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Abstract
Tree hyraxes (Dendrohyrax spp.) are highly vocal, elusive nocturnal mammals that live in forests across much of Sub-Saharan 
Africa. Here, we studied how tree hyrax acoustic communication activity varies during the year in a moist montane forest 
in Taita Hills, Kenya. Our study increases the knowledge about the seasonal and diel variation in tree hyrax calling activ-
ity and on the impact of exogenous factors on the calling behavior of the species. A group of tree hyraxes called 700–2000 
times during the night, and calling rate was highest during dry season months. Calling activity was bimodal, with peaks 
between 19.00 and 20.00 h in the evening and between 04.00 and 05.00 h in the morning; however, counter-calling bouts 
occurred throughout the night. Singing peaked in May, possibly coinciding with the species’ mating season. Calling activity 
decreased during full moon phases, probably because the animals felt vulnerable to predation. Tree hyrax calling was sup-
pressed by rain, as rainfall is a powerful acoustic competitor. Annual changes in night temperature, the background chorus 
of vocalizing orthopterans, or the competing calls of nocturnal primates did not reduce tree hyrax calling rates. The latter 
suggests that sympatric nocturnal mammals have adapted to each other’s calls as an intrinsic feature of the soundscape of 
their forest habitat.
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Introduction

Seasonal and diel variation in acoustic communication 
of animals is connected to changes in response to social, 
intrinsic (nutritional status, reproductive cycle), and envi-
ronmental factors (Walsh and Inglish 1989; Wilkins et al. 
2013; Staicer et al. 2020). Studies on seasonal and diel 
variations in terrestrial mammals are limited in number, 
but studies have been done, e.g. on coyotes (Canis latrans) 
(Walsh and Inglish 1989), fallow deer (Dama dama) (McEl-
ligott et al. 1999; Pitcher et al. 2014) and black-and-gold 
howler monkeys (Alouatta caraya) (Pérez-Granados and 
Schuchmann 2021a). Long-term acoustic surveys are also 
commonly used in studies of aquatic mammals such as 
whales (e.g., Risch et al. 2013; Español-Jiménez and van 
der Schaar 2018; Narganes Homfeldt et al. 2022) and pinni-
peds (Rouget et al. 2007; Kunc and Wolf 2008; Van Opzee-
land 2010; Frouin-Mouy et al. 2015). This topic has been 
studied more in birds (e.g., Kloubec and Čapek 2005; San-
doval et al. 2016; Pérez-Granados and Schuchmann 2020; 
2021b; Pérez-Granados et al. 2022) and amphibians (e.g., 
Pereyra et al. 2016; Nelson et al. 2017; Boquimpani-Freitas 
et al. 2007). These studies have revealed patterns related to 
distribution, breeding periods, responses to moon cycle and 
rain, and also diel differences between species.

Changes in acoustic communication may be related to 
food availability. For example, loud roars of black-and-
gold howler monkey in the Brazilian Pantanal are most 
common during the time when fruits are most abundant 
(Pérez-Granados and Schuchmann 2021a). In black-and-
gold howler monkeys, this may indicate that major feeding 
sites are defended by roaring.

Seasonal patterns, with high calling rate during the 
mating season, are found in some mammalian species. 
For example, fallow deer bucks are highly vocal during 
the mating season, when call rates of males may be over 
3000 groans per hour (McElligott et al. 1999; Pitcher et al. 
2014). Such a high calling rate is observed when both oes-
trous females and competing bucks are present. Galápagos 
sea lions (Zalophus wollebaeki) are vocally active during 
the breeding season, and territorial males vocalize more 
than non-territorial males (Kunc and Wolf 2008). In this 
species, territorial vocalizations are used in the context 
of male–male interactions, and vocal activity is higher if 
there are several females around. Thus, females may assess 
males’ quality by their calls. Also, coyotes are more vocal 
during their reproductive period (Walsh and Inglis 1989).

Behavior, including acoustic communication of some 
nocturnal animals, is also affected by periodic phases of 
moonlight (Kronfeld-Schor et al. 2013). Often potential 
prey species reduce their activities during full moon, to 
avoid being spotted by predators (Julien-Laferriere 1997; 

Starr et al. 2012; Studd et al. 2019). Studies have found that 
activity patterns of rodents, lagomorphs, chiropterans and 
carnivores are suppressed by moonlight (Prugh and Golden 
2014). However, some species increase their activity during 
bright moonlight, as moonlight may improve the possibility 
to forage more effectively, and/or increase the chance to 
detect predators (Nash 2007). For example, small primates, 
spectral tarsiers (Tarsius spectrum) increase their activity 
during bright moonlight (Gursky 2003).

Rainfall is one of the most obvious and often dominant 
geophonic sources of sound in nature (Sánchez-Giraldo et al. 
2020). Rainfall causes noise, which during heavy outpours 
can reach up to 10 kHz, thus reducing or even blocking the 
acoustic window for most other sounds. However, rela-
tively few studies have focused on rainfall identification in 
acoustic recordings of terrestrial ecosystems (Ferroudj et al. 
2014; Bedoya et al. 2017; Sánchez-Giraldo et al. 2020) . 
In the tropics, rainfall is known to influence the temporal 
activity patterns of African elephants (Loxodonta africana) 
(Birkett et al. 2012), anurans (Gottsberger and Gruber 2004) 
and birds (Keast and Marshall 1954). Rain may also cause 
short time-span changes in animal behavior. For example, 
rain stimulates sexual behavior in Galápagos finches (Lack 
1950), and in anurans, rain may interrupt calling, probably 
because of acoustic interference (Zina and Haddad 2005).

The insect choruses of tropical forests can often cause a 
significant amount of at times ear-piercing background noise 
(Luther and Gentry 2013; Hart et al. 2015). In East Africa, 
the most vocal insects are often orthopterans including bush 
crickets and crickets (Hemp 2021). In Central America, 
some birds evade competition with high amplitude cicada 
choruses by avoiding sounds in the same frequencies or by 
communicating at times when the insect chorus has died 
down (Hart et al. 2015; Stanley et al. 2016). When insect 
noise was studied at different heights up until 21 m, no 
major differences in signal attenuation were observed along 
the vertical canopy gradient (Ellinger and Hödl 2003). In 
unaltered, old growth habitats birds, many mammals and 
amphibians tend to vocalize in acoustical niches unimpeded 
by background noise caused by chorusing insects (Krause 
1987; Brumm 2006; Egnor et al. 2007; Wilson et al. 2016).

Tree hyraxes (Dendrohyrax spp.) are medium-sized, arbo-
real, nocturnal mammals that mainly browse on leaves of 
woody plants (Roberts et al. 2013) (Fig. 1). Trees and woody 
climbers used by tree hyraxes for feeding and resting in Taita 
Hills are listed in Rosti et al. (2022).

In the Taita Hills, other vocally active nocturnal callers are 
two species of galagids (Galagidae), the small-eared greater 
galago (Otolemur garnettii lasiotis), from here on referred to 
as ‘Otolemur’, and the local dwarf galago (Paragalago sp.). 
Both primates have diverse and species-specific vocal reper-
toires (Bettridge et al. 2019; Butynski et al. 2006; Harcourt 
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and Perkin 2013). Otolemur is common in both forests, farm-
lands, and villages, whereas the dwarf galago is a very rare and 
nearly extinct species strictly confined to indigenous montane 
forests (Rosti et al. 2020b; Pihlström et al. 2021). Especially 
the relatively large Otolemur is a potential acoustic competitor 
of tree hyraxes, as it uses the same frequencies in its acoustic 
communication.

We studied acoustic communication of tree hyraxes, which 
represent a characteristic and loud component of the diverse 
and dynamic night-time soundscape of indigenous montane 
forests of the Taita Hills. We analyze annual, monthly, nightly, 
and short-term temporal patterns of acoustic communication. 
Our first aim is to detect possible links between vocal activity 
and environmental fluctuations, including those caused by the 
moon cycle and seasonal differences in night-time temperatures. 
The second aim is to reveal possible effects of acoustic compe-
tition on tree hyrax calling activity, with special emphasis on 
background noise caused by rain, Otolemurs, and the Orthoptera 
choir. In addition to calling activity, we describe monthly tem-
poral patterns of tree hyrax songs. We predict tree hyrax calling 
activity to fluctuate with the seasonal fluctuation of dry and wet 
seasons. We also expect rainfall and full moon to decrease call-
ing activity of tree hyraxes. Regarding the Orthoptera choir and 
Otolemur calls, we predict that background noise caused by the 
potential competitors will not have a marked impact on the call-
ing activity of tree hyraxes, as all these animals have lived in the 
same soundscape for possibly millions of years and should thus 
have had ample time to adapt to each other.

Methods

Study site

The Taita Hills belong to the Eastern Arc Mountains in 
south-eastern Kenya, where they rise from the surrounding 

dry plains to a series of mountain ridges. The Taita Hills 
are part of the Eastern Afromontane Biodiversity Hot-
spot (Myers et al. 2000; Burgess et al. 2007; Gereau et al. 
2016). Combined natural moist tropical cloud forest cover 
in the Taita Hills is about 8  km2 (Wekesa et al. 2020; Zhao 
et al. 2022). The remaining fragments surrounding the 
peaks of the mountain ridges are one of the most threat-
ened forests worldwide (Burgess et al. 2007; Githuru et al. 
2011). Forest cover of these indigenous forest fragments 
decreased between 2003 and 2018 (Teucher et al. 2020; 
Wekesa et al. 2020).

The research was conducted in Ngangao Forest (size 
120 ha), Taita Hills (− 3.3703 S, 38.342 E) at the altitude 
1790 m a.s.l. (Fig. 2a). Ngangao is a remnant patch of most 
indigenous lower montane forest with a high and multi-
layered canopy (Thijs 2015). Examples of tree species 
include Pouteria adolfi-friedericii, Newtonia buchananii, 
Tabernaemontana stapfiana, Albizia gummifera, Strom-
bosia schefflera, Syzygium cordatum and Ficus thonnicii, 
often supporting dense growths of woody climbers. We 
chose the research site based on the results of our previous 
study (Rosti et al. 2022), where we found the chosen site 
to have the highest tree hyrax density anywhere in Taita 
Hills. We estimate that it may support a group of 20 or 
more tree hyraxes. However, the animals are rarely seen 
and impossible to count, as they mostly inhabit the higher 
canopy layers reaching elevations up to 48 m (Fig. 2b).

The distance from the study site to the forest edge was 
300 m. The night-time temperatures during 2021 inside the 
forest varied between 10.0 and 19.2 °C (Fig. 3a). Annual 
rainfall in 2021 was 1140 mm. Longer rains typically occur 
in March, April, and May, and short rains in November 
and December (Fig. 3b). The upper slopes of the moun-
tains receive moisture brought by the trade winds, and this 
is enough to sustain evergreen montane forests.

Study species

Tree hyraxes belong to the Afrotheria group and are thus 
distantly related to elephants and sirenians (Springer et al. 
1997; Stanhope et al. 1998; Nishihara et al. 2005; Tabuce 
et al. 2008). Tree hyraxes have labile body temperatures, 
and this allows male tree hyraxes to have internal testes 
(Glover and Sale 1968). As tree hyraxes are difficult to 
locate and observe, only a few behavioral studies exist. 
Milner and Harris (1999a, b) studied a population of 
Southern tree hyrax (Dendrohyrax arboreus) in the Parc 
National des Volcans, Rwanda. They discovered that at 
this location, D. arboreus was only using loud calls and 
nocturnal screaming during the dry season, and vocaliza-
tions had different temporal pattern during dry and wet 
season. Over the 4-month study period, tree hyrax ranges 

Fig. 1  Taita tree hyrax (Dendrohyrax sp.) in Ngangao Forest, Taita 
Hills, Kenya. Photo: Hanna Rosti
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continuously changed (Milner and Harris 1999b). Core 
areas of females overlapped, with several females occu-
pying male territories, but no evidence of males sharing 
common habitats was found. Djossa et al. (2012) stud-
ied calling activity and patterns of what they considered 
to represent a Western tree hyrax (Dendrohyrax dorsalis 
sylvestris) with passive acoustic monitoring (PAM) in a 
forested area of 162  km2 in Benin and reported signifi-
cantly higher calling rates from interior areas of the for-
ests. However, Oates et al. (2022) recently described a 
new tree hyrax species from the same area, the Benin tree 
hyrax (Dendrohyrax interfluvialis). Thus, the species stud-
ied by Djossa et al. (2012) was in fact D. interfluvialis. 
Topp-Jørgensen et al. (2008) estimated tree hyrax den-
sity in Udzungwa Mountains, Tanzania, by using circular 
plot counts of calling individuals, latrine counts, and day-
time transects. They concluded that tree hyrax population 

density decreases with increased human disturbance, hunt-
ing and logging. Rosti et al. (2022) estimated tree hyrax 
(Dendrohyrax sp.) population density in Taita Hills using 
PAM in five different forests and concluded that tree hyrax 
density significantly decreases with decreasing forest size. 
Tree hyrax populations that encounter human disturbance 
changed their bimodal calling pattern and only called 
between 02.00 and 04.00 in the morning, possibly to avoid 
being detected by poachers (Rosti et al. 2022). Other stud-
ies have concluded that tree hyrax density is highest in 
natural intact moist forest, with old hollow trees, woody 
lianas and closed canopy, as these are elements of safety 
for tree hyraxes (Kundaeli 1976; Gaylard and Kerley 2001; 
Roberts et al. 2013; Opperman et al. 2018). However, tree 
hyraxes may be found in caves and rocky outcrops, where 
they can also find hideouts (Kingdon 1971; Seibt et al. 
1977; Rosti et al. 2023).

Fig. 2  The study site in Ngangao Forest, Taita Hills, Kenya. a Loca-
tion of Taita Hills, Kenya, also showing the locations of remaining 
indigenous moist montane forests (yellow) and the study site in Ngan-

gao Forest (red triangle) (Map data. b Ground lidar image depicting 
transect of 25 m in multi-layered and wine-rich canopy structure. The 
maximum height of the emergent tree is 48 m. © 2015 Google)

Fig. 3  Climate of the study site in Ngangao Forest, Kenya. a Variation of monthly minimum temperatures in 2021, measured from 15 cm above 
the ground. b Monthly precipitation in 2021 from Helsinki University weather station at Kishenyi (elev. 1590 m a.s.l., ca. 1 km from study site)
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Acoustic calls and songs of tree hyraxes in the Taita 
Hills

In the Taita Hills, acoustic communication of tree hyraxes 
is very active, with up to 2000 calls recorded from a single 
forest site during one night (Rosti et al. 2022). Some calls 
are very loud, exceeding 100 dB (Rosti et al. 2020a). Tree 
hyrax calls are short, and typically repeated 1–100 times 
by the same individual (depending on the call type). The 
vocalizations cover a lot of acoustic space with frequency 
ranges between 200 and 20 000 Hz (Rosti et al. 2020a). The 
dominant frequency range is from close to 0 to 6500 Hz, 
and harmonics are rare. Many vocalizations are counter-
calls between different individuals, and often used as calling 
sequences. Most common calls used by tree hyraxes in the 
Taita Hills are strangled thwack and hac calls (Fig. S1) (Rosti 
et al. 2020a, b). However, tree hyraxes in the Taita Hills have 
a wide repertoire, and different calls are consistently modi-
fied and recombined. Most likely tree hyraxes have individ-
ual batches in their calls, making them individually different. 
This makes description of the calls challenging. Calls may 
exceed over 100 dB, or they may be quiet. The animals may 
call from all heights, and from the ground. Typically, 4–6 
individuals take part in counter-calling sequences from dif-
ferent parts of the group’s habitat. Many individuals from 
the group keep on resting or feeding, and do not participate 
in counter-calling. Important and interesting elements of 
acoustic signals of tree hyrax in Taita Hills are songs that 
were found only recently (Rosti et al. 2020a, b). Songs are 
by definition long, and complex vocalizations, and usually, 
but not always, produced by males (Catchpole and Slater 
2008). Songs have been studied extensively in rock hyraxes 
(Procavia capensis) (Koren 2006; Koren and Geffren 2011; 
Demartsev et al. 2014; 2017; 2022). Tree hyrax songs from 
Taita Hills and rock hyrax songs have similar vocal elements 
that suggest shared evolution. Wheeze from Taita Hills tree 
hyrax is comparable to rock hyrax wail, and both species 
have chuck calls (Demartsev et al. 2017; Rosti et al. 2020a; 
2022). In rock hyraxes, the singers are mostly males, and 
songs have individual signatures (Demartsev et al. 2022). 
High-ranking rock hyrax males have better rhythmic sta-
bility in their songs and better reproductive success. Tree 
hyrax songs have been recorded from the forests of Ngan-
gao, Mbololo and Vuria in Taita Hills (Rosti et al. 2022). 
We have categorized a calling sequence as a song if it has 
at least three continuous vocal sequences each lasting more 
than 5 s; between these song periods there are periods of 
silence (Fig. S2). Typically, tree hyrax singing continues 
from 20 min to3 h. If more than one individual is singing, 
songs will last longer. Songs of one individual tree hyrax 
may continue well over 20 min, with some pauses between 
sequences. When several individuals are singing, the singing 
bout will last longer.

Data collection

Recordings

Passive acoustic monitoring (PAM), offers an effective, 
and increasingly more common method for documenting 
and analysing trends in biological communities (Thompson 
et al. 2009; Marques et al. 2013; Hill et al. 2018; Lawson 
2022). For this study, recordings were made with passive 
recorders, AudioMoths (v1.1.0 Open Acoustics Devices, 
Southampton, UK), between 19.00 and 06.00 for a week in 
each month from 1 February 2021 to 31 May 2022. Taita 
tree hyraxes call almost exclusively during the night between 
19.00 and 06.00 (Rosti et al. 2022). A recorder was placed 
at four meters above ground level on a very large Poute-
ria adolfi-friedericii trunk providing support to a sizeable 
strangler fig (Ficus thonningii). Sample rate was 44,100 Hz, 
later (as AudioMoths were updated) 48,000 Hz, period of 
recording 60 s. Due to failed recordings or timestamps and 
other errors, data collection was not successful in April and 
May 2021. These months were added to the data from 2022.

Climate data

Rainfall was measured at 1.5 m height using a tipping bucket 
rain gauge (Campbell ARG100) at the weather station in 
Kishenyi valley (elev. 1590 m a.s.l.). The automatic weather 
station was located next to an agricultural field at a distance 
of 1 km from the edge of Ngangao Forest. The rainfall sum 
was measured every 1 min and recorded every 30 min.

Within-canopy temperature was measured using a TMS-4 
sensor produced by TOMST (Prague, Czechia). The TMS-4 
monitors soil moisture, soil temperature (at 15 cm depth), 
surface and near-surface air (15 cm above ground) tempera-
tures (Wild et al. 2019). In this study, only the soil moisture 
and air temperature at 15 cm above ground were used. Meas-
urements were taken every 15 min from February 2021 to 
May 2022. Within-canopy temperatures (i.e., microclimate) 
can differ from open-air conditions (i.e., macroclimate) by 
several degrees. Hence, this information can provide a better 
indicator of the conditions experienced by organisms inside 
the forest.

Automatic sound detection

The response variable, i.e., the call rate per hour, was cal-
culated using automatic detection in Raven Pro 1.6 (Cornell 
University, Ithaca, NY, USA). The total number of analyzed 
hours was 539. A band limited interactive detector was used 
to calculate calls per hour with the following settings: min 
frequency 1000 Hz, max frequency 4500 Hz, min duration 
0.01 s, max duration 2 s, min separation 0.23 s. Signal to 
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noise ratio (SNR) 70%, threshold above 10. These settings 
were chosen after experimenting with different settings. All 
recordings were observed visually, and false positives were 
removed. False positives were typically due to calls by either 
Otolemurs or nocturnal birds. It is important to note that 
these automatic detection settings did not calculate songs. 
This is because the maximum duration was set to 2 s, and 
the duration of a song is always longer. Songs were marked 
as present or absent during the hourly data by visual and 
auditory inspection.

Variables used for analysis

The analysis intended to identify behavioral differences 
between different months, at night from 19.00 and 06.00. All 
variables used in the statistical analysis are given in Table 1.

Rainfall was classified with two levels, 1—no rain or light 
rain under 4 kHz, or 2 heavy rainfall exceeding 4 kHz (Fig. 
S3a, b, c). Orthoptera choir was classified with three levels, 
1–no Orthoptera choir, 2–non-constant Orthoptera choir and 
3–constant Orthoptera choir (Fig. S3d, e, f). Otolemur loud 
calls, trailing call and cluster squawks were counted visually 
from spectrograms (Fig. S4).

Statistical analysis

Statistical analyses were performed in RStudio 2022.07.01 
with R version 4.1.2 (R Core Team 2020; Rstudio Team 
2020). Data exploration was done according to Zuur and 
Ieno (2016). This included the detection of outliers, the 
exclusion of multi-collinearities (via variance inflation fac-
tors VIF), and various visualizations to reveal patterns of 
collinearity, non-linearity, and interactions. Collinear vari-
ables (with VIF > 2) were removed from the analysis. For 
the models, continuous covariates were standardized using 
the mySTD function in RStudio. The package glmmTMB 
(Brooks et al. 2017) was used to fit the generalized linear 
mixed-effects (GLMM) models. To ensure that GLMM 
model fits were good, we checked residual patterns by 

using the DHARMa package  (Hartig 2022). Model perfor-
mance was assessed with package performance (Lüdecke 
et al. 2021). The package ggplot2 was used to create graphs 
(Wickham 2016). Mixed models for nested data and zero 
inflated models (model 2) were built, simulated and vali-
dated according to Zuur et al. (2012). We constructed two 
models using the response variable ‘call rate per hour’.

Model 1 analyzed hourly and monthly differences in call-
ing activity and interrelations with temperature, humidity, 
and moonlight. Model 1 was a GLMM with negative bino-
mial distribution from 539 h of data from all the months 
during the year (Table 2). Zero inflation was 5.2%. Model 
assumptions were verified by plotting residuals versus fitted 
values, versus each covariate in the model and versus each 
covariate not in the model (Zuur et al. 2012).

Model 2 analyzed interrelations and acoustic competi-
tion between calls, rain, Orthoptera choir and Otolemurs. 
Calls were calculated visually and with an interactive 
detector (with same settings as above) from spectrograms 
in Raven Pro. All variables were measures from the same 
minute. This analysis was done using a GLMM for zero 
inflated negative binomial data (Table 3). 1-min record-
ings were analyzed every 15 min between 19.00 and 06.00 
from June to December, 2 nights in each month. A total 

Table 1  Variables used for 
statistical analysis

Variable Type Other

Call rate per hour Continuous Response variable, Raven Pro automatic detection
Hour Factor (11) 19:00–06:00
Month Factor (12) January–December
Temperature Continuous Measured at study location from 15 cm above ground
Soil moisture Continuous Measured from the soil, used as indicator of humidity
Moonlight Factor (1–3) 1 no moon, 2 new moon, 3 full moon
Rain Factor (1–2) 1 no rain or little rain, 2 rain exceeding 4 kHz (Fig. 4a–c)
Orthoptera choir Factor (1–3) 1 silent, 2, discontinuous chorus, 3 constant chorus (Fig. 4d–f)
Otolemur calls Continuous Calls counted from spectrograms (Fig. 5)
Singing 0 or 1 0 no singing, 1 singing

Table 2  Effect of different abiotic and temporal factors on the Taita 
tree hyrax calling rate per hour (N = 539 h)

Estimated regression parameters, standard errors (SE), Z and P values 
for a GLMM for negative binomial, zero inflated data: calls ~ temper-
ature + humidity + moon + hour + month + (1|night)
*Only one hour and month is presented here to keep table size mod-
erate

Estimate SE Z P

Temperature − 0.200 0.142 − 1.398 0.162
Humidity − 2.103 0.430 − 4.890  < 0.001
Moon (full) − 0.732 0.365 − 5.553 0.045
Hour 22–23* − 0.999 0.180 − 4.692  < 0.001
Month Dec* 3.673 0.839 4.378  < 0.001
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of 600 min was included in the analysis. Data had 52% 
zeros. Analyses based on GLMM for negative binomial 
data showed that the model was able to cope with zeros, 
however, GLMM for zero inflated data had a lower AIC 
and was thus used as a final model. Model assumptions 
were always verified by plotting residuals versus fitted val-
ues, versus each covariate in the model and versus each 
covariate not in the model (Zuur and Ieno 2016).

Results

Monthly differences in calling activity

There were significant differences in acoustic communi-
cation activity of tree hyraxes between different months 
(Fig. 4, Table 2). Tree hyrax calling rate per hour was high 
during the dry months from January to February, and from 
June to September, and low during rainy season months. 
Average calling rates ranged from 700 calls per night in 
December to 2000 calls per night in February. However, 
there was considerable variation in calling activity between 
different nights. The vocal activity has a bimodal pattern, 
with a high number of calls during early evening and again 

in the morning (Fig. 5). Highest call rates were typically 
recorded from 19.00 and 20.00 in the evening. After this, 
the rate of calling decreased, and typically peaked again at 
04.00 and 05.00 in the morning. During the night, intensive 
bouts of counter-calling could occur at any time.

Tree hyraxes tended to call less during full moon (Fig. 6), 
missing the level of significance (P = 0.045). During heavy 
rain, tree hyraxes called significantly less. However, tem-
perature was not significant. The overall model including the 
random factors explained 60% of the variance (conditional 
R2 = 0.60), and 45% of the variance without the random 
effects (marginal R2 = 0.45).

Response to acoustic competition

The analysis of acoustic competition from one-minute 
recordings (model 2) revealed that rain was the only 
covariate with significant effect (Table 3, Fig. 7a). Rain 
was present in about 50% of the recorded hours. Heavy 
rain was a strong acoustic competitor and reduced call-
ing significantly. Neither Otolemur calls nor the Orthop-
teran choir influenced tree hyrax calling activity (Fig. 7b). 
Model 2 showed an intermediately strong explained vari-
ance (conditional R2 = 0.40, marginal R2 = 0.33) although 
a low repeatability across consecutive nights.

Singing

Tree hyraxes sang throughout the year (Fig. 8). Within the 
total of 539 h of recordings, 55 h (10.2% of recorded hours) 
contained singing. Singing was most frequent in May, Feb-
ruary, January, and September. This descriptive approach 
points out that rain tended to reduce singing, as during 75% 
of all hours with singing it was not raining.

Table 3  The effect of background noise (orthopteran choir, Otolemur 
calling, rain) on tree hyrax calling activity (N600 minutes)

Estimated regression parameters, standard errors (SE), Z and P 
values for a GLMM for negative binomial, zero inflated data: 
calls ~ rain + otolemur + orthoptera + (1|Night)

Estimate SE Z P

Rain − 1.488 0.184 − 8.094  < 0.001
Otolemur 0.0436 0.038 1.145 0.252
Orthoptera3 − 0.126 0.174 − 0.724 0.469

Fig. 4  Tree hyrax total calling 
activity during nights in differ-
ent months of the year
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Discussion

Bioacoustics may be used for estimating the population 
size and different aspects of behavioral ecology of vocally 

active nocturnal mammals. However, this requires some 
previous knowledge of the temporal patterns of the spe-
cies’ natural calling activity and responses to various 
sources of background noise. Our findings revealed that 
in Taita Hills, tree hyraxes were acoustically most active in 
January and February. These are dry season months after 
the short rains, when the forest canopy is dense with young 
leaves, which is the preferred food of tree hyraxes. Tree 
hyrax calling activity was bimodal with highest calling 
rates between 19.00 and 20.00 in the evening and between 
04.00 and 05.00 in the morning. A similar bimodal calling 
pattern has previously been described for tree hyrax popu-
lations in Rwanda and Benin (Milner and Harris 1999a; 
Djossa et al. 2012).

Tree hyraxes seem to decrease their calling activity dur-
ing full moon, which may represent a response to avoid pred-
ators during well-lit nights. This is in accordance to the find-
ings on several other nocturnal mammal species, which are 
known to change to more sheltered habitats or reduce their 
activity during full moon nights (e.g., Kronfeld-Schor et al. 
2013; Gutman et al. 2011; Pratas-Santiago et al. 2017). Owl 
monkeys (Aotus azarai azarai) are primates that are cath-
emeral, or active both diurnally and nocturnally (Fernandez-
Duque 2003). On average, owl monkeys are active for five 
hours during the day, and four hours during the night. Dur-
ing full moon, owl monkeys are more active during the night 

Fig. 5  Tree hyrax calling activity in different months and hours 
(between 19.00 and 06.00) in the Ngangao Forest, Taita Hills during 
2021–2022. There are statistically significant differences in calling 

activity between months and hours. The line indicates the average call 
rate per hour and the smoother indicates conditional means

Fig. 6  Effect of moon phases on tree hyrax calling activity. The num-
ber of tree hyrax calls per hour during (1) moonless nights, (2) half-
moon, and (3) full moon
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and less active during the following day, meaning that the 
preceding night has an impact on the following day’s activ-
ity. It is possible that many or some tree hyrax populations 
are also cathemeral in their activity patterns, even though 
almost all vocalizations are emitted during the night.

Temperature may also affect the vocalizing behavior of 
tree hyraxes, as their relatives, rock hyraxes have a labile 
internal temperature regulation system (Hoeck 1975; Brown 
and Downs 2006), and their fibrous energy-poor diet requires 
the use of energy conservation strategies like sun basking, 
huddling, and heaping, i.e., being close to each other and 
even on top of each other (Fey 1960; Sale 1970; Bartho-
lomew and Rainy 1971; Brown and Downs 2007). During 
colder temperatures, rock hyraxes are heaping and huddling 
with each other in their holes and when the sun comes out, 
they rest in the sun, basking in it (Sale 1970). In the sun, 
rock hyraxes keep at least a small distance to conspecifics, 
suggesting that distance to others is mainly dependent on 
the outside temperature and used as a method of supporting 
body temperature. For such energy conserving, temperature 

regulation related reasons, we hypothesized that tree hyraxes 
living on the mountains with cold nights might conserve 
energy during cold nights by calling less. However, nightly 
temperatures did not have a detectable effect on tree hyrax 
calling activity. In the Taita Hills, temperatures may fall 
between 10 and 13 °C during the night. A similar observa-
tion was made by Milner and Harris (1999a), who, while 
studying activity patterns of Dendrohyrax arboreus, found 
no significant correlation between temperature and the num-
ber of calls per night. Possibly, the tree hyraxes, and in par-
ticular tree hyrax populations living on higher altitudes in 
the mountains, have a faster metabolic rate than their diurnal 
relatives, the rock hyraxes.

Social situations, including the presence of males, can 
influence vocalization patterns in some species. For exam-
ple, male simakobu monkeys (Simias concolor) from Siberut 
Island, Indonesia, give their longest calling bouts at dawn 
(Erb et al. 2016). This pattern cannot be explained by tem-
perature or fruit availability, and it seems to be mainly influ-
enced by chorusing behavior of other males. Thus, male 
simakobus motivate each other to call longer, and calling 
does not seem to be energetically costly. This group stimu-
lation of counter-calling behavior seems to have a similar 
impact in tree hyraxes. In eastern tree hyrax, counter-calling 
will last longer, and animals use more variable calls when 
more animals are calling together. Whether calls differ 
between sexes in tree hyraxes is not known. In Kenya and 
Tanzania, isolated D. validus populations have different call-
ing cultures and dialects (Roberts et al. 2013). These differ-
ent calling cultures may be the consequence of isolation; 
however, the phylogeography of these different populations 
has not been studied so far. Some groups have counter-call-
ing bouts during the day. This species, or possibly cluster 
of different species, has a wide repertoire of calls. These 
aspects, and species’ unresolved taxonomy, calling cultures, 

Fig. 7  Effect of background noise caused by rain and chorusing orthopterans on tree hyrax calling activity. a Rainfall Level 1 and 2. b Orthop-
tera chorus Levels 1–3

Fig. 8  Variation in singing activity of tree hyraxes during the year. 
The bars show the percentage of hours with singing of the total 
recorded hours per month
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meaning of the calls, and possible differences between sexes 
should be studied further.

Background noise caused by heavy rainfall is likely to 
modify the calling behavior of many animals (Lengagne and 
Slater 2002). For example, howler monkeys were acousti-
cally most active during the wet season during the period 
of maximum fruit production period (Pérez-Granados and 
Schuchmann 2021a). Vocal activity decreased during wet 
and rainy days, while temperature had no impact on their 
vocalization activity. Rain during the previous night delays 
the beginning of male Bornean gibbons’ (Hylobates muel-
leri) solo singing bouts (Clink et al. 2020). In the Danum 
Valley Conservation Area, they sing for 30 min on average. 
However, rain on the previous night had no impact on duet 
events, whereas social aspects may be more important. Tem-
perature or lunar cycle also had no impact on the singing in 
this gibbon species. We found that tree hyraxes in the Taita 
Hills called significantly less during heavy rain, most prob-
ably as heavy rain reduces the acoustic space of tree hyraxes’ 
vocalizations almost completely.

Animals adjust to background noise in their acoustic 
signaling in different ways. They may respond to noise by 
changing signal amplitude, frequency, duration, complex-
ity, or call rate (Kunc and Schmidt 2021). Background 
noise caused by insects could potentially lead to signal 
divergence (Luther and Gentry 2013). For example, lit-
tle greenbul (Andropadus virens) songs occupy different 
frequencies depending on background noise in different 
habitats (Slabbekoorn and Smith 2002). In this study we 
only studied how call rate per minute changed when the 
Orthoptera choir was active. The Orthoptera choir in Taita 
Hills is very loud, with frequencies of 5–12 kHz, whereas 
tree hyrax vocalizations in the Taita Hills use frequen-
cies between 0.5 and 20 kHz. Thus, we expected that tree 
hyraxes would choose to vocalize more when the orthop-
terans are silent. In the Taita Hills, orthopterans cease call-
ing after 3am in the morning, leaving free acoustic space. 
However, we found no evidence that tree hyraxes called 
more during times when orthopterans were quiet. As these 
insects use the acoustic space from 5 to up to 12 kHz, 
the acoustic space under 5 kHz is free for tree hyraxes. 
The loudest and most complex, and presumably the most 
important parts of tree hyrax calls are usually between 
1000 and 4500 kHz. Thus, their calls are clearly audible 
to listeners even during a consistent Orthoptera chorus. 
However, it is possible that tree hyraxes change their call 
type according to the strength of the Orthoptera choir. 
We speculate that tree hyraxes could for example increas-
ingly use smaller, and acoustically simpler calls during 
loud Orthoptera chorus, or they may change the duration 
of their calls. This needs to be tested in further studies.

According to our observations, Otolemur calls sometimes 
seem to “wake up” tree hyraxes and activate them to start 

counter-calling sequences. On the other hand, if Otolemurs 
are calling very actively, tree hyraxes may be quiet. How-
ever, in our study, these two species did not appear to have 
an obvious acoustic relationship. Both nocturnal mammal 
species use the same frequencies, but the pitch, and in trail-
ing calls the length, of the calls are very different, and the 
two species are easy to distinguish acoustically. Moreover, 
Otolemurs use the same acoustic space, (same frequency at 
the same time) only occasionally.

In the rock hyrax, singing peaks during the mating sea-
son, even though the animals do sing throughout the year 
(Demartsev et al. 2022). In the Taita Hills, tree hyraxes also 
sing throughout the year, however, singing is most common 
in May. Based on this, we expect that May is the primary 
tree hyrax mating season in the Taita Hills. In May, over 
30% of the hours contained singing. The gestation period in 
tree hyraxes is 7.5 to 8 months (Kingdon 1971), which coin-
cides well with that of the morphologically very similar rock 
hyraxes (Millar 1971). If the main mating season of the tree 
hyrax were in May, the births would thus occur in January, 
which is the summer in Taita Hills, with favorable condi-
tions with respect to food availability and weather stability. 
Tree hyraxes also sing during rainy weather if the rain is not 
too heavy. We suggest that singing may be considered as a 
sign of general well-being, as in the Taita Hills, disturbed 
tree hyrax populations of small forest fragments rarely sing 
(Rosti et al. 2022). Similarities in songs of rock hyraxes and 
tree hyraxes from Taita Hills should be studied further, as 
such similarities suggest a shared evolutionary path. Other 
tree hyrax species, the Southern tree hyrax (Dendrohyrax 
arboreus), the Benin tree hyrax (D. interfluvialis), and the 
Western tree hyrax (D. dorsalis) do not sing.

Tree hyraxes have been previously described as solitary 
animals (Kundaeli 1976; Roberts et al. 2013). However, 
all studied tree hyrax populations in the Taita Hills and at 
the coast of Kenya have been found to live in groups (Rosti 
et al. 2020a, b, 2022). Thus, we suggest that the social 
structure of tree hyrax groups should be studied further. 
Perhaps the social structure of the tree hyrax groups, at 
least in the Taita Hills resembles more the social struc-
ture of rock hyraxes (Barocas et al. 2011) than previously 
known.

Summary and conclusions

Acoustic communication of tree hyraxes in the Taita 
Hills, Kenya, was studied throughout one year using pas-
sive acoustic monitoring (PAM). Tree hyraxes vocalized 
most actively during the relatively dry and warm months 
of January and February. Calling had a typical, bimodal 
pattern, with most active calling hours in the early evening 
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between 19.00 and 21.00 and close to dawn between 04.00 
and 06.00. Singing activity was highest in the month of 
May, which may be the main mating season of tree hyraxes 
in the Taita Hills. We recommend that for estimates of 
tree hyrax population size using PAM, data from differ-
ent locations should be collected during the same months, 
with hours with heavy rain removed, moon phase noted, 
and its potential effects considered. Results of this study 
may be used as a baseline for studying other tree hyrax 
populations, which in many parts of Africa are isolated 
and decreasing and suffer from habitat loss and poaching.
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