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Abstract: Emerging bioacoustic technology allows researchers to passively
record animal vocalizations to study population dynamics at relatively broad spatial
scales. Spatiotemporal patterns in vocalization behavior free from direct human
influence, which occurs during traditional vocal-lure surveys, may also yield novel
behavioral insights. We used passively recorded audio data to examine such patterns
in the California Spotted Owl (Strix occidentalis occidentalis) across the northern
Sierra Nevada. We assessed temporal patterns in the initiation of bouts of four-note
calls and the number of such calls, and we used generalized linear mixed models to
test whether environmental factors influenced bout-initiation time, bout duration, and
the number of calls per unit time. We found that (1) Spotted Owls were most vocally
active within three hours of sunset, (2) bouts of calling were longer with fewer calls per
unit time in open and young forest, (3) those bouts were concentrated in the middle
of the night, and (4) the frequency of occurrence and duration of bouts of territorial
vocal activity was reduced in montane riparian forest. These patterns suggest that
Spotted Owls may engage in territorial defense in marginal habitat (open and young
forest) and minimize their vocal activity in key foraging habitat (montane riparian
forest). This application of acoustic monitoring data to behavioral ecology illustrates
the broad applicability of the underlying audio data and its potential to yield novel
ecological insights.

Vocalization is essential to the life history of many animal species (Schmidt
et al. 2010). This is particularly true for birds, many of which employ a repertoire of vocalizations and sonations to communicate with individuals and
groups of their own and other species (Webster and Podos 2018). Birds’
extensive use of sound has allowed researchers to survey otherwise cryptic
species by broadcasting or imitating their vocalizations (Forsman 1983,
Dewey et al. 2003, Conway and Gibbs 2005, Savage et al. 2010, Braun De
Torrez et al. 2017). However, conspecific and heterospecific vocalizations
can influence the focal species’ behavior (Crozier et al. 2006, Van Lanen et
al. 2011), which can preclude the collection of unbiased behavioral data during vocal-lure surveys. The advent of low-cost acoustic-recording hardware
and efficient signal-processing software may help resolve this issue and thus
lead to novel insights into behavioral ecology (Shonfield and Bayne 2017).
Animal vocalizations that are identified with passively recorded audio
represent the individual’s response to its environment without direct human
influence, allowing researchers to draw much stronger inferences about its
behavior. For example, diel patterns in vocal activity could provide insight
into a bird’s roosting habitat because a bird is necessarily closer to its roost
site at the start and end of its activity periods. The duration of bouts of
vocalization as well as the relative density of vocalizations per bout could
provide clues to the intent of the vocalizations. For example, long bouts of
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calling that contain relatively few calls per unit time would be consistent with
territorial maintenance or defense (e.g., Ganey 1990).
We explored the spatiotemporal variation in the vocalization patterns of
the California Spotted Owl (Strix occidentalis occidentalis), the subject of
a continuing acoustic-monitoring program on a regional scale (Wood et al.
2019). Specifically, we focused on the four-note call, which is used by the
owls for territorial defense and, to a lesser extent, for intrapair communication (Forsman et al. 1984, Ganey 1990). It is also used as an indicator of
site occupancy in the monitoring program. Our objectives were to describe
nightly patterns of vocal activity, to model the time of initiation and duration
of bouts of calling, and to model the number of calls per unit time in response
to environmental variables. If vocalizations are not uniformly distributed in
time (e.g., vocalizations are concentrated in certain times), the efficiency of
acoustic-monitoring programs could be improved by focusing on periods of
consistently high vocal activity. A non-uniform distribution of vocalizations
in space would suggest that owls are modifying their behavior in response
to the habitat around them; such variation could provide insight into their
natural history. Analyzing vocalization patterns in this and other ways can
improve our understanding of Spotted Owl behavior and help increase the
efficiency of acoustic-monitoring programs.
Methods
Field and Bioacoustic Methods
Our study took place from 7 May to 8 June 2018 in the Lassen and
Plumas national forests in the northern Sierra Nevada, California. Three
hundred and nineteen survey sites, each consisting of a 400-ha hexagon (the
approximate size of a spotted owl territory in this area), were distributed
randomly but noncontiguously across the study area to promote statistical
independence among sites. Within each site, we deployed two or three
autonomous recording units (ARUs, Swift Recorder, Cornell Lab of Ornithology Bioacoustics Research Program) without knowledge of whether an
owl occupied the site. We placed the ARUs ≥500 m apart because in situ
testing indicated that they had an effective sampling distance, or listening
radius, of ~250 m. They were programmed to record continuously from
20:00 to 06:00 Pacific Daylight Time; during our study sunset was at approximately 20:15, sunrise at approximately 05:40. These surveys were
part of a larger, continuing program of acoustic monitoring in the area (see
Wood et al. 2019).
To identify Spotted Owl vocalizations, we scanned the resulting audio
data with a moving window template detector (Raven 2.0, Cornell Lab of
Ornithology, Bioacoustics Research Program), which identifies instances
in the input data that match user-defined targets, in this case high-quality
examples of the Spotted Owl’s four-note call above a given threshold. We
used a relatively high matching threshold with a goal of detecting at least one
four-note call in any given bout of calling (see Wood et al. 2019 for further
details). To count the number of calls, we reviewed all sound signals identified by the template detector as potential Spotted Owl calls. On the basis
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of 14 bouts of intrapair vocalizations, we classified vocalizations as male if
the lower bound of the notes was ≤625 Hz or as female if the lower bound
of the notes was ≥631 Hz. Next, we reviewed the audio before and after
all calls identified by the template detector and subsequently confirmed as
of the Spotted Owl in order to manually count four-note calls that had been
recorded but were below the detector’s matching threshold. We reviewed the
recordings until 10 minutes had elapsed without any Spotted Owl vocalization (including contact calls or other nontarget vocalizations, which were not
included in our counts) because the average duration of a bout of Spotted
Owl calling is 10 minutes (Ganey 1990). We then defined a bout of calling as
a sequence of four-note calls in which no calls were greater than 10 minutes
apart. Because the rate of detection of the Spotted Owl in these surveys is
<1 (Wood et al. 2019), it is likely that some occupied sites were excluded
from the data, but imposing a temporal limit on our dataset ensured that
the calls we included were all made at similar times in the season and thus
in comparable behavioral and ecological contexts.
Analytical Methods
First, we qualitatively described temporal patterns of the Spotted Owl’s
four-note vocalization within a night. Next, we examined relationships
between three aspects of the species’ vocalization behavior and remotely
sensed data representing environmental variables. To do so, we buffered all
the ARUs’ locations by 250 m, the distance defined by their listening radius
(see above) and calculated the proportion of that area represented by various
land-cover types. We classified forest as open (canopy cover <40%), young
(canopy cover ≥40% and quadratic mean diameter of tree trunks <31 cm),
medium (canopy cover ≥40% and quadratic mean diameter of tree trunks
31–61cm), or old (canopy cover ≥40% and quadratic mean diameter of
tree trunks ≥61 cm) on the basis of gradient-nearest-neighbor data (30 m
resolution) from the LEMMA lab at Oregon State University (lemma.forestry.
oregonstate.edu/data/structure-maps). We also calculated the proportion
composed of montane riparian forest (30 m resolution; www.mrlc.gov/
national-land-cover-database-nlcd-2016) and calculated the average slope
(5 m resolution; digital elevation model from the U.S. Geological Survey).
Our response variables were (1) the initiation time of a bout of calling
in hours from the average time of sunset/sunrise (whichever was closer)
while the ARUs were recording, (2) the duration of a bout of calling, and
(3) the residuals of the linear relationship between bout duration and the
number of calls in the bout (“duration-count residuals”). Bout duration and
the number of calls per bout were highly correlated (r = 0.77, Figure 1). A
positive value of the bout’s duration-count residual indicates a greater-thanexpected number of calls per unit time, whereas a negative value indicates
a lower-than-expected number. Using these three response variables and
the remotely sensed covariates, we constructed three sets of generalized
linear mixed models. We tested the models’ fit that included the ARU and
survey site as random effects to account for the many units that recorded
multiple bouts of calling and for non-independence among ARUs deployed
at the same site. However, models were overfit (indicated by singularity,
i.e., perfect correlation between explanatory variables), so we removed the
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Figure 1. The duration of a bout of Spotted Owl calling was highly correlated with
the number of four-note calls in that bout (r = 0.77). Points above the line [count =
1.94 + 0.64 × duration (minutes); adjusted R2 = 0.59; F = 313.6, df = 214, p <
0.0001] have positive residuals and therefore represent a bout of calling with more
calls per unit time than expected.

higher-order random effect (i.e., site) (Zuur et al. 2009). For each model, we
calculated Akaike’s information criterion with a correction for small sample
size (AICc), ranked models in each of the three sets (corresponding with our
three response variables), and considered models with a difference from
the best model (ΔAICc) of <2 to be supported by the data (Burnham and
Anderson 2010). We used program R (R Core Development Team 2014)
and packages xlsx (Dragulescu and Arendt 2018), lme4 (Bates et al. 2019),
and MuMIn (Bartón 2015) for these analyses.
Results
Seventy-one recorders deployed within 45 of 319 survey sites detected
the four-noted vocalization of the Spotted Owl, for a total of 1531 calls
in 216 bouts. The number of bouts and the total number of calls peaked
between one and two hours after sunset (21:00 and 22:00; Figure 2), and
53% of both bouts and calls were recorded within three hours of sunset
(20:00–23:00). Of 839 vocalizations identified by the template detector
(i.e., were above our matching threshold), 91.8% were produced by males;
93.1% of the 216 bouts contained male vocalizations only, 4.2% contained
both male and female vocalizations, and 2.8% contained female vocalizations
only. The paucity of female vocalizations precluded the use of an owl’s sex
or its status as single or paired as a covariate in subsequent analyses.
Bouts of vocalization initiated further in time from sunrise or sunset were
associated with less montane riparian forest (βMt.Rp. = –0.79, SE = 1.60;
Table 1), and greater amounts of old forest (βOld = 0.55, SE = 1.45) and
open forest (βOpen = 0.36, SE = 1.09). However, the high sampling error
associated with these estimates suggests that relationships between time
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Figure 2. Times at which Spotted Owls initiated bouts of four-note calls (a), and the
total number of calls recorded. We defined a bout as a group of calls isolated from all
other Spotted Owl vocalizations by at least 10 minutes. Calls were passively recorded
from 7 May to 8 June 2018 under a standardized protocol; recording units were
deployed without prior knowledge of the owl’s occupancy of the site.

of initiation of a bout of calling and habitat variables may be influenced by
other, unmeasured factors.
The duration of bouts of four-note calling decreased with the amount of
old, montane riparian, and medium forest (βOld = –18.8, SE = 11.04; βMt.
Rp. = –13.92, SE = 12.62; βMedium = –7.70, SE = 4.48; Table 1; Figure
3a–e) and increased with the amount of young and open forest (βYoung =
9.46 (4.71); βOpen = 9.46 (4.71); Table 1).
The ARUs recorded fewer calls per unit time than expected (i.e., lower
duration-count residuals) in areas with more open forest (βOpen = –6.25, SE
= 3.83; Figure 3f). No other models of the number of calls per unit time
contained informative parameters (Table 1; Arnold 2010).
Discussion
The Spotted Owl’s four-note call is essential to several aspects of its
natural history (Forsman et al. 1984, Ganey 1990) and is used to determine site occupancy in a landscape-scale acoustic-monitoring program in
the northern Sierra Nevada (Wood et al. 2019). The temporal patterns we
documented suggest that most territorial vocalization is concentrated within
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Table 1 Generalized Linear Mixed Models of Patterns of Spotted Owl
Vocalizing with Respect to Habitat Featuresa
Response variable and covariate
Hours to daylight
Mt. riparian
Old forest
Open forest
Null
Young forest
Medium forest
Slope
Duration
Old forest
Young forest
Mt. riparian
Open forest
Medium forest
Null
Slope
Duration-count residuals
Open forest
Null
Young forest
Slope
Mt. riparian
Old forest
Medium forest

β (SE)b

ΔAICc

w

–0.79 (1.60)
0.55 (1.45)
0.36 (1.09)
NA
–0.46 (0.61)
0.14 (0.56)
–0.02 (0.02)

0.00
0.30
0.90
0.94
1.62
2.28
7.65

0.26
0.22
0.16
0.16
0.11
0.08
0.01

–18.8 (11.04)
9.46 (4.71)
–13.92 (12.62)
11.12 (8.54)
–7.7 (4.48)
NA
–0.15 (0.15)

0.00
0.57
1.30
1.60
1.64
7.35
10.38

0.31
0.24
0.16
0.14
0.14
0.01
0.00

–6.25 (3.83)
NA
2.46 (1.96)
–0.06 (0.06)
2.16
–1.81 (5.03)
–0.41 (1.81)

0.00
0.61
1.08
1.80
2.51
2.53
2.61

0.28
0.21
0.16
0.11
0.08
0.08
0.08

aFor

each response variable, the models are listed by increasing distance in AICc from the best model and in decreasing order of weight (w). All models contained recording unit as a random effect.
bEstimates of β for models of various forest types can be compared because all are on the same
scale (proportion of area in a 250-m radius around the location of each recorder comprising a
given habitat type).

approximately three hours of sunset, consistent with the patterns reported
by Ganey (1990) on the basis of vocal-lure surveys. In areas of younger
and more open forest, generally considered lower-quality habitat, territorial vocalization (i.e., bouts of four-note calls) tended to be farther in time
from daylight, longer, and less frequent. Vocalizing was less frequent and
briefer in montane riparian forest. Finally, bouts of territorial vocalizations
were relatively short in old forest. Interspecific interactions, which may not
be uncommon (Wood et al. 2019), may also be influencing these patterns,
but our results nonetheless represent a nuanced picture of Spotted Owl
vocalization behavior that is consistent with what is known about the species’ natural history.
The tendency of bouts of calling to be longer in open and young forest,
and the relatively low number of vocalizations per unit time in open forest,
suggest that male owls, which produced the vast majority of the vocalizations,
are engaging in territorial defense or maintenance in those areas (Ganey
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Figure 3. Relationships between the best-supported forest-cover variables (ΔAICc <
2; Table 1) and (a–e) duration of bouts of calling and (f) the relative density of calls
per unit time. Forest cover was assessed with remotely sensed data and is measured
as the proportion of the area around a given recording unit.

1990). The positive relationship between open forest and calls’ time to
daylight further suggests that the owls in open forest may be calling away
from roost sites and outside core areas, possibly along territory margins.
Open forest (canopy cover <40%) and young forest (trees of low quadratic
mean diameter) are not preferred Spotted Owl habitat (Moen and Gutiérrez
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1997, North et al. 2017, Jones et al. 2018, Hobart et al. 2019), though
stands of open forest with high basal area of hardwoods contribute to Spotted
Owl reproduction (Hobart et al. 2019) and some stands of young forest are
selected for foraging (Atuo et al. 2019). Collectively, this behavior suggests
that Spotted Owls dedicate time to active maintenance of the boundaries of
their territories, despite relatively routine movements that often encompass
multiple territories (Berigan et al. 2018, Blakey et al. 2019). GPS tags with
audio-recording capabilities would be necessary to test this hypothesis.
For roosting and nesting, Spotted Owls preferentially select stands with
large trees and closed canopy (Call et al. 1992, Moen and Gutiérrez 1997),
and in our study area the amount of such habitat in a territory is positively
associated with sustained occupancy over multiple seasons (Jones et al.
2018). Shorter bouts of four-note calls associated with more extensive old
forest could represent intrapair communication. If we had included other
vocalizations, such as contact calls, some bouts of vocalizations would have
been longer and contained many more vocalizations. Indeed, we observed
several instances in which a male Spotted Owl produced four-note vocalizations and a female responded with contact calls: in our dataset such behavior would be represented as a bout of calling by the male only. Including
contact calls and other vocalizations, however, would have precluded many
comparisons because the biological meanings of contact calls and four-note
calls, for example, are different (Forsman et al. 1984).
Our finding that montane riparian forests were associated with fewer
bouts of calling overall, particularly in the middle of the night (further in time
from daylight), may imply that Spotted Owls are aware of the behavior and
perception of their prey. In our study area, montane riparian zones are important nesting and foraging areas for Humboldt’s flying squirrel (Glaucomys
oregonensis) (Meyer et al. 2005, 2007), and flying squirrels are important
prey of the Spotted Owl (Zabel et al. 1995). Therefore, vocalizing in montane riparian forest could alert potential prey to the owls’ presence and thus
decrease hunting success. This hypothesis could be tested by equipping
Spotted Owls with high-resolution GPS tags.
The concentration of four-note calls in the three hours after sunset suggests that acoustic monitoring of the Spotted Owl could be effective without
recording through the entire night. For example, programming the ARUs
to shut themselves off from 2:00 to 4:00 each night would expedite data
processing (e.g., copying data from memory cards and compressing audio
files for long-term storage) and the review of template-detector results.
Over the course of a season, this modification would save approximately
3.2 terabytes of data under current specifications (Wood et al. 2019). Such
reductions can lead to substantial time and cost savings over the life of a
long-term monitoring program, and, because vocal activity is low during that
period, few potential detections are likely to be missed (Figure 2a). Indeed,
if the only vocalization detected at a site is recorded in the middle of the
night, it may be the product of a transient rather than territorial individual
(Berigan et al. 2018). Tags that record both sound and location by GPS
could again prove useful if the resulting data identify times of night during
which Spotted Owls are more or less likely to vocalize closer or farther from
their territory centers.
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Our findings may help refine acoustic-monitoring programs designed for
the Spotted Owl and represent an application of such data to the field of
behavioral ecology. The inclusion of additional vocalizations, both intra- and
interspecific, could clarify the relationships we identified further. Importantly,
our findings can yield testable hypotheses. For example, future analyses
might examine whether contact calls are more closely associated with the
Spotted Owl’s preferred habitat than are four-note calls, or compare highresolution GPS data on foraging locations to remotely sensed habitat data.
The habitat-mediated patterns of the Spotted Owl’s vocalizing illustrate the
various ecological constraints that the necessities of territorial defense, intrapair communication, and foraging impose. In such a context, the absence
of vocalization can be just as informative as an abundance of calls. This
application of acoustic-monitoring data to behavioral ecology illustrates the
broad utility of the underlying audio data, and the potential of such data to
yield novel ecological insights.
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