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a b s t r a c t

Incidental take is the permitted unintended or collateral killing, harassment, or habitat destruction of a
protected species under endangered species law and is permissible as long as the take does not jeopar-
dize the species’ persistence in the wild. However, take is seldom addressed in a quantitative or popula-
tion modeling context and the criterion of ‘‘jeopardy” has no universal, quantitative definition. To model
the effect of incidental take on population viability, we modified an existing population model and sim-
ulated abundance, population growth, and quasi-extinction probability (the probability of falling below a
predetermined abundance threshold) for Piping Plovers (Charadrius melodus) in the Great Plains, USA. The
model incorporated environmental stochasticity and variation due to sampling variance. Eggs and chicks
were taken out of the population as a ‘‘harvest” to simulate incidental take that currently occurs in the
Missouri River system. We used least-squares regression and an AIC model selection approach to evalu-
ate the population’s elasticity to incidental take covariates. Even in the absence of take the population
declined by 7.5% annually. Population growth and final abundance were reduced and the probability of
quasi-extinction was increased in simulations where egg take and chick take were applied. The model
selection analysis indicated that incidental take of eggs and chicks depresses population viability and
the probability of recovery of Piping Plovers in the Great Plains. Though the model was useful in putting
take and jeopardy in a quantitative setting, the question remains as to whether permitted levels of take
causes jeopardy for Piping Plovers since there are no decision standards defined by the USFWS. However,
evaluating take in a quantitative framework, as we have, will make jeopardy decisions more explicit in
terms of viability and recovery metrics.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Under numerous endangered species laws, incidental take is the
permitted killing, harassment, or habitat destruction of protected
species. Under United States Law, take is allowed as long as it does
not ‘‘jeopardize” the persistence of the species in the wild and as
long as that take is incidental to some otherwise lawful activity
(USFWS, 1998). Take allowances are permitted under the provi-
sions of Section 10 and Section 7 of the United States Endangered
Species Act and endangered species protection laws of several
countries worldwide have similar language (i.e. Canada Wildlife
Act 1985. Revised Statues of Canada, Chapter W-9, Section 1, EU.
Convention on the conservation of European wildlife and natural
habitats, 1981, Bern, 19.IX.1979, Article 9) (McGowan, 2008).
Without careful quantitative and ecological consideration, inciden-

tal take could have substantially negative effects on population
growth and abundance for protected species (Runge, 2003; McGo-
wan, 2008). However, take is seldom addressed in a quantitative or
population modeling context and under US law the criterion of
‘‘jeopardy” has no universal quantitative definition. Properly
crafted population models could be useful tools for evaluating
the effect of planned take actions on the population viability of a
threatened or endangered species. Quantitative models are the
only tools conservation scientists and wildlife managers have to
make predictions about the effects of management actions and
models could move incidental take and jeopardy decision making
towards a structured decision making and adaptive management
paradigm (Starfield, 1997; Gregory and Keeney, 2002).

Piping Plovers (Charadrius melodus) are listed as threatened in
the Great Plains under the US Endangered Species Act, and endan-
gered under the Canadian Species at Risk ACT. Incidental killing of
eggs and chicks and the destruction of habitat for this protected
migratory shorebird have frequently been permitted for water
management, economic development, and human recreation
purposes (Sidle et al., 1991). In the Missouri River system of the
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Great Plains, the US Army Corps of Engineers (USACE) is permitted
to flood Piping Plovers nests as a side effect of normal water
management activities (USFWS, 2000). The USACE manages water
flow through six major earth-filled dams to control flooding, gen-
erate electricity, and facilitate barge traffic in the downstream por-
tions of the River (Galat et al., 2005). However, water management
practices have altered the ecology of the river (Galat and Lipkin,
2000; Galat et al., 2005) and affected the reproductive success of
Piping Plovers and Least Terns (Sternula antillarium) by flooding
in-channel sandbar habitats during the breeding season, where
both species nest on the ground in small, sand scrapes (USFWS,
2000).

In 1990, 2000, and 2003 the US Fish and Wildlife Service
(USFWS) entered into consultation with the USACE under auspices
of Section 7 of the Endangered Species Act to examine the effect of
water management practices on Piping Plover populations. The
goal of these consultations was to determine if, and under what
conditions, the USACE could continue flooding plover nests
(USFWS, 1990, 2000, 2003). Both the 1990 and 2000 consultations
concluded that the USACE’s actions in the Missouri River were
jeopardizing the Great Plains Piping Plover population (USFWS,
1990, 2000). As a result of the consultation process, limits were
established on the number of eggs that could be destroyed each
year by USACE and water management guidelines were established
to minimize the effects that late spring and early summer water re-
leases have on nesting birds (USFWS, 2000, 2003). Taking of chicks
was not explicitly addressed in the Biological opinions (USFWS,
2000, 2003). The 2003 opinion states ‘‘Take of chicks that is due
to the Corps’ operations and that cannot be readily quantified is,
however, reflected in observed fledge ratios.” (USFWS, 2003) The
USFWS reports that chick mortality due to Corps activities in the
River almost certainly occurs (C. Aron, USFWS, personal communi-
cation) however, it remains un-measured. In all of these consulta-
tions no effort was made to quantify or model the effect of flooding
eggs or chicks on population level reproductive success parameters
or on population viability. Limits on current and future take were
set based on historic levels of take, concluding that the population
had adequately endured that level of take (USFWS, 2003). We ar-
gue that using historical levels of take to set limits on future take
is an inadequate approach because it does not account for environ-
mental or parametric uncertainty in the assessment. Quantitative
modeling-based approaches are the best way incorporate manage-
ment uncertainties and make predictions about the effects of fu-
ture incidental take.

In this paper, we present a stochastic population model for
Great Plains Piping Plovers and simulate the effect of incidental
take on future piping plover population growth and viability. All
modeling efforts to date for this population indicate that the pop-
ulation is annually declining between 3% and 12% (Ryan et al.,
1993; Plissner and Haig, 2000a; Larson et al., 2002; Larson et al.,
2003). Our model incorporates stochasticity into survival rates,
fecundity parameters, habitat distribution parameters, and annual
levels of incidental take. Our model improves on previous models
by explicitly incorporating sampling variance into the parameter
selection process to account uncertainty due to sampling variance
in model projections. Our goal was to examine the effect of permit-
ted incidental take (egg mortality) and probable take (chick mor-
tality) on population growth, abundance, and the probability of
quasi-extinction. In our models we explicitly included a chick take
component to explore the potential for un-measured chick take to
affect population viability. We believe that chick take might have a
greater impact on population viability than egg take because the
value of individual offspring to population viability increases with
each life stage; a chick has already survived the challenges of the
egg stage. Therefore it is important to explicitly evaluate the effect
chick take of on population viability.

2. Methods

2.1. The simulation model

We developed a model to examine the affects of the incidental
take in the Missouri River on the overall Great Plains population
because the Great Plains population is listed as a separate entity
from the Atlantic Coast and Great Lakes populations. In order for
incidental take to cause jeopardy it must appreciably reduce the
probability of recovery and survival in the wild for the listed entity
(USFWS, 1998). However, because the USFWS has not issued spe-
cific quantitative standards for what changes in extinction or
recovery probability constitute jeopardy, we cannot use the results
of our model to evaluate whether take in the Missouri River causes
jeopardy for the Great Plains population. Our modeling approach
could be used to develop a framework for evaluating jeopardy in
Section 7 Consultations and other take scenarios for other pro-
tected species.

We used a modified version of the two-stage, Great Plains, Pip-
ing Plover population matrix models developed by Ryan et al.
(1993) and Larson et al. (2002). Our model split the population
each year into three habitat types: Alkali wetlands, Great Plains
rivers, and the Missouri River. These habitat types differed by
reproductive success and there was no spatial explicitness incorpo-
rated into the model. We set annual survival rates as equal for the
entire Great Plains, because there is no evidence indicating that
breeding habitat affects annual survival of adults or juveniles.

The basic algebraic formulation of the model was as follows:

Ntþ1 ¼ ½ððNt � PwÞ � FwÞ þ ððNt � PMRÞ � FMRÞ þ ððNt � PorÞ � ForÞ� � Sif g
þ ðNt � SaÞ

where Nt+1 is the population size one time step into the future and
Nt is the current population size. Pw is the proportion of the popu-
lation nesting in alkali wetland habitats, Fw is the estimated fecun-
dity for alkali wetland habitats, PMR is the proportion of the
population nesting in Missouri River habitats, FMR is the estimated
fecundity for Missouri River habitats, Por is the proportion of the
population nesting in other rivers in the Great Plains and For is
the estimated fecundity for other river habitats. Sa is the estimated
annual adult survival and Si is the estimated annual immature
(yearling birds) survival. This model is a female-only model because
population growth in this species in limited by female productivity
(Larson et al., 2002; Morris and Doak, 2002).

For each simulation, we ran the model for 5000 iterations,
30 years into the future and calculated average growth rates, abun-
dances, and the probability of quasi-extinction. The model in-
cluded environmental stochasticity on all survival and fecundity
parameters, and wherever possible we separated sampling vari-
ance from temporal variance using the calculations described by
White (2000). For the Sa, Si, Fw, and Missouri River chick survival
(a component of FMR) we incorporated the sampling variance into
the iteration loop of the model. With this approach, the model se-
lects an iteration level average value for each parameter and for
each of the 5000 iterations a new distribution was created for each
parameter from which annual values were randomly selected in
each year of that iteration. The distributions for the annual param-
eter selection were based on the iteration level averages and the
measured environmental variances of each parameter (Boyce,
2001; White, 2000; McGowan, 2008). Incorporating sampling var-
iance into the model in this way greatly increases output variabil-
ity however, we believe it is more appropriate to include all the
sampling variance in the iteration loop of the model, especially
in the case of threatened species management because this ap-
proach accounts for more uncertainty (McGowan, 2008).
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Through consultation with the USFWS, we set the quasi-extinc-
tion threshold at 100 breeding females; a level of population size
that would likely require urgent management actions to prevent
complete extinction. Modeling quasi-extinction is more conve-
nient, because it alleviates the need to consider Allee affects and
deleterious genetic effects in a population model (Gilpin and Soule,
1986; Morris and Doak, 2002). Setting a quasi-extinction threshold
is also more useful in a wildlife management context because
extinction is a management barrier that, once crossed, cannot be
reversed (Beissenger and Westphal, 1998; Morris and Doak, 2002).

Our model included ceiling-type density dependence, which set
an upper size limit to the populations (Morris and Doak, 2002)
where if the limit was exceeded the excess individuals were re-
moved. Density dependent reductions in survival or reproductive
rates have not been empirically documented for this species. How-
ever, it is impossible for the population to grow unimpeded by
space and habitat availability. We used a simple ceiling-type den-
sity dependence because the specific relationships of the popula-
tion parameters to density are unknown, and this method
allowed us to apply an upper size limit to the population without
speculating on the nature and form of those density dependent
relationships (Morris and Doak, 2002).

We developed this model in Visual Basic for Applications and
the program was incorporated as a macro in a Microsoft Excel
spreadsheet. This programming environment made for a highly
user-friendly interface and has enabled Fish and Wildlife Service
biologists and managers to use the model for testing additional
incidental take and management scenarios beyond those contained
in this paper. Because of known limitations to the pseudorandom
number generators in visual basic (McCullough, 2008), we limited
simulations to 5000 iterations and 30 years. Furthermore, the pro-
gramming was replicated in R to verify the results in a statically
more rigorous program. We found no differences in simulation re-
sults between the two programs.

2.2. Parameterization

2.2.1. Population size
We set the initial population size at 2300 individual breeding

females. The 2006 international Piping Plover Census counted a to-
tal of �4600 birds in the northern Great Plains during the breeding
season (E. Elliot-Smith, USGS, personal communication). We as-
sumed a 1:1 sex ratio and set the initial population size at half of
the total counted. We arbitrarily set the maximum population size
for the ceiling-type density dependence at 10,000 females, or
20,000 individuals. Increasing the maximum female population
size to 15,000 had small positive effects on population growth
and final abundance over the first 30 years, but had no effect on
the probability of quasi-extinction.

2.2.2. Annual survival
We used adult and immature survival and variance estimates

from Larson et al. (2000) and Larson et al. (2002). Larson et al.
(2002) used immature survival from Atlantic Coast populations be-
cause empirical estimates of immature survival in the Great Plains
were probably biased low due to low resighting probability and
relatively low natal site fidelity (Melvin and Gibbs, 1996; Larson
et al., 2002). Larson et al. (2000) decomposed variance on annual
survival and reported that process variance was 0.0445 (SE) and
we deduced that variation due to sampling error was 0.0475 (SE)
(total variation (0.092) � process variation (0.0445) = sampling
variation (0.0475)). For each iteration, our model selected mean
survival values from a beta distribution with a mean of 0.737 for
adults and 0.48 for immatures with standard deviations of
0.0475. For each year in a given iteration the model selected an
adult survival value from a beta distribution with the iteration le-

vel mean and a standard deviation of 0.0445. Then, our model
annually selected a juvenile survival value from a beta distribution
with the iteration mean and a standard deviation of 0.0445. The al-
pha and beta shape parameters for these beta distributions were
calculated using the method of moments for each iteration (Morris
and Doak, 2002, p. 265).

2.2.3. Habitat distribution
We included stochasticity in the habitat distributional parame-

ters. The model selected a random value of Pw from a beta distribu-
tion with a mean of 0.6 and standard deviation of 0.09. The PMR

value in each year was equal to (1 � Pw) � 0.8 and the Por value
was equal to 1 � (Pw + PMR). These habitat distributions were based
on empirical data from the four International Piping Plover
Censuses (Plissner and Haig, 2000b; Haig et al., 2005). Every year,
the modeled population redistributed across the three habitats
with no inter-annual correlations. This may not be a realistic
assumption, but there are no data available on inter-annual move-
ments of these birds from which to base an alternative set of
assumptions. Anecdotal observations indicate that some birds are
highly site faithful and others seem to move from year to year
(M.R. Ryan, personal observation). We created the specific shape
of this distribution to allow for high variability because we believe
it is more conservative to incorporate greater variability under
such circumstances.

2.2.4. Fecundity
We estimated fecundity for all three habitat types using empir-

ical data. For alkali wetlands we used data from the USFWS wide-
spread monitoring efforts in the Northern Great Plains, as well as
data from the Canadian Wildlife Service at Big Quill Lake, the
Saskatchewan Coteau (C. Gratto-Trevor, Canadian Wildlife Service,
unpublished data) and Chaplin Lake (C. White, Canadian Wildlife
Service, unpublished data) (Table 1). These data report the average
number of chicks that fledged for each breeding pair and associ-
ated variance. This approach tracks known pairs and broods over
the breeding season and is different from previous methods of
reporting a fledge ratio where the total number of fledged chicks
was divided by the number of breeding pairs. The model selected
a random value of alkali wetland fecundity for each simulation
from a log-normal distribution with a mean of 0.614 and a stan-
dard deviation 0.280 (Table 1). Attempts to separate temporal var-
iance from sampling variance returned a negative result, indicating

Table 1
Number of fledglings and the average number of fledglings per breeding pair
produced at alkali wetland sites in the Northern Great Plains and Prairie Canada
between 1994 and 2005. Data were provided by Adam Ryba of the US Fish and
Wildlife Service and by Cherri Gratto-Trevor and Cory White of the Canadian Wildlife
service.

Year No. pairs No. fledglings Average no.
fledglings

Variance of
ave. fledglings

1994 177 212 1.19 1.614
1995 69 43 0.62 1.297
1996 120 144 1.20 1.657
1997 159 250 1.57 2.208
1998 165 165 1.00 1.707
1999 190 238 1.25 1.703
2000 250 337 1.35 1.955
2001 231 268 1.16 1.735
2002 328 364 1.12 1.900
2003 388 509 1.33 1.930
2004a 216 147 0.69 1.110
2005a 140 129 0.92 1.540
Total 2433 2806 1.12 0.075

a Data from 2004 and 2005 are only from Canadian sites provided by Cherri
Gratto-Trevor and Cory White.
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that either temporal variance is negligible or that the sampling var-
iance is too large to be able to measure temporal variance (Gould
and Nichols, 1998). As a result we did not include any inter-annual
variation in alkali fecundity in the model, all variation was incorpo-
rated as sampling variance into the iteration loop.

We used a different approach to model fecundity in the Mis-
souri River system. We used this approach because it enabled us
to subsequently subtract specific number of eggs and chicks from
the river to simulate incidental take due to flooding and because
this formulation of fecundity suited available data and required
fewer assumptions than other possible methods. We combined
nest survival, chick survival, number of breeding pairs in the river,
and the mean number of nests per female following the recom-
mendations of Noon and Sauer (1992) for estimating fecundity in
a population model. The calculations were as follows:

FMR ¼ ðNt � PMR � R � CL � NS � ChSÞ=ðNt � PMRÞ

where Nt is the current female population size and PMR is the pro-
portion nesting in the Missouri River. R is the number of nests per
breeding female, CL is the average clutch size, NS is the probability
that a nest survives to hatching, and ChS is the probability that a
chick survives to fledging. We estimated daily nest survival to
hatching from USACE nest check records using the logistic exposure
method (Shaffer, 2004). We used the estimate of daily survival at
the mid-point of the breeding season and averaged across years
(Shaffer and Thompson, 2007). We raised the average estimate of
daily survival to the power of 28 to represent survival to hatching
(Haig and Elliott-Smith, 2004). We excluded nests that the USACE
had categorized as ‘‘taken” from this data set in order to estimate
nest survival in the absence of take. Average daily survival of nests
between 1993 and 2005 was 0.977 (SD ± 0.013) and the probability
of survival to hatching was 0.521.

We used estimates of daily chick survival calculated using
USACE count-based, age class data and a modified catch-curve
analysis (Chapman and Robson, 1960; Skalski et al., 2006; McGo-
wan et al., 2009). This method estimates the probability of survival
for individual chicks (McGowan et al., 2009). Average daily survival
estimates for chicks between 1993 and 2005 ranged from 0.895 to
0.917 and the probability of survival to fledging ranged from 0.11
to 0.19. We used 0.16 as the chick survival value in our model be-
cause it is an intermediate value between the maximum and min-
imum survival estimates.

The number of nests per female for Piping Plovers in this system
has not been thoroughly measured. Unpublished USACE data indi-
cate that between 1998 and 2004 the USACE monitored 0.98 nests
per breeding pair observed. It is highly probable that the USACE are
missing nests in their surveys; however, to be conservative and not
over inflate renesting rates, when modeling scenarios that did not
directly examine the interaction of renesting and incidental take,
we held the mean number of nests per female at 1.05 with a stan-
dard deviation of 0.05. We modeled hypothetical levels of in-
creased number of nests per female to assess the effect that
renesting has on population viability. The mechanics of the model
prevented us from eliminating double brooding, so we restricted
the maximum value of nests per female to 1.25 which is approxi-
mately equal to 50% of females that lose their first nest in the
Missouri River laying a second clutch (when the probability of
hatching is 0.52). Clutch size estimates were based on USACE
Piping Plover monitoring data. The clutch size was not reported
for many nests in that data base but of the nests where the data
was recorded the average clutch size was 3.4 eggs with a standard
deviation of 0.96. We set a maximum average clutch size of four
(two for a female-only population model) because Piping Plover
clutches rarely exceed four eggs (Haig and Elliott-Smith, 2004).

To estimate fecundity for other rivers in the Great Plains we
used the same approach as for the Missouri River calculations with

some slight modifications. The differences between the river habi-
tats were because we were analyzing the effect of take in the Mis-
souri River alone. Our approach assumes that the effects of take in
other river systems (i.e., the Platte River in Nebraska) are embed-
ded in the nest survival parameter estimates in the simulation
model. We use the average annual value of nest survival for all
nests in the Missouri River, including nests that were designated
as ‘‘taken” by the USACE. This is intended to represent nest survival
in other river systems where incidental take does occur. Average
daily nest survival was 0.961, and hatching probability was
0.328. We used the same values for clutch size, renesting rate,
and chick survival as we did in the Missouri River calculations.

For both Missouri River habitats and the other river habitats, we
assumed that all the measured variance in nest survival clutch size
was temporal variance, and we included that variation in the an-
nual loop of the model. Because estimating nest survival uses a
known fate modeling approach, we assumed there were no issues
with detectability and therefore little or no sampling variation.
Similarly, for the clutch size estimate we assumed that all variabil-
ity was temporal variability, because detecting the number of eggs
in a clutch should have little or no error once a nest is found. Both
of these decisions assume that the nests monitored and included in
the USACE database are representative of the overall river nesting
population. With over 6000 nests monitored in 13 years we are
assuming that sampling variance is negligible for these two param-
eters. For chick survival, we attempted to discern temporal vari-
ance from total variance, but as was the case with alkali wetland
fecundity, the result was negative. Therefore, we incorporate all
the measured variance in chick survival into the model as sampling
variance in the iteration loop.

2.2.5. Incidental take
We modeled incidental take as a subtraction of specific num-

bers of eggs or chicks from the Missouri River in each year. This ap-
proach reflects the permitting practices of the USFWS and the
USACE in the Missouri River Section 7 Consultation. Egg take and
chick take were incorporated into the Missouri River fecundity cal-
culation as follows:

FMR ¼ ðððNt � PMR � R � CL� ETÞ � NSÞ � CTÞ � ChSf g=ðNt � PMRÞ

where ET is the number of eggs taken due to USACE actions in the
Missouri River system and CT is the number of chicks taken due
to USACE action in the Missouri system. Egg take and chick take
were random variables selected from a log-normal distribution
based on the prescribed mean and variance of take in the incidental
take permit. To calculate the annual number of eggs taken we first
calculated the annual number of eggs laid:

Eggs in the Missouri River ¼ Nt � PMR � R � CL

We then multiplied that number by the randomly selected egg
take value for that year:

Egg take ¼ ðeggs in the Missouri RiverÞ
� ðproportion of eggs takenÞ

If the egg take value exceeded the 147 (females only) maxi-
mum, the value was automatically reset to equal 147 eggs.

Taking of chicks was not directly addressed in the Missouri Riv-
er Biological Opinions (USFWS, 2000, 2003), however the opinions
did admit chick take probably occurs (USFWS, 2003) and those
losses go un-measured and undocumented. We modeled some
hypothetical chick take scenarios to assess the effect that flooding
and drowning of chicks might have on population viability. We cal-
culated the number of chicks taken from the Missouri River the
same way we calculated the number of eggs taken; first we
calculated the number of chicks present in the river and then mul-
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tiplied that value by the randomly selected proportion of chicks
taken.

2.3. Modeling scenarios

Currently the USACE is limited to flooding 8.4% of eggs over a
10-year running average. The average must fall within 10% of that
limit, meaning that after 10 years take could range from 7.3% to
9.2%, without violating the incidental take agreements (USFWS,
2000, 2003). We modeled baseline take as 9.2% of eggs because
that is the maximum allowable average (USFWS, 2003). Further-
more, the USACE are not allowed to exceed an upper limit of 294
eggs taken in the River system in any single year (147 female eggs).
The incidental take statement also phrases that upper limit as 42%
of eggs in the River system (USFWS, 2000, 2003). These numbers
are derived from historic averages and maximums that the USACE
has observed (USFWS, 2003).

Our modeling scenarios attempted to isolate incidental take and
the parameters that might affect the impact of incidental take (see
Table 2 for an organized list of all modeling scenarios). All means
are the average percent of eggs laid or chicks hatched in the
Missouri River that are subsequently flooded by USACE actions.

We modeled the population with no egg or chick take in the
Missouri River (Scenario 1). We modeled the currently permitted
amounts of egg take (mean = 9.2%, SD = 0.10, max = 294 eggs) (Sce-
nario 2), and we evaluated two scenarios of increased mean egg
take by increasing the percent of allowable take by 15% (Scenario
3) and 30% (Scenario 4) above current levels and keeping the stan-
dard deviation and the maximum the same (mean = 10.58% and
11.96%). We increased the frequency of maximum egg take events
by increasing the standard deviation of the mean to 1.0 (Scenario
5) and 2.0 (Scenario 6). We lowered the annual average egg take
by 15% (Scenario 7) and 30% (Scenario 8) to 7.82% and 6.44%, hold-
ing the standard deviation and the maximum egg take constant.
We also modeled the single-year maximum allowable egg take as
42% (Scenario 9) of eggs in the River system, because the incidental
take permit phrases the maximum as both 294 eggs and 42% of
eggs.

Holding egg take at the currently permitted levels, we then
added the hypothetical chick take components. Chick take was
modeled at two levels where mean percent of chicks taken from
the River was arbitrarily set at 3.0% (Scenario 10) and 5.0%
(Scenario 11) and the standard deviation of chick take was held
constant at 0.5. We set a single-year maximum level of chicks take
from the river at 100 individuals.

To assess the potential for renesting to alleviate any negative
consequences of taking eggs or chick in the Missouri River we in-
creased the mean number of nests per female from 1.05 to 1.15
(Scenario 12) and 1.25 (Scenario 13) keeping the standard devia-
tion the same and modeled egg take at the currently permitted lev-
els. We also model egg take at currently permitted levels combined
with the lower level of chick take and increased number of nests
per female to 1.15 (Scenario 14) nests and 1.25 (Scenario 15) nests.
We emphasize that the renesting rate of Piping Plovers in the Great
Plains is largely unquantified.

Lastly we modeled the effect that the distribution of individuals
across habitats has on the impact of incidental take. As more birds
nest in the Missouri River system incidental take might have a lar-
ger effect on the population. We decreased the proportion of the
population nesting at alkali wetlands from 0.6 to 0.55 (SD = 0.09)
(Scenario 16), and 0.45 (SD = 0.09) (Scenario 17) while holding
egg take at the currently permitted levels, chick take at the lower
level and renesting at 1.05 nests per female.

For each scenario listed above we report the average final abun-
dance, the average population growth rate over the course of the
simulation, and the cumulative probability of quasi-extinction.

2.4. Linear regression and model selection

Rather than use a more traditional sensitivity and elasticity
analysis to evaluate the potential effects of incidental take on pop-
ulation growth (Caswell, 2001; Morris and Doak, 2002), we used

Table 2
Average population growth rate, final abundance and probability of quasi-extinction
for Piping Plovers in the Great Plains under different incidental take regimes. These
results are from a population simulation model that projected the population 30 years
into the future and replicated for 5000 iterations.

Scenario Mean SD k Final N Quasi extinction

1. No take
Eggs 0 0 0.925 956.4 0.333
Chicks 0 0

2. Current
Eggs 9.2 0.1 0.922 871.9 0.351
Chicks 0 0

3. Elevated egg take 1 (15% increase)
Eggs 10.58 0.1 0.923 906.2 0.348
Chicks 0 0

4. Elevated Egg Take 2 (30% increase)
Eggs 11.96 0.5 0.920 839.5 0.359
Chicks 0 0

5. Elevated variability of egg take 1
Eggs 9.2 1 0.923 891.4 0.340
Chicks 0 0

6. Elevated Variability of egg take 2
Eggs 9.2 2 0.924 892.3 0.340
Chicks 0 0

7. Decraesed egg take 1 (15% decrease)
Eggs 7.82 0.1 0.923 891.7 0.349
Chicks 0 0

8. Decreased egg take 2 (30% decrease)
Eggs 6.44 0.1 0.924 929.7 0.343
Chicks 0 0

9. Maximum egg take as percent (42%)
Eggs 9.2 0.1 0.923 882.9 0.340
Chicks 0 0

10. Egg take + chick take 1
Eggs 9.2 0.1 0.921 902.2 0.358
Chicks 3 0.5

11. Egg take + chick take 2
Eggs 9.2 0.1 0.920 832.1 0.365
Chicks 5 0.5

12. Egg take + renesting 1
Eggs 9.2 0.1 0.924 939.2 0.329
Chicks 0 0
No. nests 1.15

13. Egg take + renesting 2
Eggs 9.2 0.1 0.927 1015.5 0.323
Chicks 0 0
No. nests 1.25

14. Egg take + chick take + renesting 1
Eggs 9.2 0.1 0.923 939.0 0.349
Chicks 3 0.5
No. nests 1.15

15. Egg take + chick take + renesting 2
Eggs 9.2 0.1 0.927 983.6 0.322
Chicks 3 0.5
No. nests 1.25

16. Egg take + elevated mo. riv. prop 1
Eggs 9.2 0.1 0.912 688.0 0.414
Chicks 3 0.5
Alk prop 0.55 0.1

17. Egg take + elevated mo. riv. prop 2
Eggs 9.2 0.1 0.890 315.2 0.558
Chicks 3 0.5
Alk prop 0.45 0.1
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simulated data for a regression-based analysis similar to the meth-
od used and recommended by Wisdom and Mills (1997) and Wis-
dom et al. (2000). Because the variables we were interested in for
this study are not matrix elements, but rather are population
parameters that are components of matrix elements, the regres-
sion-based approach is more informative regarding the contribu-
tion of each specific population parameter (Wisdom and Mills,
1997; Wisdom et al., 2000). This approach also enabled us to
examine the combined effects of take variables (i.e. egg and chick
take together), or potential non-linear effects of take variables on
population viability. Furthermore this approach allows us to study
the effects of take variables on population viability in a stochastic
environment where parameters like adult survival are allowed to
vary.

We conducted additional simulations to the ones detailed above
and generated average growth rates, final abundances, and quasi-
extinction probabilities for a variety of combinations of egg take,
standard deviation of egg take, chick take, and number of nests
per female. The input values of egg take, variation in egg take, chick
take, or number of nests per female for these extra simulations
were chosen haphazardly to create a substantial range in values.
All other population parameters like adult survival, immature sur-
vival, Missouri River nest survival, were allowed to vary stochasti-
cally to reflect natural variation in those values. With the
simulated data we compared a set of a priori linear regression
models examining the relationship of the separate response vari-
ables (average population growth rate, average final abundance,
and quasi-extinction probability) with the above take variables
as covariates. We developed 17 models for each dependent vari-
able (Table 3) to evaluate four research hypotheses: (1) stochastic
variation in adult survival is the primary factor affecting popula-
tion viability; (2) stochastic variation in adult survival and inciden-
tal take affect population viability; (3) renesting rate can
compensate for the negative affects of incidental take; (4) variabil-
ity of incidental take affects population growth, abundance, and
quasi-extinction probability.

We included linear models for all four variables and quadratic
models for both egg take and chick take variables. The quadratic
models would indicate if there are some low levels of take for
which there are no effects on population growth, abundance or
probability of quasi-extinction. We included adult survival in all
models because previous research efforts concluded that the pop-
ulation was most sensitive to that parameter (Ryan et al., 1993;
Larson et al., 2002). We tested the goodness-of-fit for the global
model (a model containing all the covariates) and for the sub-glo-
bal models for each of the four hypotheses (models containing all
the covariates for to that hypothesis).

We used an AIC approach to assess the relative support for the
models under each hypothesis where the sub-global model had
reasonable fit to the data (p < 0.2). We also report the R-squared
value for the least-squares regression models to demonstrate
how much of the variation in the data was explained by the sup-
ported models in the candidate set (Neter et al., 1996). We present
the beta parameter estimates for each coefficient in the top model
or models from each set of regressions (model averaging for least
squares models is not recommended) (Burnham and Anderson,
2002).

3. Results

3.1. Prescribed simulations

The simulation model estimated a decline in the Piping Plover
population of �7.5% annually (average k = 0.925) even when no
eggs or chicks were taken from the Missouri River (Table 2). With-
out incidental take there was a 0.333 probability that the popula-
tion would have less then 100 females after 30 years.

Population growth rates and final abundances were lower after
30 years under currently permitted take levels, and the quasi-
extinction probability increased above the no take scenario (Table
2). Currently permitted levels of egg take reduced population
growth to be 0.3% lower than the no take scenario. All the egg take
only scenarios had lower population growth rates, final abun-
dances, and greater quasi-extinction probabilities than the no take
scenario (Table 2).

A clear pattern of the relationship between egg take and popu-
lation growth rate, final abundance, or quasi-extinction probability
did not emerge from the prescribed modeling scenarios (Table 2).
For example, projecting the population taking 10.58% of eggs annu-
ally resulted in a higher estimate of population growth (k = 0.923
(�7.7% annually)) than taking only 9.2% of eggs annually
(k = 0.922 (�7.8% annually)). This unexpected result was probably
because of stochastic variation in adult and immature survival.
Modeling the maximum level of egg take as a percentage (42%)
showed no difference from modeling maximum egg take as a spe-
cific number (294 eggs).

Adding chick take to the simulations resulted in no difference in
final abundance, lower population growth rates, and higher proba-
bility of quasi-extinction compared to egg take only scenarios
(Table 2). Adding increased renesting to the model seemed to neu-
tralize any negative affects of both egg take and chick take. With
1.15 nests per female in the Missouri River, population growth
was just slightly less than the no take scenario and with 1.25 nests
per female the population growth rate was higher. Under both 1.15
and 1.25 nests per female, final abundances were approximately
equal to or greater than the no take scenario and the cumulative
quasi-extinction probabilities were smaller (Table 1). When a
greater proportion of the population nested in the Missouri River
the simulated population exhibited lower growth rates, lower final
abundances, and higher cumulative quasi-extinction probabilities.

Table 3
Candidate models predicting the effect of egg take, chick take, number of nests per
female, and standard deviation of egg take on mean population growth, mean final
abundance and the probability of quasi-extinction at 30 year in the future from 5000
iterations. In parentheses before each is the predicted sign of the coefficient.

Model title Model structure

Null Intercept only, no covariates
Adult survival (+) ASa

Egg take 1 (+) AS + (�) egg take
Egg take 2 (+) AS + (�) egg take + (�) egg take2

Egg and chick take1 (+) AS + (�) egg take + (�) chick take
Egg and chick take 2 (+) AS + (�) egg take + (�) chick take + (�) egg take2

Egg and chick take 3 (+) AS + (�) egg take + (�) chick take + (�) egg take2 +
(�) chick take2

Take and renesting 1b (+) AS + (�) egg take + (+) RN
Take and renesting 2 (+) AS + (�) egg take + (+) RN + (�) egg take2

Take and renesting 3 (+) AS + (�) egg take + (�) chick take + (+) RN
Take and renesting 4 (+) AS + (�) egg take + (�) chick take + (+) RN + (�) egg

Take2 + (�) chick take2

Renesting (+) AS + (+) RN
Egg take variation 1c (+) AS + (�) egg take + (�) ETSD
Egg take variation 2 (+) AS + (�) egg take + (�) ETSD + (�) egg take2

Egg take variation 3 (+) AS + (�) egg take + (�) chick take + (�) ETSD
Egg take variation 4 (+) AS + (�) egg take + (�) chick take + (�) ETSD +

(�) egg take2 + (�) chick take2

Global (+) AS + (�) egg take + (�) chick take + (�) ETSD +
(+) RN + (�) egg take2 + (�) chick take2

a AS stands for the average Adult Survival value due to sampling variance over
the 5000 simulations.

b RN stands for resenting and was modeled as the number of nests per female in
the Missouri River.

c ETSD stands for standard deviation of egg take.
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3.2. Linear regressions and model selection

We ran the population model 34 times with varying combina-
tions of egg take, standard deviation of egg take, chick take and
renesting rate. Each model run was projected 30 years into the fu-
ture and had 5000 iterations of the simulation. The program ran-
domly selected values of iteration level average adult survival
ranging from 0.735 to 0.741, nests per female ranged from 1.0 to
1.25, egg take from 0% to 11.96%, chick take from 0% to 6.5%, and
standard deviation of egg take from 0.01 to 2.0.

We detected strong negative associations between increasing
egg take and population abundance or growth and a positive rela-
tionship between egg take and the probability of quasi-extinction
(Fig. 1). The global model and all the sub-global models met the
goodness-of-fit criteria. To explain variation in the population
growth rate, the most supported model included adult survival,
number of nests per female, egg take rate, and chick take as covar-
iates (DAIC = 0, w = 0.931). There were no other models that were
within five AIC units of the best model.

To explain variation in final abundance, the model with adult
survival, number of nests per female, egg take and chick take as

covariates was the most supported model (DAIC = 0, w = 0.793)
(Table 4). Additionally, the model containing only adult survival,
renesting rate, and egg take as covariates was within five AIC units
of the best model (DAIC = 3.98, w = 0.103) (Table 4). To explain var-
iation in the probability of quasi-extinction, the top model did not
have any of the incidental take variables as covariates, however
there were four partially supported models in the candidate set.
Three of the top models had egg take as a covariate, one model
had chick take and one model had the egg take squared term
(Table 4).
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Fig. 1. Linear regressions with average percent of eggs taken as the independent
variable and (A) average population growth rate, (B) average final abundance of
females in the population and (C) probability of quasi-extinction (the proportion of
simulated populations with fewer than 100 females 30 years into the future) for
Piping Plovers in the Great Plains of North America from 11 sets of simulations
where egg take levels were manipulated in the model and other population
parameters were allowed to vary stochastically.

Table 4
The most supported models from the candidate set to explain variation in population
growth, final abundance, and probability of quasi-extinction after 30 years of
simulation under a variety of incidental take conditions. The response variables
(Population growth, final abundance and quasi-extinction probability) were the
average values calculated from 5000 iterations of the Great Plains Piping Plover
population model (n = 34 simulations).

Population growth
Model SoSa Kb AICc DAICC

c Wd R2

(+)AS (+)RN (�)ET (�)CT 1.13E�05 6 �205.14 0.00 0.93 0.910

Final abundance
Model SoS K AICc Delta w R2

(+)AS (+)RN (�)ET (�)CT 7283.75 6 94.36 0.00 0.79 0.870
(+)AS (+)RN (�)ET 11662.00 5 98.34 3.98 0.11 0.800

Probability of quasi-extinction
Model SoS K AICc Delta w R2

(�)AS (�)RN 2.15E�03 4 �135.97 0.00 0.45 0.66
(�)AS (�)RN (+)ET (+)CT 1.28E�03 6 �135.31 0.65 0.32 0.78
(�)AS (�)RN (+)ET 1.71E�03 5 �134.01 1.96 0.17 0.71
(�)AS (�)RN (+)ET (�)ET2 1.67E�03 6 �131.39 4.58 0.05 0.71

a Sum of squares for the error term of the model.
b Number of parameters in the model, least squares have two more parameters

than the number of coefficients in the model.
c Change in the AICc from the best model.
d The AICc weight of the model, estimates the probability that this is the correct

model given the data.

Table 5
The beta parameter estimates for the covariates of the most supported least squares
models of average population growth, average final abundance and quasi-extinction
probability. Parameter estimates for the models that comprised 90% of the AIC weight
(Table 4) are presented. Population growth, final abundance and quasi-extinction
probability were the average values calculated from 5000 iterations of the Great
Plains Piping Plover population model (n = 34 simulations).

Model Parameter Beta
estimate

Standard
error

T statistic p-Value

Population growth
AS RN ET CT Adult survival 1.37 0.16 8.64 <0.001

Nest per female 0.02 0.0016 15.81 <0.001
Egg take �1.22E�04 4.43E�05 �2.75 0.010
Chick take �3.80E�04 6.23E�05 �6.10 <0.001

Final abundance
AS RN ET CT Adult survival 24054 4014.98 5.99 <0.001

Nest per female 527.95 39.15 13.48 <0.001
Egg take �2.73 1.12 �2.43 0.021
Chick take �6.60 1.58 �4.18 <0.001

AS RN ET Adult survival 23466 4991.87 4.70 <0.001
Nest per female 515.74 48.58 10.62 <0.001
Egg take �4.63 1.28 �3.63 0.001

Probability of quasi-extinction
AS RN Adult survival �9.25 2.10 �4.41 <0.001

Nest per female �0.14 0.02 �6.68 <0.001

AS RN ET CT Adult survival �8.91 1.68 �5.29 <0.001
Nest per female �0.15 0.02 �9.34 <0.001
Egg take 7.7E�04 4.7E�04 1.64 0.11
Chick take 2.6E�03 6.6E�04 3.11 0.004

AS RN ET Adult survival �8.73 1.91 �4.57 <0.001
Nest per female �0.15 0.02 �8.04 <0.001
Egg take 1.4E�03 4.9E�04 2.80 0.009
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The parameter coefficients for the covariates in the top models
of were significantly positive on adult survival and the number of
nests per female (Table 5). The coefficients were negative for the
egg take and chick take covariates (Table 5) and in most cases sig-
nificantly negative. That pattern was reversed for the models to ex-
plain variation in the probability of quasi-extinction (Table 5).

4. Discussion

Our model suggests that incidental take of eggs in the Missouri
River has the potential to increase the probability of quasi-extinc-
tion and to reduce population growth and final abundance for Pip-
ing Plovers in the Great Plains. Under currently permitted take
levels, population viability decreased. Increasing take above cur-
rent average levels of take will likely cause further decreases in fu-
ture population growth and abundance. From the prescribed take
modeling scenarios, we conclude that chick take may impose a fur-
ther additive decrease in population growth and abundance and
that chick take levels should be empirically examined in the Mis-
souri River system. The primary reason for not explicitly address-
ing chick take in the Section 7 Consultations was the difficulty of
empirically measuring and quantifying Corps cause chick mortality
(USFWS, 2000). However, we conclude from the results of our
model that chick take should be explicitly addressed and empiri-
cally measured and monitored.

Our modeling effort found no effect of increased egg take vari-
ability on the three population viability response variables. The in-
creased egg take variation scenarios were intended to simulate an
increased frequency of hitting the maximum level of egg take. It is
possible that the levels of standard deviation that we modeled
were not large enough to significantly increase the frequency of
maximum take events. Modeling the maximum egg take as a per-
centage (42%) rather than a specific number of eggs (294 eggs)
showed no substantial differences in population viability or num-
bers of eggs taken.

According to our population model, Piping Plovers may com-
pensate for incidental take via renesting (modeled as increased
number of nests per female). McGowan (2008) identified a species’
capacity to compensate for take as an essential component of a
successful incidental take management plan. We must stress how-
ever, that all increased number of nests per female scenarios mod-
eled were not empirically based. Renesting capacity for Piping
Plovers has not been thoroughly quantified in the Great Plains,
and limited data indicate that these birds do not have high renest-
ing capacity. For example, USACE data indicate that the Corps mon-
itored only 0.98 nests for each observed breeding female between
1998 and 2004 (C. Kruse and G. Pavelka, USACE, unpublished data).
Mayer (1991) reported that there were 1.09 nests per breeding pair
at non-river, alkali wetland sites in North Dakota during the late
1980s. We limited our simulations to only allow 1.25 nests per fe-
male because we did not want to paint an overly optimistic picture
for the piping plover population given that the model is quite sen-
sitive to this parameter. As stated in the methods 1.25 is approxi-
mately equal to 50% of the birds that loose their first nests
initiating a second nest. Additionally, though it might alleviate
the negative affects of permitted incidental take, renesting alone
is unlikely to reverse the downward trend predicted for this popu-
lation. Post-hoc simulations predicted that the population is
declining by 5.4% annually and that quasi-extinction probability
is 0.217 even when the average number of nests per female was
set at 2.0. If the number of nests per female is to be considered
as part of an incidental take management plan for Piping Plovers
it is important to first gather data and quantify renesting rates in
Missouri River habitats (McGowan, 2008).

In truth there are a number of assumptions in the structure of
our model that cannot be verified with current data. For example,
the inter-annual spatial dynamics between alkaline wetlands and
river habitats has not been thoroughly studied and immature sur-
vival has not been directly estimated for the Great Plains popula-
tion. We recommend empirically studying these assumptions to
reduce structural uncertainty of modeling efforts which will result
in better predictions about population viability.

No clear pattern of how incidental take affects population via-
bility emerged from the prescribed modeling scenarios. The sto-
chastic variation of adult and immature survival in the modeled
scenarios probably obfuscates any patterns that do exist regarding
the relationship. The linear regression approach is a good way to
elucidate associations between incidental take and population via-
bility. The model selection approach also allowed us to examine
the combined effects of different variables of interest in our popu-
lation model and to better understand the effect that incidental
take of eggs and chicks has on population viability. Using an AIC
approach instead of a typical elasticity analysis also enabled us
to examine potential non-linear relationships between incidental
take variables and measures of population viability. Most impor-
tantly for conservation and management this approach allowed
us to examine the effects of the incidental take parameters on pop-
ulation viability in a stochastic context in the short term (Wisdom
and Mills, 1997; Wisdom et al., 2000). The model selection proce-
dure confirmed that egg take and number of nests per female play
an important role in explaining variation in the measures of popu-
lation viability.

Our results indicated that over 30 years egg take negatively af-
fects all three measures of population viability and most likely in a
linear fashion. Chick take was also a covariate in the most sup-
ported linear regression models, reaffirming the importance of
empirically quantifying the amount of chick mortality caused by
water management activities in the River. The number of nests
per female emerged from the model selection as an important var-
iable for explaining the population viability. The relationship was
positive and linear, but again we stress that all nests per female
values we modeled were hypothetical and this covariate should
be empirically studied. It is important to keep in mind that even
though the coefficients for the egg take covariates and the chick
take covariates were significantly negative, they were still very
small effects on population growth and final abundance. The coef-
ficient for the egg take covariate in the population growth linear
regression models was �0.00012. When compared to the model
coefficient for adult survival (1.36), the egg take coefficient is
dwarfed. This indicates that although egg take does have a negative
effect on population viability it is a small effect compared to factors
that limit adult survival.

Incorporating sampling variance into the model simulations
greatly increased variability in model outputs. Though it can be
arduous to comprehend such high variability in model predictions,
accounting for all uncertainty in the system will enable managers
to make better decisions (Williams et al., 2002). For example, de-
spite predictions from previous modeling efforts that the Great
Plains population is declining by 3–12%, the 2006 International
Piping Plover Census recorded an increase in abundance from just
under 3000 individuals to nearly 4600 individuals between 2001
and 2006 (Elliot-Smith, USGS, personal communication). Our mod-
el predicts that such an increase is with in the realm of
possibilities.

After these extensive population modeling exercises the ques-
tion still remains: Does incidental take of eggs and chicks in the
Missouri River cause jeopardy for Piping Plovers in the Great
Plains? Our population model predicts that even with incidental
take components set to zero, the population was still declining
by over 7% annually. It could be argued that the actions by the
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USACE do not cause jeopardy because the population faces such a
high level of jeopardy in the absence of this specific take. Deter-
mining whether a population with a 7.8% annual decline is at
greater risk of extinction than with a 7.5% annual decline is almost
impossible since in both cases, extinction is assured (Pimm et al.,
1988; Boyce, 1992; Lande, 1993). Alternatively, one could argue
that any increase in the rate of decline or in the probability of
extinction should be considered as causing jeopardy. Runge
(2003) concluded that allowable incidental take due to water craft
collisions for a sub-population of Florida Manatees (Trichechus
manatus latirostris) was zero individuals per year because that
sub-population was already declining by 1.1% annually. Runge
(2003) found that take not only further decreased the population
growth rate but also concluded that take reduced the probability
of meeting recovery goals for that sub-population to near zero.

Without clearly defined decision criteria issued by the USFWS,
the results of our model do not and cannot answer whether or
not egg and chick take in the Missouri River jeopardizes the Great
Plains Piping Plover. Our work does however highlight need to
establish a clearly defined, jeopardy decision criteria. Furthermore,
the population model we developed, allowed us to evaluate inci-
dental take in a quantitative framework and to make predictions
about the consequences of incidental take. Our model assessed
the effects of incidental take in terms of metrics of population via-
bility such as quasi-extinction probability, which match well with
the ‘‘probability of survival in the wild” terminology used in
endangered species legislation. Heretofore, there was little effort
to analyze incidental take of Piping Plovers is terms of affecting
population viability. Population models such as this could be used
in a variety of incidental take permitting situations such as Section
7 Consultations and Habitat Conservation planning, for a wide vari-
ety of protected species.
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