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Abstract 

Soundscape studies gained popularity over the last years. They can aid conservation by 

improving the understanding of an environment from both an ecological and behavioural point 

of view. However, acoustic recordings were mainly  analysed using indices, instead of the more 

reliable identification by human experts. Moreover, the contribution of different animal classes 

to the soundscape, the structure of soundscape under different disturbance levels and the factors 

that drive soundscapes remain poorly understood. To fill these knowledge gaps, 20485 1-minute 

sound recordings were made between 25 February 2020 and 9 May 2020 in southeast 

Cameroon, in three study sites representing a gradient of disturbance. Local experts listened to 

these recordings to identify vocalising species to determine the soundscape structure. 

Additionally, data on habitat, anthropogenic factors, animal community structure and climate 

factors were gathered to assess how anthropogenic and ecological factors affect the soundscape. 

The listening process helped to identify 15 vocalising mammal species and 37 vocalising bird 

species. Vocalisations of birds, mammals, amphibians, and insects occurred in 57.88%, 9.34%, 

8.31%, and 100% of the recordings, respectively, indicating that insects and, to a lesser extent, 

birds were the most dominant animal classes in the soundscape. Furthermore, mammal acoustic 

activity did not vary along the disturbance gradient, whereas vocalisation abundance of birds 

was lowest in the site where anthropogenic disturbance was least present. In addition, 

anthropogenic disturbance affected the soundscape indirectly through its impact on the animal 

community structure. In turn, animal community structure and climate factors directly affected 

the soundscape. It is suggested that anthropogenic disturbance may also affect the soundscape 

by altering the vocal behaviour of specific individuals and by modifying habitat structure and 

climate, but further investigations into these impacts are required. Overall, the study provides 

baseline acoustic information on vocalising species in African tropical rainforests. 

Correspondingly, the results deepen understanding of soundscape composition, the structure of 

soundscapes under different levels of disturbance and the drivers of these soundscapes.  

 

 

 

 

 

 

 

 

 

 



 

 
4 

1. Introduction 

To this day, tropical rainforests in the Congo Basin support one of the highest biological 

diversity levels in the world (IUCN, 2019). Therefore, conserving biodiversity in this area is a 

top priority (Olson & Dinnerstein, 1998; Gibson et al., 2011). However, anthropogenic impacts 

like deforestation and bushmeat hunting exacerbated by insufficient protection put increasing 

pressure on the Congo Basin’s tropical rainforests (Koenig, 2008; Abernethy et al., 2013; 

Fitzgerald, 2015). Traditional methods are often insufficient in monitoring degradation of 

biodiversity in tropical forests (Bustamante et al., 2016). This study uses passive acoustic 

monitoring, a relatively new method, to assess how anthropogenic and ecological factors affect 

the soundscape of an area along a gradient of disturbance. The introduction first elaborates on 

the concept of soundscapes. Thereafter, the research aims, objectives, questions and 

expectations are stated.  

 

1.1 What is a soundscape? 

Sound is the propagation of acoustic waves through a transmission medium. These waves can 

differ in frequency, which is perceived by humans as a difference in pitch (Everest & Pholmann, 

2009). In ecology, sounds are grouped according to their origin (Schafer, 1994). Therefore, 

three main categories of sound are defined: biological, geophysical and anthropogenic (Gasc et 

al., 2017). The propagation of these sounds is affected by environmental parameters such as 

temperature, humidity and rainfall (Wiley & Richards, 1978). Ultimately, the assembly of all 

sounds emitted from a landscape is called a soundscape or acoustic community (Pijanowski et 

al., 2011b). Soundscapes show spatial and temporal variability and reflect important 

anthropogenic and ecological processes (Pijanowski et al., 2011a; Sueur et al., 2014; Sueur & 

Farina, 2015). The study of soundscapes is a branch of passive acoustic monitoring (PAM) 

research where sounds from an environment are recorded and analysed (Browning et al., 2017). 

 

1.2 Why study soundscapes? 

To achieve a more sustainable future, the United Nations (2015) pled to support the 

development of innovative research techniques. PAM is a relatively new technique that is 

gaining traction because it  provides insights into the soundscape of an area (Browning et al., 

2017; Deichmann et al., 2018; Burivalova et al., 2019a; Sugai et al., 2019). Soundscape 

monitoring can be beneficial for researchers because the use of acoustic sensors has several 

advantages over traditional methods. First, it improves the ability to identify and detect 

individuals, or species as a whole, and (cryptic or rare) behaviours (Kalan et al., 2016; Wrege 

et al., 2017; Dema et al., 2018). Second, PAM effectively and cost-efficiently gathers large 

amounts of data from a wide area in a short amount of time (Williams et al., 2018; Vu & Tran, 

2019). Finally, by using a non-invasive method, observer bias is reduced and obtained data is 

more likely to give an honest representation of reality (Abrahams, 2019; Marin-Cudraz et al., 

2019).  
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Studying soundscapes can offer insights into an environment which are relevant from both an 

ecological and behavioural point of view. From an ecological perspective, soundscape 

monitoring is widely used for assessing the presence or absence of a species, species richness, 

species abundance, species density and population dynamics (Thompson et al., 2010a; Towsey 

et al., 2014; Zwart et al., 2014; Stevenson et al., 2015). In addition, differences between sites 

can be studied. This allows researchers to, for instance, describe alpha, beta and gamma 

diversity in an area (Burivalova et al., 2019b). When acoustic data is gathered over a period of 

time, temporal changes, such as the effects of deforestation, bushmeat hunting, human-made 

sounds and environmental restoration efforts, can be assessed (Astaras et al., 2017; Buxton et 

al., 2018; Borker et al., 2019). Furthermore, the impacts of climate change on local biodiversity 

can be evaluated (Krause & Farina, 2016). From a behavioural perspective, monitoring 

soundscapes provides insights on many vocalising species. Behavioural processes concerning 

the formation and defence of territory, mate choice, reproduction, recruitment, alarm calling 

and sociality can be described (Teixeira et al., 2019; Lewis et al., 2020). Ultimately, these 

descriptions give more clarity on gene flow and, therefore, the fitness of individuals (Lewis et 

al., 2020). In turn, this leads to more information on the condition of a species or its habitat 

(Berger-Tal et al., 2011).  

As a result of both ecological and behavioural insights, studying soundscapes leads to potential 

conservation benefits (Teixeira et al., 2019; Lewis et al., 2020). When a soundscape is 

monitored over a period of time, bioacoustics research is applicable to conservation in multiple 

ways (Lewis et al., 2020). First, baseline data can be collected. A species can be better protected 

when more information about its behaviour and whereabouts is known. Soundscape monitoring 

defines habitats or environmental factors that support individuals with high reproductive 

success or locate groups where juveniles are present (Charlton & Reby, 2016; Teixeira et al., 

2019). Also, by listening to alarm calls, the level of threat by predators or other factors on a 

species can be measured (Townsend & Manser, 2013; Smith, 2017). Hence, group monitoring 

improves predictive behaviour models of behaviour within and between groups of a certain 

species (Freeberg et al., 2012; Kershenbaum & Blumstein, 2017). Furthermore, soundscapes 

can be used for conservation purposes when assessing change (Lewis et al., 2020). For instance, 

the effects of invasive species or translocated populations can be studied (Grant & Grant, 2010; 

Parker et al., 2012). In addition, the effectiveness of conservation actions, such as 

reintroductions and land-use change, can be monitored (Boncoraglio & Saino, 2007; Bradley 

et al., 2014). Evaluating these processes is crucial for guiding effective conservation efforts 

(Lindenmayer et al., 2013). 

 

1.3 How to study soundscapes? 

Soundscapes are studied by collecting sound recordings using one or multiple sensors in the 

area of interest. The obtained acoustic data must be processed and analysed in order to describe 

the acoustic community. Processing of acoustic data includes the identification of all recorded 

species. This identification can be performed by acoustic indices, human experts or deep 

learning (Hill et al., 2018; Stowell et al., 2019). Acoustic indices are often used to summarise 
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all features of a sound recording. An acoustic index is a mathematical function that describes 

some aspect of the complexity or diversity of a sound recording (Browning et al., 2017). 

Acoustic indices are used, for example, to describe the species richness or diversity, quantify 

levels of biotic and anthropogenic sounds, or measure community ecology metrics (Sueur et 

al., 2008; Joo et al., 2011; Depraetere et al., 2012; Kasten et al., 2012). However, acoustic 

indices are often sensitive to background noise from rain, wind or anthropogenic sounds (Farina 

et al., 2011). This causes biases and limits the applicability of acoustic indices for biodiversity 

monitoring (Fairbrass et al., 2017). Moreover, consensus on what soundscape aspects acoustic 

indices capture is limited (Browning et al., 2017). Therefore, in order to understand and 

calibrate the acoustic indices, researchers must perform ecological surveys to collect ground-

truthed data on the ecological community as well (Harris et al., 2016). A more reliable and 

precise manner to identify sounds from acoustic recordings is the use of local human experts 

(Blumstein et al., 2011). However, since soundscape studies often use a large quantity of 

recorded data, the use of human experts for identification requires a great amount of time 

(Swiston & Mennhil, 2009). Lastly, an upcoming method for reliable identification is the 

automatic detection and classification of sounds in an acoustic recording (Stowell et al., 2019). 

In this case, machine learning and deep learning use classifiers to recognise certain sounds, 

individuals or species in a recording (Blumstein et al., 2011; Stowell et al., 2019). These 

classifiers can be either supervised, in which case the system is trained with data labelled by 

experts, or unsupervised, in which case the classification of sounds is purely data-driven 

(Blumstein et al., 2011). However, since this method is relatively new, the number of classifiers 

is limited (Blumstein et al., 2011; Gasc et al., 2017). 

 

1.4 Previous studies on soundscapes 

Research on soundscapes has gained popularity in both marine and terrestrial areas over the last 

years (Browning et al., 2017; Deichmann et al., 2018; Sugai et al., 2019). Whereas bioacoustics 

studies in terrestrial areas focussed on many vocalising taxa (insects, amphibians, mammals 

and birds), studies investigating soundscapes as a whole were mainly limited to ornithology 

(Farina et al., 2011; Tucker et al., 2014; Gasc et al., 2017; Borker et al., 2019; Teixeira et al., 

2019). Most soundscape studies addressed community metrics such as species richness, 

abundance and density from the aforementioned behavioural and ecological perspectives. 

However, these metrics were predominantly assessed using acoustic indices, instead of the more 

reliable identification by human experts (Sueur et al., 2014; Fuller et al., 2015; Browning et al., 

2017; Burivalova et al., 2019b). Furthermore, the use of soundscape monitoring to reveal 

ecosystem disturbances was rarely considered (Gasc et al., 2017). Studies that assessed the 

impact of potential factors driving the soundscape structure mainly focussed on anthropogenic 

noise (Shannon et al., 2016). However, the knowledge of the relationship between ecological 

factors and soundscapes is limited (Sueur & Farina, 2015; Eldridge et al., 2016).  

In order to close these knowledge gaps, Gasc et al. (2017) proposed three research objectives 

that will improve our understanding of soundscape-based disturbance indicators in different 

ecosystems and environments. First, to accurately and objectively describe soundscapes, better 
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soundscape measurements need to be developed. Currently, vocal communities in a soundscape 

are often described by the number of vocalising species (Gasc et al., 2017). To allow more in-

depth analysis towards species and communities, classifiers that reliably detect and recognise 

individual species are needed (Blumstein et al., 2011; Gasc et al., 2017). The second research 

objective relates to a better understanding of the drivers of soundscape structure. As mentioned 

before, soundscape structure is driven by anthropogenic and ecological processes (Pijanowski 

et al., 2011a; Sueur et al., 2014; Sueur & Farina, 2015). The effects  these drivers have on 

vocalising animal communities remains poorly understood (Lomolino et al., 2015). To improve 

this understanding, studies on the acoustic activities of different species in various ecosystems 

and environments are required, together with the corresponding anthropogenic and ecological 

factors (Gasc et al., 2017). Finally, after achieving objectives one and two, the third research 

objective can be realised. This includes the development of applications that detect ecosystem 

and environmental disturbances based on changes in the soundscape (Gasc et al., 2017). 

 

1.5 Research aims and objectives 

This study addresses the second research objective proposed by Gasc et al. (2017). To 

accomplish this, acoustic communities in a tropical forest landscape of southeast Cameroon are 

described. Additionally, this study evaluates the effects of anthropogenic and ecological factors 

on the soundscape structure along a gradient of disturbance. Only mammals and birds are used 

to evaluate the impact of these factors on vocalisation patterns because species from these 

animal classes are relatively easier to survey in transects. Investigations are conducted in three 

sites, with differing levels of disturbance, in order to: 

1. detect and identify individual vocalising species; 

2. determine the soundscape structure; 

3. assess how anthropogenic and ecological factors affect the soundscape.  

Here, anthropogenic variables such as human activity and distance to trails and villages are used 

as a proxy for disturbance. Ecological factors include habitat, animal community structure and 

climate factors.  

Multiple studies already investigated the effects of anthropogenic and ecological factors in this 

region. These studies mainly focussed on the abundance of great apes and other mammal 

species (Dupain et al., 2004; Arnhem et al., 2008; Tagg et al., 2015; Dekegel, 2018). However, 

the use of passive acoustic monitoring is relatively new in this region. Therefore, this approach 

can uncover new insights regarding vocalising animal communities and how they are affected. 

In addition, the study helps achieve the first research objective by Gasc et al. (2017). Moreover, 

the procedure used in this study to detect and identify individual vocalising species is the first 

step towards the development of classifiers for a tropical forest landscape of Cameroon. These 

classifiers will contribute to existing call libraries and facilitate easier use of PAM in the future. 
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1.6 Research questions and expectations 

This study addresses the following questions: 

1. Do animal classes contribute equally to the soundscape? 

2. Do acoustic community features vary among sites with differing levels of disturbance? 

3. How do anthropogenic and ecological factors drive the soundscape structure? 

Animals widely differ in their frequencies for sound communication (Fletcher, 2004). 

Therefore, the level at which different animal classes contribute to the soundscape is expected 

to vary. Anthropogenic noise, which is a form of disturbance, affects the vocal behaviour of 

wild animal species (Shannon et al., 2016). Hence, acoustic community features are expected 

to vary along a gradient of anthropogenic disturbance. Furthermore, anthropogenic disturbance 

alters animal community structure in the area (Tagg et al., 2011; Tagg et al., 2015; Dekegel, 

2018; Laméris et al., 2020). This alteration is expected to translate to changes in vocalisation 

patterns and therefore modifications of the soundscape structure (Kalan et al. 2015). Given that 

animal behaviour is influenced by the immediate physical setting where animals live (Wong & 

Candolin 2015), habitat and climate factors are also predicted to affect animal vocal behaviour 

and, therefore, the soundscape structure. 
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2. Methods 

2.1 Study area 

This study was conducted in the northern part of the Dja Faunal Reserve’s buffer zone. The 

reserve, situated in the Congo Basin, hosts one of the most diverse tropical forests in Africa. 

This is due to its relative inaccessibility and location in the transitional zone between the 

equatorial coastal forests of the Atlantic and the evergreen forests of the lowlands in the basin. 

Therefore, the reserve is classified as a Natural World Heritage Site by UNESCO and part of 

IUCN’s fifteen most crucial zones for conservation of African biodiversity (Bedel et al., 1987; 

UNESCO, 2012).  

The studied area experiences seasonal rainfall. Annual rainfall is over 1500mm with a short dry 

season from July to August and a long dry season between November and February. Average 

minimum and maximum daily temperatures (°C) are 19.5 ± SD 1.3 and 26.3 ± SD 2.4 (Willie 

et al., 2014). The buffer zone (approximately 200.000 ha) is not officially protected, meaning 

that local communities are allowed to engage in sustainable, non-industrial activities (Lhoest et 

al., 2020). However, some parts are managed by Association de la protection des grands singes 

(APGS), an organisation that implements activities to conserve the habitat in order to limit the 

decline of great apes and other species (Tagg et al., 2011). This study is part of the acoustic 

research project conducted by APGS, in collaboration with the Centre for Research and 

Conservation (CRC), Royal Zoological Society of Antwerp.  

Data was obtained in three study sites that differ in land-use type and conservation management. 

Since the overall level of disturbance in a site depends on these two factors, these three sites 

are expected to represent a gradient of disturbance. 

2.1.1 Ngouleminanga 

Ngouleminanga is a forest site and eponymous village located 24km north of the Dja Faunal 

Reserve (Fig 1). The village is easily accessible by motorised vehicles and supports an 

estimated population of 130 inhabitants (Dekegel, 2018). The dominant canopy in the forest 

site is indicated by the plant species Petersianthus macrocarpus and Piptadeniastrum 

africanum, whereas the Oncoba glauca and Macaranga spinosa are indicator species for the 

intermediate canopy (Dekegel, 2018). Ngouleminanga is used as a community forest (CF), 

indicating that local communities are able to derive their livelihoods in a sustainable manner 

from this forest (Bruggeman et al., 2015). Furthermore, no active conservation management is 

present in Ngouleminanga. 

2.1.2 La Palestine 

La Palestine is a forest site adjacent to the villages Malen V, Doumo-Pierre and Mimpala (Fig 

1). Together these villages have an estimated population size of 350 inhabitants (Dekegel, 

2018). Malen V is easily accessible by motorised vehicles, as opposed to Doumo-Pierre and 

Mimpala. La Palestine is located 17km north of the Dja Faunal Reserve. The dominant canopy 

of the forest is dominated by Canarium wenzelii, whereas indicator species for the intermediate 

canopy include Uapaca acuminata, Heisteria parvifolia and  Pausinystalia lane-poolei. 
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Furthermore, the shrub layer is characterized by the indicator plant species Microdesmis 

puberula and Rinorea longifolia (Dekegel, 2018). The entire site is considered to be a CF. 

However, active conservation management in this area has been conducted by APGS since 

2001. APGS focusses on the protection of wildlife through conservation-applied research and 

support to the local community. The organisation promotes educational programmes within the 

local community to increase their awareness of the local natural environment. 

2.1.3 La Belgique 

La Belgique is a research site founded and managed by APGS and located 2km north of the Dja 

Faunal Reserve (Fig 1). The site is only accessible by foot and the nearest villages (Doumo-

Pierre and Mimpala) house approximately 180 inhabitants (Dekegel, 2018). Psychotria 

densinervia and Rinorea dentata are the two indicator species that are dominant in the shrub 

layer of the forest (Dekegel, 2018). The forest is officially unprotected and is classified as a 

forest management unit (FMU), meaning that it is property of the state and can be used for 

several purposes (Auzel et al., 2004). However, APGS has signed an agreement with local 

villages prohibiting human activities, such as hunting, within the research site. Accordingly, 

the presence of APGS has proven to counteract the negative effects of hunting and deforestation 

in the area (Tagg et al., 2011; Tagg et al., 2015). 

 

Figure 1. Location of the three study sites and the adjacent villages in the northern periphery of the Dja Faunal Reserve. Six 

1-km transects were opened in each site using a cascading design. The transects were cut with a constant compass bearing of 

140°, 180° and 45° in Ngouleminanga, La Palestine and La Belgique, respectively. 
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2.2 Data collection 

Field work was conducted between February and May 2020. During this time, six transects of 

1km each were opened in each site. To create enough space between the transects within each 

site, a cascading design was used. In this design, the distance between the start and the end of 

the adjacent transects was also 1km. The transects were cut with a constant compass bearing of 

140°, 180° and 45° in Ngouleminanga, La Palestine and La Belgique, respectively (Fig 1).  

2.2.1 Soundscape measurements 

For the detection and identification of individual vocalising species and the determination of 

the soundscape structure, bioacoustic measurements were performed. At the 500-m mark of 

every transect, an AudioMoth bioacoustics sensor was deployed (Hill et al., 2019). To secure 

the sensors against rain and animals, all sensors were kept in zip lock bags within a protective 

case. Furthermore, at the location of the sensors’ microphone a small hole was made in the case 

to ensure optimal audio quality of the recordings (Fig 2a). For consistency, all sensors were 

attached to a small tree at a height of 2m, oriented at 90° (Fig 2b).  

Since bats, which produce ultrasonic sounds, were not included in this study, the aim was to 

record all sounds within a human audible range. For proper recording, the sampling rate of the 

sensors should be over twice as high as the highest frequency of interest, or Nyquist frequency 

(Villanueva-Rivera et al., 2011; Browning et al., 2017). Therefore, the sampling rate of all 

sensors was set to record at 48kHz. Since the tested environment did not show high levels of 

noise, recordings were made at 30.6dB (Hill et al., 2019). All sensors were set to record the 

first minute of every hour, resulting in 24 minutes of sound recordings per transect, per day.  

 

Figure 2: Audio sampling design. A) An AudioMoth bioacoustics sensor wrapped in a zip lock bag, placed in a protective, 

labelled, case with foam in the back to keep the sensor in place and a small hole in the front at the location of the microphone. 

B) A sensor deployed in the forest, attached to a tree at a height of 2m, orientated at 90°. 
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2.2.2 Soundscape drivers 

To assess the drivers of the soundscape structure, data on anthropogenic and ecological factors 

were collected during field surveys. In each transect, habitat description and surveys of human 

activities, mammals (both direct and indirect observations), great apes and birds were 

conducted. During the surveys, a researcher walked along the transect accompanied by one or 

more local guides who were able to detect and identify signs. Additionally, data on climate 

factors was obtained. 

2.2.2.1 Habitat description 

For all transects, the vegetation type was described at every marked 50-m interval. For this 

description, vegetation consisted of 8 different habitat types (mature forest, old secondary 

forest, young secondary forest, light gap, riparian forest, swamp, old plantation site and current 

plantation) based on previous vegetation classifications used in the area (Dupain et al., 2004; 

Willie et al., 2013; Willie et al., 2014). 

2.2.2.2 Human activity 

All signs of human activity were recorded within a 2-m range perpendicular to the transect. 

Both items left by humans, such as cartridges or rubbish, and human constructions, such as 

trails or traps, were considered human activity. For each observation, the type of human activity, 

location along the transect (m) and vegetation type were noted. Human activity surveys were 

conducted twice for every transect. Signs were removed from the transect after counting. Signs 

that were impossible to remove, such as human trails, were marked during the first survey to 

avoid recounting during the second survey. 

2.2.2.3 Indirect mammal surveys 

All signs of animal activity present within 2-m on either side of the transect were recorded. The 

local guide indicated the type of each animal sign (e.g. footprint, dung, feeding remain) and the 

local name of the corresponding animal species. For each observation, the location along the 

transect (m), perpendicular distance from the transect (m), vegetation type, canopy openness, 

understory openness and horizontal visibility (m) were recorded. The openness of the canopy 

and understory were always classified as open, average or closed. Indirect mammal surveys 

were conducted twice for each transect. There was no overlap in observations between the 

surveys, because rainfall washed away all signs counted during the first survey. 

2.2.2.4 Direct mammal surveys 

To avoid disturbing animals before they were observed, observers walked along each transect 

at a speed of approximately 1km/h. Any direct observation of mammals along the transect was 

recorded. The local guide indicated the local name of the species and the number of animals 

seen. Additionally, the location along the transect (m), the distance between the observer and 

the animal (m), the angle of the observation, vegetation type, canopy openness, understory 

openness and horizontal visibility (m) were noted 
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2.2.2.5 Great ape surveys 

All encountered nests of central chimpanzees (Pan troglodytes troglodytes) and western 

lowland gorillas (Gorilla gorilla gorilla) were recorded. The local guide identified the local 

names of the plants used to construct the nests. Furthermore, the nests were counted and, for 

each nest, age, location along the transect (m), perpendicular distance from the transect (m) and 

circumference (cm) was recorded. To reliably distinguish between central chimpanzee and 

western lowland gorilla nests, several criteria were used. First, fresh nests could be 

distinguished based on the presence of characteristics like footprints, urine, hairs and feces 

(Morgan et al., 2006). Furthermore, western lowland gorillas commonly sleep in nests on the 

ground, whereas central chimpanzees tend to build their nests in trees (Goodall, 1962; Tutin et 

al., 1995). Consequently, nests lacking clear signs were distinguished based on their height. 

However, central chimpanzee ground nesting occurs at a low rate in the area (Tagg et al., 2013). 

Therefore, nest groups containing at least one nest in a tree at >2-m height were attributed to 

central chimpanzees, whereas nest groups that were built on the ground or in a tree at < 2-m 

height were attributed to western lowland gorillas (Tédonzong et al., 2020). For western 

lowland gorilla nests, the type of nest was described by the composition of plants used for 

construction (herbaceous or mix). In turn, for central chimpanzee nests, the type of nest was 

described by its position in the tree (on the side or on the top). Additionally, the height of the 

nest and the height and circumference of the tree were estimated, and the tree was checked for 

fruits. Finally, vegetation type, canopy openness, understory openness, horizontal visibility (m) 

and coordinates were noted for each nest. Great ape surveys were conducted twice for each 

transect. All nests found during the first survey were marked to avoid overlap with already 

recorded nests during the second survey. 

2.2.2.6 Bird surveys 

Birds were surveyed using two methods: points counts in fixed stations and direct observations. 

At each 500-m interval along the transect, a bird point count station was located. This resulted 

in three count stations per transect (0m, 500m and 1000m). At every station, the observers 

waited two minutes to get acquainted with the environment and to neutralise any possible 

disturbance caused by the arrival of the observers. Thereafter, an initial observation direction 

was randomly chosen. After two minutes of observing that direction, the observers rotated 90° 

in a clockwise direction. This resulted in 8 minutes of effective observation for each station 

(Wheeldon et al., 2019). Additionally, for every count station, the vegetation type, canopy 

openness, understory openness and horizontal visibility (m) were recorded. The local name and 

number of individuals of each bird species seen or heard in one direction was noted. If a bird 

species was seen or heard in multiple observing directions at the same count station, it was only 

counted once because it could be the same individual. Furthermore, when walking the transect 

between count stations, direct observations of birds were recorded in the same manner as direct 

mammal surveys. Finally, since time of day and weather condition can affect bird behaviour, 

bird surveys were not undertaken on rainy or windy days (Esquivel & Peris, 2008). 
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2.2.2.7 Climatic measurements 

Climatic data on rainfall, temperature and humidity was collected in La Belgique and can be 

used to describe all sites. Rainfall was measured in daily precipitation (mm), whereas 

temperature (°C) and humidity (RH) were noted down hourly. Furthermore, for every night, the 

percent of moon illumination was obtained from Lunar Calendar (2020). 

 

2.3 Data processing 
2.3.1 Identification of vocalising species detected in recordings 

In total, 20 485 minutes of sound were obtained from the three sites. All recordings were played 

to local expert listeners in order to identify the audible species. For each recording, the local 

experts were asked to write down the names of all the species they heard in their local language, 

Badjué. The English and scientific translation of many of the local names were already known, 

if not, the local experts were asked to pinpoint the species in local identification guides (Borrow 

& Demey, 2002; Languy, 2019). The local experts were asked to reach a consensus on the 

identification of every audible species. Furthermore, the experts could ask to replay a recording 

as many times as necessary. Therefore, to avoid bias, they were kept uninformed about the site 

in which each recording was made. Since this study uses mammals and birds to evaluate the 

impact of ecological and anthropogenic factors on vocalisation patterns, vocalisations from 

these taxa were identified by species. Vocalisations from amphibians and insects were 

identified by class. Unidentifiable animal sounds were noted down as ‘Animal unknown’ or, if 

the local experts were sure that the sound was produced by a bird, ‘Bird unknown’. 

To expedite the listening process, all recordings made during the night were screened 

beforehand. Only night recordings that contained vocalisations other than those of insects, 

amphibians or western tree hyraxes (Dendrohyrax dorsalis), which were all easily recognisable 

after some training, were played to the local expert listeners for identification. Furthermore, 

audio files containing too much background noise due to rain were disregarded. 

2.3.2 Soundscape structure 

To assess the soundscape structure, abundance and diversity of vocalisations were used. To 

determine the extent to which each animal class contributes to the soundscape, the vocalisation 

rate of each animal class was calculated. All 1-minute recordings (from all transects) were 

pulled together. Subsequently, the amount of recordings in which an animal class was present 

was divided by the total amount of recordings in order to obtain the vocalisation rate for each 

class. To compare vocalisation abundance across study sites, differences in vocalisation rates 

for each species were evaluated. Data obtained during the identification of sound recordings 

was used. To ensure reliable analysis, only data recorded in all sites on the same day, at the 

same time, and by recorders with similar spatial designs was used; this resulted in a total of 30 

days. On each of these days, in all sites, one or more sensors with the same spatial design 

registered 10 minutes of sound recordings without background noise. These recordings were 

obtained between 6am-3pm and 9pm-10pm. Since the number of sensors with sound recordings 
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for the selected time intervals varied per day, the amount of vocalisations (the number of sound 

recordings in which the species was present) per sensor per day was calculated for each species. 

This vocalisation rate ranged between 0 and 10 for each vocalising species. To compare 

diversity of vocalising species across sites, rarefaction curves plotted with iNEXT were used 

(Chao et al., 2016). These curves were extrapolated to larger sample size in order to estimate 

asymptotic species richness and compare diversity across sites. For this analysis, sound 

recordings were used only if all acoustic sensors in all three study sites had recorded audio files 

at the same time without background noise. This resulted in a total of 1512 1-minute sound 

recordings in each site, spread over 23 days. For each vocalising species, the number of sound 

recordings in which the species was present was determined per site. 

2.3.3 Soundscape drivers 

To assess differences between study sites based on data obtained during field surveys, the 

encounter rate (observations/km) was used. Thus, for every transect, the mean number of 

observations for each type of field survey data was calculated. This way, vegetation data was 

quantified by the encounter rate of all 8 aforementioned habitat types. To further investigate the 

influence of the habitat structure, the total length of swamps and terra firma forests (mature 

forest, old secondary forest, young secondary forest and light gaps together) in the transects 

was calculated (Willie et al., 2013). Thereafter, the total amount of human, mammal and bird 

signs in swamps and terra firma forests was determined, thus allowing to derive encounter rates 

per km. Human activity was calculated overall and broken down into hunting signs and other 

human signs. The encounter rates of great ape nests and other wildlife signs were used as index 

of abundance. As done in a previous study (Dekegel, 2018), mammals were grouped in seven 

defined assemblages of species: elephants, carnivores, even-toed ungulates, pangolins, old 

world monkeys, great apes and rodents. Consequently, analyses were performed on mammals 

as a whole, on the defined taxonomical mammal guilds and at the species level. Since not all 

mammals are known to vocalise, another analysis was performed for mammal species that were 

identified in the acoustic recordings (Buxton et al., 2018). For elephants, carnivores, even-toed 

ungulates, pangolins and rodents, indirect mammal survey data was used. Great ape abundance 

was estimated by nest counts. To avoid possible bias that may have arisen from grouping 

individual great ape nests into nest sites, the number of individual nests were used over the 

number of nest sites. Furthermore, direct observations were used for old world monkey 

abundance estimates. This approach is consistent with methodologies used in previous studies 

in the area, enabling the guilds and species to be compared (Laurance et al., 2006; Tagg et al., 

2013; Dekegel, 2018). For birds, the encounter rate was also used as an index of abundance; 

analyses were performed for all birds together and for each identified bird species separately. 

To assess possible differences in mammal and bird diversity across the study sites, rarefaction 

curves were plotted with iNEXT (Chao et al., 2016). For all bird and mammal species, the 

number of signs per study site was calculated. Calculations were based on indirect observations 

(for the aforementioned guilds), direct observations (old world monkeys and birds) and nest 

counts (great apes). Furthermore, to evaluate additional  anthropogenic factors that might affect 

the soundscape, ArcGIS was used to measure the shortest straight-line distance(m) between the 

sound recorders and the closest village and trail. The distance between the recorder and the 
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closest village served as a proxy measure of the remoteness of the recording location, whereas 

distance to the nearest trail was used as a measure of accessibility.  

In order to assess how anthropogenic and ecological factors affect the soundscape, two 

dependent variables were calculated for each sensor for each day. It is important to note that 

peak acoustic activity in tropical forests soundscapes occurs during dawn and dusk (Burivalova 

et al., 2018). Furthermore, throughout the year, sunrise in the research area always occurs after 

5am (Worlddata.info, 2020). Therefore, this study defined a day as a 24-hour time span starting 

at 6am. This way, every day started with dawn and ended with a full night. All obtained data 

was organized accordingly. The first dependent variable is the proportion of files that contained 

vocal activity. This proportion, used as a proxy for abundance of vocalisations, was calculated 

by dividing the number of recordings with vocal activity by the total number of recordings per 

sensor per day. Second, the number of species identified per sensor per day was determined and 

used as a proxy for bioacoustic diversity. These dependent variables were calculated for bird 

and mammal species separately. Obtained values of mammal abundance, bird abundance, 

human activity, geographical factors and climatic measurements were used as predictor 

variables. Data obtained during field surveys on transects were attributed to the corresponding 

sensors. Additionally, the percentage of swamp and terra firma forest was calculated per 

transect, thus per sensor. Note that only observations of dependent variables for which values 

for all predictor variables were available were used. This resulted in a total of 847 observations.  

 

2.4 Statistical analysis 

2.4.1 Soundscape structure 

RStudio (version 4.0.2.) was used for all statistical analyses. To determine soundscape 

structure, normality of all processed data, obtained during the identification of sound 

recordings, was tested per study site using the Shapiro-Wilk’s test. Normally distributed data 

was tested for homogeneity of variances using a Bartlett test. If data for one of the compared 

study sites followed a non-normal distribution, a Kruskal-Wallis one-way analysis of variance 

test was always used because this test does not assume equal variances. As post-hoc analysis, 

to determine which study sites differ significantly, Dunn’s multiple comparison test with 

Benjamini-Hochberg correction was performed (Ogle et al., 2020). If data for all study sites 

was normally distributed and showed equal variances, a one-way ANOVA test was used with 

Tukey Honest Significant Differences post-hoc analysis. For normally distributed data with 

unequal variances between the study sites, a Welch ANOVA test with Games-Howell post-hoc 

analysis was performed. Furthermore, correlation tests were run to assess the relationships 

between wildlife abundances, human activity, number of occurrences of swamps and terra firma 

forests, remoteness and accessibility. 

2.4.2 Soundscape drivers 

To determine anthropogenic and ecological factors, all processed data obtained during the field 

surveys was tested per study site in the same manner as the data obtained during the 

identification of sound recordings.  
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To evaluate the effect of anthropogenic and ecological factors on the soundscape, advanced 

statistics were used. Variables used to assess how anthropogenic and ecological factors affect 

the soundscape were obtained from the same sensors at different points in time, resulting in 

longitudinal datasets. Independence could not be assumed for repeated measures of the 

dependent variables. In addition, the data followed a hierarchical structure where days were 

nested within sensors, possibly requiring the use of multilevel models. To assess whether 

multilevel analyses were needed, the intraclass correlation coefficient (ICC) was calculated. 

ICC values for both dependent variables turned out to be lower than 0.05, indicating no 

significant variation between sensors (Sommet & Morselli, 2017). Therefore, generalised 

estimating equations (GEE) were used. GEE are an extension of generalised linear models that 

allow for the analysis of repeated measurements where observations in separate clusters are 

independent (Halekoh et al., 2006). To assess multicollinearity among the predictor variables, 

the variance inflation factor (VIF) of each variable was calculated. Variables with VIF > 5 were 

excluded from the analyses (O’Brien, 2007). Additionally, correlation analyses for all pairs of 

quantitative variables were run. Only temperature and humidity were strongly correlated. Since 

temperature was measured with more precision, humidity was excluded from the analyses. 

Poisson models for all dependent variables were used to assess dispersion. Since the number of 

recordings per sensor per day was not always equal, an offset variable (calculated as log of the 

total amount of recordings per sensor per day) was added to the models. Models with a 

dispersion statistic of 0.8 < σp < 1.2 were considered normally dispersed (Payne et al., 2018). 

Bioacoustic diversity of all wildlife together and birds separately was normally dispersed, 

whereas total abundance of vocalisations and bird vocalisation abundance was underdispersed. 

Mammal bioacoustics diversity was also underdispersed and mammal vocalisation abundance 

was overdispersed. For the GEE analyses, the “exchangeable” correlation structure was used 

and waves were added to maintain the chronological order of the repeated measurements. For 

models that showed under- and overdispersion binomial GEE analyses were run without an 

offset variable. However, binomial GEE models require the dependent variable to be a 

proportion, but mammal bioacoustic diversity was represented as a count value.  Therefore, 

these values were divided by the total amount of vocalising mammal species identified 

throughout the study period to obtain a proportion of bioacoustic diversity. The fitted GEE 

models were compared to similar models to which weights were added to account for the 

different amount of recordings that were available per sensor per day. The models were 

compared using the QIC program to select the GEE model that best fits the dataset (Cui, 2007). 

Models without weights proved to fit the data set better. Therefore, results from these models 

were saved.  
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3. Results 

3.1 Vocalising species 

In total, 52 different species were identified from the analysed sound recordings (Table 1). This 

total consisted of 15 vocalising mammals and 37 vocalising birds. In all study sites, 8 different 

mammal species were detected. However, Ngouleminanga was the only site were a vocalising 

carnivore was detected. Furthermore, no even-toed ungulate and pangolin species were detected 

in La Palestine. On the subject of birds, in both La Belgique and La Palestine, 32 different 

species were detected. In Ngouleminanga 27 bird species were detected. Amphibian and insect 

vocalisations were detected in every site, but the local experts were unable to name the exact 

species based on the sound alone. Luckily, the local name and corresponding scientific name 

of most vocalising mammal and bird species could be determined. However, for three species 

(local names: SU, MPOU and EKENE KENE), the local experts were not able to pinpoint the 

species in local identification guides. In addition, for three species, the vocalisations were 

regarded as vocalisations of distinct species. Nevertheless, the local experts were unable to 

determine the local or scientific names of the species, because they had never actually seen the 

species. Therefore, these species were identified as “Unknown bird #2”, “Unknown bird #3” 

and “Unknown bird #4”. The name “Unknown bird #1” is missing, because during the time that 

audio identifications were conducted, the local experts managed to identify the exact name of 

the bird species that was previously labelled with this name.  
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Table 1. List of vocalising species identified from sounds recorded in each site. 

Common Name Scientific Name La Belgique La Palestine Ngouleminanga 

Animals Animalia Detected Detected Detected 

Mammals Mammalia Detected Detected Detected 

Western tree hyrax Dendrohyrax dorsalis Detected Detected Detected 

Carnivores Carnivora Not detected Not detected Detected 

African palm civet Nandinia binotata Not detected Not detected Detected 

Even-toed Ungulates Artiodactyla Detected Not detected Detected 

Red river hog Potamochoerus porcus Detected Not detected Not detected 

Yellow-backed duiker Cephalophus sylvicultor Not detected Not detected Detected 

Pangolins Pholidota Detected Not detected Detected 

Tree pangolin Manis tricuspus Detected Not detected Detected 

Old World monkeys Cercopithecidae Detected Detected Detected 

Agile mangabey Cercocebus agilis Detected Not detected Not detected 

Brazza's monkey Cercopithecus neglectus Detected Detected Detected 

Crowned monkey Cercopithecus pogonias Detected Not detected Not detected 

Eastern Putty-nosed Monkey Cercopithecus nictitans nictitans Detected Not detected Not detected 

Galago de deminoff Galagoides murinus Not detected Detected Not detected 

Southern needle clawed 

bushbaby Euoticus pallidus Not detected Detected Not detected 

Rodents Rodentia Detected Detected Detected 

Fire-footed rope squirrel Funisciurus pyrropus Not detected Detected Detected 

Squirrel (local name MPOU) - Not detected Detected Not detected 

Squirrel (local name SU) - Detected Detected Detected 

Thomas's rope squirrel Funisciurus anerythus Not detected Detected Detected 

Birds Aves Detected Detected Detected 

African Paradise Flycatcher Terpsiphone viridis Detected Detected Not detected 

African Pied Hornbill Tockus fasciatus Detected Detected Detected 

African pied wagtail Motacilla aguimp Detected Detected Detected 

Ansorge's Greenbul Eurillas ansorgei Detected Detected Detected 

Barbet Gymnobucco sp. Detected Detected Not detected 

Bates's Paradise Flycatcher Terpsiphone batesi Detected Detected Detected 

Black-Casqued Hornbill Ceratogymna atrata Detected Detected Detected 

Black-guineafowl Agelastes niger Detected Not detected Not detected 

Blue Breasted Kingfisher Halycon malimbica Detected Detected Detected 
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Buff-spotted Woodpecker Campethera nivosa Not detected Detected Not detected 

Common Bulbul Pycnonotus barbatus Detected Detected Detected 

EKENE KENE (local name) - Not detected Detected Not detected 

Fraser's Eagle Owl Bubo poensis Not detected Detected Detected 

Great blue touraco Corythaelo cristata Detected Detected Detected 

Greater Swamp Warbler Acrocephalus rufescens Detected Detected Not detected 

Grey Parrot Psittacus erithacus Detected Detected Detected 

Latham's forest francolin Peliperdix lathami Detected Not detected Detected 

Lemmon-Bellied Crombec Sylvietta denti Detected Detected Detected 

Pied kingfisher Ceryle rudis Detected Detected Detected 

Piping Hornbill Bycanistes fistulator Detected Detected Not detected 

Plumed Guineafowl Guttera plumifera Detected Not detected Detected 

Red Chested Cuckoo Cuculus solitarius Detected Detected Detected 

Red-Billed Dwarf Hornbill Tockus camarus Detected Detected Detected 

Red-Eyed Dove Streptopelia semitorquata Detected Detected Not detected 

Senegal Coucal Centropus sengalensis Detected Detected Detected 

Speckled Tinkerbird Pogoniulus scolopaceus  Detected Detected Detected 

Sunbirds Chalcomitra sp. Detected Detected Detected 

Velvet-Mantled Drongo Dicrurus modestus Detected Detected Not detected 

Western Nicator Nicator chloris Detected Detected Detected 

White Thighed Hornbill Bycanistes albotibialis Detected Detected Detected 

White-Crested Hornbill Horizocerus albocristatus Not detected Detected Detected 

White-throated Bee-eater Merops albicollis Detected Not detected Not detected 

Xavier's Greenbul Phyllastrephus xavieri Detected Detected Detected 

Yellow Longbill Macrosphenus flavicans Detected Detected Detected 

Unknown bird #2 (local name) - Detected Detected Detected 

Unknown bird #3 (local name) - Detected Detected Detected 

Unknown bird #4 (local name) - Not detected Not detected Detected 

Amphibians Amphibia Detected Detected Detected 

Insects Insecta Detected Detected Detected 
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3.2 Soundscape structure 
3.2.1 Vocalisation abundance 

3.2.1.1 Vocalisation rates across animal classes 

To compare vocalisation rates across animal classes, 18590 1-minute audio files recorded 

between  25 February and 9 May 2020 were used. Bird vocalisations were present in 

57.88%±1.46% of the recordings. Second, mammal vocalisations were present in 

9.34%±0.48% of the recordings. Likewise, Amphibian vocalisations were present in 

8.31%±0.20% of the recordings. Finally, insect vocalisations were present every (100%±0%) 

recording. Therefore, the vocalisation rate of insects was significantly higher than that of birds, 

mammals and amphibians (Dunn’s Multiple Comparison test: Z = 2.60, 6.10 and 6.90, 

respectively; p = 0.01, 3.18e−09 and 3.06e−11, respectively; Fig 3). In addition, bird 

vocalisations were detected significantly more frequently than vocalisations of mammals and 

amphibians (Dunn’s Multiple Comparison test: Z = 3.50 and 4.30, respectively; p = 6.99e−04 

and 3.88e−05, respectively; Fig 3). There was no significant difference between mammal and 

amphibian vocalisation rates (Dunn’s Multiple Comparison test: Z = 0.80, p = 0.42). 

 

Figure 3. Overall differences in vocalisation rates across animal classes. Standard errors are represented by error bars. Asterisks 

show significant differences (*: p = 0.05, **: p = 0.01, ***: p = 0.001). 
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3.2.1.2 Vocalisation rates along a disturbance gradient 

After calculating the total vocalisation rates for all vocalising species combined, the lowest total 

rate was found in La Belgique with 18.50±0.77 vocalisations per sensor per day. This was 

significantly less compared to both La Palestine and Ngouleminanga, with a total of 21.00±0.86 

and 22.30±0.52 vocalisations per sensor per day, respectively (Dunn’s Multiple Comparison 

test: Z = −2.44 and −4.00, respectively; p = 0.02 and 0.0002, respectively; Fig 4). Concerning 

vocalising mammals, all mammal species combined showed a vocalisation rate of 0.71±0.11 in 

La Belgique, 0.77±0.10 in La Palestine and 0.62±0.11 in Ngouleminanga. These differences 

were not significant (p = 0.39). However, the vocalisation rates of the red river hog 

(Potamochoerus porcus) were significantly higher in La Belgique compared to both La 

Palestine and Ngouleminanga where it was not identified (Dunn’s Multiple Comparison test: Z 

= 0.01, p = 0.019). Similar results were found for the agile mangabey (Cercocebus agilis), an 

old world monkey species that was only identified in sound recordings from La Belgique 

(Dunn’s Multiple Comparison test: Z = 2.15, p = 0.048). Likewise, vocalisation rates of tree 

pangolins (Manis tricuspus) were significantly higher in La Belgique compared to La Palestine 

(Dunn’s Multiple Comparison test: Z = 2.59, p = 0.029). Additionally, a squirrel species of 

which the scientific name is unknown (local name: SU), showed higher vocalisation rates in La 

Belgique compared to Ngouleminanga (Dunn’s Multiple Comparison test: Z = 2.54, p = 0.033). 

On the contrary, vocalisation rates of the fire-footed rope squirrel (Funisciurus pyrropus) were 

highest in La Palestine compared to Ngouleminanga (Dunn’s Multiple Comparison test: Z = 

4.36, p = 1.92e-05) and La Belgique, where it was not identified (Dunn’s Multiple Comparison 

test: Z = 4.75, p = 6.04e-06). However, the majority of recorded vocalisations were produced 

by bird species. All bird species combined had a vocalisation rate of 17.81±0.76 in La Belgique, 

20.19±0.86 in La Palestine and 21.73±0.53 in Ngouleminanga. Similar to the total vocalisation 

rate, bird vocalisation rates in La Belgique were significantly lower than in La Palestine 

(Dunn’s Multiple Comparison test: Z = −2.34, p = 0.030) and Ngouleminanga (Dunn’s Multiple 

Comparison test: Z = −4.10, p = 0.0001). A total of 37 bird species were identified, of which 

15 were not evenly distributed across study sites. The ansorge’s greenbul (Eurillas ansorgei) 

had the highest vocalisation rate in Ngouleminanga with 7.27±0.22 vocalisations per sensor per 

day. This was significantly higher than vocalisation rates of the species in both La Belgique 

(Dunn’s Multiple Comparison test: Z = 7.75, p = 2.68e-14) and La Palestine (Dunn’s Multiple 

Comparison test: Z = 4.77, p = 2.70e-06). In addition, the Ansorge’s greenbul also displayed 

higher vocalisation rates in La Palestine compared to La Belgique (Dunn’s Multiple 

Comparison test: Z = 2.98, p = 2.90e-03). The same applies to the western nicator (Nicator 

chloris), which showed higher vocalisation rates in Ngouleminanga compared to La Palestine 

(Dunn’s Multiple Comparison test: Z = 2.5, p = 1.88e-02), whereas the species vocalisation 

rates in La Palestine were higher than in La Belgique (Dunn’s Multiple Comparison test: Z = 

2.18, p = 2.90e-02)). Furthermore, vocalisation rates in Ngouleminanga were higher than in La 

Belgique for the Bates’s paradise flycatcher (Terpsiphone batesi; Dunn’s Multiple Comparison 

test: Z = 2.72, p = 0.019), the pied kingfisher (Ceryle rudis; Dunn’s Multiple Comparison test: 

Z = 2.74, p = 0.019) and a bird species of which the scientific name is unknown (local name: 

“Unknown bird #2”; Dunn’s Multiple Comparison test: Z = 3.30, p = 0.003). On the other hand, 

The highest vocalisation rates for the Xavier’s greenbul (Phyllastrephus xavieri) was in La 
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Palestine compared to both La Belgique (Games-Howell test: t = 2.47, p = 0.04) and 

Ngouleminanga (Games-Howell test: t = 3.21, p = 0.01). Similarly, a bird species with an 

unknown scientific name (local name: EKENE KENE) had higher vocalisation rates in La 

Palestine compared to both La Belgique and Ngouleminanga because it was not found in these 

sites (Dunn’s Multiple Comparison test: Z = 3.35, p = 0.0012). Additionally, La Palestine 

demonstrated higher vocalisation rates of the blue breasted kingfisher (Halycon malimbica) 

than Ngouleminanga (Dunn’s Multiple Comparison test: Z = 2.41, p = 0.047) and higher 

vocalisation rates of the great blue touraco (Corythaelo cristata) than La Belgique (Dunn’s 

Multiple Comparison test: Z = 2.47, p = 0.040). The common bulbul (Pychonotus barbatus) 

also showed the highest vocalisation rates in La Palestine. This rate was significantly higher 

than the rate in Ngouleminanga (Dunn’s Multiple Comparison test: Z = 5.12, p = 4.63e-07), 

which, in turn, was significantly higher than the rate in La Belgique (Dunn’s Multiple 

Comparison test: Z = 5.13 p = 8.66e-07). Furthermore, highest vocalisation rates were noted in 

La Belgique for the black-casqued hornbill (Ceratogymna atrata), the lemmon-bellied crombec 

(Sylvietta denti) and the white-thighed hornbill (Bycanistes albotibialis) compared to both La 

Palestine (Dunn’s Multiple Comparison test: Z = 3.76, p = 0.0003; Games-Howell test: t = 4, p 

= 0.01;Dunn’s Multiple Comparison test: Z = 4.58, p = 1.37e-05, respectively) and 

Ngouleminaga (Dunn’s Multiple Comparison test: Z = 3.98, p = 0.0002; Games-Howell test: t 

= 2.6, p = 0.03; Dunn’s Multiple Comparison test: Z = 4.56, p = 7.77e-06, respectively). 

Likewise, in La Belgique, higher vocalisation rates were found compared to Ngouleminanga 

for the grey parrot (Psittacus erithacus; Dunn’s Multiple Comparison test: Z = 2.44, p = 0.043) 

and the speckled tinkerbird (Dunn’s Multiple Comparison test: Z = 2.21, p = 0.044). 

Vocalisation rates for all identified species are presented in Table 6 of the appendix. 
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Figure 4. Overall differences in vocalisation rates across study sites. Standard errors are represented by error bars. Asterisks 

show significant differences (*: p = 0.05, **: p = 0.01, ***: p = 0.001). 
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3.2.2 Vocalisation diversity along a disturbance gradient 

Figure 5 displays the interpolated (rarefaction) and extrapolated diversity of vocalising species 

for each study site based on the number of sound recordings in which each species was present 

(abundance of vocalisations). After the extrapolated curves for all sites reached a horizontal 

asymptote, all confidence intervals (95%) overlapped. This indicates no significant difference 

in vocalising species diversity between the study sites (p > 0.05). Figure 6 displays similar 

information as Figure 5 but exclusively for vocalising bird species. However, after horizontal 

asymptotes for all sites were reached, all confidence intervals (95%) again overlapped. 

Consequently, diversity in vocalising bird species turned out not to be significantly different 

between the study sites (p > 0.05). 

 

Figure 5. Rarefaction curves (and 95% confidence intervals) comparing the diversity of vocalising species across study sites, 

extrapolated until all curves reached a horizontal asymptote. The diversity of vocalising species does not significantly differ 

between study sites (p > 0.05) because confidence intervals overlap. 
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Figure 6. Rarefaction curves (and 95% confidence intervals) comparing the diversity of vocalising bird species across study 

sites, extrapolated until all curves reached a horizontal asymptote. The diversity of vocalising bird species does not 

significantly differ between study sites (p > 0.05) because confidence intervals overlap. 
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3.3 Anthropogenic and ecological drivers of the soundscape 
3.3.1 Measures of anthropogenic and ecological variables 

3.3.1.1 Habitat description 

Out of the aforementioned habitat types, only mature forest was not encountered during field 

surveys. Figure 7 depicts the percentages of all encountered habitat types across all study sites. 

Secondary forest characterized most of the study area (73.57%). In turn, most of the secondary 

forest was young secondary forest (38.15%). Old plantation sites where almost not observed 

(0.25%) and were only encountered in Ngouleminanga. In total, 1.76 km of the surveyed 

transects consisted of swamp habitat and 13.47 km consisted of terra firma forest habitat.  

To assess differences in habitat composition within the study area, the encounter rate of each 

habitat type was compared within each study site (Fig 8). Most habitat types did not differ 

significantly across the study sites. However, Old secondary forest was significantly more 

abundant in La Palestine than in Ngouleminanga (Tukey Honest Significant Differences test: p 

= 0.013). Furthermore, the encounter rate of young secondary forest proved to be highest in 

Ngouleminanga, compared to La Belgique (Tukey Honest Significant Differences test: p = 

0.031) and La Palestine (Tukey Honest Significant Differences test: p = 0.001). 

 

Figure 7. Overview of habitat type occurrence across the whole study area 

35,42%

38,15%

8,62%

10,08%

5,29%
0,25% 2,18%

Old secondary forest

Young secondary forest

Riparian forest

Swamp

Light gap

Old plantation site

Current plantation site



 

 
28 

 

Figure 8. Differences in encounter rates of habitat types across study sites. Standard errors are represented by error bars. 

Asterisks show significant differences (*: p < 0.05, **: p < 0.01, ***: p < 0.001). 

3.3.1.2 Human activity 

Data obtained during the human activity survey demonstrated that the studied sites differed 

significantly between human activity rates (Fig 9). Namely, encounter rates of human activity 

observations were significantly higher in Ngouleminanga than in both La Belgique (Games-

Howell test: t = 4.96, p = 0.01) and La Palestine (Games-Howell test: t = 3.65, p = 0.01). The 

level of human activity between La Belgique and La Palestine did not differ significantly. 

The analysis of human activity was divided into hunting and non-hunting activities. In swamps, 

0.57 signs of human activity were found per kilometre, whereas 1.56 signs/km were found in 

terra firma forest habitat. Hunting activity was only observed in terra firma forest (0.74 

signs/km). Non-hunting activity, on the other hand, was found in both swamp (0.57 signs/km) 

and terra firma forest (0.82 signs/km) habitat. The two different categories of human activity 

also showed significant differences between sites (Fig 10). Levels of hunting activity, like 

overall human activity, were higher in Ngouleminanga than in La Belgique (Dunn’s Multiple 
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Comparison test: Z = −2.64, p = 0.012) and La Palestine (Dunn’s Multiple Comparison test: Z 

= 2.84, p = 0.014). However, non-hunting activity in Ngouleminanga was only significantly 

more abundant than in La Belgique (Dunn’s Multiple Comparison test: Z = −3.18, p = 0.004). 

Moreover, hunting activity in a transect was negatively correlated with the remoteness of that 

transect (Spearman’s correlation: ρ = −0.5461, p = 0.02). 

 

Figure 9. Overall differences in human activity encounter rates across study sites. Standard errors are represented by error bars. 

Asterisks show significant differences (*: p = 0.05, **: p = 0.01, ***: p = 0.001). 
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Figure 10. Human activity divided into the encounter rate of hunting signs and other human signs across study sites. Standard 

errors are represented by error bars. Asterisks show significant differences (*: p = 0.05, **: p = 0.01, ***: p = 0.001). 

 

3.3.1.3 Great ape and other mammal surveys 

During mammal surveys, a total of 27 different mammal species were recorded across all sites. 

Numbers of mammal species surveyed in La Belgique, La Palestine, and Ngouleminanga were 

16, 13, and 25, respectively. Signs were more abundantly observed in swamp habitat (39.25 

signs/km) compared to terra firma forest habitat (17.19 signs/km). Mammal abundance was 

significantly higher in transects further away from human trails (Spearman’s correlation: ρ = 

0.5493, p = 0.02). The same was found when only the mammal species that were detected in 

the sound recordings were tested (Spearman’s correlation: ρ = 0.676, p = 0.002). A Welch 

ANOVA test indicated overall significant differences between the sites (F = 4.97, p = 0.036); 

however, a pairwise Games-Howell post-hoc analysis showed no significant differences in 

mammal abundance between any of the study sites (p > 0.05 for comparisons between all sites, 

Fig 11). Similarly, between any of the study sites, there were no significant differences in the 
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abundance of vocalising mammals only (One-way ANOVA test: F = 2.43, p = 0.122). The 

abundance of most mammal guilds did not significantly differ between sites (Fig 12). Only the 

abundance of even-toed ungulates in Ngouleminanga is significantly higher than that in La 

Palestine (Dunn’s Multiple Comparison test: Z = 2.74, p = 0.018). Additionally, the encounter 

rate of great ape nests was significantly higher in La Belgique compared to La Palestine (Dunn’s 

Multiple Comparison test: Z = 2.41, p = 0.024) and Ngouleminanga (Dunn’s Multiple 

Comparison test: Z = 3.37, p = 0.002). Further detailed analysis of great ape abundance per 

species demonstrated that both central chimpanzee and western lowland gorilla nests had the 

highest encounter rate in La Belgique, with 2.42±0.97 and 1.5±0.63 respectively (Fig 13). 

However, differences in central chimpanzee nest abundance between La Belgique and the other 

sites were not significant (Kruskal-Wallis test: χ2 = 4.73, p = 0.094). Western lowland gorilla 

nests, on the other hand, turned out to be significantly more abundant in La Belgique, since this 

was the only study site where nests were encountered (Dunn’s Multiple Comparison test: Z = 

2.67, p = 0.011). As to differences across sites at the species level of other mammals, the flat-

headed cusimanse (Crossarchus platycephalus) was encountered at a significantly higher rate 

in Ngouleminanga compared to La Belgique (Dunn’s Multiple Comparison test: Z = 2.68, p = 

0.011) and La Palestine (Dunn’s Multiple Comparison test: Z = 2.68, p = 0.022) where no signs 

of this species were found. Additionally, bay duiker (Cephalophus dorsalis) abundance was 

significantly higher in Ngouleminanga than in La Belgique (Tukey Honest Significant 

Differences test: p = 0.001) and La Palestine (Tukey Honest Significant Differences test: p = 

0.0001). Likewise, the encounter rate of yellow-backed duikers (Cephalophus silvicultor) was 

significantly higher in Ngouleminanga compared to La Belgique (Dunn’s Multiple Comparison 

test: Z = 2.65, p = 0.012) and La Palestine (Dunn’s Multiple Comparison test: Z = 2.98, p = 

0.009). Furthermore, Peter’s duikers (Cephalophus callipygus) abundance in La Palestine was 

significantly lower than in La Belgique (Dunn’s Multiple Comparison test: Z = −3.15, p = 

0.005) and Ngouleminanga (Dunn’s Multiple Comparison test: Z = −2.60, p = 0.014). Lastly, 

tree pangolin abundance in La Palestine was significantly higher than in La Belgique (Dunn’s 

Multiple Comparison test: Z = 2.58, p = 0.029). More detailed information about individual 

species abundance of all surveyed mammals is presented in Table 7 in the appendix. 
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Figure 11. Overall differences in mammal encounter rates across study sites. Standard errors are represented by error bars. 

No statistically significant differences were found between the sites. 
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Figure 12. Abundance of the different mammal guilds across study sites. For great apes, both nests and other indirect signs 

were included. Standard errors are represented by error bars. Asterisks indicate significant differences. 
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Figure 13. Differences in encounter rates of central chimpanzee and western lowland gorilla nests across study sites. Standard 

errors are represented by error bars. Asterisks show significant differences (*: p = 0.05, **: p = 0.01, ***: p = 0.001). 
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Mammal species diversity among study sites based on the number of signs observed per species 

is displayed in Figure 14 where rarefaction (interpolation) and corresponding extrapolation 

curves are plotted. After the extrapolated curves for all sites reached a horizontal asymptote, 

the 95% confidence intervals for Ngouleminanga and La Palestine did not overlap. This 

indicates a significantly higher mammal species diversity in Ngouleminanga compared to La 

Palestine (p < 0.05). 

 

Figure 14. Overall differences in mammal diversity across study sites, extrapolated until all curves reached a horizontal 

asymptote. Differences in species diversity are not significant (p > 0.05) when the 95% confidence intervals overlap. As can 

be seen, Ngouleminanga showed significantly higher species diversity than La Palestine.  

 

3.3.1.4 Bird surveys 

During bird surveys, a total of 42 different bird species were recorded across all sites. Similar 

amounts of birds were observed in different habitats, with 32.43 bird signs/km in swamps and 

21.60 bird signs/km in terra firma forests. Numbers of bird species surveyed in La Belgique, 

La Palestine, and Ngouleminanga were 23, 24, and 30, respectively. However, these differences 

were statistically non-significant (One-way ANOVA test: F = 0.94, p = 0.414; Fig 15). 

Nevertheless, some bird species occurred at different levels of abundance across sites. Speckled 

tinkerbirds (Pogoniulus scolopaceus) were significantly more abundant in Ngouleminanga 

compared to La Belgique (Dunn’s Multiple Comparison test: Z = 2.59, p = 0.029). Likewise, 

the Senegal coucal (Centropus sengalensis) and the rey-eyed dove (Streptopelia semitorquata) 

both showed significantly higher encounter rates in Ngouleminanga than in La Belgique and 

La Palestine (Dunn’s Multiple Comparison test: Z = 2.25 in all cases, p = 0.05 in all cases) 

where they were not observed. Similarly, the encounter rate of the African green pigeon (Treron 

calvus) was significantly higher in Ngouleminanga than in La Belgique (Dunn’s Multiple 

Comparison test: Z = 2.68, p = 0.011) and La Palestine (Dunn’s Multiple Comparison test: Z = 
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2.68, p = 0.022) where the species was also not observed. The red-billed dwarf hornbill (Tockus 

camarus), on the other hand, was significantly more abundant in La Belgique, which was the 

only site where it was observed, compared to both La Palestine and Ngouleminanga (Dunn’s 

Multiple Comparison test: Z = 2.25, p = 0.037). Encounter rates for all surveyed bird species 

are presented in Table 8 of the appendix. Furthermore, correlation tests demonstrated that bird 

abundance in a transect was negatively correlated with both the distance between the transect 

and the nearest village (Pearson’s correlation: R = -0.4892, p = 0.04) and the transect and the 

nearest trail (Spearman’s correlation: ρ = -0.5246, p = 0.03). On the other hand, bird abundance 

was positively correlated with the amount of non-hunting activities (Spearman’s correlation: ρ 

= 0.4904, p = 0.04). 

 

Figure 15. Overall differences in bird encounter rates across study sites. Standard errors are represented by error bars. No 

statistically significant differences were found between the sites. 
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In regards to the diversity of the observed species during bird surveys, Figure 16 depicts the 

interpolated (rarefaction) and extrapolated bird species diversity for each study site based on 

the number of signs observed per species. After the extrapolated curves for all sites reached a 

horizontal asymptote, all confidence intervals (95%) overlapped. This indicates no significant 

difference in bird species diversity between the study sites (p > 0.05). 

 

 

Figure 16. Rarefaction curves (and 95% confidence intervals) comparing bird diversity across study sites, extrapolated until 

all curves reached a horizontal asymptote. The study sites do not significantly differ in bird species diversity (p > 0.05) 

because confidence intervals overlap. 
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3.3.2 Factors affecting the soundscape structure 

GEE revealed that significantly less mammal and bird vocalisations were recorded on days with 

high amounts of rainfall (Wald = 16.29, p = 5.4e-05 for mammals; Wald = 15.47, p = 8.4e-05 

for birds) (Table 2 for mammals; Table 3 for birds). Rainfall was the only significant driver of 

bird vocalisation abundance, whereas the abundance of mammal vocalisation was also 

negatively affected by the percentage of swamp in the area (Wald = 9.19, p = 0.002). 

Furthermore, the amount of human activity proved to negatively affect mammal vocalisation 

abundance (Wald = 4.84, p = 0.028). 

Table 2. Coefficients for all predictor variables calculated by Generalised Estimating Equations (GEE) to assess the drivers of 

the abundance of mammal vocalisations. Asterisks show significant effects (*: p = 0.05, **: p = 0.01, ***: p = 0.001). 

 Estimate Standard error Wald Pr(>|W|) 

Mammal abundance   2.23e−03 7.13e−03 0.10 0.7549 

Bird abundance −7.43e−04 2.86e−03 0.07 0.7949 

Human activity −4.88e−02 2.22e−02 4.84 0.0278 * 

Distance trails   4.21e−05 2.84e−05 2.19 0.1388 

Distance village −3.22e−05 2.25e−05 2.05 0.1521 

Percent swamp −1.77e−00 5.85e−01 9.19 0.0024 ** 

Percent terra firma forest −2.63e−00 1.46e+00 3.23 0.0722 

Rainfall −1.22e−02 3.02e−03 16.29 5.4e−05 *** 

Moon illumination −8.03e−02 1.17e−01 0.47 0.4914 

Temperature −4.03e−02 3.51e−02 1.32 0.2511 

 

Table 3. Coefficients for all predictor variables calculated by Generalised Estimating Equations (GEE) to assess the drivers of 

the abundance of bird vocalisations. Asterisks show significant effects (*: p = 0.05, **: p = 0.01, ***: p = 0.001). 

 Estimate Standard error Wald Pr(>|W|) 

Mammal abundance   1.18e−02 7.42e−03 2.53 0.11 

Bird abundance   2.51e−03 4.07e−03 0.38 0.54 

Human activity −1.25e−02 1.74e−02 0.52 0.47 

Distance trails −4.07e−05 2.93e−05 1.93 0.16 

Distance village −2.86e−05 1.76e−05 2.63 0.10 

Percent swamp   5.6e−01 7.31e−01 0.59 0.44 

Percent terra firma forest   2.94e−02 6.87e−01 0.00 0.97 

Rainfall −5.60e−03 1.42e−03 15.47 8.4e−05 *** 

Moon illumination −1.39e−01 9.35e−02 2.21 0.14 

Temperature −1.32e−02 2.00e−02 0.44 0.51 
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GEE were also used to uncover the drivers of bioacoustic diversity. Mammal acoustic diversity 

was driven by multiple factors (Table 4). First of all, human activity affected mammal acoustic 

diversity negatively (Wald = 5.50, p = 0.019). Second, like mammal vocalisation abundance, 

the diversity of vocally-active mammals was negatively affected by the percentage of swamp 

that covered the area (Wald = 8.38, p = 0.004). Lastly, rainfall had a negative effect on the 

diversity of vocally-active mammals (Wald = 25.40, p = 4.7e-07). The vocalisation diversity of 

birds was driven by other factors (Table 5). First, temperature negatively affected the overall 

diversity of vocalising bird species (Wald = 6.02, p = 0.014). In addition, the vocalisation 

diversity of bird species was positively affected by the abundance of birds measured during 

field surveys (Wald = 8.52, p = 0.004). 

 

Table 4. Coefficients for all predictor variables calculated by Generalised Estimating Equations (GEE) to assess the drivers of 

the diversity of mammal vocalisations. Asterisks show significant effects (*: p = 0.05, **: p = 0.01, ***: p = 0.001). 

 Estimate Standard error Wald Pr(>|W|) 

Mammal abundance   1.91e−04 8.48e−03 0.00 0.9821 

Bird abundance   5.91e−04 2.67e−03 0.05 0.8246 

Human activity −5.35e−02 2.28e−02 5.50 0.0190 * 

Distance trails   2.40e−05 3.14e−05 0.58 0.4456 

Distance village −4.20e−05 2.64e−05 2.52 0.1121 

Percent swamp −1.79e+00 6.18e−01 8.38 0.0038 ** 

Percent terra firma forest −1.54e+00 1.62e+00 0.91 0.3398 

Rainfall −1.23e−02 2.44e−03 25.40 4.7e−07 *** 

Moon illumination   7.67e−02 9.84e−02 0.61 0.4365 

Temperature −5.63e−03 3.22e−02 0.03 0.8614 

 

Table 5. Coefficients for all predictor variables calculated by Generalised Estimating Equations (GEE) to assess the drivers of 

the diversity of bird vocalisations. Asterisks show significant effects (*: p = 0.05, **: p = 0.01, ***: p = 0.001). 

 Estimate Standard error Wald Pr(>|W|) 

Mammal abundance −2.00e−03 3.24e−03 0.38 0.5364 

Bird abundance   3.06e−03 1.00e−03 9.35 0.0022 ** 

Human activity   1.75e−03 7.98e−03 0.05 0.8264 

Distance trails   8.08e−06 1.02e−05 0.63 0.4280 

Distance village −8.72e−06 5.84e−06 2.23 0.1350 

Percent swamp   2.56e−01 3.16e−01 0.66 0.4179 

Percent terra firma forest   4.05e−02 6.89e−01 0.00 0.9532 

Rainfall   1.31e−03 8.35e−04 2.47 0.1158 

Moon illumination −3.50e−02 4.13e−02 0.72 0.3963 

Temperature −1.61e−02 6.55e−03 6.02 0.142  
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4. Discussion 

Soundscape studies improve the understanding of an environment from both an ecological and 

a behavioural point of view, which can benefit conservation (Teixeira et al., 2019; Lewis et al., 

2020). However, studies that assessed the impact of drivers of soundscape structure mainly 

focussed on anthropogenic noise (Shannon et al., 2016). The relationships between other factors 

and the soundscape were seldom examined (Sueur & Farina, 2015; Eldridge et al., 2016). 

Assessment of how acoustic community features vary along a gradient of disturbance and how 

anthropogenic and ecological factors drive the soundscape structure will help close this 

knowledge gap and, ultimately, aid conservation. 

 

4.1 Vocalising species 
4.1.1 Numbers of vocalising species 

A total of 52 bird and mammal species were identified in the analysed sound recordings. The 

amount of bird and mammal species identified in the analysed sound recordings is lower than 

the amount detected during wildlife surveys conducted along transects during this study. This 

difference can mainly be attributed to the higher amount of mammal species detected in transect 

surveys, during which 12 more mammal species were identified compared to the sound 

recordings. However, as mentioned before, not all mammal species vocalise (Buxton et al., 

2018). Thus, the majority of mammal species found in these studies, that require either direct 

or indirect visual observation, do not contribute to the soundscape. Therefore, it is logical that 

acoustic sensors detect less mammal species. In regards to birds, the number of vocalising 

species detected in the analysed sound recordings is similar to the amount of bird species that 

were observed during this study’s transect surveys. This is in line with other studies conducted 

in African forests, who found estimates of bird species richness based on acoustic 

measurements to be similar to those based on point count methods (Sedláček et al., 2015; 

Wheeldon et al., 2019). These studies, together with this study, are early investigations 

documenting vocalising bird communities using both field and acoustic survey methods. 

Passive acoustic monitoring was previously used to study one or multiple vocalising species in 

Ivory Coast (Heinicke et al., 2015), the Central African Republic (Thompson et al. 2010a), 

Gabon & Republic of Congo (Wrege et al. 2010; 2017) and Ghana (Thompson et al. 2010b). 

However, this is the first known study that provides an inventory of the entire vocalising 

mammal community in an African tropical rainforest. Therefore, this study provides baseline 

information regarding the community of vocally-active mammals in the area. Furthermore, 

these findings suggest that acoustic monitoring is a sufficient method for capturing the number 

of bird species in an area, whereas mammal species are partly captured.  

4.1.2 Identity of vocalising species 

Bioacoustic measurements detected several different mammal and bird species compared to 

transect surveys. The differences were mostly caused by the identification of non-vocalising 

animals in transect surveys, which was not possible during audio identification (Buxton et al., 
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2018). However, in regards to mammals, audio analysis identified western tree hyraxes and 

several types of primate and squirrel species that were not detected during transect surveys. As 

for birds, seven species were identified in the analysed sound recordings but not observed 

during point count surveys. Conversely, 12 species that were identified during bird surveys 

were not detected in the analysed sound recordings. Western tree hyraxes were probably only 

detected in the sound recordings because they are vocalising nocturnal mammals and field 

surveys were conducted during the day (Djossa et al., 2012). The primate and squirrel species 

identified in sound recordings were also identified in transect surveys conducted in the area 

(Bruce et al., 2017; Dekegel, 2018; Honko et al., 2020). This supports the idea that middle-

sized primates are easier to detect using sound cues (Enari et al., 2019). For squirrel species, 

this can be explained by the fact that squirrel signs were difficult to be differentiated amongst 

exact species (Dekegel, 2018; Honko et al., 2020). However, local experts could identify 

squirrel species by their vocalisations. The difference in bird species detected during audio 

analyses and transect surveys is in line with previous studies. These show that, although 

estimates for bird species based on acoustic identification and point counts are roughly similar, 

each method detects several unique species (Sedláček et al., 2015; Leach et al., 2016). 

Similarly, visual and acoustic measurements detect different mammal species overall (Buxton 

et al., 2018). One odd identification from the sound recordings is that of the tree pangolin, since 

this species is not known to vocalise (Wilcox et al., 2019). Therefore, it is likely that one of the 

sensors was placed close to a tree pangolin’s trail, causing mechanical sounds of the pangolin 

to be detected and identified. Furthermore, signs of forest elephants (Loxodonta cyclotis), red-

tailed moustached monkeys (Cercopithecus cephus cephus) and great ape species, who are 

known to vocalise, were identified during transect surveys but not detected in the recordings. 

One possible explanation for the absence of forest elephants from the recordings is that 

elephants communicate using low frequency calls, which can be non-detectable by human 

hearing (Garstang, 2004). In this case, the local expert listeners were not able to detect and 

identify the species’ vocalisations. However, elephants also produce vocalisations that are 

audible for humans (Payne et al., 2003). Therefore, another possibility is that forest elephant 

populations in the area are small and do not vocalise constantly. Thus, there is a chance that too 

few recordings were made to capture elephant vocalisations during the study. The latter possible 

explanation also applies to red-tailed moustached monkeys, chimpanzees and western lowland 

gorillas. Deploying more sensors to cover a larger section of the landscape or recording more 

frequently will increase the chance of detecting these species. As mentioned in the previous 

paragraph, research towards the detection and identification of both vocalising mammals and 

birds is limited. Therefore, to provide a better overview of vocalising animal communities in 

tropical forests and to be able to compare the identity of species in different locations, research 

towards vocalising species in other rainforest sites is necessary. Altogether, soundscape 

monitoring proves to be a good method, outcompeting field surveys on some fronts, for the 

detection and identification of vocalising species (Sethi et al., 2020). To describe whole 

mammal communities, camera trapping in combination with acoustic monitoring is 

recommended (Buxton et al., 2018). Similarly, soundscape monitoring in combination with 

point counts is recommended for the description of bird communities (Leach et al., 2016; 

Wheeldon et al., 2019).  
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4.2 Soundscape structure 
4.2.1 Vocalisation abundance 

4.2.1.1 Vocalisation rates across animal classes 

Insects were the most vocally-active animal class in this study. Birds also showed higher 

vocalisation rates than mammals and amphibians, who did not differ from each other. Insects 

produced sounds continuously, which explains why they were detected in every sound 

recording. Amphibians, on the other hand, vocalised predominantly at night. Possible 

explanations for the difference in vocalisation rates between birds and mammals are that birds 

communicate more vocally than mammals, or that birds are more conspicuous in their 

vocalisations. However, given the scarcity of papers on this subject, this study is probably the 

first to provide a quantitative assessment of the contribution of all vocalising animal classes to 

the structure of a tropical forest soundscape. Overall, the hypothesis that animal classes do not 

contribute equally to the soundscape is accepted. Moreover, these findings suggest that the 

community of vocally-active animals in tropical forests is dominated by insects and birds 

although mammals and amphibians also contribute to the soundscape.  

4.2.1.2 Vocalisation rates along a disturbance gradient 

Vocalisation rates between La Palestine and Ngouleminanga did not differ, whereas 

vocalisations were significantly less abundant in La Belgique compared to the other sites. This 

difference cannot be explained by mammals, because there was no overall difference in 

abundance of mammal vocalisations. This is reflected by the field surveys, where no differences 

in abundance between sites was found for all mammals together as well as for mammals that 

were vocally active during the study. Therefore, the overall significantly lower vocalisation 

abundance in La Belgique can mainly be attributed to differences in bird vocalisation 

abundance between sites. This finding was not reflected by the transect surveys, which 

indicated no difference between study sites of either overall bird abundance or abundance of 

individual bird species that were vocally-active. Thus, vocalisation abundance is not necessarily 

proportional to species abundance. For mammals, most species that showed differences in 

vocalisations abundance between sites vocalised most abundantly in La Belgique and are 

known to be prone to hunting pressure (Vanthomme et al., 2013; Dadem et al., 2018; Maisels 

et al., 2019). Therefore, it is likely that the species were more abundant in La Belgique, because 

hunting pressure is low in that area (Tagg et al., 2011). Another explanation is that these 

mammals are more vigilant, thus producing less vocalisations, in areas with more hunting 

activity (Croes et al., 2007). Correspondingly, most bird species that vocalised more in La 

Belgique are known to avoid habitat under anthropogenic pressure (Tamungang et al., 2013; 

Chasar et al., 2014; Trolliet et al., 2015; Languy, 2019). In addition, most bird species that 

showed higher vocalisation abundance in La Palestine and Ngouleminanga either prefer forest 

edge or other habitat that is present in these sites or to be unaffected by human disturbance 

(Dale et al., 2000; Beier et al., 2002; Péron & Crochet, 2009; Okosodo et al., 2016; Holbech et 

al., 2018; Languy, 2019). The finding that vocal abundance was higher in more disturbed areas 

can also be attributed to the existing knowledge that birds adjust their vocal behaviour in 

response to anthropogenic noise (Hu & Cardoso, 2010). Therefore, birds might increase their 

vocalisation rates when exposed to high levels of anthropogenic disturbance. Altogether, the 
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results support the hypothesis that acoustic community features vary along a disturbance 

gradient. Overall, species seem to vocalise most abundantly in sites that accommodate their 

preferences. Besides the explanation that the level of disturbance does not affect mammal vocal 

abundance, it is also possible that disturbance in the study area is not strong enough to affect 

mammal vocalisations. Naturally, intraspecific variation, which causes individuals of the same 

species to react differently to environmental stressors, could also impact differences in 

vocalisation abundance (Harding et al., 2019). Studying this variation requires recognition of 

individuals within a species, which is beyond the scope of this research, but might provide 

deeper insights into the vocal behaviour of species along a disturbance gradient.  

4.2.2 Vocalisation diversity 

In regard to the diversity of vocalisations, no differences were found between the study sites. 

The same is true for vocalisation diversity of birds only. This suggests that the disturbance 

gradient did not affect vocalisation diversity in the study area. For birds, the similarity in 

vocalisation diversity between disturbance levels is reflected by the point count survey results. 

In contrast, the transect survey did show differences between the sites in mammal diversity. 

This contrast can be explained by the fact that, as mentioned before, visual and acoustic 

measurements detect different mammal species (Buxton et al., 2018). However, studies mainly 

showed a negative impact of anthropogenic noise on vocalisation diversity (Francis et al., 2011; 

Perillo et al., 2017). Thus, the results are against the expectation that acoustic community 

features vary along a gradient of disturbance and indicate that the level of disturbance does not 

impact the diversity of vocalising species. However, disturbance factors in the area, like 

anthropogenic noise, may not have reached the threshold beyond which vocalisation diversity 

is negatively affected. Another possible explanation is that the lack of difference along the 

disturbance gradient is caused by homogenisation of the biodiversity (Burivalova et al., 2019b). 

In this case, the loss of specialised species due to disturbance is nullified by an increase in the 

number of generalist species in the area (Burivalova et al., 2014). Future research towards the 

level of disturbance needed to alter vocalisation diversity and the possible influx of habitat 

generalists in the area is needed to point out the exact reasons behind the unaffected vocalisation 

diversity along the disturbance gradient.  
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4.3 Factors affecting the soundscape 
4.3.1 Vocalisation abundance 

GEE showed that vocalisation abundance throughout the area was negatively impacted by 

rainfall. Mammal vocalisation abundance was also negatively affected by hunting pressure and 

the amount of swamp habitat in the area.  

4.3.1.1 Rainfall 

The negative impact of rainfall indicates that, even though recordings where rain was heard 

were removed from the dataset, both mammals and birds still vocalised less on days with more 

rainfall compared to days with less rainfall. The reduction in vocal activity due to rain is in line 

with previous studies, showing that both vocalising mammals and birds call less frequently in 

periods after rainfall (Clink et al., 2020; Ducrettet et al., 2020). Thus, rainfall drives soundscape 

structure by lowering the vocalisation abundance of mammal and bird species. 

4.3.1.2 Hunting pressure 

The negative impact of human activity on vocalisation abundance was only found in mammals 

but not in birds. Therefore, it is possible that anthropogenic pressure has a heavier impact on 

mammals than on birds. Hunting is known to impact the density and vocal behaviour of both 

mammal and bird populations in tropical forests (Redford, 1992; Brumm, 2004; Croes et al., 

2007). However, hunting pressure negatively affects mammal abundance in a higher degree 

than bird abundance (Benítez-López et al., 2017). Therefore, human activities prove to drive 

the soundscape; however, their magnitude  in the area may only be strong enough to influence 

mammal vocalisation abundance. 

4.3.1.3 Habitat  

The finding that the amount of swamp percentage only affected vocalisation abundance of 

mammals is supported by the result that over twice as much mammal signs were found per 

kilometre of swamp compared to the terra firma forests. Birds on the other hand, were observed 

in equal numbers throughout different habitat types. This suggests that mammals prefer swamp 

habitat or use it as a refuge. This pattern can be explained by the finding that human activities 

were more abundant in terra firma forests compared to swamps. Moreover, hunting signs were 

completely absent in swamp habitat. Higher mammal abundance in swamp habitat, in turn, can 

provide an explanation for the negative impact of swamp habitat on mammal vocalisation 

abundance. Indeed, the increase in mammal abundance, caused by the low anthropogenic 

pressure in this habitat, may affect species interaction dynamics within the swamp community, 

resulting in increased predation risk. These altered interaction dynamics can heighten the 

vigilance of vocalising mammals, which explains the observed lower vocalisation rates in areas 

with more swamp habitat. This proposition is in line with the current knowledge that increased 

animal density strengthens interactions, such as predation, between species (Kordas & 

Dudgeon, 2011; Jhala & Isvaran, 2016). Predation, in turn, is known to induce vigilance which 

leads to a decrease in vocalisations (Croes et al., 2007). Hence, the swamp habitat affects 

vocalisation patterns seemingly because the limited anthropogenic influence in this habitat 

induces high mammal abundance. 
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4.3.2 Vocalisation diversity 

The amount of human activity, swamp habitat and rainfall all negatively impacted the diversity 

of mammal vocalisations. Bird vocalisation diversity, on the other hand, was negatively 

affected by the temperature and positively affected by the abundance of birds in the area.  

4.3.2.1 Human activity & swamp habitat 

For mammals, the same factors that impacted the abundance of mammal vocalisations also 

affected the diversity of their vocalisations. Therefore, it is likely that human activity and 

swamp percentage reduce both vocalisation abundance and diversity in mammals in similar 

ways (Croes et al., 2007; Laurance et al., 2008; Jhala & Isvaran, 2016; Benítez-López et al., 

2017).  

4.3.2.2 Rainfall 

As for rainfall, if species vocalise less in periods of heavy rain, also less different species will 

be detected at specific recording times. This results in a lower diversity of mammal 

vocalisations due to rain. Why rainfall did not drive the diversity of bird vocalisations is 

unknown. It is plausible that, because bird vocal diversity was generally higher than mammal 

diversity, reduced vocal behaviour after periods of rain was relatively more apparent in 

mammals compared to birds.  

4.3.2.3 Temperature 

The fact that temperature turned out to be a driver of vocalisation diversity in birds, means that 

less bird species were detected on days with higher average temperatures. This effect of 

temperature on vocalisation diversity was also mentioned by McGrann et al. (2016), who 

suggested that many bird species reduce their vocal activity on hot days to save energy. Thus, 

temperature incurs to a limited number of bird species detections and therefore a lower 

vocalisation diversity.  

4.3.2.4 Bird abundance 

Another driver of diversity in bird vocalisation is bird abundance. Hence, in places where more 

birds were encountered, also more bird species vocalised. A logical explanation for this would 

be that when the total amount of birds in an area increases, the chance of different species being 

present and displaying vocal behaviour automatically increases along. However, mammals also 

showed less vocal behaviour in areas where they were more abundant. This suggests that high 

bird density does not result in interactions that impede the vocal activity of bird species, but 

this is a plausible scenario in swampy areas for the mammal community. 
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4.3.3 Other factors 

Not all the measured predictor variables that were expected to drive the soundscape structure 

turned out to do so. Mammal abundance, accessibility, remoteness, percent terra firma forest 

and moon illumination all had no impact on the soundscape.  

As for mammal abundance, species that were identified during mammal abundance surveys 

were mostly different (non-vocalising) from the mammal species that were recorded by the 

sensors. This could explain why overall, mammal abundance does not drive abundance or 

diversity of mammal vocalisations. Another explanation is that species interactions that were 

shaped by the overall level of wildlife abundance did not have any impact on mammal 

vocalisation patterns.  

The distances between a sensor and the nearest trail and village, which represent the 

accessibility and remoteness of an area respectively, did not alter its soundscape structure. Due 

to the different types of land-use throughout the study area, proximity to a trail or village might 

not always imply the same impact. For instance, trails in Ngouleminanga may be more 

frequently used by hunters compared to trails in La Belgique, a site dedicated to research 

activities. Hence, accessibility and remoteness result in very different types and levels of 

anthropogenic impacts throughout the study area, with no clear overall pattern. In addition, low 

numbers of sites and sensors do not allow for the use of contextual variables and multilevel 

models (Maas & Hox, 2005); this limits the ability to detect patterns regarding these factors. 

Therefore, a similar study with a higher sample size (number of study sites and sensors) is 

needed to uncover the exact impact of factors with contextual effects. 

Furthermore, the amount of terra firma forest in the area near a sensor did not alter the structure 

of the soundscape. Compared to swamp habitat, which affected the soundscape, mammal 

abundance was lower and human activities were observed more in terra firma forests. The 

reason why the amount of terra firma habitat did not affect vocalisation patterns despite high 

levels of human activities in these habitats remains unclear. More studies are needed to further 

assess the impact of this variable. 

Lastly, moon illumination did not show an impact on the soundscape probably because the 

response variables were always calculated for 24 consecutive hours, thus combining day and 

night and impeding the detection of actual effects. This rationale is supported by the knowledge 

that behavioural responses to the moon phase only occur during the night (Penteriani et al., 

2011). The effect of moon illumination may be detected when the response variables are 

calculated only from recordings that were made during the night. 

Despite the fact that not all predicted drivers proved to affect the soundscape, the results confirm 

the hypothesis that anthropogenic and environmental factors drive vocalisation patterns. 

Moreover, it can be inferred that anthropogenic disturbance drives vocalisation patterns both 

directly, by altering animal behaviour in reaction to human activity, and indirectly, through its 

effect on the animal community structure. Results also suggest that animal community 

structure, and therefore the soundscape, is driven by the available habitat. Additionally, 

vocalisation patterns are impacted by climate factors.  
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4.3.4 Study limitations 

Despite the fact that some predictor variables were found to be drivers of the soundscape 

structure, one should keep in mind that these drivers might affect the soundscape in processes 

that were not covered by this study. For instance, anthropogenic disturbance is also known to 

impact the climate and habitat structure (Ellis, 2011). If this is the case in the study area, it may 

indirectly affect the soundscape. Additionally, other drivers that were not included in this study 

might have an effect on the acoustic community features as well. If a vocalising species occurs 

at similar densities in all sites while its vocalisation rate varies among sites, this is likely due to 

intraspecific variation in behaviour in response to site-specific factors (Harding et al., 2019). 

The lack of data on intraspecific variation is a limitation of this research. Intraspecific variation 

can cause individuals to behave, and thus vocalise, differently under different kinds of 

disturbances (Harding et al., 2019). This phenotypic plasticity can result in adjusted vigilance, 

as mentioned before, but also in other behavioural survival and mating tactics (Wong & 

Candolin, 2015). Research that accounts for intraspecific behaviour variation will shine more 

light upon the drivers of soundscape structure.  
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5. Conclusion 

Overall, insects and, to a lesser extent, birds were the most dominant animal classes in the 

soundscape. In addition, acoustic community features proved to vary along a gradient of 

disturbance. Mammal acoustic activity did not vary among sites with differing levels of 

disturbance, whereas acoustic activity of birds did. The vocalisation abundance of birds was 

lowest in the site where anthropogenic disturbance was least present. Furthermore, as expected, 

anthropogenic disturbance affected the soundscape indirectly through its impact on the animal 

community structure. In turn, animal community structure and climate factors  directly affected 

the soundscape. Anthropogenic disturbance may also affect the soundscape by altering vocal 

behaviour of specific individuals and by modifying habitat structure and climate, but further 

investigations into these impacts are required. These results provide a deeper understanding on 

the structure of soundscapes under different levels of disturbance and the drivers of these 

soundscapes. This study suggests that the soundscape structure is driven by the complex 

interplay between anthropogenic variables, animal community structure, habitat and climate 

factors. Additionally, the sound data obtained by this study provides baseline acoustic 

information on the vocalising species that may be used for automated detections of these 

vocalisations in the future. Together, an understanding of soundscape drivers and information 

on vocalising species can contribute to the development of applications that will monitor 

soundscapes and detect important changes. This will help guide future decision making and 

conservation planning. 
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Appendix 

Table 6. Species-specific vocalisation rates with standard errors per study site. Asterisks show significant differences (*: p = 

0.05, **: p = 0.01, ***: p = 0.001). 

Index of Vocalisation rate/sensor/day 

  La Belgique La Palestine Ngouleminanga Significance 

Common Name Scientific Name Mean SE Mean SE Mean SE  

Animals Animalia 18.50 0.77 21.00 0.86 22.30 0.52 P = 3e-04*** 

Mammals Mammalia 0.70 0.11 0.77 0.10 0.57 0.10 P = 0.39 

Western tree hyrax Dendrohyrax dorsalis 0.23 0.05 0.36 0.07 0.37 0.07 P = 0.412 

Carnivores Carnivora 0.00 0.00 0.00 0.00 0.02 0.02 P = 0.368 

African palm civet Nandinia binotata 0.00 0.00 0.00 0.00 0.02 0.02 P = 0.368 

Even-toed Ungulates Artiodactyla 0.04 0.02 0.00 0.00 0.01 0.01 P = 0.116 

Red river hog Potamochoerus porcus 0.04 0.02 0.00 0.00 0.00 0.00 P = 0.016* 

Yellow-backed duiker Cephalophus sylvicultor 0.00 0.00 0.00 0.00 0.01 0.01 P = 0.132 

Pangolins Pholidota 0.05 0.02 0.00 0.00 0.01 0.01 P = 0.02* 

Tree pangolin Manis tricuspus 0.05 0.02 0.00 0.00 0.01 0.01 P = 0.02* 

Old World monkeys Cercopithecidae 0.10 0.00 0.03 0.02 0.04 0.02 P = 0.18 

Agile mangabey Cercocebus agilis 0.04 0.02 0.00 0.00 0.00 0.00 P = 0.047* 

Brazza's monkey Cercopithecus neglectus 0.04 0.02 0.02 0.02 0.04 0.02 P = 0.279 

Crowned monkey Cercopithecus pogonias 0.02 0.02 0.00 0.00 0.00 0.00 P = 0.368 

Eastern Putty-nosed Monkey Cercopithecus nictitans nictitans 0.01 0.01 0.00 0.00 0.00 0.00 P = 0.368 

Galago de deminoff Galagoides murinus 0.00 0.00 0.01 0.01 0.00 0.00 P = 0.368 

Southern needle clawed 

bushbaby Euoticus pallidus 0.00 0.00 0.01 0.01 0.00 0.00 P = 0.368 

Rodents Rodentia 0.32 0.08 0.39 0.10 0.16 0.06 P = 0.051 

Fire-footed rope squirrel Funisciurus pyrropus 0.00 0.00 0.21 0.05 0.03 0.03 P = 8.97e-07*** 

Squirrel (local name MPOU) - 0.00 0.00 0.01 0.01 0.00 0.00 P = 0.368 

Squirrel (local name SU) - 0.32 0.08 0.16 0.06 0.11 0.04 P = 0.030* 

Thomas's rope squirrel Funisciurus anerythus 0.00 0.00 0.02 0.02 0.02 0.02 P = 0.603 

Birds Aves 17.81 0.76 20.19 0.86 21.73 0.53 P = 0.0002*** 

African Paradise Flycatcher Terpsiphone viridis 0.02 0.02 0.01 0.01 0.00 0.00 P = 0.603 

African Pied Hornbill Tockus fasciatus 0.29 0.09 0.33 0.09 0.27 0.06 P = 0.818 

African pied wagtail Motacilla aguimp 0.36 0.07 0.48 0.10 0.27 0.07 P = 0.386 

Ansorge's Greenbul Eurillas ansorgei 2.84 0.25 4.46 0.25 7.27 0.22 P = 0.038* 

Barbet Gymnobucco sp. 0.03 0.02 0.04 0.02 0.00 0.00 P = 0.204 
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Bates's Paradise Flycatcher Terpsiphone batesi 0.54 0.08 0.90 0.12 1.21 0.19 P = 0.018* 

Black-Casqued Hornbill Ceratogymna atrata 1.96 0.29 0.76 0.11 0.78 0.13 P = 4.4e-05*** 

black-guineafowl Agelastes niger 0.01 0.01 0.00 0.00 0.00 0.00 P = 0.368 

Blue Breasted Kingfisher Halycon malimbica 0.07 0.07 0.08 0.04 0.01 0.01 P = 0.035* 

Buff-spotted Woodpecker Campethera nivosa 0.00 0.00 0.01 0.01 0.00 0.00 P = 0.368 

Common Bulbul Pycnonotus barbatus 0.27 0.06 1.69 0.28 1.25 0.11 P = 2.495e-08*** 

EKENE KENE (local name) - 0.00 0.00 0.10 0.04 0.00 0.00 P = 0.0006*** 

Fraser's Eagle Owl Bubo poensis 0.00 0.00 0.02 0.01 0.01 0.01 P = 0.360 

Great blue touraco Corythaelo cristata 0.26 0.07 0.54 0.09 0.40 0.09 P = 0.045* 

Greater Swamp Warbler Acrocephalus rufescens 0.01 0.01 0.02 0.02 0.00 0.00 P = 0.368 

Grey Parrot Psittacus erithacus 0.20 0.08 0.12 0.04 0.03 0.02 P = 0.046* 

Latham's forest francolin Peliperdix lathami 0.01 0.01 0.00 0.00 0.02 0.02 P = 0.355 

Lemmon-Bellied Crombec Sylvietta denti 1.70 0.18 0.88 0.10 1.14 0.12 P = 0.00095*** 

Pied kingfisher Ceryle rudis 0.09 0.04 0.21 0.05 0.40 0.12 P = 0.022* 

Piping Hornbill Bycanistes fistulator 0.04 0.02 0.02 0.02 0.00 0.00 P = 0.056 

Plumed Guineafowl Guttera plumifera 0.02 0.01 0.00 0.00 0.02 0.02 P = 0.172 

Red Chested Cuckoo Cuculus solitarius 0.53 0.13 0.85 0.18 0.48 0.13 P = 0.037* 

Red-Billed Dwarf Hornbill Tockus camarus 0.28 0.08 0.21 0.06 0.24 0.86 P = 0.774 

Red-Eyed Dove Streptopelia semitorquata 0.03 0.03 0.02 0.02 0.00 0.00 P = 0.368 

Senegal Coucal Centropus sengalensis 0.11 0.05 0.12 0.04 0.05 0.02 P = 0.496 

Speckled Tinkerbird Pogoniulus scolopaceus  0.06 0.02 0.03 0.03 0.01 0.01 P = 0.040* 

Sunbirds Chalcomitra sp. 3.79 0.21 3.76 0.26 3.34 0.18 P = 0.273 

Velvet-Mantled Drongo Dicrurus modestus 0.04 0.02 0.01 0.01 0.00 0.00 P = 0.109 

Western Nicator Nicator chloris 0.11 0.04 0.42 0.12 0.73 0.11 P = 1.723e-05*** 

White Thighed Hornbill Bycanistes albotibialis 0.64 0.09 0.16 0.05 0.14 0.04 P = 0.045* 

White-Crested Hornbill Horizocerus albocristatus 0.00 0.00 0.01 0.01 0.02 0.02 P = 0.368 

White-throated Bee-eater Merops albicollis 0.01 0.01 0.00 0.00 0.00 0.00 P = 0.368 

Xavier's Greenbul Phyllastrephus xavieri 1.30 0.15 1.80 0.14 1.22 0.12 P = 0.006** 

Yellow Longbill Macrosphenus flavicans 2.10 0.20 1.80 0.17 1.72 0.14 P = 0.450 

Unknown bird #2 (local name) - 0.02 0.01 0.19 0.06 0.41 0.10 P = 0.004* 

Unknown bird #3 (local name) - 0.06 0.03 0.13 0.04 0.22 0.07 P = 0.261 

Unknown bird #4 (local name) - 0.00 0.00 0.00 0.00 0.02 0.02 P = 0.368 

 

Table 7. Mammal guilds and species-specific encounter rates with standard errors per study site. Asterisks show significant 

differences (*: p = 0.05, **: p = 0.01, ***: p = 0.001).  
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Index of Abundance/km 

   La Belgique Palestine Ngouleminanga Significance 

Common Name Scientific Name Observation Mean SE Mean SE Mean SE  

Mammals Mammalia Indirect 18.82 2.40 16.40 1.16 29.58 5.59 P=0.125 

Forest Elephant Loxodonta cyclotis Indirect 0.17 0.17 0.00 0.00 1.00 0.68 P=0.283 

Carnivores Carnivora Indirect 0.00 0.00 0.33 0.33 0.92 0.35 P = 0.053 

African clawless otter Aonyx capensis Indirect 0.00 0.00 0.83 0.83 0.17 0.17 P = 0.586 

African palm civet Nandinia binotata Indirect 0.00 0.00 0.00 0.00 0.08 0.08 P = 0.368 

Black-legged mongoose Bdeogale nigripes Indirect 0.00 0.00 0.00 0.00 0.17 0.11 P = 0.119 

Flat-headed cusimanse Crossarchus platycephalus Indirect 0.00 0.00 0.00 0.00 0.42 0.15 P = 0.008** 

Long-nosed mongoose Herpestes naso Indirect 0.00 0.00 0.00 0.00 0.17 0.11 P = 0.119 

Even-toed Ungulates Artiodactyla Indirect 8.00 1.09 4.60 1.00 13.83 2.49 P = 0.023* 

Bay duiker Cephalophus dorsalis Indirect 2.17 0.33 1.09 0.42 5.92 0.87 P = 8.86e-05*** 

Black-fronted duiker Cephalophus nigrifons Indirect 0.42 0.24 0.85 0.28 0.58 0.30 P = 0.398 

Peter's duiker Cephalophus callipygus Indirect 2.00 0.34 0.17 0.11 1.67 0.35 P = 0.003 ** 

Red river hog Potamochoerus porcus Indirect 2.33 0.88 1.00 0.52 0.92 0.35 P = 0.230 

Royale antelope Neotragus pygmaeus Indirect 0.08 0.08 0.00 0.00 0.08 0.08 P = 0.270 

Sitatunga Tragelaphus spekei Indirect 0.17 0.17 0.56 0.36 0.50 0.26 P = 0.519 

Water chevrotain Hyemoschus aquaticus Indirect 0.00 0.00 0.19 0.12 0.67 0.31 P = 0.057 

Yellow-backed duiker Cephalophus sylvicultor Indirect 0.83 0.31 0.75 0.25 3.50 0.63 P = 0.005** 

Pangolins Pholidota Indirect 1.08 0.33 2.61 0.44 2.33 0.60 P = 0.057 

Giant pangolin Manis gigantea Indirect 0.25 0.11 0.00 0.00 0.33 0.11 P = 0.057 

Tree pangolin Manis tricuspus Indirect 0.88 0.28 2.61 0.44 2.00 0.53 P = 0.032* 

Old World monkeys Cercopithecidae Direct 0.17 0.17 0.17 0.17 0.33 0.33 P = 0.990 

Agile mangabey Cercocebus agilis Direct 0.17 0.17 0.00 0.00 0.00 0.00 P = 0.368 

Brazza's monkey Cercopithecus neglectus Direct 0.00 0.00 0.00 0.00 0.17 0.17 P = 0.368 

Red-tailed mustached monkey Cercopithecus cephus cephus Direct 0.00 0.00 0.17 0.17 0.17 0.17 P = 0.588 

Great apes Hominidae Indirect 3.92 0.79 0.58 0.27 0.08 0.08 P = 0.002** 

Central chimpanzee Pan troglodytes Indirect 2.42 0.97 0.58 0.27 0.08 0.08 P = 0.094 

Western Lowland Gorilla Gorilla gorilla gorilla Indirect 1.50 0.63 0.00 0.00 0.67 0.42 P = 0.009** 

Rodents Rodentia Indirect 2.25 0.82 2.75 0.19 4.42 1.00 P = 0.298 

African brush-tailed porcupine Atherurus africanus africanus Indirect 1.75 0.72 1.87 0.18 3.08 0.81 P = 0.275 

Forest giant pouched rat Cricetomys emini Indirect 0.50 0.13 0.88 0.17 1.25 0.28 P = 0.058 

Greater cane rat Thryonomys swinderianus Indirect 0.00 0.00 0.00 0.00 0.08 0.08 P = 0.368 

Unidentified species - Indirect - - - - - - - 

ABWAH (local name) - Indirect 0.08 0.08 0.00 0.00 0.00 0.00 P = 0.368 

POUN (local name) - Indirect 0.00 0.00 0.00 0.00 0.33 0.25 P = 0.120 

WI (local name) - Indirect 0.00 0.00 0.00 0.00 0.08 0.08 P = 0.368 

 

Table 8. Bird species-specific encounter rates with standard errors per study site. Asterisks show significant differences (*: p 

= 0.05, **: p = 0.01, ***: p = 0.001). 

 

 

 

 



 

 
61 

Index of Abundance/km 

   La Belgique Palestine Ngouleminanga Significance 

Common Name Scientific Name Observation Mean SE Mean SE Mean SE  

Birds Aves Indirect + Direct 22.50 3.70 31.50 7.30 29.83 22.50 P = 0.414 

African Green Pigeon Treron calvus Indirect + Direct 0.50 0.50 0.00 0.00 0.00 0.50 P = 0.008** 

African Pied Hornbill Tockus fasciatus Indirect + Direct 1.00 0.52 0.00 0.89 0.33 1.00 P = 0.865 

African pied wagtail Motacilla aguimp Indirect + Direct 0.33 0.33 0.00 0.00 0.17 0.33 P = 0.366 

Ansorge's Greenbul Eurillas ansorgei Indirect + Direct 0.17 0.17 1.00 0.26 1.50 0.17 P = 0.170 

Barbet Gymnobucco sp. Indirect + Direct 0.00 0.00 0.00 0.00 0.17 0.00 P = 0.344 

Bates's Paradise Flycatcher Terpsiphone batesi Indirect + Direct 1.50 0.43 1.67 0.84 2.17 1.50 P = 0.675 

Black-and-white Mannikin Spermestes bicolor Indirect + Direct 0.17 0.17 0.33 0.21 0.17 0.17 P = 0.368 

Black-Casqued Hornbill Ceratogymna atrata Indirect + Direct 0.00 0.00 0.17 0.17 0.00 0.00 P = 0.374 

Blue Breasted Kingfisher Halycon malimbica Indirect + Direct 1.33 0.61 0.83 0.65 3.50 1.33 P = 0.738 

Buff-spotted Woodpecker Campethera nivosa Indirect + Direct 2.17 0.31 4.83 1.25 2.83 2.17 P = 0.586 

Common Bulbul Pycnonotus barbatus Indirect + Direct 0.00 0.00 0.00 0.00 0.50 0.00 P = 0.288 

CUM (local name) - Indirect + Direct 0.00 0.00 0.00 0.00 0.83 0.00 P = 0.368 

Easter Bearded greenbull Criniger chloronotus Indirect + Direct 3.17 1.05 1.50 0.43 2.33 3.17 P = 0.368 

EBAREKIA (local name) - Indirect + Direct 0.50 0.50 0.00 0.00 0.00 0.50 P = 0.368 

ENKON (local name) - Indirect + Direct 0.00 0.00 0.00 0.00 0.17 0.00 P = 0.368 

Fraser's Eagle Owl Bubo poensis Indirect + Direct 0.17 0.17 0.00 0.00 0.67 0.17 P = 0.368 

Great blue touraco Corythaelo cristata Indirect + Direct 0.00 0.00 0.17 0.17 0.00 0.00 P = 0.257 

Greater Swamp Warbler Acrocephalus rufescens Indirect + Direct 1.17 0.48 2.33 0.67 0.33 1.17 P = 0.363 

Grey Parrot Psittacus erithacus Indirect + Direct 0.00 0.00 0.00 0.00 1.00 0.00 P = 0.368 

Hartlaub's duck Pteronetta hartlaubii Indirect + Direct 0.00 0.00 0.00 0.00 0.17 0.00 P = 0.310 

Latham's forest francolin Peliperdix lathami Indirect + Direct 1.00 0.52 0.00 0.00 0.00 1.00 P = 0.368 

Lemmon-Bellied Crombec Sylvietta denti Indirect + Direct 0.00 0.00 0.00 0.00 0.33 0.00 P = 0.368 

MPELENOUNE (local name) - Indirect + Direct 0.67 0.49 0.33 0.21 0.50 0.67 P = 0.119 

NKEUM (local name) - Indirect + Direct 0.33 0.33 0.00 0.00 0.00 0.33 P = 0.368 

OTTO (local name) - Indirect + Direct 0.00 0.00 0.00 0.00 0.17 0.00 P = 0.119 

Palm-Nut Vulture Gypohierax anglonensis Indirect + Direct 1.17 0.48 2.00 0.93 1.17 1.17 P = 0.368 

Piping Hornbill Bycanistes fistulator Indirect + Direct 0.00 0.00 0.00 0.00 0.33 0.00 P = 0.303 

Plumed Guineafowl Guttera plumifera Indirect + Direct 0.00 0.00 0.17 0.17 0.17 0.00 P = 0.368 

POBO (local name) - Indirect + Direct 0.00 0.00 0.33 0.33 0.00 0.00 P = 0.119 

Red Chested Cuckoo Cuculus solitarius Indirect + Direct 0.00 0.00 0.17 0.17 0.00 0.00 P = 0.439 

Red-Billed Dwarf Hornbill Tockus camarus Indirect + Direct 0.00 0.00 0.00 0.00 0.33 0.00 P = 0.035* 

Red-Eyed Dove Streptopelia semitorquata Indirect + Direct 0.00 0.00 0.00 0.00 0.33 0.00 P = 0.034* 

Senegal Coucal Centropus sengalensis Indirect + Direct 0.00 0.00 0.17 0.17 0.00 0.00 P = 0.033* 

Speckled Tinkerbird Pogoniulus scolopaceus  Indirect + Direct 0.33 0.21 2.33 1.23 1.33 0.33 P = 0.027* 

Sunbirds Chalcomitra sp. Indirect + Direct 0.50 0.34 0.33 0.33 0.00 0.50 P = 0.104 

Western Nicator Nicator chloris Indirect + Direct 2.67 0.49 6.17 1.49 3.83 2.67 P = 0.602 

White Thighed Hornbill Bycanistes albotibialis Indirect + Direct 0.83 0.65 1.83 0.70 1.33 0.83 P = 0.072 

White-Crested Hornbill Horizocerus albocristatus Indirect + Direct 0.50 0.34 0.83 0.31 0.67 0.50 P = 0.588 

White-throated Bee-eater Merops albicollis Indirect + Direct 1.83 1.11 0.50 0.50 2.17 1.83 P = 0.119 

Xavier's Greenbul Phyllastrephus xavieri Indirect + Direct 0.00 0.00 0.33 0.33 0.33 0.00 P = 0.060 

Yellow Longbill Macrosphenus flavicans Indirect + Direct 0.50 0.34 0.83 0.65 0.00 0.50 P = 0.700 

Unknown bird #3 (local name) - Indirect + Direct 0.00 0.00 0.33 0.33 0.00 0.00 P = 0.368 

 


