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Abstract
Passive acoustic monitoring, which uses autonomous audio recorders in the field, 
offers a powerful, efficient and cost-effective survey method that samples continu-
ously and non-invasively. But despite its potential, its application remains atypical 
in primate research. We conducted a field test of passive acoustic density estimation 
in a near range-wide survey of the Critically Endangered Nosy Be sportive lemur 
(Lepilemur tymerlachsoni). We used the sound level of target calls detected in audio 
recordings as a proxy for radial distance as part of a conventional cue-counting 
distance sampling framework. While the passive acoustic survey recorded a large 
number of calls (9,560 detected calls from 250 hr of audio recordings) and the 
sound-level-based distance prediction model performed well, the resulting density 
estimates using single calls as cues were implausibly high and had low precision, 
which we attribute to the inherent challenges of estimating the cue rate. Results were 
improved, however, when using call bouts, rather than single calls, as the unit of 
analysis (i.e., as “cues”). Concurrent line transect surveys provided a more plausible 
density estimate of 303.7 individuals/km2 (95% confidence interval = 189.6–486.3, 
coefficient of variation = 0.18), corresponding to a global abundance estimate of 
c. 11,300 individuals. Our results highlight the potential and limitations of passive 
acoustic density estimation and provide critical information for the conservation of 
one of the world’s most endangered primates.
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Introduction

At its most basic, primate conservation requires an understanding of where pri-
mates live and in what numbers (Rylands et al., 2008, 2020), but population esti-
mates can be difficult and time-consuming to obtain (Campbell et al., 2016). To 
estimate population density (number of individuals per unit area) and popula-
tion size or abundance (density multiplied by area), we need reliable and, where 
possible, non-invasive survey techniques, appropriate for the species of interest 
(Campbell et al., 2016). Traditional survey methods are based on visual observa-
tions (e.g., line transects, nest counts) or capture (e.g., mark-recapture), where 
primates (or their signs) need to be seen or captured to be counted (Kühl et al., 
2008; Plumptre et al., 2013). Many primates can be difficult to detect visually, 
including species that are small, solitary, nocturnal, cryptic, rare, evasive, fast-
moving, or canopy-dwelling (Maisels et al., 2007; Turvey et al., 2017), and most 
do not leave signs that can readily be counted (Plumptre et al., 2013). Physical 
trapping has obvious welfare implications and will be infeasible in most cases 
(Fedigan, 2010). For conspicuously vocal primates, acoustic-based surveys, such 
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as triangulation (Vu et al., 2016), point transects (Paddock et al., 2020) or lure 
counts (Savage et al., 2010), offer a way to overcome some of the constraints of 
visual detection. However, all of these traditional survey methods—visual- and 
acoustic-based—typically require several trained observers over many weeks or 
months, making them time- and labor-intensive and therefore expensive. The 
presence of observers can also affect primate behaviour and introduce survey 
biases, and expose primates to habituation and disease transmission (Wallis & 
Lee, 1999; Bessone et al., 2023). Moreover, many primates occur in locations 
or environments that are difficult or even dangerous for observers to access and 
traverse. For these reasons, survey alternatives that can be conducted remotely, 
and that are efficient and cost-effective, are increasingly desirable (Sugai, 2020; 
Piel et al., 2022).

Passive acoustic monitoring presents an alternative, and potentially safe and 
efficient, method of density estimation. In passive acoustic monitoring, autono-
mous audio recorders are deployed in an area to collect acoustic data at specified 
schedules and often for extended periods; the audio recordings are then processed 
(e.g., with bioacoustics software) for sounds of interest (e.g., calls made by the 
target species), which can be analysed similarly to other ecological or survey data 
(Browning et al., 2017; Sugai et al., 2019). In this way, it may be possible to 
automate data collection in acoustic-based surveys of vocal primates. By circum-
venting much of the need for observer presence in the survey area—researchers 
need only deploy, periodically maintain, and finally retrieve the audio record-
ers, and possibly collect ancillary data (Pèrez-Granados & Traba, 2021)—pas-
sive acoustics can thus reduce costs, survey biases and the negative impacts of 
observers on primate behaviour and health (Deichmann et al., 2018; Sugai et al., 
2019; Piel et al., 2022). Because audio recorders operate autonomously, record-
ings can be made at times and locations where it would otherwise be challenging 
for observers to work (e.g., at night, inaccessible habitats). Acoustic data can also 
be collected continuously and simultaneously from multiple locations, facilitating 
long-term and large-scale monitoring (Sugai et al., 2020). Together, these advan-
tages mean that passive acoustics can ensure the continuity of data collection in 
the midst of pandemics or other disruptions to fieldwork (Sugai, 2020). Finally, 
audio recorder hardware and bioacoustics software are increasingly affordable 
and accessible (Hill et al., 2018; Gibb et al., 2019). Of course, notwithstanding 
the advantages of remote sensing technologies, there remain important benefits 
to researcher presence at some field sites, including building local capacity and 
community engagement, influencing policy, and providing a safeguarding effect 
for primates and their habitats (Laurance, 2013; Bezanson & McNamara, 2019; 
Semel et al., 2020).

One approach to estimating population density using passive acoustics is based 
on conventional cue counting (Marques et al., 2013). Cue counting is an indirect 
form of distance sampling whereby observers record radial distances to detected 
cues for a predetermined length of time from a series of points placed randomly in a 
survey area (Buckland et al., 1993, 2001; Buckland, 2006; Borchers et al., 2010). A 
cue is something produced by the animals of interest, rather than the animals them-
selves, and while cues may be visual (e.g., whale blows), in terrestrial surveys they 
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are usually aural (e.g., calls, song bouts) (Thomas & Martin, 2006; Heidi-Jørgensen 
& Simon, 2007). The distribution of radial distances is used to model a detection 
function, that is, the probability of detecting a cue given distance from the point, 
thereby accounting for cues missed during the surveys (Marques et al., 2009, 2011). 
Cue counting produces an estimate of the cue density (number of cues per unit time 
per unit area); to estimate animal density, the cue density needs to be divided by a 
“multiplier”—the cue rate (mean number of cues per animal per unit time)—derived 
from separate fieldwork. Conceptually then, cue counting can be considered a “close 
cousin” to point transects, and by extension line transects, but with a temporal com-
ponent (Borchers et al., 2010). The novelty of the passive acoustic cue counting 
approach, of course, is that audio recorders fill the role of human observers, but so 
long as radial distances from the recorders to detected cues can be estimated and 
certain key assumptions are met, reliable estimates of density can be obtained using 
standard distance sampling analyses (Marques et al., 2013), and the methods remain 
accessible to even inexperienced bioacousticians (Pérez-Granados et al., 2021).

As with other distance sampling techniques, passive acoustic cue counting 
relies on several key assumptions. These are (1) the distribution of distances to 
cues (whether detected or not) is known (this assumption is enforced by good sur-
vey design, so that cue/animal distribution is random with respect to points), (2) 
cues at or near the points are detected with certainty, (3) the locations of cues are 
unaffected by observer presence (this should not be an issue in passive acoustic 
surveys), (4) distances to detected cues are measured accurately, (5) the cue rate 
is an unbiased estimate of the animals present during the study (ideally, the cue 
rate is obtained from a large, random sample monitored at representative times 
and locations, synchronously with the cue counting survey), and (6) the detected 
distances are statistically independent (cues are not independent events, because 
successive cues from the same animal, or cues from more than one animal in a 
group, may be counted; however, distance sampling is robust to such violations 
and this should not bias results, although greater care is needed during analysis 
as the data are typically overdispersed) (Buckland et al., 1993, 2001, 2008; Buck-
land, 2006; Marques et al., 2011; Warren et al., 2017; Howe et al., 2018). A fur-
ther assumption, relevant when using passive acoustic data, is (7) false-positive 
detections are correctly accounted for (e.g., by quantifying the performance of 
automated detection and classification algorithms where used) (Marques et al., 
2009, 2011, 2013). Notwithstanding the many assumptions, cue counting has 
several advantages compared to other distance sampling techniques such as line 
transects and point transects: animal movement does not generate bias (a cue is 
instantaneous and by definition does not move), silent animals at the point do 
not need to be detected, cues are recorded irrespective of whether the animal was 
previously detected, and it is not necessary to record group size (Buckland et al., 
1993, 2001; Plumptre et al., 2013). Survey design considerations are addressed 
by Buckland et al. (1993, 2001, 2004).

Despite its use in other taxa, to our knowledge passive acoustic cue counting (or 
conventional cue counting with human observers) has not been used to systemati-
cally survey primate populations for density and abundance estimation (Plumptre 
et al., 2013). This method has been used in surveys of cetaceans (Marques et al., 
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2009, 2011), birds (Lambert & McDonald, 2014; Sebastián-González et al., 2018), 
and elephants (Thompson et al., 2009), generating reliable density estimates at gen-
erally reduced cost and effort. In primatology, however, the application of passive 
acoustic technology remains atypical (Piel et al., 2022), though it has been used for 
some limited purposes, including monitoring vocal activity (e.g., temporal patterns 
and responses to environmental variables) and spatially locating vocalizing animals 
(Spillmann et al., 2015; Piel, 2018; Ferrario et al., 2024). As a proof of principle, a 
recent study experimentally estimated the detection space (i.e., sampling radius) of 
audio recorders in detecting calls of pale fork-marked lemurs (Phaner pallescens) 
and used this information and cue-based methods to generate plausible density esti-
mates (Markolf et al., 2022), albeit with no replication (a single recorder was used 
for one night to estimate density over 0.07 km2, potentially limiting generalizability) 
and using non-concurrent cue rate data (which may not be representative for the sur-
vey period).

Like several other lemur genera, sportive lemurs (family Lepilemuridae, genus 
Lepilemur) are generally considered highly vocal, making them potential candi-
dates for acoustic-based surveys (Méndez-Cárdenas et al., 2008; Markolf et al., 
2022; but see Mandl et al., 2018). Lepilemur spp. are small- to medium-sized, 
nocturnal, exclusively arboreal folivores, with 25 extant species distributed across 
Madagascar (Mittermeier et al., 2023; Wilmet et al., 2014). They are mostly soli-
tary or, in some cases, pair-living (Wilmet et al., 2014). Our study focuses on the 
Nosy Be or Hawks’ sportive lemur (L. tymerlachsoni), which is endemic to the 
island of Nosy Be in north-western Madagascar. Its range encompasses Lokobe 
National Park and extends across the primary, secondary, and degraded forests 
and plantations of the wider Lokobe region (Sawyer et al., 2015; Louis Jr et al., 
2020; Tinsman et al., 2022). It is listed as Critically Endangered on the IUCN 
Red List owing to habitat loss and degradation from agricultural expansion, and 
from unsustainable levels of hunting (Louis Jr et al., 2020). Population data for 
L. tymerlachsoni include small-scale density estimates (Bederu, 2014), as well as 
more recent encounter rate estimates (Tinsman et al., 2022).

Here, we field test the reliability of passive acoustic cue counting in a near 
range-wide survey of Lepilemur tymerlachsoni. We applied a protocol developed 
by Sebastián-González et al. (2018) that uses the sound level of cues detected in 
audio recordings to estimate radial distance. The sound level of an acoustic sig-
nal, typically measured in decibels (dB) using bioacoustics software, is a measure 
of its energy at the point it reaches the recorder’s microphone (Yip et al., 2020). 
Sound levels show a predictable logarithmic decline with increasing distance 
from the source (Wiley & Richards, 1982). The protocol models this relation-
ship between sound level and distance using a calibration dataset of target calls 
recorded at known distances, while accounting for the effects of weather variables 
on call transmission; a regression equation is then used in the cue counting sur-
vey to predict the radial distances of detected cues and hence the probability of 
detection (see Yip et al., 2020 for discussion of alternative methods for develop-
ing calibration datasets). Sound-level-based distance prediction has been shown 
to be accessible, reliable and objective in both the field (Lambert & McDonald, 
2014; Sebastián-González et al., 2018; Graf & Hatlauf, 2021) and by simulation 
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(Yip et al., 2020). To evaluate the reliability of our bioacoustic results, we also 
carried out concurrent line transect surveys of L. tymerlachsoni in the same sur-
vey area and compare our passive acoustic cue counting density estimates with 
those derived from the line transect surveys.

Methods

Study Site

The island of Nosy Be (321 km2) is located in the Mozambique Channel, north-
west of mainland Madagascar. It is part of the Sambirano Domain, which represents 
a transition zone between Madagascar’s western dry deciduous forests and eastern 
rainforests (Goodman & Benstead, 2002). Nosy Be has a tropical climate, with a 
hot, wet season from approximately November–April and a cooler dry season from 
May–October (Macron et al., 2016). Mean daily temperatures range from 23 °C in 
July–August to 28 °C in January–February (Birkinshaw, 1995). Mean annual rain-
fall is 2,250 mm (Andreone et al., 2005). Lokobe National Park (7.4 km2 terrestrial 
area), located in the southeast of the island, protects most of Nosy Be’s remaining 
primary humid evergreen forest (Hasiniaina et al., 2018). A mosaic of secondary and 
degraded forests, agricultural crops (e.g., ylang-ylang, rice) and small villages border 
the national park (Birkinshaw, 1995). Nosy Be exhibits a strong elevational gradient 
(0–430 m), with the primary forests of Lokobe occupying some of the highest alti-
tudes (Tinsman et al., 2022). The black lemur (Eulemur macaco) and Claire’s mouse 
lemur (Microcebus mamiratra) are the other lemurs present on the island, which has 
been designated a priority area for lemur conservation (Schwitzer et al., 2013, 2014).

Cue Definition

The definition of a cue is ultimately defined by the researcher, but it must be applied 
consistently between the cue rate estimation and the cue counting survey (Thomas & 
Martin, 2006). We used the ‘ouah’ and ‘tchen-tchen’ call types as the basis for our 
cues. The ouah is a short, broadband, single-element call, with a characteristic inverse 
u-shaped harmonic onset and downward frequency sweep (Fig. 1A.; Méndez-Cárde-
nas et al., 2008; Seiler et al., 2015; Mandl et al., 2019). Ouah calls are considered 
common and sometimes form bouts (i.e., an extended series of calls), with each call 
in a bout typically separated by a few seconds (unpublished data; Mandl et al., 2019). 
The tchen-tchen call is less common and structurally comprises two ouah calls given 
in quick succession (Fig. 1B.; Mandl et al., 2019). While sex-based differences in the 
vocal repertoire and vocal activity have been observed in other Lepilemur species 
(Rasoloharijaona et al., 2006; Mandl et al., 2019), it is currently unknown whether 
age or sex influences the production of these specific call types in L. tymerlachsoni. 
Importantly, however, population estimates should remain unbiased provided that 
our estimated cue rate reflects the average calling behaviour of the population. By 
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estimating this rate from a large, random sample of individuals, including those not 
calling during the sampling period, we inherently account for any differences in call-
ing behaviour across age and sex classes (Marques et al., 2013).

We primarily defined cues as single calls:

1)	 Ouah calls, including each call in an ouah bout, and
2)	 Tchen-tchen calls (two cues).

We also performed additional analyses using bouts as cues, representing an alter-
native unit of analysis. This approach is similar to that used in acoustic surveys of 
Phaner pallescens (Markolf et al., 2022), whose calls also exhibit a bout structure. 
We defined bouts as a series of one or more ouah or tchen-tchen calls, where each 
call is separated by less than 10 s from the preceding call. For example, if a lemur 
produced a series of 20 ouah calls each separated by <3 s, stopped calling for 1 
min, then produced another series of 15 ouah calls each separated by <3 s, then 
stopped calling altogether, we would count this as two bouts (and therefore two cues 
in the alternative analysis), whereas in the original analysis we would count this as 
35 cues; if a lemur produced a single ouah call, then stopped calling altogether, we 
would count this as one bout (and therefore one cue, as in the original analysis). 
The 10-s threshold for defining bouts, although somewhat subjective, was informed 
by preliminary observations of  Lepilemur tymerlachsoni  calling patterns and the 
approach of Markolf et al. (2022). We did not distinguish whether we included the 
calls of one or more individuals in bouts, as this is difficult to ascertain. Thus, bouts 
might contain calls from more than one individual.

The ouah call can show some gradation with another call type, the ‘chuck’ call 
(Mandl et al., 2019). However, ouah and chuck calls are usually straightforward to 
discriminate by ear and in spectrograms: ouahs by their harmonic onset, downward 
frequency sweep and higher maximum frequency; and chucks by their noisier struc-
ture, more upward frequency sweep, lower maximum frequency and tendency to be 

Fig. 1   Representative spectro-
grams of ouah (A) and tchen-
tchen (B) calls of Lepilemur 
tymerlachsoni. Spectrograms 
were created in Raven Pro 1.6.4 
(Hann window = 512 samples, 
discrete Fourier transform 
size = 512, hop size = 256 sam-
ples, grid spacing = 86.1 Hz, 
overlap = 50%) from recordings 
collected in the Lokobe region 
of Nosy Be, Madagascar, Febru-
ary–April 2023.
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compounded to form chuckle calls (unpublished data; Mandl et al., 2019). We main-
tained a reference library of spectrogram images to promote consistency in identi-
fying calls and their graded intermediaries in both the cue rate estimation and cue 
counting survey (Thomas & Martin, 2006). We excluded from our analyses all calls 
that we could not identify after aural and visual inspection of spectrograms (e.g., 
poor quality or obscured calls), taking into account the context.

Survey Design

We used the survey design feature in the software program Distance 7.5 release 2 
(Thomas et al., 2010) to create a systematic random layout for placing our line tran-
sects and audio recorders. First, we created a range map for Lepilemur tymerlach-
soni using spatial data downloaded from the IUCN website (Louis Jr et al., 2020), 
across which we superimposed a grid of points with a random starting position. We 
then extracted GPS coordinates of these points and used them to place 16 segmented 
parallel transect lines in the survey area (Fig. 2). We cut the transects in north-south 
straight lines, deviating only where necessary to avoid dangerous or inaccessible 
areas (e.g., ravines). We measured the transects with an open reel tape measure 
(mean transect length: 815 m, range: 633–1,125 m) and marked the centrelines with 
fluorescent flagging tape. The survey area included a variety of habitats, as well as 
both protected (national park) and unprotected areas (e.g., those managed by the 
village-based association Vondron’Olona Ifotony [VOI]). We abandoned attempts to 
place transects in the southern part of the national park as the rugged terrain made 
it too difficult to cut straight transects and raised safety concerns for nocturnal work.

We deployed ten autonomous audio recorders (Wildlife Acoustics Inc., Song 
Meter SM4) approximately evenly across the survey area (Fig.  2). We placed 
the recorders in suitable habitat c. 500 m along transects and away from poten-
tial sources of acoustic interference (e.g., rivers) (Browning et al., 2017). We 
mounted the recorders to trees at a height of 2 m above ground. Lepilemur tymer-
lachsoni occupies a mean canopy height of 7.2 m and is infrequently observed 
above 10 m (Sawyer et al., 2015; Tinsman et al., 2022); the height of the record-
ers therefore represents a balance between the likely height of the target species 
and the physical constraints associated with deploying, maintaining and retriev-
ing the recorders. We classified the vegetation in the vicinity of each recorder into 
one of three habitat classes: 

1)	 Primary forest;
2)	 Secondary/degraded forest; and
3)	 Plantation, broadly following those described by Tinsman et al. (2022).

Data Collection

Data collection involved passive acoustic recordings, measurements of climatic varia-
bles (wind speed, rainfall), focal follows (to collect ancillary data necessary for the cue 
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counting survey) and line transect surveys (to generate comparator density estimates 
for evaluating the passive acoustic cue counting density estimates). A total of three 
teams collected data, and on most nights at least two teams were active, conducting 
focal follows and line transect surveys in parallel and on different transects. Observ-
ers regularly rotated between teams and transects to minimize between-team variabil-
ity (Peres, 1999). At the beginning of the field season in January 2023, LDM trained 
all observers on distance sampling theory (e.g., survey design, key assumptions), field 
protocols (e.g., equipment use, searching behaviour), and lemur identification (e.g., 
visual cues, call types). All sampling commenced a minimum of 72 hr after cutting the 
transects to minimize any effects of disturbance (Bessone et al., 2023).

Fig. 2   Study site in the Lokobe region of Nosy Be, Madagascar, showing the systematic random layout 
of the line transects and the deployment locations of the ten audio recorders used for surveys of Lepile-
mur tymerlachsoni from February–April 2023. The VOI (Vondron’Olona Ifotony) is a Malagasy village-
based association for forest management.
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Passive Acoustic Cue Counting Survey – Audio Recordings

The ten audio recorders collected acoustic data for 4 to 5 hr per night from 1 Feb-
ruary–5 April 2023, although the duration of the deployments varied (mean: 54 
days, range 24–63 days). We initially set the recorders to record continuously each 
night for 4 hr, starting at astronomical twilight, but we later extended this to 5 hr 
for some recorders, starting 1 hr earlier, to capture earlier calling activity observed 
postdeployment (logistical constraints prevented this change to all recorders). These 
recording schedules coincide with the time and season (wet) when Lepilemur spp. 
are known to be most active, including vocally (Kappeler, 1997; Warren & Cromp-
ton, 1997; Müller et al., 2000; Méndez-Cárdenas et al., 2008; Mahaboubi et al., 
2015; Mandl et al., 2019). The cue rate did not differ between 4 and 5 hr recordings, 
so we included recordings from both in our analyses. Song Meter SM4 audio record-
ers use two built-in omnidirectional microphones, and we recorded stereo uncom-
pressed (.wav) 1-hr sound files. We set the sample rate to 44.1 kHz, gain to 16 dB, 
preamplifier gain to 26 dB, and we used a 220 Hz high-pass filter.

Wind and Rain Data

Climatic variables, such as rain and wind, may affect sound transmission, cue detec-
tion, and calling activity, and should be accounted for when using passive acoustics 
to estimate density (Bibby et al., 1998; Sebastián-González et al., 2018). We placed 
a digital rain gauge (Digitech, IC-XC0430) proximate to the survey area and paired 
hourly rainfall measurements with the audio recorders’ 1-hr recording periods. We 
classified total rain for each 1-hr recording period into one of three classes:

1)	 None/light <1 mm/hr;
2)	 Moderate 1–4 mm/hr; and
3)	 Heavy >4 mm/hr.

We defined these classes to also allow straightforward classification in the field 
during focal follows (Sebastián-González et al., 2018). We excluded from our anal-
yses all passive acoustic cue count and focal follow data collected during heavy 
rain recording periods (c. 7% of all data), because heavy rain obscures most of the 
sounds in audio recordings. Observers measured the wind speed (km/hr) with an 
anemometer (Kestrel, 1000) at the start and end of each focal follow, categorizing 
wind speed into one of three classes: 

1)	 None/light <15 km/hr;
2)	 Moderate 15–30 km/hr; and
3)	 Strong >30 km/hr.

However, wind speed was almost always negligible (<1 km/hr), so we did not 
exclude data based on wind speed nor measure its effects on the cue rate or sound-
level-based distance prediction.
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Focal Follows

From 17 February–31 March 2023, for six nights per week, we conducted focal fol-
lows of lemurs to simultaneously collect both the cue rate data and the calibration 
dataset for modelling the relationship between the sound level and distance of cues. 
Each night, commencing 1 hr prior to astronomical twilight, teams of two to three 
observers walked one to two transect lines, using headlamps to locate lemurs by 
reflective eye shine (from the tapetum lucidum). Where practicable, we used the low 
and red-light settings to minimize disturbance (Andriantsaralaza & Clarke, 2023). 
To the extent possible, we only located lemurs visually, and not aurally, so as not to 
bias the sample with louder or more vocally active focal individuals. For example, 
we kept to the transect line, maintained a consistent walking speed and searching 
behaviour and did not actively seek out vocalizing lemurs.

Once we located a lemur, we began a focal follow (Altmann, 1974). Occasion-
ally, we located groups of up to four lemurs, in which case we included all readily 
visible individuals in the group as focals. This was feasible because Lepilemur spp. 
are often stationary when observed (Meyler et al., 2012; Martin et al., 2021) and 
because we recorded the focal follows with handheld audio recorders, allowing com-
mentary on more than one individual and subsequent review and verification of the 
data. At the start of a focal follow, we recorded the time, number of focal individu-
als, habitat class, wind class and rain class. An observer would then start recording 
with a handheld Song Meter SM4 audio recorder, holding it at chest height with 
the front of the recorder oriented towards the focal individual/s, ensuring the focal 
individual/s remained roughly the same distance to its two side-mounted micro-
phones. These handheld audio recorders used the same settings (sample rate, gain, 
preamplifier gain, and high-pass filter) as the unattended Song Meter SM4 recorders 
used for the passive acoustic cue counting survey. Observers remained quiet and, 
for the most part, stationary throughout the focal follows, and the lemurs appeared 
unaffected by observer presence. During a focal follow, we counted the number of 
ouah and tchen-tchen calls produced by each focal individual, and for each of these 
calls we measured the radial distance in meters from the handheld audio recorder to 
the vocalizing lemur with a laser rangefinder and verbally annotated this distance 
in the audio recording. To increase the range of distances recorded, observers vari-
ously approached and moved away from vocalizing focal individuals where possi-
ble. Where nonfocal lemurs were nearby and we heard them vocalizing, we verbally 
annotated their calls as ‘nonfocal’ to distinguish them in the audio recordings. We 
stopped a focal follow after 20 min, or sooner if we lost sight of the focal individual. 
At the end of a focal follow, we recorded the time, duration (to the nearest second), 
whether the wind or rain classes had changed and, if so, the predominant wind and 
rain classes, and then stopped the audio recording. Observers would then resume 
walking the transect line until we located a different lemur and began a new focal 
follow. This procedure continued until 4 hr after astronomical twilight, or until 
observers reached the end of the transect.

While the height of vocalizing animals may affect sound-level-based distance pre-
diction, we did not record the vertical height of focal lemurs, nor test for its effects 
in our distance prediction modelling, because we considered such effects to likely be 
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minimal given the habitat use of Lepilemur tymerlachsoni (Alldredge et al., 2010; 
Sawyer et al., 2015; Tinsman et al., 2022) and because the vertical height of calling 
animals in passive acoustic recordings will in most cases be unknown (Yip et al., 
2020). We randomized the order in which we sampled transects and the end of the 
transect we started from. In total, we sampled each transect between one and five 
times for the focal follows, with a mean sampling frequency of approximately 0.5 
times per week per transect. We did not sample one transect owing to safety con-
cerns (see T9, Fig. 2).

Line Transect Surveys

We conducted line transect surveys from 17 February–4 April 2023, six nights 
per week. Each night, commencing at astronomical twilight, teams of two to three 
observers slowly and quietly walked one to two transect lines at 1–2 km/hr. Observ-
ers used headlamps to visually locate lemurs by reflective eye shine, and aurally by 
their calls. We used binoculars to distinguish Lepilemur tymerlachsoni from other 
wildlife as required. Observers focussed search effort on and near the line, while 
stopping regularly to scan the survey area. We paused surveys during heavy rain. 
For each confirmed visual detection, we measured the perpendicular distance from 
the transect line to the lemur with a laser rangefinder and paced distances <4 m 
(the minimum range of the rangefinder). We recorded all detections individually, 
regardless of group size (e.g., if we located a group of three lemurs, we recorded 
three individual detections and measured perpendicular distances for each; Buck-
land et al., 2001). We randomized the order in which we sampled transects. In total, 
we sampled each transect between two and five times for the line transect surveys 
(excluding transect T9), with a mean sampling frequency again of approximately 0.5 
times per week per transect for this method.

Data Analysis

Sound File Calibration

To allow absolute measures of sound level in our analyses, we calibrated our sound 
files using the “end-to-end” approach and a signal of known sound pressure (https://​
www.​raven​sound​softw​are.​com/​knowl​edge-​base/​calib​rating-​recor​dings-​in-​raven-​
pro/). At deployment and retrieval for each of the ten audio recorders, we broadcast a 
1-kHz tone towards the mounted recorder from a speaker (JBL, Clip 4) at 2-m height 
and horizontal distance and measured the sound level three times at each microphone 
using a handheld digital sound level meter (Digitech, QM-1589). We took the mean 
of the three measurements (A-weighted, fast response) to calibrate the sound files in 
Raven Pro 1.6.4 (K. Lisa Yang Center for Conservation Bioacoustics, 2023). This 
same calibration approach was applied to the sound files from the handheld audio 
recorders used for focal follows at the beginning and end of the field season.

https://www.ravensoundsoftware.com/knowledge-base/calibrating-recordings-in-raven-pro/
https://www.ravensoundsoftware.com/knowledge-base/calibrating-recordings-in-raven-pro/
https://www.ravensoundsoftware.com/knowledge-base/calibrating-recordings-in-raven-pro/
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Passive Acoustic Cue Counting Survey – Processing Audio Recordings

We processed the unattended audio recordings by manually scanning spectrograms 
for ouah and tchen-tchen calls. These calls were the acoustic units we used to define 
both single-call cues (for the primary analysis) and bout cues (for the alternative 
analysis). We considered manual call detection more appropriate than automated 
detection given our research goal was to field test the reliability of passive acous-
tic cue counting and not to quantify or exploit its efficiency or cost-effectiveness, 
and because of the generally superior performance of manual detection (Swiston 
& Mennill, 2009; Digby et al., 2013; Truskinger et al., 2013; Rocha et al., 2015). 
To keep manual call detection feasible, we analysed a random subsample of 250 hr 
from the >2,400 total hours of audio recordings. For each of the ten audio record-
ers, we randomly selected 25 1-hr sound files, excluding those with predominant 
rain class heavy. We first calibrated each sound file in Raven Pro. We then aurally 
and visually scanned spectrograms of the left microphone (channel 1) recordings 
for these calls. For each detected call, we made a selection (i.e., a bounding box 
defining start and end times and lower and upper frequencies of the signal) and 
extracted the peak power density (dB FS/Hz) as a measure of the call’s sound level. 
Where calls were obscured by nontarget signals that could affect the peak power 
density measurement, we drew the selection box over the unobscured part of the call 
with the highest peak power density. If it was not possible to isolate an unobscured 
part of the call for measurement, we excluded such calls from further analysis. We 
also annotated each selection with the habitat class in which we recorded the call. 
LDM analysed all sound files using the same spectrogram configuration (Hann win-
dow = 512 samples, discrete Fourier transform size = 512, hop size = 256 samples, 
grid spacing = 86.1 Hz, overlap = 50%) and comparable display settings, includ-
ing spectrogram brightness, contrast and colour scheme. Following this procedure, 
we had a list of detected calls and their peak power density measurements for each 
subsampled 1-hr recording. This list then served as the basis for counting and esti-
mating radial distances for single-call cues (our primary density estimation analysis) 
and bout cues (our alternative analysis).

Processing Focal Follow Audio Recordings

We reviewed each of the focal follow sound files by aural and visual inspection of 
spectrograms of the left microphone recordings in Raven Pro. First, we calibrated 
each sound file. We then identified and counted all ouah and tchen-tchen calls and 
bouts in the recording produced by the focal individual and made selections for each 
call. We used the count from the review if there was a discrepancy with the number 
of calls counted in the field. We annotated each selection with the distance to the 
vocalizing individual, the habitat class, the predominant wind and rain classes and 
extracted the peak power density measurement. We also noted whether other sounds 
(e.g., insect noise) partly obscured the selection and whether the call had overloaded 
the recording.
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Cue Rate and Bout Rate Estimation

We estimated the mean number of single-call cues per lemur per minute (the “sin-
gle-call cue rate”) in two ways. First, we estimated it as the weighted mean of the 
single-call cue rates per focal follow, weighted by focal follow duration, with the 
variance calculated by using Cochran’s approximation (Gatz & Smith, 1995). Sec-
ond, we estimated it by using regression models and examined the effects of time of 
night and rain class on the rate. For this, we built generalized linear mixed models 
(GLMMs) in R version 4.0.0 (R Core Team, 2024) using the package glmmTMB 
(Brooks et al., 2017). The null model used the number of single-call cues as the 
response variable, the logarithm of the decimal duration of the focal follows as an 
offset variable and focal follow ID as a random effect to account for individual var-
iation. We also included recording period (5 levels representing consecutive 1-hr 
periods commencing 1 hr prior to astronomical twilight) and rain class (2 levels rep-
resenting none/light and moderate) as categorical predictor variables in alternative 
models. We tested for multicollinearity between the categorical predictors by calcu-
lating variance inflation factor (VIF) values in the package performance (Lüdecke 
et al., 2021) and found low correlation (VIF = 1.63), indicating that both could be 
retained in the models. Candidate GLMMs modelled the response using Poisson 
and negative-binomial (linear and quadratic parameterization) distributions and log 
link functions, both with and without zero-inflation. We based model selection on 
the lowest Akaike Information Criterion (AIC) values (Akaike, 1973) and inspec-
tion of mean-variance plots in the package EcoCountHelper (Cole et al., 2022). 
We assessed goodness-of-fit with QQ-plots, nonparametric dispersion tests, outlier 
tests and zero-inflation tests of the simulated residuals using the package DHARMa 
(Hartig, 2022). We then calculated the estimated marginal mean of the single-call 
cue rate for the selected model with the package emmeans (Lenth, 2024). We also 
calculated the estimated marginal means of the single-call cue rate for each predic-
tor variable in the best fitting model with both categorical predictors and performed 
post-hoc pairwise comparisons to determine any differences in the single-call cue 
rate between recording periods and rain classes.

We estimated the mean number of bout cues per lemur per minute (the “bout cue 
rate”) as the weighted mean of the bout cue rates per focal follow, weighted by focal 
follow duration, using Cochran’s approximation to estimate the variance.

Estimating Distances to Cues Using Sound Levels

We fit GLMMs in glmmTMB to model the relationship between the absolute sound 
level and distance of cues. We only used high-quality call selections in the analysis, 
omitting those that were obscured or overloaded. The null model used known radial 
distance as the response variable, sound level (peak power density) as the predic-
tor variable and focal follow ID as a random effect to account for individual varia-
tion. We also included habitat class (3 levels representing primary forest, secondary/
degraded forest, and plantation) and rain class as covariates in alternative models. 
Candidate GLMMs modelled the response with a Gaussian distribution and log link 
function. We selected the top model based on the lowest AIC values. We used simple 
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univariate linear regression to examine the extent to which the top model could pre-
dict radial distances for the set of known radial distances obtained from the focal fol-
lows. Following Yip et al. (2020), we calculated the distance estimation error (the 
absolute value of the difference between predicted distance and known distance) and 
the error bias (predicted distance minus known distance) for the top model and tested 
whether they differed from zero using one-sample t-tests. Additionally, we calculated 
the root mean square error. Finally, we used the package ggeffects (Lüdecke, 2018) 
to visualize the relationship between sound level and predicted radial distance and to 
estimate radial distance for each detected single-call cue based on its peak power den-
sity measurement as part of the density estimation process. For the additional analy-
ses based on bouts, we estimated a single radial distance for each bout cue using the 
mean peak power density measurement of the call/s comprising the bout.

Passive Acoustic Density Estimation

We estimated density using the conventional distance sampling engine in program 
Distance (Thomas et al., 2010). We pooled the detections for each point (audio 
recorder) and entered search time for all points as 1,500 (25 x 60-min subsampled 
recordings). We explored the dataset by plotting histograms of the radial distances, 
before grouping the distance data for analysis (a requirement under the adjusted AIC 
[QAIC] procedure below). We used left truncation at 5 m, because we could not reli-
ably measure sound levels very close to the recorders owing to overloading (Marques, 
2016), as well as right truncation of the largest 10% of distances (Buckland et al., 
2001; Thomas et al., 2010). We then fit the following key functions and, to improve 
the flexibility and fit of the detection function, series adjustment combinations: uni-
form key function with 1, 2, and 3 cosine adjustments, half-normal key function with 
0, 1, and 2 Hermite polynomial adjustments, and hazard-rate key function with 0, 1, 
and 2 cosine adjustments (Howe et al., 2018). We selected from the candidate mod-
els using QAIC and the two-step model selection procedure outlined by Howe et al. 
(2018). The QAIC adjusts for overdispersed distance data, which are characteristic 
of cue counting surveys and which otherwise make goodness-of-fit tests invalid and 
cause AIC to select overly complex models. We calculated the variance of the density 
estimate using the delta method. We applied this density estimation procedure sepa-
rately to both the analyses based on single-call cues and bout cues.

Line Transect Density Estimation

We again estimated density using the conventional distance sampling engine in pro-
gram Distance (Thomas et al., 2010). We pooled the visual detections for each tran-
sect line and entered effort as the line length multiplied by the number of times the 
line was surveyed (Buckland et al., 2008). To better understand the dataset, we plotted 
histograms of the perpendicular distances with many cut points before grouping the 
distance data and right-truncating the largest 10% of distances for analysis. We then fit 
the following recommended key functions and series adjustment combinations: uni-
form key function with cosine series expansion, half-normal key function with cosine 
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and Hermite polynomial series expansion, and hazard-rate key function with simple 
polynomial series expansion (Buckland et al., 2001; Thomas et al., 2010). We used 
poststratification (i.e., grouping adjacent transects into strata) to reduce bias in the 
encounter rate variance estimation, which was appropriate given our systematic design 
(Fewster et al., 2009). We selected from the candidate models by visually assessing 
model fit, chi-square goodness of fit tests and the lowest AIC values.

We determined statistical significance for all analyses at the α = 0.05 level.

Ethical Note

This research was approved by the Australian National University’s Animal Experi-
mentation Ethics Committee (#A2022/30) and carried out in accordance with appli-
cable national laws of Madagascar and Australia. Research permission was obtained 
from the Ministère de l’Environnement et du Développement Durable of Madagascar 
(#346/22/MEDD/SG/DGGE/DAPRNE/SCBE.Re). We consulted the International 
Primatological Society’s Code of Best Practices for Field Primatology when develop-
ing and implementing the research. Our methods are noninvasive, and no lemurs were 
handled during the study. The authors declare that they have no conflict of interest.

Data Availability Statement  The datasets generated and analysed during the current 
study contain sensitive location data for threatened species and raw audio record-
ings with potential privacy implications. Therefore, not all data are publicly avail-
able. However, subsets of the data, which exclude sensitive information, are publicly 
available in the Australian National University Data Commons.

Results

Cue Rate and Bout Rate

We calculated the single-call cue rate and bout cue rate using data from all focal fol-
lows, excluding heavy rain periods (focal follows = 390, total single-call cues = 1,982, 
total bout cues = 299, total observation time = 103 hr, focal follows with no cues = 
358). The weighted mean single-call cue rate was 0.35 cues/min (standard error [SE] = 
0.23). The GLMM-based mean single-call cue rate was also 0.35 cues/min (SE = 0.14). 
The selected GLMM was the null, which modelled the response with a negative-bino-
mial distribution (quadratic parameterization) and log link function, to account for over-
dispersion common in count data, and without zero-inflation. Its baseline log rate (the 
intercept) was −1.0633 (±0.418, z = −2.54, P = 0.011), which when exponentiated 
(exp(−1.0633) = 0.35) gives the mean single-call cue rate. To account for individual 
variation, we included focal follow ID as a random effect, which showed a variance of 
2.373e-08 (standard deviation [SD] = 0.000154). Pairwise comparisons of the single-
call cue rate between recording periods and rain classes were not significant (P ≥ 0.24). 
The weighted mean bout cue rate was 0.05 bouts/min (SE = 0.004).
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Sound‑Level‑Based Distance Prediction

The calibration dataset comprised 1,463 high quality calls, which exceeded the sam-
ple size of 300 calls recommended by Yip et al. (2020) to minimize estimation error. 
The selected GLMM included sound level as the sole predictor variable (Table I). 
The sound level of calls was significantly associated with the radial distance of 
vocalizing lemurs: as this sound level increases, the predicted distances to vocal-
izing lemurs decrease (Table I; Fig. 3). The known radial distance of calls recorded 
during the focal follows was significantly associated with the predicted radial dis-
tance (Fig. 4; F1, 1461 = 4,958, P < 0.001, R2 = 0.77). Distance estimation error was 
2.43 m (95% confidence interval [CI] = 2.3–2.57), which was significantly greater 

Table I   Summary of the selected GLMM used to predict radial distances to Lepilemur tymerlachsoni 
cues based on sound levels.

The GLMM modelled the response with a Gaussian distribution and log link function. Data were col-
lected in the Lokobe region of Nosy Be, Madagascar, February–April 2023
SD = standard deviation

Random effect 
(focal follow ID)

Fixed effects Coefficient (± SE) z-value P

Variance = 0.1785
SD = 0.4225

(Intercept) 4.44 (± 0.11) 40.46 <0.001

Sound level (peak power 
density)

−0.04 (± 0.001) −31.89 <0.001

Fig. 3   Modelled relationship used to predict unknown radial distances to Lepilemur tymerlachsoni cues 
detected from the passive acoustic subsample based on sound levels. Data were collected in the Lokobe 
region of Nosy Be, Madagascar, February–April 2023. The minimum known distance used in the model 
was 3 m.
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than zero (t = 35.69, DF = 1,462, P < 0.001). The error bias was −0.02 m (95% CI 
= −0.21 to 0.16), which was not significantly different from zero (t = −0.24, DF = 
1,462, P = 0.81). The root mean square error was 3.56 m.

Density Estimates

For the passive acoustic cue counting survey based on single calls, we detected a 
total of 9,560 single-call cues from 250 hr of search time (the random subsample). 
Of these, 8,762 cues entered the analysis after left and right truncation. The Dis-
tance analyses generated a density estimate of 2,752 individuals/km2 (weighted 
mean single-call cue rate 95% CI = 822.7–9,205.4, coefficient of variation [CV] 
= 0.68, GLMM-based mean single-call cue rate 95% CI = 1,214.3–6,237, CV = 
0.44). The half-normal key function with 2 Hermite polynomial adjustments was 
selected by QAIC and Howe et al. (2018)’s two-step procedure (Fig. 5A and B; 
detection probability = 0.31, effective detection radius = 13.89). The contribu-
tions of the detection probability, encounter rate and single-call cue rate to the 
overall variance in the density estimate were 0.6%, 5.7%, and 93.6% when using 
the weighted mean single-call cue rate and 1.5%, 13.9%, and 84.5% when using 
the GLMM-based mean single-call cue rate.

Fig. 4   Plot of known radial distances of Lepilemur tymerlachsoni calls recorded during focal follows in 
the Lokobe region of Nosy Be, Madagascar, February–April 2023, versus the radial distances predicted 
by the top model based on sound levels. The regression line is shown with a blue line and the 1:1 rela-
tionship with a black line.
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For the passive acoustic cue counting survey based on bouts, we detected a 
total of 916 bout cues from the same 250 hr of search time. Of these, 825 bouts 
entered the analysis after left and right truncation. The density estimate was 802 
individuals/km2 (95% CI = 442.2–1,453.3, CV = 0.31). The uniform key function 
with 3 cosine adjustments was selected by QAIC (Fig. 5C and 5; detection prob-
ability = 0.65, effective detection radius = 20.9). The contributions of the detec-
tion probability, encounter rate and bout cue rate to the overall variance in the 
density estimate were 93.2%, 0.1%, and 6.6%.

For the line transect surveys, we recorded a total of 395 visual detections from 46.5 
km of total survey effort, which exceeded the recommended minimum sample size 
of 60–80 detections (Buckland et al., 2001). After right truncation, 356 detections 
entered the analysis. The Distance analyses generated a density estimate of 303.7 

Fig. 5   Detection probabilities and probability density functions (PDF) from passive acoustic cue counting 
and line transect distance sampling surveys of Lepilemur tymerlachsoni conducted in the Lokobe region of 
Nosy Be, Madagascar, February–April 2023. (A) The detection probability as a function of radial distance, 
and (B) the PDF of detected distances, for the passive acoustic cue counting data based on single calls. (C) 
The detection probability as a function of radial distance, and (D) the PDF of detected distances, for the 
passive acoustic cue counting data based on bouts. (E) The detection probability as a function of perpendic-
ular distance for the line transect data. The blue columns represent grouped detections (aural for the passive 
acoustic cue count, and visual for the line transects), the red curved lines represent the fitted models and the 
green vertical dashed lines represent the left (cue count only) and right truncation distances.
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individuals/km2 (95% CI = 189.6–486.3, CV = 0.18). The hazard-rate key function 
with simple polynomial adjustment provided the best fit to the data (Fig. 5E; χ2 = 
7.7, DF = 6, P = 0.26, detection probability = 0.28, effective strip width = 11.03).

Discussion

This study found that passive acoustic cue counting, especially when using single 
calls as cues, likely overestimated the true density of Lepilemur tymerlachsoni, 
while the precision of the estimates was poor. We attribute this to the inherent 
challenges of estimating the cue rate. While passive acoustic cue counting shows 
promise for surveying vocal primates, further methodological refinements are 
needed for its successful application to this species. We propose that more relia-
ble density estimates could be obtained through the use of animal-borne acoustic 
recording tags, which would control for potential observer effects and any calling 
suppression during focal follows and thus improve cue rate estimation, and by 
treating call bouts rather than single calls as the cues used in analysis.

Evaluation of Passive Acoustic Cue Counting for Lepilemur tymerlachsoni

Our line transect survey design and implementation followed best practice and 
yielded population estimates comparable with those reported previously and for 
other Lepilemur species. Specifically, we integrated sufficient randomization and 
replication, the survey effort and sample size were large, and our field protocols 
ensured the key assumptions of line transect distance sampling were met (Buck-
land et al., 2001, 2010; Kühl et al., 2008). Moreover, the distance data appear well-
behaved (i.e., detection probability declines steadily with distance, and no evidence 
of heaping, evasive movement, or outliers; Buckland et al., 2001; Fig. 5E) and the 
density estimate is made with reasonable precision (18% CV). The line transect 
density estimate (303.7 individuals/km2) is broadly consistent with those of other 
sources from across northern and north-western Madagascar (Table II). Importantly, 
our raw encounter rate (8.5 individuals/km) is also consistent with the 7.8 Lepilemur 
tymerlachsoni individuals/km reported by Tinsman et al. (2022) following com-
prehensive reconnaissance walks of Nosy Be. While Bederu (2014)’s preliminary 
density estimate for L. tymerlachsoni (63/km2) is much lower than ours, that survey 
comprised just four, non-random transects (along trails) in a small area of Lokobe 
and as such may be biased and/or non-representative of the broader region (Buck-
land et al., 2010; de Andrade et al., 2019). All in all, we consider our line transect 
density estimate to be reliable and thus suitable for evaluating the reliability of the 
passive acoustic cue counting density estimates.

Ideally, field tests of emerging survey methods like passive acoustic cue counting 
would be evaluated against populations where true density is known. Here, in the 
absence of known density, we are comparing estimates with estimates and therefore 
cannot say for certain whether either method is accurate. This raises the possibility 
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that the observed consistency of our line transect density estimate with previous 
studies using the same methods could be a result of shared biases within the line 
transect approach, rather than an indication of true reliability. Nevertheless, evaluat-
ing our passive acoustic density estimates against those from established methods 
still provides the most viable approach to assessing their accuracy without a known 
truth scenario (see Sebastián-González et al., 2018 and Arranz et al., 2023 for simi-
lar evaluation approaches).

Our passive acoustic cue counting density estimate using single calls as cues 
(2,752 individuals/km2) is approximately an order of magnitude higher than the 
comparator line transect density estimate (303.7 individuals/km2), with nonover-
lapping confidence intervals. Moreover, this cue counting density estimate is not 
comparable with any of the Lepilemur spp. densities reported in the literature. This 
suggests it has likely overestimated the true density. The estimates also have very 
low precision, with coefficients of variation of 68% and 44%, suggesting they are 
unreliable.

Several factors  could account for this apparent overestimation of true density. 
One potential reason is that we may have underestimated cue rates during focal fol-
lows. In cue counting, cue density is converted to animal density by dividing it by a 
cue rate “multiplier”; hence, a cue rate that is biased down will concomitantly bias 
animal density up, because the cue density is divided by a smaller number. While 
our focal follows collected cue rate data from a large, random sample of individuals, 
including silent individuals, both concurrently and across the same spatial and tem-
poral scales as the cue counting survey (Warren et al., 2017), we cannot rule this out 
as a source of potential bias. For instance, although not obviously apparent, it is pos-
sible that observer presence suppressed call (cue) rates of focal lemurs. Torchlight, 
for example, can affect the behaviour of some nocturnal primates (Nekaris et al., 
2008). A second possible factor is that using single acoustic elements as cues, given 
the lemurs often called in bouts, could inflate cue counts. That is, owing to chance 
and the bout structure of cues, our random subsample of audio recordings may have 
captured a more-than-usual number of cues, which would increase the cue density 
and concomitantly the animal density. Measurement error (as per key assumption 4: 
distances to detected cues are measured accurately) can also generate bias in density 
estimates; however, we consider this an unlikely source of bias in our case given the 
sound-level-based distance prediction model performed well, with relatively small 
distance estimation error (2.43 m) and negligible error bias (−0.02 m), and because 
the grouping of distance data somewhat relaxes this assumption (Buckland et al., 
1993).

In addition to the density estimate being an order of magnitude higher when 
using acoustic methods and single calls as cues, the variance in the estimates was 
also larger. The low precision can be attributed to the high variance in the individual 
single-call cue rates, largely driven by the bout structure of ouah calls (McCallum, 
2005). In cue counting, the variation in the cue rate is one of several random com-
ponents that will contribute to the overall variance in the density estimate, which 
in our case represented >84% of the total contribution. During our focal follows, 
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for instance, the majority of focal lemurs produced no cues (92%), some produced 
a few cues, whereas up to 22 cues/min were produced during bouts. Other sources 
have also found that the cue rate is the random component that contributes the most 
to the overall variance (Buckland, 2006, Marques et al., 2011). For passive acoustic 
cue counting to produce results that are accurate and precise, and therefore mean-
ingful to conservation managers, key requirements are that the cue rate can be reli-
ably estimated, and that mean rates are relatively consistent between cue-producing 
individuals (i.e., small variance) (Warren et al., 2017; see Marques et al., 2013 for 
other considerations). Reliable estimation of cue rates, and assessing the consist-
ency of mean rates, demands a thorough understanding of the target species’ vocal 
repertoire and activity, yet such detailed information is not available for most taxa, 
including Lepilemur spp. Further studies on vocal primates’ calling behaviour will 
be invaluable in this regard.

An alternative approach, which we explored, is to treat call bouts, rather than sin-
gle calls, as the unit of analysis (i.e., as “cues”). This method yielded a density esti-
mate (802 individuals/km2) that, while still seemingly high, was much closer to and had 
overlapping confidence intervals with the comparator line transect density estimate and 
had improved precision (31% CV). Using bouts as the unit of analysis may therefore 
be more suitable in cue counting surveys of Lepilemur spp. and other taxa that produce 
calls in bouts, as it can reduce some of the variability in calling rates. However, this 
approach also presents significant limitations. Notably, the inability to distinguish the 
calls of multiple individuals in bouts detected in audio recordings creates a discrep-
ancy between how bouts are counted when estimating the bout rate (i.e., calls from 
one individual are counted) and the actual survey (i.e., calls from multiple individuals 
are potentially lumped into a single bout). This discrepancy can lead to an underesti-
mation of the bout density, and thus animal density, as simultaneous bouts from mul-
tiple individuals will be counted as a single bout. Another limitation is that defining 
a bout is somewhat subjective, and therefore different definitions may yield different 
results. Indeed, future studies could test how varying bout definitions affect cue count-
ing density estimates. But despite these limitations, the improved precision and closer 
alignment with the line transect estimate suggests that the benefits of employing bouts 
as the unit of analysis may outweigh the drawbacks, resulting in more reliable density 
estimation.

Animal-borne acoustic recording tags offer a promising approach for accurately 
estimating cue rates, addressing challenges like the possible underestimation sus-
pected in our study. These tags are an alternative to focal follows for collecting 
vocal activity data, and can improve both the accuracy and precision of cue rate 
(and bout rate) estimation by increasing sampling periods while controlling for 
potential observer effects (Couchoux et al., 2015; Warren et al., 2017). By deploy-
ing tags in a future field season at Nosy Be, an updated cue rate multiplier could 
be readily applied retrospectively to our existing dataset to refine the density esti-
mates (Gunnlaugsson et al., 2009). Such an approach would be feasible so long as 
the updated cue rate estimate is obtained from a large, random sample in the same 
survey area and, importantly, under similar conditions—specifically, during the wet 
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season when Lepilemur spp. are known to be more vocally active. Tagging animals 
is, however, more invasive, and the associated costs may necessarily limit the num-
ber of individuals that can be sampled. It may also be difficult to distinguish the 
calls of tagged individuals from those of conspecifics. Further research could also 
investigate whether a correction factor can be applied to the passive acoustic den-
sity estimates that adjusts for underestimation of the cue rate (Buij et al., 2003). 
More broadly, automated detection and classification algorithms (i.e., “recogniz-
ers”) can be employed in future passive acoustic cue counting surveys to more effi-
ciently detect cues from audio recordings, noting that this necessitates estimation of 
an additional multiplier that accounts for the proportion of detections that are false 
positives (key assumption 7), as well as a correction for false negatives based on 
estimated recall. Studies quantifying the cost-effectiveness of passive acoustic cue 
counting would also allow conservation managers to better compare survey alterna-
tives and weigh factors such as cost, precision and scale (Delisle et al., 2023).

Conservation Implications for Lepilemur tymerlachsoni

Using our line transect data, we estimate the global population of Lepilemur tymer-
lachsoni to be c. 11,300 individuals. The area of forest habitat on Nosy Be has 
recently been estimated to cover 37.3 km2 (Martin et al., 2025); extrapolating our 
line transect density estimate (303.7 individuals/km2) across this forested area pro-
vides this abundance estimate, which, given L. tymerlachsoni is locally endemic 
to Nosy Be, represents a global abundance estimate. This density estimate is mod-
erately high compared to those reported for other Lepilemur species in the region 
(Table II). Potential drivers of this relatively high density, while currently unknown, 
might include effective protected area management at Lokobe or the absence of 
some key predators, such as the fosa (Cryptoprocta ferox), on Nosy Be compared to 
mainland Madagascar. These figures will inform future conservation status assess-
ments and management plans, while providing a baseline for monitoring population 
changes over time.

Despite the relatively high population estimates reported here, the conserva-
tion outlook for Lepilemur tymerlachsoni remains fragile. Its geographic range is 
extremely restricted (extent of occurrence 72 km2), which alone renders it amongst 
the world’s most endangered primates (Mittermeier et al., 2008). What little hab-
itat there is continues to be cleared and degraded, and hunting persists (Louis Jr. 
et al., 2020). Indeed, L. cf. tymerlachsoni has already been extirpated from the 
neighbouring island of Nosy Komba (Hyde Roberts & Daly, 2014). Lokobe is the 
only protected area in which L. tymerlachsoni occurs (Louis Jr. et al., 2020), but 
because Lokobe is so small (7.4 km2) it is doubtful whether it can ensure the spe-
cies’ long-term viability. A critical starting point for the conservation of L. tymer-
lachsoni is therefore safeguarding Nosy Be’s unprotected forests, some of which 
are managed by village associations (VOI; Fig.  2). The tourism industry in Nosy 
Be is very strong, and there is real potential for community-led primate-watching 
for tourists to help protect these habitats and provide a source of income for local 



866	 L. D. Martin et al.

communities (Martin et al., 2025; Waters et al., 2023). A more radical conserva-
tion strategy would be to reintroduce L. tymerlachsoni to Nosy Komba, subject to 
key requirements being met (e.g., habitat suitability assessments, long-term funding, 
post-release monitoring and protection, etc.; Baker, 2002). Surveys of Nosy Komba 
in 2013, while failing to locate any L. cf. tymerlachsoni, did identify large areas of 
suitable remaining habitat, indicating that hunting, rather than habitat disturbance, 
might have been the key driver in the lemurs’ decline (Hyde Roberts & Daly, 2014). 
These so-called empty forests, in which primates have been extirpated by hunting, 
present opportunities for reintroduction so long as hunting can be controlled or 
replaced by alternative livelihoods (Beck, 2016).

Conclusion

At this stage, passive acoustic cue counting appears challenging for Lepilemur 
tymerlachsoni and perhaps other Lepilemur species for the reasons outlined, 
although improved estimates of the cue (or bout) rate, which could be obtained 
through the use of acoustic recording tags, may present a solution. The methods can 
be adapted for surveys of other vocal primates provided the cue rate can be reli-
ably estimated with good precision (a key hurdle) and provided the target species 
is generally compatible with the protocol (i.e., it produces conspicuous loud calls, 
is amenable to focal follows, etc.). Otherwise, the line transect population estimates 
reported here provide critical information for the conservation of one of the world’s 
most endangered primates.
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