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Abstract

Only a handful of primate taxa use ultrasonic vocalisations (those > 20 kHz) to
communicate. The extent and uses of ultrasonic communication remain poorly understood,
potentially ranging from echolocation, advertisement of reproductive status and resource
availability, social cohesion, to predator avoidance. Here, using active acoustics whereby the
study subjects were observed throughout their activity period, we describe the first purely
ultrasonic call from a strepsirrhine primate (family Lorisidae), recorded in a completely wild
setting, and hypothesise about its function. We identified one type of ultrasonic call, the
doublet click, from 14 Javan slow lorises (Nycticebus javanicus) produced by males and
females of juvenile, subadult and adult ages within their social groups (n=791, x=46.0 kHz).
We ran Quadratic Discriminant Function Analysis finding dominant frequency and doublet
click duration as the key parameters for identifying individuals’ sex and age. Significantly
more vocalisations were produced during affiliative social behaviour suggesting that the call
serves a social cohesion function. Considering the range of other cryptic behaviours
including slow and silent locomotion, and the high degree of territoriality associated with
venomous attacks with conspecifics, the call may also serve as a safety strategy, allowing
family members to monitor their territories from other slow lorises and to communicate

cryptically whilst avoiding predators.
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Introduction

Vocalisations with sonic (20 Hz — 20 kHz) fundamental and dominant frequencies, containing
harmonics reaching into the ultrasonic range, are relatively common in mammals. Yet only a
few species are known to emit pure ultrasonic vocalisations, occurring across a range of
orders (Carnivora, Cetacea, Chiroptera, Rodentia, Primates) [Gould et al., 1964; Blumberg,
1992; Wilson and Hare, 2004]. In general among animals, ultrasonic vocalisations have four
primary functions: echolocation, advertisement of reproductive status and resource
availability, social cohesion, and predator avoidance (crypsis) [Gould et al., 1964; Arch and

Narins, 2008; Coleman, 2009; Ramsier et al., 2012b].

Among Primates, smaller taxa predominantly use calls with ultrasonic components including
Callithrix, Carlito, Cebuella, Cheirogaleus, Galago, and Microcebus, with only two genera
larger than 1 kg known to use such calls -- Nycticebus and Prolemur. Only two species of
primates, both haplorhines, are reported to produce vocalisations purely in the ultrasonic
range: the Philippine tarsier (Carlito syrichta) and the spectral tarsier (Tarsius tarsier)
[Braune et al., 2005; Ramsier et al., 2012a; Gursky-Doyen, 2013; Gursky, 2015]. With the
exception of Gursky [2015], all previous studies of ultrasonic communication in these
primates have been conducted in captive or semi-captive settings. The function of ultrasonic

calls in primates remains an area of debate.

Slow lorises (Nycticebus spp.) are cryptic nocturnal primates, for which calls with ultrasonic
components have been identified in captivity. Slow lorises emit a range of sonic calls in
territorial or threatening situations, or during juvenile contact, all of which have ultrasonic
components. Captive infant Bengal slow lorises (N. bengalensis — the largest of the slow loris
species, reaching up to 2 kg) were previously documented emitting potentially pure
ultrasonic calls during times of danger (visual isolation from parent and human handling)
and while infants “explored” their environments [Zimmermann, 1981, 1985]. No
spectrograms or descriptions were produced for these calls. In wild studies of N. pygmaeus,
N. coucang, N. menegensis and N. javanicus, long distance calls, in particular sharp
monosyllabic whistles, are rarely heard by observers (Nekaris, unpublished data). Yet loris
behaviours, including the rapid pin-pointing of individuals beyond visual contact as well as

the assemblage of multiple animals at a sleep site without any obvious gathering cues,
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suggest the presence of calls inaudible to human observers [Nekaris, 2003; Nekaris et al.,

2006].

Nycticebus javanicus is a nocturnal arboreal primate, with adults weighing on average 905 g.
They live mainly in uni-male, uni-female social groups with home-ranges of approximately
4.5-10 ha, and use venom to defend these territories [Nekaris, 2014]. For animals with
shorter distances between the ears, such as N. javanicus, information from the longer
wavelength of low frequency sounds is not picked up as readily as higher frequency ranges
[Heffner and Heffner, 1992; Popper and Fay, 1997]. The small body size of slow lorises may
have made ultrasonic contact calls evolutionarily favourable for communicating one’s
location to conspecifics [Ramsier et al., 2012b]. Additionally, animals that live in an
environment with signal interference from broadband, low-frequency sounds—such as
forest insects and rain— may gain a significant increase in the signal propagation and clarity
of their calls by calling in a comparatively noise-free ultrasonic frequency range. This
increase in propagation and clarity may offset some of the attenuation issues associated
with high-frequency sounds. Although the hearing ability of N. javanicus remains unknown,
captive animals, subsequently identified as N. bengalensis, reached sensitivities of 45.3 kHz
[Ramsier and Dominy, 2010]. This hearing ability may also help slow lorises to detect
ultrasonic call-emitting insects on darker nights [Ramsier et al., 2015]. These factors point to

the high potential for presence of pure ultrasonic calls in wild Javan slow lorises.

Here, we present the first recordings and full description of a purely ultrasonic call made by
a strepsirrhine primate, the nocturnal Javan slow loris (Nycticebus javanicus). We define the
acoustic and temporal structure of the pure ultrasonic call, and examine its behavioural
context. We tested the potential function of the call, including echolocation, resource
advertisement, and social group cohesion, and as an anti-predator strategy. In particular, we
hypothesised an echolocation function if the call was used most often in contexts of feeding
on fast-moving prey; resource advertisement if it was used most often in contexts of finding
clumped resources such as gum or flowers; social cohesion if it was used most often in
social meetings with other animals during the night or for gathering at sleep sites; or as an
anti-predator strategy if it was emitted in the presence of potential predators, including

humans during capture for health checks.
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Methods

We conducted the research near Cipaganti, Garut Regency, West Java (S7°6'6 - 7°7'0 & E
107°46°0 - 107°46’50). The habitat consists of agricultural fields interspersed with bamboo
and tree plantations and forest patches [Rode-Margono et al., 2014]. We conducted the
study on a population of N. javanicus that has been continuously monitored since 2012. We
collected vocal data on 14 radio-collared individuals from December 2015 until May 2016.
We located the individuals using radio-collars weighing 17 g, a Sika receiver with the
function to scan group members’ positions continuously, and a Yagi-Flex antenna (Biotrack,
UK). We observed focal individuals between 1700 h and 0500 h, using Clulite head-torches
fitted with red-filters. As animals were habituated, the average follow distance was
approximately 5 m from the focal animal, but calls were often heard and recorded from
animals at distances greater than this, and we recorded distance to the caller whenever we

could with a measuring tape or a laser range finder (Bushnell Yardage Pro).

We used five-minute focal instantaneous sampling to collect general behaviour about slow
lorises following a standard ethogram of the long-term project [Rode-Margono et al., 2014;
Poindexter and Nekaris 2017]. The main behaviours include solitary inactivity, alert, travel,
forage, feed, aggressive and affiliative social behaviour. We defined ‘affiliative social
behaviour’ as animals following or leading each other, allogrooming, carrying an infant,
entering a sleep site, and being in social proximity (<10 m) to other lorises, including resting
in proximity [Rode-Margono et al., 2014]. Whenever we detected a vocalisation, we
collected continuous data on the behaviours occurring during the calling bout [Altmann,
1974; Rode-Margono et al., 2014]. We also recorded vocalisations during the capture
procedure to change animals’ radio collars and conduct health checks. All animals in this
study had known life history data, including sex, age, and social partners. Six of these
animals were part of a social pair where both adults of the pair wore radio collars, and had
1-2 dependent young at the time of this study. Except for animals with unknown birth dates
that were already adult as of 2012 when the study began, we knew the actual age of each
animal and calculated their age class as follows [with slight modification from Poindexter
and Nekaris 2017]. Infants (1 day to 12 weeks old) were parked, moved only a few trees

from the parking site, were largely dependent on the mother for milk, or were frequently
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carried by family members. Juveniles (5 months to 11 months old) increase their home
range size, decrease dependence on the mother for milk, but retain a long fluffy coat, and
are occasionally carried by family members. Subadults (~12 months to ~ 20 months) begin
forays outside the home range, increase their home size, no longer suckle, and largely lose
the long fluffy hair of younger animals. They engage in social interactions, and may carry
siblings, but are no longer carried themselves. As Javan slow lorises are extremely territorial,
no other slow lorises were present in their ranges. Exceptions included non-temporal
overlap with neighbours and dispersing individuals that briefly traversed the ranges of
settled animals. The subpanel for Ethics in Animal Research of Oxford Brookes University

approved the methods used in this project.

We recorded the vocalisations using a Wildlife Acoustics Echo Meter 3+ (EM3+) and SMX-UT
ultrasonic external microphone fitted with a directional horn (WildlifeAcoustics.com).
During all-night follows, one tracker detected the animal and its social partners, one
researcher collected data, and one researcher continuously pointed the microphone at the
focal animal. The calls were sorted every following day to search for the signature of a
possible ultrasonic call. Once we determined the presence of an ultrasonic call, we verified
it in the field by pointing the Echo Meter directly at a focal animal, clarified the call was
coming from the animal and/or its partner(s), and thereafter could identify the call
whenever it was being made. We set the bit-depth to 16-bit and the sampling rate to 256
kHz, allowing for calls up to 128kHz to be recorded [Diniz et al., 2002]. Real Time Expansion
with an audio frequency division of 10 (RTE 10) allowed continuous monitoring and
recording of all frequencies within sample rate. Heterodyne monitoring during vocalisations
allowed for higher quality in-field analysis, without compromising the recording output. We
standardised gain at +36 dB. Every time a vocalisation was detected, we noted distance to
the animal, and behaviour. We noted caller’s distances to social partners by checking their
radio signal of group members, or visually spotting the partner(s), and measuring the
distance with a measuring tape or a laser range finder. Maximum propagation distance was
calculated by detecting the distance to the individual making a series of calls from the

location of the recorder holding the Echo Meter.

Data Analyses
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After converting our output into .WAV files, we generated spectrograms for all recordings
using Raven Pro 64-bit [Program, 2014]. After testing these for autocorrelation with a
Pearson’s correlation test, we only included five in our analysis (Table 1). We used the
following Raven Pro settings for the analysis: brightness = 50; contrast = 95; spectrogram
window size (FFT size) = 2046; Hann spectrogram slice view = 256 samples (3dB Filter
Bandwidth of 1438 Hz); and greyscale map. We matched each call to the behavioural

context by looking at the exact times and dates of the recordings.

Using a Kolmogorov-Smirnov test we found that data were not normally distributed. We
created an expected occurrence of vocalisations (based on the behavioural activity budget
from 14 focal individuals, n = 1225), and then ran a Pearson’s chi-squared test to determine
whether the expected occurrences were different from the observed occurrences of
vocalisations (n = 293). We used quadratic discriminant function analysis (QDFA) with cross
validation to ascertain if certain acoustic and temporal variables could be used to distinguish
different age-classes (adult, sub-adult, and infant) and different sexes [Kessler et al., 2012].
We ran a follow up MANOVA test to ascertain whether the variables selected via the QDFA
differed significantly between sex and age classes. We only used calls from individuals of
known age- and sex-class for the analysis (Ncaiis = 89; Nindividuals = 13). We performed all
statistical analyses using the statistical software R (version 3.5.1) [R Development Core
Team 2018], with the “MASS” package [Ripley et al., 2018], “klaR” package [Roever et al.,
2018], and “rrcov” package [Todorov, 2018] installed.

Results

Description of the Doublet Click Call

We recorded one type of ultrasonic vocalisation (n = 791) in 552 hours of behavioural
observations. The ultrasonic call of N. javanicus is emitted purely in the ultrasonic frequency
range (x= 46.00 kHz; bandwidth: 22.66 - 62.02 kHz). The call is emitted by both sexes and we
recorded it for juveniles, subadults and adults in a social group. The call can be emitted by a
single individual or by up to four individuals that appear to call in response to one another.

We heard pairs, trios and quartets of animals making counter-calls. We could record the
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distance of the recorder to the slow loris caller 532 times. The distance ranged from 3 m to
131 m (x=20.12 m + SD 29.9). Amplitude was not dependent on the distance of the recorder
(n =532 Pearson’s X2 =-0.04, df = 1, p = 0.494).

Calls were composed of a variable number of paired pulses, hereafter termed ‘doublet
clicks’ (Fig. 1, Table 1). Each call was composed of between 1 and 2141 doublet clicks. A new
call was deemed to have started if the inter-doublet click duration exceeded twice the
average inter-doublet click duration (> 116 ms). A single bout consisted of 10.15 + 50.0 [x
SD] calls, with the longest recorded bout consisting of 443 calls made by four different
individuals in a single social group. Nycticebus javanicus produced an average of 6.66 + 2.08
bouts per active period (between 1730h and 0600h), with calls being produced at any time
during this active period. We found no significant difference in call rate across the active

period.

Behavioural Context of Doublet Click Call

Of 791 calls recorded, we obtained behavioural context and caller identity for 532 (Fig. 2).
The occurrence of vocalisations significantly differed between behaviours (n = 532 Pearson’s
X?=293.7,df =7, p < 0.001). The doublet click call was emitted most commonly during
affiliative social behaviour (359 of 532 calls, or 67.5% of calls), while animals followed or led
each other or entered a sleep site. The second most common associated behaviour was
foraging, during which 16.2% (86 of 532 calls) of calls were emitted. All other behaviours
made up the remaining 16.4% of calls. A single call was emitted when a mother was carrying
a juvenile, although the caller could not be distinguished. We could measure the distance
between callers 83 times, with distances ranging from 0-110 m (x=11.8 m + SD 16.3). Of
these distances, 67% were associated with the behavioural category affiliative social

behaviour (e.g. were 10 m or less).

Information Encoded in Doublet Click Call
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We could enter 89 calls (Naduit= 58; Nsubaduit = 14; Njuvenile = 17; Nmale = 53; Nfemale = 36) of 14
individuals into the QDFA. A TQDFA model including both sex and age classes as grouping
factors generated three components. A follow up MANOVA test indicated a significant
difference in call types between males and females (Wilks’ lambda = 0.816, F,3. = 8.570, p =
0.015) with the second component (which expresses an association with doublet click
variation) and the third component (which expresses an association with dominant
frequency) explaining the variation (second component: F183=17.239, p < 0.001; third
component: F135=5.019, p < 0.028) (Table 2). The MANOVA model indicated a significant
difference in call types between age classes (Wilks’ lambda = 0.876, Fa4,162 = 2.609, p = 0.038)
with the first component (which expresses an association with inter-doublet click duration,

dominant frequency, and call duration) explaining the variation (F1,ss= 4.097, p = 0.020).

Discussion

We have confirmed that N. javanicus produces one type of vocalisation purely in the
ultrasonic range: the doublet click call. The doublet click call has a similar acoustic and
temporal structure to the ultrasonic “doubles” described for T. tarsier by Gursky [2015]. The
dominant frequency [x= 46.0 kHz] of the doublet click call suggests N. javanicus has a higher
frequency sensitivity than Ramsier and Dominy’s [2010] finding of 45.3 kHz for captive slow
lorises (probably N. bengalensis, previously lumped into one species N. coucang). This
finding marks the third time that a pure ultrasonic call has been documented in primates,
and the first time that an ultrasonic call has been documented in strepsirrhine primates

[Ramsier et al., 2012a; Gursky, 2015].

Ours is the first study to record the ultrasonic vocalisations of a primate in a completely wild
setting using active recording techniques whereby animals were followed and observed
throughout their entire activity period to understand the context of the call. We found that
significantly more vocalisations were produced during affiliative social behaviour and that
doublet click calls contained information on sex and age, most prominently in doublet click
duration and dominant frequency, suggesting a affiliative function for this call. We made

these recordings during behavioural observations that formed part of a long-term ecological
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study on N. javanicus, allowing us to test several hypotheses regarding the function of

ultrasonic calls in primates.

Echolocation

Researchers have documented different forms of echolocation in several species including
shrews, birds, tenrecs, humans, and most notably bats and dolphins [Gould et al., 1964;
Gould, 1965; Sales and Pye, 1974; Forsman and Malmquist, 1988]. The doublet click call
described here is very similar in acoustic and temporal structure to that of the echolocation
calls of several bat and dolphin species [Au, 1997; Thomas et al., 2004]. If the calls serve to
echolocate prey, conspecifics, or are used for general navigation, we would not expect to
see such highly developed visual and olfactory anatomy present in N. javanicus and the call
would be emitted far more frequently during foraging behaviour [Hill, 1953; Loo and
Kanagasuntheram, 1973; Kavanau and Peters, 1979]. The potential for use of the call for
navigation could be further explored, but unlike mouse lemurs and tarsiers, slow lorises
move stealthily and use the same travel routes with high fidelity [Nekaris et al., 2017]. Thus,
its use for navigation is also not likely. Therefore, an echolocation function is unlikely but
requires further investigation, potentially using sensory deprivation experiments [c.f.

Pariente, 1974].

Resource Advertisement

Many taxa use vocalisations to advertise their reproductive status to the opposite sex and to
attract mates, or to advertise food availability [Montgomerie and Thornhill, 1989; Cocroft
and Ryan, 1995; Semple and McComb, 2000]. We never heard N. javanicus produce the
doublet click in a mating context, and rarely heard it during feeding. Regarding reproductive
advertisement, the doublet click call is produced by all mobile age-classes and both sexes,
and only within a social group. We did not collect data on female reproductive status
frequently enough to test for variation in call occurrence relative to reproductive status.
Regarding advertisement of food availability, by informing conspecifics of where food is
found, individuals may lose out on a monopoly on the food source. Alternatively food
advertisement may benefit individuals by increasing reproductive chances or reducing
aggression from dominant individuals [Judd and Sherman, 1996; Gros-Louis, 2004].

Nycticebus javanicus does not appear to live in hierarchical social groups and foraging is a
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largely solitary behaviour. Furthermore, their two main food sources, nectar and gum,
occur in discrete defendable patches that animals use on a regular basis [Cabana et al.,
2018]. The rarity of the doublet click call during feeding behaviour, and the types of foods
exploited by N. javanicus, suggest that the call does not play a role in advertising food

resource availability.

Social Group Cohesion

Contact calls are common among birds and primates to maintain cohesion with conspecifics
that are beyond visual contact [Oda, 1996; Kondo and Watanabe, 2009]. Improved hearing
sensitivity to detect complex calls has also been suggested to have co-evolved with social
complexity [Ramsier et al., 2012b]. The significant use of the doublet click call by N.
javanicus during affiliative social behaviour suggests that its main function is for social group
cohesion. The typical social group of N. javanicus comprises an adult male and female with
two to three offspring. Infant slow lorises are carried for two to four weeks following birth.
After that time, the young loris is parked near the sleeping site while other group members
forage [Nekaris, 2003; Wiens and Zitzmann, 2003]. At this time, group members frequently
visit the infant during the night, and we observed animals using the doublet click to join up
with parked juveniles [Nekaris, unpublished data]. For this infant care strategy to be
effective, the social group may need to remain in contact even when visual contact is lost,

whilst at the same time avoiding predator detection.

An effective contact call should be encoded with information about the caller’s identity and
distance [Kondo and Watanabe, 2009]. We showed that the doublet click calls were
encoded with information about age-class and sex. We also found that the calls could be
detected by our recording equipment until at least 131 m, a distance suitable for carrying
across the average length of agricultural fields bordered by rows of tree in our study area.
The limited transmission distance of these ultrasonic calls may force social groups to remain
in close proximity, thereby reducing predation risk, reducing extra-pair copulation,
strengthening pair-bonds, and reducing aggressive encounters with aggressive extra-group
conspecifics [Arch and Narins, 2008] . Further studies should investigate if information on

the callers’ identity is also encoded in the call.
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Predator Avoidance and Conspecific Defense

The doublet click call has an added advantage to facilitate predator avoidance, and may
form an additional strategy within a cryptic behavioural repertoire of slow lorises (silent
movement, camouflage, etc.) [Wiens and Zitzmann, 2003; Nekaris et al., 2006]. In
comparison to sonic calls [c.f. Zimmermann, 1985], ultrasonic vocalisations are relatively
common throughout their active period. Despite the presence of a range of potential
predators at our study site, we have not yet observed predation. These observations confer
limited predation on Nycticebus across their range [Wiens et al., 2006; Starr et al., 2012;
Nekaris et al., 2013]. Another obvious animal to avoid are neighbouring slow lorises. The
venom of slow lorises is used to defend territory and can be deadly to other slow lorises
[Nekaris et al., 2013; Fuller et al., 2018] Ultimately, the doublet click call may have evolved
to communicate with group members cryptically while avoiding advertisement to predators,

and either warning off conspecifics, or monitoring the location of vulnerable young.

Despite their frequent designation as solitary, strepsirrhine primates have long been known
to maintain complex social relations. We provide compelling evidence that the doublet click
call may facilitate maintaining and seeking contact. For the highly-cryptic slow lorises, an
inconspicuous call has advantages for seeking conspecifics in parenting, especially in
relation to infant parking and independent foraging from older offspring. Contact calls that
allow constant communication with offspring whilst evading the ability for potential
predators to hear the call, represent a clever trade-off for increased crypsis while

maintaining social cohesion.
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Figure Headings

Fig. 1 - Spectrograms of the pure ultrasonic call emitted by N. javanicus the ‘doublet click’,

showing some acoustic and temporal variables

Fig. 2: (a) Barplot showing expected occurrence of vocalisations versus observed occurrence
of vocalisations for each behavioural category; (b) Barplot showing the distribution of
residuals following Pearson’s X? test for each behavioural category (FE — feeding, FO —
foraging, CA — capture, SY — solitary resting, TR — travel, AL — alert, AF — affiliative, AG —
aggressive). Asterisks (*) indicates residuals greater than 1 standard deviation (1.96), at 95%

confidence intervals.
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