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abstract: We present a statistical approach—a custom-built hid-
den Markov model (HMM)—that is broadly applicable to the analysis
of temporally clustered display events, as found in many animals, in-
cluding birds, orthopterans, and anurans. This HMM can simulta-
neously estimate both the expected lengths of each animal’s display
bouts and their within-bout display rates. We highlight the HMM'’s
ability to estimate changes in animals’ display effort over time and
across different social contexts, using data from male greater sage
grouse (Centrocercus urophasianus). Male display effort was modeled
across three sites in two experimental treatments (robotic female sim-
ulating interested or uninterested behavior) and in the presence or ab-
sence of live females. Across contexts, we show that sage grouse males
primarily adjust their bout lengths rather than their within-bout dis-
play rates. Males’ responses to female behavior were correlated with
male mating success: males with more matings showed high display
persistence regardless of female behavior, while males with fewer mat-
ings tended to invest selectively in females that were already showing
interest in mating. Additionally, males with higher mating success re-
sponded more to the presence of a female than males with fewer
matings did. We conclude with suggestions for adapting our HMM
approach for use in other animal systems.

Keywords: hidden Markov model, display bouts, display rate, mate
choice, courtship tactics, greater sage grouse.

Introduction

A diverse array of animals repeat displays in bouts across
different contexts of animal communication, such as during
contests, parent-offspring exchanges, or courtship interac-
tions. Here, we de ne a display bout as a cluster of repeated
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display events (e.g., visual and/or auditory signals of the
same type; Martin and Bateson 2007). Bout-structured dis-
play effort consists of at least two components. Setting aside
variation among individual display events (e.g., variation in
signal magnitude or length), an animal could adjust either
(1) their display persistence, by changing the consecutive
number of displays contained in each bout, or (2) their
within-bout display rate, by adjusting the relative lengths
of the intervals of time separating each display event. In
many cases, such adjustments in display effort can increase

tness, as when males that display for longer durations or at
higher rates are preferred by females (Fiske et al. 1998; Mu-
rai and Backwell 2006; Delaney et al. 2007; Byers et al. 2010).
However, most males cannot display at their peak levels in-
de nitely; these males may need to tactically adjust their dis-
play bout behavior across different conditions (Patricelli et al.
2016). Males’ display tactics may depend on their underlying
state (e.g., energetic reserves), environmental context (e.g.,
predation risk), or social context (e.g., available partners).
To answer broader questions about animals’ display ef cacy
or costs across different conditions, behavioral ecologists
therefore need to be able to characterize how animals’ dis-
play bout behavior changes over time.

Given that bout-structured display effort is composed of
at least two components (persistence and within-bout rate),
behavioral ecologists would bene t from using statistical
models that characterize both components. However, anal-
yses that ignore bout structure are still common (e.g., anal-
yses that count the total number of display events or that
average the lengths of the intervals separating displays; Pa-
tricelli and Krakauer 2010; Milner et al. 2011). These “bout-
agnostic” analyses collapse each animal’s multidimensional
display effort to a single metric, potentially discarding im-
portant information (Perry et al. 2017a). Another common
approach is to classify the intervals between display events
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