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It is not just about birds: what do acoustic indices reveal about a Costa Rican 
tropical rainforest?
Mónica Retamosa Izaguirre a, Jimy Barrantes-Madrigal a, David Segura Sequeira b, Manuel Spínola- 
Parallada a and Oscar Ramírez-Alánc*
aInstituto Internacional en Conservación y Manejo de Vida Silvestre, Universidad Nacional, Heredia, Costa Rica; bReserva Natural Las 
Arrieras, San José, Costa Rica; cEscuela de Ciencias Biológicas, Universidad Nacional, Heredia, Costa Rica

ABSTRACT
Acoustic monitoring is used to assess biodiversity across large spatial and temporal scales. 
However, extracting meaningful information from large data sets might be exceedingly time 
consuming. For this reason, acoustic indices have been proposed as proxies for biodiversity 
monitoring. Although acoustic indices hold great promise for standardizing acoustic data 
analysis, the complexity of acoustic conditions requires careful examination of the relationship 
between an index and the underlying process of interest. We evaluated 11 acoustic indices at 
two operational levels: (1) acoustic community level (an aggregation of species that produces 
sound), using birds as an example to assess how well acoustic indices predict bird indices 
(abundance, richness, evenness and diversity); and (2) soundscape level (the collection of 
biological, geophysical and anthropogenic sounds from a landscape), using acoustic indices 
to classify the study sites according to their ecological condition. To study the relationship 
among these variables, we selected two study sites with different ecological conditions (in 
terms of vegetation structure and traffic noise) within the Braulio Carrillo National Park (BCNP), 
Costa Rica. We sampled the soundscape and bird community using 12 sampling points and 
four visits to each study site from June 2017 to August 2018. We continuously recorded sounds 
at sunrise and sunset, and for 10 minutes every hour, during two consecutive days per visit. In 
addition, we performed four bird counts per visit (sunrise and sunset). We performed 
a correlation analysis between 11 acoustic indices and 4 community bird indices. We analyzed 
the ability of acoustic indices to predict bird indices. Furthermore, we used acoustic indices to 
classify the two sites according to their ecological condition. Bird abundance and richness were 
positively correlated with acoustic evenness indices and negatively correlated with the acoustic 
diversity index, but the whole set of acoustic indices predicted bird indices weakly. However, 
the classification of the sites using acoustic indices was conducted with a high average 
precision of 0.93 (sd = 0.08). Acoustic indices appear to be more promising for evaluating 
the ecological condition of a site than abundance, richness or diversity of specific animal 
groups, in this case birds, in tropical rainforests.
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Introduction

Biodiversity faces growing pressures from human 
actions, including habitat conversion and degradation, 
habitat fragmentation, climate change, harvesting, and 
pollution, resulting in altered ecological conditions. 
Hence, the development of cost-effective methods 
for biodiversity monitoring at large scale is an urgent 
global imperative [1]. However, large-scale ecological 
monitoring is challenging because it often relies on 
heterogeneous data collected at limited spatial and 
temporal scales [2]. Several new technologies have 
been developed to meet the challenges of monitoring 
biodiversity change across ecosystems globally, includ
ing acoustic monitoring [3]. This strategy is increas
ingly being applied to questions regarding ecosystem 
functioning across landscapes and offer a particularly 
promising approach for long-term, multiscale 

biodiversity-monitoring programs [4]. This is theoreti
cally feasible because, in most ecosystems, a large por
tion of animals from many different taxa emit sounds 
for territory defense, mate attraction, predator dissua
sion, navigation, foraging, and maintenance of social 
groups [5].

Large-scale acoustic monitoring relies on new dis
ciplines such as soundscape ecology and ecoacoustics. 
Soundscape ecology examines the collection of 
anthropogenic, biological, and geological sounds of 
a soundscape, that vary over space and time [6]. 
Ecoacoustics, investigates natural and anthropogenic 
sounds and their relationship with the environment 
over a wide range of study scales, both spatial and 
temporal, including populations, communities, and 
landscapes [7]. Whereas bioacoustics infers behavioral 
information from intra- and interspecific signals, 
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ecoacoustics investigates the ecological role of sound 
at higher organizational units from population and 
community up to landscapes [8]. In this sense, sound 
is understood as a core ecological component and 
therefore indicator of ecological status (source of infor
mation) [8].

Acoustic monitoring seeks to infer particular aspects of 
biodiversity at these higher levels of organization, through 
collection and analysis of large-scale acoustic recordings. 
Traditional aural analysis, i.e. listening large recording data 
sets by and experienced researcher is unfeasible; therefore, 
it is necessary to summarize acoustic information. Acoustic 
indices are designed to capture the distribution of acoustic 
energy across time and/or frequency in a digital audio file 
of fixed length [8]. To date, several acoustics indices have 
been developed [3,9–12, among others]. However, the 
successful use of acoustic monitoring rests not only on 
developing indices, but also in demonstrating their predic
tive value of particular aspects of biodiversity or ecological 
condition [8].

Acoustic indices have been found to reflect vocal 
species diversity and abundance, community compo
sition, vegetation structure, habitat type, human activ
ity, and ecological condition in terrestrial and aquatic 
habitats [13]. Some indices, for example, are con
structed assuming that species richness in a given 
community will produce a greater variety of signals, 
resulting in greater acoustic diversity [3,13,14]. Several 
of these indices are designed to estimate amplitude 
(intensity), evenness (distribution of acoustic energy), 
richness (number of entities), and heterogeneity of the 
acoustic community [13].

Results from studies on the relationship between acous
tic indices with traditional biodiversity measures (for exam
ple from bird sampling) have been promising, but not fully 
consistent [8,15–17]. They demonstrate that current acous
tic approaches could be potentially improved [7]. 
Moreover, acoustic diversity can be influenced by sources 
of acoustic heterogeneity other than species richness, 
including variation in distance of animals to the sensors, 
inter- and intra-specific differences in calling patterns and 
characteristics, time, and frequency of overlap between 
sounds from different sources, or transitory or permanent 
background noise [12–14,18,19].

On the other hand, soundscapes are an integrative 
measure reflecting characteristics of the biological 
community, its physical environment and the impacts 
of human activity [6,20,21]. The analysis of an entire 
soundscape may produce valuable information on the 
dynamics of interactions between ecosystems and 
human activities [22]. Some authors also have looked 
at soundscape measures as indicators of change in 
ecological condition with very favorable results 
[16,23–25]. Furthermore, soundscapes are considered 
good predictors of habitat type [26,27]. However, this 
is a relatively new approach, and more research is still 
needed in this area [27].

It is imperative to understand whether information 
obtained with the use of acoustic indices accurately 
describes the ecological processes occurring within bio
diversity components, in order to improve the current 
analytical tools, reduce bias, and generate a proper 
understanding of the ecosystem [28]. For this reason, 
we evaluated several acoustic indices at two opera
tional levels: (1) acoustic community level, using birds 
as examples to evaluate how well acoustic indices pre
dict bird diversity indices; and (2) soundscape level, 
using acoustic indices to classify data according to the 
ecological condition of the study sites.

Methods

Study area

The study was conducted in two sites (Figure 1) within 
Braulio Carrillo National Park (BCNP, Costa Rica), selected 
based on degree of habitat alteration (see below). The 
sites were named “Quebrada” (10 ° 09ʹ42.35” N; 83 ° 
56ʹ16.11” W; contiguous to Highway 32, and open to 
tourism activities) and “Ceibo” (10 ° 19ʹ14.25” N; 84 ° 
04ʹ28.87” W; ~20 km from Highway 32, and ~10 km from 
any other paved road, and used only for research). These 
sites were classified within the life zone “Very Humid 
Tropical Forest Transition to Premontane” [29] with an 
altitude between 500 and 600 m a.s.l [30].

The BCNP is crossed by the Highway 32, a national 
highway of high vehicular traffic connecting the 
Central Valley with the Caribbean coast. This road 
was constructed in 1977 and, as a result, forest was 
opened in a radius of up to 1 km to allow machinery 
passing and to storage materials for construction. To 
avoid further destruction of the forest, the national 
park was created in 1978 [31].

Study sites were different according to both the 
vegetation structure complexity and noise level related 
to road traffic [32]. Ceibo showed higher density of 
trees with a diameter at breast height (DBH) of more 
than 5 cm, and shrubs with a DBH of 1–5 cm, and 
higher complexity of forest structure (both vertically 
and horizontally). In contrast, Quebrada showed more 
open vegetation structure than Ceibo, with larger gaps 
both vertically and horizontally [32].

Sampling design

At each study site, we located 12 sampling points, 
separated by 200 m from each other, on already avail
able trails. We used this distance to avoid the super
position of sounds between two adjacent recording 
points, ensuring a good spatial sampling of the 
soundscape [33]. We conducted four visits to each 
site from June 2017 to August 2018, alternating 
between sites to ensure a representative sample of 
the events occurring throughout the year.
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Soundscape survey

We placed 12 Song Meter Digital Field Recorders 2 Plus 
(SM2 +; Wildlife Acoustics Inc.), one at each sampling 
point and study site within the BCNP. We installed the 
recorders on the central tree of each sampling point, at 
an approximate height of 1.30 m. Two omnidirectional 
microphones were plugged to each recorder, so the 
recording was made through two channels (in stereo). 
The quality of the digital audio was compact disc with 
a sampling rate or frequency of 44.1 kHz and 16 bits of 
resolution. Audio files were recorded in Microsoft 
Wave format (.wav) and stored on 64 GB capacity 
SDHC memory cards.

The recorders were programmed to make continu
ous recordings during bird activity peaks (4:00–6:59 
am, and 15:00–17:59 pm) and for 10-minute periods 
at the beginning of each hour during the rest of 
the day. This recording scheme was implemented for 
two consecutive days during each visit to each study, 
for a total of four separate visits to each study site.

Soundscape recordings were previewed aurally and 
visually to facilitate identification of undesired noise 
such as heavy rain in the audio file, using the Adobe 
Audition CC v.6 program. We did not consider for 
analysis those minute tracks showing heavy rains and 
finalized with a total of 708 h in Ceibo and 643 h in 
Quebrada. Additionally, we searched for sound data 
corresponding to the exact same time periods as the 
bird point counts.

We analyzed soundscape recordings using 11 of the 
most commonly used acoustic indices [34] because 
they represent different components of the sounds
cape (Table 1, Appendix A). The acoustic indices ACI, 

ADI, AEI, and BIO were calculated using a maximum 
frequency of 11,000 Hz to account for high frequency 
bird vocalizations. All acoustic indices were calculated 
for one-minute recording fragments and averaged for 
each study site, sampling point and hour of the day 
(4:00 am to 17:00 pm).

Bird community survey

At each study site, we established 12 bird point counts, 
to collect bird data as an independent data set for 
analysis (Appendix B). We located the bird point counts 
20 m apart from the location of the recorders, to avoid 
interference during recording times. We conducted 
two daily counting sessions (4 counts per visit), work
ing during peak hours of bird activity (~6:00–8:00 and 
~14:00–16:00). At each point, we recorded the species 

Figure 1. Location of “Ceibo” and “Quebrada” study sites within the Braulio Carrillo National Park, Costa Rica, 2017–2018.

Table 1. Description of bird and acoustic indices calculated for 
each sampling point at Ceibo and Quebrada sites, Braulio 
Carrillo National Park, Costa Rica, 2017–2018.

Bird indices Description

Abundance Number of individuals from all species
Richness Number of species
Shannon Shannon diversity index [35]
Pielou Evenness of Pielou [36]
Acoustic Indices Description
ACI Acoustic Complexity Index [9].
ADI Acoustic Diversity Index [10].
AEI Acoustic Evenness Index [10].
BIO Bioacustic Index [15].
MAE Median Amplitude Envelope [18].
NDSI Normalized Difference Soundscape Index [11].
NP Number of Peaks [14].
Hf Spectral Entropy [3]
Ht Temporal Entropy [3]
TE Total Entropy [3]
SPLMean Mean Sound Pressure Level
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abundance detected visually and aurally during six 
minutes in a radius of 25 m, obtaining four bird indices 
for each sampling point (Table 1). However, we caution 
about bird measures we used because they represent 
the observed assemblages of bird species during the 
bird point counts, but not represent actual bird para
meters estimated for the site.

Data analysis

We first assessed pair-based correlation of each bird 
index with each acoustic index, using Spearman corre
lation with a Bonferroni correction to account for 
family-wise error rates. Additionally, we used the 
group of acoustic indices to examine if they were 
good predictors of bird indices. We fitted a random 
forest regression [37] to each bird index using the 11 
acoustic indices and a two-level factor variable for 
study site as predictors. We split the data into 80 % 
for training and 20 % for testing each model. We 
evaluated the performance of each random forest 
regression with three metrics: (1) normalized mean 
absolute error (nmae), (2) normalized root mean 
square error (nrmse), and (3) coefficient of determina
tion (rsquared).

To assess if acoustic indices were good predictors for 
site classification, we used a random forest classifier [37]. 
Two sites with different levels of anthropogenic pertur
bation were considered: (1) the site with high level of 
anthropogenic perturbation (Quebrada) and (2) the site 
with low level of anthropogenic perturbation (Ceibo). 
We used a repeated cross validation of 10 folds, which 

were repeated five times, to evaluate the performance of 
the model. The variable importance assessment for the 
random forest classifier was done by permutation [38].

Statistical analyses were conducted in R [39]. To 
obtain acoustic indices, we used the following 
packages for R: Sinax (https://github.com/osoramirez/ 
Sinax2), Soundecology version (1.3.3) [40] and 
Seewave (version 2.0.5) [41]. We analyzed bird data 
obtained by point count with the Biodiversity package 
[42] for R (version 2.9–2). Random forest for regression 
and binary classification were performed using the 
Caret package [43] for R (version 6.0–83).

Results

In general, most correlations among bird indices and 
acoustic indices were not strong, but there was 
a significant negative correlation (p < 0.0045) of acoustic 
diversity with bird abundance and bird richness. In con
trast, acoustic evenness showed a statistically significant 
(p < 0.0045) positive relationship to bird abundance 
(Figure 2).

The random forest regression for the bird indices 
presented a low performance, with low values of the 
coefficient of determination (rsquared), and high error 
values, when considering the normalized root mean 
square error (Figure 3). Furthermore, the importance 
assessment analysis showed that the set of acoustic 
indices used was not a good predictor of bird indices, 
although diversity and entropy indices showed 
a better performance related to bird abundance and 
richness (Figure 4).

Figure 2. Correlation analysis of acoustic indices and bird indices at Ceibo and Quebrada sites, Braulio Carrillo National Park, Costa 
Rica, 2017–2018.

434 M. RETAMOSA IZAGUIRRE ET AL.

https://github.com/osoramirez/Sinax2
https://github.com/osoramirez/Sinax2


The acoustic indices classified the sites with high 
accuracy (mean accuracy of 0.93, sd = 0.08). The vari
able importance assessment for the random forest 
classifier indicated that the acoustic diversity index 
was the most important predictor (Figure 5).

Discussion

We found pair-wise correlations between some acoustic 
indices and bird abundance or richness; however, the 
whole set of acoustic indices predicted bird indices 

weakly, in contrast to our expectations. This is an unex
pected result considering that it has been stated fre
quently that compound indices show superior 
performance over single indices to predict species rich
ness [8,12,44,45]. For example, Eldridge et al. [8] con
cluded that compound indices were stronger predictors 
of bird species richness than any single index in the 
United Kingdom, using multivariate random forest regres
sion analysis. Additionally, Buxton et al. [45] concluded 
that random forest models with a set of acoustic indices 
as covariates predicted Shannon diversity, richness, and 

Figure 3. Normalized mean absolute error (nmae), coefficient of determination (rsquared), and normalized root mean square error 
(nrmse) for random forest regression on four bird indices (abundance, richness, Pielou Evenness Index, and Shannon Diversity 
Index) at Ceibo and Quebrada sites, Braulio Carrillo National Park, Costa Rica, 2017–2018.

Figure 4. Variable importance for random forest regression on four bird indices (abundance, richness, Pielou Evenness Index, and 
Shannon Diversity Index) at Ceibo and Quebrada sites, Braulio Carrillo National Park, Costa Rica, 2017–2018.
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the total number of biological sounds with high accuracy. 
We would like to acknowledge, however, that the data 
analyzed correspond to short time frames (where both 
sampling methods were applied concomitantly) and 
would need to be validated for extended periods.

Two factors might explain differences between our 
findings and other studies. They detected animal sounds 
aurally from the recordings used to calculate acoustics 
indices [8,45]. Alternatively, they considered biological 
sounds from different sources, including birds, mammals, 
and insects [45]. However, we used an independent data 
set for birds using bird point counts. We reason that some 
circularity might occur when using the same data to 
compare approaches; thus, using an independent bird 
data set could be a more rigorous approach. 
Additionally, we must acknowledge that acoustic indices 
are not fundamentally species-specific and may represent 
various components of a soundscape [46]. Moreover, the 
ability of acoustic indices to predict bird diversity may be 
affected by their sensitivity to other factors (such as 
insects, background noise, anthrophonies, among others) 
[34,47].

We found that the Acoustic Diversity Index and the 
Acoustic Evenness Index had better performance than 
other acoustic indices to predict bird indices. These 
indices have also shown good performance for predicting 
bird richness [48] and abundance [49] in other studies. 
Nevertheless, the pattern of both indices concerning bird 
indices was unexpected, given that a higher bird diversity, 
but a lower acoustic diversity, was found in this same 
study area [32]. This finding is unexpected considering 
the assumption that acoustic energy distributes to 
a broader range of frequencies with increasing numbers 
of species in an acoustic community [50]. However, this 
assumption is only true if the energy of the biophony 

sounds (the vocalizations of different animal species) are 
evenly distributed across all frequency bands ana
lyzed [51].

This pattern was also noted by Eldridge et al. [8], 
who argued that the assumption that acoustic energy 
distributes to a broader range of frequencies with 
increasing numbers of species in an acoustic commu
nity applied in the range of frequencies mostly used by 
birds (around 2–8 kHz), where acoustic energy was 
more likely to be evenly distributed (resulting in 
a lower AEI value, as the index is counterintuitive) 
when the number of species increased. Eldridge et al. 
[8] reasoned that in a broader frequency range, the 
inverse prediction could be observed (the higher the 
number of species, the higher the value of AEI, inter
preted as a less even distribution of acoustic energy). 
This is because, as the acoustic energy of bird vocaliza
tions becomes concentrated in the mid-frequency 
range, it increases the contrast with the upper and 
lower part of the spectrum, where bird activity is less 
common. Bradfer-Lawrence et al. [51] demonstrated 
that this pattern was consistent across multiple habitat 
types. Thus, sites with higher avian species richness 
and abundance may also have less even soundscapes. 
This observation is coherent with the results found in 
this study and with other authors [8,52].

We did not find evidence of a correlation between bird 
indices evaluated and acoustic indices ACI, NDSI, Ht, Hf, 
NP, SPLmean, and BIO. This result suggests that these 
indices could be influenced by other sound sources and, 
therefore, be less specific to estimate bird indices. This 
finding was expected to some extent, given that tropical 
soundscapes are composed not only of bird biophonies 
but also those of insects or amphibians, among others. 
This complexity might be reflected in acoustic indices 

Figure 5. Variable importance for the random forest classifier for two sites with two different level of anthropogenic perturbation 
based on 11 acoustic indices at Ceibo and Quebrada sites, Braulio Carrillo National Park, Costa Rica, 2017–2018.
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[53]. For example, the acoustic complexity index acts as an 
event detector reflecting effective biological activity, 
which does not necessarily represents a more diverse 
bird community [8]. The influence of other sources of 
biological activity with rapid acoustic modulation, such 
as insects, or even the presence of highly dominant bird 
species, may influence the values of the index [9,49], 
affecting the level of correlation between ACI and bird 
diversity [49]. Additionally, in urban or disturbed habitats, 
ACI is sensitive to certain anthropogenic noises [19] and 
geophonies, such as rain and wind [17], making it difficult 
to find a real correlation with bird indices [17,19].

All these non-targeted sounds could have some 
effect on the results, considering that acoustic recor
ders generally pick up sounds at distances greater than 
the detection radius used for the bird point counts 
[54]. Although most of the recorded acoustic energy 
is expected to come from sources closest to the recor
der, due to sound attenuation [55], there may still be 
some distant noises that affect the index values. 
Indeed, it has been shown that the performance of 
acoustic index models might be negatively affected 
by insects, weather conditions, and anthropogenic 
sounds [45]. In our case, one of the study sites was 
located near the main highway and withstood high 
and consistent levels of antrophonies by vehicular 
traffic. Moreover, there were differences in vegetation 
structure and complexity between study sites [32] that 
might affect the propagation of acoustic signals and 
account for additional differences in the soundscape, 
such as wind, ambient noise, signal attenuation, and 
degradation [51,56].

Nevertheless, we found a set of eleven acoustic indices to 
accurately classify the study sites according to their ecological 
condition. These results were consistent with other studies 
that found soundscapes measures were good indicators of 
change in ecological condition [16,23–25]. This result is not 
surprising if we consider that soundscapes are an integrative 
measure reflecting characteristics of the acoustic community, 
the physical environment, and the effects of human activity 
[6,20,21]. Indeed, tropical soundscapes provide a complex 
and complete measure of biodiversity; their traits and func
tion cannot be uniquely attributed to only one biophonic 
component, such as birds. Therefore, analysis of an entire 
soundscape could produce valuable information on the 
dynamics of ecological systems [22]. Other authors expanded 
this idea, by using acoustic indices to identify habitat types as 
a new complementary tool, which alerted if new samples 
taken in these habitats were distant to the prototype condi
tions [26]. Following this line, Do Nascimento et al. [27] 
recorded soundscapes and collected vegetation data in 143 
sites in six natural and two human-modified habitats in Viruá 
National Park, Brazil. They found that each habitat type had 
unique and predictable soundscapes; random forest models 
were 74% accurate at predicting eight habitat types and 87% 
accurate at predicting three broader habitats categories.

Additionally, the Acoustic Diversity Index was the most 
important predictor for the random forest classifier in our 
study, in contradiction with Eldridge et al. [8], who ques
tion the assumption of acoustic diversity as a proxy for 
habitat health. Our results agreed with other studies, even 
though they used different methodological approaches. 
For example, Ng et al. [25] found a significant correlation 
between AEI, ADI, and H with a BioCondition Score that 
discriminated among woodland condition types (cleared, 
regrowth, and remnant). In addition, Fuller et al. [16] 
reported in their study that AEI, H, and NDSI best con
nected the soundscape with landscape characteristics, 
ecological condition, and bird species, suggesting that 
remote soundscape assessment may be implemented 
as an ecological monitoring tool in fragmented 
Australian forest landscapes.

Our study provides evidence on the relationship 
of acoustic indices with birds indices using data 
from bird point counts instead of species identifica
tion directly from the recordings, as is typically 
done. Even if we did find some associations 
between individual acoustic indices and some bird 
descriptors at the species or community level, we 
argue that tropical soundscapes are highly complex 
and portray comprehensive ecological patterns and 
processes that cannot be simply attributed to one 
or few of their biodiversity components.

However, we found very promising results relat
ing ecological conditions to soundscape character
istics in a tropical rainforest. This is a key finding for 
monitoring purposes of important tropical ecosys
tems in the face of land use or climate change, and 
to readily and robustly inform conservation and 
management actions. We conclude that acoustic 
technologies can provide a cost-effective surrogate 
for monitoring ecological conditions in tropical for
ests, and efficiently complement other traditional 
sources of field information.
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Acoustic indices Code Description

Acoustic Complexity Index. ACI Measures the variability of sound intensity over time and frequency [9]. Higher values indicate more complex 
soundscapes. Range = [0, +].

Acoustic Diversity Index. ADI Summarizes sound intensity distribution applying the Shannon index over the proportion of signals above an 
intensity threshold across the spectrum [10]. Higher values indicate that acoustic energy is spread evenly 
across frequency bands. Range = [0, +].

Acoustic Evenness Index. AEI Same as the ADI, but the Gini index is applied across all frequency bins, instead of the Shannon index [10]. 
High values indicate acoustic energy is restricted to a narrow frequency range. Range = [0, 1].

Bioacoustic Index. BIO It is a function of both amplitude and number of occupied frequency bands between 2–11 kHz. It is calculated 
as the area under each curve included all frequency bands between 2–11 kHz associated with the dB value 
that was greater than the minimum dB value for each curve. Higher values indicate greater disparity 
between bands [15]. Range = [0, +].

Median Amplitude Envelope. MAE The median of the amplitude envelope normalized by the maximum value to give results between 0–1. 
Higher values reflect noisier soundscapes [18]. Range = [0, 1]

Normalized Difference 
Soundscape Index

NDSI The ratio (biophony − anthrophony)/(biophony + anthrophony). Where biophony is the energy on the 
frequency range 2–8 kHz and anthrophony between 1–2 kHz [11]. Higher values indicate a higher 
proportion of acoustic energy in the biophony band. Range = [−1, 1].

Number of Peaks NP Counts the number of major frequency peaks obtained on a mean spectrum. Higher values indicates a greater 
frequency spectral complexity [14]. Range = [0, +].
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Appendix B. Bird species registered at Ceibo and Quebrada sites, Braulio Carrillo National Park, 
Costa Rica, 2017–2018

Species Ceibo Quebrada

Accipitridae
Harpagus bidentatus x
Pseudastur albicollis x
Alcedinidae
Chloroceryle americana x
Bucconidae
Malacoptila panamensis x
Capitonidae
Eubucco bourcierii x
Caprimulgidae
Nyctidromus albicollis x
Cardinalidae
Caryothraustes poliogaster x x
Chlorothraupis carmioli x x
Cyanoloxia cyanoides x x
Habia fuscicauda x x
Piranga flava x
Piranga rubra x
Saltator grossus x x
Saltator maximus x
Cathartidae
Sarcoramphus papa x
Columbidae
Geotrygon montana x
Leptotila cassinii x
Leptotila verreauxi x
Leptotrygon veraguensis x
Patagioenas fasciata x
Patagioenas nigrirostris x x
Zentrygon lawrencii x x
Corvidae
Psilorhinus morio x
Cotingidae
Lipaugus unirufus x x
Cracidae
Crax rubra x
Penelope purpurascens x
Cuculidae
Piaya cayana x x
Falconidae
Falco rufigularis x
Micrastur ruficollis x
Formicariidae
Formicarius analis x
Fringillidae
Euphonia anneae x x
Euphonia gouldi x x
Furnariidae
Automolus ochrolaemus x x
Automolus subulatus x
Dendrocincla fuliginosa x
Glyphorynchus spirurus x x
Lepidocolaptes souleyetii x
Sclerurus mexicanus x

(Continued)

(Continued).
Acoustic indices Code Description

Spectral Entropy Hf Divides intensity values by the sum of intensity in a frequency band. Calculates the entropy for these values 
using the negative sum of each value multiplied by the log of the value and divided by the log of the 
number of intensity values [3]. Higher values indicate evenly distributed sound across frequency bands. 
Range = [0, 1].

Temporal Entropy Ht Divide the intensity values by the sum of intensities in a time interval. Calculates entropy for these values 
using the negative sum of each value multiplied by the log of the value and divided by the log of the 
number of intensity values [3]. Higher values indicate evenly distributed sound over time. Range = [0, 1].

Total Entropy. TE It is the product of Hf * Ht. Quantifies the entropy across time and frequency [3]. Higher values indicate evenly 
distributed sounds across frequency and time. Range = [0, 1].

Mean Sound Pressure Level SPLMean Calculates the average sound pressure level in dB, using a decibel reference value of 2 × 10–5 Pa. Higher 
values indicate louder soundscapes. Range = [0, +].
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(Continued).
Species Ceibo Quebrada

Sittasomus griseicapillus x
Xenops minutus x
Xiphorhynchus erythropygius x x
Xiphorhynchus lachrymosus x
Xiphorhynchus susurrans x x
Grallaridae
Hylopezus dives x x
Hylopezus perspicillatus x x
Icteridae
Cacicus uropygialis x x
Dives dives x
Icterus galbula x
Psarocolius montezuma x x
Psarocolius wagleri x x
Mitrospingidae
Mitrospingus cassinii x x
Momotidae
Baryphthengus martii x
Electron platyrhynchum x x
Onychorhynchidae
Myiobius sulphureipygius x
Terenotriccus erythrurus x
Oxyruncidae
Oxyruncus cristatus x
Parulidae
Myiothlypis fulvicauda x
Oreothlypis peregrina x
Setophaga castanea x
Setophaga pensylvanica x x
Setophaga pitiayumi x
Vermivora chrysoptera x
Passerellidae
Arremon aurantiirostris x x
Arremonops conirostris x
Picidae
Campephilus guatemalensis x
Celeus loricatus x x
Melanerpes pucherani x x
Piculus simplex x x
Pipridae
Corapipo altera x x
Manacus candei x
Polioptilidae
Microbates cinereiventris x x
Polioptila plumbea x
Ramphocaenus melanurus x x
Psittacidae
Amazona autumnalis x x
Amazona farinosa x x
Ara ambiguus x
Pionus senilis x x
Psittacara finschi x
Pyrilia haematotis x x
Ramphastidae
Pteroglossus torquatus x x
Ramphastos ambiguus x x
Ramphastos sulfuratus x x
Selenidera spectabilis x x
Thamnophilidae
Cercomacroides tyrannina x
Dysithamnus mentalis x
Dysithamnus striaticeps x x
Epinecrophylla fulviventris x
Gymnocichla nudiceps x
Gymnopithys bicolor x x
Hylophylax naevioides x
Microrhopias quixensis x x
Myrmotherula axillaris x x
Myrmotherula schisticolor x
Phaenostictus mcleannani x x
Poliocrania exsul x x
Sipia laemosticta x x
Thamnistes anabatinus x x
Thamnophilus atrinucha x
Thraupidae
Bangsia arcaei x
Chlorophanes spiza x x
Chrysothlypis chrysomelas x
Coereba flaveola x

(Continued)
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(Continued).
Species Ceibo Quebrada

Cyanerpes cyaneus x
Cyanerpes lucidus x
Lanio leucothorax x
Ramphocelus passerinii x
Tachyphonus delatrii x x
Tachyphonus luctuosus x x
Tachyphonus rufus x
Tangara florida x
Tangara gyrola x
Tangara icterocephala x x
Tangara inornata x
Threskiornithidae
Mesembrinibis cayennensis x
Tinamidae
Crypturellus boucardi x
Tinamus major x x
Tityridae
Pachyramphus cinnamomeus x
Trochilidae
Campylopterus hemileucurus x
Chalybura urochrysia x x
Florisuga mellivora x
Glaucis aeneus x
Heliothryx barroti x
Klais guimeti x
Phaethornis guy x x
Phaethornis longirostris x x
Phaethornis striigularis x x
Thalurania colombica x x
Threnetes ruckeri x
Troglodytidae
Campylorhynchus zonatus x x
Cantorchilus nigricapillus x
Cantorchilus thoracicus x x
Cyphorhinus phaeocephalus x
Henicorhina leucosticta x x
Microcerculus philomela x x
Pheugopedius atrogularis x
Trogonidae
Trogon caligatus x x
Trogon clathratus x
Trogon massena x
Trogon rufus x x
Turdidae
Catharus mexicanus x x
Catharus minimus x
Catharus ustulatus x
Hylocichla mustelina x x
Turdus grayi x
Turdus obsoletus x
Turdus plebejus x
Tyrannidae
Attila spadiceus x x
Contopus virens x
Empidonax flaviventris x x
Empidonax virescens x
Megarynchus pitangua x x
Mionectes oleagineus x
Mionectes olivaceus x
Myiarchus crinitus x
Myiarchus tuberculifer x
Myiornis atricapillus x
Myiozetetes granadensis x
Myiozetetes similis x
Oncostoma cinereigulare x
Pitangus sulphuratus x x
Platyrinchus coronatus x
Rhytipterna holerythra x x
Todirostrum nigriceps x
Tolmomyias sulphurescens x x
Tyrannus melancholicus x
Zimmerius vilissimus x x
Vireonidae
Pachysylvia decurtata x x
Vireo olivaceus x x
Vireolanius pulchellus x
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