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a b s t r a c t
Umbrella species are rarely selected systematically from a range of candidate species. On sandy beaches, birds
that nest on the upper beach or in dunes are threatened globally and hence are prime candidates for conservation
intervention and putative umbrella species status. Here we use a maximum-likelihood, multi-species distribution
modeling approach to select an appropriate conservation umbrella from a group of candidate species occupying
similar habitats. We identify overlap in spatial extent and niche characteristics among four beach-nesting bird
species of conservation concern, American oystercatchers (Haematopus palliatus), black skimmers (Rynchops
niger), least terns (Sterna antillarum) and piping plovers (Charadrius melodus), across their entire breeding
range in New Jersey, USA. We quantify the beneﬁt and efﬁciency of using each species as a candidate umbrella
on the remaining group. Piping plover nesting habitat encompassed 86% of the least tern habitat but only 15%
and 13% of the black skimmer and American oystercatcher habitat, respectively. However, plovers co-occur
with all three species across 66% of their total nesting habitat extent (~649 ha), suggesting their value as an umbrella at the local scale. American oystercatcher nesting habitat covers 100%, 99% and 47% of piping plover, least
tern and black skimmer habitat, making this species more appropriate conservation umbrellas at a regional scale.
Our results demonstrate that the choice of umbrella species requires explicit consideration of spatial scale and an
understanding of the habitat attributes that an umbrella species represents and to which extent it encompasses
other species of conservation interest. Notwithstanding the attractiveness of the umbrella species concept, local
conservation interventions especially for breeding individuals in small populations may still be needed.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
The use of umbrella species is attractive in conservation because
comprehensive data on all (or the majority of) species are rarely available (Caro and O'Doherty, 1999). Commonly, umbrella species are deﬁned as those whose conservation beneﬁts a group of co-occurring
(‘target’) species and the ecosystem they inhabit (Roberge and
Angelstam, 2004; Seddon and Leech, 2008). Effective umbrellas should
have a wide enough habitat breadth to encompass a substantial amount
of each target's habitat within its range (high degree of spatial overlap)
and should share similar habitat criteria across the target group (niche
overlap) (Favreau et al., 2006; Suter et al., 2002). Theoretically umbrella
species can be an effective management tool, especially with respect to
implementing strategies that can beneﬁt several species or ecosystems
simultaneously.
⁎ Corresponding author at: Ecology, Evolution and Natural Resources, Rutgers, The State
University of New Jersey, 14 College Farm Road, New Brunswick, NJ 08901, USA.
E-mail address: brooke.maslo@rutgers.edu (B. Maslo).

http://dx.doi.org/10.1016/j.biocon.2016.09.012
0006-3207/© 2016 Elsevier Ltd. All rights reserved.

Despite its potential utility, the approach is not without criticism
(e.g., Andelman and Fagan, 2000; Lindenmayer et al., 2002; Murphy et
al., 2011). Much of the debate surrounding the effectiveness of conservation umbrellas stems from a lack of consensus on the objectives and
outcomes in using them (Hunter et al., 2016). Reasons for the choice
of a particular umbrella species are not always well known or articulated and can be based on anecdotal rather than scientiﬁc evidence (Pullin
et al., 2004; Sutherland et al., 2004). Many purported umbrella species
are actually ﬂagship species (e.g., charismatic megafauna; Arponen,
2012), which are not primarily intended to function as an umbrella (although some do), but rather are used as a means of garnering public
support and funding, or enacting legislation (Caro and O'Doherty,
1999; Home et al., 2009). Umbrella species also are often chosen from
a list of threatened species (Possingham et al., 2002), likely because
those species already carry regulatory protection (Fleishman et al.,
2000), which greatly facilitates conservation intervention. Indeed,
threat status is increasingly used to assign legislative priorities
(Arponen et al., 2005; Marsh et al., 2007), and conservation targets are
often policy-driven (Svancara et al., 2005). These decisions reﬂect
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differences in objectives and expectations rather than a failure of a given
species itself to represent a broader range of conservation targets.
Conservation organizations and management authorities have differing ideas regarding the role particular species ﬁll in a conservation
context (Hunter et al., 2016). A growing body of literature shows that
umbrella species can protect target groups or habitats provided they
are carefully chosen using quantitative and standardized methods and
explicit criteria (Carroll et al., 2001; Favreau et al., 2006). Umbrella species should also be chosen at the appropriate scale, represent ecologically-linked taxa that share similar habitats (Caro, 2003; Caro et al., 2004;
Favreau et al., 2006; Fleishman et al., 2000), and in some cases should
have similar life history traits or management requirements as the target group (Báldi, 2003; Lovell et al., 2007).
Proper choice of umbrella species, using transparent methods and
explicit criteria, is important to meet conservation goals. Even in the absence of adequate datasets for all species in a target group (i.e. the group
of species to be conserved; Roberge and Angelstam, 2004), advanced
approaches for delineating species' distributions can help to elucidate
the degree of distributional concordance among species, as well as identify species with the appropriate characteristics (Caro and O'Doherty,
1999; Seddon and Leech, 2008). In this paper, we use a maximum-likelihood, multi-species distribution modeling approach to select an appropriate conservation umbrella from a group of candidate species
occupying similar habitats. We examine which of these species could,
theoretically, offer the largest conservation beneﬁt for other species
(i.e., be the most effective and efﬁcient candidate for an umbrella species) by quantifying both the degree of spatial co-occurrence, as well
as the niche overlap among each potential umbrella and the residual
target species group.
Along the U.S. Atlantic Coast, several beach-nesting bird species are
in decline due to habitat loss, beach stabilization and nourishment practices, predation and human disturbance (Andres et al., 2012; LeDee,
2008; Thomas et al., 2006). When anthropogenic activities lower reproductive success in breeding birds, overall population viability may be
compromised (e.g., Dowding and Murphy, 2001; Gill et al., 2001).
Among these species, the Atlantic Coast population of piping plovers
(Charadrius melodus) has received signiﬁcant conservation attention
since its federal listing as a threatened species in 1986 (Melvin et al.,
1991; Sidle et al., 1991). This small, Nearctic territorial bird occurs
sparsely across a wide geographic extent (the North American Atlantic
Coast) and breeds from Newfoundland, Canada south to North Carolina,
USA (Haig et al., 2005), but local populations can be small. For breeding,
the species depends on early successional sandy beach habitats characterized by low-lying dunes, sparse vegetation and access to tidally
inundated moist substrates for foraging (Loegering and Fraser, 1995;
Maslo et al., 2012; Maslo et al., 2011). Because of its broad geographic
distribution, reliance on habitats severely threatened by anthropogenic
activities, and its charismatic appeal, the piping plover has been
labeled both an umbrella species for coastal species and habitats, as
well as a ﬂagship species for coastal conservation more broadly
(Gratto-Trevor and Abbott, 2011; Hecker, 2008). The United States
Fish and Wildlife Service considers the piping plover a ‘representative’
species of coastal conservation across its entire U.S. Atlantic Coast
range (USFWS, 2014).
Annually, millions of dollars from the budgets of public agencies and
non-proﬁt organizations (Hecht and Melvin, 2009) are spent protecting
existing piping plover breeding habitat through symbolic fencing, restrictions on recreational activities (i.e. off-road vehicles, dog walking;
Melvin et al., 1994; Patterson et al., 1991), nest and brood monitoring
(Hecht and Melvin, 2009; MacIvor et al., 1990), and predator management (Maslo and Lockwood, 2009). Coastal habitat restoration projects
along the U.S. Atlantic Coast are often conducted explicitly to beneﬁt
piping plovers, and the species is often monitored to measure the success or failure of management interventions (McIntyre and Heath,
2011; Smith et al., 2005). These activities are conducted under the assumption that other beach-nesting bird species will beneﬁt as well,

implying that piping plovers are an effective and efﬁcient umbrella species (NPS, 2007; USFWS, 2007).
However, several other beach-nesting bird species of conservation
concern use habitats that are generally similar to piping plovers and
may act as conservation umbrellas. American oystercatchers
(Haematopus palliatus), black skimmers (Rynchops niger) and least
terns (Sterna antillarum) are all considered representative species of
coastal habitat conservation for at least a portion of the north Atlantic
coastal region (USFWS, 2014). An evaluation of each species' ‘performance’ as an umbrella may further increase the efﬁciency of future conservation efforts, particularly in light of the appreciable investment in
management of beach-nesting birds and other coastal species. In this
paper, we ﬁrst ask whether a focus on piping plover conservation beneﬁts other coastal birds in terms of encompassing their habitat. We
also evaluate the umbrella species concept more broadly in the context
of beach-nesting birds and ask which species (American oystercatcher,
black skimmer, least tern, or piping plover) is likely to confer the
greatest conservation beneﬁt to other species in this guild by having a
distribution that would capture the largest fraction of another species'
habitat.
2. Materials and methods
Our study region is the coastal zone of central and southern New Jersey, USA, including the counties of Monmouth, Ocean, Atlantic, and
Cape May. To encompass all sites potentially available for nesting by
our target species, we designated the speciﬁc study area as all land
and water within 5 km of the New Jersey coastline from Gateway
National Recreation Area – Sandy Hook Unit south to Cape May Point
(~1040 km2; Fig. 1). This area included all beaches, dunes, salt marsh,
and tidal ﬂats where our target species could breed. The four beachnesting bird species – American oystercatchers, black skimmers, least
terns and piping plovers - are of high conservation concern in New
Jersey and along the North American Atlantic Coast and occur over a signiﬁcant portion of the study area (Table A.1). While these species have
similar habitat requirements, there are important distinctions among
habitat needs and life history traits. American oystercatchers and piping
plovers breed as solitary pairs, while least terns and black skimmers
nest in colonies of up to several hundred pairs (Brunton, 1999; Erwin,
1977). Atlantic coast piping plovers and least terns are obligate beachnesting birds (Beck et al., 1990; Maslo et al., 2011); rooftop nesting by
least terns in not known to occur in northeastern USA (Gochfeld,
1983; Krogh and Schweitzer, 1999). In contrast, black skimmers and
American oystercatchers nest in several habitat types, including sand/
shell beaches, salt marshes and dredge spoil islands (Burger and
Gochfeld, 1990; Simons et al., 2012). Finally, foraging behavior varies
widely among species, with piping plovers and American oystercatchers
feeding on small marine and terrestrial invertebrates along the intertidal zone and in wrack, and black skimmer and least terns preying
upon small ﬁsh in surf zone or other nearshore marine habitats
(Cuthbert et al., 1999; Gordon et al., 2000; Maslo et al., 2012).
2.1. Modeling the occurrence of breeding beach-nesting birds
To create distribution maps for each species, we used nest or colony
occurrence data obtained from the New Jersey Endangered and Nongame Species Program (ENSP). Each year, trained ENSP personnel conduct monitoring of beach-nesting birds in New Jersey from March
through September. All beaches are visited at least once, and sites
where target species are observed are surveyed repeatedly to monitor
all reproductive stages (courting, nesting, chick-rearing, etc.). The GPS
coordinates of each nest or colony are recorded. We extracted (from
the full ENSP dataset) all documented nest and colony occurrences of
our target species for the years 2007–2011. To minimize spatial autocorrelation and remove potential bias from variation in sampling effort, we
spatially rariﬁed the points, retaining only points that occurred ≥10 m
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Fig. 1. Map of study area, all land and water within 5 km of the New Jersey coastline from Gateway National Recreation Area – Sandy Hook Unit south to Cape May Point, New Jersey, USA (~
1040 km2).

apart (Brown, 2014). Because locations of black skimmer and least tern
colonies were recorded as polygons (representing colony location rather than individual nests), we used the centroid of each polygon as the
occurrence point for these species (Aguilar et al., 2015). The ﬁnal
dataset included 1288 nest and colony locations (Fig. 1).
We tested eight predictor variables in our models, representing elevation, land use, land cover, beach morphology, and distance to coastal
features that are deemed important in nest- or colony-site selection
(Table A.2). We examined all data at a 10-m spatial resolution. We acquired digital topographic data from the United States Geological Survey to identify elevation across the study area, and from these data we
also calculated the slope as the maximum change in elevation across
each 10-m cell within the study area. We compiled detailed information
on land use from existing New Jersey Department of Environmental
Protection (NJDEP) data (Table A.3). We calculated the Euclidean distance to the high tide line, which we determined either by examining

the wet/dry interface of sand depicted on the 2010 United States Department of Agriculture Farm Service Agency aerial imagery (for
beaches), or by using the 2012 coastline data generated by NJDEP for
marsh and tidal ﬂat habitats (Schupp et al., 2005). To incorporate both
the availability of adequate territory size, as well as to examine the inﬂuence of the width of nesting habitat (narrow vs. wide shorelines),
we calculated the total sandy beach and marsh area (separately) within
100 m using FRAGSTATS v4 (McGarigal et al., 2012). To assess the inﬂuence of non-ocean foraging areas in nest- or colony-site selection, we
calculated the Euclidean distance to non-ocean tidal waters, which included inlets, bays, and tidal ponds. We processed all geospatial data
using ArcMap 10.2.2 (ESRI 2014).
In addition to the landscape features described above, we measured
differences among habitats with respect to management status by classifying them as managed or not managed for beach-nesting birds. New
Jersey categorizes beaches into four management zones of increasing
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protection status: 1) unprotected areas; 2) species precautionary areas;
3) species protection areas; and 4) closed areas. In unprotected areas,
beaches are routinely maintained for human use either during the summer (late May through early September) or throughout the entire year,
and pedestrian and vehicular trafﬁc is permitted from the high tide line
to the seaward toe of the primary dune. Precautionary areas have temporary no-rake and no-vehicle designations, but human access is only
restricted if nesting birds are present. Species protection areas are
open to public use, but there is a high level of proactive protection to
birds and habitat during the breeding season; protections include norake zones, no-vehicle designations, dog prohibition, symbolic fencing,
and human access restrictions in known foraging areas. Closed areas
are restricted to the public and all recreational uses except species monitoring by foot during the breeding season. To varying degrees, areas
managed for beach-nesting birds are subject to normal beach successional dynamics for all or a part of the year; the upper beach experiences
incipient dune formation, shell and pebble deposition and modest vegetative growth, which are all habitat features deemed important in nestsite selection (e.g., Cohen et al., 2008; Maslo et al., 2011).
We used maximum entropy modeling software to predict the probability of target species' occurrence across coastal New Jersey. Maxent
(Maxent version 3.3.3k; Phillips et al., 2006) is a widely employed species distribution modeling platform that uses a deterministic, maximum-likelihood framework to efﬁciently analyze presence-only
species occurrence data (Elith et al., 2011; Maslo et al., 2015). Using a
complex, machine-learning algorithm, Maxent generates the probability of a given species' occurrence (bounded between 0 and 1) across a
deﬁned spatial area, giving insight into the spatial and environmental
factors that are important to species in the selection of their habitats.
We ﬁt our Maxent models using the linear, product and quadratic
model feature classes, which are similar to those used in generalized linear models (e.g., product features model interactions between variables; Phillips et al., 2006). We evaluated model performance with a
separate test data ﬁle consisting of nest and colony locations from the
2012 breeding season. We determined model ﬁt by examining the
area under the curve (AUC) score, which is the area under the receiver
operating curve (ROC). We then applied the 10-percentile training presence of the model outputs to determine the minimum probability of occurrence at which we can expect to ﬁnd the nest of a target species
(Phillips and Dudík, 2008; Rödder et al., 2009). We make no assumptions about the quality of the local habitat. To determine the inﬂuence
of each predictor variable on species' distributions, we examined the
permutation importance values generated by the Maxent analyses.
These values are calculated as the normalized percentage of the drop
in AUC resulting from the random permutation of the values of each
predictor variable.
2.2. Evaluation of species' potential as a conservation umbrella
To serve as an effective conservation umbrella, the potential species
should have a wide enough habitat breadth to encompass a substantial
part of each of the target species' habitat within its range (high degree of
spatial overlap) and should share habitat attributes with the target
group (niche overlap). We evaluated the spatial overlap criterion of
each species by evaluating the conservation beneﬁt of managing each
species on the remaining targets. To do this, we overlaid each target species' Maxent output map onto the potential umbrella output map and
calculated the percentage of that species' total suitable habitat that
was included within the potential umbrella's range (e.g., the percentage
of black skimmer [as a target] habitat falling within the boundaries of
piping plover habitat [as the umbrella]). Because managers are likely
concerned with the efﬁciency of conservation interventions, we also
calculated the percentage of each potential umbrella's distribution
that accommodated multiple target species. Umbrellas that co-occur
with other target species across most of their distribution are deemed
better candidates for selection.

Because species distribution models tend to overestimate the level
of niche overlap among species (Broennimann et al., 2012), we used
standard ordination techniques to assess similarity in niche requirements among the target species. Tests for normality indicated that
some of the response variables were non-normally distributed; we
log10-transformed these variables to better conform to constraints of
normality (Table A.4). We ﬁrst performed a Multivariate Analysis of
Variance (MANOVA) (SAS 9.4) on 10,000 randomly selected cells from
each of the four Maxent output maps (40,000 total cells) to assess overall differences among species with regard to the habitat variables, using
univariate ANOVA test results to assess signiﬁcance for each individual
habitat variable. After determining that loss of the categorical variables
resulted in diminished predictive performance of the discriminant function, we retained all variables, including categorical variables in the subsequent discriminant function analysis. We then split the data into
equal training and test datasets and performed a canonical discriminant
function analysis (SAS 9.4), following McGarigal et al. (2013). Species
with a poor ability to separate from other groups would likely perform
well as a conservation umbrella given their high degree of niche overlap
with each member of the target group.
3. Results
3.1. Species' distribution models
The Maxent models performed well (Phillips and Dudík, 2008),
returning an AUC ≥0.96 (Table 1). The 10-percentile training presence
for the four species ranged from 0.208 for American oystercatchers to
0.474 for piping plovers (Table 1); these occurrence thresholds were
typically on narrow beaches or in areas fronting dense coastal development. The maximum probabilities of occurrence for all species ranged
from 0.953 for piping plovers to 0.996 for black skimmers (Table 1)
and were generally located in undeveloped, wide sandy inlet beaches
or spits. Land use was a strong predictor for American oystercatchers,
black skimmers, and piping plovers, but did not return a signiﬁcant permutation importance for least terns. All species used the non-vegetated
beach and the dunes for nesting. Black skimmers and American oystercatchers also nested frequently on mud ﬂats and salt marshes; on one
occasion, American oystercatchers nested on bare exposed rock (Table
A.5).
Distance to non-ocean tidal waters was an important predictor of
black skimmer and American oystercatcher nesting (Table 1). In contrast, this variable did not signiﬁcantly predict least tern or piping plover
nest location. Model predictions of nesting probabilities using this variable were only marginally better than random for least terns and piping
plovers, and they suggested these species nest within a wide range of
several hundred meters from non-ocean tidal waters (Fig. 2). Distance
to the high tide line was the most inﬂuential predictor for American oystercatchers, returning a permutation importance an order of magnitude
greater than all other model covariates. The distance to the high tide line
also had a strong inﬂuence on nest-site location for black skimmers and
piping plovers, with skimmer nests occurring in the closest proximity to
the tide line. All species were predicted to nest ≥4 m from the high tide
line.
Management zone (e.g., closed, species protection area) was included in the top three ranked predictors for all species. Black skimmers and
American oystercatchers responded most positively to species precautionary and protection areas, while piping plovers were predicted to
nest at comparable probability in either type of management zone. Similarly, the total sandy beach area within 100 m was a strong predictor of
least tern and piping plover occurrence, with probability of occurrence
peaking for both species at 2.7 and 2.5 ha, respectively. Although
sandy beach area was not as important to American oystercatcher and
black skimmer nest-site selection, probability of occurrence increased
with increasing sandy beach area. More important to oystercatcher
and skimmer occupancy was the total marsh area within 100 m, with
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Table 1
Maxent model results for beach-nesting bird species in New Jersey, USA. For each species, area under the curve (AUC) for the test dataset and the permutation importance of each variable
are reported.
Species and model variablesa

N

AUC

American oystercatcher, Haematopus palliatus
Distance to high tide line
Land use
Management zone
Dist. to non-ocean tidal waters
Elevation
Marsh area within 100-m radius
Beach area within 100-m radius
Slope
Black skimmer, Rynchops niger
Dist. to non-ocean tidal waters
Distance to high tide line
Land use
Management zone
Elevation
Marsh area within 100-m radius
Beach area within 100-m radius
Slope
Least tern, Sterna antillarum
Management zone
Marsh area within 100-m radius
Beach area within 100-m radius
Distance to high tide line
Land use
Elevation
Dist. to non-ocean tidal waters
Slope
Piping plover, Charadrius melodus
Land use
Distance to high tide line
Management zone
Beach area within 100-m radius
Dist. to non-ocean tidal waters
Elevation
Marsh area within 100-m radius
Slope

544

0.971

a

Variable permutation importance

10-percentile threshold

Maximum probability of occurrence

0.208

0.892

0.300

0.996

0.382

0.988

0.474

0.953

85.2
4.3
3.4
2.4
2.0
1.6
1.0
0.0
27

0.994
59.8
17.2
10.7
9.2
2.1
0.6
0.4
0.0

111

0.994
77.9
11.5
6.2
2.9
0.9
0.5
0.0
0.0

606

0.965
28.6
26.8
21.3
17.5
3.5
1.9
0.3
0.0

For each species, variables are listed in order of importance.

skimmers predicted to nest in areas with ≥1 ha of surrounding marsh
and oystercatcher probability of occurrence peaking at ~1.2 ha of surrounding marsh.
3.2. Niche overlap among breeding beach-nesting bird species
The Maxent models identiﬁed ~ 649 ha of piping plover nesting
habitat within the study area, which encompassed ~ 86% of the total
nesting habitat of least terns, but only 14.6% of black skimmer and
13.2% of American oystercatcher nesting habitat (Table 2). In contrast,
~4520 ha of suitable American oystercatcher nesting habitat exist across
the study area, covering 100% of piping plover, ~99% of least tern, and
47% of black skimmer nesting habitat. In general, piping plover and
least tern nesting habitat was restricted to oceanfront sandy beaches.
Black skimmer habitat suitability peaked in large, undeveloped sandy
spits and also extended into salt marshes in the back bay system
(Fig. 3). American oystercatcher nesting habitat was distributed more
evenly across both sandy beach and marsh habitats. Oystercatchers
co-occurred with at least one other species across 37% (~ 1838 ha) of
their habitat extent (Fig. 4), while least terns co-occurred with all
three other species across 72% (~425 ha).
The response curves for least terns and piping plovers followed very
similar trends across all predictor variables (Fig. 2). Probability of presence for these species peaked at an elevation of 1.9 m and a slope of 6.5°.
Colony and nest locations for plovers and terns were most likely to
occur within 87 m and 76 m of the high tide line, respectively. While
skimmers were also most likely to occur within this same distance,
American oystercatcher nest probability dropped signiﬁcantly at distances N51 m from the high tide line. Plovers and terns also were

predicted to nest at much greater distances from non-ocean tidal waters
(589 m and 469 m, respectively) than American oystercatchers and
black skimmers (~7 m for both species; Fig. 2). Total marsh area within
a 100-m radius was not correlated with either least tern or piping plover
presence. American oystercatcher and black skimmer response curves
mirrored terns and plovers for total sandy beach area within a 100-m
radius. Aside from nesting in close proximity to non-ocean tidal waters,
oystercatchers and skimmers differed widely from each other with respect to the remaining predictor variables. Elevation alone was a poor
predictor of American oystercatcher occurrence but it appeared inﬂuential for skimmers. In contrast, slope alone was a poor predictor of skimmer presence.
Results from the discriminant function analysis supported the
Maxent output. Least terns and piping plovers showed similar loadings
on the ﬁrst and second canonical axes (Fig. A1, Table A.4), which explained 99.1% of the total variance. Loadings for black skimmer on
these axes discriminated signiﬁcantly from plovers and terns, particularly along the ﬁrst axis. American oystercatchers, in contrast, demonstrated considerable overlap with plovers, terns and skimmers, as also
indicated by greater misclassiﬁcation in the other species (Table A.6).
4. Discussion
The current literature describes the ecological attributes of an umbrella species as a habitat specialist with a wide geographic distribution,
large home range size, and having moderate sensitivity to human disturbance (Andelman and Fagan, 2000; Caro and O'Doherty, 1999;
Fleishman et al., 2000; Seddon and Leech, 2008). Our analyses conﬁrm
the narrow habitat preferences and sensitivity to human disturbance
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Fig. 2. Maxent response curves indicating each variable's predictive power for species' nest occurrence, as well as the range of conditions correlated with each target species' nesting
probability.

of piping plovers relative to other beach-nesting birds in our study
(Cairns, 1982; Kisiel, 2009). The plover model returns the highest occurrence threshold (0.474) and reports the lowest maximum suitability
score (Table 1), indicating the narrowest range of suitable habitat conditions among the species being assessed. Plovers are widely distributed
across the study area, but most nests occur in expansive sandy areas
away from coastal development with access to several foraging habitat
types. Nests occur almost exclusively on sandy beaches and sparsely
vegetated dunes (Table A.5) and are found within a small range of
both elevation and slope (Maslo et al., 2011; Fig. 2). Nesting probability
increases with increasing sandy beach area (and thus availably breeding
territory), demonstrating that plovers require large swaths of protected
habitat, which is also an important criterion for the selection of an appropriate umbrella species (Roberge and Angelstam, 2004; Seddon
and Leech, 2008).
Protection of piping plover habitat provides appreciable beneﬁt to
least terns, likely due to a high degree of niche overlap. Plover and
tern habitat preferences are similar across all predictor variables,
Table 2
Total predicted habitat area for each beach-nesting bird species in New Jersey, USA. Percentage values denote the fraction of a species' nesting habitat that is encompassed in
the habitat area of another species (e.g., 34.3% of the nesting habitat of American oystercatchers falls within the habitat of black simmers).

American oystercatcher
Black skimmer
Least tern
Piping plover

American
oystercatcher

Black
skimmer

Least
tern

Piping
plover

4920.4 ha
100%
34.3%
11.9%
13.2%

3605.6 ha
46.9%
100%
13.3%
14.6%

591.7 ha
99.0%
81.0%
100%
85.6%

649.1 ha
100%
81.3%
78.0%
100%

particularly total sandy beach area, land use, slope and distance to
non-ocean tidal waters (Fig. 2). Both species are beach obligates and
have historically been documented sharing habitat space (Burger,
1987). The discriminant function analysis revealed almost no
distinguishing characteristics between piping plover and least tern
nesting habitat (Fig. S1), and the majority of incorrectly identiﬁed piping plover nests were misclassiﬁed as those of least terns (Table A.6).
Protecting all plover nesting habitat in New Jersey would protect
85.6% of the least tern habitat extent; similarly, protecting all least
tern habitat would protect 78.0% of all piping plover habitat (Table 2).
Limited resources for conservation mandates that efﬁciency of management actions must be maximized (Murphy et al., 2011; Rodrigues
and Brooks, 2007). The total extent of piping plover nesting habitat in
our study area is just over a tenth of that of American oystercatchers,
but two-thirds of it is considered suitable for all three beneﬁciary species (Fig. 4). The majority of plover-focused management in these
areas (i.e. predator control, reduction of human disturbance) would
beneﬁt oystercatchers, skimmers and terns. Based upon aforementioned factors, piping plovers appear to satisfy the requirements for
classiﬁcation as an appropriate conservation umbrella.
However, umbrella species are ideally meant to ensure the population viability of beneﬁciary species (Roberge and Angelstam, 2004;
Wilcox, 1984). Piping plovers have a small spatial extent of suitable
nesting habitat (~649 ha; Table 2), and it does not overlap extensively
with that of American oystercatchers or black skimmers (Fig. S1). Managing only plover habitat would protect b15% of the total oystercatcher
and skimmer habitat in New Jersey, making it highly unlikely plover
protections alone would support core populations of American oystercatchers and black skimmers.
In contrast, American oystercatchers have the largest spatial extent
of suitable nesting habitat (~4920 ha; Table 2), and the range of habitat
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Fig. 3. Example of Maxent model results for American oystercatchers, black skimmers, least terns, and piping plovers for part of the study area. Images represent differences in breadth of
suitable habitat across species, with least terns and piping plovers being restricted to sandy, oceanfront beaches. Black skimmer probability of occurrence peaks on large, undeveloped
sandy spits but is only marginally above the suitability threshold in some salt marsh areas. American oystercatcher habitat is more widely distributed across both beach and marsh habitats.

conditions suitable for nesting is much broader than the remaining
three species examined. Indeed the oystercatcher model returns the
lowest occurrence threshold (0.208; Table 1). Oystercatchers use a variety of substrates for nesting including sandy beaches, dunes, saline
marshes, and mudﬂats (Table A.5). They are less sensitive to geomorphological conditions, such as elevation and slope, yet they require signiﬁcant expanses of sandy beach habitat (Fig. 2). The discriminant
function analysis indicates that American oystercatchers associate
most with black skimmers, but there also is also considerable overlap
of American oystercatcher habitat across least tern and piping plover
habitat (Figs. 3, A1). Comprehensively protecting all oystercatcher
nesting habitat within the study area would protect 100% and 99% of
the piping plover and least tern habitat extent, respectively, and almost
half of the skimmer habitat (Table 2). Therefore, it is much more likely
that as an umbrella species, American oystercatchers would protect
core populations of the other three species.
Birds on ocean beaches and coastal dunes use a broad range of environmental attributes for habitat selection, including the spatial distribution of prey resources (Meager et al., 2012; Schlacher et al., 2014). It is

important to note that our analyses focused on nesting habitat and did
not explicitly include foraging habitat [although foraging resources for
piping plovers and American oystercatchers are indirectly considered
through some of the model inputs (i.e. distance to high tide line and
non-ocean tidal waters)]. Because piping plovers can move broods to
foraging areas outside the boundaries of the original nesting territory
(Loegering and Fraser, 1995), their overall breeding habitat extent
may in some cases be broader than predicted by our models. Therefore,
plovers and oystercatchers may experience greater niche overlap in
some locations, particularly in the southern portion of the Atlantic
Coast piping plover range (Delaware, Maryland, and North Carolina)
where they are more dependent upon ephemeral pools and bayside
beaches (A. Hecht, United States Fish and Wildlife Service, pers. comm.).
4.1. Conservation implications
Because managers typically oversee one or more small, protected
areas within a given region, piping plovers may serve as an effective
umbrella at the local scale. Reproductive success of all beach-nesting
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Fig. 4. Distribution of a candidate umbrella species' co-occurrence with 1, 2, and 3 target
species, described as both total area and percentage of habitat extent.

birds is lowered both by human disturbance (Dowling and Weston,
1999; Weston et al., 2012; Weston and Elgar, 2007), as well as clutch
loss from a suite of egg and chick predators, including foxes (Vulpes
spp.), corvids (Corvus spp.), gulls (Larus spp.), and ghost crabs (Ocypode
spp.) (Dowding and Murphy, 2001; Ekanayake et al., 2015; Watts and
Bradshaw, 1995). Reduction of human disturbance through symbolic
fencing, vehicle restrictions, and other regulations regarding human
recreation will improve reproductive success of all beach-nesting birds
within a protected area (e.g., Dinsmore et al., 2014; Lafferty et al.,
2006; Melvin et al., 1994). Similarly, predator removal will likely beneﬁt
all species present, regardless of the conservation target (Lavers et al.,
2010). However, it is important to note that management solely focused
on reducing predation of piping plover clutches will only beneﬁt the
intended target. As an example, piping plover nests are typically
protected with predator exclosures (Cohen et al., 2009; Maslo and
Lockwood, 2009), which are wire cages placed around individual nests
to prevent access by avian and mammalian predators. These devices
do not reduce predation of piping plover chicks or non-target species.
Due to their highly specialized habitat requirements and resulting
small extent of suitable habitat, piping plovers may not serve as an effective conservation umbrella at the regional scale. American oystercatchers may instead ﬁll this role, protecting a larger geographic
extent as well as a higher diversity of habitats within it. For example,
landscape scale conservation of oystercatchers would include restorative or preventative habitat management and protection in marsh
areas and would address threats speciﬁc to those habitats (e.g., draining,
ditching and pollution), threats which are absent or less problematic in
piping plover habitat (Roman, 2012). Because umbrella species enable
conservation-sensitive planning as well as speciﬁc site-based responsive actions, the inclusion of marshes (under the oystercatcher umbrella) would entail areas and issues (e.g., water quality of marsh inﬂows;
Roman, 2012) that would not be identiﬁed under the plover umbrella.
Importantly, American oystercatchers are not listed as a threatened
or endangered species by the federal government. Securing regulatory
protections may pose a substantial challenge, particularly as coastal
habitats are commodities that are highly prized for housing and recreation (Defeo et al., 2009; Lockwood and Maslo, 2014). Although the species is classiﬁed as ‘special concern’ in New Jersey and there is an active
working group focused on its ecology and conservation (www.amoy.
org), regional censuses consider the species stable (Morrison et al.,
2006); thus, adopting American oystercatchers as a conservation umbrella may require a paradigm shift in the traditional practice of surrogate species selection (Marsh et al., 2007; Possingham et al., 2002).
The capacity to formally designate a species as an umbrella taxon
under legislation, with umbrella species consequently enjoying legislative protections, would facilitate the systematic selection of the best
umbrella species rather than relying upon threatened species which
may offer less beneﬁts to target groups of species.

Our results demonstrate that it is improbable that there exists a single strategy that will effectively conserve critical breeding habitat for all
species at all scales. As emphasized above, local scale interventions will
be important for threatened species where breeding pairs forming part
of small populations are located in vulnerable habitats (e.g., the upper
beach near the dunes that is heavily used by human and dogs for recreation). This is the case for piping plovers. Such highly targeted actions
will, however, need to be complemented by broader strategies that protect habitats for multiple species at the landscape and regional level.
This is of critical importance because habitat loss is generally irreversible and, despite the best localized protection measures, spill-over effects from modiﬁed habitats can render such efforts ineffectual. In this
context, using the American oystercatcher as an umbrella species to
identify and map valuable remaining habitat that will have beneﬁts
for other species is useful.
This analysis focused on habitat requirements and niche overlap as a
metric by which to select an appropriate umbrella species for beachnesting bird conservation. As for any spatial modeling approach, we assume that the current distribution of each species (which underpinned
our models) represents the range of habitats that may be occupied by
that species. Where species exhibit different tolerances to anthropogenic change or where the intensity of anthropogenic change varies between habitats, species distribution may be underestimated (Guisan
and Thuiller, 2005). For the umbrella concept to be meaningful, it
must have contemporary application, so we used recent (and therefore
most reliable) nesting data to build our models, and offer an approach
that enables conservation in the context of already highly modiﬁed
and impacted (and managed) habitats in New Jersey.
Our landscape-scale approach did not address habitat quality
(which may be manifested, for example, by breeding success) at the
site scale. Under speciﬁc circumstances, animals can occur in maladaptive habitats such as ecological traps (Schlaepfer et al., 2002), thus an
examination of metapopulation dynamics within the umbrella is critical
to ensure it, or parts of it, are not functioning as population sinks. We
focus here on nesting habitat to illustrate our approach, but we suggest
that to ensure effective conservation, full consideration of the geographic extent on which a target species plays out its life history is needed.
Breeding success is a critical component of population viability for
beach-nesting birds; therefore, selecting an umbrella species that can
protect nesting habitat will likely have measureable beneﬁt to populations of target species. However, nesting habitat protections may not effectively conserve a target species if its marine foraging habitat is under
threat. Similarly, a conservation umbrella that protects a target species
on its breeding grounds does not guarantee population viability if the
primary threats occur on the wintering grounds. In terms of habitat heterogeneity and species diversity our model systems of ocean beaches
and dunes with four beach-obligate bird species may represent a comparatively low complexity situation for the application the umbrella
species in bird conservation. In more diverse and complex settings,
the selection of umbrella species may also be more complex, chieﬂy because more diverse niches are likely to be present and representation
has to be extended to a broader suite of species. Selection of an appropriate umbrella species must occur in the context of a broader discourse
of what beneﬁts it can or cannot provide and an evaluation of its impact
relative to all prominent factors affecting a declining population.
4.2. Conclusions
Because the use of the umbrella species concept is very likely to remain prominent in conservation, it is important to systematically select
umbrella species so that they are effective and efﬁcient. Here, we show
that substantial investments in piping plover protection are very likely
to have beneﬁts for other beach-nesting species at the local scale, chieﬂy
because habitat requirements of plovers are a subset of the niche of
other species. At the local scale, protecting plover nesting habitat will
encompass potential breeding sites of other beach-nesting birds,
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supporting the status of piping plovers as umbrella species. In a complementary fashion, at the regional scale the greater breadth of breeding
habitat used by American oystercatchers is likely to encompass a larger
component of other species' suitable nesting habitats. Complete protection of oystercatchers will also protect species with more restricted
breeding site requirements. Large-scale protection is, however, more
costly or less politically palatable, and hence may complement local efforts and be used primarily in the wider context of land-use planning.
We suggest that even with systematic selection approaches such as
those employed here, there is unlikely to be a single “clearly best” umbrella species candidate identiﬁed, particularly in more complex systems with a target species that span several taxonomic groups. The
ﬁnal choice is dependent on the spatial ambit of conservation interventions (local vs. regional), the cost and political feasibility (large vs. small
areas), and the conservation status of the species of interest, which dictates the degree of legislative protection offered by the umbrella.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.biocon.2016.09.012.

Acknowledgements
Funding for this project was sponsored by the U.S. Fish and Wildlife
Service North Atlantic Landscape Conservation Cooperative (Grant #s
F14AP00174 and F14AC01023). We are especially grateful to C. Davis
and the New Jersey Department of Environmental Protection – Endangered and Nongame Species Program for providing nest monitoring
data, and all the seasonal technicians who collected them. We appreciate useful conversations and the sharing of data by T. Rice. We appreciate the thoughtful feedback of A. Hecht, Prof Ischlberg, A. Milliken, and
M. Tyrell on the species distribution models.

References
Aguilar, G., Farnworth, M., Winder, L., 2015. Mapping the stray domestic cat (Felis catus)
population in New Zealand: species distribution modelling with a climate change
scenario and implications for protected areas. Appl. Geogr. 63, 146–154.
Andelman, S.J., Fagan, W.F., 2000. Umbrellas and ﬂagships: efﬁcient conservation surrogates or expensive mistakes? Proc. Natl. Acad. Sci. 97, 5954–5959.
Andres, B.A., Smith, P.A., Morrison, R.G., Gratto-Trevor, C.L., Brown, S.C., Friis, C.A., 2012.
Population estimates of North American shorebirds, 2012. Wader Stud. Group Bull.
119, 178–194.
Arponen, A., 2012. Prioritizing species for conservation planning. Biodivers. Conserv. 21,
875–893.
Arponen, A., Heikkinen, R.K., Thomas, C.D., Moilanen, A., 2005. The value of biodiversity in
reserve selection: representation, species weighting, and beneﬁt functions. Conserv.
Biol. 19, 2009–2014.
Báldi, A., 2003. Using higher taxa as surrogates of species richness: a study based on 3700
Coleoptera, Diptera, and Acari species in Central-Hungarian reserves. Basic Appl. Ecol.
4, 589–593.
Beck, R.A., Akers, J., Via, J., Williams, B., 1990. Status and distribution of the Least Tern in
Virginia–1975 to 1988. Va. J. Sci. 41, 404–418.
Broennimann, O., Fitzpatrick, M.C., Pearman, P.B., Petitpierre, B., Pellissier, L., Yoccoz, N.G.,
Thuiller, W., Fortin, M.J., Randin, C., Zimmermann, N.E., 2012. Measuring ecological
niche overlap from occurrence and spatial environmental data. Glob. Ecol. Biogeogr.
21, 481–497.
Brown, J.L., 2014. SDMtoolbox: a python-based GIS toolkit for landscape genetic, biogeographic and species distribution model analyses. Methods Ecol. Evol. 5, 694–700.
Brunton, D., 1999. “Optimal” colony size for least terns: an inter-colony study of opposing
selective pressures by predators. Condor 607–615.
Burger, J., 1987. Physical and social determinants of nest-site selection in Piping Plover in
New Jersey. Condor 811–818.
Burger, J., Gochfeld, M., 1990. The Black Skimmer: Social Dynamics of a Colonial Species.
Columbia University Press.
Cairns, W.E., 1982. Biology and behavior of breeding Piping Plovers. Wilson Bull. 531–545.
Caro, T., 2003. Umbrella species: critique and lessons from East Africa. Anim. Conserv. 6,
171–181.
Caro, T., O'Doherty, G., 1999. On the use of surrogate species in conservation biology.
Conserv. Biol. 805–814.
Caro, T., Engilis, A., Fitzherbert, E., Gardner, T., 2004. Preliminary assessment of the ﬂagship species concept at a small scale. Anim. Conserv. 7, 63–70.
Carroll, C., Noss, R.F., Paquet, P.C., 2001. Carnivores as focal species for conservation planning in the Rocky Mountain region. Ecol. Appl. 11, 961–980.
Cohen, J.B., Wunker, E.H., Fraser, J.D., 2008. Substrate and vegetation selection by nesting
piping plovers. Wilson J. Ornithol. 120, 404–407.

241

Cohen, J.B., Houghton, L.M., Fraser, J.D., 2009. Nesting density and reproductive success of
piping plovers in response to storm-and human-created habitat changes. Wildl.
Monogr. 173, 1–24.
Cuthbert, F.J., Scholtens, B., Wemmer, L.C., McLain, R., 1999. Gizzard contents of Piping
Plover chicks in northern Michigan. Wilson Bull. 121–123.
Defeo, O., McLachlan, A., Schoeman, D.S., Schlacher, T.A., Dugan, J., Jones, A., Lastra, M.,
Scapini, F., 2009. Threats to sandy beach ecosystems: a review. Estuar. Coast. Shelf
Sci. 81, 1–12.
Dinsmore, S.J., Lauten, D.J., Castelein, K.A., Gaines, E.P., Stern, M.A., 2014. Predator
exclosures, predator removal, and habitat improvement increase nest success of
Snowy Plovers in Oregon, USA. Condor 116, 619–628.
Dowding, J.E., Murphy, E.C., 2001. The impact of predation by introduced mammals on
endemic shorebirds in New Zealand: a conservation perspective. Biol. Conserv. 99,
47–64.
Dowling, B., Weston, M.A., 1999. Managing a breeding population of the Hooded Plover
Thinornis rubricollis in a high-use recreational environment. Bird Conserv. Int. 9,
255–270.
Ekanayake, K.B., Whisson, D.A., Tan, L.X.L., Weston, M.A., 2015. Intense predation of noncolonial, ground-nesting bird eggs by corvid and mammalian predators. Wildl. Res.
42, 518–528.
Elith, J., Phillips, S.J., Hastie, T., Dudík, M., Chee, Y.E., Yates, C.J., 2011. A statistical explanation of MaxEnt for ecologists. Divers. Distrib. 17, 43–57.
ESRI, 2014. ArcGIS Desktop: Release 10.2.2. Redlands. CA: Environmental Systems Research Institute.
Erwin, R.M., 1977. Black Skimmer breeding ecology and behavior. Auk 709–717 (ESRI,
2014. ArcMap 10.2.2, Redlands, CA).
Favreau, J.M., Drew, C.A., Hess, G.R., Rubino, M.J., Koch, F.H., Eschelbach, K.A., 2006. Recommendations for assessing the effectiveness of surrogate species approaches.
Biodivers. Conserv. 15, 3949–3969.
Fleishman, E., Murphy, D.D., Brussard, P.F., 2000. A new method for selection of umbrella
species for conservation planning. Ecol. Appl. 10, 569–579.
Gill, J.A., Norris, K., Sutherland, W.J., 2001. Why behavioural responses may not reﬂect the
population consequences of human disturbance. Biol. Conserv. 97, 265–268.
Gochfeld, M., 1983. Colony site selection by Least Terns: physical attributes of sites. Colon.
Waterbirds 205–213.
Gordon, C.A., Cristol, D.A., Beck, R.A., 2000. Low reproductive success of black skimmers
associated with low food availability. Waterbirds 468–474.
Gratto-Trevor, C., Abbott, S., 2011. Conservation of Piping Plover (Charadrius melodus) in
North America: science, successes, and challenges 1 1 This review is part of the virtual
symposium “Flagship Species–Flagship Problems” that deals with ecology, biodiversity and management issues, and climate impacts on species at risk and of Canadian
importance, including the polar bear (Ursus maritimus), Atlantic cod (Gadus morhua),
Piping Plover (Charadrius melodus), and caribou (Rangifer tarandus). Can. J. Zool. 89,
401–418.
Guisan, A., Thuiller, W., 2005. Predicting species distribution: offering more than simple
habitat models. Ecol. Lett. 8, 993–1009.
Haig, S.M., Ferland, C.L., Cuthbert, F.J., Dingledine, J., Goossen, J.P., Hecht, A., McPhillips, N.,
2005. A complete species census and evidence for regional declines in Piping Plovers.
J. Wildl. Manag. 69, 160–173.
Hecht, A., Melvin, S.M., 2009. Expenditures and effort associated with recovery of breeding Atlantic Coast Piping Plovers. J. Wildl. Manag. 73, 1099–1107.
Hecker, S., 2008. The piping plover as an umbrella species for the barrier beach ecosystem.
Saving Biological Diversity. Springer, pp. 59–74.
Home, R., Keller, C., Nagel, P., Bauer, N., Hunziker, M., 2009. Selection criteria for ﬂagship
species by conservation organizations. Environ. Conserv. 36, 139–148.
Hunter, M., Westgate, M., Barton, P., Calhoun, A., Pierson, J., Tulloch, A., Beger, M.,
Branquinho, C., Caro, T., Gross, J., 2016. Two roles for ecological surrogacy: indicator
surrogates and management surrogates. Ecol. Indic. 63, 121–125.
Kisiel, C., 2009. The Spatial and Temporal Distribution of Piping Plovers in New Jersey,
1987–2007. Rutgers University-Graduate School-New Brunswick.
Krogh, M.G., Schweitzer, S.H., 1999. Least Terns nesting on natural and artiﬁcial habitats in
Georgia, USA. Waterbirds 290–296.
Lafferty, K.D., Goodman, D., Sandoval, C.P., 2006. Restoration of breeding by snowy plovers following protection from disturbance. Biodivers. Conserv. 15, 2217–2230.
Lavers, J.L., Wilcox, C., Donlan, C.J., 2010. Bird demographic responses to predator removal
programs. Biol. Invasions 12, 3839–3859.
LeDee, O.E., 2008. Canaries on the Coastline: Estimating Survival and Evaluating the Relationship Between Non-breeding Shorebirds, Coastal Development and Beach Management Policy. ProQuest.
Lindenmayer, D., Manning, A., Smith, P., Possingham, H., Fischer, J., Oliver, I., McCarthy, M.,
2002. The focal-species approach and landscape restoration: a critique. Conserv. Biol.
16, 338–345.
Lockwood, J.L., Maslo, B., 2014. The conservation of coastal biodiversity. Coast. Converv.
1–10.
Loegering, J.P., Fraser, J.D., 1995. Factors affecting Piping Plover chick survival in different
brood-rearing habitats. J. Wildl. Manag. 646–655.
Lovell, S., Hamer, M., Slotow, R., Herbert, D., 2007. Assessment of congruency across invertebrate taxa and taxonomic levels to identify potential surrogates. Biol. Conserv. 139,
113–125.
MacIvor, L.H., Melvin, S.M., Grifﬁn, C.R., 1990. Effects of research activity on piping plover
nest predation. J. Wildl. Manag. 443–447.
Marsh, H., Dennis, A., Hines, H., Kutt, A., McDonald, K., Weber, E., Williams, S., Winter, J.,
2007. Optimizing allocation of management resources for wildlife. Conserv. Biol. 21,
387–399.
Maslo, B., Lockwood, J.L., 2009. Evidence-based decisions on the use of predator
exclosures in shorebird conservation. Biol. Conserv. 142, 3213–3218.

242

B. Maslo et al. / Biological Conservation 203 (2016) 233–242

Maslo, B., Handel, S.N., Pover, T., 2011. Restoring beaches for Atlantic Coast Piping Plovers
(Charadrius melodus): a classiﬁcation and regression tree analysis of nest-site selection. Restor. Ecol. 19, 194–203.
Maslo, B., Burger, J., Handel, S.N., 2012. Modeling foraging behavior of piping plovers to
evaluate habitat restoration success. J. Wildl. Manag. 76, 181–188.
Maslo, B., Lockwood, J.L., Leu, K., 2015. Land ownership patterns associated with declining
forest birds: targeting the right policy and management for the right birds. Environ.
Conserv. 42, 216–226.
McGarigal, K., Cushman, S., Ene, E., 2012. FRAGSTATS v4: spatial pattern analysis program
for categorical and continuous maps. Computer Software Program Produced by the
Authors at the University of Massachusetts. University of Massachusetts, Amherst.
McGarigal, K., Cushman, S.A., Stafford, S., 2013. Multivariate Statistics for Wildlife and
Ecology Research. Springer Science & Business Media.
McIntyre, A.F., Heath, J.A., 2011. Evaluating the effects of foraging habitat restoration on
shorebird reproduction: the importance of performance criteria and comparative design. J. Coast. Conserv. 15, 151–157.
Meager, J.J., Schlacher, T.A., Nielsen, T., 2012. Humans alter habitat selection of birds on
ocean-exposed sandy beaches. Divers. Distrib. 18, 294–306.
Melvin, S.M., Grifﬁn, C.R., Macivor, L.H., 1991. Recovery strategies for piping plovers in
managed coastal landscapes. Coast. Manag. 19, 21–34.
Melvin, S.M., Hecht, A., Grifﬁn, C.R., 1994. Piping plover mortalities caused by off-road vehicles on Atlantic coast beaches. Wildl. Soc. Bull. 409–414.
Morrison, R., McCaffery, B.J., Gill, R.E., Skagen, S.K., Jones, S., Page, G., Gratto-Trevor, C.,
Andres, B., 2006. Population estimates of North American shorebirds, 2006. Wader
Stud. Group Bull. 111, 66–84.
Murphy, D.D., Weiland, P.S., Cummins, K.W., 2011. A critical assessment of the use of surrogate species in conservation planning in the Sacramento-San Joaquin Delta, California (USA). Conserv. Biol. 25, 873–878.
NPS, 2007. You Can Help Protect the Piping Plover. National Park Service.
Patterson, M.E., Fraser, J.D., Roggenbuck, J.W., 1991. Factors affecting piping plover productivity on Assateague Island. J. Wildl. Manag. 525–531.
Phillips, S.J., Dudík, M., 2008. Modeling of species distributions with Maxent: new extensions and a comprehensive evaluation. Ecography 31, 161–175.
Phillips, S.J., Anderson, R.P., Schapire, R.E., 2006. Maximum entropy modeling of species
geographic distributions. Ecol. Model. 190, 231–259.
Possingham, H.P., Andelman, S.J., Burgman, M.A., Medellı́n, R.A., Master, L.L., Keith, D.A.,
2002. Limits to the use of threatened species lists. Trends Ecol. Evol. 17, 503–507.
Pullin, A.S., Knight, T.M., Stone, D.A., Charman, K., 2004. Do conservation managers use
scientiﬁc evidence to support their decision-making? Biol. Conserv. 119, 245–252.
Roberge, J.M., Angelstam, P., 2004. Usefulness of the umbrella species concept as a conservation tool. Conserv. Biol. 18, 76–85.
Rödder, D., Kielgast, J., Bielby, J., Schmidtlein, S., Bosch, J., Garner, T.W., Veith, M., Walker,
S., Fisher, M.C., Lötters, S., 2009. Global amphibian extinction risk assessment for the
panzootic chytrid fungus. Diversity 1, 52–66.
Rodrigues, A.S., Brooks, T.M., 2007. Shortcuts for biodiversity conservation planning: the
effectiveness of surrogates. Annu. Rev. Ecol. Evol. Syst. 713–737.

Roman, C.T., 2012. Tidal Marsh Restoration: A Synthesis of Science and Management. Island Press.
Schlacher, T.A., Meager, J.J., Nielsen, T., 2014. Habitat selection in birds feeding on ocean
shores: landscape effects are important in the choice of foraging sites by oystercatchers. Mar. Ecol. 35, 67–76.
Schlaepfer, M.A., Runge, M.C., Sherman, P.W., 2002. Ecological and evolutionary traps.
Trends Ecol. Evol. 17, 474–480.
Schupp, C.A., Thieler, E.R., O'Connell, J.F., 2005. Mapping and analyzing historical shoreline
changes using GIS. GIS for Coastal Zone Management, pp. 219–228.
Seddon, P.J., Leech, T., 2008. Conservation short cut, or long and winding road? A critique
of umbrella species criteria. Oryx 42, 240–245.
Sidle, J.G., Mayne, K., McPhillips, E.N., 1991. Protecting the piping plover under section 7 of
the Endangered Species Act. Environ. Manag. 15, 349–356.
Simons, T.R., Nol, E., Boettcher, R., 2012. American Oystercatcher (Haematopus palliatus).
Cornell Lab of Ornithology and American Ornithologists' Union.
Smith, J.B., Gebert, J., Brokke, M., Bandreth, B., Pakon, D., 2005. Integrating ecosystem restoration and shore protection. Jersey Shoreline 23, 2–4.
Suter, W., Graf, R.F., Hess, R., 2002. Capercaillie (Tetrao urogallus) and avian biodiversity:
testing the umbrella-species concept. Conserv. Biol. 16, 778–788.
Sutherland, W.J., Pullin, A.S., Dolman, P.M., Knight, T.M., 2004. The need for evidencebased conservation. Trends Ecol. Evol. 19, 305–308.
Svancara, L.K., Scott, M., Groves, C.R., Noss, R.F., Pressey, R.L., 2005. Policy-driven versus
evidence-based conservation: a review of political targets and biological needs. Bioscience 55, 989–995.
Thomas, G., Lanctot, R., Székely, T., 2006. Can intrinsic factors explain population declines
in North American breeding shorebirds? A comparative analysis. Anim. Conserv. 9,
252–258.
USFWS, 2007. The Atlantic Coast Piping Plover. United States Fish and Wildlife Service.
USFWS, 2014. Terrestrial and Wetland Representative Species Selected at Workshops for
the North Atlantic Landscape Conservation Cooperative by Subregion. United States
Fish and Wildlife Service North Atlantic Landscape Conservation Cooperative.
Watts, B.D., Bradshaw, D.S., 1995. Ghost crab preys on Piping Plover eggs. Wilson Bull.
107, 767–768.
Weston, M.A., Elgar, M.A., 2007. Responses of incubating hooded plovers (Thinornis
rubricollis) to disturbance. J. Coast. Res. 569–576.
Weston, M.A., Dodge, F., Bunce, A., Nimmo, D.G., Miller, K.K., 2012. Do temporary beach
closures assist in the conservation of breeding shorebirds on recreational beaches?
Pac. Conserv. Biol. 18, 47–55.
Wilcox, B.A., 1984. In situ conservation of genetic resources: determinants of minimum
area requirements. National Parks, Conservation and Development: The Role of
Protected Areas in Sustaining Society. Smithsonian Institution Press, Washington,
DC, pp. 639–647.

