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Abstract

Ecosystem functions and services are severely threatened by unprecedented 
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tems to monitor changes in biodiversity for planning, evaluating, and implementing 
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and implementing biodiversity conservation and mitigation actions 

as well as for evaluating their success, biodiversity monitoring ap�J
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ther helping to ensure the sustainable management of ecosystems and the provision 
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tent, and temporal repetition of the observations, hence these are 

not suitable for closing the systematic biodiversity monitoring gap. 
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served as the primary testbed for the development of our net�J
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that does not consider plants and animals to be mere variables for 
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three main technical components with a modular structure: sensors, 

�7�-�|�- �|�u�-�m�v�l�b�v�v�b�o�m�7 �-�m�7 �7�-�|�- �v�|�o�u�-�]�; �P�
�b�]�†�u�; 1�Q�: �)�;  �r�u�;�v�;�m�| �;�Š�;�l�J

plary applications for biodiversity monitoring using data obtained in 
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facilitate monitoring without permanent supervision by researchers 
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of the collected data and computer code is available in online data�J
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tRackIT: An open-source radio tracking system for bats and small 

animals
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are globally significant to maintain healthy ecosystem function�J
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edge of their behaviour is limited, especially in comparison to 
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conservation monitoring approaches, bats are often studied using 

�l�-�m�†�-�t �u�-�7�b�o �|�u�-�1�h�b�m�] �P���-�8�o �;�| �-�t�:�7 2019�Q�7 �‰�_�b�1�_ �1�-�m �0�; �b�m�;�=�=�b�1�b�;�m�| 

�7�†�; �|�o �|�b�l�; �u�;�t�†�b�u�;�l�;�m�|�v �-�m�7 �|�_�; �_�b�]�_ �1�o�v�| �o�= �|�_�; �v�r�;�1�b�-�t�b�Œ�;�7 �t�-�J

�0�o�†�u �u�;�t�†�b�u�;�7�:

�$�o �u�;�7�†�1�; �|�_�; �-�l�o�†�m�| �o�= �l�-�m�†�-�t �t�-�0�o�†�u �u�;�t�†�b�u�;�7 �|�o �|�u�-�1�h �0�-�|�v�7 

�‰�; �7�;�ˆ�;�t�o�r�;�7 �-�m �o�r�;�m�J�v�o�†�u�1�; �v�‹�v�|�;�l �=�o�u �u�;�t�b�-�0�t�; �-�†�|�o�l�-�|�b�1 �u�-�7�b�o 

�|�u�-�1�h�b�m�] �o�= �P�v�l�-�t�t�Q �-�m�b�l�-�t�v �b�m �v�b�|�† �PtRackIT �"�‹�v�|�;�l�v�8 �_�|�|�r�v�9�F�F​�|�u�-�1�h​

it. ​systems; Gottwald et  al.,  2019�8 ��	X�1�_�v�| �;�| �-�t�:�7 2021�Q�: tRackIT 

�-�1�t�†�b�u�;�v�7 �v�|�o�u�;�v�7 �-�m�-�t�‹�v�;�v�7 �-�m�7 �|�u�-�m�v�l�b�|�v �1�-�r�|�†�u�;�7 �ˆ�;�u�‹ �_�b�]�_ �=�u�;�J

�t�†�;�m�1�‹ �P�(���
�Q �v�b�]�m�-�t�v �-�m�7 �|�_�;�b�u �7�;�v�1�u�b�r�|�b�ˆ�; �=�;�-�|�†�u�;�v�7 �|�o �1�-�u�u�‹ �o�†�| 

activities such as calculation of the bearing of signals emitted by 

�(���
  �u�-�7�b�o �|�-�]�v �-�|�|�-�1�_�;�7 �|�o �-�m�b�l�-�t�v �o�u �|�_�; �1�t�-�v�v�b�=�b�1�-�|�b�o�m �o�= �-�m�b�J

�l�-�t �-�1�|�b�ˆ�b�|�‹ �P���o�|�|�‰�-�t�7 �;�| �-�t�:�7 2022�Q�: �$�u�-�1�h�b�m�] �7�-�|�- �‰�;�u�; �v�|�o�u�;�7 �b�m 

�-�m �b�m�=�t�†�Š �7�-�|�-�0�-�v�; �P���m�=�t�†�Š�	���7 �_�|�|�r�v�9�F�F​�‰�‰�‰�:​�b�m�=�t�†​�Š�7�-�|�-�: ​�1�o�l �Q�7 �‰�b�|�_ 

�-�v�v�o�1�b�-�|�;�7 �l�;�|�-�7�-�|�- �0�;�b�m�] �v�|�o�u�;�7 �b�m �- ���‹�"� ��  �7�-�|�-�0�-�v�; �Phttps:// ​

�‰�‰�‰�:​�l�‹�v�t�t�: ​�1�o�l �Q�:

�
�†�u�|�_�;�u�l�o�u�;�7 �|�o �o�ˆ�;�u�1�o�l�; �|�_�; �t�b�l�b�|�-�|�b�o�m�v �o�= �|�u�-�7�b�|�b�o�m�-�t �l�o�m�J

itoring methods, such as low capture rates of small animals on 
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well as audio and video recording combined in a single platform. 
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ods in combination led to >90% detection rates in camera record�J
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use of multiple sensors also facilitates the detection of individuals 
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which enables the training of machine learning classifiers that auto�J
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to better assess the ecological function of habitats and facilitates 

targeted conservation measures.

Animal behaviour at local scales
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provides important ecological insights into their responses and ad�J

aptations to the environment, foraging strategies, energetics, and 
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were able to partially overcome this limitation.
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that allows us to distinguish when individuals are active or at rest 
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tunities to investigate species interactions in forest ecosystems 
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in the wild such as bat roost switching and associated swarming 

behaviour.
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ble with high accuracy and at high temporal resolution, although the 
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insights into the spatiotemporal interactions of species with their 

environment.

Birds at larger scales

Birds are highly mobile and many species, particularly migratory 
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�Phttps:// ​www. ​icarus.​mpg.​de/​en�Q�: ���†�u�u�;�m�|�t�‹�7 �������!�&�" �b�v �;�Š�r�t�o�u�b�m�] 

options to establish alternative data transmission approaches 

�P�)�b�h�;�t�v�h�b �;�| �-�t�:�7 2007�Q�:

�‘�:�•�:�‘�J �G�J �	�;�|�;�1�|�b�o�m

Bird species in soundscapes

Birds are the target of several biodiversity monitoring programs 

�0�;�1�-�†�v�; �|�_�;�‹ �-�u�; �ˆ�o�1�-�t �-�m�7 �|�_�†�v �u�;�t�-�|�b�ˆ�;�t�‹ �;�-�v�‹ �|�o �l�o�m�b�|�o�u �P���b�0�0�‹ 

et al., 2000�Q�7 �|�_�;�b�u �u�;�v�r�o�m�v�; �|�o �-�m�|�_�u�o�r�o�]�;�m�b�1 �1�_�-�m�]�; �b�v �o�=�|�;�m �1�o�u�J

�u�;�t�-�|�;�7 �|�o �o�|�_�;�u �|�-�Š�- �P���u�;�]�o�u�‹ �;�| �-�t�:�7 2005�Q�7 �-�m�7 �|�_�;�‹ �1�o�m�|�u�b�0�†�|�; 

�|�o �;�1�o�v�‹�v�|�;�l �v�;�u�ˆ�b�1�;�v �b�m �- �ˆ�-�u�b�;�|�‹ �o�= �‰�-�‹�v �P�"�;�h�;�u�1�b�o�]�t�†�7 2006�Q�: 

Despite their relevance, we not only continue to lose bird species 

�P���������"�7 2019�Q �0�†�| �-�t�v�o �- �v�_�-�u�r �7�;�1�t�b�m�; �b�m �0�u�;�;�7�b�m�] �0�b�u�7 �-�0�†�m�7�-�m�1�; 

�b�m ���o�u�|�_ ���l�;�u�b�1�- �-�m�7 ���†�u�o�r�; �_�-�v �0�;�;�m �o�0�v�;�u�ˆ�;�7 �b�m �u�;�1�;�m�| �7�;�1�-�7�;�v 

�P���m�]�;�u �;�| �-�t�:�7 2015; Rosenberg et  al.,  2019�Q�: �$�o �-�7�;�t�†�-�|�;�t�‹ �-�v�v�;�v�v 

the current state of bird communities and counteract the ongoing 

�t�o�v�v �o�= �0�b�o�7�b�ˆ�;�u�v�b�|�‹�7 �-�†�|�o�m�o�l�o�†�v �v�o�†�m�7 �u�;�1�o�u�7�;�u�v �P�>���†�7�b�o���o�|�_�?�7 ���b�t�t 

et al., 2018�Q �‰�;�u�; �7�;�r�t�o�‹�;�7 �b�m �|�_�; ���-�|�†�u�; �“�:�• �r�u�o�f�;�1�| �-�v �1�o�v�|�J�;�=�=�;�1�J

�|�b�ˆ�; �7�;�ˆ�b�1�;�v �=�o�u �_�b�]�_�J�u�;�v�o�t�†�|�b�o�m �l�o�m�b�|�o�u�b�m�] �P�)�œ�]�;�t�; �;�| �-�t�:�7 2022�Q�:

Rapidly evolving deep learning methods, such as convolutional 

�m�;�†�u�-�t �m�;�|�‰�o�u�h�v �P�������Q�7 �;�=�=�;�1�|�b�ˆ�;�t�‹ �v�†�r�r�o�u�| �|�_�; �-�†�|�o�l�-�|�;�7 �b�7�;�m�J

�|�b�=�b�1�-�|�b�o�m �o�= �7�b�=�=�;�u�;�m�| �v�r�;�1�b�;�v �=�u�o�l ���†�7�b�o���o�|�_ �u�;�1�o�u�7�b�m�]�v �P���-�_�t 

et al., 2021�8 ���;���b�;�m �;�| �-�t�:�7 2020; Ruff et al., 2020�Q�: ���o�‰�;�ˆ�;�u�7 �-�†�|�o�m�J

omous sound recordings so far show considerable differences in 

the composition of identified bird communities compared to field 

�v�†�u�ˆ�;�‹�v �P���t�-�h�;�7 2021�8 ���Ð�u�;�Œ�J���u�-�m�-�7�o�v �;�| �-�t�:�7 2019�Q�: �$�o �b�l�r�u�o�ˆ�; �|�_�; 

congruency between autonomous sound recordings and manual 

bird surveys, we trained machine learning models to simultaneously 

�7�;�|�;�1�| �-�m�7 �b�7�;�m�|�b�=�‹ �7�b�=�=�;�u�;�m�| �0�b�u�7 �v�r�;�1�b�;�v �b�m �-�†�7�b�o �u�;�1�o�u�7�b�m�]�v�: �
�o�u 

�|�_�b�v �r�†�u�r�o�v�;�7 �m�o�ˆ�;�t �m�;�†�u�-�t �m�;�|�‰�o�u�h �-�u�1�_�b�|�;�1�|�†�u�;�v�7 �r�u�;�J�r�u�o�1�;�v�v�b�m�] 

schemes, and training strategies were developed and investigated. 

���†�u �-�r�r�u�o�-�1�_ �b�v �0�-�v�;�7 �o�m �- �m�;�†�u�-�t �-�u�1�_�b�|�;�1�|�†�u�; �v�;�-�u�1�_ �P��	Á�_�t�b�m�] 

et al., 2020�Q �-�m�7 �‰�-�v �|�_�; �‰�b�m�m�;�u �o�= �|�_�; �b�m�|�;�u�m�-�|�b�o�m�-�t ���b�u�7�������
 �‘�•�‘�• 

�1�_�-�t�t�;�m�]�; �P�_�|�|�r�v�9�F�F​�‰�‰�‰�:​�b�l�-�]�; ​�1�t�;�=�:​�o�u�]�F​���b�u�7�� ​�����
�‘�•�‘�• �Q�: ���ˆ�;�u�-�t�t�7 �o�†�u 

findings show that the automated monitoring revealed not only 

similar results for species diversity, but also for the bird community 

�1�o�l�r�o�v�b�|�b�o�m �1�o�l�r�-�u�;�7 �|�o �|�_�; �;�Š�r�;�u�| �v�†�u�ˆ�;�‹�v�7 �‰�_�b�1�_ �-�u�; �r�-�u�|�b�1�†�t�-�u�t�‹ 

relevant for conservation.
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�o�|�_�;�u�‰�b�v�; �-�†�|�o�m�o�l�o�†�v �v�o�†�m�7 �u�;�1�o�u�7�b�m�]�7 �‰�; �_�-�ˆ�; �7�;�ˆ�;�t�o�r�;�7 ���b�u�7�`
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�v�r�;�1�b�;�v �b�m �-�†�7�b�o �u�;�1�o�u�7�b�m�]�v �|�o �v�†�r�r�o�u�| �m�;�-�u �u�;�-�t�J�|�b�l�; �0�b�o�7�b�ˆ�;�u�v�b�|�‹ 
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 � � � � � & � ! � � � � � ’ �J���-�m�7�t�b�m�] �o�= �- �|�-�]�]�;�7 �=�;�l�-�t�; ���†�u�-�v�b�-�m �0�t�-�1�h�1�-�r �P�-�7 Sylvia atricapilla�Q�: �$�_�; �|�b�m�‹ �P< �•�:�u�S�]�Q �(���
 �|�-�] �b�v �l�o�†�m�|�;�7 �o�m �|�_�; �0�-�1�h �o�= �|�_�; 
�0�b�u�7 �†�v�b�m�] �- �=�b�]�†�u�;�J�;�b�]�_�| �_�-�u�m�;�v�v�7 �‰�b�|�_ �- �_�-�m�7�_�;�t�7 �+�-�]�b �-�m�|�;�m�m�- �=�o�u �l�o�0�b�t�; �-�1�|�b�ˆ�b�|�‹ �-�m�7 �t�o�1�-�|�b�o�m �|�u�-�1�h�b�m�]�: ���_�o�|�o�9 �"�: �!	X�v�m�;�u�: �� �=�;�l�-�t�; �u�-�1�o�o�m 
�PProcyon lotor�Q �;�t�†�b�r�r�;�7 �‰�b�|�_ �- �����"�J���"�� �1�o�t�t�-�u �ˆ�b�v�b�|�b�m�] �- �0�-�b�|�;�7 �‰�-�t�h�J�b�m �|�u�-�r �P�0�Q�: ���_�o�|�o�9 �"�: �!	X�v�m�;�u �ˆ�b�- �u�;�l�o�|�; �1�-�l�;�u�- �1�o�m�|�u�o�t�:



�J�M�J |�J �•���o�=���‘�v

�l�o�m�b�|�o�u�b�m�] �P�
�b�]�†�u�; 5�8 ��	X�1�_�v�| �;�| �-�t�:�7 2022�Q�: ���7�]�; ���� �u�;�=�;�u�v �|�o ���� �1�o�l�J

putations performed on the device where the data is collected, 

�u�-�|�_�;�u �|�_�-�m �-�| �- �1�;�m�|�u�-�t�b�Œ�;�7 �1�o�l�r�†�|�b�m�] �=�-�1�b�t�b�|�‹�:

���b�u�7�`���7�]�; �†�|�b�t�b�Œ�;�v �l�†�t�|�b�r�t�; �l�b�1�u�o�r�_�o�m�;�v �0�-�v�;�7 �o�m �|�_�; ���"���’�‘  

microcontroller unit to stream audio to a station, where bird spe �J

�1�b�;�v �u�;�1�o�]�m�b�|�b�o�m �|�-�h�;�v �r�t�-�1�; �P�
�b�]�†�u�; 6�Q�: �$�_�; �u�;�1�o�]�m�b�|�b�o�m �u�;�v�†�t�|�v �o�= 

�7�b�=�=�;�u�;�m�| �v�|�-�|�b�o�m�v �-�u�; �|�u�-�m�v�l�b�|�|�;�7 �|�o �- �0�-�1�h�;�m�7 �1�t�o�†�7 �v�;�u�ˆ�;�u �=�o�u 

�=�†�u�|�_�;�u �-�m�-�t�‹�v�b�v �0�‹ �0�b�o�7�b�ˆ�;�u�v�b�|�‹ �u�;�v�;�-�u�1�_�;�u�v�: ��  �7�;�;�r �m�;�†�u�-�t �m�;�|�J

�‰�o�u�h �0�-�v�;�7 �o�m �|�_�; ���=�=�b�1�b�;�m�|���;�|�J���’ �-�u�1�_�b�|�;�1�|�†�u�; �‰�-�v �|�u�-�b�m�;�7 �-�m�7 

�o�r�|�b�l�b�Œ�;�7 �=�o�u �;�Š�;�1�†�|�b�o�m �o�m �;�l�0�;�7�7�;�7 �;�7�]�; �7�;�ˆ�b�1�;�v �-�m�7 �7�;�r�t�o�‹�;�7 

�o�m ���(���	����  ���;�|�v�o�m ���-�m�o �v�|�-�|�b�o�m�v �†�v�b�m�] �|�_�; �	�;�;�r�"�|�u�;�-�l �"�	���: 

�	�†�u�b�m�] �-�m �;�Š�r�;�u�b�l�;�m�|�-�t �;�ˆ�-�t�†�-�|�b�o�m �b�m �‘�•�‘�‘�7 �‰�; �=�o�†�m�7 �|�_�-�| �o�†�u �v�‹�v�J

�|�;�l �u�;�-�1�_�;�v �- �u�;�1�o�]�m�b�|�b�o�m �t�†�-�t�b�|�‹ �o�= �†�r �|�o �–�”�:�‘�w �l�;�-�m �-�ˆ�;�u�-�]�; 

�r�u�;�1�b�v�b�o�m �o�m �v�o�†�m�7�v�1�-�r�; �u�;�1�o�u�7�b�m�]�v �b�m �|�_�; ���-�u�0�†�u�] ���r�;�m �
�o�u�;�v�| 

�P��	X�1�_�v�| �;�| �-�t�:�7 2022�Q�:

Bat species in audio recordings

���-�|�v �-�u�; �|�_�; �l�o�v�| �]�;�o�]�u�-�r�_�b�1�-�t�t�‹ �7�b�v�r�;�u�v�;�7 �|�-�Š�o�m�o�l�b�1 �]�u�o�†�r 

�-�l�o�m�] �|�;�u�u�;�v�|�u�b�-�t �l�-�l�l�-�t�v�: ���Š�1�t�†�7�b�m�] �|�_�; ���u�1�|�b�1�7 ���m�|�-�u�1�|�b�1�7 �-�m�7 �- 

few isolated islands, all regions of the earth are inhabited by bats 

�P���†�m�Œ�7 1982�Q�: �)�b�|�_ �-�t�l�o�v�| �•�“�•�• �u�;�1�o�]�m�b�Œ�;�7 �|�-�Š�-�7 �0�-�|�v �u�;�r�u�;�v�;�m�| 

�-�t�l�o�v�| �o�m�;�J�=�b�=�|�_ �o�= �|�_�; �l�-�l�l�-�t�b�-�m �7�b�ˆ�;�u�v�b�|�‹ �P�
�u�b�1�h �;�| �-�t�:�7 2020 �Q�: 
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et al., 2020 �Q�: �$�o �l�o�m�b�|�o�u �r�o�r�†�t�-�|�b�o�m�v �o�= �0�-�| �v�r�;�1�b�;�v �-�m�7 �|�_�†�v�7 �0�b�o�J

diversity at scale, automatic bat echolocation call detection and 
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et al., 2022, �
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second phase, the detected calls are classified and assigned to the 

corresponding bat species. We have shown that our method out�J
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while achieving an average accuracy of up to 90.2% for detection 
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precision of 98.4%, 98.3%, and 95.6%, respectively.

Wildlife species in camera trap images
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the wild to automatically record photos and/or videos of animals over 

a period of time, without the species in focus being disturbed by the 

�r�u�;�v�;�m�1�; �o�= �_�†�l�-�m�v�: �	�†�; �|�o �|�_�; �t�†�-�m�|�b�|�‹ �o�= �7�-�|�- �]�;�m�;�u�-�|�;�7�7 �l�-�m�†�-�t 

�-�m�-�t�‹�v�b�v �0�‹ �;�Š�r�;�u�|�v �b�v �r�u�o�_�b�0�b�|�b�ˆ�;�t�‹ �;�Š�r�;�m�v�b�ˆ�; �-�m�7 �|�b�l�; �1�o�m�v�†�l�b�m�]�7 

�|�_�†�v �b�| �b�v �7�;�v�b�u�-�0�t�; �|�o �-�†�|�o�l�-�|�; �|�_�b�v �r�u�o�1�;�v�v �P�"�1�_�m�;�b�7�;�u �;�| �-�t�:�7 2020�Q�:

���m �|�_�; ���-�|�†�u�; �“�:�• �r�u�o�f�;�1�|�7 �‰�; �†�v�;�7 �1�-�l�;�u�- �|�u�-�r�v �|�o �u�;�1�o�u�7 �r�_�o�|�o�v 

�-�m�7 �ˆ�b�7�;�o�v �b�m �|�_�; ���-�u�0�†�u�] ���r�;�m �
�o�u�;�v�| �o�ˆ�;�u �v�;�ˆ�;�u�-�t �‹�;�-�u�v�: �)�;  �b�l�J

�r�t�;�l�;�m�|�;�7 �- �|�‰�o�J�v�|�-�]�; �r�u�o�1�;�v�v �†�v�b�m�] ���� �|�o �-�m�-�t�‹�v�; �|�_�; �7�-�|�-�: ���m �|�_�; 

�=�b�u�v�| �v�|�;�r�7 �|�o �t�o�1�-�t�b�Œ�; �|�_�; �-�m�b�l�-�t�v �b�m �|�_�; �b�l�-�]�;�v �-�m�7 �|�o �=�b�t�|�;�u �o�†�| �;�l�r�|�‹ 

�b�l�-�]�;�v�7 �‰�; �†�v�;�7 ���b�1�u�o�v�o�=�|�]�v ���;�]�-�	�;�|�;�1�|�o�u �v�o�=�|�‰�-�u�; �Phttps:// ​github.​

�1�o�l�F ​�l�b�1�u�o​�v�o�=�|�F​���-�l�;�u ​�-�$�u�-�r�v �Q�: ���;�]�-�	�;�|�;�1�|�o�u �b�v �-�m �o�0�f�;�1�| �7�;�|�;�1�|�b�o�m 

model, which has been trained with a very large number of camera 

trap images captured worldwide, and therefore achieves very good 

animal detection rates, even under poor visibility conditions.
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cision on a validation dataset consisting of a withheld subset from 

the same sources. We successfully applied the model in the analy�J
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Insects with automated camera light traps
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costs, but also by ethical considerations. Even inventories of moths, 
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comprises multiple microphone units that 
stream audio to their respective station 
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be accessed and analysed through a web 
frontend.
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hardware upgrades, and the software implementation allows for 
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ties for further implementation in other areas of research, such as 

movement ecology.

Insects with radar
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demonstrates insect radar solutions to be a suitable option for fu�J
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the main specific challenges inherent to insect monitoring, namely, 
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urements have not previously been possible with conventional ver�J

tically pointing radar systems due to blind spots at altitudes lower 
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We have developed a novel insect radar setup based on a com�J
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was originally developed for autonomous driving applications. 
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light trap was installed for initial testing of the data collected by the 
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system is that it is much smaller and more cost effective compared 
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data of low flying insects at multiple positions in the forest.
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the location of animals in the image and 
then classifying the species for that area. 
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monitoring insect abundance by capturing photos of attracted 
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Monitoring trees with TreeTalkers
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logical processes at the individual tree level along with environmen�J
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measurements versus cost effectiveness, which affects the possibil�J
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ecosystem responses using trees as sensors themselves, instead 
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observation geometries used. Without accurate positioning data, 
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ment used to calculate angles and distances.
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erence points in two meadow areas close to the areas of interest. 
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corded during each journey.

A multisensor rover platform
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cial as it enabled us to deploy multiple sensors for a variety of func�J

tions, including microclimate measurements and enabling accurate 
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as the insect radar and has good manoeuvrability in forested areas. 
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nology with a rover they designed, and confirmed the efficacy of this 
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positioning of observed objects.
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provide micro niche conditions that are important for soil meso�J
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through the forest, the rover can also collect information from mul �J

�|�b�r�t�; �r�;�u�l�-�m�;�m�|�t�‹ �b�m�v�|�-�t�t�;�7 �v�;�m�v�o�u�v �P�v�†�1�_ �-�v �|�_�; �$�u�;�;�$�-�t�h�;�u�v�Q �-�v �-�m 

�-�†�|�o�l�-�|�b�1 �‰�-�‹ �o�= �7�-�|�- �_�-�u�ˆ�;�v�|�b�m�] �b�= �m�o ���o�!�- �1�o�ˆ�;�u�-�]�; �b�v �-�ˆ�-�b�t�-�0�t�;�:

�‘�:�•�:�“�J �G�J �"�;�m�v�b�m�]

Spaceborne and airborne remote sensing
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tion at different spatial and temporal scales and can facilitate 

monitoring of remote or inaccessible areas that would otherwise 
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allowing for a more complete understanding of biodiversity pat�J
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of spectral, temporal, spatial resolutions, and the differences in 
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can be used to monitor biodiversity from the individual species 

level to full ecosystems, and depending on which level of detail is 
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can be chosen for use.
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well as shadow and light effects.
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the eminently practical choice.
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Global change and ecological collapse are some of the defining 
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where our fragile forest ecosystems are concerned, and where 

wider public awareness needs to be created. Education for sus�J

tainable development addresses these challenges and helps to 

foster awareness of the scientific approaches and contemporary 

technology, which is necessary to identify and discuss the possible 
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environmental models.
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edge about how to process time series data.
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eral measures of the acoustic environment, and is therefore also a 

robust platform for audio biodiversity monitoring.
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and to offer the possibility of combining the internal data from the 
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combined datasets allows deeper inferences to be made than each 

local database alone could support.
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ing both enables farther reaching inferences to be made in the future.

Geo Engine, for instance, adheres to rigorous metadata stan�J
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sections “Bird species in soundscapes” and “Bat species in audio 

�u�;�1�o�u�7�b�m�]�v�?�Q�:

���b�u�7 �v�o�m�]�v �-�u�; �h�m�o�‰�m �|�o �;�Š�_�b�0�b�| �_�b�]�_�t�‹ �t�o�1�-�t�b�Œ�;�7 �|�b�l�; �=�u�;�t�†�;�m�J

�1�b�;�v�7 �|�_�-�| �b�v�7 �|�_�;�u�; �-�u�; �o�m�t�‹ �- �=�;�‰ �=�u�;�t�†�;�m�1�b�;�v �1�o�m�|�-�b�m�;�7 �b�m �- �0�b�u�7 

�v�o�m�]�: �$�_�;�u�;�=�o�u�;�7 �-�v �|�_�; �l�-�b�m �|�u�-�m�v�=�o�u�l�-�|�b�o�m �‰�; �v�;�t�;�1�|�;�7 �|�o �†�v�; 

�|�_�; �‰�b�m�7�o�‰�;�7 �
�o�†�u�b�;�u �|�u�-�m�v�=�o�u�l �P���u	X�1�_�;�m�b�]�7 2001�Q �=�o�u �|�_�;�v�; �|�‰�o 
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and are currently being investigated further.
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selected audio segment is presented. Within this view, species in audio samples can be manually labelled, and machine generated labels can 
be reviewed.
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not significantly improved, clear and transparent spectrograms may 

improve the interpretability of algorithms based on spectrograms.
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of sensor models, whilst preserving metadata and reproducibility, 

�-�t�t �‰�_�b�t�; �h�;�;�r�b�m�] �v�|�o�u�-�]�; �v�r�-�1�; �†�v�;�7 �-�| �- �l�b�m�b�l�†�l�: �
�o�u �;�Š�-�l�r�t�;�7 

�$�u�;�;�$�-�t�h�;�u �7�-�|�- �-�u�; �|�u�-�m�v�l�b�|�|�;�7 �-�v �r�t�-�b�m �|�;�Š�|�: ���t�-�b�m �|�;�Š�| �7�-�|�- �1�-�m �0�; 

�|�u�-�m�v�l�b�|�|�;�7 �b�m �-�m �;�m�;�u�]�‹�J�;�=�=�b�1�b�;�m�| �l�-�m�m�;�u �†�v�b�m�] ���o�!�- �|�o �t�o�1�-�t �1�t�o�†�7 

hubs, through which the collected data are further transmitted to 

�1�;�m�|�u�-�t �7�-�|�- �v�;�u�ˆ�;�u�v �ˆ�b�- �|�_�; �r�†�0�t�b�1 �l�o�0�b�t�; �m�;�|�‰�o�u�h �P���-�†�l�]�œ�u�|�m�;�u 

et  al.,  2018�Q�: ���o�u�; �1�_�-�t�t�;�m�]�b�m�] �b�v �|�_�; �|�u�-�m�v�=�;�u �o�= �-�†�7�b�o �-�m�7 �ˆ�b�7�;�o 

�7�-�|�- �7�†�; �|�o �|�_�;�b�u �=�o�u�l�-�| �-�m�7 �v�b�Œ�;�: �(�b�7�;�o �-�m�7 �-�†�7�b�o �u�;�1�o�u�7�b�m�] �7�;�̂ �b�1�;�v 
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�o�u �;�Š�-�l�r�t�;�7 �•�”�S�l�b�m �o�= �†�t�|�u�-�J

�v�o�m�b�1 �-�†�7�b�o �u�;�1�o�u�7�b�m�]�v �r�;�u �_�o�†�u�7 �‘�“�S�_ �r�;�u �7�-�‹ �=�u�o�l �“�v ���†�7�b�o���o�|�_ 

�7�;�ˆ�b�1�;�v�7 �‹�b�;�t�7�;�7 �”�S�$�� �o�= �7�-�|�- �;�ˆ�;�u�‹ �‰�;�;�h�: ���| �b�v �b�l�r�u�-�1�|�b�1�-�t �|�o �‰�b�u�;�J

�t�;�v�v�t�‹ �|�u�-�m�v�=�;�u �v�†�1�_ �t�-�u�]�; �t�†�-�m�|�b�|�b�;�v �o�= �7�-�|�- �=�u�o�l �|�_�; �=�b�;�t�7 �|�o �1�;�m�|�u�-�t 

data servers due to time, battery, and financial constraints. Given 
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represent a possible solution as one sensor can be used to accurately 

�|�u�b�]�]�;�u �o�|�_�;�u �v�;�m�v�o�u�v �b�m �|�_�; �m�;�|�‰�o�u�h�: �
�o�u �;�Š�-�l�r�t�;�7 �|�_�; BatRack sys�J
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�7�-�|�-�J�;�=�=�b�1�b�;�m�| �ˆ�b�7�;�o �u�;�1�o�u�7�b�m�]�v �o�= �0�-�|�v �0�;�1�-�†�v�; �|�_�; �1�-�l�;�u�-�v �-�u�; �o�m�t�‹ 

switched on, and the video signal is only recorded, if the ultrasonic 
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transmission solution, as, especially in areas with a poor internet con�J

nection, transmission will continue to be a major challenge in the fu�J

�|�†�u�; �P�v�;�; �"�;�1�|�b�o�m 3�Q�: ���m �1�o�m�|�u�-�v�|�7 �|�_�; �(���
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transmitted by the newly developed transmission system tRackIT 
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data offloading
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�|�o �t�b�ˆ�; �b�m�: �$�_�; ���	�(�� �t�-�‹�;�u �b�v �7�;�u�b�ˆ�;�7 �=�u�o�l �- �=�†�m�1�|�b�o�m �o�= �|�_�; �=�o�†�u�|�_ �-�m�7 �;�b�]�_�|�_ �0�-�m�7�v �o�= �|�_�; �"�;�m�|�b�m�;�t �‘ �7�-�|�- �P�t�-�‹�;�u�v �“ �-�m�7 �” �b�m �|�_�; �t�-�‹�;�u �t�b�v�|�Q�: 
���7�7�b�|�b�o�m�-�t�t�‹�7 �|�_�; ���	�(�� �ˆ�-�t�†�;�v �-�u�; �-�|�|�-�1�_�;�7 �|�o �|�_�; �|�u�;�;�v �-�m�7 �|�_�; �u�;�v�†�t�|�b�m�] �r�o�b�m�|�v �1�o�l�r�u�b�v�; �|�_�; �=�b�u�v�| �t�-�‹�;�u�: �$�_�; �r�-�m�;�t �o�m �|�_�; �u�b�]�_�|�J�_�-�m�7 �v�b�7�; 
�v�_�o�‰�v �|�_�; ���	�(�� �o�= �;�-�1�_ �|�u�;�; �-�v �- �=�†�m�1�|�b�o�m �o�ˆ�;�u �- �†�v�;�u�J�7�;�=�b�m�;�7 �|�b�l�; �r�;�u�b�o�7�:
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� 
 � � � � � & � ! � � � � � ‘ � • �J���-�|�†�u�; �“�:�• �"�;�m�v�b�m�] ���b�o�7�b�ˆ�;�u�v�b�|�‹ ���r�r�: �$�_�; ���-�|�†�u�; �“�:�• �"�;�m�v�b�m�] ���b�o�7�b�ˆ�;�u�v�b�|�‹ �-�r�r �r�u�o�|�o�|�‹�r�; �r�u�o�ˆ�b�7�;�v �b�m�=�o�u�l�-�|�b�o�m �-�0�o�†�| �|�_�; 
�r�u�o�f�;�1�|�7 �-�m�7 �|�_�; �r�o�v�v�b�0�t�; �b�m�|�;�u�-�1�|�b�o�m�v �o�= �†�v�;�u�v �‰�b�|�_ �|�_�; �v�;�m�v�o�u �m�;�|�‰�o�u�h �†�v�b�m�] �|�_�;�b�u �v�l�-�u�|�r�_�o�m�;�v�: �"�|�-�|�b�v�|�b�1�v �-�m�7 �-�1�_�b�;�ˆ�;�l�;�m�|�v �b�l�r�t�;�l�;�m�| 
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istic offloading is especially useful when other communication 
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tiveness of inviting the public to facilitate the submission of our 
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user is within transmission range of a sensor, it will transfer its 
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gorithm tailored to the scenario where it is deployed by sharing con�J
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tion, the large datasets stored in our databases serve as training and 
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tor drought stress across an entire forest.
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combination of these systems with autonomous sensor data is a step 
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determined using machine learning methods in order to be able to 
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an ideal model organism for upscaling, as it will be clearer which areas 
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ability in monitoring a wide range of species and ecosystems. By 

incorporating both static and mobile sensors, the project captured 

detailed information about species populations, traits, and commu�J
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training and testing machine learning models, which were used in 

conjunction with remote sensing data to monitor and map indirect 

biodiversity measures.
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highlighted ten major challenges that need to be addressed to better 

understand and mitigate the ongoing loss of biodiversity while en�J

suring the sustainable management of ecosystems and the provision 

of ecosystem services.
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approach both reduces costs, and also facilitates rapid sensor de�J
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access to technology, enabling biodiversity monitoring in remote 
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power, can help reduce energy consumption and operational costs, 

particularly in remote areas where access to electricity may be limited. 
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tainable energy sources and efficient power management modules in 
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of biodiversity monitoring in various environments.
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for effective and reproducible biodiversity monitoring. Ensuring the 

accuracy of data collected can be challenging as maintaining sensor 
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potential biases introduced by the monitoring methods can all dis�J
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tion of the data through comparisons with in situ field observations 
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in this process.
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Researchers and practitioners often report difficulties when try �J
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racy coordinates by communicating with the total station.
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data analysis process with machine and deep learning methods. 
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can be inherent within the dataset or design of the model being 
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support more comprehensive biodiversity monitoring.
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potential data privacy concerns, particularly if the remote sensors 

capture image or sound data. Guaranteeing data privacy and ad�J

dressing ethical considerations are essential to maintain the pub�J
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for responsible data collection, storage, and sharing, in addition to 
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concerns.
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sis becomes increasingly limiting. By promoting interoperability 

across the current variety of sensor systems and data formats, the 

research community can facilitate the integration of data from di �J
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scientific community should establish unified standards for meta�J

data to enhance the consistency of data and facilitate collaboration. 
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platforms for data processing and analysis, further advancing biodi�J
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disentangle and combat the nuanced factors which lead to biodiver�J

�v�b�|�‹ �t�o�v�v�: �	�;�ˆ�;�t�o�r�b�m�] �-�m�7 �b�l�r�t�;�l�;�m�|�b�m�] �m�;�|�‰�o�u�h�;�7 �v�;�m�v�o�u �v�‹�v�|�;�l�v 

�=�o�u �b�m�|�;�]�u�-�|�;�7 �0�b�o�7�b�ˆ�;�u�v�b�|�‹ �l�o�m�b�|�o�u�b�m�] �‰�b�t�t �u�;�t�†�b�u�; �|�_�; �b�m�ˆ�o�t�ˆ�;�l�;�m�| 

�o�= �;�Š�r�;�u�|�v �=�u�o�l �ˆ�-�u�b�o�†�v �=�b�;�t�7�v�7 �v�†�1�_ �-�v �;�1�o�t�o�]�‹�7 �;�m�]�b�m�;�;�u�b�m�]�7 �1�o�l�J

puter science, and data science. By fostering collaboration and shar�J

ing best practices, researchers and practitioners can benefit from 

diverse perspectives and the latest technical developments, acceler�J
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and practice into alignment, thereby enhancing the broader effec�J

tiveness of conservation efforts.
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sor systems have to monitor ecosystems will be imperative to build 

support for monitoring and conservation programmes in the future. 
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lic can help to foster an appreciation for the natural environment, 
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formed and collaborative conservation strategies, which will lead to 

better outcomes for ecosystems, and the species that inhabit them.
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biodiversity monitoring approaches become increasingly necessary 

to understand and address biodiversity loss, and to ensure sustain�J

able management of ecosystems and the provision of their services. 
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ture research and practical solutions in this field in order to improve 

their capability and versatility for researchers and practitioners. We 
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