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“A great silence is spreading over the natural world even as the sound of 

man is becoming deafening”, 
 

- Bernie Krause -  
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4 Norsk sammendrag 
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5 Synopsis 

5.1 Introduction 

5.1.1 Biodiversity in the Anthropocene 
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5.1.3 Ecological monitoring in tropical rainforests 
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5.1.4 Acoustic sensors as an addition to the monitoring toolbox 

5.1.4.1 The strength of passive acoustic monitoring 
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5.1.4.2 Challenges in acoustic biodiversity monitoring 
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Ecoacoustics as a big data science 
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Storing ecoacoustic data in perpetuity 
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Analysing large acoustic datasets 
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5.1.5 Soundscape analysis 

5.1.5.1 Selective pressures on acoustic trait diversity 
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Figure 1: A graphical representation of the various ways in which species can 
partition their acoustic niche. A. Spatial niche partitioning: species minimise signal 
overlap by producing sound at a different location in 3D space; B. Spectral niche 
partitioning: species minimise signal overlap by shifting their dominant frequency 
peak; C. Temporal niche partitioning: species minimise signal overlap by shifting 
their peak of vocal activity. The seasonal shift in vocalisation timing is omitted here.
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5.1.5.2 Ecoacoustics beyond species 
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Acoustic indices 
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5.1.7 Thesis structure 
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5.2 Materials and Methods 
�

)
��,�
��,	
�
��
�*��%���#��%	�,�&�#�����#���������	!�(���##������	*	����,	�

%	�,�&�#�����#�&	���#
�*����&	&�����,	���&���&��#��,�*�	�
�,	�	-�(�
�	�&!�(����#��	�

�,	��,���,��*���	

���&	�#������,	�����	*���#�
����������,	����7�#�����&�	#���&��	�

,����,	�������
��,�*�	�
����������	�����,	���	����,�������#
�����,	�*��	��-��

5.2.1 Designing the worklfow 
�

(�����&��	�
�����	
	���,!��,	�&��	�
�������	��#�����#���%%�����	
��
��	�	��##��

?�������	&������� �&	��������,������
�����	
���
�%*#	�����,	�������#�	������%	���

�	-�-!������7	�����*��&����	� U���� ���##	������
�%*#	
U����� �&	#��	��������&���&��#
����

��
�%*#	��	-�-!���&���&��#����	��	����	
 U���� ��#�

��������,	
	���&���&��#
������

����*
����,�
,��	&��,�����	��
���
��	-�-!�
*	��	
 U��� �����������������%*������	�

��#�	����	��,�����*��	-�-!����������
�*	��
*	��	
 !���&�����##�U���� ��**#�����
�%	�

��*	����%��,	%�����#�	?����������?����������&���%*��	�&���	�	����
*	��
����

���&��	�
�����	��		��
�%*#	
��	-�-!����	�����%���,	��*��&
 -��

�

"����,	����7�#�������,�
��,	
�
!��,	�
�%	�*���	&��	��
���##��	&����?���������,	�

&��	�
�������
���&
�	%�����������%��,	�#��&
��*	!��
7�����,	���##������?�	
����
����

���&	����7�#���&	
�����

�

<- =,������
�����	
���%	�������#�
�%*#	�����,	�
���&
��*	Y�

G- =,	���	����������,	��&	�����������������&���&��#�����#�
�����
����%�
���&�

��#	
!�,���
,��#&��,	�
���&
��*	�	?����#	��������&���&��#
��	�&	#��	��	&�

��&�����*	&����������
����&��	�
����%	�
��	%	��Y�

H- =,������
�����	
���%	�������#�%	�
��	�����%*������	���������&���	 ����

�,	�����	:������,	����7�#��Y�

I- =,���%��,	%�����#����%	���7�*����&	
��,	�%�
����������	����������%*��	�

���&��	�
����%	����
Y�

�

"�##�������,�
�
�������	!�����	��,�
�	*!��,	��,���	
���&��

�����	&��	�
��������	�

���#��	&����+,�*�	��(��Q)����%	���7�����?�����������
���&
��*	�&��	�
�����
������##�

��%�	�
P-�(���,	��	:��
	�����!�(�*����&	��&&������#�&	���#����,��	���&����*�����I��

%��,	%�����#����%	���7
�����&��	�
����?�������������-�



�
�

HL�
�

5.2.1.1 A note on diversity indices 
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Table 1: Algebraic conversion of commonly-used entropy indices to their effective 
number of species. Modified from www.loujost.com 
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5.2.2 Testing workflow characteristics using simulated 
soundscapes 
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5.2.3 Testing workflow performance in a tropical rainforest 
ecosystem 

�

����

	

��,	����#��������,	����7�#����
�����&&����������,	�	��#�����#�%����������

���#��:!��,	�����
������&��	
��	�	��	
�	&������,	������#���������� ������
���*��:�������,	�


*	��	
����,�	

�����,	�
���&/*��&��������%%����������������
����##����%*#	:�

���*���#��������	
��	��
�
�	%��+,�*�	��( U���&���� ���*���	�	��#�����#�*���	��
����

%�#��*#	�
*����#�
��#	
!��
��	##��
�
,	&�#��,������,	���&	�#�����%	�,���
%
�&�������

�,	�&��	�
�����������
���������
�����

�
*��	��+,�*�	��(( -�

5.2.3.1 Hydroelectric reservoirs as an experimental system 
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5.2.3.2 Mechanisms driving species richness in fragmented 
landscapes 
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5.2.4 Guiding data collection and workflow parameter choices 
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5.2.5 Building software for workflow implementation 
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5.3 Results and discussion 
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5.3.1 Workflow novelty 
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Extending the temporal scale of a soundscape sample to 24h 
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Formalising a unit of soundscape diversity measurement 
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Including a measure of temporal sound incidence  
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Integrating soundscape diversity quantification with the framework of Hill 
numbers 
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5.3.2 Index characteristics 
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5.3.3 Indices as biodiversity proxies or ecological indicators 

5.3.3.1 Indices as biodiversity proxies 
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5.3.3.2 Indices as a tool to capture ecological patterns and drivers of 
acoustic trait diversity 
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Drivers of acoustic trait diversity in a landscape 
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5.3.4 soundscapeR: a new addition to the ecoacoustics toolbox 
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5.4 Conlusion and future perspectives 
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5.4.1 Further framework development 
�

The soundscape dispersion 
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2. Methods 
 
2.1. Data collection 
 
2.1.1. A multi-scale sampling protocol to uncover spatial biodiversity patterns�
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2.1.2. Acoustic sampling 
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2.2. Calculating model variables 
 
2.2.1. Response variable - a metric of soundscape richness 
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Figure 1:  A. Location of the Balbina Hydroelectric Reservoir (BHR; orange star) in 
central Amazonia (light green), Brazil. B. A detailed overview of the BHR (blue) 
showing over >3,500 hilltop islands (grey), surrounded by continuous forest (green). 
For this study, 69 sites (orange) were sampled on 49 islands. C. An overview of the 
spatial sampling design employed in this study. The green area represents an island, 
with multiple acoustic sampling plots in yellow. This sub-island scale sampling design 
allows to quantify not only the island-wide gamma soundscape richness, but also the 
local-scale alpha soundscape richness and beta turnover components. 
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2.2.2. Predictor variables 
 
(
#��&�
�2	�����	
*��&
�����,	�����#����	
�����	��*	���
#��&-�=	�&���#��&	&���

�#�

���	&��%��	����%���*���%�
��HJ%��	
�#�����U���*���%�
����	��/�+�##	������G�

����,	�)����#��	��	
�������&��
	���&����&�+��	����*
�������2�#!����	

	&����GJ<E�

�,����,�%�*���%�
-���U|����2��	���#-�GJGJ ���&���#��#��	&��,	��%��������Q&	�
	�

���	
�P�*	���
#��&��*�:	#���#�	�H !��
���,	��*�:	#���#�	
��������	&�	��,	��,	���#��

&	���&	&�������/���	
�����	����*	
����	���	���#-�GJGJ -�

�

"����,	��
�#������%	����!��	���##��	&����5���#&�	���#-��GJ<F !��
����o@(�����

��#��#��	��
#��&��
�#�������
��,	�*��*�������������	���<�C�*��*����������#��&���	� �

���,���������	��������	��
�2	
���#��#��	&����%��,	��
#��&�*	��%	�	�-����&	�	�%��	��,	�



<EK�

�*��%�#�
��#	/��/	��	������������
�#������������#	��
		�0��7
�����&�"�,����GJ<E !��	�

����##	&�IJ�&���	�	�������	��
�2	
��EJ/GJJJ%����EJ%����	���#
 !��,��
�����,	�
*����#�


��#	�����,��,��,	��
�#������%	�����������
��,	�
�����	
���	#�����
,�*����,�


���&
��*	����,�	

-��,	�,��,	
������	#�������	��		���,	�
���&
��*	����,�	

���&�

�����
�#������%	�������
�������	&������
��#	/��/	��	������KEJ�%��
		��H�������&	���#	&�

��	���	� -�

�

2.3. Patch- vs landscape-scape effects on soundscape richness 
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2.4.�Decomposing the ecological mechanisms underlying ISARs 
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3. Results 
 
3.1. The effect of island size and isolation on soundscape richness 
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Table 1: Output of five models compared using an information-theoretic approach. 
Parameter significance codes: **** = p < 0.001;  *** = p < 0.01; ** = p < 0.05; * = p < 0.1; 
“ “ = p > 0.01. 
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Figure 2: A. Partial regression plots showing the relationship between island size (A1) 
and isolation (A2), and the unrarefied soundscape richness, considering the variation 
accounted for by the other variable; B. Scatterplots showing the relationships between 
the unrarefied gamma soundscape richness and island size (log10 x) conditioned on 
island isolation, which is divided into four equal-sized classes with 50% overlap 
between neighbouring classes.

A1.

B.

A2.
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3.2. Ecological mechanisms underlying ISARs 
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A. B1

B2.

Small island effect

Figure 3: A. Relationship between (log10) island size and the (log10) unrarefied 
gamma soundscape richness for all islands (n = 49; light grey) and for islands larger 
than the 9.4-ha small-island threshold (n = 24; yellow). B1. Relationship between 
(log10) island size and the unrarefied (brown) and rarefied (yellow) (log10) gamma 
soundscape richness, using temporal effort-based rarefaction (5 sampling days/island) 
for the islands larger than 9.4 ha. B2. Relationship between (log10) island size and the 
(log10) unrarefied (brown) and rarefied (yellow) gamma soundscape richness using 
plot-based rarefaction (1 plot/island) for the islands larger than 9.4 ha. For islands 
with a single plot, the unrarefied and rarefied values are equal, and thus only the 
rarefied values (yellow) are shown.
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B.A.

Figure 4: Scatterplots showing the log-log relationship between island size and (A) 
plot-scale alpha soundscape richness, and (B) beta soundscape turnover. For both 
plots, solid black lines represent a linear regression fitted to all the data combined 
(all subset combinations) and coloured lines represent linear regressions fitted to 
each individual subset (red: 1-plot-per-island subsets; blue: 2-plot-per-island 
subsets). Due to the large number of subsets for the alpha soundscape richness, only 
~10% of subsets were selected for plotting.
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Table 2: Slope- (z) and R2-values for log-log linear power law models fitted to different 
dimensions of biological richness, including the soundscape richness (this study), and 
the species richness derived using direct sampling of vocally-active terrestrial 
vertebrates (other studies) at the Balbina archipelagic landscape. Since semi-log 
linear models were reported in the anuran literature, for comparability, the raw data 
presented in the paper’s supplementary material was used to construct log-log linear 
power models retroactively. For forest birds, no rarefaction was performed since the 
sampling design had a uniform sampling effort across all islands in the study. 
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4. Discussion 
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Supplementary material 1: Data collection 
 

1.1. Collection of acoustic data 
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The study system 
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Data collection: see Bueno and Peres (2019) for a detailed overview of data collection 
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Figure S1: A scatterplot with regression line showing the proportional relationship 
between the island size (log10 transformed) and the number of acoustic sampling 
plots per island (r = 0.87; R2 = 0.75; p < 0.001 for the final set of islands used in the 
study. 
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Supplementary material 2: Soundscape richness  
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2.1. Gamma soundscape richness 

Unrarefied gamma soundscape richness 

����

	

��,	��	#����	��%*������	�����
#��&�
�2	��	�
�
��
#��&��
�#�������i.e.,��,	�

*��*�������������	��
������&�����,	��
#��& !���&������	���,	�
,�*	�����,	��
#��&�


���&
��*	/��	���	#�����
,�*����)' !����
�#�!��	�?�������	&��,	������	��	&��
#��&/

��&	���%%��
���&
��*	����,�	

-����&��
�!��	�*��#	&��,	�6��/��/
�%*#	�

����&	��	�%�����	
�����

��##�*#��
�*	���
#��&-��	��	:�%*#	!���������
#��&����
�
�����

���I�
�%*#����*#��
����,�E�
�%*#����&��
�	��,!�*��#�����,	�6��/��/
�%*#	�����&	��	�

%�����	
�����

��##�*#��
��	��,�%����:����
�
��������E���#�%�
����6���&	�	�������< �M�

���/&	�	�������J �&���������,���
�%*#	 ����#&��	
�#�������*��#	&�%����:����
�
��������

GJ���#�%�
��
���&
��*	�
�%*#	
 ������������6�������&	��	�&���-��
�����,	�*��#	&�

6��/��/
�%*#	�����&	��	�%����:�*	���
#��&!��	�?�������	&��,	������	��	&���%%��


���&
��*	����,�	

�������������,���%�������?�	�6��
��	�	�&	�	��	&�����

��##�


���&
��*	�
�%*#	
-�

Rarefied gamma soundscape richness��

)
��	�	%*#��	&���*��*�������#�
�%*#����
�,	%	!������,��,�#���	���
#��&
��	�	�


�%*#	&�%��	����	�
	#�!��	�%��,��	:*	�����*�
����	��	#�����
,�*��	��		���,	�

�����	��	&���%%��
���&
��*	����,�	

���&�����*�	&������������#	
��	���
	����


�%*#����	��	��
��
�%*#�������	����
 -�����������������,�
���	?��#�
�%*#����	������

�%�����
#��&
!��	��&�*�	&������	��������*���	&��	������#��#��	��,	����	��	&���%%��


���&
��*	����,�	

�*	���
#��&-��,	����%	���7����#��	&����+,�
	�	���#-��GJ<8 �

	%*#��
������&���&��#/��
	&����	�����������%	���7����	?��#�
	��,	�
�%*#����	������



<FK�

�	��		���
#��&
-����	�	�!�&�	�����,	������	�����,	�
���&
��*	����,�	

�%	������
	&�

,	�	!������,��,��	��	�����	&��,	��
�#��������&��&	�����������������&���&��#�

����#�
�����
����%�
���&���#	
!��,�
���*	������&���&��#/��
	&�����&���	�&�����
�����

����#��#	-�(�
�	�&!��,	�
���&
��*	����,�	

�%	�������
���#��#��	&��
����
�%*#���/

����/��
	&�����&	��	�&���-�)
�
��,!����	?��#�
	��,	�
�%*#����	�������%�����
#��&
!�

�	�	%*#��	&���
�%*#	/��
	&����	��������*���	&��	-�

"����������7�#��!��,���	:���#�����
�����	
���
�%*#	�����,	�
���&
��*	�����,	�6��/

��/
�%*#	�����&	��	�%����:��
�&	*	�&	�������,	�
��#	�����,��,��	��	���&��,	�


���&
��*	-�)����*#���
��#	!�	��,�GI,�*	���&�����,	�����
����
���	���	*�	
	��
���


�%*#	�����,	�
���&
��*	������,��,��	�&	�	�%��	��,	�&	�	�������< �M����/&	�	������

�J ����6��
-�)
�
��,!��,	��*	����%����
�%*#	/��
	&����	�������!��,	��	%*���#�


�%*#����	���������%�	�����GI,�
�%*#����*	���&
�����,	�����
����
���	� ��
�

	?��#�
	&-�

���	�	�!��,	���	���&�����,	�
���&
��*	����,�	

��������
#��&�
��#	!��	�,��	�

%�#��*#	�
�%*#����*#��
�*	���
#��&!�	��,����,���
�����6��/��/
�%*#	�����&	��	�

%����:-�=,	�����	�������,	�
�%*#����	����������,�
�
��#	!��,������
�����	
���
�%*#	�

����,	�
���&
��*	������	���	�	&������	�����������
-�(���	�&��������7	��,	�
*����#�

,	�	���	�	�����	��		��*#��
����������������&��

�%	��,���6��
���	�&�
������	&�

���&�%#������

��,	��
#��&!��	�����*��#��,	�6��/��/
�%*#	�����&	��	�%�����	
�

����

��##�*#��
�����,	��
#��&��������	��
#��&/
��#	�6��/��/
�%*#	�����&	��	�%����:�

��&�	?��#�
	��,	�
�%*#����	�������	��		���
#��&
��
�����,	���%�	�����GI,�


���&
��*	�
�%*#	
-����	�	�!����,�������,	�	���	�	�������#�	��	
��,	�*�	
	��	���&�

&�
�������������6��
�����

��,	��
#��&!��	�	:*	����,����������	�
	�����,	���%�	�����



�
�

<FL�
�

*#��
�*	���
#��&���##����#��	��,	���%�	�����&	�	��	&�6��
-�(���,�
���
	!����,	���,���

��	������	��,�GI,�
�%*#����*	���&�����,	�����
����
���	���
���
���&
��*	�
�%*#	!�

�	�
,��#&���	���	��,�*#����
���
�%*#	�����,	�
���&
��*	���&����	����,	�
�%*#����

	�������
�����,	���%�	�����*#��
�*	���
#��&-�(���,�
�
��&�!�����������������,	�*��	����#�

�������&�������#�	��	����
�%*#�������	����
�����,	�
���&
��*	/��	���	#�����
,�*!�

�	����	��	&��,	��
#��&/��&	���%%��
���&
��*	����,�	

��
�������,��,	��	%*���#/�

��&�*#��/��
	&����	��������*���	&��	
-��

"����,	��	%*���#����	�������!��	�*��#	&��,	�6��/��/
�%*#	�����&	��	�%�����	
�

����

��##�*#��
�*	���
#��&���&����	��	&��,	�
�%*#����	�������	��		���
#��&
����E�


�%*#����&��
-�"����,	�*#��/��
	&����	�������!��	�����	��	&�	��,�*#��P
�6��/��/


�%*#	�����&	��	�%����:�������	�����������������,	�&	�	�������< �M����/&	�	�������J �

���6��
�����,���*#�������

��,	��,�#	�����
����
���	�-��,	�!��	����
�����	&������	#�

�
#��&/
��#	�6��/��/
�%*#	�����&	��	�%����:����,�*#��
��
�
�%*#	
-�=	�*	����%	&�

*#��/��
	&����	�������������	�*#���*	���
#��&-��,	��	
�#�
�����,	��	#�����
,�*��	��		��

�
#��&�
�2	���&��,	����	��	&�
���&
��*	����,�	

���	�*�	
	��	&�����,	�%�����	:��

�
	������H-G -��

 

 

 

 

�
 



<FF�

Supplementary Material 3: Calculating the isolation variable 
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3.1. Deriving the total land area shapefiles for islands in the study 
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3.2. Generating the buffer rings around the islands in the study 
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3.3. Determining the scale-of-effect 
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Figure S2: A visual representation of the spatial scale at which the landscape-
scale isolation metric derived in this study (proportion of water within the buffer 
area of each island) attains the highest correlation value with the soundscape 
richness metric (unrarefied gamma soundscape richness); this is better known as 
the ‘scale-of-effect’ (Jackson and Fahrig 2015). The blue shading represents buffer 
distances for which the correlation between soundscape richness and the isolation 
metric was not significant (p > 0.05), whereas orange shading represents 
significant correlations. The highest correlation value was reached at a buffer 
distance of 650 m. The inset plot displays the correlation between the soundscape 
richness and our isolation metric at the scale-of-effect (650 m). 
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Supplementary Material 4: Modelling island size versus isolation 
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4.1. Checking variable distributions 
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Figure S3: A visual representation of the distribution of unrarefied gamma 
soundscape richness using (A) density plots and (B) quantile-quantile plots for both 
untransformed (1; orange) and log10-transformed (2; blue) data. 
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Figure S4: A visual representation of the distribution of the island size variable using 
(A) density plots and (B) quantile-quantile plots for both untransformed (1; orange) 
and log10-transformed (2; blue) data. 
�

�

Figure S5: A visual representation of the distribution of the isolation variable 
(proportion of water within buffer) using (A1) density plots and (A2) quantile-quantile 
plots. 

 

 
�



<8K

4.2. Exploring the relationship between predictor variables 
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Figure S6: A scatterplot displaying the relationship between the island area (ha –
log10 scale) and island isolation (proportion of water within 650 m buffer around the 
island edge).
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4.3. Exploring the relationship between predictor and response variables 

using partial regression plots 
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4.4. Assessing the presence of an interaction effect between island size and 

isolation 
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4.5. Fitting linear models��
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Figure S7: Diagnostic plots showing the residual-vs-fitted plot, residuals qq-plot, 
residuals boxplot and residuals histogram in clockwise order from the top left to the 
bottom left for the best fitting model (model 1). 
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Figure S8: Diagnostic plots showing the residual-vs-fitted plot, residuals qq-plot, 
residuals boxplot and residuals histogram in clockwise order from the top left to the 
bottom left for the second-best fitting model (model 2). 
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Table S2: A diagnostic table for five fitted models with results for the following model 

assumption tests: (i) normal distribution of residuals; (ii) homoscedasticity of 

residuals; (iii)a zero-mean of residuals; and (iv) independence of residuals terms. 

Green indicates the assumption is met, orange indicates a marginal acceptance of the 

assumption, and red indicates the assumption is not met.   
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Supplementary material 5: The small-island effect 
�

�,	�*	��	��	&�
#�*	�����,	�
*	��	
/��	���	#�����
,�*��
�
	�
����	�����,	�
��#	�����,��,�

(�)'
���	����
�&	�	&-�)����&���������%�#������&�=	�
	���GJJ< !�������
���%	&�

(�)'
�
,��#&�	:,�������
��%��&�#����%����,��,�		�&�
������*,�
	
���� �����	���
%�##�


*����#�
��#	
!���*,�
	����,����
�������	#�����
,�*��	��		���,	�
*	��	
����,�	

���&�

�
#��&�
�2	���,	�
%�##/�
#��&�	��	�������($ U���� �������	�%	&���	�
��#	
!���*,�
	����,���

��*�&���
	�������,�	

����,�����	�
�����
#��&�
�2	U���&����� ����#���	�
��#	
!���*,�
	�

���,����#���	���������,	�
#�*	������&
�����
�%*���	!��
��,	���%�	�����
*	��	
�*	��

�
#��&��	��,	
��,	�#	�	#
�����,	�%���#��&�
*	��	
�*��#-�$��,�����,	
	�*,�
	
��
�

&	#��	��	&������������	��*���������,��,��,	�*�	&�%������%	�,���
%
��,������	���


*	��	
����,�	

����
*��	��,���	-� 

"��������

	

%	������*��	����#�
���&
��*	/��	���	#�����
,�*
���&��,	�%	�,���
%
�

&��������,	%!��	��	�	���#�����	�	
�	&�����,	�	��	�������,	��
#��&���	�����
���&
��*	�

���,�	

��*,�
	�G -�)
�
��,!��	��	
�	&��,	�,	���,	�	���
���
*����#�
��#	��	#���

�,��,��,	�	��	�������
#��&���	������,	�
���&
��*	����,�	

����7	�&������,	�
%�##�

�
#��&�	��	�� -����&��
�!��	��
	&���	�7*�����#��	����	��	

���!���##�������,	�����	����

���#��	&����5	��#	���GJ<J ���������
���($�&	�	��������� ������&�	

/��/����%	�
��	�

�,���*	��#�
	&��,	�%�&	#���%*#	:���U���� ����#�
����������#	�
���,�		��	#	������($�

%�&	#
����#��	��!�#	��/,���2����#!���&����������
���	/�,�	
,�#&�%�&	# U����� �%�&	#�


	#	����������,	�
�%	��/
*��	U���&���� ����#�
��������
#��&
����,�2	��/���,�	

-�=	�

	%*#��	&��,	�Q
��n�,�	
,�#&P��������������,	�Q
��
P�'/*��7��	������,	�
�	���#-�GJ<8 �

�������������($�%�&	#
���� ������������
���	/�,�	
,�#&�%�&	#U���� ���#	��/,���2����#�

��	/�,�	
,�#&�%�&	#U����� ���#��/#���#��	���%�&	#��#��<J U���&���� �������	��	*�/��#��



�
�

GJE�
�

%�&	#-�)
��,	�
��#	
����
�&	�	&�����,�
�
��&������	&����%�
%�##�������	�%	&���	!���&�

�������&���	��������!��	�&�&������	
�������,	�*�	
	��	����*,�
	�H��
�������/�,�	
,�#&�

%�&	#
-�=	�
	#	��	&��,	��	
��%�&	#������,�#	�*	��#�
���������&&	&�%�&	#���%*#	:����

������
�&	������,	�
�%*#	/
�2	/����	���)7��7	�(����%������+���	������)(+� !�

���	
����(����%������+���	�������(+ ���&��,	��&�
�	&�'m���#�	-� 

+��
�&	������##�%�&	#�
	#	������������
!��	�����&�����%*����#	����������,	�

���������
���	/�,�	
,�#&���&�#	��/,���2����#���	/�,�	
,�#&�%�&	#
����,��,�	
,�#&
�

���8-IJ���&�<G-KF�,���	
*	����	#������#	��HU�"����8 -�)
�
��,!��	��
	&��,	�
%�##	�����

���,��,�	
,�#&���#�	
���,�	
,�#&�`�8-IJ�,� ��
��������/���������,	�
%�##��
#��&�	��	���

�������
��&�-��,�
!������##�
��
	?�	������#�
	
����	
���������
*	��	
/��	��*���	��
!�

�	���##����#�&	���#���,	��
#��&
�����	�8-IJ�,�-�

Table S3: A table containing the small island effect (SIE) model output. 

� AIC AICc BIC R2 
R2-
adj 

Threshold 

(log10 - ha) 

Threshold 

(ha) 

Continuous 
one-threshold 

HJH-IG� HJI-FG� H<G-FF� J-FG� J-F<� J-8L�
8-IJ�

Left-horizontal HJI-I<� HJE-HG� H<<-8F� J-F<� J-FJ� <-<J� <G-KF�

Linear power-
law 

HIG-LE� HIH-GF� HIF-IH� J-EK� J-EH� �)�
�)�

Intercept-only  HFJ-FK� HF<-<G� HFI-KI� J-JJ� J-JJ� �)� �)�

�
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Figure S9: A series of scatterplots with fitted lines (light grey) showing the 
relationship between the unrarefied gamma soundscape richness and island size 
(log10) for four models: (i) a continuous one-threshold model; (ii) a horizontal one-
threshold model; (iii) a log-linear model; and (iv) and intercept-only model. The blue 
and orange dots indicate data points below and above the model’s threshold 
respectively, with the dashed black line indicating the island size threshold for that 
model. Grey dots indicate the model did not include any threshold 
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2. Package description 

2.1. Installation and documentation 
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2.3. Workflow overview 
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Figure 1:  An overview of the soundscapeR workflow. The suite of functions in 
soundscapeR can be divided into four categories: (1) file management; (2) 
soundscape preparation; (3) exploring the diversity of a single soundscape; and (4) 
comparing the diversity of multiple soundscapes.  
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3. Function descriptions 

3.1. File management: ss_find_files and ss_assess_files 
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fileloc <- ss_find_files(parent_directory = output_dir) 

fileloc <- ss_assess_files(file_locs = fileloc, full_days 

= TRUE) 

 

3.2. Preparing a soundscape object: ss_index_calc and ss_create 
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ss_index_calc(file_list = fileloc[[“Andre�“]], 

              window = 256, 

              parallel = FALSE) 
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#  Direct method 

 

Andre_soundscape <- 

  ss_create(fileloc = paste0(output_dir, "/Andre"), 

            samplerate = 44100, 

            window = 256, 

            index = "CVR", 

            date = "2015-10-10", 

            lat = -1.58462, 

            lon = -59.87211, 

            method = "IsoData", 

            output = "incidence_freq") 

 

# Step-by-step 

 

 #1. Merge CVR files 

 

Andre_soundscape_merged <- 

  ss_index_merge(fileloc = paste0(output_dir, "/Andre"), 

                 samplerate = 44100, 

                 window = 256, 

                 index = "CVR", 

                 date = "2015-10-10", 

                 lat = -1.58462, 
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                 lon = -59.87211) 

 

 #2. Binarise CVR values 

 

Andre_soundscape_binarized <- 

  ss_binarize(merged_soundscape = Andre_soundscape_merged, 

              method = "IsoData") 

 

 3. Calculate OSU incidence 

 

Andre_soundscape_aggregated <- 

  ss_aggregate(binarized_soundscape = 

Andre_soundscape_binarized, 

               output = "incidence_freq") 

�

3.3. Example dataset 

�,	�����
���&���#	
����������
	�
��&��&������	�����#���	�������#�&	�����,	�*��7��	��
�

	:�%*#	�&���-�(���	��	*	���*,�
	�<����#	�%����	%	�� ���&�*,�
	�G��
���&
��*	�

*�	*������� ��������,���
	�
��&���
#��&
!��	����������#�
�����
���&
��*	���	��
��,���

�����	��
	&������##�&���
��	�%����#�
	
-��,�
�&�����
����#�&	&�����,	�soundscapeR�

*��7��	����
�**�����##�&���
��	�%���&	�	:�%*#	
���&������	�#��&	&��
���##��
��

data(balbina) 

For additional information on the dataset, use:  

?balbina 

�,	��	%���������������
�����,	�soundscapeR�*��7��	������	��#�

���	&����������

��*	
���� ���������
�����	:*#��������&���
��#�
�����,	�&��	�
���������
���#	�


���&
��*	U���&���� ���������
�������
��#�
������&�������
������,	�&��	�
�������

%�#��*#	�
���&
��*	
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3.4. Exploring the diversity of a single soundscape 

(���,�
�
	�����!��	���##����	

��,	�
���&
��*	�������	���������
#��&
�����,	�#�
���
���� 

balbina[["Andre"]] 

3.4.1. The ss_heatmap function 

�,	�ss_heatmap�����������	�	���	
�����
��#�,	��%�*��	*�	
	������������,	�

*�	
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�!����� �&�
*#����,	�,	��%�*��
����	��,	������	
�������*�#���

����&����	�
�
�	%
!���� �%�&�����,	���
��#��	
�,	���
�����,	�,	��%�*!�
��,��
��,	�

��#����*�#	��	���&��:�
�#��	#
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��#�	
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���*��&��	���,	��%�*������,	�)�&�	�(
#��&�
���&
��*	��"��-�G !��	������
	���
�
# Regular heatmap with annotation 
 

ss_heatmap(soundscape_obj = balbina[["Andre"]],  

           type = "regular",  

           annotate = TRUE) 

 

# Polar heatmap with annotation 
 

ss_heatmap(soundscape_obj = balbina[["Andre"]],  

           type = "polar",  

           annotate = TRUE) 
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Figure 2: Two heatmaps produced using the ss_heatmap function. The heatmaps 
show the presence and prevalence (or relative abundance) of OSUs for the Andre 
Island soundscape. The annotation argument allows the user to automatically 
annotate the heatmap with the time of sunrise and sunset (vertical dashed lines; grey = 
night; yellow = day), and the boundary between the audible and ultrasonic frequencies 
(dashed horizontal lines). A. A regular heatmap. B. A polar heatmap. 

 
3.4.2. The ss_diversity and ss_evenness functions 

�,	�ss_diversity������������%*��	
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# Richness 
 
SSR <- ss_diversity(soundscape_obj = balbina[["Andre"]],  

             qvalue = 0,  

             subset = "total",  
             output = "percentage")�

# Diversity 
 
SSD <- ss_diversity(soundscape_obj = balbina[["Andre"]],  

             qvalue = 2,  

             subset = "total", 
             output = "percentage")  

# Evenness 
 
SSE <- ss_evenness(soundscape_obj = balbina[["Andre"]],  

            subset = "total")  

 
 
�

�

�

�

�

�
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�

�



GGK�

�

Table 1: An overview of the soundscape diversity metrics that can be computed using 
the soundscapeR package. Note that the equation for the soundscape evenness was 
updated compared to Luypaert et al. (2022) to reflect recommendations in Chao and 
Ricotta (2019) and Chao et al. (2020). 
 

Name Abbreviation Equation 
Code 

example 
value 

������������
��������� ���� ��� � ����	�




	��


������ ������ � !� "#$"%& 

������������
��'�����(� ���� ��� �����	�




	��


������ ������ ) !� "!$*+& 

������������
�'������� ��,� ��, � � ������- . "�������/ . "�� !$+!�

 

3.4.3. The ss_diversity_plot function 

�,	�ss_diversity_plot����������*��&��	
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# Total 
ss_diversity_plot(soundscape_obj = balbina[["Andre"]], 

                  qvalue = 0, 

                  graphtype = "total", 

                  maxfreq = 20000,  

                  smooth = TRUE,  

                  movavg = 20)�

# Frequency 
ss_diversity_plot(soundscape_obj = balbina[["Andre"]], 

                  qvalue = 0, 

                  graphtype = "frequency", 

                  maxfreq = 20000,  

                  nbins = 4,  

                  smooth = TRUE,  

                  movavg = 20)�

# Normalised frequency 
ss_diversity_plot(soundscape_obj = balbina[["Andre"]], 

                  qvalue = 0, 

                  graphtype = "normfreq", 

                  maxfreq = 20000,  

                  nbins = 4,  

                  smooth = TRUE,  

                  movavg = 20)�

# Line frequency 
ss_diversity_plot(soundscape_obj = balbina[["Andre"]], 

                  qvalue = 0, 

                  graphtype = "linefreq", 

                  maxfreq = 20000,  

                  nbins = 4,  

                  smooth = TRUE,  

                  movavg = 20,  

                  timeinterval = "4 hours") 
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Figure 3: A summary of the plot types available using the ss_diversity_plot 
function. Each plot shows the variation in soundscape richness by the time of day. A. 
Soundscape richness for the total soundscape (graphtype = "total"). B. The 
contribution of four frequency bins to soundscape richness (graphtype = 
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"frequency"). C. The proportional contribution of four frequency bins to 
soundscape richness (graphtype = "normfreq"). D. The individual variation in 
soundscape richness for four frequency bins (graphtype = "linefreq").  

 
3.5. Comparing the diversity of multiple soundscapes 

3.5.1. The ss_compare and ss_pcoa functions 
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ss_compare(soundscape_obj_A = balbina[["Andre"]],  

           soundscape_obj_B = balbina[["Mascote_A1"]],  

           type = "regular") 

 

�

Figure 4: A differential heatmap produced using the ss_compare function. The 
differential heatmap (middle) displays the differences in the OSU presence and 
prevalence (or relative abundance) between soundscape A (left) and soundscape B 
(right). Colder colours (blue) indicate OSUs were found more in soundscape A, whereas 
warmer colours (red) indicate OSUs were found more in soundscape B. When OSU 
prevalence was equal in both soundscapes, pixels are coloured white.  
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ss_pcoa(soundscape_list = balbina, 

grouping = c("Andre", "Mascote", "Mascote",   

"Mascote", "Mascote"),  

        screeplot = TRUE)�

 

�

Figure 5: A. Principal Coordinate Plot produced using the ss_pcoa function showing 
the relationship between the soundscapes in two-dimensional space, based on pairwise 
Bray-Curtis dissimilarity between the OSU composition of the soundscapes. B. 
Screeplot showing the cumulative percentage of the variation explained as additional 
principal coordinate axes are added.  

�

3.5.2. The ss_divpart and ss_pairdis function 
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ss_divpart(soundscape_list = balbina,  

           qvalue = 0)�

ss_divpart(soundscape_list = balbina,  

           qvalue = 1) 

ss_divpart(soundscape_list = balbina,  

           qvalue = 2) 

Table 2: A table produced using the ss_divpart function, showing the diversity 
components at the sub-system scale (alpha), the whole-system scale (gamma), and the 
between-system turnover (beta). The soundscape richness and diversities were 
decomposed using a two-level hierarchical structure.  

 
� Hierarchical levels # sub-systems (N1)  # systems (N2) Alpha Beta Gamma 

?�`�J� G� E� <� H<-I� EL-G� <-FG�

?�`�<� G� E� <� GI-8� IJ-K� <-KH�

?�`�G� G� E� <� GJ-<� H<-J� <-EI�

�
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ss_pairdis(soundscape_list = balbina,  

           qvalue = 0)�

Table 3: Pairwise dissimilarities (range: 0-1) between the five case study soundscapes, 
produced using the ss_pairdis function. Dissimilarity values were computed for all 
dissimilarity equations, but only the Sørensen–Dice and Jaccard overlap are displayed.  

� Sørensen–Dice overlap 

� Andre Mascote_A1 Mascote_A2 Mascote_B1 Mascote_B2 

Andre �)� �)� �)� �)� �)�

Mascote_A1 J-K<� �)� �)� �)� �)�

Mascote_A2 J-K<� J-I<� �)� �)� �)�

Mascote_B1 J-K<� J-H<� J-HL� �)� �)�

Mascote_B2 J-KG� J-GK� J-HL� J-GL� �)�

� � � � � �

� Jaccard overlap 

� Andre Mascote_A1 Mascote_A2 Mascote_B1 Mascote_B2 

Andre �)� �)� �)� �)� �)�

Mascote_A1 J-LK� �)� �)� �)� �)�

Mascote_A2 J-LE� J-EF� �)� �)� �)�

Mascote_B1 J-LK� J-IF� J-EI� �)� �)�

Mascote_B2 J-LK� J-IG� J-EI� J-IH� �)�
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4. Summary 
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soundscapeR: An R-package for the exploration, visualisation, diversity 
quantification and comparison of soundscapes 
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soundscapeR: An R-package for the exploration, visualisation, diversity 
quantification and comparison of soundscapes 

�
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################################################ 
# Welcome! 
# This R scripts support the analysis outlined in Luypaert 
et # al. (2023): soundscapeR: An R-package for the 
exploration, # visualisation, diversity quantification and 
comparison of # soundscapes. 
# Feel free to follow along all the workflow's steps that 
we # presented in the soundscapeR paper using the 
instructions # provided below. 
# To dive into the functions with greater  detail, consult  
# the package vignette available online here:  
# thomasluypaert.github.io/soundscapeR_vignette 
# !) If you don't want to wait for the index computation  
# step, which is the most time-consuming skip ahead to  
# 'PART 2: EXPLORE, VISUALISE AND QUANTIFY DIVERSITY' 
########################################################## 
 
# 0. PRIORS ---------------------------------------------- 
# Before we get started, if you haven't done so already,  
# download and install the soundscapeR R-package using the  
# code provided below. 
remotes::install_github("ThomasLuypaert/soundscapeR") 
 
library(soundscapeR) 
 
# For the sake of the code demonstration, we assume you 
have # downloaded and unzipped the raw sound files and 
saved them # in a directory called ‘output_dir’.  
 
# 1. PART 1: CREATE SOUNDSCAPE OBJECTS ------------------- 
 
  # 1.1. Download the raw sound files 
 
# Download link: 
https://datadryad.org/stash/share/JUnmste-
fWNy3UUkjko86mA3iGKxOrSI9iHsLzmPo0s 
 
# Instruction: Download the raw sound files from the link  
# above and unzip the downloaded folder 
# Instruction: Go inside the unzipped directory and copy 
the # file path to the output_dir object below 
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# Instruction: Inside the unzipped directory, you will 
find 5 # zipped folders. Unzip each of these to the same 
location. 
# Instruction: Now proceed with the code below. 
 
output_dir <- 
"PASTE_THE_FULL_PATH_TO_THE_LOCATION_OF_THE_DOWNLOADED_AND
_UNZIPPED_FILES_HERE" 
 
  # 1.2. Load metadata 
 
metadata <- read.csv(file = paste0(output_dir, 
"/metadata.csv")) 
 
 
  # 1.3. Search for the raw sound files in the folders 
 
fileloc <- ss_find_files(parent_directory = output_dir)  
 
  # 1.4. Check if everything is in order with the files 
 
fileloc <- ss_assess_files(file_locs = fileloc, full_days 
= TRUE) 
 
names(fileloc) <- c("Andre", "Mascote_A1", "Mascote_A2", 
"Mascote_B1", "Mascote_B2") 
 
  # 1.5. Add the folder path to each soundscape to the 
metadata 
 
metadata$folderloc <- sapply(fileloc, function(x) 
dirname(x[1])) 
 
  # 1.6. Calculate the CVR index for each 1-min file at 
Andre Island 
 
# Note: This step might take a while... You can speed it 
up  
# by setting parallel = TRUE. 
 
 
# Note: If you need to interrupt your index computation, 
you # can do so without problems. Just resume the 
calculation  
# later and the function will automatically detect where 
it  
# left off. 
 
# Note: If you have access to a High-Performance Computing  
# (HPC) platform, this will speed up the process  
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# considerably, especially if you're dealing with large  
# studies 
 
 
ss_index_calc(file_list = fileloc[["Andre"]], 
                window = 256, 
                parallel = FALSE) 
 
 
  # 1.7. Create a soundscape object for Andre Island 
 
    # Direct way 
 
Andre_soundscape <- 
  ss_create(fileloc = metadata$folderloc[1], 
            samplerate = 44100, 
            window = 256, 
            index = "CVR", 
            date = metadata$first_day[1], 
            lat = metadata$lat[1], 
            lon = metadata$lon[1], 
            method = "IsoData", 
            output = "incidence_freq") 
 
    # Step-by-step 
 
Andre_soundscape_merged <- 
  ss_index_merge(fileloc = metadata$folderloc[1], 
                 samplerate = 44100, 
                 window = 256, 
                 index = "CVR", 
                 date = metadata$first_day[1], 
                 lat = metadata$lat[1], 
                 lon = metadata$lon[1]) 
 
Andre_soundscape_binarized <- 
  ss_binarize(merged_soundscape = Andre_soundscape_merged, 
              method = "IsoData") 
 
Andre_soundscape_aggregated <- 
  ss_aggregate(binarized_soundscape = 
Andre_soundscape_binarized, 
               output = "incidence_freq") 
 
 
# Great work! We've successfully created a soundscape 
object # for Andre Island. In the next section, we'll 
demonstrate  
# how we can use these soundscape objects to explore,  
# visualise, quantify, and compare the soundscape 
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diversity of # these sites. To get the soundscapes of the 
other islands,  
# we can load a list of soundscape objects saved in the  
# soundscapeR package 
 
data("balbina") 
 
 
# 2. PART 2: EXPLORE, VISUALISE AND QUANTIFY DIVERSITY --- 
 
# 2.2. Make heatmaps 
 
heatmap_1 <- ss_heatmap(soundscape_obj = 
balbina[["Andre"]], 
                        type = "regular", 
                        annotate = TRUE) 
 
 
heatmap_2 <- ss_heatmap(soundscape_obj = 
balbina[["Andre"]], 
                        type = "polar", 
                        annotate = TRUE) 
 
 
 
# 2.3. Compute the soundscape metrics for various diurnal-
phase subsets 
 
ss_diversity(soundscape_obj =  balbina[["Andre"]], 
             qvalue = 0, 
             subset = "total") # Richness 
 
ss_diversity(soundscape_obj = balbina[["Andre"]], 
             qvalue = 2, 
             subset = "total") # Diversity 
 
ss_evenness(soundscape_obj = balbina[["Andre"]], 
            subset = "total") # Evenness 
 
# 2.4. Calculate four different diversity plot types for 
Andre island 
 
  # Total 
ss_diversity_plot(soundscape_obj = balbina[["Andre"]], 
                  qvalue = 0, 
                  graphtype = "total", 
                  maxfreq = 20000, 
                  smooth = TRUE, 
                  movavg = 20) 
  # Frequency 
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diversity_plot_2 <- ss_diversity_plot(soundscape_obj = 
balbina[["Andre"]], 
                  qvalue = 0, 
                  graphtype = "frequency", 
                  maxfreq = 20000, 
                  nbins = 4, 
                  smooth = TRUE, 
                  movavg = 20) 
 
  # Normalised frequency 
ss_diversity_plot(soundscape_obj = balbina[["Andre"]], 
                  qvalue = 0, 
                  graphtype = "normfreq", 
                  maxfreq = 20000, 
                  nbins = 4, 
                  smooth = TRUE, 
                  movavg = 20) + 
 
 
  guides(fill = guide_legend(nrow = 1, 
                             title.position = "top", 
                             title.hjust = 0.5,  
                             title.vjust = 0.5, 
                             label.position = "top", 
                             label.hjust = 0.5)) 
 
  # Line frequency 
ss_diversity_plot(soundscape_obj = balbina[["Andre"]], 
                  qvalue = 0, 
                  graphtype = "linefreq", 
                  maxfreq = 20000, 
                  nbins = 4, 
                  smooth = TRUE, 
                  movavg = 20, 
                  timeinterval = "4 hours") 
 
 
# 2.5. Compare the soundscapes of Andre island and 
Mascote_A1 
 
diff_heatmap <- 
  ss_compare(soundscape_obj_A = balbina[["Andre"]], 
             soundscape_obj_B = balbina[["Mascote_A1"]], 
             type = "regular", 
             maxfreq = 20000, 
             timeinterval = "4 hours") 
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# 2.6. Produce a PCAO plot showing the five sites on two 
islands: 
 
ss_pcoa(soundscape_list = balbina, 
        grouping = c("Andre", "Mascote", "Mascote", 
"Mascote", "Mascote"), 
        screeplot = TRUE) 
 
 
# 2.7. Partition the soundscape diversity using a two-
level hierarchy 
 
ss_divpart(soundscape_list = balbina, 
           qvalue = 0) 
 
ss_divpart(soundscape_list = balbina, 
           qvalue = 1) 
 
ss_divpart(soundscape_list = balbina, 
           qvalue = 2) 
 
 
# 2.8. Compute pairwise dissimilarities between 
soundscapes 
 
ss_pairdis(soundscape_list = balbina, 
           qvalue = 0, ) 
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