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Spatial Variation in Population Dynamics of Northern 
Great Plains Piping Plovers

By Rose J. Swift,1 Michael J. Anteau,1 Kristen S. Ellis,1 Megan M. Ring,1 Mark H. Sherfy,1 Dustin L. Toy,1 and 
David N. Koons2

Abstract
Metapopulation dynamics are determined not only by 

within-patch birth and death processes but also by between-
patch movements of individuals (emigration and immigration). 
To conserve and manage a species that has a metapopulation 
structure, defined by local populations that are distributed 
among patches of suitable habitat, we need to understand 
each of these vital rates. For the federally listed northern Great 
Plains Charadrius melodus (Ord, 1824) (piping plover), 
managers assumed a metapopulation structure consisting of 
four breeding groups with low, balanced dispersal, which 
resulted in low extinction risk in a simulation-based viability 
study. The degree to which the northern Great Plains piping 
plover breeding population functions as a metapopulation 
depends on the rate of movement amongst breeding areas. 
Sources of variation in survival, dispersal probabilities, and 
dispersal distances were examined for hatch-year and adult 
piping plovers breeding in the northern Great Plains from 
2014 to 2019 focusing on four manage-ment units (U.S. Alkali 
Wetlands, Lake Sakakawea, Garrison Reach of the Missouri 
River, and Lake Oahe). Additionally, renesting probabilities, 
renest reproductive success, and reproductive output were 
investigated from 2014 to 2016 in each of these areas to 
understand within-patch productivity. This report includes two 
major sections: (1) a presentation that includes the context, 
results, and implications of the study, followed by a detailed 
text methodology, and (2) an appendix that provides 
synthesized estimates of piping plover vital rates from 
throughout their range. River and alkali wetland habitats seem 
to be of higher quality than reservoir habitats, although alkali 
wetland habitats have lower annual survival, lower 
reproductive output, and lower fidelity probabilities than 
riverine habitats. Habitat availability drove dispersal probabili-
ties and dispersal distances for hatch-year and adult piping 
plovers. Renesting propensity and renest reproductive success 
were generally low, suggesting that renesting is an uncom-
mon and unproductive strategy to replace most lost reproduc-
tive attempts. Estimates indicated high connectivity between 

1U.S. Geological Survey.

2Colorado State University.

the U.S. Alkali Wetlands and the northern river units (Lake 
Sakakawea, Garrison Reach, Lake Oahe) of the Missouri 
River, suggesting that the assumed metapopulation structure 
and population viability may need to be reassessed.

Introduction
Local populations distributed among patches of suitable 

habitat are commonly referred to as metapopulations (Olivieri 
and others, 1990; Hanski, 1998). Metapopulation dynamics 
are the result of interacting processes at the local (in other 
words, environmental conditions) and regional (for example, 
spatiotemporal arrangement of patchy habitat) scales (Levins, 
1969; Hanski, 1998; Hanski and Gilpin, 1991). The degree 
of spatial structure and connectivity of a metapopulation 
will have important implications for gene flow and popula-
tion dynamics (Hanski, 1998). A metapopulation structure is 
typically thought to confer resilience to local perturbations 
or environmental variability, promote population persistence 
through reduced synchrony, and aid in the reestablishment of 
extirpated populations through immigration and recoloniza-
tion events (Levins, 1969; McGowan and others, 2014; Roche 
and others, 2016). Ultimately, metapopulations dynamics will 
be affected by the demography (survival and productivity) of 
the population within a patch and the connectivity (dispersal) 
among habitat patches.

Dispersal is a fundamental life-history trait that allows 
colonization of patches and can buffer declining populations 
through immigration (Greenwood and Harvey, 1982). In birds, 
two general categories of dispersal movements are acknowl-
edged: natal dispersal, which is defined as the movement from 
natal areas to an individual’s first breeding territory, and breed-
ing dispersal, which is defined as the movement of individu-
als between successive breeding territories (Greenwood and 
Harvey, 1982). Dispersal to new areas affects the potential for 
colonization of new favorable habitats, range expansion, and 
gene flow, making it a critical factor in conservation planning. 
Breeding dispersal distances tend to be lower for abundant 
generalist species and greater for species that specialize 
on patchily distributed habitats (Paradis and others, 1998; 
Martin and Fahrig, 2018). The abundance, availability, and 
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distribution of resources and competitors across the landscape 
likely also affect dispersal probabilities and distance (Paradis 
and others, 1998).

Understanding of population structure and dispersal can 
improve success of conservation and management of a spe-
cies. Successful recovery strategies must consider movements 
of individuals and their ability to disperse to available nesting 
sites, particularly in fragmented landscapes or where habitat is 
patchy (Amarasekare, 2004; Cox and Kesler, 2012). Dispersal 
probabilities and distances travelled will affect the likelihood 
of recolonization or genetic flow. Therefore, understanding 
metapopulation dynamics through dispersal probabilities and 
dispersal distances is critical for identifying the locations of 
potential conservation sites for species recovery and planning.

The Charadrius melodus (Ord, 1824) (piping plover) 
is a small migratory shorebird endemic to North America 
with breeding populations in the Atlantic coast, Great Plains, 
and Great Lakes regions. Federally listed primarily because 
of habitat loss and low reproductive output, piping plover 
breeding biology is studied throughout their range (U.S. Fish 
and Wildlife Service, 2003, 2009). Piping plovers breeding 
in the U.S. northern Great Plains (NGP; fig. 1) are patchily 
distributed on riverine sandbars, reservoir shorelines, and dry 
margins of wetlands in the Prairie Pothole Region commonly 
referred to as the “U.S. Alkali Wetlands” (Gaines and Ryan, 
1988; Anteau and others, 2012a, b). Because piping plovers 
do not occupy all available, suitable habitat, metapopulation 
theory has often been used to explain connectivity within and 
among breeding groups (McGowan and others, 2014; Catlin 
and others, 2016). However, piping plover management has 
generally been specific to a subpopulation or a management 
unit. An understanding of piping plover metapopulation 
dynamics through estimates of productivity and connectiv-
ity could improve management of this imperiled species. To 
understand metapopulation dynamics, we assessed within-
population productivity (annual survival and reproductive 
output) and among-population connectivity (dispersal).
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Figure 1.  Northern Great Plains piping plover breeding focal study area in North Dakota, South Dakota, and Montana.
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Study Objectives
The degree of connectivity was estimated for piping plo-

vers among four management units of the NGP. Movements 
or dispersal can occur within a breeding season because of a 
renesting decision or between breeding seasons. Additionally, 
dispersal decisions are innately different for hatch-year birds, 
breeding for the first time, than those for adults with prior 
breeding experience. We investigated the parameters (habi-
tat availability, individual characteristics, social factors, and 
reproductive success) for their effect on demographic varia-
tion (renesting, survival, dispersal, and movement distance 
decisions) for piping plovers on the four management units 
(U.S. Alkali Wetlands, Lake Sakakawea, the Garrison Reach 
of the Missouri River, and Lake Oahe; fig. 2). The following 
are the study objectives:

1.	Estimate probabilities of natal and adult movements for 
piping plovers among northern Missouri River and the 
U.S. Alkali Wetlands breeding areas.

2.	Estimate probabilities of hatch-year and adult survival 
for piping plovers in the northern Missouri River and the 
U.S. Alkali Wetlands breeding areas.

3.	Examine the effect of environmental, individual, and 
social factors on natal survival and dispersal probabili-
ties (natal dispersal and natal fidelity) for piping plovers.

4.	Examine the effect of environmental, individual, 
reproductive success, and social factors on adult annual 
survival and breeding dispersal probabilities (emigration, 
immigration, and breeding fidelity) for piping plovers.

5.	 Identify environmental, individual, and social factors 
that affect natal dispersal and interannual adult breeding 
dispersal distances for piping plovers.

6.	 Identify environmental, individual, and temporal factors 
that affect the likelihood of initiating a renest (renest 
propensity) and of renest reproductive success for pip-
ing plovers.

7.	Estimate reproductive output in the northern Missouri 
River and the U.S. Alkali Wetlands breeding areas for 
piping plovers.

Presentation Slides
This section includes presentation slides and text for 

each slide that explains and expounds on what is shown on 
each slide. Text in brackets defines abbreviations and provides 
additional information specific to each slide. All abbreviations 
are defined on the slides or in the slide text except for MRS, 
ALK, SAK, GRR, OAH, and NON because of space limita-
tions on the slides and to avoid cluttering the slide text. See 
the “Abbreviations” section of this report for those definitions. 
All photographs are by the U.S. Geological Survey and are in 
the public domain.
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Presentation Slides

SPATIAL VARIATION IN 
POPULATION DYNAMICS OF 

NORTHERN GREAT PLAINS 
PIPING PLOVERS

Partnering with:
U.S. Army Corps of Engineers
U.S. Fish and Wildlife Service 

Rose J. Swift, Michael J. Anteau, 
Kristen S. Ellis, Megan M. Ring, 
Mark H. Sherfy, Dustin L. Toy, 
David N. Koons

This presentation provides the context, results, and implications of the study.
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Listed Objectives:
1. Estimate probabilities of natal and adult movements for piping plovers among northern 

Missouri River and the U.S. Alkali Wetlands breeding areas

2. Estimate probabilities of hatch-year and adult survival for piping plovers in the northern 
Missouri River and the U.S. Alkali Wetlands breeding areas

3. Examine the effect of environmental, individual, and social factors on natal survival and 
dispersal probabilities (natal dispersal and natal fidelity) for piping plovers

4. Examine the effect of environmental, individual, reproductive success, and social factors 
on adult annual survival and breeding dispersal probabilities (emigration, immigration, 
and breeding fidelity) for piping plovers

5. Identify environmental, individual, and social factors that affect natal dispersal and 
interannual adult breeding dispersal distances for piping plovers

6. Identify environmental, individual, and temporal factors that affect the likelihood of 
initiating a renest (renest propensity) and of renest reproductive success for piping 
plovers

7. Estimate reproductive output in the northern Missouri River and the U.S. Alkali 
Wetlands breeding areas for piping plovers

The degree of connectivity was estimated for piping plovers among four management units of the U.S. northern Great Plains 
(NGP). Movements or dispersal can occur within a breeding season because of a renesting decision or between breeding 
seasons. Additionally, dispersal decisions are innately different for hatch-year birds, breeding for the first time, than those 
for adults with prior breeding experience. The parameters (habitat availability, individual characteristics, social factors, and 
reproductive success) were investigated for their influence on demographic variation (renesting, survival, dispersal, and 
movement distance decisions) for piping plovers on the U.S. Alkali Wetlands (ALK), Lake Sakakawea (SAK), the Garrison 
Reach of the Missouri River (GRR), and Lake Oahe (OAH). The objectives agreed on by the U.S. Geological Survey (USGS), 
U.S. Army Corps of Engineers (USACE), and U.S. Fish and Wildlife Service (USFWS) are listed.
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Background & Explanations

Hatch-year survival and natal dispersal influence recruitment
 Does hatch-year survival vary for chicks hatched in different habitats?
 How are the different units connected via natal dispersal?
 What factors influence natal dispersal distance?

Adult survival and breeding dispersal influence population structure
 Does annual adult survival vary across different habitats?
 How are the different units connected via adult dispersal?
 What factors influence adult dispersal distance?

Can renesting be an effective reproductive strategy and how does it influence 
conservation of piping plovers?
 What factors influence renesting propensity?
 How much do renests contribute to the population?

Is reproductive success high enough to account for unbalanced dispersal?
 How many fledglings per pair were produced?
 How many fledglings are needed for a stationary population?
 Are any populations at any management units growing?

Conclusions

Outline:

This presentation is divided into six sections that provide (1) background into the study species, system, and questions; 
(2) estimates of hatch-year annual survival, natal dispersal, and natal dispersal distance; (3) estimates of adult annual 
survival, breeding dispersal, and dispersal distance; (4) understanding renesting propensity and renest reproductive success; 
(5) estimates of reproductive output and calculations of reproductive output required for a stable population; and (6) an 
overview of the major takeaways, conclusions, and management implications. The subsequent text methodology (beginning 
with the “Study Species” section) provides detailed field and analytical methods, and appendix 1 provides summary vital rate 
tables for piping plovers.
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Metapopulation dynamics

Need to understand not only within-patch birth and death rates, 
but also between-patch movements

Substantial interest (for example, Olivieri and others, 1990; Hanski, 1998; Dail and Madsen, 2011) exists in the dynamics of 
metapopulations, defined as local populations distributed among patches of suitable habitat (Levins, 1969; Hanski and Gilpin, 
1991). A metapopulation structure can often result from a patchy distribution of suitable nesting habitat. Metapopulation 
dynamics are determined not only by within-patch birth and death processes but also by between-patch movements of 
individuals.
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Survival
Annual survival of breeding adults has the largest potential effect 

on abundance and population growth rates 

Hatch-year annual survival influences recruitment and the 
population of breeding adults in future years

Life history theory predicts that population growth at asymptotic conditions should be more sensitive to changes in annual 
survival probability of adults than fertility or juvenile survival (Heppell and others, 2000; Sæther and Bakke, 2000; but see 
Hodgson and others, 2006). Survival of breeding adults has the greatest effect on population growth in most species of birds, 
including piping plovers, so ensuring wildlife managers understand factors that affect variation in annual survival is critically 
important (Larson and others, 2000; Plissner and Haig, 2000; Sæther and Bakke, 2000; Calvert and others, 2006; Roche and 
others, 2010). Piping plovers have a limited potential for growth (because they are a clutch-size determinant species that only 
lays four eggs), so even in years when habitat is readily available for breeding, survival can be critical for population growth.
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Dispersal
Dispersal is a fundamental life-history strategy that affects 

individual fitness, gene flow, and population structure

Emigration and immigration can be important influences on 
population growth rates

Understanding dispersal among breeding areas of piping plovers is important for their conservation because it informs 
the potential effects of conservation actions or stressors at one breeding area that may affect abundances at another 
area. Natal and breeding dispersal are driven by several selection pressures, including conspecific competition, individual 
characteristics, reproductive success, and spatiotemporal variation in habitat. Most studies focus on dispersal probabilities, 
but the distance traveled can also affect survival, success, and even metapopulation dynamics. Dispersal is a critical life 
history strategy that has important conservation implications, particularly for at-risk species with active recovery efforts.
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• Northern Great Plains (NGP): Federally threatened                                 
• Small, short-distance migratory shorebird
• Breeds in open, unvegetated habitats

Piping Plover
Charadrius melodus

The piping plover breeds in three distinct breeding areas in North America (Atlantic coast, Great Lakes, and Great Plains). All 
three breeding populations are protected in Canada and the United States. This work focuses on the NGP population, which 
has been listed as federally threatened under the U.S. Endangered Species Act of 1973 (16 U.S.C. ch. 35 § 1531 et seq.) since 
1985 (USFWS, 1985). Piping plovers are small-bodied, short-distance migratory shorebirds that are endemic to North America. 
They rely on early-successional habitat to breed that consists of mostly open, unvegetated areas of either sand or gravel 
substrates.
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Lake Sakakawea

Garrison Reach 

North Dakota

South Dakota

Lake Oahe

U.S. Alkali Wetlands

Gavins Point Reach
Lewis and Clark Lake

Fort Randall Reach

Prairie Canada

Fort Peck

Lake McConaughy

Central Platte River

Niobrara River

Nebraska

Montana

Wyoming

Loup River

Missouri River

Lower Platte River

Piping plovers breed on three main habitat types in the NGP: wave- and ice-scoured shorelines of main-stem reservoirs of the 
Missouri River, sandbars created by variable flows along several prairie rivers (for example, the Missouri, Niobrara, and Platte 
Rivers), and naturally occurring wetlands in the Prairie Pothole Region, particularly alkali wetlands where salinity prohibits 
vegetation growth.

Lake Sakakawea

Garrison Reach 

North Dakota

South Dakota

Lake Oahe

U.S. Alkali Wetlands

Gavins Point Reach
Lewis and Clark Lake

Fort Randall Reach

Prairie Canada

Fort Peck

Lake McConaughy

Central Platte River

Niobrara River

Nebraska

Montana

Wyoming

Loup River

Missouri River

Lower Platte River

This map is labeled with each of the separate breeding areas that are managed by multiple Federal and State agencies and 
nongovernmental organizations who collaborated on this study. [Red dashed lines show some of the major divisions between 
management units.]
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North Dakota

South Dakota

Nebraska

Montana

Wyoming

Missouri River
U.S. Alkali Wetlands

Prairie Canada

Northern Rivers

Southern Rivers

McGowan and others, 2014

The population structure of the NGP piping plovers has been assumed based on long-term capture-mark-resight studies in 
the Prairie Provinces region of Canada (called “Prairie Canada” herein), on the southern units of the Missouri River, and the 
Platte River in the United States (Roche and others, 2010; Cohen and Gratto-Trevor, 2011; Catlin and others, 2015, 2016, 2019). 
Based on this information, McGowan and others (2014) conducted a simulation-based study to assess extinction risk for NGP 
piping plovers. They assumed a metapopulation structure that consisted of four breeding groups (Prairie Canada, U.S. Alkali 
Wetlands, Northern Rivers, and Southern Rivers; black circles) based on previous banding studies.
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Northern 
Rivers

Southern 
Rivers

U.S Alkali 
Wetlands

Prairie 
Canada

0.0066

0.0066

0.0066
0.0066

0.0066

0.0066

McGowan and others, 2014

McGowan and others (2014) assumed low dispersal amongst these defined groups (black circles) based on observations of 
marked birds seen outside their previous breeding group. In their simulation, they assumed a 0.02 movement rate away from a 
breeding area with balanced movements within the region (that is, 0.0066 individual transition rates between breeding groups). 
With these assumptions (four breeding groups with low, balanced dispersal), extinction risk for the entire NGP population was 
very low. However, based on anecdotal observations, there were lingering questions about whether the Northern River units 
of the Missouri River and the U.S. Alkali Wetlands might have higher rates of dispersal based on their geographic proximity. 
When higher dispersal rates were simulated (0.13), extinction risk increased in the simulation study (0.083; McGowan and 
others, 2014).
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Lake 
Sakakawea

Garrison Reach 

North Dakota

South Dakota

Lake Oahe

U.S. Alkali Wetlands

Missouri River

U.S. Alkali Wetlands
Lake Sakakawea
Garrison Reach
Lake Oahe

In 2014, in partnership with the USACE and the USFWS, the USGS started a large-scale capture-mark-resight/recapture study 
on the NGP piping plover population that focused on the Northern Rivers and the U.S. Alkali Wetlands breeding groups to 
estimate survival and dispersal (black arrows) in four distinct management units (U.S. Alkali Wetlands, gold; Lake Sakakawea, 
bright blue; the Garrison Reach of the Missouri River, navy; and Lake Oahe, light blue) for hatch-year and adult piping plovers. 
We used unique alpha-numeric, yellow leg flags shown here in the photograph to the right to identify individuals. [The colors 
used for each management unit on this map are used throughout this presentation, and the Missouri River units are always in 
a shade of blue.]
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Gavins Point Reach
Lewis and Clark Lake

Fort Randall Reach

Prairie Canada

Lake McConaughy

Platte River

Niobrara River

Loup River

Missouri River

Garrison 
Reach 

U.S. Alkali Wetlands

Lake Oahe

Lake 
Sakakawea

Lake Sharpe

An additional goal of this work was to collaborate with other managers and researchers working in Prairie Canada and 
the Southern River units (gray boxes) to attempt to assess emigration and immigration outside of the focal study area (gray 
arrows). Resighting effort in other areas varied considerably from anecdotal observations by birdwatchers to low-effort 
surveys by other agencies. Because resighting effort differed substantially from the USGS resighting effort in the focal study 
area and because there were no coincident banding efforts in other breeding areas, data to estimate dispersal rates outside 
of the focal study area are insufficient. However, we do provide the number of piping plovers that emigrated and presumed 
immigrant linkages. [Black arrows indicate dispersal in the focal study area.]
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Overview of field effort

Management unit 2014 2015 2016 2017 2018 2019

U.S. Alkali Wetlands

Lake Sakakawea

Garrison Reach

Lake Oahe

Banding, resighting, and nest and chick survival monitoring

Banding and resighting

Resighting only

From 2014 to 2016, we banded and resighted piping plover adults and chicks in all four management units. In addition, we 
intensively monitored nest and chick survival. In 2017, efforts focused on banding adults and chicks and resighting adults; thus, 
we stopped intensively monitoring nest and chick survival. Our permit required that resighting continue to occur for 2 years 
after the last banding year. Therefore, in 2018 and 2019, field efforts were restricted to resighting adults, and no new adults or 
chicks were banded.
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Additional observations
Nonbreeding Season Unique 

Individuals
Total Observations

Reported
2014–2015 219 813

2015–2016 345 1,107

2016–2017 336 873

2017–2018 371 891

2018–2019 277 711

2019–2020 195 380

We also collected observations of individuals from outside the NGP breeding areas. These resights were collected through 
a variety of methods including monitoring programs, standardized resight surveys, and incidental observations. We compiled 
observations reported directly to us, to the USGS Bird Banding Laboratory, and from photographs of banded individuals posted 
on eBird (https://ebird.org/​), iNaturalist (https://www.inaturalist.org/​), and Facebook birding groups. We used the observations 
from the nonbreeding season (October–March) to supplement observations of individuals from this study. [Red dots indicate 
observations of piping plovers banded by the USGS that were reported outside the focal study area.]

https://ebird.org/
https://www.inaturalist.org/
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Additional observations

Year Platte 
River

Prairie 
Canada

Southern 
Missouri 

River
Other

Focal
Study 
Area

Total

2014 1 0 5 3 1 10

2015 2 0 2 2 0 6

2016 0 2 7 4 11 24

2017 1 2 6 2 2 13

2018 0 0 8 7 4 19

2019 1 1 9 3 8 22

U.S. Alkali Wetlands
Lake Sakakawea
Garrison Reach
Lake Oahe

We also collected observations reported to the USGS from breeding areas and during migration. These observations (from 
within the focal study area but not collected by USGS or USFWS crews) were used to supplement the observations from this 
study and to provide the number of individuals that emigrated to the southern Missouri River units, the Platte River, or to Prairie 
Canada (shown in table). [Red dots indicate observations of piping plovers banded by the USGS and reported to the USGS by 
other observers.]
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a priori hypotheses for each analysis

HabitatSocialIndividual Reproductive 
Success

For each analysis, we created a priori hypotheses for each covariate included in the analysis; see the “Individual Covariates” 
section for these hypotheses and the next eight slides for covariates used in each analysis. We included four classes of 
variables: individual-level factors like age or previous breeding experience, social factors regarding conspecific density, 
information on their reproductive attempts, and data on habitat availability or quality.

Renesting propensity covariates
• Index of change in habitat 

availability from May to 
July

• Habitat type
• Landform

Habitat

• Failure date of 
reproductive attempt

• Age of reproductive 
attempt when failed

• Cause of failure
• Previously renested that 

year

Reproductive 
Success

• Age and experience of 
pair

• Distance moved between 
reproductive attempts

Individual

For each analysis, we included only covariates that had a priori hypotheses regarding how each covariate might explain 
variation in the specific parameter of interest. Those covariates included in the renesting propensity analysis are summarized 
here.
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Renest reproductive success 
covariates

• Index of change in habitat 
availability from May to 
July

• Habitat type
• Landform

Habitat

• Mate fidelity

Reproductive 
Success

• Distance moved between 
reproductive attempts

Individual

Those covariates that we had a priori hypotheses for in the renest reproductive success analysis are summarized here.

Hatch-year survival covariates
• Estimated hatch date
• Distance moved between 

natal and settled nest

• Index of change in habitat 
availability at natal site 
and settled site

• Average proximity to 
other nesting areas of 
settled site

• Density of other chicks at 
natal site

• Density of other breeding 
adults at settled site

SocialIndividual Habitat

For each analysis, we included only covariates that had a priori hypotheses regarding how each covariate might explain 
variation in the hatch-year survival analysis.
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Natal dispersal probabilities 
covariates

• Estimated hatch date • Index of change in habitat 
availability at natal site 
and settled site

• Average proximity to 
other nesting areas of 
settled site

• Density of other chicks at 
natal site

• Density of other breeding 
adults at settled site

SocialIndividual Habitat

The covariates that had a priori hypotheses to explain variation in the natal dispersal probabilities analysis are summarized 
here.

Natal dispersal distance covariates
• Estimated hatch date • Habitat type at natal site 

and settled site
• Index of change in habitat 

availability at natal site 
and settled site

• Average proximity to 
other nesting areas of 
settled site

• Density of other chicks at 
natal site

• Density of other breeding 
adults at settled site

SocialIndividual Habitat

For each analysis, we included only covariates that had a priori hypotheses regarding how each covariate might explain 
variation in the specific parameter of interest. Those covariates included in the natal dispersal distance analysis are 
summarized here.
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Adult annual survival covariates
• Index of change in 

habitat availability
• Average proximity to 

other nesting areas

Habitat

• Density of other 
breeding adults

Social

• Number of years 
breeding in 
management unit

• Novel segment
• Distance moved 

between previous and 
settled nest

Individual

• Nest initiation date
• Reproductive success 
• Segment reproductive 

success

Reproductive 
Success

Those covariates that we had a priori hypotheses for the annual adult survival analysis are summarized here.

Adult dispersal probabilities 
covariates

• Index of change in 
habitat availability

• Average proximity to 
other nesting areas

Habitat

• Density of other 
breeding adults

Social

• Number of years 
breeding in 
management unit

• Novel segment

Individual

• Nest initiation date
• Reproductive success 
• Segment reproductive 

success

Reproductive 
Success

For each analysis, we included only covariates that had a priori hypotheses regarding how each covariate might explain 
variation in the adult dispersal probabilities analysis.
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Adult dispersal distance covariates
• Habitat type at previous 

site and settled site
• Index of change in habitat 

availability at previous site 
and settled site

• Average proximity to other 
nesting areas of settled 
site

Habitat

• Density of other breeding 
adults at previous site

• Density of other breeding 
adults at settled site

Social

• Nest initiation date of 
settled nest

• Reproductive success at 
previous site

• Reproductive success at 
settled site

• Mate fidelity

Reproductive 
Success

The covariates that had a priori hypotheses to explain variation in the adult dispersal distance analysis are summarized here.

Habitat type

Alkali 
Wetlands

• Alkali wetlands in the 
Prairie Pothole Region

Reservoirs

• Lake Sakakawea
• Lake Oahe
• A few alkali wetlands 

with water 
management systems

River

• Garrison Reach
• Includes 16 river miles 

at headwaters of Lake 
Oahe

Habitat

Habitat type was treated as a three-level factor (alkali wetland, reservoir, or river). The ALK management unit was treated as 
alkali wetland habitat types except for some wetlands with water management systems, which were treated as reservoirs. 
The two main-stem reservoirs of the Missouri River, SAK and OAH, were treated as reservoirs, and the GRR was the only river 
habitat.
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Segment

Alkali 
Wetlands

• Individual wetland 
basin

• Perimeter

Reservoirs

• 2 kilometer stretch of 
shoreline based on the 
2004 pool elevation

• Anteau and others, 
2014b

• Remeasured shoreline 
at maximum pool 
elevation

River

• 1 river mile stretch 
(1.6 kilometers)

• Contained multiple 
sandbars

Habitat

A segment was defined differently for each habitat type and was used to create local-scale variables. On alkali wetlands, 
a segment was the wetland basin itself, and its perimeter was used. On the reservoirs (SAK and OAH), we used previously 
described segments of about 2 kilometers (km) of reservoir shoreline based on the 2004 pool elevation (Anteau and others, 
2014b). If a length was required, we used the perimeter at the maximum pool elevation rather than the 2004 pool elevation. For 
the GRR, a segment was a predefined section of equal length (1.6 km) that included stretches of sandbar and shoreline habitat.
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Within or Between years  change in amount of available habitat
Dynamic water system

Habitat

The Prairie Pothole Region in the NGP has a highly dynamic climate, which affects wetland water levels (Euliss and Mushet, 
1996; Euliss and others, 2004; Anteau, 2012). Similarly, on the Missouri River system, reservoir water levels and river flow have 
fluctuated greatly (Hunt and others, 2018; Anteau and others, 2019). Piping plovers nest in early-successional habitat that is 
created when water scours shorelines of vegetation and retreats to make open, unvegetated habitat available (Catlin and 
others, 2010; Anteau and others, 2014b). The amount of habitat that is available and suitable for piping plovers to breed can 
change rapidly within a year or between years.
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Dynamic water system
Missouri River

Local and regional precipitation

Alkali wetlands
Local precipitation and evaporation

Within or Between years  change in amount of available habitat

Habitat

In this study, we compare two different water regimes. The Missouri River is hydrologically linked, and downstream flows 
can be partially controlled through dam releases. Water flowing into the Missouri River is affected by local and regional 
precipitation (including Rocky Mountain snowpack and melting rates). In contrast, the alkali wetlands are affected mostly 
by local precipitation and evaporation. Because of varying watershed size and connectivity to groundwater among Prairie 
Pothole wetlands, each wetland is independent from the next—even those near one another (McCauley and others, 2015).

Dynamic water system

Reservoir filling Wetland retreating

Missouri River
Local and regional precipitation

Within or Between years  change in amount of available habitat
Alkali wetlands

Local precipitation and evaporation

Habitat

For example, within a breeding season or between years, a reservoir may fill, decreasing habitat because of midsummer 
water-level rise, whereas the area of ponded water at a nearby alkali wetland may retreat because of low precipitation and 
high evaporation, increasing habitat. The opposite situation could also occur.
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Habitat availability
Within or Between years → change in amount of available habitat

Alkali 
Wetlands

• Standardized 
Precipitation-
Evapotranspiration 
Index

• Calculated for each 
wetland basin

Reservoirs

• Predictive model on 
quantity

• Anteau and others, 
2014b

River

• Garrison Dam outflow

Habitat

To estimate habitat availability, we calculated a standardized index of habitat availability and derived the change in available 
nesting habitat from the year before to the year of interest or within a year for renesting analyses. See the “Individual 
Covariates” section for detailed methodology.

Average proximity to other 
nesting areas relative 

to a settled site

Habitat

This and the next five slides demonstrate the technique used to derive the average proximity to other nesting areas relative to 
a settled site. Detailed methods are provided in the “Individual Covariates” section. [Vertical dashed lines indicate different 
segments.]
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HabitatAverage proximity to other 
nesting areas relative 

to a settled site

Each sandbar may host different densities of nesting piping plovers or no piping plovers at all. [Vertical dashed lines indicate 
different segments. Black dots indicate piping plover nests.]

Habitat

For each nest:
We found the closest nest 
off the focal segment

Average proximity to other 
nesting areas relative 

to a settled site

For each nest, we calculated the distance from the nest to the closest nest in another segment (red line). [Vertical dashed 
lines indicate different segments. Black dots indicate nests. Red dot indicated focal nest for example calculation.]
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Habitat

For each nest:
We found the closest nest 
off the focal segment

And the third closest

And the second closest
And we calculated the 
mean of the three 
distances

Average proximity to other 
nesting areas relative 

to a settled site

Then, we calculated the distances (red lines) to the second- and third-closest nests in another segment. And, lastly, we used 
the mean of the three distances as the measure of proximity. [Vertical dashed lines indicate different segments. Black dots 
indicate nests. Red dot indicates the focal nest.]

HabitatAverage proximity to other 
nesting areas relative 

to a settled site

We also used this technique for reservoirs, as shown in this example. [Vertical dashed lines indicate different segments on the 
reservoir shoreline. Red lines indicate the three distances. Black dots indicate nests. Red dot indicates the focal nest.]
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HabitatAverage proximity to other 
nesting areas relative 

to a settled site

We also used this technique for alkali wetlands, as shown in this example. Because a segment was the wetland itself, the 
three distances (red lines) must be to three other wetlands. [Black dots indicate nests. Red dot indicates the focal nest.]
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Reproductive success
Reproductive 
Success

Failed during incubation for any reasonFailed
At least one egg hatched
For renesting, didn’t fledge any young Hatched

At least 1 chick reached 21-days posthatch
Only used for renesting analysisFledged

Nest was not monitored fully or was abandoned
Individual was not associated with a nest in that year Unknown

For dispersal probabilities, reproductive success was estimated based on nesting success. If the nest an individual was 
tied to contained evidence that chicks had hatched (chicks were found and banded) or were presumed to have hatched 
(multiple lines of evidence that chicks hatched, like pipping fragments and chicks nearby, and near estimated hatch date), 
we assumed the nest ‘hatched’; otherwise, we assumed the nest failed and did not attempt to determine why the nest failed. 
Not all individuals were associated with a nesting attempt that year nor were all nests monitored to completion in all years. 
For dispersal probabilities, those individuals were classified into an unknown category. For renesting analyses, we included a 
fledged category when at least one chick was seen after 21 days posthatch and the causes of nest failures during incubation.
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Cause of nest failure

Water
Inundation due to water 

level rise

Predators
Various native species

Human- or cattle-caused

Weather
Severe storms

Hail

Unknown
Abandoned

Not enough evidence to 
determine 

Reproductive 
Success

For renesting analyses, we treated cause of reproductive attempt failure as a categorical factor with five levels. We were 
unable to determine cause of brood failures (for example, predators and flooding), so all reproductive attempts that failed 
after hatching were treated as one category (hatched), distinct from the causes of nest failures: depredation, flooding, severe 
weather, or abandoned/unknown. Cause of nest failure was only included for renesting analyses that coincided with our 
intensive nest monitoring (only occurred from 2014 to 2016). See the “Individual Covariates” section or Swift and others (2020b) 
for more detailed information.
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Known flooding failures 
2014–2016

ALK SAK GRR OAH
Percentage of nests 
that failed due to 
flooding

0
(0 of 232 

failed nests)

57
(172 of 302 
failed nests)

3
(11 of 362 

failed nests)

33
(38 of 114 

failed nests)

Total nests 
monitored

564 564 753 179

Reproductive 
Success

This table shows the percentage of failed nests for each management unit that failed because of inundation, as well as 
the total number of nests found in each management unit (not all fully monitored). On SAK, 57 percent of failed nests were 
attributed to inundation.

Known predation failures 
2014–2016

ALK SAK GRR OAH
Percentage of nests 
that failed due to 
predators

18
(41 of 232 

failed nests)

5
(16 of 302 

failed nests)

17
(62 of 362 

failed nests)

7
(8 of 114 

failed nests)

Total nests 
monitored

564 564 753 179

Reproductive 
Success

This table shows the percentage of failed nests attributed to predation (including human caused and livestock). Rates of 
predation were lower at SAK and OAH than the ALK or the GRR.
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Annual segment 
reproductive success

Reproductive 
Success

For each segment:

This and the next two slides demonstrate the technique used to rank annual reproductive success for each segment. Detailed 
methods for this procedure are provided in the “Individual Covariates” section. [Red outline indicates the focal segment. Black 
dots indicate nests.]

Annual segment 
reproductive success

Reproductive 
Success

For each segment:

We calculated the proportion of 
nests that hatched (50 percent)

For each segment, we calculated the proportion of nests that hatched on that sandbar. The focal segment (red outline) 
has a 50-percent hatching success rate (two of four nests hatched). [Red dots indicate hatched nests. Black dots indicate 
unhatched nests.]
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Annual segment 
reproductive success

Reproductive 
Success

We calculated the proportion of 
nests that hatched (50 percent)

And compared that to the 
population mean (for example, 
47 percent hatching success). 
Thus, the example segment 
circled in red is above average.

For each segment:

We compared whether or not a segment has higher hatching success than the population mean hatching success (47 percent 
in this example). The focal segment (red outline) is above average (hatching rate is greater than the population mean). [Red 
dots indicate hatched nests. Black dots indicate unhatched nests.]

Mate fidelity

Retained

Divorced

Unknown

Individual

2R2
0X0

2R2
0X0

2R2
0X0

2R2
5R3

2R2
0X0

2R2
?

For adults, we categorized mate fidelity as a three-level factor: retained mate from previous year (both mates known in both 
years), divorced mate from previous year (both mates known in both years), and unknown (in one or both years, mate was 
unknown or was unbanded).
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HATCH-YEAR SURVIVAL AND 
NATAL DISPERSAL INFLUENCE 

RECRUITMENT
Objectives 1, 2, 3, & 5

We were interested in determining sources of variation in natal dispersal rates, hatch-year survival to adulthood, and natal 
dispersal distances. Natal dispersal was defined as the movement from an individual’s hatching location to their first location 
where breeding occurred or was presumed to occur because of at least three resightings within a breeding season.
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Hatch-year survival

Local recruitment and survival of post-fledging 
chicks are influential but challenging to estimate

Unbiased and precise estimates of demographic parameters are essential for understanding the population dynamics of small 
or imperiled bird populations (Beissinger and Westphal, 1998). Demographic parameters are usually age structured, making 
accurate population models difficult without age-specific vital rates. Hatch-year survival is particularly difficult to estimate 
because natal dispersal co-occurs with postfledgling mortality, thus confounding estimates of both parameters (Greenwood 
and Harvey, 1982; Larson and others, 2000; Stenzel and others, 2007). However, hatch-year survival will affect local and 
population-level recruitment and population trends and is therefore important to conservation managers.
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Natal dispersal

Has important consequences for population dynamics through 

the movement of individuals

Dispersal is a fundamental life-history trait that affects individual fitness, gene flow, and population structure (Greenwood 
and Harvey, 1982). Dispersal in territorial animals is driven by numerous selection pressures including inbreeding avoidance, 
competition, and spatiotemporal variation in habitat quality (Bowler and Benton, 2005; Roze and Rousset, 2005). Natal dispersal 
is defined as the movement from natal areas to an individual’s first breeding territory. Natal dispersal has evolved to reduce 
competition and inbreeding and is the primary mechanism for maintenance of genetic population structure (Paradis and 
others, 1998).
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Lake 
Sakakawea

Garrison Reach 

North Dakota

South Dakota

Lake Oahe

Missouri River

ALK
SAK
GRR
OAH

2014 – 2017

2,669 chicks banded

Resighting through 2019

785

236

1,029

619

U.S. Alkali Wetlands

ALK
SAK
GRR
OAH

From 2014 to 2017, nests near the estimated hatch date were visited frequently to band chicks while in the nest bowl. We 
attempted to evenly distribute total chicks banded for each management unit within a given year while following permit 
restrictions for the total number of chicks we were allowed to band. However, distribution of total chicks banded varied among 
management units depending on availability of chicks. The total number of chicks banded in each management unit is shown 
on the map. See the “Chicks” section for more information.
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DOES HY 
SURVIVAL VARY 

FOR CHICKS 
HATCHED IN 

DIFFERENT 
HABITATS?

Multievent Bayesian 
hierarchical model

n = 2,669 individuals  

DOES HY 
SURVIVAL VARY 

FOR CHICKS 
HATCHED IN 

DIFFERENT 
HABITATS?

We developed a simplified multievent model to estimate apparent survival (S) and transition (ψ) probabilities between location 
states, allowing for uncertainty in an adult’s state assignment (Pradel, 2005). We separately provide estimates for either 
the Missouri River system (MRS) and the ALK or for the ALK, SAK, the GRR, and OAH. Because model assumptions vary 
when state assignments change (in other words, two versus four locations), similar estimates are not comparable between 
models with different state structures. All estimated annual vital rates were produced from either state-based or state- and 
year-based models representing the mean over all covariates. The tests of the effect of covariates were from the global 
covariate model with simplified states (the MRS and the ALK). See the “Natal Survival and Dispersal Probabilities” section for 
detailed methodologies. [HY, hatch year; n, number]
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HY HY

AHYAHY AHY 
observed

State structure

Not seen

Dead

MRS

ALK

We used two separate model structures (this and the next slide) to produce the estimates that follow. Here, we show the 
simplified location-based states: the ALK and the MRS. We produced mean, annual, and covariate estimates from simplified 
models built on these five states (circles) that describe the age and location of individuals at time, t. Age was divided into two 
distinct stages: hatch year (HY) and adults (AHY; 2 years and older). The observation process is represented with squares. 
Because breeding status could not be determined for all individuals, adults could also be observed in an unknown state. 
Because we were primarily interested in natal dispersal decisions (black arrows), we restricted adult individuals to retain their 
first known breeding location state (in other words, once an individual bred in one location, we did not allow them to transition 
to other locations). We constrained our model to preclude biologically infeasible transitions (in other words, decreasing in 
age). Because individuals automatically aged into the adult age states after their initial capture, we fixed detection for the 
hatch-year states. We fixed all δ estimates for the known hatch-year states because only adult states could be misclassified. 
Additional details are in the “Natal Survival and Dispersal Probabilities” section.
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HY HY

AHY

HY

AHY

HY

AHYAHY AHY 
observed

State structure

Not seen

Dead

SAK
GRR

OAH

ALK

Here we show the second state structure, which was similar, but the MRS was divided into the three management units (SAK, 
the GRR, and OAH). We included nine states (circles) in these models that describe the age and location of individuals at time, 
t. Age was divided into two distinct stages: hatch year (HY) and adults (AHY; 2 years and older). Individuals could occur in 
one of four location-based states (the ALK, SAK, the GRR, or OAH) based on the location of their natal nest (for hatch year) or 
the location of their first known breeding attempt. Although the eight location-based states could also be observed, there are 
two additional categories of observations (squares). Additional details are in the “Natal Survival and Dispersal Probabilities” 
section.
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HY HY

AHY

HY

AHY

HY

AHYAHY AHY 
observed

State structure

Not seen

Dead

SAK
GRR

OAH

ALK

We constrained biologically infeasible transitions as described previously. For example, this diagram shows the potential state 
transitions (black arrows) that a chick hatched on an alkali wetland was allowed in the model with location-specific states. An 
individual could die or transition to one of the four location-specific breeding states (circles). Alternatively, an individual could 
not be seen, be seen in one of the four breeding locations, or be observed as an adult in an unknown state (squares). [HY, 
hatch year; AHY, adult, 2 years and older]
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HY HY

AHY

HY

AHY

HY

AHYAHY

State structure

Not seen

Dead

AHY 
observed

SAK
GRR

OAH

ALK

Alternatively, as shown in this alkali wetlands example, once an individual entered an adult breeding state, they could remain 
in that adult state or could die. [The observation process is represented with squares. Circles indicate states. HY, hatch year; 
AHY, adult, 2 years and older]

79 percent of chicks banded were 
never seen anywhere as an adult

Most chicks did not recruit

Of the 2,669 chicks banded between 2014 and 2017, 79 percent (2,109 individuals) were never seen as an adult by our crews or 
reported to us from other breeding populations or the nonbreeding areas. This percentage includes prefledging mortality.
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Annual adult survival was higher than 
hatch-year survival to adulthood

0.88 
(0.82, 0.93)

0.14 
(0.11, 0.16)

0.76 
(0.72, 0.79)

0.19
(0.17, 0.21)

MRS

ALK

Adult
Hatch year

Su
rv

iv
al

 E
st

im
at

e

Location
ALK MRS

Our model structure estimated survival for locally banded individuals from hatch to adulthood and then annual adult survival. 
Annual adult survival (for individuals banded as chicks) was higher than hatch-year survival. Although our models included 
annual adult survival estimates, we did not interpret these for two reasons: first, because we can take advantage of a much 
larger dataset of marked adults (see results in ‘Adult Survival Probabilities’), and second, because the artificial restraint we 
imposed on adult locations may create biased location-specific estimates. [Filled circles indicate mean annual adult survival 
estimates. Triangles indicate mean hatch-year survival estimates. Vertical lines indicate 95-percent credible intervals.]
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0.14 
(0.11, 0.16)

0.19
(0.17, 0.21)

MRS

ALK

LocationALK MRS

Hatch-year annual survival was 
higher for birds hatched on the 

Missouri River

N
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l E
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e

Individuals hatched on the MRS were more likely to survive to adulthood (0.19, CI=0.17 to 0.21; red circle) than those hatched 
on the ALK (0.14, CI=0.11 to 0.16). [Triangles indicate mean hatch-year survival estimates. Vertical lines indicate 95-percent 
credible intervals (CIs).]

MRS

ALK

N
at

al
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vi
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e

Year2014 2015 2016 2017

Annual survival to adulthood 
declined slightly over time

Hatch-year survival to adulthood was similar in most years between the MRS and the ALK birds, but survival seems to have 
declined (red arrow) during the study period. [The last year in a fully time-dependent model is not estimable. Triangles indicate 
mean hatch-year survival estimates. Vertical lines indicate 95-percent credible intervals.]
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0.20 
(0.17, 0.23)

0.19
(0.16, 0.22)

0.19
(0.13, 0.25)

0.30
(0.27, 0.33)

0.81 
(0.74, 0.88)

0.69
(0.62, 0.76)

0.54
(0.42, 0.67)

0.77
(0.73, 0.82)

Su
rv

iv
al

 E
st

im
at

e

Location
ALK SAK GRR OAH

Annual adult survival was higher
than hatch-year survival to 

adulthood

SAK
GRR

OAH

ALK

Our model structure estimated survival for locally banded individuals from hatch to adulthood and then annual adult survival 
for the four management units. Annual adult survival (for individuals banded as chicks) was higher than hatch-year survival for 
all four management units. Although our models included adult survival estimates, we did not interpret these for two reasons: 
first, because we can take advantage of a much larger dataset of marked adults (see the “Adult Survival Probabilities” 
section), and second, because the artificial restraint we imposed on adult locations may create biased location-specific 
estimates. [Filled circles indicate mean annual adult survival estimates. Triangles indicate mean hatch-year survival estimates. 
Vertical lines indicate 95-percent credible intervals.]
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0.20 
(0.17, 0.23) 0.19

(0.16, 0.22) 0.19
(0.13, 0.25)

0.30
(0.27, 0.33)

N
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Survival to adulthood was highest for 
individuals hatched on GRR

Location
ALK SAK GRR OAH

SAK
GRR

OAH

ALK

Hatch-year survival to adulthood was higher on the GRR (0.30, CI=0.27 to 0.33; red circle) than the other three management 
units. [Triangles indicate mean hatch-year survival estimates. Vertical lines indicate 95-percent credible intervals (CIs).]

N
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Year2014 2015 2016 2017

Survival to adulthood was highest for 
individuals hatched on GRR

SAK
GRR

OAH

ALK

Hatch-year survival to adulthood was higher on the GRR than the other three management units for 3 of the 4 years (red 
circles). [The last year in a fully time-dependent model is not estimable. Triangles indicate mean hatch-year survival estimates. 
Vertical lines indicate 95-percent credible intervals.]
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MRS

ALK

Estimated Hatch Date

Dispersal Distance

Chick Density

Adult Density

Natal
Available Habitat

Adult 
Available Habitat

Adult 
Average Proximity

Annual survival to adulthood varied 
based on natal available habitat

β

Only one a priori hypothesis (red arrow) explained annual survival to adulthood. (All but one of the 95-percent credible 
intervals for each β covariate estimate cross zero.) [Filled circles indicate mean β estimate. Whiskers indicate 95-percent 
credible intervals.]

β = 0.13; CI(0.03, 0.25)

N
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Index of Habitat Availability 
at Natal Site

LESS MORE

Annual survival to adulthood increased
when more habitat was available at the 

natal site

Annual survival to adulthood slightly increased (solid line) when more habitat was available than the year prior at the natal site 
(β=0.13; CI=0.03 to 0.25). [Dashed lines indicate 95-percent credible interval (CI).]
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HOW ARE THE 
DIFFERENT 
UNITS 
CONNECTED 
VIA NATAL 
DISPERSAL?

Multievent Bayesian 
hierarchical model

n = 2,669 individuals  

HOW ARE THE 
DIFFERENT 
UNITS 
CONNECTED 
VIA NATAL 
DISPERSAL?

Natal dispersal was defined as the movement from an individual’s hatching location to the first location where breeding 
occurred or was presumed to occur because of the number of resightings within a breeding season. See the “Natal Survival 
and Dispersal Probabilities” section for more detailed methodology. [n, number]

42 percent of individuals 
dispersed away from their 

natal management unit

Natal dispersal among management 
units commonly occurred

For the 440 individuals included in the multievent model that survived and recruited back into the population (3 individuals 
dispersed to breed outside the focal study area), 42 percent of individuals dispersed from their natal management unit (the 
ALK, SAK, the GRR, or OAH) for their first known breeding attempt.
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Natal dispersal to and from the 
Missouri River was unbalanced

0.67 
(0.57, 0.76)

0.33 
(0.24, 0.43) 0.17 

(0.13, 0.21)

0.83 
(0.79, 0.87)

McGowan and others, 2014
0.02 

0.007

Natal dispersal from the 
U.S. Alkali Wetlands to
the Missouri River was 

nearly twice as high as …

… and is higher
than previously 

assumed

MRS

ALK

Breeding Location

… natal dispersal 
from the Missouri 
River to the U.S. 

Alkali Wetlands …

N
at

al
 Ψ
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tim

at
e

ALK MRSALK MRS

Natal dispersal between the MRS and the ALK is unbalanced and much higher than previously assumed. Individuals were 
more likely to disperse from the ALK to breed on the MRS (0.33, CI=0.24 to 0.43) than those hatched on the MRS were to 
disperse to breed on the ALK (0.17, CI=0.13 to 0.21). McGowan and others (2014) assumed balanced dispersal between these 
two breeding groups at 0.007 (with a total movement rate away from one group at 0.02; red dashed lines). Natal fidelity was 
therefore higher on the MRS (0.83, CI=0.79 to 0.87) than on the ALK (0.67, CI=0.57 to 0.76). [Filled circles indicate mean Ψ 
estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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Natal dispersal onto the MRS
from ALK declined

Year

MRS

ALK

N
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Natal dispersal from the ALK to breed on the MRS declined substantially during this study (left red arrow). Between 2017 and 
2018, individuals had only a 0.05 (CI=0.001 to 0.18) probability of dispersing from the ALK to the MRS. In contrast, individuals 
were most likely to disperse from the MRS to breed on the ALK between 2016 and 2017 (0.31, CI=0.22 to 0.41; right red arrow). 
[The last year in a fully time-dependent model is not estimable. Filled circles indicate mean Ψ estimates. Vertical lines indicate 
95-percent credible intervals (CIs).]

Natal fidelity was high for 
ALK, GRR, and OAH

0.58 
(0.48, 0.68)

0.57 
(0.50, 0.63) 0.58 

(0.43, 0.72)

0.32
(0.23, 0.42)

Breeding Location

SAK
GRR

OAH

ALK

N
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Natal fidelity (returning to breed to their natal location) was greater than 50 percent for the ALK, the GRR, and OAH (red 
circles). [Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent credible intervals.]
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Natal dispersal amongst the four 
breeding areas was relatively high

SAK
GRR

OAH

ALK

Breeding Location
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Natal dispersal amongst the four regions was high but relatively balanced (mean estimate range: 0.08 [the GRR to OAH] to 0.22 
[SAK to OAH]). [Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent credible intervals.]

Breeding Location

Natal dispersal from SAK 
to ALK was high

0.32
(0.23, 0.42)

0.30
(0.21, 0.39)

SAK
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OAH
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Natal dispersal amongst the four management units ranged from 0.08 to 0.22, but there was one noticeable exception (red 
circle). Individuals hatched on SAK were equally likely to return to breed on SAK (fidelity; 0.32, CI=0.23 to 0.42) as they were 
to breed on the ALK (0.30, CI=0.21 to 0.39) for the first time. [Filled circles indicate mean Ψ estimates. Vertical lines indicate 
95-percent credible intervals (CIs).]
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Natal dispersal changed over time

Year

N
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SAK
GRR

OAH

ALK

Over the course of the study, various patterns in natal dispersal occurred. See the next 10 slides for each natal location. [The 
last year in a fully time-dependent model is not estimable. Filled circles indicate mean Ψ estimates. Vertical lines indicate 
95-percent credible intervals.]

0.14
(0.06, 0.23)

0.58
(0.48, 0.68) 0.17

(0.11, 0.25) 0.11
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OAH

ALK

ALK SAK GRR OAH
Breeding Location

ALK mean natal fidelity and dispersal

Individuals hatched on the ALK were most likely to return to the ALK (0.58, CI=0.48 to 0.68) for their first breeding attempt. If 
individuals dispersed, they were slightly more likely to breed on SAK (0.17, CI=0.11 to 0.25) than the GRR (0.11, CI=0.07 to 0.17) 
or OAH (0.14, CI=0.06 to 0.23). [Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent credible intervals 
(CIs).]
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Natal fidelity to ALK increased
N
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Year
2014–15 2015–16 2016–17 2017–18

Natal fidelity for individuals hatched on the ALK increased (red line and circles), whereas individuals hatched on the ALK 
became less likely to breed for the first time on SAK. [The last year in a fully time-dependent model is not estimable. Filled 
circles indicate mean Ψ estimates. Vertical lines indicate 95-percent credible intervals.]

0.32
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ALK SAK GRR OAH
Breeding Location

SAK mean natal fidelity and dispersal

Individuals hatched on SAK were equally likely to return to SAK (0.32, CI=0.23 to 0.42) for their first breeding attempt or to 
breed on the ALK (0.30, CI=0.21 to 0.39]). Individuals were equally likely to breed on the GRR (0.16, CI=0.09 to 0.23]) or OAH (0.22, 
CI=0.12 to 0.32) but less so than SAK or the ALK. [Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent 
credible intervals (CIs).]



Presentation Slides    57

Natal fidelity to SAK decreased
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Year
2014–15 2015–16 2016–17 2017–18

Natal fidelity to SAK decreased during the study (red line and circles). [The last year in a fully time-dependent model is not 
estimable. Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent credible intervals.]

Natal dispersal from SAK to ALK
increased
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Year
2014–15 2015–16 2016–17 2017–18

Concurrently, natal fidelity to SAK decreased, and natal dispersal from SAK to the ALK increased during the study (red line and 
circles). [The last year in a fully time-dependent model is not estimable. Filled circles indicate mean Ψ estimates. Vertical lines 
indicate 95-percent credible intervals.]
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GRR mean natal fidelity and dispersal

Individuals hatched on the GRR were most likely to return to the GRR (0.57, CI=0.50 to 0.63) for their first breeding attempt. If 
individuals dispersed, they were slightly more likely to breed on the ALK (0.15, CI=0.11 to 0.20) or SAK (0.20, CI=0.15 to 0.26) than 
OAH (0.08, CI=0.04 to 0.13). [Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent credible intervals (CIs).]

Natal dispersal from GRR to SAK 
decreased
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Year
2014–15 2015–16 2016–17 2017–18

Although natal fidelity to the GRR remained constant during the study, individuals were less likely to disperse to SAK later 
in the study (red circles). [The last year in a fully time-dependent model is not estimable. Filled circles indicate mean Ψ 
estimates. Vertical lines indicate 95-percent credible intervals.]
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Natal dispersal from GRR to OAH
increased
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2014–15 2015–16 2016–17 2017–18

Concurrently, individuals were more likely to disperse to OAH from the GRR later in the study (red circles). [The last year in 
a fully time-dependent model is not estimable. Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent 
credible intervals.]
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OAH mean natal fidelity and dispersal

Individuals hatched on OAH were most likely to return to OAH (0.58, CI=0.43 to 0.72) for their first breeding attempt. If 
individuals dispersed, they were equally likely to breed on the ALK (0.12, CI=0.04 to 0.24), SAK (0.12, CI=0.04 to 0.23), or the GRR 
(0.18, CI=0.09 to 0.32). [Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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Natal dispersal from OAH to SAK 
decreased
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2014–15 2015–16 2016–17 2017–18

Although fidelity to OAH varied during the study, individuals were less likely to disperse to SAK later in the study (red line and 
circles). [The last year in a fully time-dependent model is not estimable. Filled circles indicate mean Ψ estimates. Vertical lines 
indicate 95-percent credible intervals.]

Natal dispersal varied based on
available habitat at the natal site

Estimated Hatch Date

Chick Density

Adult Density

Natal
Available Habitat

Adult
Available Habitat

Adult 
Average Proximity

MRS

ALK

β

From the global fitted model with all seven a priori covariates included on natal dispersal probabilities, as well as a random 
effect of year, only one covariate (red arrow), the change in habitat available at the natal site, seems important based on 
nonoverlapping 95-percent credible intervals with zero. [Filled circles indicate mean β estimate. Whiskers indicate 95-percent 
credible intervals.]
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β = 1.09; CI(0.41, 2.00)
Index of Habitat Availability 

at Natal Site
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Natal dispersal probabilities 
increased when more habitat was 

available at the natal site

Contrary to our predictions, natal dispersal probabilities slightly increased (solid line) when more habitat was available at the 
natal site than in the year prior (β=1.09; CI=0.41 to 2.00). [Dashed lines indicate 95-percent credible interval (CI).]

ANNUAL 
DETECTION 

FOR ADULTS 
FROM NATAL 

DISPERSAL 
MODEL

Multievent Bayesian 
hierarchical model

n = 2,669 individuals  

ANNUAL 
DETECTION 

FOR ADULTS 
FROM NATAL 

DISPERSAL 
MODEL

In this next section, we provide detection probability (p) of breeding adult states estimated from the natal dispersal models. 
Detection of hatch-year individuals was fixed in the models. For more details, see the “Natal Survival and Dispersal 
Probabilities” section. [n, number]
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MRS

ALK

Detection of MRS adults was 
higher than ALK adults
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Detection probability (p) of adults breeding on the MRS (0.81, CI=0.78 to 0.84) was higher than on the ALK (0.72, CI=0.66 to 0.77). 
[Detection of hatch-year states was fixed. Filled circles indicate mean detection probability estimates. Vertical lines indicate 
95-percent credible intervals (CIs).]

Mean detection of adults over timeMRS

ALK
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2015 2016 2017 2018 2019
Year

Mean detection probabilities of breeding adults on the MRS and the ALK varied over time but were generally similar. [The last 
year in a fully time-dependent model is not estimable. Detection of hatch-year states was fixed. Filled circles indicate mean 
detection probability estimates. Vertical lines indicate 95-percent credible intervals.]
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Detection on GRR and SAK was 
higher than ALK or OAH

0.78
(0.70, 0.84)

0.81
(0.76, 0.85)
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(0.64, 0.75) 0.67
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ALK SAK GRR OAH

SAK
GRR

OAH

ALK

Mean detection probability of breeding adults from the four management units was similar for SAK (0.78, CI=0.70 to 0.84) and 
the GRR (0.81, CI=0.76 to 0.85). Detection of adults on the ALK (0.70, CI=0.64 to 0.75]) and OAH (0.67, CI=0.56 to 0.78) was slightly 
lower. [Detection of hatch-year states was fixed. Filled circles indicate mean detection probability estimates. Vertical lines 
indicate 95-percent credible intervals (CIs).]

Mean detection of adults over time
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OAH
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2015 2016 2017 2018 2019
Year

Mean detection rates of adults breeding in each of the four management units varied over time but were similar. [The last 
year in a fully time-dependent model is not estimable. Detection of hatch-year states was fixed. Filled circles indicate mean 
detection probability estimates. Vertical lines indicate 95-percent credible intervals.]
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ANNUAL δ
FOR ADULTS 

FROM NATAL 
DISPERSAL 

MODEL
Multievent Bayesian 
hierarchical model

n = 2,669 individuals  

Misassignment error (δ) is the probability that the state of an individual that is in state, s, is correctly observed. Misassignment 
error for hatch-year individuals was fixed and therefore represents adult breeding locations. For more details, see the “Natal 
Survival and Dispersal Probabilities” section. [n, number]

MRS

ALK

Misassignment error was higher 
for ALK breeders than MRS breeders

0.10
(0.07, 0.14) 0.06

(0.05, 0.08)
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tim
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e

Breeding LocationALK MRS

Misassignment error was higher on the ALK (0.10, CI=0.07 to 0.14) than the MRS (0.06, CI=0.05 to 0.08) for adults. 
[Misassignment error of hatch-year states was fixed. Filled circles indicate mean misassignment error probability (δ) 
estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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Misassignment error 
declined over time

MRS
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2015 2016 2017 2018 2019
Year

Misassignment error declined over the years. [The last year in a fully time-dependent model is not estimable. Misassignment 
error of hatch-year states was fixed. Filled circles indicate mean misassignment error probability (δ) estimates. Vertical lines 
indicate 95-percent credible intervals.]

Misassignment error was lowest 
on GRR and highest on OAH

0.20
(0.14, 0.26)

0.24
(0.18, 0.29)

0.43
(0.32, 0.55)

0.12
(0.09, 0.15)
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OAH

ALK

Breeding Location
ALK SAK GRR OAH

Misassignment error was higher on OAH (0.43, CI=0.32 to 0.55) than the ALK (0.24, CI=0.18 to 0.29) or SAK (0.20, CI=0.14 to 0.26), 
which were higher than the GRR (0.12, CI=0.09 to 0.15) for adults. [Misassignment error of hatch-year states was fixed. Filled 
circles indicate mean misassignment error probability (δ) estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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Misassignment error over time
SAK
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OAH
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Misassignment error varied slightly over the years. [The last year in a fully time-dependent model is not estimable. 
Misassignment error of hatch-year states was fixed. Filled circles indicate mean misassignment error probability (δ) 
estimates. Vertical indicate show 95-percent credible intervals.]

Natal dispersal from the U.S. Alkali Wetlands was higher than from the 
Missouri River, but this changed during the study as the Missouri River 

lost habitat in later years.

Overall, natal dispersal was highly unbalanced with transition probabilities from the ALK to the MRS twice as high as from the 
MRS to the ALK, but there was a declining trend in dispersal onto the MRS during the study. Using the specific location-based 
states, dispersal from SAK to the ALK was equally likely as fidelity to breed on SAK. Dispersal from SAK increased in later 
years when SAK’s pool elevation increased.
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Habitat drives survival and dispersal. When more habitat is available 
at the natal site, individuals were more likely to survive and to 

disperse.

When more habitat was available at the natal site, annual hatch-year survival improved. Contrary to our predictions, when 
more habitat was available at the natal site transition probabilities also increased. Although we saw no effect of our estimate 
of chick density at the segment scale, density dependence could act at a larger scale, thereby forcing dispersal in years when 
habitat is plentiful because those years are correlated with improved reproductive success. Individuals could be prioritizing 
inbreeding avoidance in productive years with increased dispersal away from their natal management unit. Similarly, piping 
plovers may use natal habitat to infer habitat availability in alternative areas and assume in years of excess habitat that habitat 
may be similarly available in other areas. When natal habitat is in excess, it may be more difficult for individuals to distinguish 
between natal and novel areas because the potential neighborhood of habitat is larger.
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WHAT 
FACTORS 
INFLUENCE 
NATAL 
DISPERSAL 
DISTANCE?
Generalized linear model

n = 275 individuals  

We calculated Euclidean dispersal distance as the distance between the nest a chick was hatched from to the location of the 
first known nest of that individual. We examined sources of variation in dispersal distance using a generalized linear model. 
See the “Dispersal Distances” section for detailed methodology. [n, number]



Presentation Slides    69

11 individuals moved over 250 km
Mean: 81 km

Median: 53 km
Range: 1 – 410 km

A few individuals dispersed long 
distances for their first breeding 

attempt

Dispersal distances of piping plovers between their natal nest and the location of their first known breeding attempt varied 
widely (mean: 81.0 km, median: 53.0 km, range: 1–410 km, coefficient of variation: 93.8 km). We observed 278 natal dispersal 
events. Also, 53 percent of individuals bred at 2 years old for the first time. Three individuals left the focal study area to breed 
in the southern Missouri River units or on the central Platte River in Nebraska. Within the focal study area, two individuals 
dispersed more than 350 km: one from OAH to SAK and one from a northwestern alkali wetland to the GRR. An additional nine 
movements were longer than 250 km. [km, kilometer]
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Hatch-year Available Habitat

Adult Available Habitat

Adult Average Proximity

Adult Habitat type - Reservoir

Adult Habitat type - River

Natal Habitat type - Reservoir

Natal Habitat type - River

Estimated Hatch Date

Adult Density - Settled

Chick Density - Natal

Natal dispersal distance varied based 
on three covariates

β

From the global fitted model with all a priori covariates included on natal dispersal distances, three covariates seem important 
based on nonoverlapping 95-percent confidence intervals with zero (red arrows). Natal habitat type, natal available habitat, 
and breeding location habitat type all substantially explained dispersal distance. [Filled circles indicate mean β estimate. 
Whiskers indicate 95-percent confidence intervals.]

Individuals hatched on GRR moved the 
shortest distances
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ALKALI RESERVOIR RIVER
Natal Habitat type

Individuals hatched on the river habitat (red circle) dispersed slightly shorter distances, whereas those hatched on reservoirs 
dispersed slightly farther. [Filled circles indicate mean distance estimates. Vertical lines indicate 95-percent confidence 
intervals.]
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First Adult Breeding Habitat type

Hatch-year birds settling on the GRR 
dispersed the shortest distances

ALKALI RESERVOIR RIVER

Individuals settling to breed on the river habitat (red circle) dispersed the shortest distances. [Filled circles indicate mean 
distance estimates. Vertical lines indicate 95-percent confidence intervals.]

Natal dispersal distances decreased
when more habitat was available 

than in the year prior
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Index of Habitat Availability 
at Natal Site

LESS MORE
β = -0.18; CI(-0.32, -0.04)

Natal dispersal distances (solid line) decreased when more habitat was available on their natal area than in the year prior 
(β=−0.18; CI=−0.32 to −0.04). [Dashed lines indicate 95-percent confidence interval (CI).]
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Overall, high natal dispersal rates within the U.S. northern Great Plains 
indicate high connectivity among distinct regions. 

Natal dispersal was high within the focal study area. Individuals were equally likely to leave their natal management unit to 
breed for the first time versus returning to their natal management unit (natal fidelity rates roughly 0.5). Even within our focal 
study area, individual dispersal distances ranged widely with the shortest known distance between the natal nest and the 
first known nest about 1 km apart. Our study area covered about 84,000 square kilometers of semicontinuous (Missouri River) 
and discrete (wetland) habitat, yet individuals routinely dispersed amongst habitat types and over long distances suggesting 
that connectivity within this region is high. Although piping plovers are capable of infrequent large-scale dispersal between 
breeding populations, in this study, we did not document any movements between breeding populations, but we did show 
small numbers of individuals moving from the NGP to the southern units of the Missouri River and to the Platte River. However, 
we did find frequent long-distance dispersal within the northern units of the Missouri River and the U.S. Alkali Wetlands 
suggesting not only high connectivity within this region but also a dynamic landscape where individuals respond to the 
availability of habitat across space and time.
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Reservoir habitats appear to be lower quality with low 
fidelity, low juvenile survival, and longer dispersal distances.

Reservoir habitats showed lower annual hatch-year survival, low fidelity (with high dispersal from this habitat), and longer 
dispersal distances compared to other habitat types. Most individuals that nested as an adult settled onto the GRR (n=184), 
and OAH had the fewest adults settle (n=41). One individual from OAH dispersed about 410 km, whereas no GRR individual 
moved more than 280 km to their first known nest location.
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Natal survival, dispersal probabilities, and dispersal distance were driven by 
fluctuating availability of habitat due to different water regimes. 

We determined that habitat type and habitat availability were the driving forces behind natal dispersal probabilities and 
dispersal distances for piping plovers. As predicted, individuals dispersed shorter distances when more habitat was available 
during their natal year, but dispersal probabilities increased when more habitat was available during their natal year than 
the year prior. Animals occupying habitats with unstable conditions typically show higher dispersal or longer movements 
between alternate breeding sites (Greenwood and Harvey, 1982). Piping plovers use early successional habitat for nesting, 
and on the Missouri River, depend on floods or wave and ice scour to remove or prohibit the growth of vegetation and create 
suitable nesting habitat. Historically, seasonal water-level fluctuations maintained early successional habitat conditions 
on prairie rivers, where peak flows in March and June submerged existing sandbars and redistributed sediments, creating 
unvegetated sandbars suitable for piping plover nesting as water levels receded (Catlin and others, 2010, 2016). In the absence 
of high natural flows, anthropogenic activities maintain vegetation-free sandbars through management (in other words, 
vegetation removal) or through the construction of sandbars (Sherfy and others, 2008; Catlin and others, 2016). Although the 
Missouri River is hydrologically linked and can have high spatiotemporal autocorrelation in habitat availability in some years, 
particularly when water levels are high and little habitat is available, precipitation in the Prairie Pothole Region frequently 
fluctuates and varies across the region; thus, different wetlands can have different water levels at the same time (McCauley 
and others, 2016; Post van der Burg and others, 2016). Therefore, along the Missouri River, and in particular the management 
units in northern river section, habitat is fairly continuous spatially, though it may be temporally variable based on releases 
from the upstream dams. Individuals hatched on, previously nested on, or settling on the GRR moved the shortest distances. 
Unlike reservoir or alkali wetland habitats, the sandbars on the GRR provide a semicontinuous corridor of appropriate nesting 
habitat.
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ADULT SURVIVAL AND 
BREEDING DISPERSAL INFLUENCE 

POPULATION STRUCTURE
Objectives 1, 2, 4, & 5

We were interested in determining sources of variation in adult annual survival, breeding dispersal rates, and interannual 
breeding dispersal distances.
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Annual adult survival
Large influence on population growth rates and 

the Missouri River adaptive management model

Survival of breeding adults has the greatest effect on population growth in most species of birds, including piping plovers, 
and so it is critically important for wildlife managers to understand factors that affect variation in annual survival (Larson and 
others, 2000; Plissner and Haig, 2000; Sæther and Bakke, 2000; Calvert and others, 2006; Roche and others, 2010). Apparent 
survival is potentially confounded by permanent emigration, where a marked animal dispersing outside a regularly monitored 
study area and no longer available to be resighted is indistinguishable from a marked animal that dies and is no longer 
detected (Sandercock, 2006). Using observations during the nonbreeding season or from a large-scale study area provide less 
biased estimates that are closer to true survival.
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Breeding dispersal

Movements of individuals between reproductive attempts 
determines spatial population structure

Dispersal is a nonrandom process that depends on an individual’s social and physical environment and many factors that 
shape the cost-benefit balance of dispersal patterns (Matthysen, 2012). Breeding dispersal is likely adaptive because 
switching breeding territories may increase access to mates or to higher-quality habitats with fewer threats or competitors 
and, ultimately, can also enhance fitness (Boyce and Boyce, 1988; Forero and others, 1999).
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Lake 
Sakakawea

371

Garrison Reach
374

North Dakota

South Dakota

Lake Oahe
222

Missouri River

2014 – 2017

2,594 unique adults resighted

Resighting through 2019

U.S. Alkali Wetlands
423

ALK
SAK
GRR
OAH

We banded piping plovers with a USGS metal band and unique alpha-numeric engraved flag (red circle). Before 2014, we 
banded piping plovers on SAK and the GRR. We included newly banded adults (sample sizes shown on map) as well as any 
uniquely identifiable adults resighted during the 6 years of the study (previously banded as an adult or chick). More individuals 
were included in the model that were banded previously as an adult, or those that were banded as chicks were included once 
they were observed as an adult. See the “Adults” section for more information.

North Dakota

South Dakota

Nebraska

Montana

Wyoming

Missouri River

Emigration from our focal study area 
occurred to all other breeding areas

Emigration from the four management units occurred to the rest of the major breeding areas in the NGP. We provide Wetland 
Management District (WMD) specific locations for dispersal from the ALK.
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North Dakota

South Dakota

Nebraska

Montana

Wyoming

Missouri River

7 individuals emigrated to the Platte River 
(Central, Lower, Lake McConaughy)

1

2

11

1

1

Seven individuals emigrated to the Central or Lower Platte River management units or Lake McConaughy (black arrows): 
2 from SAK to the Central Platte River, 1 from the Long Lake WMD to Lake McConaughy, 1 from the GRR to the Central Platte 
River, 1 from OAH to Lake McConaughy, 1 from OAH to the Central Platte River, and 1 from OAH to the Lower Platte and Loup 
Rivers.

North Dakota

South Dakota

Nebraska

Montana

Wyoming

Missouri River

7 individuals emigrated to Prairie Canada

1
4

2

Seven individuals emigrated to Prairie Canada (black arrows): 2 from the Crosby WMD, 4 from SAK, and 1 from the GRR.
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North Dakota

South Dakota

Nebraska

Montana

Wyoming

Missouri River

20 individuals emigrated to the southern Missouri 
River segments (Gavins Point, Fort Randall, Lewis and 

Clark Lake, Lake Sharpe, Niobrara River)

1

3

6

1
1 1

6

1

In total, 20 individuals were detected along the southern Missouri or Niobrara Rivers, and 11 of those went to Gavins Point 
Reach (black arrows): 1 from SAK to Gavins Point Reach, 1 from the Long Lake WMD to Gavins Point Reach, 3 from the GRR 
to Gavins Point Reach, 6 from OAH to Gavins Point Reach, 1 from the GRR to Lewis and Clark Lake, 1 from the Lake Audubon 
WMD to Lake Sharpe, 1 from OAH to the Niobrara River, 3 from OAH to Lake Sharpe, and 3 from OAH to the Fort Randall Reach.
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North Dakota

South Dakota

Nebraska

Montana

Wyoming

Missouri River

Immigration to our focal study area
occurred from all other breeding areas

Individuals seemed to immigrate from Prairie Canada, the Platte River, and the southern Missouri River units into each of our 
four management units (black arrows). Many of these birds were not uniquely identifiable because of band loss or fading (in 
other words, flag colors identified study area origin but individual identity could not be distinguished), so we are not able to 
provide estimates of the number of individuals that immigrated into our focal study area.
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DOES 
ANNUAL ADULT 
SURVIVAL VARY 

ACROSS 
DIFFERENT 
HABITATS?

Multievent Bayesian 
hierarchical model

n = 2,582 individuals  

We developed a multievent model to estimate apparent survival (S) and transition (ψ) probabilities between breeding location 
states, allowing for uncertainty in an adult’s state assignment (Pradel, 2005). We based parametrization of the multievent 
model after Pradel (2005) and a hierarchical Bayesian multievent model (Kéry and Schaub, 2012). We separately provide 
estimates either for just the MRS and the ALK or for the ALK, SAK, the GRR, and OAH; because model assumptions vary when 
state assignments change, these estimates are not comparable. All estimated annual vital rates were produced from either 
a state-based or state- and year-based model representing the mean over all covariates. The tests of the effect of covariates 
were from the global covariate model with simplified states (the MRS and the ALK). See the “Adult Survival and Breeding 
Dispersal Probabilities” section for detailed methodologies. [n, number]
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Transient individuals

Presumed nonbreeding or early failed breeders (NON)

Never associated with a nest during the breeding season but

Seen in at least three management 
units during one breeding season

Because a small portion of individuals, about 3 percent, were observed in three of the four management units during a single 
breeding season, we included an additional state in our location-specific models for transient individuals (NON), which we 
defined as individuals that are presumably nonbreeding or early failed breeders that were never associated with a nesting 
attempt and were seen in at least three management units during one breeding season.

MRS ALK Observed 
in 

Unknown 
State

State structure

Not Seen
Dead

MRS

ALK

In our simplified state structure, we include two known breeding location states (the MRS and the ALK) and a newly dead 
state (circles). All possible state transitions (black arrows) were included. The observation process (squares) included 
observations of individuals in the known breeding states, observations of individuals in an unknown state, or individuals that 
were not seen.
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SAK

GRR OAH

ALK

Observed 
in 

Unknown 
State

State structure

NON

Not Seen

Dead

SAK
GRR

OAH

ALK

We defined six states (circles) among which individuals could transition (black arrows) in this model. Individuals could occur 
in one of four location-based breeding states (the ALK, SAK, the GRR, or OAH). In addition, a fifth state (NON) represented 
individuals seen in multiple locations during a single breeding season, which we assumed to be nonbreeders or failed 
breeders (transient). Lastly, we include a newly dead state. To account for uncertainty in state assignment, we divided the 
observation process (squares) into seven categories: seen in one of the four breeding locations (the ALK, SAK, the GRR, or 
OAH), seen in the nonbreeding state (NON), seen but state unknown, and not seen.
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GRR OAH

Observed 
in 

Unknown 
State

State structure

NON

Not Seen

Dead

SAK ALK

SAK
GRR

OAH

ALK

Here we show as an example the possible state (circles) transitions (black arrows) for an adult breeding on SAK. The 
individual could die, not be seen, be seen in an unknown state, be assigned to one of the four location-based states (the ALK, 
SAK, the GRR, or OAH), or be assigned as a transient individual. [Squares indicate the observation process.]

Some individuals were documented 
breeding in the same management 

unit all six years

11 individuals on the ALK
1 individual on SAK

27 individuals on the GRR
0 individuals on OAH

In some rare instances, we documented individuals breeding during all 6 years of the study in the same management unit. 
This was most common on the GRR (n=27 individuals) and the ALK (n=11 individuals) but never occurred on OAH, and only 
1 individual was documented on SAK.
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Adult survival did not differ between 
ALK and MRS birds

Annual adult survival did not differ between individuals breeding on the ALK (0.76, CI=0.73 to 0.78) and the MRS (0.76, CI=0.75 to 
0.78). [Filled circles indicate mean annual survival estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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2014 2015 2016 2017 2018

Adult survival varied slightly 
over time

When comparing the ALK to the MRS individuals, we saw minimal differences in annual survival but a slight declining trend. 
[The last year in a fully time-dependent model is not estimable. Filled circles indicate mean annual survival estimates. Vertical 
lines indicate 95-percent credible intervals.]
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State
ALK SAK GRR OAH NON

SAK
GRR

OAH

ALK Annual adult survival was generally 
lower for transient individuals or 

SAK/OAH breeding adults

Annual adult survival was lowest for transient individuals (NON; 0.63, CI=0.60 to 0.67). Individuals breeding on SAK and OAH 
also had reduced annual survival compared to the ALK and the GRR breeding birds (red circles). [Filled circles indicate mean 
annual survival estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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ALK Annual adult survival was generally 
lower for transient individuals or 

SAK/OAH breeding adults

Year
2014 2015 2016 2017 2018

The pattern of low adult survival for transient individuals or those breeding on SAK or OAH varied over time. [The last year in 
a fully time-dependent model is not estimable. Filled circles indicate mean annual survival estimates. Vertical lines indicate 
95-percent credible intervals.]
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MRS

ALK

Years at Management Unit

Old Segment

Novel Segment

Dispersal Distance

Conspecific Density

Nest Initiation Date

Nest Fate - Hatched

Nest Fate - Failed

Available Habitat

Segment Success - Below

Segment Success - Above

Average Proximity

Adult survival varied based on 
segment reproductive success

β

Only one of our a priori hypotheses (red arrow) explained annual adult survival (95-percent credible intervals for the β 
covariate did not cross zero). [Filled circles indicate mean β estimate. Whiskers indicate 95-percent credible intervals.]
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UNKNOWN BELOW ABOVE

Adult survival was lowest for those 
who were assumed to have a 

breeding state

Adult survival was reduced when individuals bred on an unknown segment (red circle), which occurred when we assumed 
breeding based on three observations within a single management unit. However, there was no difference in survival between 
individuals that bred on high- or low-quality segments. For additional information on segment reproductive success see the 
“Reproductive Success” section.
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HOW ARE THE 
DIFFERENT 
UNITS 
CONNECTED 
VIA ADULT 
DISPERSAL?

Multievent Bayesian 
hierarchical model

n = 2,582 individuals  

Estimates for dispersal were derived from the same models as survival described previously. See the “Adult Survival and 
Breeding Dispersal Probabilities” section for more detailed methodology. [n, number]

Some individuals dispersed often

27 individuals bred in 3 management 
units during the study

13 percent of individuals changed 
management units at least once

Although a rare behavior, some individuals seem to disperse between management units often. During the 6-year study, we 
documented 27 individuals breeding in at least 3 management units. In total, 13 percent of individuals changed management 
units at least one time during the study.
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It is less likely for an 
individual to move 
from the U.S. Alkali 

Wetlands to breed on 
the Missouri River …

… than to move to
breed on the U.S. 

Alkali Wetlands from
the Missouri River
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Missouri River was unbalanced

ALK MRS ALK MRS

Adult breeding dispersal between the MRS and the ALK is unbalanced and much higher than previously assumed. Individuals 
were less likely to disperse from the ALK to breed on the MRS (0.04, CI=0.03 to 0.05) than those breeding on the MRS were to 
disperse to breed on the ALK (0.17, CI=0.15 to 0.19). McGowan and others (2014) assumed balanced dispersal between these 
two breeding groups at 0.007 (with a total movement rate away from one group at 0.02; red dashed lines). Breeding fidelity was 
higher to the ALK (0.96, CI=0.95 to 0.97) than the MRS (0.83, CI=0.81 to 0.85). [Filled circles indicate mean Ψ estimates. Vertical 
lines indicate 95-percent credible intervals (CIs).]
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Year

MRS

ALK

From 2016 to 2019, MRS individuals 
more likely to disperse to the ALK
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Adult dispersal and fidelity showed an interesting pattern between the MRS and the ALK over the years of this study. 
Individuals became less likely to disperse to the MRS from the ALK (red arrow; mean annual estimates from the ALK to the 
MRS: 2014–15: 0.15, 2015–16: 0.04, 2016–17: 0.04, 2017–18: 0.02, 2018–19: 0.02) and more likely to disperse to the ALK from the 
MRS (red circle; mean annual estimates from the MRS to the ALK: 2014–15: 0.06, 2015–16: 0.06, 2016–17: 0.20, 2017–18: 0.19, 
2018–19: 0.16). [The last year in a fully time-dependent model is not estimable. Filled circles indicate mean Ψ estimates. 
Vertical lines indicate 95-percent credible intervals.]
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Fidelity was lower than predicted
in all breeding areas
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Adult breeding fidelity was much lower than assumed previously, though remained higher than natal fidelity. Individuals were 
least likely to remain to breed on SAK (0.52, CI=0.48 to 0.56) or OAH (0.61, CI=0.55 to 0.67). [Filled circles indicate mean Ψ 
estimates. Vertical lines indicate 95-percent credible intervals (CIs).]

Fidelity was highest for 
transient individuals
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Interestingly, fidelity to the transient state (0.81, CI=0.77 to 0.84; red circle) was even higher than fidelity to any of the breeding 
locations. [Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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Dispersal amongst the four breeding 
areas was relatively balanced
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Settled State

Dispersal amongst the four management units was higher than predicted but relatively balanced (mean estimate range: 
0.006 [the ALK to OAH] to 0.07 [OAH to the GRR]). Transient individuals were most likely to transition to breed on the ALK (0.10, 
CI=0.08 to 0.13) and least likely to transition to breed on OAH (0.02, CI=0.01 to 0.03). [Filled circles indicate mean Ψ estimates. 
Vertical lines indicate 95-percent credible intervals (CIs).]

But individuals were most likely to 
transition to the transient state

Settled State
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However, the transition probabilities (not including fidelity) were highest to the nonbreeding/transient state (mean estimate 
range: 0.16 [the GRR to NON] to 0.34 [SAK to NON]; red circles). This suggests that individuals are more likely to forgo breeding 
rather than to disperse and breed in another location. [Filled circles indicate mean Ψ estimates. Vertical lines indicate 
95-percent credible intervals.]
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Adult dispersal and fidelity 
varied over time

Over the course of the study, various patterns in adult dispersal occurred. See the following 11 slides. [The last year in a fully 
time-dependent model is not estimable. Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent credible 
intervals.]

ALK mean adult dispersal and fidelity
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Adults breeding on the ALK were most likely to return to breed on the ALK (0.70, CI=0.64 to 0.75). Transitioning to breed on SAK 
(0.03, CI=0.02 to 0.04) was slightly more likely than the GRR (0.008, CI=0.003 to 0.01) or OAH (0.006, CI=0.001 to 0.01), which were 
very unlikely. Most individuals that did not return to breed on the ALK transitioned to the transient state (NON; 0.26, CI=0.21 to 
0.31). [Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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Dispersal and fidelity were nearly 
constant from ALK

Year
2014–15 2015–16 2016–17 2017–18 2018–19
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Adult dispersal and fidelity for individuals breeding on the ALK were nearly constant over the years. Individuals were most 
likely to stay to breed on the ALK, next likely to transition to the transient state, and lastly were slightly more likely to breed 
on SAK than the GRR or OAH. [The last year in a fully time-dependent model is not estimable. Filled circles indicate mean Ψ 
estimates. Vertical lines indicate 95-percent credible intervals.]

SAK mean adult dispersal and fidelity

0.52
(0.48, 0.56)

0.06
(0.05, 0.08)

0.07
(0.05, 0.08)

0.34
(0.29, 0.38)

0.01
(0.006, 0.02)

Ad
ul

t Ψ
Es

tim
at

e

SAK
GRR

OAH

ALK

Settled State
ALK SAK GRR OAH NON

Adults breeding on SAK were most likely to return to breed on SAK (0.52, CI=0.48 to 0.56]). Transitioning to breed on the ALK 
(0.06, CI=0.05 to 0.08) or the GRR (0.07, CI=0.05 to 0.08) was more likely than OAH (0.01, CI=0.006 to 0.02). Most individuals that 
did not return to breed on SAK transitioned to the transient state (NON; 0.34, CI=0.29 to 0.38). [Filled circles indicate mean Ψ 
estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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Year
2014–15 2015–16 2016–17 2017–18 2018–19

From 2016 to 2017, SAK was equally
likely to enter NON as to stay on SAK

Adult dispersal and fidelity for individuals breeding on SAK varied over the years. Individuals were most likely to stay to breed 
on SAK, next likely to transition to the transient state, and lastly were slightly more likely to breed on the ALK or the GRR than 
OAH. Between 2016 to 2017, individuals were as likely to enter the transient state (red circle) as they were to remain to breed 
on SAK. [The last year in a fully time-dependent model is not estimable. Filled circles indicate mean Ψ estimates. Vertical lines 
indicate 95-percent credible intervals.]
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GRR mean adult dispersal and fidelity

Adults breeding on the GRR were most likely to return to breed on the GRR (0.75, CI=0.72 to 0.77]). Transitioning to breed on the 
ALK (0.03, CI=0.02 to 0.04]), SAK (0.04, CI=0.03 to 0.05]), or OAH (0.02, CI=0.01 to 0.03]) was equally likely. Most individuals that 
did not return to breed on the GRR transitioned to the transient state (NON; 0.16, CI=0.13 to 0.19]). [Filled circles indicate mean 
Ψ estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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GRR was less likely to move 
to SAK in later years

Adult dispersal and fidelity for individuals breeding on the GRR varied slightly over the years. Individuals were most likely to 
stay to breed on the GRR and next likely to transition to the transient state. Beginning in 2016 to 2017, individuals were least 
likely to disperse to breed on SAK (red circles; mean annual estimates the GRR to SAK: 2014–15: 0.04, 2015–16: 0.09, 2016–17: 
0.02, 2017–18: 0.01, 2018–19: 0.009). [The last year in a fully time-dependent model is not estimable. Filled circles indicate mean 
Ψ estimates. Vertical lines indicate 95-percent credible intervals.]
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OAH mean adult dispersal and fidelity

Adults breeding on OAH were most likely to return to breed on OAH (0.61, CI=0.55 to 0.67). Transitioning to breed on the GRR 
(0.07, CI=0.04 to 0.10) was more likely than the ALK (0.03, CI=0.02 to 0.05) or SAK (0.02, CI=0.006 to 0.03). Most individuals that 
did not return to breed on OAH transitioned to the transient state (NON; 0.27, CI=0.22 to 0.33). [Filled circles indicate mean Ψ 
estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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2014–15 2015–16 2016–17 2017–18 2018–19

Dispersal and fidelity were nearly 
constant from OAH

Adult dispersal and fidelity for individuals breeding on OAH varied slightly over the years. Individuals were most likely to stay 
to breed on OAH then to transition to the transient state. Individuals were more likely to disperse to the GRR than the ALK or 
SAK. In 2018–19, individuals were equally likely to enter the transient state as to stay to breed on OAH. [The last year in a fully 
time-dependent model is not estimable. Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent credible 
intervals.]
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Transient (NON) mean adult 
dispersal and fidelity

Transient individuals (NON) were most likely to remain transients (0.81, CI=0.77 to 0.84). Transitioning to breed on the ALK (0.10, 
CI=0.08 to 0.13) was more likely than SAK (0.03, CI=0.02 to 0.05), the GRR (0.04, CI=0.02 to 0.05), or OAH (0.02, CI=0.01 to 0.03). 
[Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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From 2014 to 2015, many transient 
individuals dispersed to SAK

Adult dispersal and fidelity for individuals in the transient state varied over the years. Individuals were most likely to stay in 
the transient state in all years. From 2014 to 2015, individuals were more likely to transition to breed on SAK (0.30, CI=0.11 to 
0.52; red circle) than to the ALK, the GRR, or OAH. In 2015–16 and 2016–17, the four breeding states were equally likely. [The 
last year in a fully time-dependent model is not estimable. Filled circles indicate mean Ψ estimates. Vertical lines indicate 
95-percent credible intervals (CIs).]
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From 2017 to 2019, transient 
individuals likely to disperse to ALK

Adult dispersal and fidelity for individuals in the transient state varied over the years. Individuals were most likely to stay in 
the transient state in all years. In 2015–16 and 2016–17, the four breeding states were equally likely. In 2017–18 and 2018–19, 
individuals were more likely to breed on the ALK (red circles; mean annual estimates NON to the ALK: 2014–15: 0.05, 2015–16: 
0.07, 2016–17: 0.05, 2017–18: 0.13, 2018–19: 0.22). [The last year in a fully time-dependent model is not estimable. Filled circles 
indicate mean Ψ estimates. Vertical lines indicate 95-percent credible intervals.]
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Available Habitat

Segment Success - Below

Segment Success - Above

Average Proximity

Adult dispersal varied based on
three covariates

β

From the global fitted model with all eight a priori covariates included on adult dispersal probabilities as well as a random 
effect of year, three covariates (red arrows) seem important based on nonoverlapping 95-percent credible intervals with zero. 
[Filled circles indicate mean β estimate. Whiskers indicate 95-percent credible intervals.]

Years Breeding in Management Unit β = -0.20; CI(-0.35, -0.06)
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Individuals were less likely to 
disperse if they had bred in one

management unit for longer

Adult dispersal probabilities decreased (solid line) when individuals had bred in the same management unit longer (β=−0.20; 
CI=−0.35 to −0.06). [Dashed lines indicate 95-percent credible interval (CI).]
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Individuals were more likely to 
disperse following nest failure

Adult dispersal probabilities increased when nests failed during incubation (red circle) compared to nests known to hatch or 
with unknown fates. [Filled circles indicate mean Ψ estimates. Vertical lines indicate 95-percent credible intervals.]

Index in Change in Available Habitat
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β = 0.22; CI(0.08, 0.36)

When more habitat was available, 
individuals were more likely to disperse

Contrary to our predictions, adult dispersal probabilities slightly increased (solid line) after a year when there was more 
habitat available than the prior year (β=0.22; CI=0.08 to 0.36). [Dashed lines indicate 95-percent credible interval (CI).]
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ANNUAL 
ADULT 

DETECTION
Multievent Bayesian 
hierarchical model

n = 2,582 individuals  

In this next section, we provide annual detection (p) estimates from our multievent models for adults. For more details, see the 
“Adult Survival and Breeding Dispersal Probabilities” section. [n, number]
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Detection was higher for MRS 
breeding birds

Annual detection of breeding adults on the ALK was lower (0.73, CI=0.70 to 0.76) than for the MRS (0.97, CI=0.96 to 0.98; red 
circle). [Filled circles indicate mean detection estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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Detection was higher for MRS 
breeding birds

Annual detection of breeding adults on the ALK was lower than for the MRS in four years (red circles). [The last year of a fully 
time-dependent model is not fully estimable. Filled circles indicate mean detection estimates. Vertical lines indicate 95-percent 
credible intervals.]
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Detection was lowest for transients

Annual detection was high for each of the breeding states (mean estimates range: 0.96–0.99) but was significantly lower for 
transient individuals (NON; 0.50, CI=0.46 to 0.55; red circle). [Filled circles indicate mean detection estimates. Vertical lines 
indicate 95 percent credible intervals (CIs).]
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Transient adults had lower detection 
over all years

Transient individuals (red circles) had lower detection in all years except 2018. Detection for the four breeding states (the 
ALK, SAK, the GRR, and OAH) were similar to each other and high. [The last year of a fully time-dependent model is not fully 
estimable. Filled circles indicate mean detection estimates. Vertical lines indicate 95-percent credible intervals.]

ANNUAL 
ADULT δ

Multievent Bayesian 
hierarchical model

n = 2,582 individuals  

δ is the probability that the state of an individual that is in state, s, is correctly observed. For more details, see the “Adult 
Survival and Breeding Dispersal Probabilities” section. [n, number]
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δ was higher for MRS birds
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Individuals breeding on the MRS had a higher probability of being assigned the correct state (0.83, CI=0.81 to 0.84; red circle) 
than the ALK breeding birds (0.53, CI=0.50 to 0.55). [Filled circles indicate mean δ estimates. Vertical lines indicate 95-percent 
credible intervals (CIs).]

δ was higher for MRS birds
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In all years, δ was higher for the MRS breeding birds (red circles) than the ALK breeding birds. [The last year of a fully 
time-dependent model is not fully estimable. Filled circles indicate mean δ estimates. Vertical lines indicate 95-percent 
credible intervals.]
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δ was lowest for transient 
individuals
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Individuals in the transient state (NON) were least likely to be assigned the correct state (0.11, CI=0.09 to 0.13; red circle). 
[Filled circles indicate mean δ estimates. Vertical lines indicate 95-percent credible intervals (CIs).]

δ varied over time for the breeding 
states

SAK
GRR

OAH

ALK

Year

Ad
ul

t δ
Es

tim
at

e

2014 2015 2016 2017 2018

Misassignment error, δ, varied over the years. [The last year of a fully time-dependent model is not fully estimable. Filled 
circles indicate mean δ estimates. Vertical lines indicate 95-percent credible intervals.]
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ANNUAL 
ADULT π

Multievent Bayesian 
hierarchical model

n = 2,582 individuals  

π is the probability that an individual is in state, s, when first encountered. For more details, see the “Adult Survival and 
Breeding Dispersal Probabilities” section. [n, number]

π was higher for MRS birds
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The probability of initial assignment (π) was higher for the MRS (0.68, CI=0.66 to 0.70) than the ALK (0.32, CI=0.30 to 0.34). [Filled 
circles indicate mean π estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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π was higher for Missouri River 
birds from 2014 to 2016
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Before 2017, birds were more likely to be assigned to the MRS (red circles) than to the ALK upon first encounter. [The last 
year of a fully time-dependent model is not fully estimable. Filled circles indicate mean π estimates. Vertical lines indicate 
95-percent credible intervals.]
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GRR had the highest probability of 
initial assignment

Of the four breeding locations, the GRR had the highest probability of initial assignment (0.30, CI=0.29 to 0.32). The ALK and SAK 
had slightly lower probabilities (0.24, CI=0.22 to 0.26) and OAH (0.11, CI=0.10 to 0.12) and transient individuals (0.10, CI=0.08 to 
0.12) were least likely. [Filled circles indicate mean π estimates. Vertical lines indicate 95-percent credible intervals (CIs).]
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π varied over the years
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Probability of initial assignment (π) varied over the years. [The last year of a fully time-dependent model is not fully estimable. 
Filled circles indicate mean π estimates. Vertical lines indicate 95-percent credible intervals.]

Connectivity among regions was higher than previously assumed with 
individuals commonly moving to breed on the U.S. Alkali Wetlands. 

Based on prior work along the southern Missouri River units, the Platte River and tributaries, and Prairie Canada, connectivity 
amongst the four proposed breeding groups was assumed to be low (0.0066; McGowan and others, 2014). Although dispersal 
varied over the years, the mean dispersal rate between the ALK and the MRS (the ALK to the MRS: 0.04; the MRS to the 
ALK: 0.17) was much higher than the level used by McGowan and others (2014). The low dispersal (0.0066; McGowan and 
others, 2014) previously simulated assumed that isolation among breeding areas would have insulated the NGP piping plover 
population from heightened extinction risk.
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Transient individuals may play an important role 
in population dynamics.

Transient individuals seem to play an important role in population dynamics for NGP piping plovers. Transient individuals, or 
early failed breeders seen in at least three management units, had substantially lower annual survival rates. When accounting 
for these individuals as a separate state, location-based survival estimates increased and improved (smaller credible 
intervals). Particularly interesting, though, was that fidelity to the transient state was high (0.81) suggesting that individuals 
that exhibit this transient behavior do so in multiple years. This fidelity has important ramifications for population dynamics 
because individuals were less likely to transition from the transient state into one of the breeding states and had reduced 
survival, essentially eliminating those individuals from future reproductive output. In years when habitat is not available on 
the Missouri River (for example in 2011), if individuals are unable to find mates or territories to breed on in the alkali wetlands, 
that may have a multiyear effect that reduces the adult population through reduced survival and reduced future reproductive 
output.
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WHAT 
FACTORS 
INFLUENCE 
ADULT 
DISPERSAL 
DISTANCE?
Generalized linear model

n = 878 individuals  

We calculated Euclidean dispersal distance as the distance between two successive breeding attempts for adults. Because 
piping plovers do not defend stable territories between years, we assumed that distances shorter than 50 meters (m) 
represented philopatric movements because the adults were likely using the same space in both years, and we removed them 
from our analysis. We investigated variation in dispersal distance in response to the a priori hypotheses on environmental, 
individual, and reproductive success factors. We examined sources of variation in dispersal distances using a generalized 
linear model. Additional details are provided in the “Dispersal Distances” section. [n, number]
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Some individuals moved long distances 
between nests

15 individuals moved over 
250 km

Mean: 28.5 km
Median: 3.7 km

Range: 0 – 422 km

We observed 1,824 movements from 1,027 individuals. Adult movement distances varied widely (mean: 23.7 km, median: 
0.95 km, range: 0–422 km, coefficient of variation: 227.0 km) and may include some philopatric individuals because we do 
not have data on piping plover territories. Adult movements showed low repeatability among years (Repeatability = 0.27, 
confidence interval needed=0.22 to 0.32). After eliminating movements less than 50 m, 1,335 adult movements remained for 
878 individuals (mean: 28.5 km, median: 3.7 km). In total, 73 percent of the interannual breeding movements had no gap year 
between nest locations. The longest dispersal event within the focal study area was from Lake Oahe to a northwestern alkali 
wetland (422 km). In total, 15 individuals moved over 250 km within the focal study area. One individual dispersed between 
different management units four times during the study.
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Mate Fidelity - Unknown

Previous Nest Fate - Unknown

Conspecific Density - Previous

Nest Initiation Date

Nest Fate - Hatched
Nest Fate - Unknown

Available Habitat - Previous

Previous Habitat type - River

Habitat type - River

Average Proximity

Conspecific Density - Settled

Available Habitat - Settled

Previous Habitat type - Reservoir

Habitat type - Reservoir

Previous Nest Fate - Hatched

Mate Fidelity - Retained

Adult dispersal distance varied 
based on seven covariates

β

From the global fitted model with all a priori covariates included on adult dispersal distances, seven covariates (red arrows) 
seem important based on nonoverlapping 95-percent confidence intervals with zero. [Filled circles indicate mean β estimate. 
Whiskers indicate 95-percent confidence intervals.]

Adults that moved farther initiated
their nests later
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Nest Initiation Date
JULY 1JUNE 1MAY 1

β = 2.80; CI(1.54, 4.04) 

Longer distances were associated with later nest initiation dates on the settled site (solid line; β=2.80; CI=1.54 to 4.04). [Dashed 
lines indicate 95-percent confidence interval (CI).]
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Previous Nest Fate
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UNKNOWNFAILED HATCHED

Individuals that failed to hatch a nest 
the year prior moved farther

Individuals whose nests failed in the previous year’s reproductive attempt moved longer distances (red circle), whereas a nest 
successfully hatching in the previous year’s reproductive attempt shortened movement distances. [Filled points indicate mean 
distance estimates. Vertical lines indicate 95-percent confidence intervals.]
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UNKNOWNDIVORCED RETAINED

Individuals that retained their mate 
from the year prior moved shorter

distances

Individuals that divorced their mate from the previous year moved farther than those that retained their mate (red circle). 
[Filled points indicate mean distance estimates. Vertical lines indicate 95-percent confidence intervals.]
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Previous Habitat typePrevious Habitat type
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RIVERALKALI RESERVOIR

Adults that left GRR moved the 
shortest distances

Individuals that previously bred on river habitats dispersed the shortest distances (red circle), whereas those that previously 
bred on reservoirs dispersed the farthest. [Filled points indicate mean distance estimates. Vertical lines indicate 95-percent 
confidence intervals.]
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Settled Habitat type
RIVERALKALI RESERVOIR

Adults that settled on GRR moved 
the shortest distances

Individuals settling on river habitats dispersed the shortest distances (red circle), whereas those settling on alkali wetlands 
dispersed the farthest. [Filled points indicate mean distance estimates. Vertical lines indicate 95-percent confidence intervals.]
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Index of Available Habitat
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LESS MORE
β = 3.62; CI(2.47, 4.77) 

If more habitat was present, 
individuals moved farther distances

Individuals moved farther distances if there was more habitat available than the previous year (solid line; β=3.62; CI=2.47 to 
4.77). [Dashed lines indicate 95-percent confidence interval (CI).]

Average Nearest Neighbor Distance (Proximity; kilometers)
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β = 2.18; CI(0.03, 5.60) 

Individuals moved farther if nesting 
segments were farther away

Breeding dispersal distances were shorter when settled sites were in closer proximity to other breeding segments (solid line; 
β=2.18; CI=0.03 to 5.60). [Dashed lines indicate 95-percent confidence interval (CI).]
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Reproductive success influences dispersal decisions.

Previous and current reproductive success affected dispersal probabilities and interannual breeding distances for piping 
plovers. As we predicted, dispersal probabilities and distance increased for piping plovers that experienced hatching failure 
the previous year, and distance also increased for those that divorced their mate. Previous reproductive success can affect 
dispersal probabilities in piping plovers (Rioux and others, 2011; Roche and others, 2012), as would be expected because 
dispersal is only adaptive if fitness increases. Individuals that have low reproductive success presumably attempt to disperse 
to an area of higher quality the next year to increase reproductive output (Schaub and Von Hirschheydt, 2009; Lagrange and 
others, 2017), and individuals may divorce their mates to improve reproductive success (Halimubieke and others, 2020). Nests 
on alkali wetlands during this same period had higher survival rates compared to river or reservoir habitats (Swift and others, 
2020b). Piping plovers dispersed the farthest when settling to breed on alkali wetlands. Although this could be due to the 
inherent dispersed nature of habitat within the alkali wetlands, individuals could also move to alkali wetlands to improve future 
reproductive success. However, longer dispersal distances may still retain some costs for piping plovers. Individuals that 
moved farther initiated their current nest later in the breeding season, likely a manifestation of some immediate travel cost to 
individuals or because of difficulties locating a new territory or mate. Delayed breeding suggests that long-distance dispersal 
may have fitness consequences because daily nest survival declines later in the breeding season for piping plovers in all three 
habitat types (Swift and others, 2020b). This study did not find other potential costs, such as reduced survival, which could also 
reduce potential fitness benefits of dispersing farther.
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Similar to natal dispersal, habitat availability drives adult breeding 
dispersal probabilities and dispersal distances.

Adult dispersal probabilities increased the year after habitat availability increased, which was contrary to our prediction. 
This was similar to our finding of natal dispersal probability in relation to natal-year habitat and could be driven by 
density-dependent processes the year after a good reproductive event. Similarly, adult individuals moved farther distances in 
response to more habitat available than the previous year.
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Piping plovers do not appear to use conspecifics as a cue of 
high quality habitat.

Conspecific densities during the breeding season can confer varied effects on piping plover reproduction, including rates of 
double brooding (Hunt and others, 2015) and nest survival (Swift and others, 2020c). Although density-dependent dispersal 
is thought to be due to limitations in available habitat, we failed to detect a relation between dispersal probabilities or 
movement distance with adult density at the settling site. Adult piping plovers have used public information (Danchin and 
others, 2004) to select nesting sites when there is interannual variation in habitat quality (Rioux and others, 2011). The lack of 
support for a relation between natal dispersal distance and chick or adult densities may indicate that first-time breeders are 
constrained to lower-quality nesting habitats because of intraspecific competition. Our results differ from previous findings 
from other study areas (Catlin and others, 2015; Rioux and others, 2011); therefore, piping plover dispersal may be mediated by 
density-dependent processes in some, but not all, habitats. True habitat-based density estimates might further enlighten this 
relation. Indeed, an international piping plover census indicated that piping plovers do not use all apparently suitable habitats 
within their geographic range (Plissner and Haig, 2000), suggesting that a better understanding of the factors contributing to 
habitat quality is still needed.
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CAN RENESTING BE AN EFFECTIVE 
REPRODUCTIVE STRATEGY AND HOW 

DOES IT INFLUENCE CONSERVATION OF 
PIPING PLOVERS?

Objective 6
Swift and others 2020b, The Auk

Swift and others (2020b) examined how renesting propensity, renesting intervals, and renest reproductive success may be an 
effective reproductive strategy of NGP piping plovers. Here, we will present a subset of this work.

Renesting propensity
Loss of nest or brood leads to decisions:

to have another nest attempt or not
to divorce or to move and how quickly

Upon reproductive failure, many bird species make a secondary attempt at nesting (hereafter called “renesting”). Renesting 
may be an effective strategy to maximize current and lifetime reproductive success, but individuals face uncertainty in 
the probability of success because reproductive attempts initiated later in the breeding season often have reduced nest, 
prefledging, and postfledging brood survival.
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Productivity of the system
Nest loss and renesting probabilities have 

implications for productivity, recruitment, and, 
ultimately, population demography

Although the benefit of successful renesting is obvious, the laying of replacement clutches may increase lifetime reproductive 
success only if this strategy does not inflict severe costs, such as a reduction in future fecundity or survival of breeders, as 
predicted by life-history theory. At best, renesting can only partially compensate for high rates of nest failure. Renesting can 
make important contributions to an individual’s annual fecundity and lifetime reproductive success, and replacing lost clutches 
may be an important reproductive strategy especially for species with high rates of nest failure (Arnold, 1993; Sandercock and 
others, 1999; Arnold and others, 2010). Clearly, quantifying renesting behavior is important for modeling population dynamics 
and for obtaining estimates of fecundity (Hoekman and others, 2002; Pakanen and others, 2016). However, renesting propensity 
is poorly understood, and demographic models frequently lack accurate estimates of renesting rates, which can lead to 
underestimates of fecundity and overestimates of population size (Sandercock and others, 2008; Arnold and others, 2010). For 
species of conservation concern, accurate demographic parameters are essential for ensuring conservation and management 
efforts are focused on processes that are most critical, particularly in dynamic and stochastic environments (Pakanen and 
others, 2016).
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North Dakota

South Dakota

Missouri River
2014 – 2016

2,658 individual breeding 
attempts

1,922 nests

643 broods

U.S. Alkali Wetlands
415

ALK
SAK
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Sakakawea
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Garrison Reach

741

Lake Oahe
212

We obtained data from 2,658 individual breeding attempts representing 1,785 unique individuals. We monitored 1,922 nests 
over 3 years (2014–16); individual sample sizes are shown on map. Most nests were found on the GRR (n=741), and OAH had 
the fewest nests (n=212) over the 3 years.

Lake 
Sakakawea

163
Garrison Reach

171

North Dakota

South Dakota

Lake Oahe
58

Missouri River
2014 – 2016

2,658 individual breeding 
attempts

1,922 nests

643 broods
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SAK
GRR
OAH

U.S. Alkali Wetlands
251

Of those 1,922 nests, we followed 643 broods from hatch to at least 21 days posthatch; individual sample sizes are shown on 
map. Most chicks were banded on the ALK (n=251) and OAH had the fewest chicks (n=58) over the 3 years.
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WHAT 
FACTORS 

INFLUENCE 
RENESTING 

PROPENSITY?
Generalized linear 

mixed model
n = 1,785 individuals
n = 2,658 attempts  

WHAT 
FACTORS 

INFLUENCE 
RENESTING 

PROPENSITY?

A renest was defined as an additional reproductive attempt after a failure. We examined the nesting period (egg laying and 
incubation until hatching) and the brood-rearing period (hatching to 21 days posthatch). We defined apparent renesting 
propensity as the proportion of individuals that renested after a failed previous reproductive attempt (Arnold, 1993; Claassen 
and others, 2014). Reproductive failure could occur during either nesting or brood-rearing stages. We investigated sources 
of variation in renesting propensity using a generalized linear mixed model. See the “Renesting” section for more detailed 
methodology. [n, number]
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2,381 of 2,685 breeding attempts
Mean: 1.2 nests

Standard deviation: 0.46
Range: 1–3 nests

Most individuals only attempt one 
nest per year

Overall, most individuals only attempted 1 nest per year (mean: 1.2 nests, standard deviation: 0.46, n=2,381 of 2,685 individual 
breeding year attempts). In total, 10 individuals attempted 3 nests, and 256 individuals attempted 2 nests within 1 year. 
Estimates of renesting propensity represent minimum values because some nests likely failed prior to detection.

About 10 percent of individuals moved habitat types between 
renesting attempts

We found that 10 percent of individuals that renested changed habitat types between the first and renest attempts. Of those, 
70 percent of individuals that moved left reservoir habitats; whereas only 19 percent left river habitats, and 11 percent left the 
alkali wetlands.
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Mean: 8.3 days
Standard deviation: 6.6

Range: 0–35 days

Most individuals renest in 
about 8 days

There was a wide range of estimated renest intervals (the periods between the date the first nest failed and the estimated first 
egg date of the renest). See Swift and others (2020b) for detailed analysis on the factors that affected renest intervals.

25 percent of individuals 
that fail during incubation

renest

1.2 percent of individuals 
that fail during the brood

stage renest

16 percent of reproductive failures renest

Piping plovers renested 247 times after 1,501 failed individual breeding attempts, a 16-percent apparent renesting propensity. 
This propensity differed based on the stage of reproductive failure; individuals renested after 240 of 960 (25 percent) attempts 
that failed in the nesting stage, but renested after only 7 of 541 (1.2 percent) broods failed.
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Renesting propensity varied based 
on four covariates

Date Failed
Age Failed

Failed Cause - Predation

Failed Cause - Water
Failed Cause - Unknown

Failed Cause - Weather
Previously renested

Mate 1 - Adult no experience

Mate 1 - 2nd year no experience

Mate 2 - 2nd year no experience

Mate 2 - Adult no experience
Mate 2 - Adult prior experience

Mate 1 - Adult prior experience

2015
2016

Habitat type - River
Habitat type - Reservoir

Available Habitat
Landform - Island

Habitat type - River : Available Habitat
Habitat type - Reservoir

: Available Habitat

β

From the global fitted model with all a priori covariates included on renest reproductive success, four covariates (red arrows) 
seem important based on nonoverlapping 95-percent confidence intervals with zero. [Filled circles indicate mean β estimate. 
Whiskers indicate 95-percent confidence intervals.]

Renesting propensity declined later
in the breeding season

50 percent chance 
of renesting 

if previous attempt
fails June 6

No piping plovers documented 
renesting that failed 

on or after July 10
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MAY 15 JUNE 1 JUNE 15 JULY 1 JULY 15 AUG 1 AUG 15
β = -1.34; CI(-1.71, -0.99) Approximate Failure Date

Renesting propensity decreased with later dates of reproductive failure (solid line; β=−1.34; CI=−1.71 to −0.99). No piping plover 
was documented renesting that failed after July 10. Our predictive model states a roughly 50-percent chance of renesting if 
the previous attempt failed on June 6. [Dashed lines indicate 95-percent confidence interval (CI).]
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Adults with nests in which chicks hatched
and nests that were depredated during 

incubation were less likely to renest

R
en

es
tin

g 
Pr

ob
ab

ilit
y

UNKNOWNHATCHED PREDATOR
Cause of Reproductive Failure

WATER WEATHER

Nests in which chicks hatched (but failed during the brood-rearing stage) were less likely to be replaced, followed by nests 
that were depredated (red circles), compared to nests that failed because of unknown causes, inundation (water), or severe 
storms (weather). [Filled points indicate mean renesting probability estimates. Vertical lines indicate 95-percent confidence 
intervals.]

Renesting propensity was 
lower on reservoirs
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RIVERALKALI RESERVOIR
Habitat type

Renesting propensity was lower for birds that nested on reservoirs (red circle) compared to alkali wetlands or rivers. [Filled 
circles indicate mean renesting probability estimates. Vertical lines indicate 95-percent confidence intervals.]
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Renesting propensity was lower
following failure of a second attempt
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Previously Renested
NO YES

Individuals were less likely to renest after failure of their second nest attempt (red circle). [Filled points indicate mean 
renesting probability estimates. Vertical lines indicate 95-percent confidence intervals.]

Renesting is strongly tied to seasonality for piping plovers and typically 
only occurs early in the breeding season.

Renesting in piping plovers was affected by temporal, environmental, and individual factors. Until a detailed population model 
is completed, we cannot quantitatively explore the benefits (increased productivity) of investing in current reproductive 
success against any potential costs (survival). However, it seems that the benefits of renesting are low for piping plovers 
nesting in the NGP. In general, renesting propensity declined during the breeding season with individuals less likely to renest 
when nests or broods failed at later dates.
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Piping plovers rarely will renest if they fail during 
the brood-rearing stage. 

The cause of reproductive failure affected renesting propensity. Reproductive attempts that failed during the brood-rearing 
stage were far less likely to be followed by a renest, regardless of age of brood at the time of failure, than those that failed 
during egg laying or incubation, which may be a result of temporal or physiological constraints. The cost of egg laying after 
completing incubation (about 32–36 days from nest initiation to hatch) may be too high for most individuals or may occur 
too late in the breeding season. Renesting may be an evolutionary adaptation to compensate for high rates of egg loss to 
predators and weather-related events (Sandercock and others, 1999; Lishman and others, 2010; Claassen and others, 2014). 
Interestingly, depredated nests were less likely to be followed by a renest than those that failed because of severe storms or 
flooding. Instead, piping plovers may be associating nest loss because of predators as a threat to their own survival or as a 
cue of higher probability that future attempts may also be at risk of nest predation because predators are likely to return to 
previous sites of predation (Martin and others, 2000; Pakanen and others, 2014). Water-level rise that resulted in flooded nests 
did not lower the rate of renesting, nor did nest failure because of severe storms, but these threats to nests probably pose 
less of a threat to adult survival than predators and are less predictable. Piping plovers seem to adjust renesting decisions in 
relation to cues of predation risk based on their direct experience.
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HOW MUCH 
DO RENESTS 
CONTRIBUTE 

TO THE 
POPULATION?

Generalized linear 
mixed model

n = 263 individuals  

HOW MUCH 
DO RENESTS 

CONTRIBUTE 
TO THE 

POPULATION?

We defined renest reproductive success as a categorical response with reproductive attempts failing during nesting (failed), 
failing during the brood-rearing period (hatched), or successfully fledging one chick to at least 21 days posthatch (fledged). 
Our categorization of fledged nests likely represents a minimum estimate because of imperfect detection of older chicks. We 
investigated sources of variation in renest reproductive success using a generalized linear mixed model. See the “Renesting” 
section for more detailed methods. [n, number]
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21 percent of renests hatch
5 percent have at least one 

chick that fledged

51 percent of first nests hatch
24 percent have at least one 

chick that fledged

Renests generally had lower nest 
and fledging success than first nests

Renests generally were not as productive as first nests because only 21 percent of renests hatched (compared to 51 percent 
of first nests) and 5 percent fledged at least one chick (compared to 24 percent of first attempts). Individuals that moved 
farther than 150 m from their first nest had slightly lower hatching success (29.5 percent compared to 33.7 percent) 
and fledging success (23.8 percent compared to 24.1 percent). Renest reproductive success varied among years (2014: 
57.5 percent nests failed, 8.0 percent fledged; 2015: 63.6 percent nests failed, 1.9 percent fledged; 2016: 42.9 percent nests 
failed, 7.1 percent fledged). Renest reproductive success on reservoirs was lowest (apparent hatching success: 21 percent, 
apparent fledging success: 0 percent) compared to alkali wetlands (apparent hatching success: 27 percent, apparent fledging 
success: 20 percent) and rivers (apparent hatching success: 28 percent, apparent fledging success: 9 percent).
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Renest reproductive success varied 
based on three covariates

Mate Fidelity - Unknown

Mate Fidelity - Retained

Dispersal Distance

2015

2016

Habitat type - River

Habitat type - Reservoir

Available Habitat

Landform - Island

Habitat type - Reservoir 
: Available Habitat

Habitat type - River
: Available Habitat

β

From the global fitted model with all a priori covariates included on renest reproductive success, two covariates and 2015 (red 
arrows) seem important based on nonoverlapping 95-percent confidence intervals with zero. [Filled circles indicate mean β 
estimate. Whiskers indicate 95-percent confidence intervals.]
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Renest reproductive success was 
lowest on reservoirs

RIVERALKALI RESERVOIR

Habitat type

Renest reproductive success was lower on reservoirs than on alkali wetlands or rivers. Reservoirs had a high probability 
that renest reproductive attempts would fail during the nesting stage (red circles), whereas rivers and alkali wetlands had 
higher probabilities of fledging young. Renest reproductive success on reservoirs was lowest (probability of failing: 0.91, 
hatching: 0.09, fledging: 0.001) compared to alkali wetlands (probability of failing: 0.65, hatching: 0.33, fledging: 0.02) and rivers 
(probability of failing: 0.77, hatching: 0.22, fledging: 0.01). [Filled points indicate mean renesting probability estimates. Vertical 
lines indicate 95-percent confidence intervals.]
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Habitat availability affects renest fate 
differently between habitat types

Within Season Change in Available Habitat (May to July)
LESS MORE LESS MORE LESS MORE

Renest fate on reservoirs interacted with the amount of available nesting habitat (solid lines). [Dashed lines indicate 
95-percent confidence intervals.]

When relatively more habitat was 
available in July compared to May, 

renests on reservoirs had improved
success

Within Season Change in Available Habitat (May to July)
LESS MORE LESS MORE LESS MORE

When relatively more habitat was available in July compared to May, renests on reservoirs had improved reproductive 
success with lower probabilities of nests failing and higher probabilities of nests hatching but failing during brood-rearing; 
however, if less habitat was available in July compared to May, renests on reservoirs had low hatching success and high 
probabilities of nests failing. [Dashed lines indicate 95-percent confidence intervals.]
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Nest survival varied by habitat type, 
nest attempt, and during the breeding 

season
Model ΔAICc Model weight Deviance

Renest + Habitat type + Time 0.00 0.94 4808.95

Renest + Habitat type 5.62 0.06 4816.57

Habitat type + Time 19.53 < 0.001 4830.47

Habitat type 40.57 < 0.001 4853.52

Renest + Time 76.58 < 0.001 4889.53

Renest 80.65 < 0.001 4895.60

Time 94.68 < 0.001 4909.63

Null 112.52 < 0.001 4929.47

The final model selection table is shown for nest survival. We restricted our sample for daily nest survival to nests with known 
nest fates and short monitoring intervals (2–4 days). Nest survival varied within a breeding season (declining trend in daily 
survival), habitat type, and nest attempt. [ΔAICc, the change in Akaike’s information criteria corrected for small sample sizes 
(AICc) relative to the top-ranked model; <, less than]

Renests had lower daily and 
cumulative nest survival

Cumulative Survival 
0.27

Cumulative Survival 
0.46
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n = 1,703 nests (200 renests) 

Our analysis included 1,703 nests (1,503 first nesting attempts [gray lines] and 200 renests [black lines]). Renests showed 
significantly lower daily nest survival, even with a linear temporal trend included (across habitat types). Cumulative nest 
survival averaged 0.46 for first nests but only 0.27 for renests. [Dashed lines indicate 95-percent confidence intervals. n, 
number]
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Reservoirs had lower daily and 
cumulative nest survival
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Reservoirs had lower daily nest survival than other habitat types (regardless of nest attempt). [Dashed lines indicate 
95-percent confidence intervals.]

Reservoir renests had the lowest
daily and cumulative survival

First Nest: 0.42

Renest: 0.22

First Nest: 0.71
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The effects of habitat type and nest type were additive. Therefore, reservoir renests had the lowest daily and cumulative (0.22) 
survival whereas first nests on the alkali wetlands had the highest daily and cumulative (0.71) survival. [Gray shading indicates 
95-percent confidence intervals. First nests are shown with solid lines, and renests are shown with dashed lines.]
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Renesting is less likely to occur on reservoirs than in other habitats, 
and renests are less likely to hatch on reservoirs.

Individuals breeding on reservoirs had lower renesting propensity and renest reproductive success than those on the river 
or alkali wetland habitats. In fact, change in nesting habitat abundance was a significant predictor of renest reproductive 
success. Since the construction of dams on the Missouri River, piping plovers began nesting on shorelines and islands of 
reservoirs. As much as 60 percent of Missouri River piping plovers use main-stem reservoir habitats (Anteau and others, 
2014b), and, in 2014–16, 43 percent of nests were on main-stem reservoirs (Anteau and others, 2014a; USFWS, 2003). However, 
reservoir use can vary among years, which is most likely correlated with water-surface elevation and thus available nesting 
habitat. In this study (2014–16), main-stem reservoir elevations were similar across years with 1–2 m elevation water rise from 
May to July for Lakes Sakakawea and Oahe. Compared to average water elevations (from 1955 for Lake Sakakawea and 1967 
for Lake Oahe to 2019), water levels were high for each year of this study. However, our index of available habitat did vary 
considerably among the 3 years. Compared to other habitat types, reservoir nesting individuals had much lower apparent 
renest reproductive success, unless available habitat increased during the breeding season from May to July. Reservoirs 
on the Upper Missouri River (upstream from Pierre, South Dakota) experience large interannual water-level fluctuations in 
response to management and wet-dry climate periods (Anteau and others, 2014a, b). Such interannual flooding and drawdown 
affects habitat abundance and availability among years, but within-year fluctuations in water elevations can dramatically 
affect individual nest success and renesting propensity. Because of snowmelt in the Rocky Mountains and local precipitation, 
reservoirs on the Upper Missouri River often show midseason water-level rise (Anteau and others, 2012b). Upward elevation 
shifts of only 1 m in height can completely inundate nesting islands and shoreline habitats, flooding nests and drowning 
unfledged chicks. Main-stem reservoir nesting individuals thus face a more dynamic system within and between years 
than individuals nesting on river or alkali wetland habitats, which may cause the reduced renesting propensity, apparent 
renest reproductive success, and daily nest survival seen here. Although individuals are capable of successfully hatching 
renests on reservoirs, we never documented a fledged renest attempt on reservoir habitats. Thus, midseason water-level 
rise on main-stem reservoirs may be contributing to reduced renesting and therefore lower reproductive success in piping 
plovers. Further, 70 percent of individuals that moved habitats between first and renest attempts left reservoir habitats. Some 
individuals may respond to this dynamic system through breeding dispersal to riverine or alkali wetland habitats.
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Renests are less successful (lower daily and cumulative 
nest survival) than first nests.

Other studies of piping plovers have also found strong seasonal effects on reproductive success (Anteau and others, 2012a; 
Brudney and others, 2013; Claassen and others, 2014), and any factors that cause piping plovers to nest later are likely to 
lead to lower annual breeding productivity. The mean chance of renesting in early June (around June 6) was 50 percent 
but declined to near 0 percent after a reproductive failure after July 10. Furthermore, the date of reproductive failure had a 
stronger affect for renesting probability than the age of the reproductive attempt at the time of failure. Temporal constraints 
may be less severe compared to Holarctic breeders (Swift and others, 2018; Weiser and others, 2018); however, the observed 
cutoff of reproduction in mid-July and shorter renesting intervals suggest some threshold for breeding even in northern 
temperate latitudes. Although individuals continued to initiate nests between June 6 and July 10, only 38 percent were 
successful at hatching, and only 13 percent of those fledged at least one chick. Further, first and renest attempts had a 
substantial linear decline with date in daily nest survival. Thus, reproductive attempts initiated later in the breeding season 
have less productivity.
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Renesting may be an ineffective reproductive strategy which has 
important management implications. 

Replacing lost nests or broods through renesting may be an unproductive strategy for piping plovers in the NGP. Renests 
had lower daily nest survival throughout the breeding season, and cumulative survival was lower for renests than for first 
nests. Additionally, apparent renest reproductive success, which included posthatch to fledge survival of broods, was low, 
particularly for individuals nesting on reservoirs. Renests may have lower daily nest survival because of some inherent quality 
of the individuals attempting those nests, because of suboptimal timing, or because individuals rush to nest in unsafe or 
unknown areas. Further, with seasonal declines in reproductive success, renesting may not increase current reproductive 
success, or at least may come at some long-term cost to annual survival (Becker and Zhang, 2011). Lastly, renesting was 
uncommon with only 25 percent of individuals that failed during the nesting stage replacing lost attempts. This differs 
considerably from the Great Lakes population of piping plovers, where 49 percent of failed pairs renested, and one pair made 
five attempts in 1 year (Claassen and others, 2014). The dynamic and unstable environmental conditions, which characterize 
habitat for the NGP population, likely contrast with those conditions in the Great Lakes. If so, then these two populations 
may have settled on different bet-hedging strategies to cope with uncertainty and spatiotemporal variability in selective 
pressures to maximize lifetime fecundity (Olofsson and others, 2009; Chalfoun and Schmidt, 2012). Piping plovers in the NGP 
may therefore be under different selective pressures than those in the Great Lakes, and thus, NGP piping plovers may rely on 
relatively high annual survival (Roche and others, 2010; Anteau and others, 2019) to maximize lifetime reproductive success. 
Further, the difference between the apparent renesting rate for the two populations and the overall lack of renest success 
of NGP piping plovers provide evidence that patterns from one population may not accurately inform the other. If managers 
use data from one population to inform intensive conservation and management strategies, the outcomes may not be similar 
across the two populations. Thus, unlike the Great Lakes population, the costs for NGP piping plovers to renest likely do not 
outweigh the potential reproductive gains, which are modest at best.
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IS REPRODUCTIVE SUCCESS 
HIGH ENOUGH TO ACCOUNT 

FOR UNBALANCED 
DISPERSAL?

Objective 7

We estimated an index of reproductive output and addressed how this could affect population growth rates.

HOW MANY 
FLEDGLINGS 
PER PAIR WERE 
PRODUCED?
Chicks fledged per pairi,t =

CS ∗ ϕNEST i,t∗ RPi,t ∗ϕHY i,t

We estimated observed reproductive output as the number of fledged chicks per pair to estimate an index of reproductive 
success using our year and management unit specific estimates of nest and chick survival using this equation. [i, management 
unit; t, year; CS, clutch size; ϕNEST, the probability that an individual has a successful nest in a given year; RP, the probability an 
individual replaces a lost reproductive attempt; ϕHY, cumulative survival from hatch to fledge (21 days posthatch)]
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Observed reproductive output

Chicks fledged per pairi,t = CS ∗ϕNEST i,t∗ RPi,t ∗ϕHY i,t

To assess population stability, we estimated observed reproductive output as the number of fledged chicks per pair for 
each management unit from 2014 to 2016. In the equation, i represents each management unit, t represents year, CS is the 
mean clutch size of piping plovers in this system (mean = 3.49), ϕNEST represents the probability that an individual has a 
successful nest in a given year (represented here by cumulative nest survival), RP is the probability an individual replaces 
a lost reproductive attempt, and ϕHY is cumulative survival from hatch to fledge (21 days posthatch). We calculated year 
and management unit specific estimates of fledged chicks per pair by calculating the mean, 5th, and 95th percentiles of 
100,000 estimates. See the “Reproductive Output” section for more information.
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Lake 
Sakakawea

455

Garrison Reach
889

North Dakota

South Dakota

Lake Oahe
259

Missouri River

2014 – 2016

2,207 nests monitored

U.S. Alkali Wetlands
604

ALK
SAK
GRR
OAH

We estimated cumulative nest survival during the nesting period (egg-laying and incubation). We monitored 2,207 nests over 
3 years (2014–16); individual sample sizes are shown on map. Most nests were found on the GRR (n=889), and OAH had the 
fewest nests (n=259) over the 3 years. See the “Reproductive Output” section for detailed methods.

Nest survival varied by year, 
management unit, and during the 

breeding season
Model Number of 

parameters
ΔAICc Model weight Deviance

Unit : Year + Time 17 0.00 1 5550.80

Unit + Year + Time 8 129.02 < 0.001 5697.84

Unit + Time 5 155.69 < 0.001 5730.51

Year + Time 5 305.79 < 0.001 5880.61

Time 2 329.67 < 0.001 5910.49

Null 1 337.21 < 0.001 5920.04

The final model selection table is shown for daily nest survival estimates. Nest survival varied within a breeding season 
(declining trend in daily survival) and was year and management unit specific. [ΔAICc, the change in Akaike’s information 
criteria corrected for small sample sizes (AICc) relative to the top-ranked model; <, less than]
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Nest survival was consistently 
high on ALK

184 138 156 161 282 312 295 84 112 63219 201

SAK
GRR

OAH

ALK

The ALK consistently had high cumulative nest survival (red circle). Cumulative nest survival rates (circles) and their 
associated 95-percent confidence interval (vertical lines) are shown. [The annual sample size of nests per year and 
management unit is listed above the x-axis.]

Renesting probability was 
highest on GRR

0.12
(0.08, 0.15)

0.17
(0.14, 0.20)

0.26 
(0.23, 0.30)

0.13
(0.08, 0.18)

Location

SAK
GRR

OAH

ALK

Renesting probability after a failed nesting attempt (failed during egg-laying or incubation) varied from 0.12 (the ALK) to 0.26 
(the GRR; red circle). Estimates of renesting probability were lower than the 49 percent renesting probability estimated for 
piping plovers in the Great Lakes (Claassen and others, 2014). [Filled circles indicate mean renesting probability estimates. 
Vertical lines indicate 95-percent confidence intervals.]
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Lake 
Sakakawea

564

Garrison Reach
753

North Dakota

South Dakota

Lake Oahe
179

Missouri River

2014 – 2016

2,060 chicks monitored

U.S. Alkali Wetlands
564

ALK
SAK
GRR
OAH

We built Cormack-Jolly-Seber models to estimate the daily probability of apparent survival (ϕ) and detection (p) for piping 
plover chicks and calculated cumulative survival to fledging. We monitored 2,060 chicks over 3 years (2014–16); individual 
sample sizes are shown on map. Most chicks were banded on the GRR (n=753), and OAH had the fewest (n=179) over the 
3 years. For more details on methods, see the “Reproductive Output” section.
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Chick survival varied by year, 
management unit, and during the 

breeding season
Model Number of 

parameters
ΔQAICc Model 

weight
Deviance

Φ(Prefledge : Unit : Year + Time + Postfledge)
p(Prefledge : Unit : Year + Time + Postfledge)

70 0.00 1 89.57

Φ(Prefledge : Unit + Time + Postfledge)
p(Prefledge : Unit : Year + Time + Postfledge)

44 22.16 < 0.001 165.05

Φ(Prefledge : Year + Time + Postfledge)
p(Prefledge : Unit : Year + Time + Postfledge)

48 26.54 < 0.001 161.26

Φ(Prefledge + Time + Postfledge)
p(Prefledge : Unit : Year + Time + Postfledge)

38 133.59 < 0.001 288.69

Φ(Prefledge + Postfledge)
p(Prefledge : Unit : Year + Time + Postfledge)

37 145.55 < 0.001 302.68

The final model selection table is shown for the chick survival analysis. Chick survival varied within a breeding season 
(declining trend in daily survival) and was year and management unit specific. [ΔQAICc, the change in Akaike’s information 
criteria corrected for small sample sizes and overdispersion (QAICc) relative to the top-ranked model; ϕ, apparent survival; p, 
detection; <, less than]

Chick survival was variable

196 166 202 119 186 259 305 292 156 41 64 74

SAK
GRR

OAH

ALK

Cumulative chick survival to fledging was highly variable over the years. In 2014, the GRR had very high cumulative survival to 
fledge. [The annual sample size of chicks per year and management unit is listed above the x-axis. Filled circles indicate mean 
cumulative chick survival to fledging estimates. Vertical lines indicate 95-percent confidence intervals.]
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SAK
GRR

OAH

ALK

2014 GRR produced the most 
fledglings per pair

In 2014, the GRR produced an estimated 2.11 (CI=1.82 to 2.35) fledglings per pair (red circle). SAK and OAH never produced 
more than one fledgling per pair. [Filled circles indicate mean observed reproductive output estimates. Vertical lines indicate 
95-percent confidence intervals (CI).]
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HOW MANY 
FLEDGLINGS 
ARE NEEDED 

FOR A 
STATIONARY 

POPULATION?
λ = SAHY + R∗P∗Bt∗SHY +

R∗(1−P)∗Bt-1∗SAHY∗SHY

We used our estimates of adult and hatch-year survival to calculate the reproductive output needed to maintain a stable 
population (stationarity) as an index of reproductive success for each management unit. We followed the methods used by 
Cohen and Gratto-Trevor (2011) and Catlin and others (2015) to make comparable estimates across studies. We used this 
equation. [λ, population growth rate from year t to t+1; SAHY, true survival for adult individuals; R, sex ratio at hatch; P, the 
probability that a returning hatch-year bird will breed in its first year; B, birth rate; SHY, true survival for hatch-year individuals]
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Reproductive output needed for 
stationarity

λ = SAHY + R∗P∗Bt∗SHY + R∗(1−P)∗Bt-1∗SAHY∗SHY

We used this equation to calculate reproductive output needed for stationarity (Cohen and Gratto-Trevor, 2011). In this 
equation, λ is the population growth rate from year t to t+1, SAHY is true survival for adult individuals estimated in this study, 
SHY is true survival for hatch-year individuals estimated in this study, R is the sex ratio at hatch (assumed to be 0.5; Cohen 
and Gratto-Trevor, 2011), P is the probability that a returning hatch-year bird will breed in its first year (assumed to be 0.68; 
Gratto-Trevor and others, 2010; Cohen and Gratto-Trevor, 2011), and B is the birth rate defined as fledged chicks produced 
per pair. This equation accounts for breeding adults surviving from year t to year t+1 and recruiting into the population in year 
t+1. Following Cohen and Gratto-Trevor (2011), we set λ=1 and solved for B, assuming that Bt=Bt−1, to determine the number 
of fledged chicks per pair to maintain stationarity. To incorporate variance into our estimate of B, we followed the same 
procedure as Cohen and Gratto-Trevor (2011) simulating 100,000 values of SAHY and SHY using a multivariate normal distribution. 
We then calculated B using the above equation for each of the 100,000 runs and calculated a mean value and the 5th and 95th 
percentiles of those values. See the “Reproductive Output” section for more detailed methodology.
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Adult annual survival
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We used these estimated values of adult annual survival for each management unit in the equation to calculate reproductive 
output needed for stationarity. [Filled circles indicate mean annual adult survival estimates. Vertical lines indicate 95-percent 
credible intervals.]

Hatch-year annual survival

Location
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We used these estimates of hatch-year annual survival in the equation to calculate reproductive output needed for 
stationarity. [Filled circles indicate mean hatch-year survival estimates. Vertical lines indicate 95-percent credible intervals.]
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Location

1.73
(1.14, 2.62)

2.19
(1.41, 3.41)

1.03 
(0.77, 1.39)

2.76
(1.53, 5.16)

SAK
GRR

OAH

ALK

Reproductive output needed for 
stationarity

ALK SAK GRR OAH

Between 1.03 (the GRR) and 2.76 (OAH) fledged chicks per pair were needed for the population to achieve stationarity from 
2014 to 2016. [Filled circles indicate mean estimates. Vertical lines indicate 95-percent confidence intervals.]

ARE ANY 
POPULATIONS 
AT ANY UNITS 

GROWING?
Chicks fledged per pairi,t =

CS ∗ ϕNEST i,t ∗ RPi,t ∗ϕHY i,t

We estimated observed reproductive output as the number of fledged chicks per pair to compare against the value needed 
for stationarity using our year and management unit specific estimates of nest and chick survival using this equation. [i, 
management unit; t, year; CS, clutch size; ϕNEST, the probability that an individual has a successful nest in a given year; RP, 
the probability an individual replaces a lost reproductive attempt; ϕHY, cumulative survival from hatch to fledge (21 days 
posthatch)]
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Observed reproductive output

Compare to value needed for 
stationarity

Chicks fledged per pairi,t = CS ∗ FS i,t∗ϕHY i,t

To determine if any management unit from 2014 to 2016 showed population growth or stability, we compared our estimates 
of observed reproductive output with those needed for stationarity calculated previously. [i, management unit; t, year; CS, 
clutch size; FS, the probability an individual succeeds at reproducing; ϕHY, cumulative survival from hatch to fledge (21 days 
posthatch)]
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Observed reproductive output

FSi,t = ϕNEST i,t ∗ e
(1 − ϕNEST i,t)2

FSi,t = ϕNEST i,t ∗ RPi,t

Chicks fledged per pairi,t = CS ∗ FS i,t∗ϕHY i,t

e 1-ϕ

We estimated female success (FS) two separate ways. First, we used Cowardin and Johnson’s (1979) equation for female 
success (top) to account for continued nesting attempts after nest failure in our estimate of reproductive output. This is the 
same method as Catlin and others (2015). Second, we used our known estimates of renesting probability (RP; bottom equation) 
to compare estimates of reproductive output with management unit specific rates. [i, management unit; t, year; ϕHY, cumulative 
survival from hatch to fledge (21 days posthatch); ϕNEST, the probability that an individual has a successful nest in a given year; 
e, Euler’s number]
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2014 GRR had population growth
Chicks fledged per pairi,t = CS ∗ ϕNEST i,t∗ e

(1 −ϕNEST i,t)2∗ ϕHY i,t

SAK
GRR

OAH

ALK

Using Cowardin and Johnson’s (1979) equation, only the GRR in 2014 showed population growth and the ALK in 2014 may have 
remained stable (falls within confidence intervals; red circles). [Filled circles indicate mean estimates. Vertical lines indicate 
95-percent confidence intervals (CIs). The red solid lines show the mean estimate of output needed for stationarity for each 
management unit. The red dashed lines show the 95-percent CIs of the mean estimates. i, management unit; t, year; CS, clutch 
size; ϕNEST, the probability that an individual has a successful nest in a given year; e, Euler’s number; ϕHY, cumulative survival 
from hatch to fledge (21 days posthatch)]
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Reservoirs never met stationarity
Chicks fledged per pairi,t = CS ∗ ϕNEST i,t∗ e

(1 −ϕNEST i,t)2∗ ϕHY i,t

SAK
GRR

OAH

ALK

Using Cowardin and Johnson’s (1979) equation, neither main-stem reservoir of the Missouri River (SAK or OAH) reached 
the number of fledged chicks per pair needed for stationarity. [Filled circles indicate mean estimates. Vertical lines indicate 
95-percent confidence intervals (CIs). The red solid lines show the mean estimate of output needed for stationarity for each 
management unit. The red dashed lines show the 95-percent CIs of the mean estimates. i, management unit; t, year; CS, clutch 
size; ϕNEST, the probability that an individual has a successful nest in a given year; e, Euler’s number; ϕHY, cumulative survival 
from hatch to fledge (21 days posthatch)]
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Reservoirs never met stationarity
Chicks fledged per pairi,t = CS ∗ ϕNEST i,t∗ RPi,t ∗ ϕHY i,t

SAK
GRR

OAH

ALK

Estimates using renesting probabilities specific to each management unit (shown here) were similar to those derived from 
Cowardin and Johnson’s (1979) equation. Neither main-stem reservoir of the Missouri River (SAK or OAH) reached the number 
of fledged chicks per pair needed for stationarity. [Filled circles indicate mean estimates. Vertical lines indicate 95-percent 
confidence intervals (CIs). The red solid lines show the mean estimate of output needed for stationarity for each management 
unit. The red dashed lines show the 95-percent CIs of the mean estimates. i, management unit; t, year; CS, clutch size; ϕNEST, 
the probability that an individual has a successful nest in a given year; RP, the probability an individual replaces a lost 
reproductive attempt; ϕHY, cumulative survival from hatch to fledge (21 days posthatch)]
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Comparison among populations

Here, we present the estimates of observed reproductive output (open circles) calculated as part of this study (the ALK, 
SAK, the GRR, and OAH) relative to the number of fledglings per pair needed for population stationarity (red filled circles 
with 95-percent confidence intervals shown as vertical red lines) to those calculated for other populations of piping plovers. 
The two estimates for population stationarity on the reservoirs (SAK, OAH) are higher than most others, suggesting that the 
main-stem reservoirs are unique and may affect piping plover demography differently than other habitat types. Estimates of 
observed reproductive output are similar to other location estimates. The estimate from 2014 on the GRR is similar to estimates 
on Gavins Point Reach (GVP) after the 2011 flood of the Missouri River. See appendix 1 for more detailed vital rates from other 
studies. [SK, Saskatchewan: 2002–05, Cohen and Gratto-Trevor (2011); LCL, Lewis and Clark Lake: 2005–12, Catlin and others 
(2015); GVP, Gavins Point Reach: 2005–12, Catlin and others (2015), 2005–09 and 2012–14, Hunt and others (2018); NY, New York: 
2013–17, Weithman and others (2019); NC, North Carolina: 2015–17, Weithman and others (2019)]
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Within a management unit, the number of young fledged per pair 
rarely met the needed number for the population to remain stable.

Based on the values assumed or estimated from this study, no management unit produced enough extra fledglings per pair 
to compensate for lower reproductive output in other areas through immigration. The reservoirs never produced enough 
fledglings per pair to reach population stationarity. Years when chick survival was higher had a strong effect on improving 
reproductive output.
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The equation used to calculate reproductive output needed for 
stationarity has several assumptions that we know from results of this 

study are not met.

Although using the same equation to calculate reproductive output needed for stationarity has the benefit of providing 
comparable estimates to other piping plover studies, this simple equation has several assumptions. Based on the results of 
this study, we now know that the equation used to calculate the number of fledglings per pair needed to achieve population 
stationarity has some flaws (in other words, assumptions that are not met).
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Reproductive output needed for 
stationarity

λ = SAHY + R∗P∗Bt∗SHY + R∗(1−P)∗Bt-1∗SAHY∗SHY

Variation in productivity estimates

Different processes influence hatch-year and adult survival

Rates of second-year breeding unknown for northern Great Plains piping plovers

Not all adults breed each year

Uneven age class structure

Population is not closed (high dispersal within focal study area)

Here we mention a few of the problems in using this equation to calculate reproductive output needed for stationarity based 
on the results of this study. [λ, population growth rate from year t to t+1; SAHY, true survival for adult individuals; R, sex ratio at 
hatch; P, the probability that a returning hatch-year bird will breed in its first year; B, birth rate; SHY, true survival for hatch-year 
individuals]
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To fully account for the connectivity among management units 
future work should take a matrix model or 

integrated population model approach.

A matrix model or integrated population model approach could use existing data on nest-, chick- and adult-survival rates, 
age-specific dispersal probabilities, renesting probabilities, renest nest- and chick-survival rates, and counts of individuals to 
estimate population trends or solve for an unknown value (such as birth rate or immigration) to achieve stationarity. Barring 
complications from confounded parameters, these approaches could also account for unequal age structure, nonbreeding 
individuals, and variation in productivity to improve understanding of population dynamics for piping plovers in the NGP.

CONCLUSIONS Management Implications

In the remaining slides, we summarize results from the previously shown analyses.
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The river and alkali wetland habitats appear to be higher quality 
habitat – high survival, fidelity, and reproductive output.

Annual survival to adulthood was higher for individuals hatched on the MRS than the ALK. When using the four specific 
management locations, individuals hatched on the GRR were more likely to survive to adulthood than individuals hatched 
anywhere else. Adult survival was also high on the GRR, and piping plovers on the GRR exhibited the lowest probability of 
transitioning into the nonbreeding state. Combined with high fidelity to the GRR and short dispersal distances from the GRR 
for hatch-year and adult piping plovers, the GRR may be favored as high-quality habitat for breeding. Unlike reservoir or alkali 
wetland habitats, the sandbars on the GRR provide a semicontinuous corridor of appropriate nesting habitat. Individuals on 
the GRR had higher daily nest survival, daily chick survival, renesting probabilities, renest reproductive success, and apparent 
annual survival compared to individuals on the reservoirs (Anteau and others, 2019; Swift and others, 2020b). Our analyses 
suggest that river habitats may be considered high quality because individuals rarely left the river study site and generally 
dispersed short distances within this habitat type. The alkali wetlands habitat showed similarly high fidelity and reproductive 
output suggesting such sites may also be a preferred habitat.
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In contrast, the reservoirs showed low survival, low fidelity, and low 
reproductive output.

Annual survival to adulthood was lowest for individuals hatched on SAK or OAH. Adult survival was also lower on SAK and 
OAH. Combined with high dispersal probabilities away from reservoirs and longer dispersal distances for both age classes, 
the reservoirs (SAK and OAH) seem to be unfavored by breeding piping plovers. Additionally, piping plovers that nested on 
reservoirs were less likely to renest compared to other habitats and exhibited reduced nest and chick survival. Furthermore, 
renests on reservoirs had reduced apparent reproductive success and daily nest survival unless the predicted amount of 
habitat on reservoirs increased within the breeding season. Piping plovers nesting on reservoirs often face a novel threat 
of midseason water-level rise, which can flood nests and unfledged chicks and engulf nesting island habitats (Anteau and 
others, 2012a) and exacerbate the reproductive loss of first nest attempts. However, it is important to note that during the 
latter half of this study (especially 2018 and 2019), habitat was scant on both reservoirs because of high pool elevation levels. 
Thus, the high dispersal away from reservoirs may have been a result of lack of available nesting habitat, territories, or mates. 
Reservoirs may not have exhibited such low reproductive output in other years when more habitat was available for several 
consecutive years because breeding site fidelity is still prevalent in piping plovers. Alternatively, altering current management 
to improve the quality or increase the quantity and intra- and interannual stability of habitat on reservoirs may improve 
reproductive output and vital rates for piping plovers on SAK and OAH.
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While annual survival clearly varied amongst management units, 
other factors may be influencing these results.

If individuals perceive some habitat to be of higher quality, competition may exclude low quality or younger individuals from 
establishing nesting territories on high-quality sites. Thus, the lower annual survival seen on the reservoirs may be due to 
lower-quality individuals. Alternatively, because we are estimating annual survival, factors from migration or the nonbreeding 
season may affect this survival estimate. This effect could lead to estimates that differ between breeding populations if there 
is high migratory connectivity between breeding and nonbreeding sites.
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Habitat availability drives dispersal probabilities for both hatch-year 
and adult piping plovers.

Habitat availability affected nearly every parameter we examined in this study. In general, when more habitat was available, 
we saw improved vital rates. As expected, dispersal from the MRS increased during the latter years of the study when 
little habitat was available. Adult and natal dispersal probabilities increased the year after there was an increase in habitat 
availability, which could be driven by density-dependent processes the year after a good reproductive event. Lastly, dispersal 
distances also responded to increased habitat availability (shorter distances for natal dispersal and longer for adult dispersal). 
Altogether, this suggests that piping plovers respond to dynamic habitat availability across the NGP regardless of habitat type. 
These findings support the current focus of managing the Missouri River for abundant breeding habitat for piping plovers.
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Our understanding of nonbreeding individuals and breeding propensity 
may have important effects on vital rate estimation.

Individuals may be classified as nonbreeders or transient individuals because of variability in individual quality, delayed 
breeding, senescence, or density-dependent effects (saturation of available mates or territories). A study of breeding 
propensity from piping plovers breeding on Gavins Point Reach of the Missouri River (Catlin and others, 2019) also found 
reduced survival for nonbreeding adults (0.58) compared to breeding adults (0.80). However, our study shows higher rates 
of retaining the nonbreeding state (0.81) compared to piping plovers on the Gavins Point Reach (0.53). Importantly, breeding 
survival and breeding propensity decreased with increasing nesting density on Gavins Point Reach, starting a feedback 
loop of indirect effects by increasing the proportion of nonbreeding birds with relatively low survival (Catlin and others, 
2019). As the size of breeding populations increases, individuals can compress territories (Severinghaus, 1996), move to 
subpar habitat where survival and reproduction are relatively low (Gill and others, 2001), or skip breeding (Sedinger and 
others, 2001; Blomberg and others, 2017). However, if individuals skip breeding, based on our results and those found on 
Gavins Point Reach, it suggests that survival and reproductive output may be dramatically reduced for NGP piping plovers. 
The feedback loop we found between high fidelity to the nonbreeding state, low survival of transient individuals, and high 
transition probabilities into the transient state suggests that individuals that enter the nonbreeding state are not likely to leave 
or contribute further to the population. A better understanding of the factors that affect why individuals enter the nonbreeding 
state will shed light on this issue.
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Renesting is likely an ineffective and unproductive strategy for U.S. northern 
Great Plains piping plovers. Managing for successful first nests is key to 

improve reproductive output.

A federally listed species, piping plovers are intensively managed throughout their range, and in the NGP, management of 
water and predation (for example, predator exclosures and predator removal) are common conservation strategies (USFWS, 
2016, 2018). Our results demonstrate that in the NGP first nests are more valuable to individuals than renests, which occur 
less frequently and are less likely to be successful. Therefore, intensive management focused on the protection of early 
nests or first nest attempts, or both, would likely be more effective than strategies that assume equivalent productivity from 
renests. Predator management would be most beneficial early in the breeding season, protecting first nests, and potentially 
remove the need to renest by improving first nest reproductive success. Predator exclosures may be a useful strategy if 
nests are found and protected early in the breeding season (May through early June). Alternatively, predator removal efforts 
that are successful at decreasing predator numbers early may reduce the number of first nests lost to predators. Predator 
management has the twofold benefit of protecting first nests and reducing the proportion of the population that may lose 
nests to predators, which had a low renesting propensity compared to other causes of nest failure. Currently, the USACE uses 
some discretion with water management of the Missouri River to minimize the flooding of riverine nests and chicks because 
of spring and midsummer rises (USFWS, 2003). However, water-management decisions are part of a complex balance of 
managing the Missouri River to mitigate downstream flooding, providing sufficient water supplies and flows for navigation, 
and supporting fisheries and endangered species (USFWS, 2018). When making water-management decisions, the USACE is 
often faced with tradeoffs such as sacrificing nests or nesting habitat on upstream reservoirs to protect downstream riverine 
habitat. Generally, midsummer rises are absorbed by the reservoirs of the Missouri River, particularly Lake Sakakawea, 
where increasing water levels are responsible for the greatest nest losses in most years (Anteau and others, 2012a; Shaffer 
and others, 2013). Previously published renesting rates from the Great Lakes (Claassen and others, 2014) gave managers 
some hope that nest loss on the reservoirs because of midsummer rise would be mitigated by renesting efforts in less 
vulnerable habitats. However, our results show that nest losses on reservoirs likely result in total reproductive failure for 
the year because individuals nesting on reservoirs were less likely to renest, and when they did renest, the secondary 
effort was likely not to fledge chicks (in fact none were observed). Reservoirs could still contribute to population growth, 
particularly if managers can withhold midsummer water-level rise until nests hatch. In years with lower midsummer water 
level rise, when habitat availability remains nearly constant or increases, nest survival was relatively high (Anteau and others, 
2012a), and renest reproductive success was higher. Incorporating nest initiation date, or ideally nest attempt number, into 
adaptive-management plans could have important consequences when deciding the relative reproductive costs of nest loss 
because of water-management decisions. Areas with high numbers of renests would be worth less to productivity estimates 
than areas with high numbers of first nests.
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McGowan and others, 2014

As a reminder, the latest population viability assessment by McGowan and others (2014) assumed low dispersal rates (black 
arrows) amongst these four defined breeding groups (black circles). In their simulation, they assumed a 0.02 movement rate 
away from a breeding area with balanced movements amongst the region, meaning 0.0066 individual transition rates between 
breeding groups. With these assumptions (four breeding groups with low, balanced dispersal), extinction risk for the entire 
NGP population was very low (0.031 probability). When simulated dispersal rates were increased (0.13), extinction risk also 
increased (0.08 probability; McGowan and others, 2014).
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What we have found is highly unbalanced dispersal (red arrows) between the Northern Rivers units of the Missouri River 
and the U.S. Alkali Wetlands. Natal dispersal from the ALK to the MRS was nearly twice that of dispersal from the MRS to the 
ALK, and both rates were much higher than the movement rate assumed by McGowan and others (2014). [Assumed breeding 
groups are indicated by the circles.]
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We also found unbalanced, high connectivity between the ALK and the MRS for adult breeding dispersal, though the direction 
was reversed (red arrows). Adult dispersal was four times higher from the MRS to the ALK than the ALK to the MRS. [Assumed 
breeding groups are indicated by the circles.]
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Our estimates show high connectivity between the U.S. Alkali 
Wetlands and the northern river sections of the Missouri River, 

suggesting that the assumed metapopulation structure may 
need to be reevaluated.

In the last population assessment of NGP piping plovers, McGowan and others (2014) made two important assumptions: 
four breeding groups and low, balanced dispersal amongst them representing a metapopulation. Our results are in contrast 
with these assumptions. Rates of movements between the northern Missouri River units and the U.S. Alkali Wetlands are 
substantially higher than those proposed in McGowan and others (2014) implying that either the rates of dispersal or the 
partitioning of defined breeding groups needs to be reevaluated.
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While we could not estimate dispersal probabilities amongst the 
whole northern Great Plains breeding population, we show 

substantially higher movements than previous studies. Further full-
population capture-mark-recapture studies may be necessary.

Even with our inability to estimate dispersal probabilities to other NGP breeding areas (Platte River, Prairie Canada, and 
the southern Missouri River units), we documented more individuals moving between these regions than previous studies 
(McGowan and others, 2014; Catlin and others, 2016). In fact, individuals from the Platte River and tributaries, Prairie Canada, 
and the southern Missouri River units immigrated to all four of our focal management units. In addition, we documented 
34 individuals leaving our focal study area to breed in these other breeding areas based on observations reported to us by 
collaborators, representing a roughly 3.3 percent dispersal rate of known breeding dispersal outside our focal area. Previous 
studies had shown only a handful of individuals moving between the southern Missouri River units and our focal study area 
(McGowan and others, 2014; Catlin and others, 2016). To derive dispersal rates amongst the full population would require 
concurrent banding and resighting efforts throughout the NGP range.
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Further work needs to address the low reproductive output and high 
dispersal rates which may elevate extinction risk for 

northern Great Plains piping plovers.

The low reproductive output documented and high connectivity among management units suggest that an updated population 
viability assessment is needed. Such an update should take into account the new information about movements not only 
within our focal study area but also the full NGP population, which is needed to reassess population extinction risk. Between 
the increased dispersal rates and low reproductive output shown in this study, piping plovers in the NGP may show higher 
extinction risk than currently presumed.

We greatly appreciate the 
support of our funders, 
partners, and collaborators. 
The hard work and dedication 
of hundreds of technicians and 
dozens of scientists greatly 
contributed to this study. 

We greatly appreciate the support of our funders, partners, and collaborators. The hard work and dedication of hundreds of 
technicians and dozens of scientists greatly contributed to this study.
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Study Species
The Charadrius melodus (Ord, 1824) (piping plover) is 

a migratory species that breeds along sandbar and shoreline 
habitat of rivers and reservoirs in the northern Great Plains 
(NGP). The NGP breeding population is federally listed under 
the U.S. Endangered Species Act of 1973 (16 U.S.C. ch. 35 § 
1531 et seq.; U.S. Fish and Wildlife Service [USFWS], 1985, 
2003, 2009), and habitat is managed extensively for plovers 
along the Missouri River. Plovers build nests on bare sand 
or gravel substrate and typically begin nesting in May. The 
male and female share incubation duties until hatching occurs 
(including egg -laying; incubation takes about 35 days), and 
they typically lay clutches of four eggs. Plover chicks are 
precocial, mobile, and capable of feeding themselves on the 
day they hatch but depend on their parents for thermoregula-
tion during the first week after hatch and remain with their 
parents until fledging (about 21 days posthatch). By early 
August, plovers leave breeding areas for the coastal habitats 
of the southern United States, Caribbean, and eastern Mexico. 
Plovers spend the nonbreeding season (October–March) along 
shorelines and tidal habitats.

Study Areas
From 2014 to 2019, breeding piping plovers on alkali 

wetland, reservoir, and riverine nesting habitats were moni-
tored from central South Dakota through North Dakota and 
into northeastern Montana, United States (fig. 2). In general, 
the entire extent of the U.S. Alkali Wetlands and the Northern 
Rivers groups of the NGP plover metapopulation as defined by 
McGowan and others (2014) was studied. For this study, the 
four breeding study areas are based on four management units: 
the U.S. Alkali Wetlands (ALK), Lake Sakakawea (SAK), 
the Garrison Reach of the Missouri River (GRR), and Lake 
Oahe (OAH).

U.S. Alkali Wetlands

Although piping plovers periodically breed throughout 
the U.S. Prairie Pothole Region (McCauley and others, 2016), 
most nesting effort occurs in a more formally defined set of 
wetlands referred to as the U.S. Alkali Wetlands (Knetter and 
others, 2002; Ivan and Murphy, 2005; figs. 2, 3). The ALK 
study area is composed of about 150 depressions (in other 
words, lakes, ponds, or sloughs) distributed throughout the 
Prairie Pothole Region of North Dakota and Montana where 
salinity prohibits vegetation growth on shorelines (Knetter 
and others, 2002). These alkali wetlands are mostly affected 
by changes in local climate, and as water regimes change, 
wetlands can have wetting and drying periods. Although most 
of the wetlands retained suitable nesting habitat throughout 
the study, some wetlands did have wetting or drying to an 

extent that suitable habitat (represented by the Standardized 
Precipitation-Evapotranspiration Index; see the “Habitat” 
section for more information) was not present in all years 
(table 1). Therefore, some wetlands were only visited a few 
times some years (table 2). Plovers nesting in this study area 
are currently cooperatively monitored by partners including 
the USFWS and The Nature Conservancy who work together 
to secure site access from various private landowners. The 
ALK study area is effectively managed as seven regions based 
on managers and (or) wetland management districts (WMDs; 
fig. 3; table 1):

•	 Arrowwood National Wildlife Refuge, 
Arrowwood WMD

•	 Audubon National Wildlife Refuge, Audubon WMD

•	 Crosby WMD

•	 Long Lake National Wildlife Refuge, Long Lake WMD

•	 Lostwood National Wildlife Refuge, Lostwood WMD

•	 Medicine Lake National Wildlife Refuge, 
Montana WMD

•	 John E. Williams Preserve, The Nature Conservancy

Lake Sakakawea

The SAK study area was defined as the main-stem 
reservoir of the Missouri River (from Garrison Dam to White 
Tail Bay, North Dakota; Anteau and others, 2014a, b; fig. 2). 
Maximum pool elevation is 565.1 meters above sea level 
(MASL; elevation of spillway). The reservoir shoreline habitat 
was irregular and dissected and consisted of diverse substrate 
types (Anteau and others, 2012a, b). SAK’s shoreline was 
divided into 2-kilometer (km) segments totaling 545; only 254 
of the segments contained suitable breeding habitat (Anteau 
and others, 2014b). Some segments were not visited every 
year because of availability of habitat caused by changing pool 
elevations (tables 3, 4).

Garrison Reach of the Missouri River

The river habitat consisted of the GRR, which extends 
from the Garrison Dam (river mile 1,389) to the headwa-
ters of Lake Oahe, about 30 km south of Bismarck, N. Dak. 
(river mile 1,277). Habitat on the GRR occurred primarily on 
midchannel, low- to mid-elevation sandbars in some estab-
lished woody vegetation. Included in the GRR study area 
were 16 river miles at the headwaters of Lake Oahe (river 
miles 1,277–1,303). This section of Lake Oahe was similar 
to riverine habitat present on the GRR and was therefore 
included as such. Changing outflows from Garrison Dam 
releases altered the amount of habitat on the river each year 
and therefore the number of segments visited (tables 4, 5).
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Figure 2.  Piping plover breeding study areas based on four management units in North Dakota, South Dakota, and Montana monitored 
from 2014 to 2019.
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Table 2.  Total wetlands visited by joint U.S. Geological Survey and U.S. Fish and Wildlife Service crews for each region in the 
U.S. Alkali Wetlands study area, North Dakota and Montana.

[WMD, water management district]

Region manager and (or) WMD
Total wetlands visited per year1

2014 2015 2016 2017 2018 2019

Medicine Lake National Wildlife Refuge, Montana WMD 27 32 33 17 18 15
Crosby WMD 18 17 17 13 11 9
Lostwood National Wildlife Refuge, Lostwood WMD 11 11 9 7 7 7
Audubon National Wildlife Refuge, Audubon WMD 11 14 11 18 19 18
John E. Williams Preserve, The Nature Conservancy 5 11 5 6 6 8
Long Lake National Wildlife Refuge, Long Lake WMD 8 9 12 11 9 8
Arrowwood National Wildlife Refuge, Arrowwood WMD 0 0 1 1 1 1
Total 80 94 88 73 71 66

1Totals only include wetlands visited for at least 5 minutes and at least three times per year.

Table 1.  Mean and standard deviation of the Standardized Precipitation-Evapotranspiration Index from May through July for each 
region in the U.S. Alkali Wetlands study area, North Dakota and Montana.

[WMD, wetland management district; ±, plus or minus; --, no data]

Region manager and (or) WMD
Mean and standard deviation of the Standardized  

Precipitation-Evapotranspiration Index by year

2014 2015 2016 2017 2018 2019

Medicine Lake National Wildlife Refuge, 
Montana WMD

0.92±0.08 −0.14±0.26 −0.36±0.10 −1.42±0.43 1.09±0.23 1.48±0.17

Crosby WMD 0.90±0.06 −0.21±0.02 −0.31±0.05 −1.54±0.18 1.10±0.17 1.46±0.17
Lostwood National Wildlife Refuge, 

Lostwood WMD
0.77±0.11 0.14±0.07 −0.14±0.10 −0.56±0.20 0.59±0.16 0.64±0.13

Audubon National Wildlife Refuge, 
Audubon WMD

0.68±0.17 −0.10±0.12 −0.31±0.08 −0.73±0.14 0.64±0.23 0.66±0.25

John E. Williams Preserve, The Nature 
Conservancy

0.82±0.02 −0.22±0.04 −0.43±0.02 −1.01±0.02 1.03±0.05 1.15±0.04

Long Lake National Wildlife Refuge,  
Long Lake WMD

0.35±0.10 −0.07±0.11 −0.42±0.08 −0.56±0.18 0.61±0.16 0.58±0.56

Arrowwood National Wildlife Refuge, 
Arrowwood WMD

0.40±-- −0.14±-- −0.21±-- −0.57±-- 0.55±-- 0.61±--
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Figure 3.  Approximate boundaries of the regions based on managers or wetland management districts of the U.S. Alkali Wetlands 
study area, North Dakota and Montana.
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Table 3.  Mean and standard deviation main-stem reservoir pool elevations for May through July for Lake Sakakawea  
and Lake Oahe in 2014–19 and historical data, North Dakota and South Dakota.

Year1
Reservoir pool elevation, in meters above sea level

Mean Standard deviation

Lake Sakakawea

1955–2019 558.33 5.40
2014 560.61 0.86
2015 561.34 0.86
2016 560.96 0.47
2017 562.19 0.59
2018 563.55 1.16
2019 563.75 0.73

Lake Oahe

1967–2019 489.35 3.59
2014 490.74 0.88
2015 491.00 0.67
2016 491.16 0.29
2017 490.66 0.22
2018 491.63 0.74
2019 492.78 0.24

1Year ranges include all historical data to 2019.

Table 4.  Total number of segments visited by U.S. Geological Survey crews for each management unit on the Missouri  
River, North Dakota and South Dakota, 2014–19.

Management unit
Total segments visited per year1

2014 2015 2016 2017 2018 2019

Lake Sakakawea 166 191 159 109 22 18
Garrison Reach of the Missouri River 104 76 71 43 38 51
Lake Oahe 81 73 81 43 57 45
Total 351 340 311 195 117 114

1Totals only include segments visited for at least 5 minutes and at least three times per year.

Table 5.  Mean and standard deviation main-stem outflow from the Garrison Dam for May through July for the Garrison  
Reach of the Missouri River, North Dakota, 2014–19.

Year
Outflow from Garrison Dam, in cubic feet per second

Mean Standard deviation

2014 22,640.93 5,043.42
2015 18,751.37 3,677.84
2016 17,065.29 3,084.00
2017 22,897.81 8,499.34
2018 33,920.33 12,028.89
2019 31,644.32 13,652.66
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Lake Oahe

The OAH study area, a main-stem reservoir of the 
Missouri River, extended from the headwaters of Lake Oahe, 
about 30 km south of Bismarck, N. Dak., to the Oahe Dam. 
OAH was divided into 1,083 segments consisting of about 
2 km of shoreline based on the average pool elevation from 
2004 to 2014 (486 MASL). Maximum pool elevation is 
493.8 MASL (elevation of spillway). In 2014, all segments 
were visited once to assess their potential to provide piping 
plover nesting habitat. Once most segments containing plover 
nesting habitat had been visited and identified, crews focused 
on returning to segments with known nests, broods, and 
marked adults on a more frequent basis. In subsequent years, 
crews again used previously known locations of nests and 
adults to concentrate their efforts and also investigated pos-
sible habitats that may have become available or were more 
suitable as water levels changed within and between seasons 
(tables 3, 4).

Field Methods
During all years (2014–19) throughout the full breed-

ing season (late April to early August), crews primarily used 
spotting scopes and digital cameras to resight uniquely marked 
adult piping plovers every time crews were present on sand-
bars or shorelines (see Shaffer and others [2013] and Anteau 
and others [2019] for more information). Banding efforts for 
adults and chicks ceased after 2017 (see the “Chicks” and 
“Adults” sections). Crews attempted to return to each segment 
with suitable habitat at least three times in a season; however, 
in general, crews visited segments with high plover densities 
more frequently.

Nests

Each year (2014–19), crews searched appropriate habitat 
or used behavioral observations to locate piping plover nests 
(table 6). Nest monitoring information from the U.S. Army 
Corps of Engineers (USACE) real-time database was used to 
help locate nests for SAK, the GRR, and OAH (Shaffer and 
others, 2013). A nest was defined as a scrape or depression 
containing at least one egg. Sandbars and shorelines were 
searched for nests generally until mid-July, but crews searched 
for new nests whenever adults were present and exhibited 
nesting behaviors. In the ALK, joint U.S. Geological Survey 
(USGS)-USFWS crews were responsible for finding and 
monitoring nests. Although crews always tried to find nests, 
as time allowed, the main research priority was resighting 
marked individuals.

Once a nest was found, researchers floated eggs to deter-
mine incubation stage and estimated the hatch date (Liebezeit 
and others, 2007). Additionally, researchers recorded informa-
tion on the number of eggs present, the identities of banded 

adults associated with the nest, and the nest coordinates (see 
Shaffer and others [2013] and Anteau and others [2019] for 
more detailed discussions). A small number of nests included 
from the ALK had predator exclosures for part of incubation 
(table 7). The estimated date of hatch or failure was the mid-
point date between the final two visits, except for known hatch 
dates when chicks were found in the nest bowl.

The primary objective for nest visits was to identify 
adults associated with the nest and to band adults and chicks 
if necessary. From 2014 to 2016, nests were monitored until 
completion (in other words, until all eggs either hatched or 
nests failed). Nests were revisited two to three times per week 
until termination; on the terminal visit, researchers examined 
evidence around the nest bowl and recorded the fate of the 
nest. Possible nest fates were successful, probable success-
ful, failed, and unknown. Nests were classified as successful 
only if at least one live chick was in the nest bowl. Probable 
successful nests lacked chicks in the nest bowl and therefore 
required multiple other pieces of evidence of hatching (in 
other words, eggshells, pipping fragments, and chick drop-
pings or tracks). For these analyses, probable successful nests 
and successful nests were considered successful (in other 
words, chicks in the nest had hatched; see Shaffer and others 
[2013] and Anteau and others [2019] for more detailed discus-
sions). Nests were classified as ‘failed’ if eggs were found 
destroyed or were missing but could not have hatched based 
on the estimated incubation stage. If circumstances around 
missing eggs were unclear or the nest was not monitored fully, 
we fated the nest as ‘unknown’.

From 2017 to 2019, once the identity of both adults on a 
nest were known, nest visits were infrequent or ceased unless 
capture of adults or chicks was necessary (for example, to 
replace lost or damaged bands). Researchers recorded infor-
mation on nest fate if it had changed while visiting a nest. 
Nest fate information was supplemented by ongoing nest 
monitoring by the USACE where possible for nests on the 
Missouri River.

Chicks

From 2014 to 2017, nests near the estimated hatch date 
were visited frequently to band chicks while in the nest bowl. 
Crews captured older and more mobile chicks by hand or with 
butterfly nets. Researchers assigned estimated ages to chicks 
based on plumage and skeletal development. Researchers 
attempted to evenly distribute total chicks banded for each 
study area within a given year while following permit restric-
tions. However, the distribution of total chicks banded varied 
among study areas depending on chick availability (table 8).

Piping plover chicks were banded with a single yellow 
unique alpha-numeric engraved Darvic flag on the upper leg 
opposite a USGS aluminum band. Sites with uniquely banded 
chicks were visited one to three times per week by researchers 
until chicks fledged (in other words, were capable of flight at 
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Table 6.  Number of piping plover nests found in each management unit, North Dakota, South Dakota, and Montana, 
2014–19.

Management unit
Number of piping plover nests found per year

2014 2015 2016 2017 2018 2019

U.S. Alkali Wetlands 271 251 256 219 186 260
Lake Sakakawea 193 258 274 133 48 25
Garrison Reach of the Missouri River 338 344 317 215 184 163
Lake Oahe 91 117 76 102 67 10
Total 893 970 923 669 485 458

Table 7.  Use of predator exclosures on a subset of piping plover nests in the U.S. Alkali Wetlands study area,  
North Dakota and Montana, 2014–16.

Year Nests with exclosures
Nests on alkali wetlands exclosed,  

in percent

2014 33 31
2015 28 18
2016 27 18

Table 8.  Number of uniquely marked piping plover chicks banded, natal recruits observed as adults, and chicks 
observed during the nonbreeding season hatched on the four management units, North Dakota, South Dakota, and 
Montana, 2014–17.

Year Number of chicks banded
Natal recruits observed  

as adults

Number of chicks observed 
during the nonbreeding 

season

U.S. Alkali Wetlands

2014 200 57 23
2015 166 32 19
2016 202 47 18
2017 217 42 32

Lake Sakakawea

2014 119 18 5
2015 186 31 17
2016 259 70 32
2017 55 7 4

Garrison Reach of the Missouri River

2014 305 131 50
2015 292 91 47
2016 156 53 24
2017 276 67 40

Lake Oahe

2014 41 15 6
2015 64 17 5
2016 74 13 4
2017 57 7 6
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about 21 days posthatch). Researchers used binoculars, spot-
ting scopes, digital cameras, and opportunistic recaptures to 
resight uniquely banded chicks (Roche and others, 2014a).

Adults

Piping plovers were banded with a USGS metal band 
and unique alpha-numeric engraved flag (table 9). Adults 
were banded with an aluminum metal band placed above the 
tibiotarsal joint on one leg and a single yellow alpha-numeric 
Darvic flag on the upper leg opposite the metal band. In 
addition, each adult received a unique combination of four 
plastic color bands (below the tibiotarsal joint; two per leg). 
Before 2014, plovers were banded on SAK and the GRR. 
Observations of previously marked adults were included 
if those individuals were seen between 2014 and 2019. 
Unbanded adult plovers were trapped on nests during incuba-
tion using either a remote-controlled, walk-in trap or bow net 
through the 2017 breeding season (Roche and others, 2014b). 
During trapping events, live eggs were replaced with artificial 
eggs to minimize the potential for egg damage.

Individuals were attributed to nests by capturing individ-
uals on the nest, by observing an identified individual’s return 
to incubate, or by using high-definition video cameras set up 
near (45–60 centimeters [cm] away) nests for no more than 
30 minutes at a time (Toy and others, 2017). In all years, when 

visiting a site, the crews recorded the band combinations of 
all birds observed; the degree of completion with which they 
read the band combination; and the method used to resight the 
individual. If no adults were observed during a site visit, crews 
simply recorded the date, time, location, and purpose of the 
site visit.

Additional Observations

Anecdotal resightings (non-USGS observations) dur-
ing the nonbreeding season, migration, and breeding seasons 
recorded by other Federal and State agencies, nonprofits, and 
the public were used to supplement observations of individu-
als collected by USGS researchers (tables 10, 11; fig. 4). 
Non-USGS observations were collected via a variety of 
methods including standardized resight surveys and anecdotal 
observations by individuals. Observations reported directly 
to the USGS; to the Bird Banding Laboratory (Smith, 2013); 
and from photographs of banded individuals posted on eBird 
(https://ebird.org/​home; Sullivan and others, 2009), iNatural-
ist (https://www.inaturalist.org/​), and Facebook birding group 
websites were compiled. USGS crews also resighted many 
piping plovers not originally banded by the USGS or within 
the focal study area, which were then reported to the appropri-
ate banders (table 12).

https://ebird.org/home
https://www.inaturalist.org/
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Table 9.  Totals of piping plover adults captured and banded for the first time and unique identifiable resights by  
management unit, North Dakota, South Dakota, and Montana, 2014–19.

[Individuals may have been observed in multiple management units, and resights include piping plovers banded for the given year]

Year Adults newly banded Unique adults resighted

U.S. Alkali Wetlands

2014 147 253
2015 121 369
2016 81 395
2017 74 438
2018 0 507
2019 0 449

Lake Sakakawea

2014 90 198
2015 112 390
2016 145 524
2017 24 317
2018 0 120
2019 0 43

Garrison Reach of the Missouri River

2014 161 495
2015 121 679
2016 59 648
2017 33 547
2018 0 386
2019 0 286

Lake Oahe

2014 87 110
2015 69 173
2016 38 169
2017 28 183
2018 0 116
2019 0 38
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Table 10.  Unique observations of piping plovers in the management units that were originally banded in other breeding areas,  
United States and Canada, 2014–19.

Year
Unique piping plovers observed by area originally banded

Platte River  
and its tributaries

Prairie Canada
Southern Missouri River  

and its tributaries
Total

U.S. Alkali Wetlands

2014 0 5 16 21
2015 0 6 11 17
2016 1 4 3 8
2017 2 3 4 9
2018 2 0 3 5
2019 2 1 3 6

Lake Sakakawea

2014 0 2 8 10
2015 1 3 6 10
2016 0 4 1 5
2017 0 1 0 1
2018 0 0 0 0
2019 0 1 0 1

Garrison Reach of the Missouri River

2014 0 2 10 12
2015 1 0 4 5
2016 1 0 2 3
2017 3 0 1 4
2018 0 0 1 1
2019 0 0 1 1

Lake Oahe

2014 0 2 6 8
2015 0 2 2 4
2016 0 0 1 1
2017 1 1 0 2
2018 0 1 0 1
2019 0 0 0 0

Table 11.  Unique individual piping plover resights and total reported observations per nonbreeding season (October through March), 
United States, Mexico, and the Caribbean, 2014–20.

Nonbreeding season Unique individuals reported Total observations reported1

2014–15 219 813
2015–16 345 1,107
2016–17 336 873
2017–18 371 891
2018–19 277 711
2019–20 195 380

1Observations were compiled from reports sent directly to the U.S. Geological Survey, from reports to the Bird Banding Laboratory, and from photographs of 
banded individuals posted on eBird, iNaturalist, and Facebook birding group websites.
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Figure 4.  Non-U.S. Geological Survey reported observations of piping plovers banded by the U.S. Geological Survey.
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Data Analysis
Data generated during this study are available as two 

USGS data releases (Swift and others, 2019, 2020a)

Individual Covariates

When appropriate, four classes of variables were exam-
ined in each analysis: habitat, reproductive success, social, and 
individual factors. Each of the covariates used is described in 
the following subsections followed by the a priori hypotheses 
for each analysis.

Segments were defined differently for each habitat. For 
rivers, a segment was a predefined section of equal length 
(1 river mile or 1.61 km) that included stretches of sandbar 
and shoreline habitat and flowing water. On the reservoirs, 
previously described segments of roughly 2 km of reservoir 
shoreline based on the 2004 pool elevation (Anteau and others, 
2012b, 2014b) were re-measured as the perimeter length at the 
maximum pool elevation of the reservoir shoreline. For alkali 
wetlands, a segment was the wetland itself derived from the 
National Wetland Inventory polygons, and its perimeter was 
calculated using QGIS (version 2.18; https://qgis.org/​).

Habitat
Habitat type was treated as a three-level factor, reser-

voir, river, or alkali wetland; and landform was treated as a 
two-level factor, island (including midchannel sandbar) or 
shoreline. To estimate habitat availability, a standardized index 
of habitat availability was calculated and derived from either 
the change in available nesting habitat from the year before 
or within the year of interest. For alkali wetland basins with 
water-management systems, the maximum water elevation 
measured for each month at gages monitored by the USFWS 
was used. For all other alkali wetlands, variation in climate 
using an index that was developed specifically for hydro-
logical effects of climate on permanent and semipermanent 
wetlands of the Prairie Pothole Region (Post van der Burg 
and others, 2016) was used as a representation of habitat. 

This index is based on the Standard Precipitation-Evapotrans-
piration Index (Beguería and others, 2014) but is calculated 
using a 72-month average from monthly Parameter-elevation 
Regressions on Independent Slopes Model (PRISM) data 
from the PRISM Climate Group (Oregon State University, 
Corvallis, Oregon) because that time frame has been useful 
for predicting water-level dynamics in wetlands of similar size 
and hydroperiod (McCauley and others, 2015; Post van der 
Burg and others, 2016). A site-specific index of habitat change 
was calculated by subtracting the index values for May, June, 
and July and selecting the maximum change from the year 
before the year of interest. For the GRR, the change in maxi-
mum monthly Garrison Dam outflow (1,000 cubic feet per 
second) between May, June, and July from the prior year to 
the year of interest was used (USACE, 2020). For reservoirs, 
a predictive model based on the amount of available piping 
plover habitat in May developed for SAK (Anteau and others, 
2014b) and adapted for use on OAH, which considers eleva-
tion, vegetation growth, and ice scour, was used. For renesting 
analyses, the index of habitat availability was calculated using 
the change in values appropriate for each habitat type between 
May and July within a year. The index of habitat availability 
was standardized within each study area because of the differ-
ences in how each was calculated.

Lastly, a measure of the proximity to other breeding areas 
for adults to account for the patchy availability of habitat was 
developed. For each nest location, the Euclidean distance 
to the three nearest known neighbor nests on three different 
segments during that year was calculated using the spatstat 
package (version 1.64; Baddeley and others, 2015) in the 
program R. The mean distance of the three closest active nests 
on different segments was used as a measure of proximity to 
alternative nesting areas.

Reproductive Success
Reproductive success was determined from nest initiation 

and hatch dates, which were estimated using three methods, 
depending on the availability of certain types of data. The 
primary method for determining the nest initiation date was 
backdating from observed hatch date, if chicks were observed 

Table 12.  Unique observations of piping plovers reported by non-U.S. Geological Survey observers during the breeding season  
(May through July), United States and Canada, 2014–19.

Year
Platte River  

and its tributaries
Prairie Canada

Southern Missouri River 
and its tributaries

Other Focal study area Total

2014 1 0 5 3 1 10
2015 2 0 2 2 0 6
2016 0 2 7 4 11 24
2017 1 2 6 2 2 13
2018 0 0 8 7 4 19
2019 1 1 9 3 8 22

https://qgis.org/
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in the nest bowl (assuming a laying and incubation period of 
35 days). Secondarily, if hatch day was not observed, the nest 
initiation date (NID) was estimated from incubation stage 
using egg floatation (Liebezeit and others, 2007) using the fol-
lowing equation:

	 NID=v−([n−1]×2)−s,� (1)

where
	 v	 is the visit date the nest was discovered,
	 n	 is the number of eggs at nest discovery, and
	 s	 is the incubation stage at nest discovery.

Hatch date was then estimated by adding 35 days to the 
estimated nest initiation date. Both a linear and a quadratic 
trend for estimated hatch date was included for natal disper-
sal distance analysis. Nest initiation date and date of failure 
were generally correlated (Pearson’s correlation coefficient 
[r]=0.67), so only date of failure was retained for renesting 
analyses.

For renesting analyses, the cause of reproductive attempt 
failure was treated as a five-category factor. Researchers were 
unable to determine causes of brood failures (in other words, 
predators or flooding), so all reproductive attempts that failed 
after hatching were treated as one category (hatched), distinct 
from the causes of nest failures: predation, flooding, severe 
weather, or abandoned/unknown. Flooding failures were 
caused by water-level rise on the Missouri River system and 
were distinguishable from flooding caused by storms (severe 
weather). Nests that failed because of predation from livestock 
(n=5) or human trampling (n=4) were included in depredated 
nests, and abandoned nests (n=22) were included as unknown 
causes. However, a substantial proportion of nests (about 
43 percent) were conservatively placed into the unknown 
cause category because of a lack of evidence at the time nest 
fate was determined. Sandbars are dynamic because wind and 
water can quickly scour away evidence of the cause of nest 
failure. To avoid falsely attributing nests to alternative causes 
of failure, crews recorded multiple (two to four) pieces of evi-
dence when fating nests, and if unclear, causes were recorded 
as unknown.

Annual segment reproductive success (RSseg) was 
determined based on the proportion of nests that successfully 
hatched on a segment. A site was then categorized as being 
below average if its RSseg was less than or equal to the mean 
RSseg calculated across all segments each year. Alternatively, 
it was categorized as above average if RSseg was greater than 
the population mean. RSseg must be predictable from year to 
year to be used by individuals as an index of a site’s reproduc-
tive quality based on information recorded the previous year 
(Danchin and others, 1998). The level of temporal autocor-
relation in RSseg across years was estimated based on the 
working correlation matrix of generalized estimating equa-
tions (Agresti, 2002). Specifically, the annual RSseg of sites 
(above and below average) was modeled as a constant in a 
generalized estimating equation model with a logit-link func-
tion and binomial error structure. Given that RSseg measures 

were spatially structured and longitudinal, the segment acted 
as a clustering variable, and the working correlation matrix 
was autoregressive. The generalized estimating equations 
were fitted using the geepack package (version 1.1.6; Halekoh 
and others, 2006) in the program R. Between 2014 and 2019, 
between 1 (2019) and 7 (2016) percent of segments had an 
above-average RSseg, and between 27 (2018) to 75 (2016) 
percent of individuals bred on above-average segments 
depending on the year. RSseg was positively autocorrelated 
across years (r=0.61 plus or minus 0.06). This positive result 
supports the assumption that RSseg was predictable in space 
and time and thus could potentially act as a determinant of 
dispersal decisions in this system.

For dispersal probabilities, reproductive success was 
estimated based on nesting success. If the nest an individual 
was associated with hatched (chicks were found and banded) 
or was presumed to hatch (multiple lines of evidence that 
chicks hatched, like pipping fragments and chicks nearby, 
and near estimated hatch date), the nest was assumed to have 
hatched; otherwise, the nest was assumed to have failed, and 
there was no attempt to determine why the nest failed. Prior 
reproductive success was defined as reproductive success in 
the previous year.

Social
The social factors were determined from adult and chick 

densities. Adult density was calculated as twice the number 
of nests found on that segment corrected for known renesting 
probabilities (Swift and others, 2020b) during that breeding 
season divided by the length of that segment because con-
specific abundance can affect nest survival (Swift and others, 
2020c). Because nest monitoring efforts varied among years 
of study, the number of chicks hatched from nests in each year 
was estimated with a series of assumptions to derive an esti-
mate of chick density per segment. First, if chicks were in the 
nest bowl, the number of chicks was used. If a nest was pre-
sumed successful because of alternate pieces of evidence, the 
clutch size corrected for the mean hatching rate of eggs (mean 
= 78.5 percent) calculated from 129 successful nests closely 
monitored from 2014 to 2015 was used. Conspecific densities 
were standardized within each management unit because of 
the differences in segment length measurement strategies.

Individual
The individual factor was determined based on an indi-

vidual’s age and previous breeding experiences. For renesting 
analyses, individuals were categorized into one of four age and 
experience levels: 2 years old without previous breeding expe-
rience, greater than 2 years old without documented previous 
breeding experience, greater than 2 years old with known 
previous breeding experience, and individuals of unknown age 
and experience (newly banded adults). For adults, mate fidel-
ity was categorized as a three-level factor: retained mate from 
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previous year (both mates known in both years), divorced 
mate from previous year (both mates known in both years), 
and unknown (a mate was unknown or was unbanded in one 
or both years). Additionally, variables that counted the number 
of years an individual bred in the management unit they were 
located in that year, and if the segment they nested on was 
novel (in other words, they had never been known to nest on it 
since 2014), were also included.

For each analysis, only covariates were included for 
which there were formulated a priori hypotheses regarding 
how each covariate might explain variation in the specific 
parameter of interest (tables 13, 14, 15, 16).

Renesting Propensity and Reproductive Success

A renest was defined as an additional reproductive 
attempt after a failure. Failures occurring in the nesting period 
(egg laying and incubation until hatching) and the brood-
rearing period (hatching to 21 days posthatch) were examined. 
A renesting attempt was assumed to be a continuation nest (in 
other words, replacement nests of birds that lost a nest during 
egg laying and renested soon after with no interruption in 
laying) if nest loss occurred during egg laying and the replace-
ment nest was initiated within 3 days of nest loss; these nests 
were excluded from analyses related to renesting (n=3).

Apparent renesting propensity was defined as the pro-
portion of individuals that renested after a failed previous 
reproductive attempt (Arnold, 1993; Claassen and others, 
2014). Reproductive failure could occur during either nesting 
or brood-rearing stages. Reproductive attempts were divided 
into two categories: first attempts and second or third attempts 
(Swift and others, 2020b). Because individuals did not always 
reunite with their former mate for renesting, renesting attempts 
were analyzed separately for each individual.

Renest reproductive success was defined as a categori-
cal response with reproductive attempts failing during nesting 
(failed), failing during the brood-rearing period (hatched), or 
successfully fledging one chick to at least 21 days posthatch 
(fledged). The number of fledged nests likely represents a min-
imum estimate because of imperfect detection of older chicks.

Sources of variation in renesting propensity were investi-
gated using generalized linear mixed models using R statisti-
cal software (version 3.5.0; R Development Core Team, 2018). 
For renesting propensity, we used a binomial distribution 
(package lme4; Bates and others, 2015). Sources of variation 
in renest reproductive success were investigated using an ordi-
nal multinomial response for the categorical renest reproduc-
tive success analysis (package ordinal; Christensen, 2015). 
Correlations among the independent variables were checked 
for first, and variables were reduced as needed (if |r| was 
greater than 0.6; all remaining correlations were below 0.3). 
To ensure model convergence and interpretability of β esti-
mates, all covariates were standardized to a mean of zero and 

Table 13.  A priori hypotheses about variables affecting renesting propensity and renest reproductive success.

Explanatory variable Covariate type A priori hypothesis

Failure date Reproductive success Later failure dates for reproductive attempts will decrease adult renest-
ing propensity.

Age at failure Reproductive success Older nests or broods will decrease adult renesting propensity.
Cause of failure Reproductive success Renesting propensity will decrease for brood failures and nest depreda-

tion events more than for inundation or severe storms.
Index of change in available habitat  

from May to July
Habitat Where less habitat is available later in the breeding season, renesting 

propensity will decrease, and renest success will decrease.
Habitat type Habitat Failed nests on reservoirs will decrease renesting propensity and de-

crease renest success.
Interaction between available habitat 

index and habitat type
Habitat Reservoirs with less available habitat in July will decrease renesting 

propensity and decrease renest success more than rivers or alkali 
wetlands.

Landform Habitat On islands, renesting propensity will decrease, and renest success de-
crease more than shorelines.

Previously renested this year Reproductive success Second and third renesting attempts will decrease renesting propensity 
and decrease renest success.

Age and experience of pair Individual 2-year-old individuals and greater than 2-year olds without previous 
breeding experience will have decreased renesting propensity.

Mate fidelity Individual Changing mates between consecutive nesting attempts will decrease 
renest success.

Distance between nests Individual Farther distances between consecutive nesting attempts will decrease 
renest success.
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a standard deviation of 1, except for the categorical covariates. 
Profile confidence intervals were calculated, and the signifi-
cance of each parameter of interest in the fitted global general-
ized linear mixed model was evaluated. Year was included as 
an additional fixed effect to account for this source of het-
erogeneity. A random effect of breeding pair was included to 
account for multiple banded individuals at each nest.

Lastly, daily nest survival during the nesting period 
(egg laying and incubation) was evaluated for first nests and 
renests using the nest survival module in program MARK 
(version 9.0; White and Burnham, 1999; Dinsmore and others, 
2002) via R and the contributed R package RMark (ver-
sion 2.2.5; Laake, 2013). The nest survival module in pro-
gram MARK uses a generalized linear model with logit‐link 
function and binomial errors to estimate daily nest survival 

probability as a linear function of the various combinations of 
the covariates described by the candidate models. All possible 
combinations of a linear time trend, attempt number of the nest 
(for example, first attempt or renest), and habitat type of the 
nest were modeled, and the model with the lowest Akaike’s 
information criterion corrected for small sample size (AICc) 
was selected (Burnham and Anderson, 2002). Cumulative nest 
survival to hatch was calculated using daily survival estimates 
from the top-supported model using an exposure period of 
35 days. The δ method (msm package; Jackson, 2011) was 
used with daily survival rates generated at mean covariate val-
ues, and their associated variance-covariance matrices, to esti-
mate cumulative survival rates and their associated 95-percent 
confidence intervals.

Table 14.  A priori hypotheses about variables affecting hatch-year annual survival and dispersal probabilities.

Explanatory variable Covariate type A priori hypothesis

Estimated hatch date Individual Individuals hatched later will have decreased hatch-year survival and decreased 
dispersal probabilities.

Available habitat index at natal site Habitat When more habitat is available at the natal site, individuals will be less likely to 
move, and hatch-year survival will increase.

Available habitat index at settled site Habitat When more habitat is available at the settling site, individuals will be more likely 
to move, and hatch-year survival will increase.

Chick density Social Sites with high densities of chicks will have increased natal dispersal probabili-
ties and decreased hatch-year survival.

Adult density at settled site Social Sites with high densities of adults will have increased natal dispersal probabilities 
and decreased hatch-year survival.

Distance between nests Individual Individuals that dispersed farther will have decreased hatch-year survival.
Average proximity to other nesting 

areas of settled nest
Habitat Individuals will have increased hatch-year survival and be more likely to disperse 

when closer to alternative nesting areas.

Table 15.  A priori hypotheses about variables affecting adult annual survival and dispersal probabilities.

Explanatory variable Covariate type A priori hypothesis

Nest initiation date Reproductive success Individuals that started nests later will have decreased survival and dispersal prob-
abilities.

Number of years at  
management unit

Individual Individuals using the same management unit for more years will have increased an-
nual survival and decreased dispersal probabilities.

Novel segment Individual Individuals breeding on a novel segment will have decreased annual survival and 
increased dispersal probabilities.

Available habitat index Habitat When more habitat at time, t, is available than in the year prior, individuals will be 
less likely to move and have increased survival.

Adult density Social Sites with high densities of adults will have increased dispersal probabilities and 
decreased survival.

Reproductive success Reproductive success Individuals with unsuccessful nesting attempts will be more likely to move and have 
decreased survival.

Segment reproductive  
success

Reproductive success Individuals will be less likely to disperse and have increased survival when they nest 
on segments with higher than average productivity.

Distance moved Individual Individuals that moved farther will have decreased survival.
Average proximity to other 

nesting areas
Habitat Individuals will have increased survival and be more likely to disperse when closer 

to alternative nesting areas.
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Natal Survival and Dispersal Probabilities

Sources of variation in natal dispersal rates, natal survival 
to adulthood, and natal dispersal distances were investigated. 
Natal dispersal was defined as the first location where breed-
ing either occurred or was presumed to occur given at least 
three resightings in the same management unit within a breed-
ing season relative to the natal (hatching) location.

A simplified multievent capture-mark-resight model to 
estimate survival (S) and transition probabilities (ψ) from an 
individual’s natal location to their first breeding location state, 
allowing for uncertainty in an adult’s state assignment, was 
developed (Pradel, 2005). A hierarchical Bayesian multievent 
model (Kéry and Schaub, 2012; Ranke and others, 2017) 
based on parametrizing the multievent model by Pradel (2005) 
was used. The model structure includes four parameters 
because there was no uncertainty of state assignment at initial 
capture for hatch-year chicks: S is the probability of survival 
for individuals in state i from time t to t+1 (Sti); ψ is the prob-
ability of transitioning from state i to state j between times 
t and t+1 given that it survives (ψtij); p is the probability of 
being detected at time t given that it is in state i at time t (pti); 
and δ is the probability that, given it is encountered, the state 
is assigned correctly (δti|i).

First, nine states were included in the models that 
describe the age and location of individuals at time t. Age was 
broken into two distinct stages: hatch year and adults (2 years 
and older). Individuals could occur in one of four location-
based states (the ALK, SAK, the GRR, or OAH) based on 
the location of their natal nest (for hatch year) or the location 
of their first known breeding attempt (for adults). Because 
breeding status could not be determined for all individuals, 
adults could also be observed in an unknown state. Because 
the primary interest was in natal dispersal decisions, adult 
individuals were restricted to retain their first known breed-
ing location state (in other words, once an individual bred 
in one location, we did not allow them to transition to other 
locations). The transition probabilities were built to estimate 
emigration and fidelity from the natal location. Although 
the models included adult survival estimates, adult survival 
was not interpreted from these models for two reasons: first, 
because a much larger dataset of marked adults could be used 
in the adult-specific analysis below, and second, because the 
artificial constraint imposed on adult location may create 
biased location-specific estimates. Second, the three manage-
ment units that made up the Missouri River (MRS; SAK, the 
GRR, and OAH) were combined for the two location-based 
states (the ALK and the MRS), and all models were re-run 
with five states. Results from models with different state struc-
tures will produce similar but incomparable estimates because 

Table 16.  A priori hypotheses about variables affecting natal dispersal and interannual adult breeding movement distances.

Explanatory variable Type A priori hypothesis

Estimated hatch date Individual Individuals hatched later in the breeding season will disperse shorter distances.
Nest initiation date at settled 

site
Reproductive success Individuals will start nests later after longer breeding dispersal movements.

Previous or natal habitat type Habitat Individuals hatched on or previously bred on reservoirs will disperse longer dis-
tances.

Settled habitat type Habitat Individuals settling on river habitats will move the shortest distances.
Available habitat index at 

previous or natal site
Habitat When more habitat is available at the previous or natal site, individuals will move 

shorter distances.
Available habitat index at 

settled site
Habitat When more habitat is available at the settling site, individuals will move farther 

distances.
Chick density Social Sites with high densities of chicks will have increased natal dispersal distances.
Adult density at previous site Social Sites with high densities of adults will have increased movement distances.
Adult density at settled site Social Individuals will move farther distances to nest with more conspecifics.
Mate fidelity at settled nest Individual Retaining a mate between consecutive nesting attempts will decrease the distance 

between nesting attempts.
Reproductive success at  

previous site
Reproductive success Individuals with unsuccessful nesting attempts will move farther between nests.

Reproductive success at 
settled nest

Reproductive success Individuals that moved farther between nest attempts will have better reproductive 
success.

Average proximity to other 
nesting areas of settled nest

Habitat Farther distances between nesting areas will increase breeding movement distances.
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of the different underlying assumptions. For example, models 
with states for each management unit within the MRS will 
produce different dispersal estimates than those that combine 
all the MRS management units.

Individuals that were attributed to a nest (via observa-
tion or camera) were assigned the location of their first known 
nest. Individuals may have nested and failed, without being 
attributed to that first nest attempt, and then dispersed to 
renest; however, renesting is relatively rare in this system 
(25 percent of nests that fail are replaced), and only 10 percent 
of individuals changed habitat types between nest attempts 
(Swift and others, 2020b). A total of 54 individuals exhibited 
intra-annual renesting dispersal during the study. Because 
attribution to nests is imperfect, when individuals were seen 
in only one location and seen at least three times over the 
breeding season, they were assigned that location as a breed-
ing state. Individuals that were seen in two management units 
or seen less than three times in only one management unit 
were not able to be classified into a state (and were thus given 
an observation of unknown state). Lastly, observations during 
the nonbreeding season were included as additional observa-
tions of adults in an unknown state if those individuals were 
not seen during the breeding season. Nonbreeding area loca-
tion was not incorporated to maintain simplicity in the model 
because it was not a question of interest.

The models were constrained to preclude biologically 
infeasible transitions (in other words, decreasing in age). 
Because individuals automatically aged into the adult age 
states after their initial capture, detection of pti for the hatch-
year states was fixed. All δti|i were fixed for the known hatch-
year states because only adult states could be misclassified.

Multievent models were built to estimate factors affecting 
natal survival (S), and dispersal (ψ) using the program JAGS 
(Plummer, 2003) using the package jagsUI (version 1.5.1; 
Kellner, 2019) in the program R (R Core Development Team, 
2018). The aim was to infer only from variables that helped to 
explain variation in S or ψ. A global model was built using the 
simplified five-state structure containing all standardized, non-
collinear covariates (Pearson’s |r| less than 0.7; Dormann and 
others, 2013) and evaluated if zero fell within the 95-percent 
credible interval from 5,000 posterior samples. All covariates 
were standardized (mean=0, standard deviation=1) before 
analysis, allowing for comparison of relative effect sizes 
across models of natal and adult survival and dispersal prob-
abilities. All estimated annual vital rates were produced from 
the basic state- or state- and year-based models, representing 
the mean rates over all covariates or per year. The tests of the 
effect of covariates were from the covariate model, which 
included state-based means for the MRS and the ALK and 
a random effect of year for each parameter. Posterior means 
are presented as mean plus or minus 1 standard deviation, 
unless otherwise indicated. After assessing the performance of 
a series of exploratory model runs, 3 chains of 50,000 itera-
tions with an adaptive phase of 10,000 iterations and a burn-in 
period of 10,000 iterations were run. After thinning of chains 
to account for serial autocorrelation, 5,000 posterior samples 

remained. Parameter convergence was determined using the 
Brooks-Gelman-Rubin criterion (Ȓ; Brooks and Gelman, 
1998), and models that had Ȓ less than 1.1 for each parameter 
node were considered to have reached convergence.

Adult Survival and Breeding Dispersal 
Probabilities

A multievent capture-mark-resight model was devel-
oped to estimate survival (S) and transition probabilities (ψ) 
between breeding location states, allowing for uncertainty 
in an adult’s state assignment (Pradel, 2005). A hierarchical 
Bayesian multievent model (Kéry and Schaub, 2012; Ranke 
and others, 2017) based on the parametrization by Pradel 
(2005) was used. The model structure includes five param-
eters: S is the probability of survival for individuals in state 
i from time t to t+1 (Sti), where t represents a year; ψ is the 
probability of transitioning from state i to state j between 
times t and t+1 given that it survives (ψtij); p is the probability 
of being detected at time t given that it is in state i at time t 
(pti); π is the probability that an individual is in state i at time 
t, given that it is released in an unknown state at time t (πti); 
and δ is the probability that, given it is encountered, the state 
is assigned correctly (δti|i).

First, six states were defined among which individuals 
could transition in this model. The transition probabilities are 
built to estimate emigration and fidelity from an individual’s 
previous breeding location. Individuals could occur in one 
of four location-based breeding states (the ALK, SAK, the 
GRR, or OAH). In addition, a fifth state (NON) represented 
individuals seen in multiple locations during a single breed-
ing season; these were defined as transient individuals and 
assumed to be nonbreeders or early failed breeders. Lastly, 
a newly dead state was included. To account for uncertainty 
in state assignment, the observation process was divided into 
seven categories: seen in one of the four breeding locations 
(the ALK, SAK, the GRR, or OAH), seen in the transient non-
breeding state (NON), seen but state unknown, and not seen. 
Second, all models were re-run with a simplified state assign-
ment using only two locations (the ALK and the MRS) with 
all transient individuals observed in an unknown state. Results 
from models with different state structures will produce 
similar but incomparable estimates because of the differing 
underlying assumptions.

Transient or assumed nonbreeding individuals were 
defined as those that were seen in at least three management 
units during the breeding season and were never attributed to 
a nest. Individuals that were attributed to a nest (via observa-
tion or camera) were assigned the location of their first known 
nest of that year. Individuals may have nested and failed, 
without being attributed to that first nest attempt, and then 
dispersed to renest; however, renesting is relatively rare in this 
system (25 percent of nest attempts that fail are replaced), and 
only 10 percent of individuals changed habitat types between 
reproductive attempts (Swift and others, 2020b). A total of 
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54 individuals exhibited intra-annual renesting dispersal 
during the study. Because attribution to nests is imperfect, 
when individuals were seen in only one location and seen at 
least three times over the breeding season, that location was 
assigned as a breeding state. Individuals that were seen in two 
management units or seen less than three times in only one 
management unit were not able to be classified into a state, 
and thus their observation was assigned as an unknown state. 
Lastly, anecdotal resightings during the nonbreeding season 
between October 1 and March 31 were used to supplement 
USGS resights. Nonbreeding area location, because it was not 
a question of interest, was not incorporated to maintain sim-
plicity in the model; instead the model included observations 
of individuals not seen during the breeding season as being in 
an unknown state. These supplemental observations contrib-
uted to estimation of survival and detection.

The multievent models were built to estimate vari-
ables affecting adult survival (S) and dispersal (ψ) using the 
program JAGS (Plummer, 2003) using the package jagsUI 
(version 1.51; Kellner, 2019) in the program R (R Core 
Development Team, 2018). The aim was to infer from only 
variables that helped to explain variation in S or ψ. A global 
model for the three-state model containing all standard-
ized, noncollinear covariates (Pearson’s |r| less than 0.7; 
Dormann and others, 2013) was built and if zero fell within 
the 95-percent credible interval from 5,000 posterior samples 
was evaluated. All covariates were standardized (mean=0, 
standard deviation=1) before analysis, allowing for compari-
son of relative effect sizes across variables. All estimated 
annual vital rates were produced from the basic state-based or 
state- and year-based models, representing the mean rates over 
all covariates or per year. The tests of the effect of covari-
ates were from the global covariate model with state-based 
means for the MRS and the ALK and a random effect of year. 
Posterior means are presented as mean plus or minus 1 stan-
dard deviation unless otherwise indicated. After assessing the 
performance of a series of exploratory model runs, 3 chains 
of 50,000 iterations with an adaptive phase of 10,000 and a 
burn-in period of 10,000 iterations were run for each analysis. 
After thinning of chains to account for serial autocorrelation, 
5,000 posterior samples remained. We determined parameter 
convergence using Ȓ (Brooks and Gelman, 1998), and we 
considered models that had Ȓ less than 1.1 for each parameter 
node to have reached convergence.

Dispersal Distances

Euclidean dispersal distance was calculated as either the 
distance between the nest a chick was hatched from to the first 
known nest location of that individual chick or the distance 
between two successive breeding attempts for adults (package 
sp; Pebesma and Bivand, 2005). Because piping plovers do 
not defend stable territories between years, distances shorter 
than 50 m were assumed to represent philopatric movements 
because the adults were likely using the same space in both 

years and were removed from the analysis. Therefore, all 
successive breeding attempts greater than 50 meters were 
included in analyses even when movements were otherwise 
short for adult breeding dispersal. Thus, breeding dispersal 
was defined to include all movements greater than 50 meters 
by individuals between known nesting attempts. Assignment 
of individuals to a nest is not perfect, and plovers can forgo 
breeding in some years (Catlin and others, 2019). Therefore, 
instances where there was a time gap when individuals were 
not attributed to a nest location were also included.

Sources of variation in dispersal distances were examined 
using generalized linear models using R statistical software 
(3.5.0; R Development Core Team, 2018; package lme4; Bates 
and others, 2015) and a γ distribution. Correlations among 
the independent variables were first checked for and variables 
reduced as needed (if |r| was greater than 0.6; all remaining 
correlations were below 0.3). To ensure model convergence 
and interpretability of β estimates, all covariates were stan-
dardized to a mean of zero and a standard deviation of 1, 
except for the categorical covariates. The α dispersion coef-
ficient was estimated with the MASS package (Venables and 
Ripley, 2002) in program R. The dataset for adult dispersal 
contained multiple dispersals from some individuals; however, 
models failed to converge when a random effect of individual 
was included. When only the data for individuals with more 
than one movement were used, the interclass correlation coef-
ficient for distance was 0.38 (95-percent confidence interval 
was 0.32 to 0.43), indicating low measurement repeatability 
(Wolak and others, 2012), so all movements were retained in 
the analyses. Profile confidence intervals were calculated, and 
the significance of each parameter of interest was evaluated 
in the fitted global generalized linear model for each response 
variable. If the 95-percent confidence interval for the param-
eter coefficient did not include zero, the effect was considered 
to be strongly supported.

Reproductive Output

The estimates of adult and hatch-year survival were used 
to calculate the reproductive output needed to maintain a 
stable population (in other words, stationarity) as an index of 
reproductive success for each management unit. The method 
used by Cohen and Gratto-Trevor (2011) and Catlin and others 
(2015) was followed to make comparable estimates across 
studies. The following equation (Cohen and Gratto-Trevor, 
2011) was used:

	 λ=SAHY+R×P×Bt×SHY+R×(1−P)×Bt−1×SAHY×SHY� (2)

where
	 λ	 is the population growth rate from year 

t to t+1,
	 SAHY	 is true survival for adult individuals estimated 

in this study,
	 SHY	 is true survival for hatch-year individuals 
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estimated in this study,
	 R	 is the sex ratio at hatch (assumed to be 0.5; 

Cohen and Gratto-Trevor, 2011),
	 P	 is the probability that a returning hatch-year 

individual will breed in its first year (0.68; 
Gratto-Trevor and others, 2010; Cohen and 
Gratto-Trevor, 2011), and

	 B	 is the birth rate defined as fledged chicks 
produced per pair.

This equation accounts for breeding adults surviving from year 
t to year t+1 and recruiting into the population in year t+1. 
Following Cohen and Gratto-Trevor (2011) to determine the 
number of fledged chicks per pair to maintain stationarity, λ 
was set equal to one and, assuming Bt=Bt−1, B was solved for.

To incorporate variance into the estimate of B follow-
ing the same procedure as Cohen and Gratto-Trevor (2011), 
100,000 values of SAHY and SHY were simulated using a 
multivariate normal distribution. B was then calculated using 
equation 2 for each of the 100,000 runs and calculated a mean 
value and the 5th and 95th percentiles of those values.

Observed reproductive output was estimated as the 
number of fledged chicks per pair to compare against the value 
needed for stationarity using the year and management unit 
specific estimates of nest and chick survival using the follow-
ing equation:

	 CFi,t=CS×ϕNEST i,t×RPi,t×ϕHY i,t� (3)

where
	 CF	 is the number of chicks fledged per pair,
	 i	 is the management unit,
	 t	 is the year,
	 CS	 is the mean clutch size of piping plovers in 

this system (3.49),
	 ϕNEST	 represents the probability that an individual 

has a successful nest in a given year 
(represented here by cumulative nest 
survival),

	 RP	 is the probability an individual replaces a lost 
reproductive attempt, and

	 ϕHY	 is cumulative survival from hatch to fledge 
(21 days posthatch).

Year and management unit specific estimates of fledged chicks 
per pair were calculated in the same manner as λ above, 
calculating the mean, 5th percentile, and 95th percentile of the 
100,000 estimates.

Daily nest survival was estimated during the nesting 
period (egg laying and incubation) using the nest survival 
module in program MARK (version 9.0; White and Burnham, 
1999; Dinsmore and others, 2002) via the program R and 
the contributed R package RMark (version 2.2.5; Laake, 
2013). The nest survival module in the program MARK 
uses a generalized linear model with logit‐link function and 
binomial errors to estimate daily nest survival probability as 
a linear function of the various combinations of the covari-
ates described by the candidate models. The effects of a 

linear time trend were first modeled against the null model 
and selected the model with the lowest AICc score (Burnham 
and Anderson, 2002). All possible combinations of year and 
management unit effects were then modeled, and the model 
with lowest AICc after accounting for time was selected. 
Cumulative nest survival to hatch was calculated using daily 
survival estimates from the top-supported model using an 
exposure period of 35 days. The δ method (msm package; 
Jackson, 2011) was used with daily survival rates generated 
from the top model and their associated variance-covariance 
matrices to estimate cumulative survival rates and their associ-
ated 95-percent confidence interval.

Cormack-Jolly-Seber models were built using package 
RMark in the programs R and MARK (Laake, 2013; White 
and Burnham, 1999) to estimate the daily probability of appar-
ent survival (ϕ) and detection (p) for piping plover chicks. The 
probability of true survival is generally confounded with the 
probability of emigration from a site when estimating appar-
ent survival using Cormack-Jolly-Seber models. However, 
for unfledged chicks, the probability of emigration from a 
site is essentially zero; thus, all apparent survival estimates 
made before fledging age can be interpreted as true survival 
estimates.

Censored age-structured capture histories were cre-
ated that consisted of 30 occasions (that is, hatch day to age 
29 days), were coded based on if the individual was observed 
or not, and were censored if crews did not visit that site that 
day (Anteau and others, 2019). The program RELEASE was 
used to calculate estimates of over-dispersion (ĉ) for plover 
capture histories. Because the primary interest was in estimat-
ing daily survival probabilities, the first model selection step 
focused on parameterizing the model of detection probability 
(Lebreton and others, 1992). In all models of detection, differ-
ences in detection based on whether or not a chick was older 
than the fledge age (21 days posthatch) was accounted for. 
Models in which detection varied by all combinations of chick 
age, the year of the study, and the management unit were built. 
In all cases, management unit, year, and age effects were mod-
eled separately for prefledge and postfledge stages. Models 
were ranked using Akaike’s information criterion corrected 
for small sample size and overdispersion (QAICc), and the 
model with the lowest QAICc was selected. This model was 
then used for detection and first chick age, and then how year 
and management unit affected chick survival was investi-
gated. Cumulative chick survival to fledging was computed 
by extrapolating the product of daily chick survival estimates 
out to 21 days posthatch. Associated standard errors were 
estimated using the δ method and the package msm (Jackson, 
2011). A logarithmic-odds transformation of the daily survival 
probability (Armstrong and others, 2002) was used to compute 
associated 95-percent confidence intervals to ensure estimates 
were bounded between 0 and 1.
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Appendix 1.  Summary of Piping Plover Demographic Rates
Piping plovers have been widely studied throughout their 

range since they were listed under the Endangered Species 
Act of 1973 (16 U.S.C. ch. 35 § 1531 et seq.; U.S. Fish and 
Wildlife Service, 1985). Vital rates collected on reproductive 
rates (table 1.1), survival (table 1.2), site fidelity (table 1.3), 
and dispersal distances (table 1.4) are summarized.
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Table 1.1.  Piping plover reproductive rates and estimated reproductive output needed for a stable population (stationarity), 1959–2020.

[Mean values are presented when available; otherwise, ranges of means are presented. Hatch, hatching success expressed as a proportion of eggs hatched; SNEST, proportion of nests in which at least one egg 
hatched or estimated nest survival; SCHICK, survival of chicks from hatch to fledging (fledging age was variously defined); RO, number of fledged chicks per pair; RO needed, fledged chicks per pair needed for a 
stationary population; --, no data]

Hatch SNEST SCHICK RO RO needed Location Years Source

0.91 -- -- -- -- Long Island, New York 1937–58 Wilcox (1959)
0.72–0.79 -- -- 1.3–2.1 -- Nova Scotia 1975–76 Cairns (1982)
0.44–0.75 0.19–0.44 -- 0.6–2.1 -- Lake of the Woods, Minnesota 1982–84 Wiens (1986); Wiens and Cuthbert 

(1988)
-- -- -- 0.7–1.1 -- Saskatchewan 1980–81 Whyte (1985)
-- -- -- 0.2–1.6 -- Manitoba 1982–85 Haig (1987)

0.79 -- -- 0.4–2.3 -- Various areas -- U.S. Fish and Wildlife Service (1988)
0.33–0.34 0.41–0.42 0.65–0.77 1.0–1.5 1.2–1.4 The Nature Conservancy’s John E. Williams 

Preserve
1984–85 Gaines and Ryan (1988)

-- 0.09–0.84 0.08–0.60 0.2–1.5 -- Assateague Island, Maryland and Virginia 1984–85 Patterson and others (1991)
-- 0.26–0.48 0.33 0.71 1.4–1.6 Assateague Island, National Seashore, Maryland 1988–90 Loegering (1992); Loegering and Fraser 

(1995)
-- -- -- -- 1.13 Great Plains -- Ryan and others (1993)
-- -- -- 1.34 -- Atlantic coast 1988–95 U.S. Fish and Wildlife Service (1996)
-- -- -- 1.21 1.25 Atlantic coast, United States 1989–93 Melvin and Gibbs (1996)
-- -- 0.51 1.04 -- Long Island, New York 1992–93 Elias and others (2000)
-- -- -- -- 1.3–1.7 All populations -- Plissner and Haig (2000)
-- 0.46 -- 0.33 -- Gavins Point Reach and Fort Randall Reach 1991–92 Kruse and others (2001)

0.5 -- -- 0.8 -- Long Island, New York 1988–96 Lauro and Tanacredi (2002)
-- 0.32–0.73 -- 1.4–1.6 -- U.S. Alkali Wetlands 1994–2002 Ivan and Murphy (2005)

0.46–0.51 -- 0.62–0.70 -- 1.1–1.6 Atlantic Canada 1998–2003 Calvert and others (2006)
-- -- 0.02–0.69a -- -- Lake Sakakawea, the Garrison Reach of the 

Missouri River, Gavins Point Reach
2001–3 Lefer and others (2008a)

-- -- -- 1.31 -- Atlantic coast 1986–2006 Hecht and Melvin (2009)
-- 0.46–0.61 -- 0.4–2.2 -- Long Island, New York 1993–2004 Cohen and others (2009)
-- 0.47–0.66 0.29–0.67 -- -- Gavins Point Reach, Lewis and Clark Lake 2005–9 Catlin and others (2011a, b)
-- -- -- 0.9–1.0 0.8–1.2 Saskatchewan 2002–9 Cohen and Gratto-Trevor (2011)
-- 0.03–0.28 -- -- -- Lake Sakakawea 2006–9 Anteau and others (2012)
-- -- -- 0.56 -- Great Lakes 1992–2011 Brudney and others (2013)
-- 0.21–0.78 0.05 -- -- The Garrison Reach of the Missouri River, Lake 

Sakakawea, Gavins Point Reach
2006–9 Shaffer and others (2013)

-- 0.76 -- -- -- Great Lakes 1993–2010 Claassen and others (2014)
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Table 1.1.  Piping plover reproductive rates and estimated reproductive output needed for a stable population (stationarity), 1959–2020.—Continued

[Mean values are presented when available; otherwise, ranges of means are presented. Hatch, hatching success expressed as a proportion of eggs hatched; SNEST, proportion of nests in which at least one egg 
hatched or estimated nest survival; SCHICK, survival of chicks from hatch to fledging (fledging age was variously defined); RO, number of fledged chicks per pair; RO needed, fledged chicks per pair needed for a 
stationary population; --, no data]

Hatch SNEST SCHICK RO RO needed Location Years Source

-- 0.36 0.55 1.01 1.25 Gavins Point Reach, Lewis and Clark Lake 2005–11 Catlin and others (2015)
-- -- 0.19–0.82 -- -- Fire Island and Westhampton Island, New York 2013–15 DeRose-Wilson and others (2018)
-- 0.06–0.71b -- -- -- Cape Hatteras National Seashore, North 

Carolina
2008–15 Kwon and others (2018)

-- 0.33–0.80 0.44 0.49–1.96 1.10 Fire Island and Westhampton Island, New York 2013–17 Weithman and others (2019)
-- 0.28–0.62 0.17 0.20–0.55 1.08 North Carolina 2013–17 Weithman and others (2019)
-- 0.27–0.46 0.05–0.24c -- -- The Garrison Reach of the Missouri River, Lake 

Sakakawea, U.S. Alkali Wetlands, Lake Oahe
2014–16 Swift and others (2020b)

-- -- 0.67–0.68d -- -- Lewis and Clark Lake 2010 Hunt and others (2013)
-- 0.76 0.74 -- -- Platte River 2001–15 Farrell and others (2018)
-- -- 0.34 -- -- Cape Hatteras National Seashore, North 

Carolina
2015–18 Weithman and others (2020)

-- 0.45 0.39 0.36–1.63 1.17 Gavins Point Reach, Lewis and Clark Lake 2005–9 Hunt and others (2018)
-- 0.74 0.16 1.78–2.12 1.17 Gavins Point Reach, Lewis and Clark Lake 2012–14 Hunt and others (2018)
-- 0.5e 0.47d -- -- Atlantic coast 2012–15 Stantial and others (2018)
-- 0.66 0.46 -- -- Platte River 2009–14 Roche and others (2016)
-- 0.34–0.8 0.18–0.72 0.33–1.97 -- Fire Island and Westhampton Island, New York 2013–18 Robinson and others (2020)
-- 0.27–0.85 0.27–0.48 -- -- The Garrison Reach of the Missouri River, Lake 

Sakakawea, Gavins Point Reach
2007–16 Swift and others (2020c)

-- 0.37–0.76 -- -- -- Atlantic coast 2009–12 Cohen and others (2016)
-- -- 0.75–0.83 -- -- Great Lakes 2012–14 Saunders and Cuthbert (2015)
-- 0.11–0.37 0.17–0.40 -- -- The Garrison Reach of the Missouri River, Lake 

Sakakawea
2006–9 Anteau and others (2019)

-- 0.21–0.50 0.43–0.71 -- -- The Garrison Reach of the Missouri River, Lake 
Sakakawea

2012–14 Anteau and others (2019)

-- -- -- 0.09–2.11 1.03–2.76 U.S. Alkali Wetlands, Lake Sakakawea, the 
Garrison Reach of the Missouri River, Lake 
Oahe

2014–16 This study

aDerived from daily chick survival estimates (0.853–0.985) for 25 days.
bDerived from daily nest survival estimates (0.92–0.99) for 34 days.
cProportion of nests that fledged at least one chick.
dDerived from daily chick survival estimates (0.97) for 25 days.
eDerived from daily nest survival estimates (0.98) for 34 days.
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Table 1.2.  Return rates and survival estimates for piping plovers, 1959–2020.

[Mean values are presented when available; otherwise, ranges of means are presented. AHY, adult birds; HY, hatch-year birds; ϕAHY, apparent annual survival of AHY; ϕHY, apparent annual survival of HY 
(unless otherwise stated, estimates are from fledging [variously defined] to return); SAHY, AHY true survival (corrected for emigration from the study area); SHY, HY true survival (corrected for emigration from 
the study area); --, no data]

Annual return rate to 
breeding area (for AHY) or 

natal area (for HY) ϕAHY ϕHY SAHY SHY Location Years Source

AHY HY

0.27 0.05 -- -- -- -- Long Island, New York 1937–58 Wilcox (1959)
0.69 0.25 -- -- -- -- Lake of the Woods, Minnesota 1982–84 Wiens (1986)
0.77 -- -- -- -- Manitoba 1982–85 Haig (1987)
0.29 0.05 -- -- -- -- Manitoba and Minnesota 1981–87 Haig and Oring (1988a, b)

-- -- 0.63 -- -- -- The Nature Conservancy’s John E. 
Williams Preserve

1984–85 Gaines and Ryan (1988)

0.47 0.14 0.66 -- -- -- The Nature Conservancy’s John E. 
Williams Preserve

1984–90 Root and others (1992)

0.67–0.72 0.41 -- -- -- -- Assateague Island National Seashore, 
Maryland

1988–90 Loegering (1992); Loegering and 
Fraser (1995)

-- -- 0.74 0.48 -- -- Cape Cod, Massachusetts 1985–88 Melvin and Gibbs (1996)
-- -- 0.74 0.32 -- -- U.S. Alkali Wetlands 1984–94 Larson and others (2000)
-- -- 0.73 0.34–0.53 -- -- Atlantic Canada 1998–2003 Calvert and others (2006)
-- 0.11–0.13 -- -- 0.7 -- Long Island, New York 2001–5 Cohen and others (2006)
-- -- -- -- 0.76 -- Great Lakes 1998–2008 LeDee and others (2010)
-- -- 0.78 0.29a -- -- Great Lakes 1998–2008 Roche and others (2008)
-- -- 0.56–0.81 -- -- -- All populations 1998–2008 Roche and others (2010)
-- -- -- -- 0.8 0.57 Saskatchewan 2002–9 Cohen and Gratto-Trevor (2011)
-- -- 0.73 0.33b -- -- Gavins Point Reach, Lewis and Clark 

Lake
2005–11 Catlin and others (2014)

-- -- 0.73 0.37 -- -- Great Lakes 1993–2012 Saunders and others (2014)
-- -- 0.51–0.79 0.14c 0.76 0.44 Gavins Point Reach, Lewis and Clark 

Lake
2005–11 Catlin and others (2015)

-- -- 0.78 0.22 -- -- Great Lakes 1993–2016 Saunders and others (2018)
-- -- 0.66–0.76 -- -- -- The Garrison Reach of the Missouri 

River, Lake Sakakawea
2007–14 Anteau and others (2019)

-- -- -- -- 0.72 0.68 Fire Island and Westhampton Island, 
New York

2013–18 Robinson and others (2020)

-- -- 0.68–0.83 0.06–0.49 -- -- -- 2005–14 Hunt and others (2018)
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Table 1.2.  Return rates and survival estimates for piping plovers, 1959–2020.—Continued

[Mean values are presented when available; otherwise, ranges of means are presented. AHY, adult birds; HY, hatch-year birds; ϕAHY, apparent annual survival of AHY; ϕHY, apparent annual survival of HY 
(unless otherwise stated, estimates are from fledging [variously defined] to return); SAHY, AHY true survival (corrected for emigration from the study area); SHY, HY true survival (corrected for emigration from 
the study area); --, no data]

Annual return rate to 
breeding area (for AHY) or 

natal area (for HY) ϕAHY ϕHY SAHY SHY Location Years Source

AHY HY

-- -- -- -- 0.7 0.24 Gavins Point Reach, Lewis and Clark 
Lake, Platte River

2005–14 Catlin and others (2016)

-- -- 0.76 0.2 -- -- Platte River 2009–14 Roche and others (2016)
-- -- -- -- 0.73 0.23 Fire Island and Westhampton Island, 

New York
2013–17 Weithman and others (2019)

-- -- -- -- 0.69 0.08 North Carolina 2013–17 Weithman and others (2019)
-- -- -- -- 0.76 0.16 Gavins Point Reach, Lewis and Clark 

Lake
2005–09 Hunt and others (2018)

-- -- -- -- 0.76 0.46 Gavins Point Reach, Lewis and Clark 
Lake

2012–14 Hunt and others (2018)

-- -- 0.67–0.76 -- -- -- Atlantic coast 2015–18 Stantial and others (2019)
-- -- -- -- 0.58d–0.80 0.25 Gavins Point Reach, Lewis and Clark 

Lake
2005–14 Catlin and others (2019)

-- -- -- -- 0.76–0.85 0.19–0.30c U.S. Alkali Wetlands, Lake 
Sakakawea, the Garrison Reach of 
the Missouri River, Lake Oahe

2014–19 This study

aProvided estimates for wild and captive-reared chicks. Only information from wild-reared individuals presented.
bEstimates from a subset of HY birds that were captured and measured before fledging.
cEstimated from hatch to the following year.
dEstimate for nonbreeding individuals.



206  


Spatial Variation in Population Dynam
ics of N

orthern Great Plains Piping Plovers
Table 1.3.  Piping plover site fidelity, 1959–2020.

[Mean values are presented when available; otherwise, ranges of means are presented. FAHY, adult (AHY) fidelity to the study area; FHY, hatch-year (HY) fidelity to the study area; F′AHY, return rate of AHY birds 
that previously emigrated from the study area; F′HY, return rate of HY birds that previously emigrated from the study area; --, no data]

FAHY FHY F  ′AHY F  ′HY Location Years Source

0.83 -- -- -- Long Island, New York 2002–4 Cohen and others (2006)
0.91 -- 0.2 -- Great Lakes 1998–2008 LeDee and others (2010)
0.86 0.46 0.15 0.19 Saskatchewan 2002–9 Cohen and Gratto-Trevor (2011)

0.89–0.99 Saskatchewan 2002–9 Roche and others (2012)
0.94a 0.68a 0.11 0.11 Gavins Point Reach, Lewis and Clark Lake 2005–11 Catlin and others (2015)

0.91–0.92 0.81 -- -- Fire Island and Westhampton Island, New York 2013–17 Weithman and others (2019)
0.94 0.85 -- -- North Carolina 2013–17 Weithman and others (2019)

0.76–0.98 0.52–0.88 -- -- Gavins Point Reach, Lewis and Clark Lake 2005–14 Hunt and others (2018)
0.74 0.39 -- -- Fire Island and Westhampton Island, New York 2013–18 Robinson and others (2020)

0.52–0.75 0.32–0.58 -- -- U.S. Alkali Wetlands, Lake Sakakawea, the Garrison Reach of the 
Missouri River, Lake Oahe

2014–19 This study

aDefined movements between engineered and natural sandbars within the study area but referred to the probability of remaining within the study area as site fidelity (F).



Appendix 1. 
Sum

m
ary of Piping Plover Dem

ographic Rates  


207
Table 1.4.  Piping plover dispersal distances, 1959–2020.

[--, no data]

Dispersal distance, in kilometers

Location Years SourceAdult (2 years and older) Hatch year

Median Range Median Range

-- -- -- 1,200a Great Lakes -- Hillman and others (2012)
0.5 0.01–298.6 27.98 0.4–306.3 Gulf of St. Lawrence 1998–2003 Amirault-Langlais and others (2014)
4 0.01–70.7 18.57 6.5–74.8 Nova Scotia 1998–2003 Amirault-Langlais and others (2014)

153 0.01–92.6 -- -- Gavins Point Reach, Lewis and Clark Lake 2005–12 Friedrich and others (2015)
-- 0.01–217.3 -- -- Gulf of St. Lawrence 1998–2006 Rioux and others (2011)
-- 3–595 -- 5–1,500 All populations 1981–87 Haig and Oring (1988a)

11.92 0.25–92.6 19.28 0.98–91.9 Gavins Point Reach, Lewis and Clark Lake 2005–14 Catlin and others (2015)
3.7 0.05–816 53.0 1–410 U.S. Alkali Wetlands, Lake Sakakawea, the 

Garrison Reach of the Missouri River, 
Lake Oahe

2014–19 This study

aReport of a single individual’s movement between breeding groups.
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