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Effects of duty cycles on passive acoustic monitoring
of southern resident killer whale (Orcinus orca) occurrence
and behavior

Zoe R. Rand,1,a) Jason D. Wood,2,b) and Julie N. Oswald1,c)

1Sea Mammal Research Unit, Scottish Oceans Institute, School of Biology, University of St Andrews, St Andrews,
KY16 8LB, United Kingdom
2SMRU Consulting, Friday Harbor, Washington 98250, USA

ABSTRACT:
Long-term passive acoustic monitoring of cetaceans is frequently limited by the data storage capacity and battery

life of the recording system. Duty cycles are a mechanism for subsampling during the recording process that

facilitates long-term passive acoustic studies. While duty cycles are often used, there has been little investigation on

the impact that this approach has on the ability to answer questions about a species’ behavior and occurrence. In this

study, the effects of duty cycling on the acoustic detection of southern resident killer whales (SRKW) (Orcinus
orca) were investigated. Continuous acoustic data were subsampled to create 288 subsampled datasets with cycle

lengths from 5 to 180 min and listening proportions from 1% to 67%. Duty cycles had little effect on the detection of

the daily presence of SRKW, especially when using cycle lengths of less than an hour. However, cycle lengths of

15–30 min and listening proportions of at least 33% were required to accurately calculate durations of acoustic bouts

and identify those bouts to ecotype. These results show that the optimal duty cycle depends on the scale of the

research question and provide a framework for quantitative analysis of duty cycles for other marine species.
VC 2022 Acoustical Society of America. https://doi.org/10.1121/10.0009752
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I. INTRODUCTION

Cetaceans are difficult to study using visual survey

methods because they spend a significant amount of time

underwater, dive to deep depths, and often move quickly.

Cetaceans use sound for communication, foraging, and to

obtain information about their environment (Richardson

et al., 1995), which allows many species to be detected

through passive acoustic monitoring (PAM). Unlike visual

survey methods, PAM facilitates long-term observation of

cetaceans because it can operate in poor weather conditions,

at night, and in study areas that are difficult to reach, while

causing little interference in the subject’s behavior (Au

et al., 2013; Oswald et al., 2016; Richard et al., 2017;
�Sirović et al., 2009).

Killer whales (Orcinus orca) are an ideal candidate for

PAM because of their well-studied acoustic repertoire.

Killer whales are an acoustically active species and produce

a variety of acoustic signals, including echolocation clicks,

whistles, and pulsed calls (Deecke et al., 2005; Ford, 1991;

Riesch et al., 2006; Samarra et al., 2010). Some pulsed calls,

known as discrete or stereotyped calls, have distinctive

structural properties, which have been catalogued (Ford,

1987). These stereotyped calls can be used to identify

three distinct lineages, or ecotypes, of killer whales in the

northeastern Pacific: residents, transients, and offshores.

Furthermore, two sympatric populations of resident killer

whales in the northeastern Pacific, the northern, and south-

ern residents, as well as their smaller, matrilineal groupings

(pods and clans) can be reliably distinguished acoustically

based on group-specific repertoires of stereotyped calls

(Ford, 1991).

Long-term passive acoustic data are essential for

observing marine mammals because their acoustic behavior

can vary over spatial scales, by season, time of day, group

size or composition, and motivational state (Lammers and

Oswald, 2015; Van Opzeeland et al., 2010; Parks and Clark,

2008). However, long-term acoustic data can be difficult to

acquire. Many long-term PAM studies use fixed autonomous

recorders (Van Parijs et al., 2009), where the hydrophone

and recorder are fixed to the seafloor. The data are stored

and archived on the recorder and then recovered and proc-

essed on land (Sousa-Lima et al., 2013). Inherent to this

approach are constraints on data storage, battery capacity,

and the ability to maintain or replace recorders during a

long-term study. Additionally, even when data storage is not

a limiting factor, long-term acoustic studies often produce

large datasets that are time consuming and labor intensive to

analyze in their entirety.

Duty cycling is a tool that can facilitate long-term

acoustic recordings. A duty cycle is a mechanism for
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subsampling during a recording period, where the recorder

is only collecting data for a specified amount of time over a

repeating cycle. Duty cycles are described by the length of

the cycle and the proportion of the cycle where the recorder

is actively collecting data. For example, in a duty cycle with

a cycle length of 5 min and a listening proportion of 0.1,

30 s of data would be recorded every 5 min. While duty

cycles are frequently used in long-term studies of cetaceans,

the selection of cycle length or listening proportion is not

consistent. For example, in passive acoustic studies of killer

whales that use duty cycles, cycle lengths range from 5 to

240 min, and listening proportions from 0.1 to 0.67 (Hannay

et al., 2013; Hanson et al., 2013; Rice et al., 2017; Richard

et al., 2017; Riera et al., 2019). Additionally, in most pub-

lished studies using duty-cycled data, the selection of the

duty cycle is only justified based on the storage capacity and

battery life of the recorder and not related to the acoustic

behavior of the focal species (e.g., Diogou et al., 2019;

Hanson et al., 2013; Lammers et al., 2017).

The selection of duty cycle characteristics is important

because it cannot be assumed that the proportion of recording

time missed by a given duty cycle is equivalent to the propor-

tion of missed detections as marine mammals have variable

patterns of acoustic behavior and do not produce sound con-

tinuously. For example, a study of North Atlantic right whales

(Eubalaena glacialis) found that subsampled data did not

accurately capture species presence or calling rate when call-

ing activity was low or when there were distinct diel patterns

in calling behavior (Thomisch et al., 2015). Without an under-

standing of the effect of duty cycle on passive acoustic detec-

tions, researchers may select duty cycles that are inappropriate

for the acoustic behavior of their focal species.

In addition, the impact of duty cycles on the results of

investigations of specific research questions may depend on

the scale of the research question itself. For example, passive

acoustic methods can be used to monitor cetacean presence

in habitats over long time scales. These types of investiga-

tions often require broad-scale data, such as daily presence/

absence (e.g., Hanson et al., 2013; Riera et al., 2019).

However, more detailed information about acoustic behavior

may be required for questions that depend on detail at shorter

time scales. For instance, the number of signals per hour or

minute has been used to determine diel patterns in acoustic

behavior for many species (e.g., Stafford et al., 2005;

Oswald et al., 2011). Missed acoustic detections caused by

using an inadequate duty cycle could impact questions

requiring fine-scale data differently than questions relating to

broad-scale presence.

Some research questions may require an even finer-scale

level of detail, such as the study of acoustic bouts. A bout is

a temporal cluster of a specific behavior (Martin and

Bateson, 2017), in this case acoustic signals. Resident killer

whales and other cetaceans have been found to produce

social sounds in bouts (Miller et al., 2004; Rekdahl et al.,
2015). Analysis of bouts of social sounds can provide infor-

mation about the behavioral context and complexity of

cetacean social communication (e.g., Janik et al., 2013;

Miller et al., 2004; Rekdahl et al., 2015) and may reveal

fine-scale details of habitat use when visual observation is

not possible (e.g., Emmons et al., 2021; Riera et al., 2019).

Missed acoustic detections caused by using an inadequate

duty cycle during recording could impact the way acoustic

behavior is split into bouts, leading to misunderstandings of

the complexity of social interactions, and under- or overesti-

mates of species encounters.

Previous studies have addressed the impact of duty

cycles on the analysis of acoustic data; however, the appli-

cability of their results has been limited. This is due to the

testing of a small number of duty cycles (Riera et al., 2013),

a focus on baleen whale species which have a different scale

of acoustic behavior than odontocetes (Thomisch et al.,
2015), or limiting the research question to broad-scale pres-

ence of odontocete species (Stanistreet et al., 2016). The

purpose of the current study is to address some of these limi-

tations by examining how duty cycling impacts the detection

of southern resident killer whale (SRKW) calls and whistles

and how this affects our ability to answer questions about

occurrence and behavior on several time scales. To achieve

this, 288 subsampled datasets were simulated from a contin-

uous acoustic recording of SRKW using a variety of listen-

ing proportions and cycle lengths. These subsampled

datasets were used to study daily presence, diel patterns in

acoustic detections, and bouts of acoustic behavior. The

results from these subsampled datasets were then compared

to each other and to the results from the continuous dataset.

II. METHODS

A. Study site

Recordings were made using a seafloor-mounted hydro-

phone in the Haro Strait. It was located 70 m offshore on the

west side of San Juan Island, Washington, near the U.S/

Canada border (48�300 N, 123� 80 W). The hydrophone was

placed at 23 m depth and attached to a polyvinyl chloride

(PVC) pipe mooring, approximately 1 m off the seafloor.

Substrate in the hydrophone location consists of boulders,

gravel, and marine vegetation (Veirs et al., 2016).

B. Data collection

A Reson TC4032 hydrophone (170 dB re 1 V/lPa,

þ/� 3 dB from 0.01 to 100 kHz, Teledyne Marine,

Slangerup, Denmark) was connected to a land-based listening

station in the Lime Kiln Lighthouse on San Juan Island using

a 100 m cable. Single channel recordings were made using a

250 kHz sampling rate, with a 16-bit resolution. A high-pass

filter at 10 Hz was applied before recording. Recordings were

stored in 1 min consecutive .wav files. The hydrophone was

deployed prior to the study and replaced on September 14,

2018. Continuous recordings were obtained over 112 days

between July 12, 2018 and October 31, 2018.

C. Analysis of continuous data

An automated detector, the PAMGuard (https://

www.pamguard.org) whistle and moan detector (WMD)
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(Gillespie et al., 2009), was used to detect killer whale

pulsed calls and whistles in the recordings. Each PAMGuard

detection was manually verified both aurally and visually

using spectrograms (Hann window, 2048 point fast Fourier

transform, 50% overlap) in Raven Pro 1.6.1 (http://raven-

soundsoftware.com/) (Center for Conservation Bioacoustics,

2019). The WMD was set to sensitive settings to minimize

missed detections which led to a high false-detection rate

(42% of WMD detections during the study period were

false). False detections were removed, and only manually

verified killer whale calls and whistles were used in further

analysis. The start and end times in UTC as well as the dura-

tion of each signal in seconds were manually logged by the

researcher. Overlapping signals were logged separately.

When stereotyped calls were present and clearly distinguish-

able, they were identified to their individual call type using

visual and aural cues. Published SRKW and west coast tran-

sient killer whale call catalogues were used to identify ste-

reotyped pulsed calls to ecotype (Deecke et al., 2005; Ford,

1987). When non-stereotyped pulsed calls or whistles were

present, they were catalogued as either a pulsed call or a

whistle.

A bout criterion interval (BCI) was used to determine

the interval between calls and/or whistles that would define

a new bout. Using R 3.6.3 (R Core Team, 2021), gaps

between signals were calculated in seconds and then used to

plot a log-survivorship curve. The log-survivorship curve

was used to calculate the BCI using the equation by Slater

and Lester (1982), where NW is the number of within bout

gaps and kW is the rate of the process generating the within-

bout gaps. Similarly, NB and kB are the number of between-

bout gaps and the rate of the process generating them

[Eq. (1)],

BCI ¼ 1

kW � kB
loge

NWkW

NBkB
: (1)

Using the calculated BCI, the continuous data were split

into bouts of acoustic behavior and stereotyped calls were

used to determine the ecotype of the killer whales producing

the bout. If no stereotyped calls were present within the

bout, it was classified as unknown. There were no bouts that

contained both SRKW and West Coast transient killer whale

stereotyped calls. Due to the small sample size of West

Coast transient killer whale bouts, only SRKW bouts were

used for further analysis. All unknown bouts were removed.

D. Analysis of subsampled data

A total of 288 datasets with different duty cycling

regimes were constructed by subsampling the continuous

data according to 36 cycle lengths (5–180 min) and 8 listen-

ing proportions (0.10–0.67) (Table I). All subsampling and

statistical analyses occurred in R version 3.6.3 (R Core

Team, 2021) and code can be made available on request

from the authors. Each duty cycle began on July 12, 2018 at

0:00 UTC and ended on October 31, 2018 11:59 UTC. It

was assumed that the recorder was turned on at the

beginning of each cycle, remained on for the duration of the

cycle’s recording time, and then was off until the beginning

of the next cycle. If a detection of a SRKW whistle or

pulsed call from the continuous data fell within the record-

ing period of a duty cycling regime, it was included in the

subsampled dataset for that duty cycling regime. To allow

for signals that are only partially captured by the sub-

sampled data but are still able to be identified as SRKW sig-

nals, detections where at least 75% of the duration of the

acoustic signal was within the recording period were

included in the subsampled dataset. This threshold was set

because 75% of the duration of a call provides sufficient

information for that signal to be identified to ecotype.

Acoustic detections from each subsampled dataset were

split into bouts using the BCI identified from the continuous

data as the shortest interval between bouts. Both the gaps

TABLE I. Amount of recording time per cycle (in seconds) for each tested

duty cycling regime and the total number of cycles in each 24 h day.

Recording time (s)

Listening

proportion 0.10 0.125 0.167 0.2 0.25 0.33 0.5 0.667

Total

cycles/day

Cycle

length

(min)

5 30 37.5 50 60 75 100 150 200 288.0

10 60 75 100 120 150 200 300 400 144.0

15 90 112.5 150 180 225 300 450 600 96.0

20 120 150 200 240 300 400 600 800 72.0

25 150 187.5 250 300 375 500 750 1000 57.6

30 180 225 300 360 450 600 900 1200 48.0

35 210 262.5 350 420 525 700 1050 1400 41.1

40 240 300 400 480 600 800 1200 1600 36.0

45 270 337.5 450 540 675 900 1350 1800 32.0

50 300 375 500 600 750 1000 1500 2000 28.8

55 330 412.5 550 660 825 1100 1650 2200 26.2

60 360 450 600 720 900 1200 1800 2400 24.0

65 390 487.5 650 780 975 1300 1950 2600 22.2

70 420 525 700 840 1050 1400 2100 2800 20.6

75 450 562.5 750 900 1125 1500 2250 3000 19.2

80 480 600 800 960 1200 1600 2400 3200 18.0

85 510 637.5 850 1020 1275 1700 2550 3400 16.9

90 540 675 900 1080 1350 1800 2700 3600 16.0

95 570 712.5 950 1140 1425 1900 2850 3800 15.2

100 600 750 1000 1200 1500 2000 3000 4000 14.4

105 630 787.5 1050 1260 1575 2100 3150 4200 13.7

110 660 825 1100 1320 1650 2200 3300 4400 13.1

115 690 862.5 1150 1380 1725 2300 3450 4600 12.5

120 720 900 1200 1440 1800 2400 3600 4800 12.0

125 750 937.5 1250 1500 1875 2500 3750 5000 11.5

130 780 975 1300 1560 1950 2600 3900 5200 11.1

135 810 1012.5 1350 1620 2025 2700 4050 5400 10.7

140 840 1050 1400 1680 2100 2800 4200 5600 10.3

145 870 1087.5 1450 1740 2175 2900 4350 5800 9.9

150 900 1125 1500 1800 2250 3000 4500 6000 9.6

155 930 1162.5 1550 1860 2325 3100 4650 6200 9.3

160 960 1200 1600 1920 2400 3200 4800 6400 9.0

165 990 1237.5 1650 1980 2475 3300 4950 6600 8.7

170 1020 1275 1700 2040 2550 3400 5100 6800 8.5

175 1050 1312.5 1750 2100 2625 3500 5250 7000 8.2

180 1080 1350 1800 2160 2700 3600 5400 7200 8.0
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between acoustic signals during each recording time as well

as the gaps between recording times were compared to the

BCI and used to split acoustic detections into bouts. If the

time the recorder was off was longer than the BCI, each

recording period was counted as a separate bout even if

there were acoustic detections immediately before and after

the gap between recordings. If bouts contained SRKW ste-

reotyped calls, they were classified as SRKW bouts and if

not, they were classified as unknown.

1. Effects of duty cycles on killer whale presence

For each day where SRKWs were detected in the con-

tinuous data, the presence/absence of SRKWs was logged

for the subsampled datasets. To model the probability of

correct detections of daily presence, a binomial generalized

linear mixed model (GLMM) with a logit link function was

used. This model was fit using the R package lme4 (Bates

et al., 2015). Cycle length and listening proportions were

used as fixed covariates. To incorporate the variability in

acoustic behavior by day, day was used as a random inter-

cept which was assumed to be normally distributed. Cycle

lengths were divided by 100 before fitting the model to

account for the difference in scale between the covariates.

2. Effects of duty cycles on diel patterns

The presence of any diel patterns in the hourly detection

of calls and whistles was investigated in the continuous data

and each subsampled dataset. For this analysis, only days

where SRKW acoustic signals were detected were included.

Additionally, of those days, only days in which less than

half an hour was missing from the continuous recordings

were included. All SRKW acoustic detection times were

converted to Pacific Daylight Time (PDT, UTC-7) from

UTC. Then, the mean number of acoustic signals detected

per hour (hourly detection rate) was calculated for each hour

of each day used in this analysis. Days were split into three

light regimes defined by the altitude of the sun based on

data from the United States Naval Observatory (2019). Due

to the changing times of sunrise and sunset over the course

of the study, the light regimes included different hours for

each month of the study (Table II).

The mean hourly detection rate (MDRLD) was calcu-

lated for each light regime on a given day. Additionally, the

mean hourly detection rate was calculated for each day of

data used in this analysis (MDRD). To account for the

differences in acoustic behavior between days, the adjusted

mean hourly detection rate (AMDRLD) for each light regime

on each day was calculated by subtracting the mean hourly

detection rate per day from the mean hourly detection rate

for each light regime on that day [Eq. (2)],

AMDRLD ¼ MDRLD �MDRD: (2)

A one-way analysis of variance (ANOVA) and post hoc
Tukey tests were used to test the null hypothesis that there

was no difference in the adjusted mean hourly detection

rates between light regimes.

3. Effects of duty cycles on the detection
and identification of bouts

To model the effects of duty cycles on the total number

of bouts detected, a negative binomial GLM (generalized

linear model) with a log link function was fit using the R

package (https://www.R-project.org/) MASS (Modern

Applied Statistics with S, https://www.stats.ox.ac.uk/pub/

MASS4/) (Venables and Ripley, 2002). A negative binomial

distribution was used to account for overdispersion. This

model included the total number of bouts as the response,

and the cycle length and listening proportion as predictors.

A Pearson correlation coefficient was used to examine the

relationship between the maximum bout duration and the

length of recording time during each cycle period.

Additionally, median bout durations were modeled with a

linear regression with median bout duration as the response

and cycle length and listening proportion as the predictors.

Errors in this model were assumed to be normally distrib-

uted. A non-linear pattern was present in the residuals, so

the square of each term was also added to the model.

Finally, to model the effects of using subsampled data on

the proportion of bouts that could not be classified as

SRKW bouts, a binomial GLM with a logit link function

was used. The proportion of total bouts that were classified

as unknown was the response and the cycle length and lis-

tening proportion were predictors.

III. RESULTS

A. Continuous data

A total of 2517 h of recordings from July 12, 2018 to

October 31, 2018 were analyzed for this study. Due to tech-

nical issues, two full days of recordings were missing during

TABLE II. Definitions and hours included for each light regime used in the analysis of diel patterns of acoustic behavior. All times are based on the location

of the hydrophone (48�30’ N, 123� 8’ W) and are listed in PDT.

Light regime Definition July August September October

Light Hours when the altitude of the sun was

greater than 0� above the horizon

05:00– 20:59 06:00– 19:59 06:00– 18:59 07:00–17:59

Twilight Hours when the altitude of the sun was

between 0� and �12� below the horizon

03:00– 04:59

and 21:00– 22:59

04:00–05:59

and 20:00–20:59

05:00–05:59

and 19:00 to 19:59

06:00–06:59

and 18:00–18:59

Dark Hours when the altitude of the sun was

less than �12� below the horizon

23:00–02:59 21:00–03:59 20:00–04:59 19:00–05:59
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the study period and 12 additional days during the study

period were missing more than half an hour of data. Killer

whale pulsed calls and whistles were detected on 46 out of

110 days during the study period.

The minimum time gap between bouts (BCI) was calcu-

lated to be 569 s (9.48 min). Using this interval, acoustic

detections from the continuous data were split into 155

bouts. Of these 155 bouts, 95 were identified as SRKW, 15

as west coast transient killer whales, and 45 were unknown.

A total of 60 bouts were removed (West Coast Transients

and unknown) and were not included in any additional anal-

ysis. This accounted for 12.4% of the total duration of

recorded bouts. SRKW bouts were detected on 36 days dur-

ing the study period. The durations of SRKW bouts were

right-skewed, with some having a duration of greater than

100 min, but most having durations of less than 50 min. The

median duration of SRKW bouts was 13.95 min with an

interquartile range of 5.28–39.16 min.

B. Effects of duty cycles on SRKW presence

1. Daily SRKW presence

Based on the binomial GLMM with a logit link func-

tion, duty cycle length and listening proportion were statisti-

cally significant predictors of the probability of correctly

detecting daily SRKW presence (p< 0.001). The estimated

standard deviation for the random effect of date was 2.68

(bootstrapped 95% confidence interval: 1.93–3.35). For all

cycle lengths, increasing the listening proportion increased

the probability of correctly detecting daily SRKW presence.

However, shorter cycle lengths led to high probabilities of

correctly detecting SRKW daily presence, regardless of the

listening proportion (Fig. 1).1

2. Effects of duty cycles on detection of diel patterns

In the continuous data, the adjusted mean hourly detec-

tion rate was higher during light hours than during dark or

twilight hours, though there was no evidence that this differ-

ence was statistically significant (one-way ANOVA,

F¼ 1.23, p¼ 0.30).

A significant difference in adjusted mean hourly detec-

tion rate between light regimes was found in 13 of the 288

subsampled datasets (one-way ANOVA, p < 0.05). All of

these datasets had cycle lengths of 40 min or longer, and all

but one had listening proportions of less than 0.5. Post hoc
Tukey tests for these datasets revealed either a difference

(p< 0.05) between light and dark categories (n¼ 1), light

and twilight categories (n¼ 6), or did not find differences

between any of the three categories (n¼ 6).

3. Effects of duty cycles on bout detection
and identification

Based on a negative binomial GLM with a log-link func-

tion, both cycle length and listening proportion were statisti-

cally significant predictors of the total number of SRKW

bouts (p< 0.001). Theta for the negative binomial family

was estimated to be 27.12 (standard error: 2.94). The total

number of bouts decreased with increasing cycle lengths and

increased with the listening proportion (Fig. 2).1

FIG. 1. (Color online) Predicted probability of correct detection of daily presence according to listening proportion for six selected cycle lengths from bino-

mial GLMM with logit link function. Shaded area represents 95% confidence intervals generated using bootstrap methods with 100 simulations. Circles rep-

resent actual success (1) and failure (0) of detecting daily presence given the listening proportion and cycle length.
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In the subsampled datasets, a maximum bout duration

equal to the maximum bout duration in the continuous data-

set (242.2 min) was exclusively found in the dataset created

with a cycle length of 20 min and a listening proportion of

0.67. Only 10 of the subsampled datasets had maximum bout

durations of greater than 200 min, all of which had cycle

lengths of 5–20 min and listening proportions greater than

0.167. For cycle lengths greater than 20 min, the maximum

bout duration was strongly correlated with the length of

recording time per cycle (r¼ 0.96).

The median bout durations in subsampled datasets were

modeled with a non-linear regression. Both cycle length and

listening proportion were significant predictors of median

bout duration (p < 0.001). Higher listening proportions led

to median bout durations similar to those found in the con-

tinuous data, while lower listening proportions underesti-

mated the median bout duration. Short cycle lengths

(<60 min) underestimated the median bout duration regard-

less of the listening proportion (Fig. 3).1

All subsampled datasets contained bouts that were classified as

unknown. In the binomial GLM with a logit link function used to

model the proportion of unknown bouts, cycle length and listening

proportion were both significant predictors (p < 0.001). Longer

cycle lengths led to smaller proportions of unknown bouts, regard-

less of listening proportion. Higher listening proportions also led to

smaller proportions of unknown bouts at shorter cycle lengths, but

the difference in the proportion of unknown bouts between listening

proportions decreased as the cycle length increased (Fig. 4).1

IV. DISCUSSION

The purpose of this study was to investigate the impact

of duty cycles on the detection of SRKW calls and whistles

and to examine how this affects the analysis of questions

related to their behavior and occurrence. The impact of duty

cycles varied depending on the scale of the research ques-

tion and thus, the data required for accurate results. For

broad-scale questions, most subsampled datasets produced

results similar to the continuous data. However, when finer

scale data were necessary, the listening proportion and cycle

length affected the accuracy of the results.

A. Daily presence

There was a high probability of correctly detecting

SRKW daily presence for almost all duty cycles tested.

FIG. 3. (Color online) Median bout duration from subsampled datasets

according to cycle length of each dataset. Lines represent predicted median

bout durations from linear regression model with selected listening propor-

tions of 0.1, 0.2, 0.5, or 0.67. Shading around lines represents 95% confi-

dence intervals. Horizontal line represents actual median bout duration

calculated from continuous data (13.95 min). Circles represent actual

median bout durations from each subsampled dataset according to cycle

length, with darker shading indicating overlapping points.

FIG. 4. (Color online) Proportion of bouts that could not be identified to

ecotype in subsampled datasets according to cycle length. Lines represent

predicted proportion of unknown bouts from binomial GLM with logit link

function given a selected listening proportion of 0.1, 0.2, 0.5, or 0.67.

Shaded areas around lines represent 95% confidence intervals. Circles rep-

resent actual proportion of unknown bouts by cycle length, with darker

shading indicating overlapping points.

FIG. 2. (Color online) Total number of bouts found in subsampled datasets

according to cycle length. Lines represent predicted total number of bouts

from a negative binomial GLM with a log link function given a selected lis-

tening proportion of 0.1, 0.2, 0.5, and 0.67. Shaded areas indicate 95% con-

fidence intervals. The horizontal line signifies the total number of SRKW

bouts (95) found in the continuous dataset. Circles represent actual number

of SRKW bouts in subsampled datasets according to cycle length, with

darker shading indicating overlapping points.
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Cycle lengths between 5 min and 1 h had high probabilities

of correct detection, regardless of the listening proportion.

At cycle lengths greater than 1 h, daily presence was under-

estimated by 20%–40% at listening proportions between 0.1

and 0.4 (Fig. 1). Similar trends were also found in a study of

the detection of the daily presence of several beaked whale

species using subsampled data (Stanistreet et al., 2016).

These results suggest that cycle lengths as short as 5 min can

be optimal for long-term acoustic studies of the daily pres-

ence of SRKW because they would allow the use of smaller

listening proportions, limiting the overall recording time,

while still maintaining a high probability of correct detec-

tion. For example, recording with a 15 min cycle length and

a listening proportion of 0.2 would lead to 4.8 h of record-

ings per day, while recording with a 70 min cycle length and

a listening porportion of 0.5 would lead to 12 h of recordings

per day. Yet, both duty cycles would lead to similar proba-

bilties of correctly detecting daily presence of SRKW.

The optimal duty cycle for the correct detection of daily

presence in other species, however, may depend on the

behavior of the species of interest. Thomisch et al. (2015)

found trends in the probability of correct detection of daily

presence of blue whales (Balaenoptera musculus) that are

similar to those reported here, but the optimal cycle lengths

were longer, between 1 and 6 h. These differences are likely

attributable to the differences in acoustic behaviour between

these two species. Blue whales produce sounds between 10

and 20 Hz (Rivers, 1997) which, because of the slower

attenuation rate of low-frequency sounds (Wilcock et al.,
2014), allows them to be detected from distances of more

than 500 km (Watkins et al., 2000), while killer whales have

been found to have a maximum detection range of about

4.3 km (Rankin et al., 2008). As a result, blue whales have

the potential to be in range of the hydrophone for much lon-

ger than killer whales. Furthermore, Antarctic blue whale

song is made up of longer signals (18 s) than SRKW stereo-

typed calls, and these long signals are repeated in sequences

with intercall intervals of around 60 s (�Sirović et al., 2004),

which would increase the likelihood of detecting daily pres-

ence of blue whales over a longer time frame. Therefore,

while the trends in this study may be used as a starting point,

the optimal duty cycle for detecting daily presence, or any

of the patterns described here, will depend on the acoustic

characteristics and behavior of the species of interest as well

as factors that affect sound propogation.

B. Diel patterns

While duty cycles appear to have little effect on detec-

tions of daily presence, they have a greater effect when fine-

scale data are required. Despite the lack of diurnal variation

in SRKW hourly calling behavior in the continuous data,

significant differences were found among light regimes in

13 of the subsampled datasets. Most of these datasets had

cycle lengths greater than 1 h and listening proportions of

less than 0.5. This suggests that in order to correctly identify

diel patterns in SRKW hourly calling rates, cycle lengths

between 5 min and 1 h and long listening proportions (> 0.5)

are required. If a strong diurnal variation in SRKW calling

behavior had been identified in the continuous data, duty

cycling might have had a greater effect. Thomisch et al.
(2015) found low probabilities of correctly calculating call-

ing rates within 10% or 50% of the true calling rate from

duty-cycled datasets when there was a distinct diel pattern in

the continuous dataset.

C. Bouts

Using subsampled data affected the detection and identi-

fication of SRKW acoustic bouts. For a given cycle length,

smaller listening proportions led to subsampled datasets with

a greater total number of bouts and bouts with shorter dura-

tions when compared to the continuous data. The same trend

was found as the cycle length decreased for a given listening

proportion (Figs. 2 and 3). These results are consistent with

the effect of duty cycles on the detection of killer whale

acoustic encounters found by Riera et al. (2013), who found

a greater number of total encounters and shorter encounter

durations when they used a shorter listening proportion

(0.33), though they only tested a cycle length of 30 min.

The extent to which subsampled datasets over- or

underestimate the number and duration of bouts is related to

the acoustic behavior of the species, and particularly to the

actual duration of bouts. Duty cycles that provided the most

accurate total number of bouts and median bout durations

had cycle lengths between 35 and 165 min and most had a

listening proportion of 0.5 or 0.67 (Figs. 2 and 3). Because

the median bout duration in this dataset was 13.9 min, the

combination of long cycle lengths and long listening propor-

tions provided recording periods that were most likely to

capture the entirety of an SRKW bout. In contrast, duty

cycle settings (combinations of duty cycle lengths and lis-

tening proportions) that increase the likelihood that an entire

bout would fit within the gap between recordings would

increase the chances that bouts would be missed and total

number of bouts would be underestimated. Furthermore, for

all cycle lengths greater than 20 min, the maximum SRKW

bout duration was underestimated which would lead to an

underestimate of the variability in bout durations.

The effect of duty cycles on the detection of SRKW

acoustic bouts also depended on the BCI. When the combi-

nation of duty cycle length and listening proportion resulted

in recording gaps that were approximately equal to or less

than the BCI (9.48 min), the number of bouts was overesti-

mated. For example, the highest number of bouts were cal-

culated for duty cycle lengths of 15 min and 20 min. In a

duty cycle with a 15 min cycle length and a 0.33 listening

proportion, there is a 10 min gap between successive record-

ing times. At this duty cycle, every recording period with

acoustic signals in it was classified as its own bout, splitting

each long bout into many short bouts. Additionally, sub-

sampled datasets with cycle lengths greater than 20 min and

listening proportions of less than 0.167 underestimated the

maximum bout duration because the gap between recording
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periods was greater than the BCI. This highlights the benefit

of understanding a species’ acoustic behavior before decid-

ing on a duty cycling regime.

In addition to affecting the duration and number of

bouts detected, duty cycling limited the number of bouts

that could be identified to ecotype. The proportion of

unidentified bouts decreased as cycle lengths increased or as

the listening proportion increased (Fig. 4). These results are

consistent with Riera et al. (2013) who found that there

were a higher number of unidentified encounters in sub-

sampled datasets with a 0.33 listening proportion than data-

sets with a 0.67 listening proportion. Identifying bouts is

particularly important in studies of killer whales in the

northeastern Pacific, where ecotypes overlap in habitat use

but have different management priorities. The inability to

identify SRKW bouts to ecotype may lead to the underesti-

mation of their presence in the region which could affect

designations of critical habitat that are essential for the

recovery of this population.

Unlike hourly or daily patterns, the level of fine-scale

data needed to understand bouts of SRKW acoustic behavior

requires duty cycles with cycle lengths greater than 30 min.

Additionally, a listening proportion of 0.5 or greater is

required for results to be similar to those found in continu-

ous data. When selecting a duty cycle to study SRKW

acoustic bouts, researchers must balance the need for long

study durations with the need to accurately identify the

bouts to ecotype and to reflect the variation in bout dura-

tions. In other species, such as common dolphins (Delphinus
spp.) and spinner dolphins (Stenella longirostris), species

identification can depend on other acoustic features such as

the proportion of particular whistle types in a recording

(Gruden et al., 2016; Oswald et al., 2021) rather than the

occurrence of species or ecotype-specific call types. Even

when species identification is based on general characteris-

tics of calls, it is necessary to capture representative samples

of the vocal repertoires of the species in question (Rankin

et al., 2017). It is likely that successful species identification

in other species would need long listening proportions and

would require similar tradeoffs between long study dura-

tions and accurate information about acoustic bouts, but

exact thresholds need to be determined empirically for dif-

ferent species.

D. Applications in other habitats, populations,
and species

The trends found in this study can be used to predict

how passive acoustic studies of other species may be

impacted by specific duty cycles. For instance, fin whale

(Balaenoptera physalus) song occurs in bouts with a BCI of

35 min (Clark et al., 2019). If recorded with a duty cycle,

the overestimation of the total number of bouts of fin whale

song would not occur until the gaps between recording peri-

ods of each cycle exceeded 35 min.

While the general trends in the effects of duty cycle

characteristics may be applicable to other species, popula-

tions, or habitats, the numerical results presented here are

likely to be specific to SRKW in Haro Strait during the time

of the study. Bout durations may vary with habitat use and

behavior of the individuals in the study area, as well as with

the detection range of the hydrophone. The amplitude and

frequency ranges of sounds produced by the species of inter-

est, the directionality of those sounds, environmental fac-

tors, and the sensitivity of the hydrophone can all affect the

distance from the hydrophone at which a species can be

detected and recorded (Zimmer, 2011). Therefore, bout

durations may differ depending on the detection range of the

species of interest.

Additionally, the use of an automated detector

(PAMGuard WMD) to analyze the continuous acoustic

recordings may have influenced the results. Automatic

detectors can both miss target signals (missed detections)

and detect signals that are not target signals (false detec-

tions). In this analysis, the goal was to minimize missed

detections and so WMD settings were selected that pro-

duced a high number of false detections (42% of detections

in the entire study period were false detections). These set-

tings were likely to detect most SRKW calls and whistles in

the data and a small number of missed detections would be

unlikely to have a significant impact on the results.

E. Conclusions

This study provides a framework for a quantitative

assessment of the optimal duty cycles for research in marine

acoustics. The framework developed here can be used to

guide the selection of optimal duty cycles and to understand

the effects of duty cycles on the analysis of acoustic record-

ings of cetaceans. For example, for many questions, the

optimal duty cycle to study SRKW occurrence and behavior

had short cycle lengths (between 5 min and 1 h), which facil-

itated the capture of variation in acoustic behavior through-

out the day. This appears to be true across several marine

mammal taxa, as similar patterns were found in studies of

blue and North Atlantic right whales (Thomisch et al.,
2015) and beaked whales (Stanistreet et al., 2016). The defi-

nition of short cycle length, however, varies with the acous-

tic behavior of the species of interest. This may make it

difficult to select an optimal duty cycle for species whose

acoustic behavior is unknown. Furthermore, when fine-scale

acoustic data are needed, the optimal duty cycle greatly

depends on the acoustic characteristics and behavior of the

species of interest in the study area. This could limit the

ability to use the same subsampled datasets to assess both

broad- and fine-scale questions for a given species as well as

across multiple species. Therefore, when addressing

research questions about fine-scale acoustic behavior, a pre-

liminary study using continuous data should be conducted to

assess the optimal duty cycle for that species in the study

area. These recommendations also apply when considering

subsampling of continuous recordings, such as those made

with animal-borne tags (Silva et al., 2016) or towed hydro-

phone arrays (Rankin et al., 2008). Using duty cycles when

recording passive acoustic data provides advantages in
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terms of allowing longer-term data collection and reducing

the volume of data collected and analyzed; however, care

must be taken when choosing duty cycle regimes. The

choice of duty cycle can have a significant impact on the

results of analyses and the same duty cycle will not be best

suited for all species and situations.
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