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Appendix S1

Zeigler, Sara L., Benjamin T. Gutierrez, Anne Hecht, Nathaniel G. Plant; and Emily J. Sturdivant. 2021. Piping plovers demonstrate 
regional differences in nesting habitat selection patterns along the U.S. Atlantic coast. Ecosphere. 

Table S1. Attributes and their definitions used to describe landscape characteristics in a 5x5 m area containing either a Piping Plover 
nest (a used resource unit) or the coordinates of a random point (an unused/available resource unit) at its center.  

Habitat Variable Definition 
Geomorphic Setting = Categorical 
Beach_Backshore Beach is defined as the relatively thick and temporary accumulation of loose, water-borne material (usually well-

sorted sand and pebbles, accompanied by mud, cobbles, boulders, and smoothed rock and shell fragments) that is in 
active transit along, or deposited on, the shore zone between the limits of low water and high water (Neuendorf et al. 
2011).  Backshore is defined as the upper, usually dry, zone of the shore or beach, lying between the high-water line 
of mean spring tides and the upper limit of shore-zone processes; it is acted upon by waves or covered by water only 
during exceptionally severe storms or unusually high tides (Neuendorf et al. 2011). In this study, the beach 
geomorphic setting occurred between the study area boundary and the mean high-water line (approximated for by the 
upper-most wrack line in the field). The backshore geomorphic setting occurred between the mean high-water line 
and either [whichever came first] (i) the dune toe, (ii) the edge of developed areas, or (iii) the edge of dense 
vegetation (or forest). We grouped beach and backshore into a single category to reflect difficulty in identifying the 
location of the mean high-water line that separated beach from backshore in the field, which led to some 
misclassifications in the iPlover data (Thieler et al. 2016). 

Dune complex A low mound, ridge, bank, or hill of loose, windblown granular material (generally sand), either bare or covered by 
vegetation, capable of movement from place to place but retaining its characteristic shape (Neuendorf et al. 2011). In 
this study, “dune” also describes low-lying areas between dunes (or “interdune” regions) that are part of the larger 
dune complex. 

Washover (or overwash) A fan of material deposited from the ocean landward on a mainland beach or barrier island, produced 
by storm waves breaking over low parts of the mainland beach or barrier and depositing sediment either landward 
(mainland beaches) or across a barrier island into the bay/sound (barrier islands). A washover typically displays a 
characteristic fan-like shape (Neuendorf et al. 2011).  

Barrier Interior In this study, the barrier interior geomorphic setting described all areas spanning the interior boundary of the dunes 
(or backshore in the absence of dunes) on the ocean-side to the interior boundary of the marsh, dunes, or backshore on 
the back-barrier side. This setting was typically used to describe areas that did not fall into any other geomorphic 
setting (e.g., washovers, ridge/swale complexes). 
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Ridge/Swale 
complex 

Long sub-parallel ridges and swales aligned obliquely across the regional trend of the contours. Common on the 
“hooks” of barrier islands of the Mid-Atlantic, USA (Neuendorf et al. 2011), such as the Chincoteague hook on 
Assateague Island, VA.  

Marsh A relatively flat, low-lying, intermittently water-covered area with generally halophytic grasses existing landward of a 
barrier island (Neuendorf et al. 2011). 

Substrate Type = Categorical 
Sand Rock or mineral grains with diameters between 0.074 and 4.76 mm (Neuendorf et al. 2011). In this study, a 

predominantly sand substrate consisted of finer grains with no discernible shell fragments or large rock fragments.  

Shell/Gravel/Cobble In this study, shell/gravel/cobble described substrate containing a mixture of sand, shell or rock fragments or large 
rocks. 

Mud/Peat A sticky, fine-grained, predominantly clay- or silt-sized marine detrital sediment (Neuendorf et al. 2011). 

Water In this study, we selected water as the substrate type for any resource unit that (i) is always submerged (e.g., points 
several meters into the ocean, bay, or inland water body) or (ii) was submerged at the time resource unit was assessed 
(i.e., intertidal regions of beaches). 

Development In this study, we selected development as the substrate type for any resource unit that fell within areas obviously 
influenced by anthropogenic activities (e.g., housing developments, paved roads or parking lots, recreational sports 
fields, etc.). 

Vegetation Type = Categorical 
None Areas lacking vegetation of any type. Such areas were common on beaches, backshores, and washovers that 

frequently or recently experienced wave-action. 
Herbaceous Areas containing primarily herbaceous vegetation and lacking shrubs, trees, or any other vegetation with woody 

stems (Neuendorf et al. 2011). In this study, the herbaceous vegetation type typically described the vegetation cover 
found in Godfrey’s (1976)(i) “grassland” ecological zone along the backshore and dunes, dominated by beach grasses 
(e.g., Ammophila breviligulata) or (ii) “intertidal marsh” ecological zone dominated by cordgrass (e.g., Spartina 
patens). This vegetation is also of the forb/herb growth habit (U.S. Department of Agriculture (USDA) and Natural 
Resources Conservation Service (NRCS) 2021). 

Shrub Areas containing low (< 5 m), multi-stemmed woody plants (1976). In this study, the shrub vegetation type typically 
described vegetation cover found in Godfrey’s (1976) heath-like “shrublands” ecological zone in stable dune systems. 
This vegetation is also of the subshrub and shrub growth habits (U.S. Department of Agriculture (USDA) and Natural 
Resources Conservation Service (NRCS) 2021). 

Forest Areas containing trees and tall (> 5 m) shrubs. In this study, the forest vegetation type typically described vegetation 
cover found in Godfrey’s (1976) “woodlands/forests” ecological zone found in barrier island interiors and dominated 
by deciduous (e.g., Quercus velutina), pine (e.g., Pinus rigida), and juniper (e.g., Juniperus virginiana) species. This 
vegetation is also of the tree growth habit (U.S. Department of Agriculture (USDA) and Natural Resources 
Conservation Service (NRCS) 2021). 
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Development In this study, we selected development as the vegetation type for any resource unit that fell within areas obviously 
influenced by anthropogenic activities (e.g., housing developments, paved roads or parking lots, recreational sports 
fields, manicured lawns, etc.). 

Vegetation Density = Categorical 
None No vegetation observed in the 5 x 5 m area surrounding the nest or random point location. 
Sparse Vegetation was apparent and covered < 20% of the 5 x 5 m area surrounding the nest or random point location. 

Moderate Vegetation covered 20-90% of the 5 x 5 m area surrounding the nest or random point location. 

Dense Vegetation covered > 90% of the 5 x 5 m area surrounding the nest or random point location. 

Development In this study, we selected Development as the vegetation density for any resource unit that fell within areas obviously 
influenced by anthropogenic activities (e.g., housing developments, paved roads or parking lots, recreational sports 
fields, manicured lawns, etc.). 

Elevation 
Continuous 

Average elevation (m) of the 5 x 5 m area surrounding the nest or random point location. All elevations were 
transformed to the mean-high water (MHW) datum by subtracting the appropriate MHW correction factor from the 
raw ground-based lidar measurement according to Weber et al. (2005). Site-specific correction factors and 
methodology are discussed in Zeigler et al. (2019). For Bayesian networks, this variable was binned into the 
following categories: < 0 m; 0 to 1 m; 1 to 3 m; 3 to 5 m; > 5 m. 

Beach Width 
Continuous 

Beach width (m) was measured along transects that were spaced 50-m apart and oriented perpendicular to the MHW 
shoreline. The width of the beach was calculated as the distance along each transect between the MHW shoreline and 
either the dune toe (i.e., base of the dunes) or human development (e.g., seawall, boardwalk, parking lot, etc.). When 
neither a dune nor development were present, beach width could not be measured, and the resource unit was excluded 
from analyses. For nests or random points that did not fall directly on a transect, we assigned the beach width value 
along the nearest transect. Additional details in Zeigler et al. (2019). For Bayesian networks, this variable was binned 
into the following categories: < 30 m; 30 to 50 m; 50 to 100 m; > 100 m. 

Least-cost path 
distance to low-
energy shorelines 
with moist substrate 

This variable was measured the least-cost path distance (m) from a given nest or random point to the nearest low-
energy shoreline with moist substrate (i.e., along ephemeral pools, the bay, etc.). In measurements of least cost path 
distance, areas containing development, moderate or dense vegetation, and water substrates acted as barriers to 
movement. Additional details in Zeigler et al. (2019). For Bayesian networks, this variable was binned into the 
following categories: < 200 m; 200 to 400 m; 400 to 1000 m; > 1000 m. 

Distance to Ocean   
Continuous 

Distance to Ocean (m) indicates the Euclidean distance from a given nest or random point to the nearest point on the 
MHW ocean shoreline. Additional details in Zeigler et al. (2019). For Bayesian networks, this variable was binned 
into the following categories: < 30 m; 30 to 60 m; 60 to 100 m; 100 to 300 m; > 300 m. 
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Table S2. Network connections that we prevented from occurring in Bayesian network 
inference. Variables considered included (i) discretized continuous variables for elevation 
(Elev_Cat), distance to ocean (Ocean_Cat), least-cost path distance to low-energy shorelines 
with moist substrate (MOSH_Cat), and beach width (BW_Cat); (ii) categorical variables for 
geomorphic setting (GeoSetting), substrate type (SubType), vegetation type (VegType), and 
vegetation density (VegDen); and (iii) a binary output variable for resource unit type (HabSuit). 
 
From Variable: To Variable: From Variable: To Variable: 
MOSH_Cat  à Ocean_Cat VegDen à GeoSetting 
MOSH_Cat à Elev_Cat VegDen à VegType 
MOSH_Cat à BW_Cat VegDen à SubType 
MOSH_Cat à GeoSetting VegType à MOSH_Cat 
MOSH_Cat à VegDen VegType à Ocean_Cat 
MOSH_Cat à VegType VegType à Elev_Cat 
MOSH_Cat à SubType VegType à BW_Cat 
Ocean_Cat à BW_Cat VegType à GeoSetting 
Elev_Cat à MOSH_Cat VegType à SubType 
Elev_Cat à Ocean_Cat SubType à MOSH_Cat 
Elev_Cat à BW_Cat SubType à Ocean_Cat 
BW_Cat à Elev_Cat SubType à Elev_Cat 
BW_Cat à GeoSetting SubType à BW_Cat 
BW_Cat à VegDen SubType à GeoSetting 
BW_Cat à VegType HabSuit à MOSH_Cat 
BW_Cat à SubType HabSuit à Ocean_Cat 
GeoSetting à BW_Cat HabSuit à Elev_Cat 
GeoSetting à Elev_Cat HabSuit à BW_Cat 
GeoSetting à Ocean_Cat HabSuit à GeoSetting 
VegDen à MOSH_Cat HabSuit à SubType 
VegDen à Ocean_Cat HabSuit à VegType 
VegDen à Elev_Cat HabSuit à VegDen 
VegDen à BW_Cat   
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Table S3. Available miles of sandy ocean beach, breeding pairs of Piping Plovers in 2015, pairs per mile of sandy ocean beach in 
2015, peak number of pairs between 1989 and 2018, and peak pairs per mile of ocean sandy beach in each U.S. Atlantic Coast 
recovery unit. 
 

Recovery Unit 
Available Sandy Ocean 

Beach (mi; 2015†) 
Estimated Breeding 

Pairs (2015‡) 
Pairs/mi of Sandy 

Ocean Beach (2015) 

Peak Breeding Pair 
Estimate, 1989-

2018 (year) ‡ 

Peak Pairs/mi of 
Sandy Ocean 

Beach 

New England 651.43 914 1.40 917 (2018) 1.41 
New York – New Jersey 516.12 416 0.81 586 (2007) 1.13 
Southern 483.13 362 0.75 386 (2016) 0.80 
† Source: Rice, T.M. 2017. Inventory of Habitat Modifications to Sandy Oceanfront Beaches in the U.S. Atlantic Coast Breeding Range of the Piping Plover 
(Charadrius melodus) as of 2015: Maine to North Carolina. Report submitted to the U.S. Fish and Wildlife Service, Hadley, Massachusetts, USA. 
‡ Source: USFWS. 2019. Abundance and productivity estimates � 2018 update: Atlantic Coast piping plover population. Hadley, Massachusetts, USA.  
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Figure S1.  (A) elevation, (B) distance from the ocean mean high water shoreline, (C) beach 
width, and (D) distance to low-energy shorelines with moist substrate associated with resource 

units that were used for nesting by Piping Plovers compared to resource units that were not used 
but available. We divide used and available resource units by regional recovery units for the 

species (NE: New England, NYNJ: New York – New Jersey, South: Southern). Box plots depict 
median (line in middle of box), middle 50% of the data (box), 25th and 75th percentiles (bottom 

and top edge of box, respectively), variance from middle 50% of data (vertical lines), and data 
outliers (black points). 
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