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Abstract. Density-dependent regulation is a fundamental part of ecological theory and a significant driver
of animal demography often through complex feedback loops. We investigated the relationship between
flood- and demographically induced fluctuations in density and the breeding propensity and survival of a
pioneer species, the piping plover (plover, Charadrius melodus). We captured and marked adult and hatchling
plovers on the Gavins Point Reach of the Missouri River in South Dakota and Nebraska, USA, from 2005 to
2014. In 2010 and 2011, historically high water levels and flooding inundated much of the plover’s sandbar
nesting habitat on the Missouri River. We developed a Bayesian formulation of a multievent model, or a mul-
tistate survival model with state uncertainty to estimate breeding propensity simultaneously with survival.
Although plovers are conspicuous, their breeding status can be difficult to establish with certainty, which
necessitated the use of uncertain states. With this model, we investigated the effect of sex, habitat availability,
river flow, and density (birds/ha nesting habitat) on survival of hatch year and breeding and non-breeding
adult plovers. In addition, we estimated the transition rates for these age classes between breeding and non-
breeding states. Non-breeding adults (�/AHY; n = 0.58 � 0.06) had lower survival rates than breeding adults
(�/AHY; b = 0.80 � 0.04), and both breeding survival and breeding propensity decreased with increasing nest-
ing density. Not only did survival and breeding propensity decrease directly at higher nest densities, but sur-
vival also was indirectly impacted by increasing the proportion of non-breeding birds with relatively low
survival. Thus, plovers were regulated through a complex set of feedback loops, acting as densities
increased. Our findings underscore the intricacy of density-dependent regulation and suggest that detailed
demographic studies are needed to fully understand these effects.
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INTRODUCTION

Population regulation through density depen-
dence is a fundamental concept in ecology and
underpins many of the fluctuations in animal
abundance that we observe (Newton 1994, 1998).
Density-dependent population change often is a
function of limited habitat negatively impacting
one or more vital rate in a population, sometimes
through complex negative feedback loops (Gill

et al. 2001). Although density-dependent regula-
tion is common (Gibbons et al. 1993, Newton
2004, Norris et al. 2004), the specific effect on
each vital rate often is not known (Newton 1998,
2004). Density can affect any of the demographic
parameters that drive populations (e.g., Ferrer
and Donazar 1996, Both 1998, Paradis et al. 2002,
Matthysen 2005), such that studies focused on
understanding density-dependent population
regulation should endeavor to look broadly to
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detect potentially complicated interactions
between habitat, density, and demography (Gill
et al. 2001).

Piping plovers (Charadrius melodus, hereafter
plovers) are migratory, territorial shorebirds that
nest on sparsely vegetated beaches on the Atlan-
tic coast, Great Lakes, and Great Plains in the
United States and Canada (Elliot-Smith and Haig
2004). Across their range, disturbances (e.g.,
high-water events on rivers, reservoirs, and alkali
lakes; coastal storms) are essential for maintain-
ing early successional habitat. However, these
environmental disturbances often impact human
safety and infrastructure (Morton 1976, Pielke
et al. 2008, USFWS 2009). Consequently, numer-
ous structures and habitat modifications (e.g.,
dams, jetties, dunes, etc.) have been built to pro-
tect human interests (Gittman et al. 2015), which
often influence habitat succession or the stable
state of the system (Schupp et al. 2013, Gittman
et al. 2016). Ultimately, plovers were listed under
the U.S. Endangered Species Act in 1986, as a
result of habitat loss and low reproductive out-
put (U.S. Fish and Wildlife Service 2009). While
significant gains have been made toward recov-
ery (USFWS 2009), habitat limitation and result-
ing density-dependent regulation continue to
plague the species.

A key plover nesting area is on the Missouri
River in North Dakota, South Dakota, and
Nebraska, USA, where they nest on river sand-
bars (Catlin et al. 2015). In June 2010, relatively
high water submerged nearly all sandbar habi-
tat, severely impinging on reproductive output
of plovers and other ground-nesting birds at
several locations on the river. In 2011, increased
mountain snowpack and spring precipitation
resulted in historically high water in the Mis-
souri River, and water again covered almost all
nesting habitat. As a result, few nests were initi-
ated, fewer hatched, and reproductive output
was essentially 0 in that year. Although some
areas were less affected by the high flows, these
sandbars experienced extremely high rates of
predation during the 2011 flood, and reproduc-
tive output at these sites was very low (Catlin
et al. 2015). Despite the immediate negative
impacts of the flood on reproductive effort and
success, the two high-water years subsequently
created an abundance of nesting habitat
throughout the system by redistributing sand

and scouring existing sandbars of vegetation
(Hunt et al. 2018).
Previous studies have indicated that plover

reproduction (Hunt et al. 2018), immigration,
and emigration (Catlin et al. 2015) are density
dependent, but key aspects of demography such
as adult survival and breeding propensity (Wei-
thman et al. 2017) are relatively unstudied with
respect to density. The objectives of this study
were to evaluate the effect of nesting density on
the breeding propensity and survival of second
year (one year post-hatch) and adult plovers,
and to compare survival rates for breeding and
non-breeding birds. We used data from a 10-yr
study of plover demography to address these
objectives. Plovers on the Missouri River are
habitat limited (Catlin et al. 2015, Hunt et al.
2018), so we hypothesized that nesting density
would be negatively correlated with breeding
propensity. The implicit assumption is that terri-
toriality will limit population sizes either
directly or indirectly (Brown 1969). 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 et al. 2001),
or skip breeding (e.g., Sedinger et al. 2001, Reed
et al. 2004, Hoy et al. 2016, Blomberg et al.
2017). We hypothesized that severe flooding in
2010 and 2011 would lead to higher than aver-
age proportions of non-breeding birds because
large swaths of habitat were inundated during
those events. And finally, because plovers have
high levels of breeding philopatry, which pre-
sumably benefits their survival through famil-
iarity with their habitat (Temeles 1994, Yoder
et al. 2004), we hypothesized that non-breeding
birds would have lower survival than breeding
birds; thus, survival would be indirectly
impacted by nesting density.

MATERIALS AND METHODS

Study area
We studied piping plovers nesting on sandbars

in the Missouri National Recreational River on
the Gavins Point Reach (GVP), a 95-km stretch of
river between the Gavins Point Dam (42°510 N,
97°290 W) and Ponca State Park (42°360 N, 96°420

W) in 2005–2014 (Fig. 1). Additionally, in 2007–
2014, we studied plovers nesting on engineered
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sandbars in Lewis and Clark Lake (LCL, 42°510

N, 97°470 W; Fig. 1). The GVP is one of the last
unchannelized portions of the Missouri River
(USFWS 2003, Catlin et al. 2011, 2015).

Field methods
We searched plover habitat (i.e., unvegetated

and sparsely vegetated wet and dry sand habitat)
during the plover breeding season (April–
August) from 2005 to 2014. At all sites, we visu-
ally scanned the area for both banded and
unbanded adults and chicks, watched for behav-
ior suggestive of nesting or breeding, and
searched for nests by walking through all poten-
tial nesting habitat. We captured incubating after
hatch year (AHY, ≥1 yr post-hatch) plovers using
drop door traps placed over their nests (cf.
Weller 1957, but often manually triggered), and
hatch year (HY, hatch to following breeding sea-
son) birds were caught by hand as soon as possi-
ble after hatching (usually within the first 3 d

after hatch). Birds were banded using a unique
color band combination. We determined the sex
of adult birds based on plumage, behavior
(Gratto-Trevor 2011), or nesting with a known
sex bird. We attempted to resight all banded
birds every 2 d throughout the breeding season.
In addition to resighting, we attempted to deter-
mine whether banded individuals were nesting
in a given year. We associated adults with nests
if the bird was captured on a specific nest or if
we observed it incubating eggs or brooding
chicks.

Model development
Basic model.—We developed a multievent

model to estimate apparent survival (φ) and tran-
sition (w) between breeding and non-breeding
states. The multievent model is a modified multi-
state model that allows for uncertain state assign-
ment (Pradel 2005). In this study, for example,

Fig. 1. Study area map showing piping plover breeding locations on Lewis and Clark Lake and the Gavins
Point Reach of the Missouri River.
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we were able to directly observe breeding (e.g., a
bird captured incubating a nest), but birds that
were seen, but not seen breeding, could be either
non-breeders or breeders we failed to detect
breeding. We based our parameterization of the
multievent model after Pradel (2005) and a hier-
archical Bayesian multistate model (K�ery and
Schaub 2012; Appendix S1). There were three
underlying states, among which birds could
transition in this model: (1) alive and breeding
(b), (2) alive and not breeding (n), and (3) dead
(d; Table 1).

To account for uncertainty in state assignment,
we divided the observation process (p) into three
categories: (1) seen but not seen breeding, (2)
seen breeding, and (3) not seen (Table 2). The
state and observation matrices were the same for
both AHY and HY birds except that HY birds
cannot be in the breeding state, and therefore,
the probability that a breeding bird is not seen
breeding (p) given that it was seen was set to 0
for those birds. We modeled p as a constant for
the remaining birds. Model priors and full likeli-
hood can be found in the supplemental material
(Appendix S2). Exploratory modeling indicated
that the probability of resighting a breeder (pb)
was 1, so we modeled this parameter as constant
(sex and time invariant) for all analyses.
We assumed that the resighting rate for

non-breeding individuals (pn) was sex-specific
but similar for both hatch year and after hatch
year birds because of prior modeling, and our
resighting efforts throughout the study were con-
sistent and intensive (Catlin et al. 2015, 2016,
Hunt et al. 2018). We estimated separate survival
and transition rates for AHY and HY non-bree-
ders and sex-specific survival and transition rates
for both breeders and non-breeders. For birds of
unknown sex, we built a mixture model into the
likelihood that assigned individuals to one or the
other sex as a Bernoulli trial with a uniform (0,1)
prior on the probability. We modeled random
temporal variation in survival of breeders and
non-breeders and in the transition rates among
these states (see Appendix S2 for model code).
Covariate models.—We used covariates for aver-

age flow in June (peak of breeding season), the
amount of nesting habitat available, and popula-
tion density to examine plover population regula-
tion. These factors have been shown to affect
plover reproduction (Catlin et al. 2013, Hunt et al.
2015, 2018) and movement (Catlin et al. 2015),
and each is a potential index to habitat limitation
and thus population regulation. In general, as
flows increase, the area of sandbar available to
plovers decreases, which leads to increased nest-
ing densities, but the relationship between flow
and habitat is not necessarily linear (Catlin et al.
2010). Although peak flows would be associated
with the lowest amount of habitat, we chose to
use average flow in June because plovers can
readily renest after flooding, such that daily peaks
may be less representative of the flow (and there-
fore habitat) available during the bulk of the sea-
son when birds are choosing to breed. Thus, we
used multiple measures of habitat availability to
understand the drivers in this system.
We developed three additional models, adding

each covariate separately to the basic model
described above to test their individual effects on
demography. Each covariate was added to the
state- and age-specific survival and transition
parameters, in place of the parameter-specific
random temporal variation, such that the covari-
ate had an independent effect on each of the
parameters (Appendix S2). We used the average
daily outflow from the Gavins Point Dam in June
as an index to flows during the plover breeding
season (USACE 2014). The amount of nesting
habitat (defined as open or sparsely vegetated

Table 1. State transition (w) matrix for a multievent
survival (u) model for breeding (b) and non-
breeding (n) piping plovers on the Missouri River
(2005–2014).

State Non-breedert+1 Breedert+1 Deadt+1

Non-breedert un 9 wn?n un 9 wn?b 1 � un

Breedert ub 9 wb?n ub 9 wb?b 1 � ub

Deadt 0 0 1

Table 2. Multievent survival model observation proba-
bilities (p) for non-breeding (n) and breeding (b) pip-
ing plovers on the Missouri River (2005–2014).

Observation Non-breeder Breeder Dead

Seen not breeding pn pb 9 p 0
Seen breeding 0 pb � ð1� pÞ 0
Not seen 1 � pn 1 � pb 1

Note: Pi (p) represents the probability that a breeding bird
is not seen breeding given that it was seen (pb).
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dry or wet sand, <30% ground cover) was esti-
mated from Pan-sharpened multispectral Quick-
Bird (satellite) imagery (1 m resolution) that was
classified using Definiens Developer Software (C.
Huber, USACE, unpublished data). We used esti-
mates of population size from a robust design
Barker survival model (Kendall et al. 2013, Wei-
thman et al. 2017) to calculate population density
(adult birds/ha nesting habitat). All covariates
were standardized (mean = 0, SD = 1) prior to
analysis, allowing for comparison of relative
effect sizes across models. All estimated annual
vital rates were produced from the basic model,
representing the mean rates over all covariates.
The tests of the effect of covariates were from
their respective covariate models. Posterior
means are presented as mean � 1 SD unless
otherwise indicated.

Model specification.—We specified models
within R (R Core Team 2012) using the package
jagsUI to call JAGS (Plummer 2003) and export
model results back to R. After assessing the per-
formance of a series of exploratory model runs,
we ran four chains of 40,000 with an adaptive
phase of 15,000 runs and a burn-in period of 100
for each analysis. We determined parameter con-
vergence using the Brooks-Gelman-Rubin crite-
rion (R̂) (Brooks and Gelman 1998), and we
considered models that had R̂\1:1 at each
parameter node to have reached convergence.

Goodness of fit.—There is no goodness-of-fit test
specifically for multievent models (Pradel 2005).
Therefore, we assessed the fit of the data to a
simple multistate model (i.e., no state uncer-
tainty) using the median ĉ test in Program
MARK (White and Burnham 1999), which would
result in a conservative goodness-of-fit estimate.
We used a model with full time and state vari-
ability in all parameters and age-specific (hatch
year vs. after hatch year) variability in the non-
breeding state parameters.

RESULTS

We captured and banded 3533 individuals;
2702 were banded as chicks and 831 were banded
as adults. Of these birds, 1276 were resighted
as adults, of which 453 (35.5%) were known
females, and 506 (39.7%) were known males. Of
the 3214 resightings of adult birds, 2340 (73%)
were seen breeding. Mean June flow was

1008.39 � 1109.47 m3/s, peaking at 3936.04 m3/s
in 2011 during the flood. The mean amount of
plover habitat available was 881.34 � 974.08 ha,
with the lowest amount (47.63 ha) occurring dur-
ing the 2011 flood and the highest (2944.38 ha) in
2012. Mean density was 1.40 � 1.80 adults/ha
and ranged from 0.07 adults/ha in 2012 and
5.74 adults/ha in 2011. Flow was highly correlated
with density (r = 0.91, P < 0.001) but less with
habitat (r = �0.27, P = 0.49). Density and habitat
were negatively correlated (r = �0.59, P = 0.09).

Goodness of fit
The median ĉ indicated that the general multi-

state model fit our plover data well, showing no
indication of lack of fit (̂c = 1.03 � 0.16).

Resighting
Resighting rates for non-breeding individuals

(�pn = 0.64 � 0.06, rn = 0.53 � 0.23) were lower
than rates for breeding birds (�pb = 1.00 � 0.001),
and females had lower resight rates than males
as non-breeders (b = �0.67 � 0.22). The rate at
which breeding birds were resighted but not
identified as breeders (p) was 0.14 � 0.02. The
probability that birds of unknown sex were
assigned as female was 0.48 � 0.02, which was
similar to the observed proportion of females
among birds of known sex (0.47).

Survival
Average hatch year survival (�/HY = 0.25 �

0.04) was lower than both non-breeding adults
(�/AHY; n = 0.58 � 0.06) and breeding adults
(�/AHY; b = 0.80 � 0.04), and it increased substan-
tially following the 2011 flood (Fig. 2A). Both
breeding adults and non-breeding birds (AHYand
HY) had similar levels of temporal variability in sur-
vival (rb = 0.50 � 0.20, rn = 0.52 � 0.13) despite
generally lower survival of non-breeding birds
(Fig. 2B, C). There was some indication that
female plovers had higher breeding survival than
males (b = 0.18 � 0.19, Fig. 2B), but sex did not
appear to affect either hatch year (b = �0.11 �
0.23) or after hatch year non-breeding survival
(b = 0.09 � 0.21).

Breeding propensity and transitions among
breeding states
Breeding propensity of returning hatch year

birds averaged 0.31 � 0.06, showing two distinct
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peaks in 2008–2009 and 2013–2014 (Fig. 3).
Female birds tended to breed in their second year
at a higher rate than males (b = 0.27 � 0.29), but
there was substantial overlap in the estimates
(Fig. 3). The probability that a breeding bird
transitioned to a non-breeding bird averaged
0.25 � 0.08, but showed a relatively high level of
temporal variation (rb?n = 1.10 � 0.41). Annual
estimates ranged from 0.10 to 0.56 and were
steady and relatively low before the flood and
two to three years after the flood, peaking during
the flooding in 2010 and 2011 and in the year fol-
lowing the flood (Fig. 4A). The average probabil-
ity of an adult bird transitioning from a non-
breeding to breeding state was 0.47 � 0.07 with
moderate temporal variation (rn?b = 0.56 �
0.17; Fig. 4B). The rate of transitioning from non-
breeding to breeding was highest in 2012, but
there were relative peaks in 2009 and in 2014 as
well (Fig. 4B).

Covariate effects
Breeding survival was positively correlated

with average flow in June (b = 0.20 � 0.11), but
non-breeding adult survival was negatively cor-
related with it (b = �0.28 � 0.10). Hatch year
survival was positively correlated with the
amount of available habitat (b = 0.54 � 0.09),
and both breeding survival (b = �0.21 � 0.08)
and hatch year survival (b = �0.65 � 0.12) were
negatively related to density.
The transition of adult plovers from the non-

breeding state to the breeding state was nega-
tively related to both flow (b = �0.31 � 0.13;
Fig. 5) and density (b = �0.41 � 0.12; Fig. 6).
Similarly, the transition of adults from the non-
breeding to breeding state was positively corre-
lated with the amount of habitat present in the
study area (b = 0.33 � 0.12; Fig. 7). The transi-
tion of breeders into the non-breeding state was
positively related to both flow (b = 0.53 � 0.07;
Fig. 5) and density (b = 0.52 � 0.08; Fig. 6) and
negatively related to habitat, but the effect was
not significant (b = �0.24 � 0.18; Fig. 6). In
terms of relative effect size, density appeared to
have the greatest effect on plover demography
(Fig. 8).

Fig. 2. Annual apparent survival rates (φ) of (A)
hatch year (HY), (B) breeding (b), and (C) non-breed-
ing (b) after hatch year (AHY) female and male plovers
on the Missouri River. High-water events occurred in
the 2010 and 2011 breeding seasons. Error bars repre-
sent 1 SD.

Fig. 3. Annual breeding propensity of second-year
plovers into the breeding population on the Missouri
River by sex. High-water events occurred in the 2010
and 2011 breeding seasons. Error bars represent 1 SD.
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DISCUSSION

Our results indicate that plover populations on
the Missouri River were regulated through direct
density-dependent impacts on adult survival,
hatch year survival, and breeding propensity.
Moreover, these birds were indirectly affected by
density because at higher nest densities, fewer
plovers bred, and non-breeding plovers had lower
survival. Previous studies have indicated that
reproductive output (chick survival), site fidelity,
and immigration rates are also density dependent
in this population (Catlin et al. 2015, Hunt et al.
2015, 2018). Thus, piping plovers experienced a
complex interaction of negative feedback loops
that regulated their populations as density
fluctuated. A key factor in the decline of
plovers throughout their range is the loss of habi-
tat through development and disturbance
(USFWS 2009); thus, it is not surprising to detect
correlations with habitat, density, survival,
and the transition between breeding and non-
breeding states in adults. Plovers are territorial
(Elliot-Smith and Haig 2004), and increasing

density should constrain the number of breeding
pairs through negative density-dependent demo-
graphic impacts, as the population approaches
carrying capacity (Newton 1998). As densities of
wintering Black-tailed godwits (Limosa limosa)
increased in Britain, their populations exhibited a
similarly complex suite of interactions, with feed-
ing rates, survival, and arrival at breeding loca-
tions all negatively impacted by density (Gill
et al. 2001). Gill et al. (2001) attributed these
changes to the buffer effect, where increases in
numbers were primarily at poor quality sites, such
that population averages of demographic rates
decline. In the case of the floods in 2010 and 2011,
so little habitat was available throughout the
range that a small number of birds made presum-
ably poor breeding decisions, such as breeding on
gravel roads in farm fields and parking lots adja-
cent to the flooded river (D. Catlin, unpublished
data), similar to the buffer effect observed in god-
wits (Gill et al. 2001). Moreover, the few birds that
did breed suffered extremely high depredation
rates of their nests (Catlin et al. 2015), suggesting

Fig. 5. Predicted relationship between average flow
in June on the transition between (A) breeding (b) and
non-breeding (n) states (invariant by sex) and (B) the
reverse on adult female and male piping plovers on
the Missouri River. Error bars represent 1 SD.

Fig. 4. Annual transitions (w) between (A) breeding
(b) and non-breeding (n) states and (B) the reverse for
adult female and male piping plovers on the Missouri
River. High-water events occurred in the 2010 and
2011 breeding seasons. Error bars represent 1 SD.
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that they were using subpar habitat, and the
return from breeding was minimal that year.

Non-breeding birds had lower survival than
breeding birds, regardless of age. Since first-year
survival included the pre-fledge period in our
study, lower survival in that group is to be
expected, but the estimate of survival for non-
breeding adult piping plovers was also consider-
ably lower than that of breeding adults in this sys-
tem and throughout the species range (see review
in Catlin et al. 2015). Breeding propensity is one
of the least well-understood reproductive parame-
ters because non-breeders often are absent from
or less detectable on the breeding grounds (Etter-
son et al. 2011). In these situations, breeding
propensity often is estimated using a variant of
the robust design model (Kendall and Bjorkland
2001, Kendall and Nichols 2002). However, these
models assume that (1) non-breeders and breed-
ers have identical survival probabilities; and (2)
presence is equivalent to breeding. In this study,
we demonstrated that both of these assumptions
would have been violated in this system, as

survival differed between breeders and non-bree-
ders, and birds were imperfectly classified to
breeding state. As meeting these assumptions is
difficult, unbiased estimates of survival from non-
breeding individuals are rare. No difference in
survival was observed between breeding and
non-breeding greater snow geese (Chen caerules-
cens, Souchay et al. 2014), but non-breeding wan-
dering albatrosses (Diomedea exulans) had slightly
higher rates of survival than breeding birds, pre-
sumably because of the cost of reproduction in
the species (Barbraud and Weimerskirch 2012).
Here, the difference between breeding and

non-breeding survival suggests that either breed-
ing or the behaviors and activities associated
with it confer some survival benefit to piping
plovers (at least when breeding densities are rela-
tively low), or breeding propensity is an indica-
tor of individual quality and therefore inherently
linked with survival (Sedinger et al. 2008, Aubry
et al. 2011). Although plovers of both sexes have
generally high breeding propensity, there
appears to be more impetus for males to breed in
any given year (Weithman et al. 2017). Unmated
males that are attempting to breed may be at
greater risk of predation because of their

Fig. 6. Predicted relationship between nesting den-
sity (pairs per hectare of nesting habitat) and the tran-
sition between (A) breeding (b) and non-breeding (n)
states (invariant by sex) and (B) the reverse on adult
female and male piping plovers on the Missouri River.
Error bars represent 1 SD.

Fig. 7. Predicted relationship between the amount
of nesting habitat available on the transition of female
and male adult piping plovers between the non-breed-
ing (n) and breeding (b) states on the Missouri River.
Error bars represent 1 SD.
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conspicuous displays and aggressive territorial
interactions (Elliot-Smith and Haig 2004). At
least some unpaired male plovers will continue
to sing well into the breeding season before aban-
doning the attempt if they remain unpaired (D.
Catlin, personal observation), with the last nests
laid typically around the end of June and begin-
ning of July (Catlin et al. 2015). Non-breeding
female plovers, however, would presumably not
have a territory and thus would be more mobile.
Our data indicated that both male and female
plovers that were not breeding were less likely to

be detected, and that females were less likely
than males, which may be further evidence that
non-breeding birds tended to be more mobile.
Many studies have affirmed the fidelity of plo-
vers to locations across the annual cycle; fidelity
of breeding birds to their populations (variously
defined) across several studies was ≥83% and
≥46% for returning hatch year birds (Catlin et al.
2015) and appears to be relatively high for win-
tering birds as well (Gratto-Trevor et al. 2016,
Gibson et al. 2018). Moreover, when plovers
move, they do not disperse far; the median

Fig. 8. Beta covariate estimates for the effect of (A) average flow in June, (B) the amount of habitat available,
and (C) density on piping plover survival (φ) and transition between breeding states (w, b—breeder, n—non-
breeder) on the Missouri River. Error bars represent 1 SD.
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distance traveled between consecutive years and
nests for plovers in this population was 153 m
(Friedrich et al. 2015). Familiarity with a site then
may confer a survival benefit through reduced
territorial interactions (Temeles 1994) or through
a reduction in predation associated with site
familiarity (Yoder et al. 2004). There is evidence
that female piping plovers in the Great Lakes
have higher fledging success when they have
experience at a breeding site (Saunders et al.
2012), but there is little known about the benefits
of fidelity to survival. If birds that have relatively
high site fidelity are more likely to breed, then
lower survival of non-breeding birds could act to
reinforce high site fidelity.

As predicted, large proportions of the breeding
population transitioned to the non-breeding state
during the high-water events in 2010 and 2011,
but we did not anticipate that value remaining
high the following year (Fig. 4). There also was,
however, a large proportion of non-breeding
adults from the flood years that returned to the
breeding state in 2012 (Fig. 4). We speculate that
the relatively high level of transitions (i.e., breed-
ing to non-breeding and vice versa) observed in
the year following the flood may have resulted
from a breakdown in their typical social struc-
ture. Despite their high site fidelity, flooding in
2011 precluded most territorial establishment on
the Gavins Point Reach that year, and only small
pockets of nesting habitat remained throughout
the Great Plains (D. Catlin, personal observation).
Moreover, the flooding dramatically changed the
landscape of sandbars within the river, increas-
ing the amount of habitat 10-fold and reorienting
it as well (Hunt et al. 2018). As further evidence
of a change in the social structure following the
flood, double brooding (i.e., the production of a
second clutch after fledging a first brood) is rare
in plovers, but the rate increased substantially in
2012 when nesting densities were very low
(Hunt et al. 2015). Because of relatively high sur-
vival and fidelity for piping plovers in this study,
we speculate that a level of familiarity among
breeding birds was lost temporarily when the
flood rearranged habitat and birds.

When plover populations have experienced
large-scale habitat increases, populations have
generally increased as well, but there typically is a
lag between habitat creation and rapid population
growth, despite relatively high reproductive

output immediately following the disruption
(Wilcox 1959, Cohen et al. 2009, Hunt et al. 2018).
In the case of the Missouri River after the 2011
flood, we now have evidence from this study that
fewer birds bred than we would have expected,
which could explain the lag in population growth
despite high average reproductive output for the
birds that did breed (Hunt et al. 2018).
Non-breeding birds in our study also were

more difficult to detect than their breeding coun-
terparts. A previous study indicated that some
non-breeders did not return to the study area
(Weithman et al. 2017) and thus were not observ-
able, but not all non-breeding plovers were
absent from the study area. The difficulty in
accurately detecting and counting non-breeding
individuals complicates the use of standard mea-
sures of reproductive output (e.g., chicks fledged
per pair) to predict population growth. There are
examples of a mismatch between the expectation
based on estimated reproductive output and the
reality of population growth for piping plovers
(Hecht and Melvin 2009). While some mis-
matches could be due to unmeasured immigra-
tion (Cohen et al. 2009), our results suggest that
variable breeding propensity could also affect
these predictions. Similarly, detection can affect
estimates of first-year breeding propensity. Our
estimates of first-year breeding propensity are
much lower than those in Saskatchewan (females
68%, males 41%), but those rates did not account
for imperfect detection (Gratto-Trevor et al.
2010). In a study of Great Lakes plovers that did
control for imperfect detection, Saunders et al.
(2014) found that 35% of male birds breed in
their first year and 56% of females do, which is
comparable to the rates for males we noted in
our study but was still far lower for females.
Multievent models are an extremely flexible,

albeit under-utilized, tool for accounting for
imperfectly observable heterogeneity among indi-
viduals (Gimenez et al. 2018). Developing multi-
event models in a Bayesian framework requires
only slight changes to the model likelihood and
initial latent state information relative to standard
multistate models (K�ery and Schaub 2012).
Although multievent models require a larger
number of estimated parameters relative to simi-
larly parameterized multistate or robust design
models, depending on the magnitude of state
misclassification and variation in demographic
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rates or detection among individuals across
states, the use of multievent models may violate
fewer assumptions, resulting in less biased and
more informative parameter estimates. In this
study, the use of multievent models allowed us to
detect the complexities of density-dependent
feedback loops in plovers, particularly the effects
of density on breeding propensity and the effects
of density on different breeding states.
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