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a b s t r a c t

Conservation of imperiled species often requires knowledge of vital rates and population dynamics.
However, these can be difficult to estimate for rare species and small populations. This problem is further
exacerbated when individuals are not available for detection during some surveys due to limited access,
delaying surveys and creating mismatches between the breeding behavior and survey timing. Here we
use simulations to explore the impacts of this issue using four hypothetical boreal toad (Anaxyrus boreas
boreas) populations, representing combinations of logistical access (accessible, inaccessible) and breeding
behavior (synchronous, asynchronous). We examine the bias and precision of survival and breeding
probability estimates generated by survey designs that differ in effort and timing for these populations.
Our findings indicate that the logistical access of a site and mismatch between the breeding behavior and
survey design can greatly limit the ability to yield accurate and precise estimates of survival and breeding
probabilities. Simulations similar to what we have performed can help researchers determine an optimal
survey design(s) for their system before initiating sampling efforts.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Conservation of imperiled populations often requires knowl-
edge of the vital rates that drive population dynamics (Biek et al.,
2002; Oostermeijer et al., 2003). Well-designed studies and appro-
priate analysis of the resulting data are necessary to estimate
these vital rates and explore population dynamics under various
environmental and management scenarios (White and Burnham,
1999; Caswell, 2001). Projection matrix models, parameterized
with these vital rates, can be used to identify vulnerable life stages,
determine vital rates whose changes pose the greatest threat to the
population, and prioritize conservation and monitoring programs
that target these critical life stages and the associated vital rates
(Wisdom and Mills, 1997; Heppell et al., 2000; Biek et al., 2002).

Projection matrix models usually require female-specific
parameter estimates, such as breeding probability and fecun-
dity (Caswell, 2001). However, in some species, females are only
detectable during the breeding season and are cryptic for the rest of
the year, making it difficult to obtain reliable parameter estimates.
This problem is exacerbated when females skip breeding opportu-
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nities and are only available for detection every few years. Skipping
breeding opportunities and the associated non-detection issues are
common in taxa such as sea birds (Kendall et al., 2009), sea turtles
(Kendall and Bjorkland, 2001; Dutton et al., 2005; Rivalan et al.,
2005), marine mammals (Fujiwara and Caswell, 2002), and some
amphibians (Bailey et al., 2004; Muths et al., 2010). Another com-
plication occurs when females enter and exit the breeding area
throughout the course of the survey season. Together these factors
can result in datasets that are too sparse to reliably estimate param-
eters necessary to model the female component of the population.
The problem is further exacerbated for species of conservation
concern, because populations are often small. Thus, conservation
managers are often forced to make decisions without the benefit of
accurate female vital rates in population models. This situation is
troubling given that conservation can benefit from the guidance of
matrix models (Boor, 2014).

In addition, the process of skipped breeding opportunities is
considered a form of temporary emigration, the occurrence of
which violates the assumptions of many mark-recapture mod-
els. Failing to address temporary emigration can bias estimates of
survival and abundance, especially if the temporary emigration is
nonrandom (i.e., Markovian; Kendall et al., 1997).

Researchers can combat these issues with strategies that are
either model-based, design-based, or both. Open robust design
models allow for the incorporation of temporary emigration, which
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can improve estimates of other parameters (Schwarz and Stobo,
1997; Kendall and Bjorkland, 2001). Improvements to survey
designs may maximize the opportunity to detect females by con-
ducting surveys when females are present. It is often difficult to
predict when females will be present and logistics and funding
can limit the number and duration of surveys during the predicted
window of opportunity. In addition, excessive numbers of sur-
veys might disturb sensitive habitats or disrupt natural behaviors
(Altwegg et al., 2014). Therefore, it is important to determine the
optimal number and timing of surveys needed to collect enough
data to estimate parameters adequately for the female portion of
the population (Legg and Nagy, 2006).

We conducted a simulation study aimed at optimizing
female parameter estimation in scenarios that researchers might
encounter: populations that exhibit synchronous breeding behav-
ior or asynchronous breeding behavior in areas that are logistically
accessible or inaccessible. Synchronous breeding behavior, defined
as individuals arriving at the breeding area at the same time based
upon an external cues (e.g., snowmelt), could cause estimation
issues if the surveys are misaligned with the breeding pulse. Con-
versely, asynchronous populations have a more even distribution
of arrivals (breeders) and may ensure capture of some individ-
uals during most surveys, but individuals that arrive before or
after the surveys would still be missed. Easily accessible popu-
lations allow for relatively unrestricted survey designs, whereas
difficult logistical access can limit survey opportunities for inacces-
sible populations. The concordance of breeding behavior to possible
survey designs under logistical constraints should yield valuable
information to future research and monitoring programs. We based
our simulations on four hypothetical boreal toad (Anaxyrus boreas
boreas) populations representing all possible combinations of the
logistical access and breeding behavior factors, and evaluate the
ability of different survey designs to estimate female parameters
using a multi-state open robust design framework. Our objective
was to determine the study design that minimizes bias and maxi-
mizes precision of estimates for survival and breeding probabilities
in these different simulated populations.

2. Methods

2.1. Boreal toads

The boreal toad is an alpine species that ranges across Utah,
Wyoming, Colorado, Idaho, and Nevada, USA. Their breeding
ponds, summer range, and overwinter refugia, all occur in higher
elevation lodgepole pine or spruce-fir forests from 2100 to
3600 m (Campbell, 1970). While males occasionally skip breeding
opportunities, they usually return to the breeding area every year
(Muths et al., 2006). In contrast, females almost always skip one
or more breeding opportunities after breeding (Muths et al., 2010).
Non-breeding females do not migrate to breeding areas, making
their detection difficult. When females do breed, their arrival at
the breeding area and subsequent departure are difficult to predict
and this nonrandom availability can violate the closure assump-
tion required of many models (e.g., closed, N-mixture and Pollock’s
robust design models).

This species is also a relevant example because the Southern
Rocky Mountain (SRM) population of boreal toads is declining
(Carey, 1993; Scherer et al., 2005; Muths and Scherer, 2011). The
population is currently “warranted but precluded” from listing
under the Endangered Species Act (U.S. Fish and Wildlife Service,
2012) and a listing decision by the US Fish and Wildlife Service
is slated for 2017. While much as been learned about the ecology
of SRM boreal toads (Carey et al., 2006) most of that knowledge
derives from male-only data (Muths et al., 2003, 2011; Scherer et al.,

Fig. 1. Conceptual diagram of possible states and parameters associated with
between-season (survival and state transition probabilities) and within-season
dynamics. The probability of transitioning between two possible states, breeder
or non-breeder, between seasons i and i + 1 is the product the survival probability,
Si , and transition probability,  S,S

i
. Here, NB denotes the non-breeder state and B

denotes the breeder state. There is no transition arrow indicating that an individual
may remain in the breeder state between seasons i and i + 1 because female toads are
obligate non-breeders; they never breed in two consecutive seasons (i.e.,  B,B

i
= 0).

The dashed rectangle represents the breeding season and the ovals represent survey
occasions. The dynamics into and out of the breeding area are represented as bold
arrows. See text for definitions of the within-season parameters.

2005; but see Muths et al., 2010). Detailed assessments of female
demographics have been precluded by aforementioned issues of
female availability and detection. The challenge is thus to gather
data sufficient to produce accurate and precise estimates of female
population parameters.

2.2. Multi-state open robust design mark-recapture model

Our simulations were conducted using a multi-state open robust
design (MSORD) mark-recapture model (Kendall and Bjorkland,
2001), which is useful for several reasons. First, this model accounts
for imperfect detection. It allows for multiple states, including
breeders and non-breeders, and transitions between those states.
Lastly, MSORD relaxes the assumption that the population is closed
during a survey (breeding) season, allowing individuals to enter
and leave the breeding area at different times. Parameters in the
MSORD model that describe these dynamics can be classified into
two categories: between-season and within-season parameters.

2.2.1. Between-season parameters
The MSORD model accommodates multiple, mutually-exclusive

states. An individual is assumed to be in one of these states during a
season, but may transition between states between seasons (Fig. 1).
Female boreal toads are obligate non-breeders following a season
in which they breed (Muths et al., 2010). Thus, the transition prob-
ability between breeding and non-breeding states, B,NB

i
, is fixed at

one, or conversely the probability of remaining in the breeding state
for two successive seasons,  B,B

i
, is zero. The probability of transi-

tioning from the non-breeding state to the breeding state, NB,B
i

, is
considered the probability of breeding. Similarly, the probability of
staying in the non-breeding state  NB,NB

i
, is one minus the breed-

ing probability. The other between-season dynamic parameter is
survival. Survival (Si) describes the probability that an individual
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