years of monitoring.  The low 

rate of nest depredation was surprising because most nests were located near the edges of 

wetlands in proximity to uplands or dike roads that would provide access to mammalian 

predators.  Studies in other regions commonly attribute the majority of nest failures to 

depredation (e.g. McMillen 1988, Littlefield 2001, Austin et al. 2007, Ivey and Dugger 

2008, Maxson et al. 2008, August 2011).  At Horicon Marsh, nesting sandhill cranes may 

have an advantage in avoiding predators by nesting in tall, dense vegetation over 

relatively deep water.  Although concealment and cover type did not have strong effects 

on daily nest survival, Horicon is unique in that it is dominated by dense emergent 
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vegetation and lacks visually open habitats such as irrigated fields, wet meadows, or 

bogs.  Nest cover, which is related to water depth, is important for making nests less 

conspicuous and more difficult for predators to detect (Littlefield 2001, Ivey and Dugger 

2008).  Littlefield (2001) noted that sandhill cranes nesting in Malheur NWR in eastern 

Oregon selected coarse emergent vegetation in deep water (25.8 cm), perhaps due to high 

predation pressures.  Deeper water deters mammalian predators, and nest survival tends 

to increase with water depth (Drewien 1973, Littlefield 1995a, Austin et al. 2007, Ivey 

and Dugger 2008).  Average water depth was higher at Horicon Marsh compared to other 

areas in the Great Lakes region—11 cm in southeastern Wisconsin (Bennett 1978), 13 cm 

in central Wisconsin (Howard 1977), 9.7 cm in northwestern Minnesota (Maxson et al. 

2008), 7 cm at Seney NWR in Michigan’s Upper Peninsula (Urbanek and Bookhout 

1988)—though average water depths of 25–27 cm also were measured in Wisconsin and 

Michigan (Walkinshaw 1973, Strobel and Giorgi 2017).  Sandhill cranes in this study 

mainly nested over deep water (average 28.4 cm) in monotypic stands of cattail, cattail 

mixed with other emergent vegetation, or river bulrush, and most nests were heavily 

concealed in dense, tall vegetation.  Interestingly, the only nest that was depredated in 

this study was the only one monitored that was in reed canary grass. 

Three nests that were abandoned apparently due to rising water levels in wetland 

impoundments in 2018 made up one third of nest failures (8.3%).  I observed an 

additional pair on camera in 2018 attempting to build up their nest platform for a few 

days, hatching a chick, and leaving the nest and their second egg behind just eight hours 

later.  Water management in Horicon Marsh is complex, and managers must consider 
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downstream neighbors.  Rain events can trigger rapid increases in water levels that 

managers may not be able to alleviate.  Mitigating these events could help boost crane 

nest success but may not be feasible in the field.       

Investigator disturbance was the likely cause of one third of nest failures, or 8.3% 

of nest outcomes overall.  However, because two of these abandonments were by the 

same pair in different years, I do not believe that abandonment is significant in this case.  

Other studies have reported low (1–7%) rates of abandonment with more frequent nest 

visits (Austin and Buhl 2008, Nesbitt et al. 2008).  A study of the Briggsville, WI sandhill 

crane population in 2017–2019 piloted the camera setup methods used in this research, 

and 2 abandonments occurred due to camera placement out of 37 nests (5.4%; A. 

Gossens pers. comm.).  In a study of Mississippi sandhill cranes, Butler (2009) did not 

attribute any abandonments to nest cameras, and she recommended the use of cameras on 

crane nests to reliably record crane behaviors and causes of nest failure or abandonment.  

While it may be plausible that conditions at Horicon Marsh may make cranes more 

susceptible to investigator disturbance (e.g. perhaps well-concealed nests are harder for 

predators to find making such encounters rare, so cranes may have a more negative 

reaction if a predator or researcher does approach the nest), this is difficult to test in the 

field.  I also would recommend the use of cameras, thereby reducing the need to conduct 

repeated nest visits for monitoring as long as researchers take precautions to minimize 

disturbance to the nesting pair. 
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Factors influencing daily nest survival 

Year and property were the two most important covariates explaining daily nest 

survival in the models.  DSR estimates for the year model reflect the fact that the nest 

failures in this study only occurred in 2018; the model did not produce confidence 

intervals for nests in 2019 and 2020 since all nests were successful in those years.  

Similarly, the model estimating DSRs for property did not estimate confidence intervals 

for nests on Horicon Marsh WA as all nest failures occurred on Horicon NWR.  Because 

all nest failures occurred on Horicon NWR in 2018, models that did not include these 

categories were not competitive.  All real parameter estimates for daily nest survival were 

relatively high, ranging from 0.985 to 1.000 in the top two models (64–100% probability 

of nest survival).  Sandhill crane nest survival at Horicon is comparable to studies in 

Idaho (Austin et al. 2007, McWethy and Austin 2009) which report 0.9707–0.986 DSR, 

though few other studies report DSR for greater sandhill crane nests.  Many studies report 

apparent survival (Table 3.12), making it a useful comparison between nesting areas.  

However, apparent survival typically overestimates nest survival because early failures 

are less likely to be detected in surveys, and nests found earlier in the incubation period 

have a lower chance of surviving as they must survive longer until they hatch (Johnson 

and Shaffer 1990).  Apparent nest success at Horicon was 82%, which is comparable to 

that of other areas with stable or increasing sandhill crane populations.  Populations in 

decline had much lower rates of apparent nest success (35% in Nevada and 42–55% in 

Malheur NWR in eastern Oregon; Littlefield 2003, August 2011).   
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Previous studies have demonstrated relationships between sandhill crane nest 

survival and concealment (Littlefield 1995a) or between nest survival and water depth 

(Drewien 1973, Littlefield 1995a, 2001, Austin et al. 2007, Ivey and Dugger 2008).  

However, models related to nesting habitat (water depth, vegetation type, concealment, 

distance to upland), nest age, and disturbance (distance to nearest road, road type) 

generally performed poorly for Horicon Marsh sandhill crane nests.  Attempts to account 

for correlations of variables by including interactions in the model set also did not receive 

support.  Relative importance values for variables do underscore the importance of year 

and property for nest survival.  Overall, the limited number of nest failures in this study 

demonstrates a high rate of nest success and DSR; hatching is not a major concern for 

limiting sandhill crane productivity at Horicon Marsh. 

Factors influencing colt survival 

Despite high rates of nest success, colt survival at Horicon Marsh was low 

compared to other studies of greater sandhill cranes (Table 3.13) and was closest to the 

DSR reported by McLean (2019) at Necedah NWR in central Wisconsin.  Apparent colt 

survival was lower than estimated at Malheur NWR by Littlefield (2003), which was 

known to be a population in decline (Littlefield 1995b).  Surviving to fledging is 

potentially a huge barrier to sandhill crane productivity at Horicon Marsh.  Because I was 

able to account only for brood survival due to uncertainty about how many colts hatched 

from each nest, my estimates of apparent survival and daily survival are likely 

overestimates compared to figures reported in other studies.  Colt deaths occurred before 

colts reached two weeks of age on average, reflecting trends in age-based survival that 
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have been previously documented for sandhill crane colts (August 2011, Fox et al. 2019) 

and other birds that nest in wetland environments (Davis et al. 2007, Sedinger et al. 

2018).  Sandhill cranes, unlike other wetland-nesting birds, tend to move their young to 

uplands to forage; pre-fledged colts are highly vulnerable to predators, especially because 

most mammalian predators also forage primarily in upland areas (Littlefield 2003).  

Younger colts have less ability to escape predators, so risk of mortality tends to decrease 

as colts develop.  August (2011) suggested that colts were at the greatest risk of predation 

immediately following hatch when family groups are moving from the nest to terrestrial 

habitats; this may be true at Horicon Marsh as well because none of the banded pairs 

were observed off the nest with broods of twins.  Studies have mainly attributed low rates 

of colt survival to predators (McMillen 1988, Ivey and Scheuering 1997, Spalding et al. 

2001, Littlefield 2003, Nesbitt et al. 2008), but investigating cause of death for crane 

colts was outside of the scope of this project.  Even researchers who are able to radio-

mark individuals colts may not be able to conclusively determine cause of death because 

it is challenging to distinguish between predation and scavenging.   

Population growth in sandhill cranes, like other long-lived birds, is driven mainly 

by survival of breeding adults (Koons et al. 2014, Wheeler et al. 2018); additional 

research on predator populations, colt survival impacts on population growth, and 

recruitment of sandhill cranes at Horicon Marsh could help inform managers when 

making management decisions with sandhill or whooping cranes in mind.  Altogether, 

these data on colt survival represent the brood rearing efforts of a small number of cranes 
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over two breeding seasons.  Nevertheless, these preliminary data raise questions about the 

ability of sandhill cranes to fledge colts successfully in Horicon Marsh.   

MANAGEMENT IMPLICATIONS 

Implications for management of sandhill cranes at Horicon Marsh 

Horicon Marsh could represent a sink habitat for sandhill cranes.  While nest 

success does not appear to be limiting population growth, colt survival is low.  

Understanding why colt survival is low compared to other areas remains to be determined 

and should be a focus of future study at Horicon Marsh.  However, the population growth 

rate may be less sensitive to colt survival and more sensitive to the survival of territorial 

adults (Wheeler et al. 2018).  Understanding how vital rates impact the population growth 

rate is essential for understanding and managing crane population dynamics.  In addition, 

because I was only able to monitor nine broods over two years, these results may not be 

representative of spatio-temporal variation over time.  Further study of colt survival rates 

and early fall recruitment surveys (ratio of juveniles to adults) could help to evaluate the 

status of this population.   

Implications for management of EMP whooping cranes at Horicon Marsh 

Sandhill crane nest success at Horicon Marsh does not appear to be limiting for 

productivity and is comparable to both nest success in other sandhill crane breeding areas 

(Table 3.12) as well as to nest success of EMP and AWBP whooping cranes.  At Necedah 

NWR, apparent nest success of EMP whooping cranes was 63% during 2015–2018, 

which is very similar to apparent nest success rates for sandhill cranes.  Apparent nest 

success for AWBP whooping cranes was 53% during 1954–1965 (Novakowski 1967).  
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Nesting is unlikely to be limiting productivity in sandhill or whooping cranes in central 

Wisconsin, and it is reasonable to predict that whooping cranes could nest with similar 

rates of success to that of sandhill cranes at Horicon.   

Interestingly, Bennett (1978) noted that sandhill cranes in southeastern Wisconsin 

did not nest in large, continuous stands of cattails or other emergent vegetation, or areas 

with large amounts of dense dead plant material, because cranes appeared to need to be 

able to walk to and from the nest.  In contrast, most of the nests I monitored at Horicon 

Marsh were in small clearings in dense, monotypic stands of cattail or river bulrush.  

Whooping cranes, however, may be less inclined to nest in these areas because they favor 

nests surrounded by higher proportions of open water with visually open areas (Timoney 

1999).  However, sandhill cranes and whooping cranes nesting at Necedah NWR selected 

similar nesting sites (Strobel and Giorgi 2017).  If whooping cranes nest in Horicon 

Marsh in the future, they may find and select for areas with lower-stature emergent 

vegetation, although the marsh basin is dominated by cattails.  In 2020, the first pair of 

whooping cranes to nest at Horicon chose a visually open nest site in river bulrush in an 

impoundment surrounded on three sides by a ≥30 m wide ditch (S. O’Dell pers. comm.).  

Whooping cranes also may be more willing to nest in visually closed areas if that is all 

that is available on the landscape.  However, whooping cranes likely will have fewer 

options for nesting territories compared to sandhill cranes due to the density of vegetation 

at Horicon Marsh. 

The low rates of sandhill crane colt survival found in this study may be more 

concerning when considering continued releases of EMP whooping cranes into Horicon 
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Marsh.  Whooping crane colts are vulnerable during an even longer pre-fledging period 

compared to sandhill cranes.  Sandhill crane colts had a 1.8–3.4% chance of surviving to 

fledge from Horicon Marsh, which is low even compared to fledging probabilities from 

Necedah NWR (McLean 2019).  Sandhill crane populations in both areas are likely not 

self-sustaining, though both may be receiving immigrants from cranes nesting in 

surrounding areas.  Additionally, brood survival in this study (11%) was lower than 

apparent colt survival of whooping crane colts (28%) monitored in Wood Buffalo 

National Park in 1997–1999 and considerably lower than the 59% of colts that survived 

to arrive at the wintering grounds in Aransas, TX during 1976–2001 (Bergeson et al. 

2001, Johns in CWS and FWS 2007).  Additional research could clarify the factors 

involved in colt survival at Horicon Marsh, as the small sample size and short length of 

this study should be expanded in future work.  Assessing if colt predation is prevalent 

through predator abundance or occupancy studies and fall surveys to estimate overall 

recruitment may be useful.  However, with these concerns about sandhill crane colt 

survival, I would be hesitant to recommend releasing additional whooping cranes into 

Horicon Marsh pending further assessments of sandhill crane productivity.  This study 

emphasizes the importance of investigating multiple components of sandhill crane vital 

rates when considering potential whooping crane release sites—evaluating abundance 

and nest success may be misleading metrics.  
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Figure 3.1.  The eastern Wisconsin study area (bold black box) used in the Van Schmidt et al. (2014) habitat suitability 

analysis, Necedah National Wildlife Refuge in Juneau County, White River Marsh Wildlife Area in Green Lake and 

Marquette Counties, and Horicon Marsh in Dodge and Fond du Lac Counties.  Horicon Marsh is divided into Horicon 

National Wildlife Refuge and Horicon Marsh Wildlife Area. 
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Figure 3.2.  The hatch dates of 30 sandhill crane nests at Horicon Marsh, WI, 2018–2020.  The mean hatch date was 10 May.
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Figure 3.3.  Mean distance from a sandhill crane nest at Horicon Marsh to the nearest road or upland area, 2018–2020. 
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Table 3.1.  Complete candidate set of fourteen models estimating daily sandhill crane nest survival at Horicon Marsh, 

WI. 

Model description Notation 

Single estimate of daily survival S(.) 

Year (2018, 2019, 2020) S(year) 

Property (Horicon NWR, Horicon Marsh WA) S(prop) 

Predominant vegetation type (cattail or other) S(veg) 

Water depth S(water) 

Concealment (score 1–4) S(conceal) 

Distance to upland S(upland) 

Nest age when detected S(age) 

Distance to road S(road) 

Road type (score 1–4) S(road) 

Year x Property S(year x prop) 

Year x Water depth S(year x water) 

Property x Water depth S(prop x water) 

Predominant vegetation type x Water depth S(veg x water) 
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Table 3.2.  Predominant vegetation types surrounding sandhill crane nests at Horicon Marsh (2018–2020). 

Predominant vegetation type Number of nests Percent of nests 

Cattail 25 54.35% 

River bulrush 5 10.87% 

Burned cattail 4 8.70% 

Cattail/ sedge  3 6.52% 

Sedge (other than river bulrush) 1 2.17% 

River bulrush/ other sedge 1 2.17% 

River bulrush/ rush 1 2.17% 

Giant bur-reed 1 2.17% 

Bulrush 1 2.17% 

Common reed 1 2.17% 

Reed canary grass 1 2.17% 

Cattail/ giant bur-reed  1 2.17% 

Unknown 1 2.17% 

Total 46  
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Table 3.3.  Fates of sandhill crane nests monitored using remote cameras in Horicon Marsh, WI, 2018–2020. 

Fate Number of nests Percent of nests 

Successful nest 27 58.70 

Nest abandoned due to high 

water 
3 6.52 

Nest abandoned due to 

investigator disturbance 
3 6.52 

Failed (unknown cause) 2 4.35 

Destroyed by predator 1 2.17 

Unknown (camera failure) 10 21.74 

Total 46  
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Table 3.4.  Results of model selection examining factors influencing sandhill crane daily nest survival rates at Horicon 

Marsh, WI, 2018–2020.  All candidate models are shown.  Models are ranked by Akaike’s information criterion 

corrected for small sample sizes (AICc).  wi is the Akaike weight, or the support for each model.  K is the number of 

parameters.   

Model AICc ΔAICc wi K Deviance 

S(year) 47.82 0.00 0.31 3 41.79 

S(prop) 49.36 1.54 0.14 2 45.35 

S(road) 49.99 2.17 0.10 2 45.97 

S(year x water) 50.17 2.35 0.10 4 42.11 

S(year x prop) 50.71 2.89 0.07 5 40.62 

S(.) 50.97 3.15 0.06 1 48.97 

S(prop x water) 51.38 3.56 0.05 3 45.34 

S(upland) 52.53 4.71 0.03 2 48.51 

S(veg) 52.77 4.95 0.03 2 48.75 

S(conceal) 52.80 4.98 0.03 2 48.78 

S(water) 52.96 5.14 0.02 2 48.94 

S(road) 52.98 5.16 0.02 2 48.97 

S(age) 52.99 5.16 0.02 2 48.97 

S(veg x water) 54.76 6.94 0.01 3 48.73 
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Table 3.5.  Maximum likelihood estimates for the top model, S(Year), estimating daily nest survival of sandhill crane 

nests in Horicon Marsh, WI, during 2018–2020.   

   95% CI 

Parameter Estimate SE Lower Upper 

2018 0.985 0.007 0.962 0.995 

2019 1.000 0.000 1.000 1.000 

2020 1.000 0.000 1.000 1.000 

 

 

Table 3.6.  Maximum likelihood estimates for the S(Property) model estimating daily nest survival of sandhill crane 

nests in Horicon Marsh, WI, during 2018–2020.   

   95% CI 

Parameter Estimate SE Lower Upper 

Horicon NWR 

(Federal) 
0.991 0.005 0.975 0.996 

Horicon Marsh 

WA (State) 
1.000 0.000 1.000 1.000 
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Table 3.7.  Relative importance values for each variable included in nest survival models for sandhill cranes at Horicon 

Marsh during 2018–2020. 

Variable Relative importance 

Year 0.476 

Property 0.268 

Water depth 0.128 

Distance to road 0.104 

Predominant vegetation 0.036 

Distance to upland 0.029 

Concealment 0.026 

Road type 0.023 

Nest age 0.023 
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Table 3.8.  Number and status of nests and colts of banded sandhill crane pairs in Horicon Marsh in 2019–2020.   

Year Nesting status No. pairs Successful nests 
Colts survived to 

fledge 

2019 Nested 5 4 0 

 Not known to nest 1 – – 

2020 Nested 6 5 1 

 Not known to nest 1 – – 
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Table 3.9.  Results of model selection examining factors influencing sandhill crane daily colt survival rates at Horicon 

Marsh, WI, 2019–2020.  All candidate models are shown.  Models are ranked by Akaike’s information criterion 

corrected for small sample sizes (AICc).  wi is the Akaike weight, or the support for each model.  K is the number of 

parameters.   

Model AICc ΔAICc wi K Deviance 

S(.) 41.08 0 0.63 1 39.06 

S(Year) 42.14 1.06 0.37 2 38.06 

 

Table 3.10.  Maximum likelihood estimates for the top model, S(.), estimating daily survival of sandhill crane colts in 

Horicon Marsh, WI, during 2019–2020.   

   95% CI 

Parameter Estimate SE Lower Upper 

S(.) 0.956 0.0152 0.914 0.978 

 

Table 3.11.  Maximum likelihood estimates for S(Year) estimating daily survival of sandhill crane colts in Horicon 

Marsh, WI, during 2019–2020.   

   95% CI 

Parameter Estimate SE Lower Upper 

2019 0.934 0.0321 0.836 0.975 

2020 0.967 0.0162 0.915 0.988 
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Table 3.12.  Published values for nest success and daily nest survival of greater sandhill cranes from 1987–2020. 

Location Study years 
Apparent  

nest success 

Daily nest  

survival (Nest survival) 
Reference 

Horicon Marsh, WI 2018–2020 82% 0.985–1.000 This studya 

Southeastern WI 1976–1977 84%  Bennett 1978 

Necedah NWR, WI 2014–2016 52–57%  
McKinney 2014, 

Jaworski 2016 

Necedah NWR, WI 2017–2018 73%  McLean 2019 

Central WI and Northern 

IL 
2009–2014 58%  

Fox et al. 2019 

 

Northwestern MN 1989–1991 56%  Maxson et al. 2008  

Michigan   74%  Walkinshaw 1973 

Seney NWR, MI 1987 63%  Urbanek and Bookhout 1988 

Grays Lake, ID 1969–1971 78%  Drewien 1973 

Grays Lake, ID 1997–2000 60% 0.9707 (41%) Austin et al. 2007 

Eastern ID 2003 69% 0.986 (66%) McWethy and Austin 2009 

Malheur NWR, OR 1996–1989 42b–55%c  Littlefield 2003 

Malheur NWR, OR 1990–1998 72%  Ivey and Dugger 2008 

Northeastern NV private 

or state lands 
2009–2010 35%  August 2011 

  

 
a Estimates from top model, S(Year) 
b During years with predator removal 
c During years without predator removal 
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Table 3.13.  Published values for survival and fledging success of sandhill crane colts from 1976–2020. 

Location 
Study 

years 

Apparent  

fledging success 

Daily colt 

survival  

Fledging 

probability 
Reference 

Horicon Marsh, WI 2019–2020 11% 0.956 3.42% This studya 

Southeastern WI 1976–1977 69%   Bennett 1978 

Necedah NWR, WI 2017–2018 4.7% 0.907–0.982  0.066–26% McLean 2019 

Central WI 
2009–2014 

54%   
Fox et al. 2019 

Northeastern IL 27%   

Ruby Lake NWR, NV 

2009–2010 22% 

 1% 

August 2011 
Northeastern NV 

private or state lands 
 15–25% 

Modoc NWR, CA 1990, 1992 45%   Desroberts 1997 

Malheur NWR, OR 1966–1989 16%bc   Littlefield 2003 

Malheur NWR, OR 1991–1995 19%   Ivey and Scheuering 1997 

 

 
a Estimates from top model, S(.) 
b During years without predator removal, 11% 
c During years with predator removal except 1988, 21% 


