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Abstract

More efficient methods for extensive biodiversity monitoring are required to support 

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

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

tional monitoring approaches, their large-scale application is limited by the time and 

�t�-�0�o�†�u �u�;�t�†�b�u�;�7 �=�o�u �7�;�ˆ�;�t�o�r�b�m�] �-�v�v�-�‹�v �-�m�7�F�o�u �=�o�u �-�m�-�t�‹�v�b�v�: ���!���"���!  �P�1�t�†�v�|�;�u�;�7 �u�;�]�†�t�-�u�t�‹ 

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

some of these limitations, but they have been used solely with species-specific prim-

ers, restricting their versatility for biodiversity monitoring. Here, we demonstrate the 

feasibility of designing species-specific CRISPR-Dx assays in silico within a short meta-

barcoding fragment using a general primer set, a methodology we term ‘ampliscanning’, 

�=�o�u �•�v �o�= �|�_�; �‘�‘ �-�l�r�_�b�0�b�-�m �v�r�;�1�b�;�v �b�m �"�‰�b�|�Œ�;�u�t�-�m�7�: �)�;  �v�†�0�J�v�;�t�;�1�|�;�7 �m�b�m�; �v�r�;�1�b�;�v�7 �b�m-

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

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

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

�|�-�u�]�;�| �v�r�;�1�b�;�v �‰�b�|�_ �7�b�=�=�;�u�;�m�| �r�u�;�ˆ�-�t�;�m�1�;�v �-�1�u�o�v�v �|�_�; �t�-�m�7�v�1�-�r�;�: �)�b�|�_ �o�m�t�‹ �o�m�; �ˆ�b�v�b�|�7 

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

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

�o�†�v�t�‹ �†�m�7�o�1�†�l�;�m�|�;�7 �0�†�| �;�Š�r�;�1�|�;�7 �r�o�r�†�t�-�|�b�o�m�v�: ���l�r�t�b�v�1�-�m�m�b�m�] �7�;�|�;�1�|�;�7 �‘�”  �v�r�;�1�b�;�v�F

site combinations compared to 12 with traditional monitoring. Sensitivity analyses 

showed that larger numbers of field visits and PCR replicates are more important for 

reliable detection than many technical replicates at the CRISPR-Dx assay level. Given 

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

and CRISPR-Dx combined with universal primers for large-scale monitoring of multiple 

endangered species across landscapes to inform conservation measures.

K E Y W O R D S

biodiversity monitoring, Cas13, conservation, CRISPR-Dx, endangered amphibians, 
�;�m�ˆ�b�u�o�m�l�;�m�|�-�t �	����

https://doi.org/10.1111/1755-0998.14009
www.wileyonlinelibrary.com/journal/men
mailto:
https://orcid.org/0000-0001-9027-6892
https://orcid.org/0000-0002-2289-8259
http://creativecommons.org/licenses/by-nc/4.0/
mailto:flurinleugger@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1755-0998.14009&domain=pdf&date_stamp=2024-08-16


�‘���o�=���•�u�J|�J���J�M LEUGGER ET AL.

� • �J| �J � � � � �$ � ! � � � 	 �& � � �$� � � � � �

In the context of the current anthropogenic biodiversity crisis 

�P���-�†�u�;�]�†�b�0�;�u�u�‹ �;�| �-�t�:�7 2022�Q�7 �l�o�u�; �;�=�=�b�1�b�;�m�| �l�;�|�_�o�7�v �=�o�u �l�o�m�b�|�o�u-

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

�_ ���;�0�†�u�;�h�7 2021; Schmeller et  al.,  2017�Q�: ���m�ˆ�b�u�o�m�l�;�m�|�-�t �	���� 

�P�;�	�����Q �-�m�-�t�‹�v�b�v �_�-�v �0�;�1�o�l�; �b�m�1�u�;�-�v�b�m�]�t�‹ �1�o�l�l�o�m �|�o �l�o�m�b�|�o�u �0�b�o-

�7�b�ˆ�;�u�v�b�|�‹ �b�m �1�o�m�v�;�u�ˆ�-�|�b�o�m �r�u�o�]�u�-�l�l�;�v �P���;�m�] �_ ���o�u�t�;�|�|�7 2020; Biggs 

et al., 2015�Q �-�m�7 �1�o�†�t�7 �v�†�r�r�o�u�| �t�-�u�]�;�J�v�1�-�t�; �0�b�o�7�b�ˆ�;�u�v�b�|�‹ �l�o�m�b�|�o�u�b�m�] 

�P���b�t�t�;�u�o�v �;�| �-�t�:�7 2019; Ficetola et al., 2019�Q�: �$�_�; �r�o�|�;�m�|�b�-�t �o�= �;�	���� 

was initially showcased for macro-organisms using water samples 

�=�u�o�l �r�o�m�7�v �|�o �7�;�|�;�1�| �-�l�r�_�b�0�b�-�m�v �P�
�b�1�;�|�o�t�- �;�| �-�t�:�7 2008�Q�: ���t�o�0�-�t�t�‹�7 

amphibians are among the most threatened taxonomic groups, with 

�m�;�-�u�t�‹ �_�-�t�= �o�= �-�t�t �-�l�r�_�b�0�b�-�m�v �0�;�b�m�] �;�m�7�-�m�]�;�u�;�7 �P�"�|�†�-�u�| �;�| �-�t�:�7 2004�Q�: 

Difficulties in monitoring amphibians combined with observer-

dependent variations in detection probability impede conservation 

�;�=�=�o�u�|�v �P���u�†�b�1�h�v�_�-�m�h �;�| �-�t�:�7 �‘�•�•�u; Schmidt, Cruickshank, et al., 2023�Q�: 

���o�‰�;�ˆ�;�u�7 �;�	�����J �0�-�v�;�7 �-�m�-�t�‹�v�;�v �_�-�ˆ�; �0�;�;�m �u�;�r�o�u�|�;�7 �|�o �-�1�_�b�;�ˆ�; �_�b�]�_ 

�7�;�|�;�1�|�b�o�m �u�-�|�;�v�7 �;�ˆ�;�m �=�o�u �;�t�†�v�b�ˆ�; �-�l�r�_�b�0�b�-�m�v �P���b�]�]�v �;�| �-�t�:�7 2015�Q�: �
�o�u 

example, relict amphibian populations thought to be extinct were 

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

�P���o�r�;�v �;�| �-�t�:�7 2021�Q�: ���b�ˆ�;�m �|�_�; �b�m�1�u�;�-�v�;�7 �7�;�l�-�m�7 �=�o�u �7�-�|�- �|�o �b�m�=�o�u�l 

amphibian conservation actions, amphibians are the second most 

�v�|�†�7�b�;�7 �|�-�Š�o�m�o�l�b�1 �]�u�o�†�r �b�m �;�	����  �u�;�v�;�-�u�1�_ �P�$�-�h�-�_�-�v�_�b �;�| �-�t�:�7 2023�Q�7 

�-�m�7 �m�-�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�] �r�u�o�]�u�-�l�l�;�v �0�-�v�;�7 �o�m �;�	����  �-�u�; �0�;�b�m�] 

�|�;�v�|�;�7 �P���b�]�]�v �;�| �-�t�:�7 2015; Osman et al., 2022�Q�:

�$�_�; �1�†�u�u�;�m�| �-�r�r�t�b�1�-�|�b�o�m �o�= �;�	����  �-�m�-�t�‹�v�;�v �=�o�u �l�o�m�b�|�o�u�b�m�] �-�l�r�_�b�0-

ians mainly relies on two methods: metabarcoding and quantitative 

�r�o�t�‹�l�;�u�-�v�; �1�_�-�b�m �u�;�-�1�|�b�o�m �P�t�����!�Q�7 �‰�_�b�1�_ �o�= �0�o�|�_ �_�-�ˆ�; �v�;�ˆ�;�u�-�t �t�b�l�b�|�--

�|�b�o�m�v �=�o�u �t�-�u�]�;�J�v�1�-�t�; �0�b�o�7�b�ˆ�;�u�v�b�|�‹ �l�o�m�b�|�o�u�b�m�] �P�$�-�h�-�_�-�v�_�b �;�| �-�t�:�7 2023�Q�: 

Metabarcoding offers great opportunities for community analyses, 

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

�o�m�; �v�-�l�r�t�; �P�,�_�-�m�] �;�| �-�t�:�7 2020�Q�: ���o�‰�;�ˆ�;�u�7 �|�_�; �1�o�l�r�t�;�Š �r�u�o�|�o�1�o�t �-�m�7 

large amount of time required to process and analyse each sample 

with metabarcoding limit its applicability for large- scale biodiversity 

�l�o�m�b�|�o�u�b�m�] �P���-�;�u�‰�-�t�7 �;�| �-�t�:�7 2020; Holdaway et al., 2017�Q�: �t�����!�7 �b�m 

contrast, provides faster results for taxon-specific monitoring and is 

applied to monitor specific taxa of interest, for example, endangered 

�v�r�;�1�b�;�v �P���b�]�]�v �;�| �-�t�:�7 2015�Q�: �	�;�ˆ�;�t�o�r�b�m�] �|�_�; �v�r�;�1�b�;�v�J�v�r�;�1�b�=�b�1 �r�u�b�l�;�u�v�F

assays for qPCR remains challenging and requires extensive testing 

�P���u�o�m�;�m�0�;�u�]�;�u �;�| �-�t�:�7 2022�Q�7 �_�o�‰�;�ˆ�;�u�7 �-�v �����!  �r�u�b�l�;�u�v �-�1�1�;�r�| �†�r �|�o �•�‘ 

mismatches and their specificity depends on multiple factors, such 

�-�v ����  �1�o�m�|�;�m�| �o�u �|�_�; �m�†�l�0�;�u �-�m�7 �t�o�1�-�|�b�o�m�v �o�= �l�b�v�l�-�|�1�_�;�v �P�		X�u�b�m�] 

et al., 2019�Q�: �$�_�; �u�b�v�h �o�= �m�o�m�J�v�r�;�1�b�=�b�1 �u�;�-�1�|�b�o�m�v �u�;�m�7�;�u�v �|�_�; �7�;�ˆ�;�t�o�r-

�l�;�m�| �o�= �v�r�;�1�b�;�v�J�v�r�;�1�b�=�b�1 �-�v�v�-�‹�v �P�r�u�b�l�;�u �-�m�7�F�o�u �r�u�o�0�;�v�Q �1�o�v�|�t�‹ �-�m�7 

�7�b�=�=�b�1�†�t�| �P�"�l�-�u�| �;�| �-�t�:�7 �‘�•�•�u�Q�7 �‰�_�b�1�_ �l�-�h�;�v �t�����! �†�m�v�†�b�|�-�0�t�; �=�o�u �l�†�t�|�b�J

�v�r�;�1�b�;�v �-�m�-�t�‹�v�b�v �P���o�v�v �;�| �-�t�:�7 2022�Q�: ���;�m�1�;�7 �m�;�‰ �l�o�t�;�1�†�t�-�u �|�;�1�_�m�b�t�†�;�v 

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

Clustered regularly interspaced short palindromic repeats 

�P���!���"���!�Q �7�b�-�]�m�o�v�|�b�1 �|�;�1�_�m�o�t�o�]�b�;�v �P�	�Š�Q �-�u�; �- �r�u�o�]�u�-�l�l�-�0�t�; �-�t�|�;�u-

native to qPCR. CRISPR-Dx are highly specific and sensitive, and 

�|�_�;�‹ �7�o �m�o�| �u�;�t�†�b�u�; �_�b�]�_�J�|�;�1�_ �t�-�0�o�u�-�|�o�u�‹ �;�t�†�b�r�l�;�m�| �P���o�o�|�;�m�0�;�u�] 

et al., 2017; Kellner et al., 2019�Q�: ���!���"���!�J�	�Š �-�v�v�-�‹�v �‰�;�u�; �7�;�ˆ�;�t�o�r�;�7 

for point- of care diagnostics, to rapidly and accurately detect infec-

�|�b�o�†�v �7�b�v�;�-�v�; �-�]�;�m�|�v �P���o�o�|�;�m�0�;�u�] �;�| �-�t�:�7 2017; Pardee et al., �‘�•�•�u�Q�: 

For example, CRISPR-Dx can detect the Zika virus at attomolar 

�1�o�m�1�;�m�|�u�-�|�b�o�m�v �‰�b�|�_�b�m �- �=�;�‰ �_�o�†�u�v �P���o�o�|�;�m�0�;�u�] �;�| �-�t�:�7 2017 �Q �-�m�7 

�1�-�m �;�ˆ�;�m �7�b�v�1�u�b�l�b�m�-�|�; �0�;�|�‰�;�;�m �7�b�=�=�;�u�;�m�| �ˆ�b�u�†�v �v�|�u�-�b�m�v �P���o�o�|�;�m�0�;�u�] 

et al., 2017�Q �o�u Plasmodium �v�r�;�1�b�;�v �P���;�; �;�| �-�t�:�7 2020�Q�: �$�_�; �_�b�]�_ �v�;�m-

sitivity and specificity of CRISPR-Dx, for example, SHERLOCK 

�P���;�t�t�m�;�u �;�| �-�t�:�7 2019�Q �-�m�7 �	���$�����$�!  �P���_�;�m �;�| �-�t�:�7 2018�Q�7 �l�-�h�;�v 

�|�_�;�l �b�7�;�-�t �|�o �-�m�-�t�‹�v�; �;�	����  �v�-�l�r�t�;�v�7 �‰�_�b�1�_ �-�u�; �1�_�-�u�-�1�|�;�u�b�Œ�;�7 �0�‹ 

�t�o�‰ �	����  �1�o�m�1�;�m�|�u�-�|�b�o�m�v�: ���| �|�_�; �1�o�u�; �o�= �;�-�1�_ ���!���"���!�J�	�Š �l�;�|�_�o�7 

�b�v �|�_�; ���!���"���! �!����  �P�1�u�!�����Q�7 �- �v�l�-�t�t �!����  �l�o�t�;�1�†�t�; �|�_�-�| �7�b�u�;�1�|�v �|�_�; 

Cas nuclease to bind specific nucleic acids and includes a sequence 

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

�P���o�o�|�;�m�0�;�u�] �;�| �-�t�:�7 2017 �Q�: ���-�v�•�‘ �-�m�7 ���-�v�•�’ �m�†�1�t�;�-�v�;�v�7 �u�;�1�o�]�m�b�Œ�b�m�] 

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

dependent collateral nuclease activity, a feature that is exploited to 

report the presence of the target sequence using cleavage-based 

�u�;�-�7�o�†�| �l�;�|�_�o�7�v �P���-�l�b�m�v�h�b �;�| �-�t�:�7 2021�Q�: ���m �1�o�m�|�u�-�v�| �|�o ���-�v�•�‘ �P���b�m�;�h 

et al., 2012; Yan et al., 2019�Q�7 �v�o�l�; ���-�v�•�’ �o�u�|�_�o�t�o�]�†�;�v �7�o �m�o�| �u�;�t�†�b�u�; 

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

et al., 2019�Q�: �$�_�b�v �b�m�1�u�;�-�v�;�v �|�_�; �=�t�;�Š�b�0�b�t�b�|�‹ �o�= �|�_�; �1�u�!���� �v�r�-�1�;�u �7�;-

sign, as any region of the genome can theoretically be targeted. 

���7�7�b�|�b�o�m�-�t�t�‹�7 ���-�v�•�’ �1�-�m �t�;�-�7 �|�o �=�-�v�|�;�u �r�o�v�b�|�b�ˆ�; �v�b�]�m�-�t �7�;�|�;�1�|�b�o�m�v �|�_�-�m 

���-�v�•�‘ �P���_�-�m�7�u�-�v�;�h�-�u�-�m �;�| �-�t�:�7 2022�Q�7 �l�-�h�b�m�] ���-�v�•�’ �-�m �b�7�;�-�t �1�-�m-

didate for rapid diagnostics. The first application of CRISPR-Dx to 

�;�	����  �v�-�l�r�t�;�v �‰�-�v �-�1�_�b�;�ˆ�;�7 �0�‹ �)�b�t�t�b�-�l�v �;�| �-�t�: �P2019�Q �†�v�b�m�] �- ���-�v�•�‘ 

approach. To date, CRISPR-Dx assays have only been used to detect 

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

et al., 2020, 2023�8 ���-�]�-�u�-�f�-�m �;�| �-�t�:�7 2024�8 �)�b�t�t�b�-�l�v �;�| �-�t�:�7 2019, 2021, 

2023�Q�: �$�_�;�v�; �r�u�;�ˆ�b�o�†�v �v�|�†�7�b�;�v �-�t�t �b�m�ˆ�o�t�ˆ�;�7 �7�;�v�b�]�m�b�m�] �b�m�7�b�ˆ�b�7�†�-�t �r�u�b�l-

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

the versatility of CRISPR-Dx for multi- species assessments and bio-

diversity monitoring.

In this study, we developed a methodology we refer to as 

‘ampliscanning’ to leverage the strengths of metabarcoding and 

CRISPR-Dx. Specifically, we used metabarcoding primers to amplify 

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

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

selected species-specific target sequences within this amplicon to 

design CRISPR-Dx assays for each species, allowing multiple species 

�|�o �0�; �7�;�|�;�1�|�;�7 �‰�b�|�_�b�m �|�_�; �v�-�l�; �-�l�r�t�b�1�o�m�: �)�;  �7�;�r�t�o�‹�;�7 �o�†�u �-�l -

pliscanning methodology by testing the applicability of CRISPR-Dx 

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

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

whether it is possible to design species-specific target sequences 

for all 22 amphibians with reported occurrences in the last decades 

in Switzerland. For a subset of nine species ranging from common 

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

�=�u�o�l �m�b�m�; �v�b�|�;�v �b�m �"�‰�b�|�Œ�;�u�t�-�m�7 �P�1�-�m�|�o�m �o�= ���-�u�]�-�†�Q�: �)�;  �-�v�v�;�v�v�;�7 �_�o�‰ 

much effort, in terms of field and technical replicates, is required 

for reliable detection of most populations. Finally, we compared the 

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

extensive traditional monitoring of the identical nine sites during the 

 17550998, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1755-0998.14009 by E

th Z
urich, W

iley O
nline Library on [17/10/2024]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



�J�M�J |�J �’���o�=���•�uLEUGGER ET AL.

amphibian breeding period. Overall, we aimed to assess the poten-

�|�b�-�t �o�= �-�l�r�t�b�v�1�-�m�m�b�m�] �1�o�l�0�b�m�;�7 �‰�b�|�_ �;�	����  �=�o�u �l�o�m�b�|�o�u�b�m�] �0�b�o�7�b�ˆ�;�u-

sity at the landscape scale.

� ‘ �J | �J � � � ��$ � � � ! � � � � � � � " � � � � � � � 	 � � � � � � �$ � � � � � 	 � "

�‘�:�•�J|�J ���;�m�;�u�-�t���‰�o�u�h�=�t�o�‰

To be able to compare ampliscanning with traditional monitor-

ing during the reproductive period, we visited nine sites where 

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

�•�•�S�� �o�= �r�o�m�7 �‰�-�|�;�u �|�_�u�o�†�]�_ �;�-�1�_ �o�= �|�‰�o �=�b�t�|�;�u �u�;�r�t�b�1�-�|�;�v �PFigure 1�Q 

at these nine sites during the reproductive period. Subsequently, 

�‰�; �;�Š�|�u�-�1�|�;�7 �|�_�; �	�����7  �-�l�r�t�b�=�b�;�7 �|�_�; �0�-�|�u�- �-�l�r�t�b�1�o�m �P�(�-�t�;�m�|�b�m�b 

et al.,  �‘�•�•�u�Q�7 �-�m�7 �-�r�r�t�b�;�7 ���!���"���!�J�	�Š �|�o �7�;�|�;�1�| �7�b�=�=�;�u�;�m�| �-�l�r�_�b�0�b�-�m 

�v�r�;�1�b�;�v �P�v�;�; Figure S1 �-�m�7 �v�;�1�|�b�o�m�v �0�;�t�o�‰�Q�: �)�;  �ˆ�-�t�b�7�-�|�;�7 �-�l�r�t�b�v�1�-�m-

ning by comparing the detections using our methodology with data 

from traditional monitoring at the same sites.

�‘�:�‘�J |�J �$�u�-�7�b�|�b�o�m�-�t���l�o�m�b�|�o�u�b�m�]���0�‹���|�_�;�����-�m�|�o�m�� 
of Aargau

�)�;  �v�;�t�;�1�|�;�7 �v�-�l�r�t�b�m�] �v�b�|�;�v �|�o �1�o�ˆ�;�u �l�o�v�| �o�= �|�_�; �7�b�=�=�;�u�;�m�| �-�l�r�_�b�0-

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

�"�‰�b�|�Œ�;�u�t�-�m�7�Q�: �$�_�; �v�b�|�;�v �ˆ�-�u�‹ �b�m �v�b�Œ�; �-�m�7 �b�m�1�t�†�7�;�7 �]�u�-�ˆ�;�t �r�b�|�v�7 �;�Š-

tended wetlands and small ‘isolated’ ponds. Some sites are protected 

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

�b�v �r�-�u�| �o�= �|�_�; ���-�m�|�o�m �o�= ���-�u�]�-�†�]�v �t�o�m�]�J�|�;�u�l �-�l�r�_�b�0�b�-�m �l�o�m�b�|�o�u�b�m�] 

�r�u�o�]�u�-�l�l�;�7 �-�m�7 �‰�; �h�b�m�7�t�‹ �u�;�1�;�b�ˆ�;�7 �-�1�1�;�v�v �|�o �|�_�b�v �7�-�|�-�: �)�;  �1�o�m�v�b�7-

ered data from 2018 to 2021 to select the sampling sites and target 

species. For the analysis, we used data from the most recent counts 

�P�v�;�; Table S1 �‘�•�‘�‘  �=�o�u �;�b�]�_�| �v�b�|�;�v �-�m�7 �‘�•�‘�• �=�o�u �o�m�; �v�b�|�;�Q�: �$�u�-�b�m�;�7 

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

Cruickshank, et al., 2023�Q �‰�_�b�1�_ �1�o�m�v�b�v�|�;�7 �o�= �ˆ�b�v�†�-�t �-�m�7 �-�†�u�-�t �1�;�m-

sus. Pelophylax species were summarized as the ‘green frog complex’. 

Each site was visited three times in the same year during the repro-

�7�†�1�|�b�ˆ�; �r�;�u�b�o�7 �=�u�o�l ���-�‹ �|�o ���†�t�‹�:

�‘�:�’�J |�J �;�	�������v�-�l�r�t�b�m�]�7���;�Š�|�u�-�1�|�b�o�m���-�m�7��
ampliscanning

�‘�:�’�:�•�J �G�J �1�u�!���� �7�;�v�b�]�m

�)�;  �†�v�;�7 �l�b�|�o�1�_�o�m�7�u�b�-�t �•�‘�" �v�;�t�†�;�m�1�;�v �=�o�u �|�_�; �v�r�;�1�b�;�v �o�= �b�m�|�;�u�;�v�| 

�P�-�t�t �‘�‘ �-�l�r�_�b�0�b�-�m �v�r�;�1�b�;�v �r�o�|�;�m�|�b�-�t�t�‹ �o�1�1�†�u�u�b�m�] �b�m �"�‰�b�|�Œ�;�u�t�-�m�7�Q �=�u�o�l 

���������]�v ���;�m���-�m�h �P���;�m�v�o�m �;�| �-�t�:�7 2017 �Q �u�;�t�;�-�v�; �‘�“�’  �=�o�u �-�m �b�m �v�b�t�b�1�o 

�����!  �‰�b�|�_ �;�1�o�����! �P���o�‹�;�u �;�| �-�t�:�7 �‘�•�•�u�Q �‰�b�|�_ �|�_�; �0�-�|�u�- �r�u�b�l�;�u �r�-�b�u 

�P�=�o�u�‰�-�u�7 �r�u�b�l�;�u�9 �”��J���������������������$�����������$�J �’ �; reverse primer: 

5��J ���$���+�����$�$���������$���$�$�����������$�$�J �’ ��8 �(�-�t�;�m�|�b�m�b �;�| �-�t�:�7 �‘�•�•�u�Q�: �"�;�; 

Figure 2 �=�o�u �-�m �o�ˆ�;�u�ˆ�b�;�‰ �o�= �|�_�; �1�u�!���� �]�†�b�7�; �v�;�t�†�;�m�1�; �7�;�v�b�]�m �r�u�o-

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

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

targets with a size of 28 nucleotides and a minimum of 2 mismatches 

from all other species amplicons in the query, as Leptotrichia wadei 

�P���‰�-�Q���-�v�•�’�- �b�v �u�;�r�o�u�|�;�7 �|�o �0�; �_�b�]�_�t�‹ �v�;�t�;�1�|�b�ˆ�; �-�]�-�b�m�v�| �‘ �m�†�1�t�;�o�|�b�7�; 

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

�•�•�K�•�v�Q �P���-�m�7�-�u�† �;�| �-�t�:�7 2020; Cox et al., 2017; Kellner et al., 2019�Q�: 

� 
 � � � � � & � ! � � � � � • �J���ˆ�;�u�ˆ�b�;�‰ �o�= �|�_�; �‰�o�u�h�=�t�o�‰ 
�=�o�u �|�_�b�v �v�|�†�7�‹�: �)�; �1�o�m�7�†�1�|�;�7 �|�‰�o �r�o�m�7 
water filtrations at nine amphibian 
�v�b�|�;�v�7 �;�Š�|�u�-�1�|�;�7 �|�_�; �;�	�����7 �-�m�7 �-�r�r�t�b�;�7 
�-�l�r�t�b�v�1�-�m�m�b�m�] �P�-�l�r�t�b�=�b�1�-�|�b�o�m + CRISPR-
�	�Š�Q �|�o �|�_�o�v�; �;�Š�|�u�-�1�|�v �P�v�;�; Figure S1 for 
further details on the ampliscanning 
�r�u�o�1�;�v�v�Q�: �$�_�; �v�-�l�; �v�b�|�;�v �‰�;�u�; �l�o�m�b�|�o�u�;�7 
traditionally with visual and aural census. 
�)�; �1�o�l�r�-�u�;�7 �o�†�u �v�r�;�1�b�;�v �t�b�v�| �r�;�u �v�b�|�; 
to lists from traditional monitoring. The 
extent of the study area is highlighted in 
dark grey in the map of Switzerland.
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mismatches within the batra amplicon and if the species could co-

�o�1�1�†�u �b�m �|�_�; �v�|�†�7�‹ �-�u�;�-�: �)�;  �v�;�t�;�1�|�;�7 �m�b�m�; �r�o�|�;�m�|�b�-�t �|�-�u�]�;�|�v �|�o �7�;-
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�v�;�t�†�;�m�1�;�v �PTable S2�Q�: �!�;�b�|�;�u�-�|�b�o�m �o�= �|�_�; �������"�$ �v�;�-�u�1�_ �b�m ���-�‹ �‘�•�‘�’ 

using GenBank release 254 ensured that the guide sequences were 

up to date with the data available at that time.

�‘�:�’�:�‘�J �G�J ���!���"���!�J�0�-�v�;�7 �7�;�|�;�1�|�b�o�m �-�v�v�-�‹
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tested and published metabarcoding primers at a final reaction vol-
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�P�$�_�;�u�l�o �
�b�v�_�;�u �"�1�b�;�m�|�b�=�b�1�8 �=�b�m�-�t �l�o�t�-�u�b�|�‹�9 �‘�•�S�l���Q�7 ���]���t 2 �P���u�o�l�;�]�-�7 

�
�b�|�1�_�0�†�u�]�7 �)���7 �&�"���8 �=�b�m�-�t �l�o�t�-�u�b�|�‹�9 �“�:�”�S�l���Q �-�m�7 ���†�u�b�m�; �!���-�v�; �b�m-

�_�b�0�b�|�o�u �P���;�‰ ���m�]�t�-�m�7 ���b�o�t�-�0�v�8 �=�b�m�-�t �1�o�m�1�:�9 �‘�S�&�F� ���Q�: �	�†�; �|�o ���‰�-���-�v�•�- 

�r�u�;�=�;�u�;�m�1�; �=�o�u �7�b�m�†�1�t�;�o�|�b�7�; �u�;�r�o�u�|�;�u�v �P���o�o�|�;�m�0�;�u�] �;�| �-�t�:�7 2018�Q�7 �‰�; 

�7�b�7 �m�o�| �†�v�; �- ���o�t�‹�&�” �u�;�r�o�u�|�;�u�: �)�;  �b�m�1�†�0�-�|�;�7 �|�_�; �u�;�-�1�|�b�o�m�v �-�| �’�•�f�� 

�=�o�u �“�S�_ �-�m�7 �l�;�-�v�†�u�;�7 �=�t�†�o�u�;�v�1�;�m�1�; �o�m �- ���b�]�_�|���‹�1�t�;�u�c �“�v�• ���� �P�!�o�1�_�;�7 

���-�v�;�t�7 �����Q �;�ˆ�;�u�‹ �l�b�m�†�|�; �=�o�u �“�S�_�:

LwaCas13a was produced internally, following Kellner 

�;�| �-�t�: �P2019�Q�: ���t�b�]�o�v �‰�;�u�; �v�‹�m�|�_�;�v�b�Œ�;�7 �0�‹ ���	�$�: �)�;  �=�o�t�t�o�‰�;�7 �|�_�; �r�u�o-

�|�o�1�o�t �7�;�v�1�u�b�0�;�7 �0�‹ ���;�t�t�m�;�u �;�| �-�t�: �P2019�Q �=�o�u �|�_�; �1�u�!���� �b�m �ˆ�b�|�u�o �|�u�-�m-

�v�1�u�b�r�|�b�o�m �P���(�$�Q�:

�)�;  �-�v�v�;�v�v�;�7 �|�_�; �v�r�;�1�b�=�b�1�b�|�‹ �o�= �|�_�; �m�b�m�; ���!���"���!�J�	�Š �-�v�v�-�‹�v �b�m �ˆ�b�|�u�o 

by testing each assay against all species that have been recorded 

�‰�b�|�_ �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�] �-�| �|�_�; �v�|�†�7�‹ �v�b�|�;�v �‰�b�|�_�b�m �|�_�; �t�-�v�| �‘�•�S�‹�;�-�u�v 

�P�_�;�u�;�-�=�|�;�u �u�;�=�;�u�u�;�7 �|�o �-�v �<�r�o�|�;�m�|�b�-�t �o�=�=�J�|�-�u�]�;�| �_�b�|�v�=�Q�: �$�o �7�o �v�o�7 �‰�; �†�v�;�7 

�P�b�Q �|�b�v�v�†�; �;�Š�|�u�-�1�|�v �=�u�o�l �"�‰�b�|�Œ�;�u�t�-�m�7 �P�-�m�7 �m�;�b�]�_�0�o�†�u�b�m�] �1�o�†�m�|�u�b�;�v�Q �-�m�7 

�P�b�b�Q �v�‹�m�|�_�;�|�b�1 �]�;�m�; �=�u�-�]�l�;�m�| �|�-�u�]�;�|�v �P�]���t�o�1�h�v�8 ���	�$�Q �o�= �v�r�;�1�b�;�v�J�v�r�;�1�b�=�b�1 

�0�-�|�u�- �-�l�r�t�b�1�o�m�v �PTable S3�Q�: �)�;  �†�v�;�7 �o�m�t�‹ �]���t�o�1�h�v �=�o�u �|�_�u�;�; �v�r�;�1�b�;�v 

�‰�_�;�u�; �m�o �|�b�v�v�†�; �;�Š�|�u�-�1�| �‰�-�v �-�ˆ�-�b�t�-�0�t�;�9 �1�o�l�l�o�m �m�;�‰�| �PLissotriton 

vulgaris�Q�7 �r�-�t�l�-�|�; �m�;�‰�| �PLissotriton helveticus�Q �-�m�7 �=�b�u�; �v�-�t�-�l�-�m�7�;�u 

�PSalamandra salamandra�Q�: �$�_�; �1�o�m�1�;�m�|�u�-�|�b�o�m �o�= �|�_�; �|�b�v�v�†�;�v �-�m�7 �]���t�o�1�h�v 

�r�u�b�o�u �|�o �-�l�r�t�b�=�b�1�-�|�b�o�m �‰�-�v �•�:�“�S�r�]�F� �� �P�‘�”�S�L PCR final reaction volume 

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

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

� 
 � � � � � & � ! � � � � � ‘ �J���u�o�1�;�v�v �†�v�;�7 �|�o �]�;�m�;�u�-�|�; �-�m�7 �ˆ�-�t�b�7�-�|�; �- �]�†�b�7�; �v�;�t�†�;�m�1�; �P�v�r�-�1�;�u�Q �b�m �v�b�t�b�1�o�: �
�b�u�v�|�7 �•�‘�" �l�b�|�o�1�_�o�m�7�u�b�-�t �	���� �v�;�t�†�;�m�1�;�v �=�o�u �- 
�1�;�u�|�-�b�m �v�r�;�1�b�;�v �P�;�:�]�: �1�o�l�l�o�m �|�o�-�7�Q �-�u�; �7�o�‰�m�t�o�-�7�;�7 �=�u�o�l �������� ���;�m���-�m�h �-�m�7 �-�m �b�m �v�b�t�b�1�o �����! �b�v �r�;�u�=�o�u�l�;�7 �‰�b�|�_ �|�_�; �0�-�|�u�- �r�u�b�l�;�u �P�(�-�t�;�m�|�b�m�b 
et al., �‘�•�•�u�Q �|�o �=�b�m�7 �|�_�; �-�l�r�t�b�1�o�m�: �� �r�†�|�-�|�b�ˆ�; �]�†�b�7�; �v�;�t�†�;�m�1�; �b�v �|�_�;�m �v�;�t�;�1�|�;�7 �-�m�7 �0�t�-�v�|�;�7 �-�]�-�b�m�v�| �������� ���;�m���-�m�h�7 �-�m�7 �v�b�l�b�t�-�u �v�;�t�†�;�m�1�;�v 
are returned. Potentially problematic sequences are subjected to another in silico PCR, to test if the sequence can be amplified. If not 
�P�;�:�]�: �- �l�-�l�l�-�t �v�;�t�†�;�m�1�;�Q�7 �|�_�; �l�-�|�1�_ �b�v �-�1�1�;�r�|�;�7�7 �-�v �$�• �r�u�o�l�o�|�;�u �‰�b�t�t �0�; �l�b�v�v�b�m�] �‰�b�|�_�o�†�| �-�l�r�t�b�=�b�1�-�|�b�o�m�7 �-�m�7 �_�;�m�1�; �|�_�; �7�v�	���� �‰�b�t�t �m�o�| 
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�u�;�1�o�]�m�b�Œ�; �b�| �P���o�Š �;�| �-�t�:�7 2017; Kellner et al., 2019�Q �-�m�7 �_�;�m�1�; �‰�b�t�t �m�o�| �r�u�o�7�†�1�; �- �=�-�t�v�; �r�o�v�b�|�b�ˆ�;�: ���= �|�_�;�u�; �b�v �o�m�; �o�u �m�o �l�b�v�l�-�|�1�_�7 �|�_�;�u�; �‰�b�t�t �0�; 
�- �=�-�t�v�; �r�o�v�b�|�b�ˆ�;�: �)�; �v�†�0�v�;�t�†�;�m�|�t�‹ �1�_�;�1�h�;�7 �b�= �|�_�; �l�-�|�1�_�b�m�] �v�r�;�1�b�;�v �1�o�†�t�7 �1�o�J�o�1�1�†�u �b�m �|�_�; �v�|�†�7�‹ �-�u�;�-�: ���= �m�o�|�7 �|�_�; �]�†�b�7�; �v�;�t�†�;�m�1�; �b�v �t�o�1�-�t�t�‹ 
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the fox or the amphibians.
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�J�M�J |�J �”���o�=���•�uLEUGGER ET AL.

cristatus�Q�7 �‰�_�b�1�_ �_�-�7 �|�_�; �t�o�‰�;�v�| �m�†�l�0�;�u �o�= �r�o�v�b�|�b�ˆ�; ���!���"���!�J�	�Š �-�v�v�-�‹�v 

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

�|�o �- �v�b�m�]�t�; �	����  �1�o�r�‹ �r�;�u �����!  �u�;�-�1�|�b�o�m �P�����! �=�b�m�-�t �u�;�-�1�|�b�o�m �ˆ�o�t�†�l�; 

�‘�”�S��� �=�o�u �v�;�m�v�b�|�b�̂ �b�|�‹ �|�;�v�|�Q�: �)�;  �b�m�1�t�†�7�;�7 �m�;�]�-�|�b�̂ �; �����!  �1�o�m�|�u�o�t�v �-�m�7 �r�;�u-

formed eight PCR replicates for the LOD experiment.

�‘�:�’�:�’�J �G�J �;�	���� �v�-�l�r�t�b�m�]

�)�;  �1�o�t�t�;�1�|�;�7 �;�	����  �v�-�l�r�t�;�v �o�m �’�S�7�-�‹�v �b�m �;�-�u�t�‹ ���†�m�; �‘�•�‘�‘�7 �v�-�l�r�t�b�m�] 

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

�P�v�;�; Tables S1 and S4 for the exact dates and the metadata of each 

�=�b�t�|�;�u�Q�: �$�_�; �|�b�l�; �7�b�=�=�;�u�;�m�1�; �0�;�|�‰�;�;�m �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�] �-�m�7 �;�	����  

�v�-�l�r�t�b�m�] �‰�-�v �-�r�r�u�o�Š�b�l�-�|�;�t�‹ �•�S�‰�;�;�h�: �)�;  �†�v�;�7 �"���+�������c  �P���; ���o�†�u�]�;�| 

�7�† ���-�1�7 �
�u�-�m�1�;�Q �=�b�t�|�;�u�v �‰�b�|�_ �- �r�o�u�; �v�b�Œ�; �o�= �•�:�“�”�S�m, single-use tubing 

�-�m�7 �|�‰�o �•�‘�S�( ���|�_�;�m�-�c �r�;�u�b�v�|�-�t�|�b�1 �r�†�l�r�v �P���;�]�-�v�†�v�d�7 ���o�|�|�b�m�]�_�-�l�7 �&���Q�: 

�)�;  �=�b�t�|�;�u�;�7 �•�•�K�•�‘�:�”�S�� �o�= �‰�-�|�;�u �=�o�u �;�-�1�_ �=�b�t�|�;�u �P�†�m�t�;�v�v �|�_�; �=�b�t�|�;�u �1�t�o�]�]�;�7 

before this volume was reached, see Table S4�Q�: �$�o �-�ˆ�o�b�7 �7�b�v�|�†�u�0�-�m�1�; 

of the organisms living and breeding in the reserves, we collected 

samples from pond locations at the perimeter of the larger reserves. 

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

�����• �0�†�=�=�;�u �P�"���+�������c�Q �†�m�|�b�t �	���� �;�Š�|�u�-�1�|�b�o�m�v �b�m �|�_�; �t�-�0�o�u�-�|�o�u�‹�:

�‘�:�’�:�“�J �G�J �	���� �;�Š�|�u�-�1�|�b�o�m �-�m�7 �-�l�r�t�b�=�b�1�-�|�b�o�m

�)�;  �;�Š�|�u�-�1�|�;�7 �|�_�; �	����  �=�u�o�l �|�_�; �=�b�t�|�;�u�v �b�m �=�-�1�b�t�b�|�b�;�v �7�;�7�b�1�-�|�;�7 �=�o�u 

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

�0�‹ ���o�m�| �;�| �-�t�: �P2018�Q�: ���=�|�;�u �o�r�|�b�l�b�Œ�-�|�b�o�m �|�;�v�|�v�7 �‰�; �†�v�;�7 �- �1�;�m�|�u�b�=�†-

�]�-�|�b�o�m �v�r�;�;�7 �o�= �”�”�•�•�Sg �=�o�u �’�”�S�l�b�m�: �)�;  �l�;�-�v�†�u�;�7 �|�_�; �	����  �1�o�m�1�;�m-

�|�u�-�|�b�o�m �†�v�b�m�] �|�_�; � �†�0�b�| �_�b�]�_�J�v�;�m�v�b�|�b�ˆ�b�|�‹ �7�v�	���� �h�b�| �P�$�_�;�u�l�o �
�b�v�_�;�u 

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

�=�b�t�|�;�u �;�Š�|�u�-�1�|�v �-�| � �́‘�“�f�� �-�m�7 �r�;�u�=�o�u�l�;�7 �•�‘ �����!  �u�;�r�t�b�1�-�|�;�v �=�o�u �;�-�1�_ 

�;�Š�|�u�-�1�| �P�-�v �b�m ���b�]�]�v �;�| �-�t�:�7 2015; Pont et  al.,  2018; see Figure S2�Q�: 

�)�;  �l�o�7�b�=�b�;�7 �0�-�|�u�- �r�u�b�l�;�u�v �P�(�-�t�;�m�|�b�m�b �;�| �-�t�:�7 �‘�•�•�u�Q �0�‹ �-�|�|�-�1�_�b�m�] �|�_�; 

T7 promoter sequence to the 5�  � ;� m� 7  � o� =  � |� _� ;  � =� o� u� ‰� -� u� 7  � r� u� b� l� ;� u  � PT7-

batra-fwd: 5�-���������$�$�����$�����������$�������$���$�������� ��������������������

�$�����������$�J�’ ��Q �=�o�u �|�u�-�m�v�1�u�b�r�|�b�o�m �b�m �|�_�; ���!���"���!�J�	�Š �-�v�v�-�‹�: �)�;  �-�7�7�;�7 

�<���������$�= �0�;�=�o�u�; �|�_�; �$�• �r�u�o�l�o�|�;�u �v�;�t�†�;�m�1�; �|�o �b�m�1�u�;�-�v�; �0�b�m�7�b�m�] �-�=-

�=�b�m�b�|�‹ �P���-�;�u�‰�-�t�7 �;�| �-�t�:�7 2020; Kellner et al., 2019�Q�: �
�o�u �;�-�1�_ �����!�7 �‰�; 

�-�7�7�;�7 �•�:�“�S��� �o�= �|�_�; �v�-�l�r�t�; �P�v�;�; Table S4  � =� o� u  � |� _� ;  � 	� �� �  � 1� o�m�1� ;�m� |� u� --

�|�b�o�m�v �b�m �;�-�1�_ �;�Š�|�u�-�1�|�Q�7 �•�:�•�”�S��� �o�= �=�o�u�‰�-�u�7 �-�m�7 �u�;�ˆ�;�u�v�; �r�u�b�l�;�u �P���	�$�8 

�=�b�m�-�t �l�o�t�-�u�b�|�‹�9 �•�:�”�S����Q�7 �•�‘�:�”�•�S��� �o�= �l�o�t�;�1�†�t�-�u �]�u�-�7�; �‰�-�|�;�u�7 �•�•�:�”�S�L of 

� �” ���b�]�_ �
�b�7�;�t�b�|�‹ ���-�v�|�;�u ���b�Š �P���;�‰ ���m�]�t�-�m�7 ���b�o���-�0�v�Q �-�m�7 �•�:�•�’�”�S�L of 

���o�ˆ�b�m�; �"�;�u�†�l ���t�0�†�l�b�m �P���;�‰ ���m�]�t�-�m�7 ���b�o���-�0�v�8 �=�b�m�-�t �1�o�m�1�;�m�|�u�-�|�b�o�m�9 

�•�:�•�‘�S�m�]�F� ���Q �|�o �u�;�-�1�_ �- �=�b�m�-�t �u�;�-�1�|�b�o�m �ˆ�o�t�†�l�; �o�= �’�”�S����: �)�;  �1�o�m�7�†�1�|�;�7 

the reactions with the following thermal amplification: initial dena -

�|�†�u�-�|�b�o�m �-�| �–�v�f�� �=�o�u �’�•�S�v�7 �=�o�t�t�o�‰�;�7 �0�‹ �’�”�S�1�‹�1�t�;�v �o�= �7�;�m�-�|�†�u�-�|�b�o�m �-�| 

�–�v�f�� �=�o�u �”�S�v�7 �-�m�m�;�-�t�b�m�] �-�| �”�•�f�� �=�o�u �•�”�S�v�7 �;�Š�|�;�m�v�b�o�m �-�| �•�‘�f�� �=�o�u �”�S�v 

�-�m�7 �- �=�b�m�-�t �;�Š�|�;�m�v�b�o�m �v�|�;�r �-�| �•�‘�f�� �=�o�u �•�‘�•�S�v�: �)�;  �b�m�1�t�†�7�;�7 �|�‰�o �m�;�]�--

�|�b�̂ �; �;�Š�|�u�-�1�|�b�o�m �1�o�m�|�u�o�t�v �P�;�-�1�_ �‰�b�|�_ �•�‘ �����!  �u�;�r�t�b�1�-�|�;�v�Q�7 �- �m�;�]�-�|�b�̂ �; �����!  

�1�o�m�|�u�o�t �P�•�‘ �u�;�r�t�b�1�-�|�;�v�Q �-�m�7 �-�v�v�-�‹ �r�o�v�b�|�b�ˆ�; �1�o�m�|�u�o�t �P�]���t�o�1�h�7 �•�:�•�S�m�]�F� L 

�r�u�;�J�-�l�r�t�b�=�b�1�-�|�b�o�m�8 �v�b�m�]�t�; �u�;�r�t�b�1�-�|�;�Q�: �
�o�u �;�-�1�_ �o�= �|�_�; �����!  �u�;�r�t�b�1�-�|�;�v�7 

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

CRISPR-Dx assay negative and positive controls for each species.

�‘�:�’�:�”�J �G�J �
�t�†�o�u�;�v�1�;�m�1�; �v�b�]�m�-�t �-�m�-�t�‹�v�;�v

�)�;  �†�v�;�7 �- �l�-�1�_�b�m�; �t�;�-�u�m�b�m�] �-�t�]�o�u�b�|�_�l �P�!�-�m�7�o�l �
�o�u�;�v�|�7 �!�
�Q �|�o �|�u�-�m�v-

form the fluorescence curves into binary detection classifications 

�-�m�7 �-�†�|�o�l�-�|�b�Œ�; �|�_�; �u�;�-�7�o�†�| �1�t�-�v�v�b�=�b�1�-�|�b�o�m�: �)�;  �1�o�l�r�-�u�;�7 �|�_�; �!�
 �7�;-

tections to a fixed threshold of 10 times the standard deviation of 

�|�_�; �0�-�1�h�]�u�o�†�m�7 �m�o�b�v�;�7 �-�v �r�u�;�ˆ�b�o�†�v�t�‹ �7�o�m�; �=�o�u ���!���"���!�J�	�Š �o�m �;�	���� 

�v�-�l�r�t�;�v �P�)�b�t�t�b�-�l�v �;�| �-�t�:�7 2021�Q�: �)�;  �=�b�u�v�| �ˆ�b�v�†�-�t�t�‹ �1�t�-�v�v�b�=�b�;�7 �-�t�t �v�-�l�r�t�;�v 

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

�o�= �m�;�]�-�|�b�ˆ�; �;�Š�|�u�-�1�|�b�o�m �1�o�m�|�u�o�t�Q �u�-�|�b�o �1�†�u�ˆ�; �o�ˆ�;�u �|�b�l�;�: �)�;  �v�;�t�;�1�|�;�7 

eight curve properties based on variable importance and visual as-

�v�;�v�v�l�;�m�| �-�=�|�;�u �;�Š�r�t�o�u�b�m�] �- �t�-�u�]�;�u �u�-�m�]�; �o�= �1�†�u�ˆ�; �r�u�o�r�;�u�|�b�;�v�: �)�;  �|�_�;�m 

used a split sample approach, with 80% of the data for training and 

20% for testing, and trained the model using the randomForest pack-

�-�]�; �P���b�-�‰ �_ �)�b�;�m�;�u�7 2018�Q �b�m �! �P�! ���o�u�; �$�;�-�l�7 2022�Q�: �$�o �1�-�t�1�†�t�-�|�; 

the optimal threshold for detection, we used the PresenceAbsence 

�!�J�r�-�1�h�-�]�; �P�
�u�;�;�l�-�m �_ ���o�b�v�;�m�7 2008�Q�: ���;�m�-�t�|�b�;�v �=�o�u �=�-�t�v�; �r�o�v�b-

tives were set twice as high as for false negatives, as false positives 

�1�-�m �t�;�-�7 �|�o �b�m�;�=�=�;�1�|�b�ˆ�; �1�o�m�v�;�u�ˆ�-�|�b�o�m �v�|�u�-�|�;�]�b�;�v �P���_�o�u�o�Œ�‹�-�m�7 2021; 

Sepulveda et al., 2020�Q�: �)�;  �1�o�l�r�†�|�;�7 �|�_�; �ˆ�-�u�b�-�0�t�; �b�l�r�o�u�|�-�m�1�; �†�v�b�m�] 

the caret �!�J�r�-�1�h�-�]�; �P���†�_�m�7 2008�Q�:

�‘�:�’�:�u�J �G�J ���v�v�;�v�v�l�;�m�| �o�= �7�;�|�;�1�|�b�o�m �r�u�o�0�-�0�b�t�b�|�b�;�v �=�o�u 
field, PCR and assay replicates

�)�;  �;�ˆ�-�t�†�-�|�;�7 �_�o�‰ �|�_�; �m�†�l�0�;�u �o�= �|�;�1�_�m�b�1�-�t �u�;�r�t�b�1�-�|�;�v �P�b�:�;�: ���!���"���!�J�	�Š 

�-�v�v�-�‹ �u�;�r�t�b�1�-�|�;�v �-�m�7 �����!  �u�;�r�t�b�1�-�|�;�v�Q �-�m�7 �=�b�;�t�7 �u�;�r�t�b�1�-�|�;�v �P�b�:�;�: �=�b�t�|�;�u 

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

�0�o�o�|�v�|�u�-�r �-�r�r�u�o�-�1�_ �P���-�†�ˆ�b�v�v�;�-�† �;�| �-�t�:�7 2019�Q�: �)�;  �;�v�|�b�l�-�|�;�7 �|�_�; 

detection probability for CRISPR-Dx assay replicates, given that 

�-�| �t�;�-�v�| �o�m�; �o�†�| �o�= �|�_�; �|�_�u�;�; �u�;�r�t�b�1�-�|�;�v �‰�-�v �r�o�v�b�|�b�ˆ�; �P���-�†�ˆ�b�v�v�;�-�† 

et al., 2019�Q�: �
�o�u �;�-�1�_ �v�r�;�1�b�;�v�7 �‰�; �v�-�l�r�t�;�7 �o�m�;�7 �|�‰�o �o�u �|�_�u�;�; �u�;�r�t�b-

cates 10,000 times to calculate the cumulative detection probability 

including the 95% confidence interval. Similarly, we estimated the 

�1�†�l�†�t�-�|�b�ˆ�; �7�;�|�;�1�|�b�o�m �r�u�o�0�-�0�b�t�b�|�‹ �=�o�u �o�m�; �|�o �•�‘ �����!  �u�;�r�t�b�1�-�|�;�v �P�]�b�ˆ�;�m 

that at least one PCR replicate of the filter extraction was posi-

�|�b�ˆ�;�Q�: �)�;  �1�-�t�1�†�t�-�|�;�7 �|�_�; �7�;�|�;�1�|�b�o�m �r�u�o�0�-�0�b�t�b�|�‹ �=�o�u �o�m�; �=�b�t�|�;�u �;�Š�|�u�-�1�| 

�P�<�v�-�l�r�t�;�= �_�;�u�;�-�=�|�;�u�Q�7 �]�b�ˆ�;�m �|�_�-�| �|�_�; �v�r�;�1�b�;�v �‰�-�v �7�;�|�;�1�|�;�7 �;�b�|�_�;�u �‰�b�|�_ 

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

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

�|�_�; �=�o�t�t�o�‰�b�m�] �=�o�u�l�†�t�- �P���1���u�7�t�;�7 1990�Q�9

with p1 being the estimated probability for one sample using a boot-

�v�|�u�-�r �o�= �•�•�7�•�•�• �v�†�0�v�-�l�r�t�;�v�: �)�;  �r�;�u�=�o�u�l�;�7 �-�t�t �v�|�-�|�b�v�|�b�1�-�t �-�m�-�t�‹�v�;�v �b�m 

�! �ˆ�“�:�‘�:�• �P�! ���o�u�; �$�;�-�l�7 2022�Q�: �)�;  �1�o�m�v�b�7�;�u�;�7 �- �1�†�l�†�t�-�|�b�ˆ�; �7�;�|�;�1�|�b�o�m 

probability of > 95% as reliable detection.

� � � � �
�
� � � �

� �

 17550998, 2024, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1755-0998.14009 by E

th Z
urich, W

iley O
nline Library on [17/10/2024]. S

ee the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



�u���o�=���•�u�J|�J���J�M LEUGGER ET AL.

�‘�:�“�J|�J ���o�l�r�-�u�b�v�o�m���0�;�|�‰�;�;�m�����!���"���!�J�	�Š���-�v�v�-�‹�v���-�m�7��
traditional monitoring

�)�;  �†�v�;�7 �- ���1���;�l�-�u �|�;�v�| �P���1���;�l�-�u�7 1947 �Q�7 �-�v �b�l�r�t�;�l�;�m�|�;�7 �b�m �!�7 

to compare the detections obtained with CRISPR-Dx with the sin -

gle traditional monitoring visit closest to the date when we sampled 

�;�	����  �P���b�]�]�v �;�| �-�t�:�7 2015�Q�: �
�†�u�|�_�;�u�l�o�u�;�7 �‰�; �1�o�l�r�-�u�;�7 ���!���"���!�J�	�Š�J

based detections to all three traditional monitoring rounds of the 

respective year.

���7�7�b�|�b�o�m�-�t�t�‹�7 �‰�; �1�_�;�1�h�;�7 �‰�_�;�|�_�;�u �|�_�; �v�r�;�1�b�;�v �‰�; �7�;�|�;�1�|�;�7 �‰�b�|�_ 

CRISPR-Dx had been detected with traditional monitoring at any 

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

tions with CRISPR-Dx that were not confirmed with traditional mon -

itoring in the previous years with an expert involved in amphibian 

monitoring, to determine whether we had obtained false positives 

�|�_�u�o�†�]�_ �;�	���� �v�-�l�r�t�;�v �P�	�-�u�t�b�m�] �;�| �-�t�:�7 2021�Q�:

� ’ �J | �J � ! � � � " �& � ��$ � "

�’�:�•�J|�J �$�u�-�7�b�|�b�o�m�-�t���l�o�m�b�|�o�u�b�m�]���0�‹���|�_�;��
Canton of Aargau

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

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

total of 13 amphibian species from 2018 to 2022 at the nine sampling 

sites. Eleven species were detected during the traditional monitoring 

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

�v�r�;�1�b�;�v �‰�;�u�; �7�;�|�;�1�|�;�7 �‰�b�|�_ �o�m�; �ˆ�b�v�b�| �r�;�u �v�b�|�;�: �)�_�;�m �1�o�l�0�b�m�;�7�7 �|�_�; 

three visits made during the entire breeding season led to the detec-

�|�b�o�m �o�= �•�’ �v�r�;�1�b�;�v �-�| �|�_�; �m�b�m�; �v�b�|�;�v �P�|�‰�o �|�o �v�;�ˆ�;�m �v�r�;�1�b�;�v �r�;�u �v�b�|�;�Q�7 

which is equal to the sum of species found with traditional monitor -

�b�m�] �o�ˆ�;�u �“�S�‹�;�-�u�v �-�| �|�_�o�v�; �v�b�|�;�v�:

�’�:�‘�J |�J �	�;�ˆ�;�t�o�r�l�;�m�|���o�=�����!���"���!�J�	�Š���-�v�v�-�‹�v���=�o�u���"�‰�b�v�v��
amphibians

To assess the applicability of the ampliscanning methodology 

for Swiss amphibians, we searched within the batra amplicon for 

species-specific guide sequences for all amphibians for which oc-

�1�†�u�u�;�m�1�;�v �‰�;�u�; �u�;�1�o�u�7�;�7 �b�m �"�‰�b�|�Œ�;�u�t�-�m�7�: �)�;  �1�o�†�t�7 �]�;�m�;�u�-�|�; �]�†�b�7�; 

�v�;�t�†�;�m�1�;�v �=�o�u �v�‘�w �o�= �|�_�;�l �P�•�v �o�†�| �o�= �‘�‘�Q �†�v�b�m�] ���;�m���-�m�h �-�v �o�†�u 

�7�-�|�- �v�o�†�u�1�;�: ���= �|�_�;�v�;�7 �•�• �1�u�!�����v �‰�;�u�; �v�r�;�1�b�;�v�J�v�r�;�1�b�=�b�1 �‰�b�|�_�b�m �|�_�; 

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

�u�;�=�;�u�u�;�7 �|�o �-�v �<�]�t�o�0�-�t�t�‹ �v�r�;�1�b�;�v�J�v�r�;�1�b�=�b�1�=�Q�: �$�_�; �u�;�l�-�b�m�b�m�] �v�;�ˆ�;�m �1�-�m 

only be used if the conflicting species do not co-occur in a study area 

�P�_�;�u�;�-�=�|�;�u �u�;�=�;�u�u�;�7 �|�o �-�v �<�t�o�1�-�t�t�‹ �v�r�;�1�b�;�v�J�v�r�;�1�b�=�b�1�=�Q�: �$�‰�o �o�= �|�_�; �•�v 

species have two variants each within the batra amplicon that differ 

by more than one nucleotide and would therefore require two guide 

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

�h�m�o�‰�m�Q�: �$�_�; �v�;�t�†�;�m�1�; �o�= �|�_�; �l�o�o�u �=�u�o�] �PRana arvalis�Q �_�-�v �- �l�-�Š�b�l�†�l 

Site Species detected, single visit Add. species detected, three visits

���u�b�v�|�-�†�;�u �"�1�_�-�1�_�;�m 
Süd

European tree frog
Green frog complex

���t�r�b�m�; �m�;�‰�|
Great crested newt

���u�†�0�; ���;�v�1�_�‰�†�_�u���-�|�|�;�u�f�-�1�h �|�o�-�7 ���t�r�b�m�; �m�;�‰�|
Green frog complex

Kiesgrube Laenzert European grass frog
Yellow-bellied toad

Midwife toad

Oberschachen Common toad
Common newt
European tree frog
Italian crested newt

European grass frog
Green frog complex

Paradies ���t�r�b�m�; �m�;�‰�|
European tree frog
Green frog complex
Palmate newt

Common toad
European grass frog
Fire salamander

Schoren Schachen ���-�|�|�;�u�f�-�1�h �|�o�-�7
European tree frog
Green frog complex

Common newt
Italian crested newt

Schümel Midwife toad
Yellow-bellied toad

�$	Á�l�r�;�t ���t�|�; �!�;�†�v�v ���t�r�b�m�; �m�;�‰�|
Green frog complex

European tree frog

Tümpel Lauffohr Green frog complex European tree frog

Note�9 �$�_�; �v�;�1�o�m�7 �1�o�t�†�l�m �u�;�=�;�u�v �|�o �|�_�; �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�] �ˆ�b�v�b�| �1�t�o�v�;�v�| �|�o �|�_�; �7�-�|�; �o�= �;�	���� 
sampling. The third column includes additional species found in the same year on other visits. 
�&�m�7�;�u�t�b�m�;�7 �v�r�;�1�b�;�v �‰�;�u�; �†�v�;�7 �=�o�u �|�_�; �1�o�l�r�-�u�b�v�o�m �‰�b�|�_ ���!���"���!�J�	�Š �-�m�7 �;�	�����: �$�_�; �]�u�;�;�m �=�u�o�] 
complex comprises the Pelophylax species.

TA B L E  1�J�"�r�;�1�b�;�v �7�;�|�;�1�|�;�7 �r�;�u �v�b�|�; 
�‰�b�|�_ �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�] �P�7�-�|�- �r�u�o�ˆ�b�7�;�7 
�0�‹ �|�_�; ���-�m�|�o�m �o�= ���-�u�]�-�†�Q�:
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�J�M�J |�J �•���o�=���•�uLEUGGER ET AL.

of one nucleotide difference to a variant of the European grass frog 

�PRana temporaria�Q�7 �‰�_�b�1�_ �b�|�v�;�t�= �_�-�v �- �v�b�m�]�t�; �l�b�v�l�-�|�1�_ �|�o �b�|�v �l�o�u�; �1�o�l-

mon variant and is therefore not species-specific. The sequence we 

used for the common grass frog differs by two nucleotides from 

that of the moor frog and is therefore considered species-specific. 

�$�_�; �;�7�b�0�t�; �=�u�o�] �PPelophylax esculentus�Q �b�v �1�t�-�v�v�b�=�b�;�7 �-�v �v�‹�m�o�m�‹�l�o�†�v 

�|�o �|�_�; �r�o�o�t �=�u�o�] �PPelophylax lessonae�Q �b�m �|�_�; ��������  �|�-�Š�o�m�o�l�‹ �0�-�1�h-

bone. Therefore, we did not include any Pelophylax species in our 

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

fied with the batra primer was found on GenBank for the Italian agile 

�=�u�o�] �PRana latestei�Q�: ���-�v�;�7 �o�m �|�_�;�v�; �=�b�m�7�b�m�]�v�7 �‰�; �v�;�t�;�1�|�;�7 �m�b�m�; �|�-�u�]�;�| 

species, including three regionally endangered amphibians, to cre-

�-�|�; ���!���"���!�J�	�Š �-�v�v�-�‹�v �=�o�u �v�r�;�1�b�;�v �7�;�|�;�1�|�b�o�m �b�m �;�	����  �v�-�l�r�t�;�v �P�v�;�; 

Table 2 �=�o�u �|�_�; �v�r�;�1�b�;�v�] �!�;�7 ���b�v�| �v�|�-�|�†�v�Q�: �$�_�;�v�; �m�b�m�; ���!���"���!�J�	�Š �-�v-

says are expected to be species-specific in our study area.

CRISPR-Dx assays have been reported to distinguish down to 

�v�b�m�]�t�; �l�b�v�l�-�|�1�_�;�v �b�m �|�-�u�]�;�| �v�;�t�†�;�m�1�;�v �P���o�o�|�;�m�0�;�u�] �;�| �-�t�:�7 2017 �Q�7 

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

et  al.,  2022�Q�7 �-�m�7 �1�o�†�t�7 �7�;�r�;�m�7 �o�m �|�_�; �;�Š�-�1�| �u�;�-�1�|�b�o�m �1�o�m�7�b�|�b�o�m�v�: 

Therefore, we assessed the specificity of the designed CRISPR-Dx 

�-�v�v�-�‹�v �b�m �ˆ�b�|�u�o�: �)�;  �-�r�r�t�b�;�7 �|�_�; �m�b�m�; ���!���"���!�J�	�Š �|�o �;�-�1�_ �|�b�v�v�†�; �;�Š-

tract and gBlock of amphibians that have been recorded at the study 

�v�b�|�;�v �b�m �|�_�; �t�-�v�| �‘�•�S�‹�;�-�u�v �b�m �- �=�†�t�t�‹ �1�u�o�v�v�;�7 �7�;�v�b�]�m �|�o �ˆ�;�u�b�=�‹ �|�_�;�b�u �v�r�;�1-

ificity. The negative control of the common grass frog was contam-

inated and its CRISPR-Dx assay was therefore excluded from the 

�v�r�;�1�b�=�b�1�b�|�‹ �-�m�-�t�‹�v�b�v�: �$�_�; �u�;�v�†�t�|�v �o�= �|�_�; �v�r�;�1�b�=�b�1�b�|�‹ �-�m�-�t�‹�v�b�v �PFigure 3�Q 

indicated that all but one of the CRISPR-Dx assays are specific. Only 

�|�_�; �1�u�!���� �o�= �|�_�; �]�u�;�-�| �1�u�;�v�|�;�7 �m�;�‰�| �u�;�-�1�|�v �‰�b�|�_ �|�_�; ���|�-�t�b�-�m �1�u�;�v�|�;�7 

�m�;�‰�| �PTriturus carnifex�Q�7 �- �1�t�o�v�;�t�‹ �u�;�t�-�|�;�7 �v�r�;�1�b�;�v�: �)�;  �|�_�;�u�;�=�o�u�; 

treated detections of either crested newt species identically when 

comparing the methods. The analysis with gBlocks showed a nearly 

�b�7�;�m�|�b�1�-�t �r�-�|�|�;�u�m �PFigure S3�Q�: �$�_�;�v�; �u�;�v�†�t�|�v �b�m�7�b�1�-�|�; �|�_�-�| �o�†�u �l�;�|�_-

odology allows most amphibian species in Switzerland to be distin-

�]�†�b�v�_�;�7 �|�_�u�o�†�]�_ �v�r�;�1�b�;�v�J�v�r�;�1�b�=�b�1 �1�u�!�����v�:

Our sensitivity experiment for the CRISPR-Dx assay with the 

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

can be highly sensitive: six out of eight replicates amplified with the 

�|�;�v�|�;�7 ���!���"���!�J�	�Š �-�v�v�-�‹ �;�ˆ�;�m �‰�b�|�_ �- �v�b�m�]�t�; �	����  �1�o�r�‹ �r�;�u �����!  �P�v�;�; 

also Figure S4�Q�: �$�_�; �����	  �=�o�t�t�o�‰�b�m�] �|�_�; �1�u�b�|�;�u�b�- �o�= �–�”�w �v�†�1�1�;�v�v�=�†�t�t�‹ 

�-�l�r�t�b�=�b�;�7 �u�;�r�t�b�1�-�|�;�v �P���t�‹�l�†�v �;�| �-�t�:�7 2020�Q �‰�-�v �;�b�]�_�| �	����  �1�o�r�b�;�v �r�;�u 

PCR reaction, where all replicates were successfully amplified. This 

�1�o�u�u�;�v�r�o�m�7�v �|�o �- �	����  �1�o�m�1�;�m�|�u�-�|�b�o�m �o�= �•�S×�S�•�•�´�–�S�m�]�F� L in the sample 

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

silico and in vitro tests, we demonstrate that almost all of our as-

says are species-specific in our study area and that positive signals 

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

concentrations.

�’�:�’�J |�J ���†�|�o�l�-�|�;�7���1�†�u�ˆ�;���1�t�-�v�v�b�=�b�1�-�|�b�o�m���=�o�u���v�r�;�1�b�;�v��
detection

To automate the fluorescence readout and increase the sensitivity 

�o�= �7�;�|�;�1�|�b�o�m�v�7 �‰�; �|�u�-�b�m�;�7 �- �l�-�1�_�b�m�; �t�;�-�u�m�b�m�] �-�t�]�o�u�b�|�_�l �P�!�
 �l�o�7�;�t�Q �|�o 

discriminate between the fluorescence curves of positive and nega-

tive samples based on multiple curve criteria. Compared with our 

visually classified curves, the RF model reached an accuracy of 0.991 

�-�m�7 �- ���-�r�r�- �ˆ�-�t�†�; �o�= �•�:�–�v�• �=�o�u �|�_�; �|�;�v�| �7�-�|�- �v�;�| �Pn�S=�S�’�’�‘�8 Table S5�Q�: 

The most important variables in the RF model were both related 

to the signal-to- noise ratio curve: the highest value and steepest 

TA B L E  2�J�1�u�!�����v �b�m �”� to 3 � �7�b�u�;�1�|�b�o�m �=�o�u �|�_�; �m�b�m�; �|�-�u�]�;�| �v�r�;�1�b�;�v �-�m�7 �|�_�; �!�;�7 ���b�v�| �v�|�-�|�†�v �o�= �|�_�o�v�; �v�r�;�1�b�;�v �b�m �"�‰�b�|�Œ�;�u�t�-�m�7 �P�"�1�_�l�b�7�|�7 
Mermod, et al., 2023�Q�9 ���;�-�v�| �1�o�m�1�;�u�m �P�����Q�7 �ˆ�†�t�m�;�u�-�0�t�; �P�(�&�Q �o�u �;�m�7�-�m�]�;�u�;�7 �P�����Q�:

Species �1�u�!�������P�”�–3�) Status Scientific name

���t�r�b�m�; �m�;�‰�| �����&�&�&���������&�����������������������������������������&���������� ​
�&�&���&�&�&���&�&�&���&�&�&�&�&�&�����&�����������&���&

LC Ichthyosaura alpestris

Common midwife toad �����&�&�&���������&�����������������������������������������&���������� ​
���&�&�����&�&�&�&�&�����&�&�������������&�&�������&�&��

�(�& Alytes obstetricans

Common newt �����&�&�&���������&�����������������������������������������&���������� ​
���&�&�&���&�&�&���&�&���&�&���&�&���&�����&���&�&�&����

���� Lissotriton vulgaris

Common toad �����&�&�&���������&�����������������������������������������&���������� ​
�&�&�����&�&�&���&�&�������������&�������&�&�����&������

LC Bufo

European grass frog �����&�&�&���������&�����������������������������������������&���������� ​
�&�������&�&���������������&�������������&�����&���&�&��

LC Rana temporaria

European tree frog �����&�&�&���������&�����������������������������������������&���������� ​
���&�&�������&�&�����&�&�����&�����&���������������&�&�&

�(�& Hyla arborea

Fire salamander �����&�&�&���������&�����������������������������������������&���������� ​
�&�&���&�&�&���&�&�&�����&���&�&�&���������&�&���&�&�&��

�(�& Salamdra salamandra

Great crested newt �����&�&�&���������&�����������������������������������������&���������� ​
�&�&���&�&�&���&�&�&�����&���&���&�����&�����&�&���&�&��

���� Triturus cristatus

���-�|�|�;�u�f�-�1�h �|�o�-�7 �����&�&�&���������&�����������������������������������������&���������� ​
�&�����&�&�������������&���&���&�������&�������&�&������

���� Epidalea calamita

Note�9 �$�_�; �v�r�-�1�;�u �v�;�t�†�;�m�1�;�v �-�u�; �†�m�7�;�u�t�b�m�;�7�: ���t�t �1�u�!�����v �1�o�m�|�-�b�m �|�_�; �b�7�;�m�|�b�1�-�t �7�b�u�;�1�| �u�;�r�;�-�| �v�;�t�†�;�m�1�; �-�| �|�_�; �”� end. See Table S3 �=�o�u �������� �-�1�1�;�v�v�b�o�m 
numbers.
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�v���o�=���•�u�J|�J���J�M LEUGGER ET AL.

�v�t�o�r�; �PTable �"�u�Q�: �$�_�; �!�
 �l�o�7�;�t �‰�u�o�m�]�t�‹ �1�t�-�v�v�b�=�b�;�7 �v�b�Š �1�†�u�ˆ�;�v �‰�_�;�m 

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

�v�-�l�r�t�;�v �Pn�S=�S�”�•�v�“�8 Table S7�Q�: �$�_�; �!�
 �l�o�7�;�t �u�;�v�†�t�|�;�7 �b�m �•�‘�w �l�o�u�; 

positive CRISPR-Dx detections compared with the fixed threshold 

set at the maximum background noise plus 10 times the standard 

�7�;�ˆ�b�-�|�b�o�m �o�= �|�_�; �0�-�1�h�]�u�o�†�m�7 �m�o�b�v�; �P�u�u�‘ �ˆ�v�: �”�v�v�Q�7 �u�;�v�†�t�|�b�m�] �b�m �‘�’�‘  �ˆ�v�: 

199 positive PCR replicates and 37 vs. 30 positive extractions. The 

six curves misclassified by the RF resulted in one false positive and 

two false negatives on the PCR replicate level, but this did not result 

in any false positives or false negatives on the filter or site level. 

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

distinguishing positive from negative samples, works accurately and 

allows rapid classification of the fluorescence readout. Therefore, 

we used this classification for the subsequent analyses.

�’�:�“�J|�J ���!���"���!�J�	�Š���7�;�|�;�1�|�b�o�m�v���o�=���;�m�7�-�m�]�;�u�;�7���v�r�;�1�b�;�v��
in eDNA samples

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

�r�t�;�v�7 �‰�; �r�;�u�=�o�u�l�;�7 �- �|�o�|�-�t �o�= �‘�• �	����  �;�Š�|�u�-�1�|�b�o�m�v �P�‘ �;�Š�|�u�-�1�|�b�o�m�v �r�;�u 

�v�b�|�;�7 �b�m�1�t�: �|�‰�o �m�;�]�-�|�b�ˆ�; �;�Š�|�u�-�1�|�b�o�m �1�o�m�|�u�o�t�v�Q�7 �‘�”�‘  �����!�v �P�•�‘ �����!  �u�;�r�t�b-

�1�-�|�;�v �r�;�u �;�Š�|�u�-�1�|�b�o�m�7 �b�m�1�t�: �•�‘ �m�;�]�-�|�b�ˆ�; �����!  �1�o�m�|�u�o�t�v�Q �-�m�7 �m�;�-�u�t�‹ �•�•�•�• 

���!���"���!�J�	�Š �-�v�v�-�‹�v �P�’ ���!���"���!�J�	�Š �-�v�v�-�‹ �u�;�r�t�b�1�-�|�;�v �r�;�u �����!  �u�;�r�t�b�1�-�|�;�7 

incl. positive and negative assay controls; see Table S8 �=�o�u �7�;�|�-�b�t�v�Q�: �$�_�; 

negative extraction controls did not show contaminations except for 

�|�_�; ���†�u�o�r�;�-�m �]�u�-�v�v �=�u�o�] �PFigure S5�Q�: �)�;  �|�_�;�u�;�=�o�u�; �u�;�l�o�ˆ�;�7 �|�_�b�v �v�r�;-

cies from further analyses. In all samples investigated, we detected 

various species. On average, around half of the PCR replicates of a 

�r�o�v�b�|�b�ˆ�; �v�-�l�r�t�; �‰�;�u�; �r�o�v�b�|�b�ˆ�; �-�m�7 �–�u�w �o�= �|�_�; ���!���"���!�J�	�Š �-�v�v�-�‹�v �o�= 

�- �r�o�v�b�|�b�ˆ�; �����!  �‰�;�u�; �r�o�v�b�|�b�ˆ�; �PTable S9�Q�: �� �l�-�Š�b�l�†�l �o�= �=�o�†�u �v�r�;�1�b�;�v 

�‰�;�u�; �7�;�|�;�1�|�;�7 �-�| �- �v�b�m�]�t�; �v�-�l�r�t�b�m�] �v�b�|�; �P���u�b�v�|�-�†�;�u �"�1�_�-�1�_�;�m �"	Á�7�Q 

�-�m�7 �- �l�b�m�b�l�†�l �o�= �|�‰�o �v�r�;�1�b�;�v �‰�;�u�; �7�;�|�;�1�|�;�7 �-�| �|�_�u�;�; �v�b�|�;�v �PTable 3�Q�: 

Overall, the most frequently detected species was the alpine newt 

�PIchthyosaura alpestris�Q�7 �‰�b�|�_ �7�;�|�;�1�|�b�o�m�v �-�| �v�b�Š �v�-�l�r�t�b�m�] �v�b�|�;�v�: �)�;  �7�b�7 

not detect any fire salamanders and therefore removed this species 

from downstream analyses, as we were interested in investigating 

detection probabilities for CRISPR-Dx assays that are functional on 

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

�l�o�m�b�|�o�u�b�m�] �ˆ�b�v�b�| �1�t�o�v�;�v�| �b�m �|�b�l�; �|�o �|�_�; �;�	����  �v�-�l�r�t�b�m�]�Q�: �$�_�; �m�-�|�|�;�u�f�-�1�h 

�|�o�-�7 �PEpidalea calamita�Q �‰�-�v �|�_�; �v�r�;�1�b�;�v �‰�b�|�_ �|�_�; �t�o�‰�;�v�| �=�u�;�t�†�;�m�1�‹ 

of detections, being detected at only one sampling site. In summary, 

we could demonstrate the functionality of seven out of eight specific 

���!���"���!�J�	�Š �-�v�v�-�‹�v �|�_�-�| �7�;�|�;�1�|�;�7 �|�_�;�b�u �|�-�u�]�;�| �v�r�;�1�b�;�v�] �	����  �b�m �;�m�ˆ�b�u�o�m-

mental samples collected at nine different sampling sites.

�’�:�”�J|�J �
�b�;�t�7���u�;�r�t�b�1�-�|�;�v���-�m�7���v�r�;�1�b�;�v���7�;�|�;�1�|�b�o�m��
�r�u�o�0�-�0�b�t�b�|�‹

�	�†�; �|�o �|�_�; �v�|�o�1�_�-�v�|�b�1�b�|�‹ �o�= �	����  �b�m �;�m�ˆ�b�u�o�m�l�;�m�|�-�t �v�-�l�r�t�;�v �P�&�v�_�b�o 

et al., 2017�Q�7 �‰�; �-�v�v�;�v�v�;�7 �|�_�; �7�;�|�;�1�|�b�o�m �r�u�o�0�-�0�b�t�b�|�‹ �=�o�u �=�b�;�t�7�7 �����!  �-�m�7 

� 
 � � � � � & � ! � � � � � ’ �J�"�r�;�1�b�=�b�1�b�|�‹ �o�= �|�_�; ���!���"���!�J
Dx assays against tissue extracts of all 
species that have been recorded with 
traditional monitoring at the study sites in 
�|�_�; �t�-�v�| �‘�•�S�‹�;�-�u�v�: �)�; �†�v�;�7 �|�b�v�v�†�; �;�Š�|�u�-�1�|�v 
from Switzerland and neighbouring 
countries, except for common newt, 
palmate newt and fire salamander, where 
�v�‹�m�|�_�;�|�b�1 �	���� �=�u�-�]�l�;�m�|�v �P�]���t�o�1�h�v�Q �‰�;�u�; 
used because no tissue extracts were 
available. The only detectable off-target 
hit was between the CRISPR-Dx assay for 
great crested newt and the tissue extract 
of the Italian crested newt.
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�J�M�J |�J �–���o�=���•�uLEUGGER ET AL.

CRISPR-Dx assay replicates with a bootstrapping approach. The de-

�|�;�1�|�b�o�m �r�u�o�0�-�0�b�t�b�|�‹ �‰�b�|�_ �o�m�; �P�o�†�| �o�= �|�_�u�;�;�Q ���!���"���!�J�	�Š �-�v�v�-�‹ �u�;�r�t�b�1�-�|�;�v 

was between 0.83 for the great crested newt and 1 for the common 

�|�o�-�7 �PBufo bufo�Q �-�m�7 �|�_�; �m�-�|�|�;�u�f�-�1�h �|�o�-�7�7 �‰�b�|�_ �=�o�†�u �v�r�;�1�b�;�v �u�;�-�1�_�b�m�] 

detection probabilities of > 95% with a single CRISPR-Dx assay repli-

�1�-�|�; �PFigure �"�u�Q�: �$�_�; �m�-�|�|�;�u�f�-�1�h �|�o�-�7 �‰�-�v �=�o�†�m�7 �o�m�t�‹ �b�m �o�m�; �v�b�|�; �‰�_�;�u�; 

�-�t�t ���!���"���!�J�	�Š �-�v�v�-�‹ �u�;�r�t�b�1�-�|�;�v �P�-�m�7 �_�;�m�1�; �-�t�v�o �����!  �u�;�r�t�b�1�-�|�;�v�Q �‰�;�u�; 

positive. The cumulative detection probability reached 95% for all spe-

cies when two CRISPR-Dx assay replicates were included. The boot-

strapping analysis revealed that the stochasticity was higher for PCR 

�u�;�r�t�b�1�-�|�;�v �PFigure 4�Q �‰�_�;�u�; �=�o�†�u �u�;�r�t�b�1�-�|�;�v �‰�;�u�; �u�;�t�†�b�u�;�7 �|�o �u�;�-�1�_ �- 

cumulative detection probability of > 95% for most species. The spe-

cies with the lowest detection probability was, as observed for the 

CRISPR-Dx assay replicates, the great crested newt, where 11 repli-

cates were required to reach a 95% cumulative detection probability. 

The variability between filter replicates was considerable, with three 

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

�|�_�u�;�; �=�b�t�|�;�u �r�-�b�u�v �_�-�ˆ�b�m�] �- �1�o�l�r�t�;�|�; �o�ˆ�;�u�t�-�r �PTable S10�Q�: ���;�m�1�;�7 �l�†�t�|�b-

ple filter replicates would be required to reach a predicted cumulative 

�7�;�|�;�1�|�b�o�m �r�u�o�0�-�0�b�t�b�|�‹ �o�= �–�”�w �PFigure 4�Q�9 �|�_�u�;�; �v�r�;�1�b�;�v �‰�o�†�t�7 �u�;�t�†�b�u�; 

TA B L E  3�J���†�l�0�;�u �o�= �r�o�v�b�|�b�ˆ�; ���!���"���!�J�	�Š �-�v�v�-�‹�v �r�;�u �v�r�;�1�b�;�v �r�;�u �v�-�l�r�t�b�m�] �v�b�|�;�:

Sampling site
Alpine 
newt

Common 
midwife toad

Common 
newt

Common 
toad

European tree 
frog

���u�;�-�|���1�u�;�v�|�;�7��
newt

Natterjack 
toad

���u�b�v�|�-�†�;�u �"�1�_�-�1�_�;�m �"	Á�7 2 0 27 0 30 29 0

���u�†�0�; ���;�v�1�_�‰�†�_�u 0 0 0 3 0 0 72

Kiesgrube Laenzert 11 0 0 �u�’ 0 0 0

Oberschachen 0 0 41 0 72 �u 0

Paradies 3 1 0 0 0 2 0

Schoren Schachen 0 0 1 3 0 1 0

Schümel 42 �u�• 0 0 0 0 0

�$	Á�l�r�;�t ���t�|�; �!�;�†�v�v 3 0 0 0 18 4 0

Tümpel Lauffohr �u�• 0 0 �u�• 48 0 0

Note�9 ���m �|�o�|�-�t�7 �•�‘ �-�v�v�-�‹�v �‰�;�u�; �-�r�r�t�b�;�7 �=�o�u �;�-�1�_ �v�b�|�;�: ���m�t�‹ �|�_�; ���-�|�|�;�u�f�-�1�h �|�o�-�7 �=�o�u �|�_�; �;�	���� �v�-�l�r�t�;�v �b�m ���u�†�0�; ���;�v�1�_�‰�†�_�u �-�m�7 �|�_�; ���†�u�o�r�;�-�m �|�u�;�; �=�u�o�] 
in Oberschachen reached the maximum number of possible positive CRISPR-Dx assay replicates.

� 
 � � � � � & � ! � � � � � “ �J�"�r�;�1�b�;�v�J�‰�b�v�; �1�†�l�†�t�-�|�b�ˆ�; �7�;�|�;�1�|�b�o�m �r�u�o�0�-�0�b�t�b�|�‹ �=�o�u �7�b�=�=�;�u�;�m�| �m�†�l�0�;�u�v �o�= �����! �u�;�r�t�b�1�-�|�;�v �P�]�b�ˆ�;�m �|�_�-�| �-�| �t�;�-�v�| �o�m�; �����! �u�;�r�t�b�1�-�|�; 
�o�= �|�_�b�v �v�-�l�r�t�; �‰�-�v �r�o�v�b�|�b�ˆ�; �=�o�u �|�_�; �u�;�v�r�;�1�|�b�ˆ�; �v�r�;�1�b�;�v�Q �P�t�;�=�|�Q �-�m�7 �r�u�;�7�b�1�|�;�7 �1�†�l�†�t�-�|�b�ˆ�; �7�;�|�;�1�|�b�o�m �r�u�o�0�-�0�b�t�b�|�‹ �=�o�u �7�b�=�=�;�u�;�m�| �m�†�l�0�;�u�v �o�= �=�b�t�|�;�u 
�u�;�r�t�b�1�-�|�;�v �r�;�u �v�-�l�r�t�b�m�] �v�b�|�; �P�u�b�]�_�|�Q�: �$�_�; �_�o�u�b�Œ�o�m�|�-�t �7�-�v�_�;�7 �t�b�m�; �l�-�u�h�v �–�”�w �1�†�l�†�t�-�|�b�ˆ�; �7�;�|�;�1�|�b�o�m �r�u�o�0�-�0�b�t�b�|�‹�: ���†�v�| �v�b�Š �����! �u�;�r�t�b�1�-�|�;�v �‰�o�†�t�7 �0�; 
sufficient for six out of seven species for a cumulative detection probability of > �–�”�w�: ���o�|�; �|�_�-�| �|�_�; �1�†�u�ˆ�; �o�= �|�_�; �m�-�|�|�;�u�f�-�1�h �|�o�-�7 �b�v �1�o�m�v�|�-�m�| 
at one because all PCR replicates were positive at the sampling site with a detection. Four filter replicates would be required to reach a 
detection probability of > 95% for all investigated species.
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at least four filter replicates and four species at least five. The detec-

tion probability for newts was overall slightly higher than for anurans 

�P�u�“�w �ˆ�v�: �”�‘�w �o�m �-�ˆ�;�u�-�]�; �=�o�u �o�m�; �=�b�t�|�;�u�Q�: �$�-�h�;�m �|�o�]�;�|�_�;�u�7 �|�_�; �m�†�l�0�;�u �o�= 

�|�;�1�_�m�b�1�-�t �u�;�r�t�b�1�-�|�;�v �P�|�_�u�;�; ���!���"���!�J�	�Š �-�v�v�-�‹ �u�;�r�t�b�1�-�|�;�v �-�m�7 �•�‘  �����!  �u�;�r-

�t�b�1�-�|�;�v�Q �-�r�r�;�-�u�v �|�o �0�; �v�†�=�=�b�1�b�;�m�| �=�o�u �u�;�t�b�-�0�t�; �v�r�;�1�b�;�v �7�;�|�;�1�|�b�o�m �b�m �;�	����  

samples, whereas more than two biological replicates would likely in-

crease the number of species detected per site.

�’�:�u�J|�J �	�;�|�;�1�|�b�o�m�v���=�u�o�l�����!���"���!�J�	�Š���-�m�7���;�	������
versus traditional monitoring

To verify our novel ampliscanning methodology, we compared the 

species we detected with the species observed with traditional 

�l�o�m�b�|�o�u�b�m�] �-�| �|�_�; �v�-�l�; �v�b�|�;�v �PFigure 5�Q�: �)�;  �7�;�|�;�1�|�;�7 �v�b�]�m�b�=�b�1�-�m�|�t�‹ 

�l�o�u�; �|�-�u�]�;�| �v�r�;�1�b�;�v �r�;�u �v�b�|�; �‰�b�|�_ �- �v�b�m�]�t�; �̂ �b�v�b�| �1�o�l�0�b�m�b�m�] �;�	����  �P�v�-�l-

�r�t�;�7 �=�u�o�l �r�o�m�7 �‰�-�|�;�u�Q �‰�b�|�_ ���!���"���!�J�	�Š �-�v�v�-�‹�v �|�_�-�m �|�_�; �v�†�u�ˆ�;�‹�o�u�v 

�7�b�7 �‰�b�|�_ �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�] �P���1���;�l�-�u �|�;�v�|�9 p-�ˆ�-�t�†�;�S=�S�:�•�•�v�v�7 

� 2�S=�S�u�:�u�v�7 df�S=�S�•�Q�: ���= �-�t�t �v�r�;�1�b�;�v �7�;�|�;�1�|�b�o�m�v �Pn�S=�S�‘�–�Q�7 �;�b�]�_�| �P�‘�v�w�Q �‰�;�u�; 

�l�-�7�; �‰�b�|�_ �0�o�|�_ �l�;�|�_�o�7�v �P�-�l�r�t�b�v�1�-�m�m�b�m�] �-�m�7 �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�]�Q�7 

�=�o�†�u �P�•�“�w�Q �‰�b�|�_ �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�] �o�m�t�‹ �-�m�7 �•�• �P�”�v�w�Q �‰�b�|�_ �-�l�r�t�b�v-

canning only. Ten of the 17 detections made only with ampliscanning 

were confirmed with other traditional monitoring visits during the 

�v�|�†�7�‹ �r�;�u�b�o�7 �P�‘�•�•�v�K�‘�•�‘�‘�Q �-�| �|�_�; �u�;�v�r�;�1�|�b�ˆ�; �v�b�|�;�v�: �"�b�Š �o�= �|�_�; �v�;�ˆ�;�m 

new detections with ampliscanning were classified as reasonable by 

an expert, that is, suitable habitat and known populations in proxim-

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

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

�-�l�r�t�b�v�1�-�m�m�b�m�] �|�_�-�m �|�_�; �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�] �7�b�7 �P���1���;�l�-�u �|�;�v�|�9 

p-�ˆ�-�t�†�;�S=�S�:�•�•�“�’�7 � 2�S=�S�v�:�•�•�7 df�S=�S�•�Q �0�†�| �o�m�t�‹ �v�t�b�]�_�|�t�‹ �P�m�o�m�J�v�b�]�m�b�=�b�1�-�m�|�t�‹�Q 

�l�o�u�; �-�m�†�u�-�m�v �P���1���;�l�-�u �|�;�v�|�9 p-�ˆ�-�t�†�;�S=�S�:�”�“�u�”�7 � 2�S=�S�•�:�’�u�7 df�S=�S�•�Q�: 

Overall, the comparison with traditional monitoring shows that am -

�r�t�b�v�1�-�m�m�b�m�] �o�m �;�	����  �v�-�l�r�t�;�v �b�v �-�m �;�=�=�b�1�b�;�m�| �-�m�7 �v�;�m�v�b�|�b�ˆ�; �|�o�o�t �|�o 

�l�o�m�b�|�o�u �P�;�m�7�-�m�]�;�u�;�7�Q �-�l�r�_�b�0�b�-�m�v �o�m �|�_�; �t�-�m�7�v�1�-�r�; �t�;�ˆ�;�t�:

� 
 � � � � � & � ! � � � � � ” �J���l�r�_�b�0�b�-�m �v�r�;�1�b�;�v �7�;�|�;�1�|�;�7 �‰�b�|�_ ���!���"���!�J�	�Š �-�m�7 �;�	���� �o�m�t�‹ �P�0�t�†�;�Q�7 �‰�b�|�_ �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�] �o�m�t�‹ �P�‹�;�t�t�o�‰�Q �o�u �‰�b�|�_ �0�o�|�_ 
�l�;�|�_�o�7�v �P�]�u�;�;�m�Q �-�| �;�-�1�_ �o�= �|�_�; �m�b�m�; �v�-�l�r�t�b�m�] �v�b�|�;�v �b�m �|�_�; �1�-�m�|�o�m �o�= ���-�u�]�-�†�7 �"�‰�b�|�Œ�;�u�t�-�m�7�: ���m�t�‹ �|�_�; �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�] �|�_�-�| �|�o�o�h �r�t�-�1�; 
�1�t�o�v�;�v�| �b�m �|�b�l�; �|�o �|�_�; �;�	���� �v�-�l�r�t�b�m�] �‰�-�v �1�o�m�v�b�7�;�u�;�7 �=�o�u �;�-�1�_ �v�b�|�;�: �� �v�o�t�b�7 �0�t�-�1�h �o�†�|�t�b�m�; �-�u�o�†�m�7 �- �v�r�;�1�b�;�v �b�m�7�b�1�-�|�;�v �|�_�-�| �b�| �_�-�v �0�;�;�m �u�;�r�o�u�|�;�7 
�‰�b�|�_ �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�] �‰�b�|�_�b�m �|�_�; �t�-�v�| �“�S�‹�;�-�u�v�: �"�r�;�1�b�;�v �‰�b�|�_ �- �7�-�v�_�;�7 �u�;�7 �o�†�|�t�b�m�; �P�†�m�u�;�r�o�u�|�;�7 �0�†�| �;�Š�r�;�1�|�;�7�Q �‰�;�u�; �m�o�| �u�;�r�o�u�|�;�7 �‰�b�|�_ 
�|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�]�7 �0�†�| �|�_�;�b�u �r�u�;�v�;�m�1�; �b�v �;�Š�r�;�1�|�;�7 �0�-�v�;�7 �o�m �;�Š�r�;�u�| �h�m�o�‰�t�;�7�]�; �P�;�:�]�: �0�-�v�;�7 �o�m �v�†�b�|�-�0�t�; �_�-�0�b�|�-�| �-�m�7 �h�m�o�‰�m �r�o�r�†�t�-�|�b�o�m�v �b�m 
�r�u�o�Š�b�l�b�|�‹�7 �v�;�; �l�-�b�m �|�;�Š�|�Q�: �$�_�; �m�b�m�; �v�-�l�r�t�b�m�] �v�b�|�;�v �-�u�;�9 �P�-�Q �$	Á�l�r�;�t ���-�†�=�=�o�_�u�7 �P�0�Q �"�1�_�l	Á�l�;�t�7 �P�1�Q ���b�;�v�]�u�†�0�; ���-�;�m�Œ�;�u�|�7 �P�7�Q �$	Á�l�r�;�t ���t�|�; �!�;�†�v�v�7 �P�;�Q 
���-�u�-�7�b�;�v�7 �P�=�Q ���u�b�v�|�-�† �"�1�_�-�1�_�;�m �"	Á�7�7 �P�]�Q ���;�v�1�_�‰�†�_�u�7 �P�_�Q ���0�;�u�v�1�_�-�1�_�;�m �-�m�7 �P�b�Q �"�1�_�o�u�;�m �"�1�_�-�1�_�;�m�: ���;�m�;�u�-�t�t�‹�7 �‰�; �7�;�|�;�1�|�;�7 �l�o�u�; �v�r�;�1�b�;�v �r�;�u �v�b�|�; 
�‰�b�|�_ �o�m�; �ˆ�b�v�b�| �|�_�-�m �v�†�u�ˆ�;�‹�o�u�v �7�b�7 �‰�b�|�_ �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�] �P�v�;�; Figure S7 �=�o�u �|�_�; �1�o�l�r�-�u�b�v�o�m �o�= �o�m�; �;�	���� �v�-�l�r�t�b�m�] �ˆ�v�: �|�_�u�;�; �|�u�-�7�b�|�b�o�m�-�t 
�l�o�m�b�|�o�u�b�m�] �ˆ�b�v�b�|�v �b�m �|�_�-�| �‹�;�-�u�Q�:
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�;�	����  �-�m�-�t�‹�v�b�v �1�-�m �0�; �-�m �;�=�=�b�1�b�;�m�| �|�o�o�t �=�o�u �0�b�o�7�b�ˆ�;�u�v�b�|�‹ �l�o�m�b�|�o�u�b�m�] 

�P���‹�;�| �;�| �-�t�:�7 2021�Q�7 �‹�;�| �l�o�t�;�1�†�t�-�u �r�u�o�|�o�1�o�t�v �m�;�;�7 �|�o �0�; �b�l�r�u�o�ˆ�;�7 �|�o 

�l�-�h�; �|�_�; �l�;�|�_�o�7 �=�-�v�|�;�u �-�m�7 �l�o�u�; �1�o�v�|�J�;�=�=�b�1�b�;�m�| �P�"�l�-�u�| �;�| �-�t�:�7 �‘�•�•�u; 

Takahashi et al.,  2023�Q�: ���!���"���!�J�	�Š �-�v�v�-�‹�v �-�u�; �- �r�-�u�|�b�1�†�t�-�u�t�‹ �‰�;�t�t�J

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

�v�r�;�1�b�=�b�1�7 �u�-�r�b�7 �-�m�7 �v�;�m�v�b�|�b�ˆ�; �P���-�;�u�‰�-�t�7 �;�| �-�t�:�7 2023�Q�: ���;�u�;�7 �‰�; �7�;�ˆ�;�t-

oped an ‘ampliscanning’ methodology that combines metabarcoding 

�P�����!�Q �-�l�r�t�b�1�o�m�v �‰�b�|�_ ���!���"���!�J�	�Š �|�o �u�-�r�b�7�t�‹ �7�;�|�;�1�| �l�†�t�|�b�r�t�; �|�-�u�]�;�| 

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

CRISPR-Dx assays have only been used with species-specific prim-

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

et al., 2024�8 �)�;�b �;�| �-�t�:�7 2023�Q�7 �‰�_�b�1�_ �t�b�l�b�|�v �|�_�; �†�v�; �o�= �|�_�b�v �-�r�r�u�o�-�1�_ 

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

dresses the need for faster and more cost-efficient molecular meth -

�o�7�v �|�o �b�m�1�u�;�-�v�; �|�_�; �0�;�m�;�=�b�|�v �o�= �;�	����  �=�o�u �0�b�o�7�b�ˆ�;�u�v�b�|�‹ �l�o�m�b�|�o�u�b�m�] �-�| 

�|�_�; �t�-�m�7�v�1�-�r�; �v�1�-�t�; �P�"�l�-�u�| �;�| �-�t�:�7 �‘�•�•�u; Takahashi et al., 2023�Q �-�m�7 �|�o 

�b�m�=�o�u�l �1�o�m�v�;�u�ˆ�-�|�b�o�m �l�;�-�v�†�u�;�v �P���;�-�†�7�u�o�| �;�| �-�t�:�7 �‘�•�•�u�Q�:

In this study, we showed the feasibility of potentially designing 

�b�m �v�b�t�b�1�o �P�t�o�1�-�t�t�‹�Q �v�r�;�1�b�;�v�J�v�r�;�1�b�=�b�1 �]�†�b�7�; �v�;�t�†�;�m�1�;�v �=�o�u �o�ˆ�;�u �v�•�w �o�= �-�t�t 

amphibian species occurring in Switzerland within a short metabar-

�1�o�7�b�m�] �-�l�r�t�b�1�o�m �P~�”�‘�S�0�r�Q �†�v�b�m�] �r�†�0�t�b�1�t�‹ �-�ˆ�-�b�t�-�0�t�; �7�-�|�- �=�u�o�l ���;�m���-�m�h�7 

�-�m�7 �‰�; �7�;�ˆ�;�t�o�r�;�7 ���!���"���!�J�	�Š �-�v�v�-�‹�v �=�o�u �m�b�m�; �P�b�m�1�t�: �|�_�u�;�; �u�;�]�b�o�m�-�t�t�‹ 

�;�m�7�-�m�]�;�u�;�7�Q �v�r�;�1�b�;�v�: �&�v�b�m�] �|�b�v�v�†�; �;�Š�|�u�-�1�|�v �-�m�7 �]���t�o�1�h�v �=�o�u �-�t�t �r�o-

tential off- target hits, we demonstrated in vitro that the assays were 

�v�r�;�1�b�;�v�J�v�r�;�1�b�=�b�1 �‰�_�;�m �1�o�m�v�b�7�;�u�b�m�] �|�_�; �u�;�]�b�o�m�-�t �v�r�;�1�b�;�v �r�o�o�t �P�;�Š�1�;�r�| 

for the great crested newt, whose assay also detected the Italian 

�1�u�;�v�|�;�7 �m�;�‰�|�Q�: �)�;  �|�_�;�m �|�;�v�|�;�7 �|�_�; ���!���"���!�J�	�Š �-�v�v�-�‹�v �o�m �;�	����  �v�-�l-

�r�t�;�v �1�o�t�t�;�1�|�;�7 �=�u�o�l �m�b�m�; �-�l�r�_�b�0�b�-�m �v�b�|�;�v �b�m �"�‰�b�|�Œ�;�u�t�-�m�7 �P�1�-�m�|�o�m �o�= 

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

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

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

monitoring in previous years. The main drivers of detection proba-

bility were the number of filter and PCR replicates, rather than the 

number of CRISPR-Dx assay replicates. Taken together, these results 

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

suitable for large-scale biodiversity monitoring.

By combining a metabarcoding PCR amplicon for a broad tax-

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

CRISPR-Dx, ampliscanning offers a promising approach for species 

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

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

�b�7�;�m�|�b�1�-�t �r�u�b�l�;�u �v�;�|�Q�7 �‰�_�b�1�_ �r�u�o�l�o�|�;�v �|�_�; �-�r�r�t�b�1�-�|�b�o�m �o�= ���!���"���!�J�	�Š 

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

�o�ˆ�;�u �|�_�; �†�v�; �o�= �u�;�1�;�m�|�t�‹ �r�†�0�t�b�v�_�;�7 �v�b�m�]�t�; �v�r�;�1�b�;�v �-�v�v�-�‹�v �P���-�]�-�u�-�f�-�m 

et al., 2024�8 �)�;�b �;�| �-�t�:�7 2023�Q�: ���†�u �l�;�|�_�o�7�o�t�o�]�‹ �0�;�m�;�=�b�|�v �=�u�o�l �|�_�; 

�v�r�;�1�b�=�b�1�b�|�‹ �o�= ���!���"���!�J�	�Š �P���o�o�|�;�m�0�;�u�] �;�| �-�t�:�7 2017 �Q�7 �‰�_�b�1�_ �_�-�v �|�_�; 

�1�-�r�-�1�b�|�‹ �|�o �7�b�v�1�u�b�l�b�m�-�|�; �v�_�o�u�| �=�u�-�]�l�;�m�|�v �P�_�;�u�; �‘�v�S�0�r�Q �7�b�=�=�;�u�b�m�] �0�‹ 

�o�m�t�‹ �|�‰�o �m�†�1�t�;�o�|�b�7�;�v �P���o�Š �;�| �-�t�:�7 2017 �Q�: �)�;  �†�v�;�7 �|�_�b�v �l�;�|�_�o�7�o�t�o�]�‹ 

to search for several species of the same taxonomic group in a sam-

ple, enabling efficient and fast detections beyond single species. The 

selection of guide sequences for three additional species would have 

been possible if the taxonomy backbone did not treat two species 

as synonyms and if the mitochondrial 12S sequences covered with 

the batra primer had been available on GenBank. This limitation 

encountered in our study demonstrates the importance of a com-

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

�o�ˆ�;�u�-�t�t �P���;�;�l�r�o�;�t �;�| �-�t�:�7 2020; Taberlet et al., 2012�Q�: �"�r�;�1�b�=�b�1�b�|�‹ �|�;�v�|�v 

of the CRISPR-Dx against potentially co-occurring species further 

�7�;�l�o�m�v�|�u�-�|�;�7 �|�_�-�| �v�r�;�1�b�;�v�J�v�r�;�1�b�=�b�1 �1�u�!���� �7�;�v�b�]�m �1�-�m �0�; �1�_�-�t�t�;�m�]-

ing, and multiple mismatches are sometimes tolerated, depending on 

�|�_�; �1�o�m�|�;�Š�| �P���;�|�v�h�‹ �;�| �-�t�:�7 2022�8 ���o�t�b�m�- �(�-�u�]�-�v �;�| �-�t�:�7 2024�Q�: �$�;�v�|�b�m�] 

the CRISPR-Dx against potential co-occurring off- target hits is thus 

�v�|�b�t�t �u�;�t�†�b�u�;�7 �P���-�;�u�‰�-�t�7 �;�| �-�t�:�7 2020; Li et al., 2022�8 ���o�t�b�m�- �(�-�u�]�-�v 

et al., 2024�Q�: �)�;  �1�o�†�t�7 �=�†�u�|�_�;�u �b�m�1�u�;�-�v�; �|�_�; �m�†�l�0�;�u �o�= �v�r�;�1�b�=�b�1 �]�†�b�7�;�v 

�0�‹ �-�7�7�b�m�] �-�u�|�b�=�b�1�b�-�t �l�b�v�l�-�|�1�_�P�;�v�Q �|�o �|�_�; �]�†�b�7�; �v�;�t�†�;�m�1�; �|�o �l�-�h�; �|�_�;�l 

�v�r�;�1�b�;�v�J�v�r�;�1�b�=�b�1 �P���-�;�u�‰�-�t�7 �;�| �-�t�:�7 2020; Gootenberg et  al., 2017 �Q�: 

Such a feature could be used in future with our methodology to de-

sign specific guides. In summary, our in silico and in vitro workflow 

allows the design and selection of regionally species-specific guide 

sequences within short amplicons from a metabarcoding primer.

���b�ˆ�;�m �|�_�; �|�u�-�7�;�J�o�=�= �0�;�|�‰�;�;�m �1�o�v�| �P�o�u �v�-�l�r�t�b�m�] �;�=�=�o�u�|�Q �-�m�7 �|�_�; 

number of species detected, due to both the stochastic and the 

�r�-�|�1�_�‹ �7�b�v�|�u�b�0�†�|�b�o�m �o�= �;�	����  �P���u�‹�v �;�| �-�t�:�7 2021�8 �&�v�_�b�o �;�| �-�t�:�7 2017 �Q�7 

�‰�; �†�v�;�7 �|�‰�o �=�b�;�t�7 �u�;�r�t�b�1�-�|�;�v �P�;�:�]�: ���o�m�| �;�| �-�t�:�7 2018�Q�: ���†�u �v�;�m�v�b�|�b�ˆ�b�|�‹ 

analysis showed that a larger number of field replicates greatly im-

�r�u�o�ˆ�;�7 �|�_�; �1�†�l�†�t�-�|�b�ˆ�; �7�;�|�;�1�|�b�o�m �r�u�o�0�-�0�b�t�b�|�‹ �P���u�‹�v �;�| �-�t�:�7 2021�Q �-�m�7 

�|�_�-�| �v�;�ˆ�;�u�-�t �=�b�;�t�7 �u�;�r�t�b�1�-�|�;�v �P>�”�Q �‰�o�†�t�7 �0�; �u�;�t�†�b�u�;�7 �|�o �1�-�r�|�†�u�; �m�;�-�u�t�‹ 

�|�_�; �;�m�|�b�u�; �v�r�;�1�b�;�v �1�o�l�l�†�m�b�|�‹ �P���-�1�_�;�u �;�| �-�t�:�7 2021�Q�: ���m �1�o�m�|�u�-�v�|�7 �|�_�; 

number of PCR replicates could be reduced from the 12 proposed 

�r�u�;�ˆ�b�o�†�v�t�‹ �P�;�:�]�: ���b�]�]�v �;�| �-�t�:�7 2015; Lyet et al., 2021; Pont et al., 2018�Q�9 

�v�b�Š �o�†�| �o�= �v�;�ˆ�;�m �v�r�;�1�b�;�v �‰�;�u�; �7�;�|�;�1�|�;�7 �‰�b�|�_ �-�S>�S�–�”�w �1�†�l�†�t�-�|�b�ˆ�; 

detection probability with only six PCR replicates. Moreover, the 

number of technical CRISPR-Dx assay replicates could be reduced 

to a single reaction while still having a cumulative detection prob-

ability of > 95% for most species. Thus, we recommend using only 

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

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

doing so, we could improve the overall cumulative detection proba-

bility without increasing the costs for the CRISPR-Dx analysis, thus 

enabling large-scale biodiversity monitoring, as high costs are one 

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

et al., 2017�Q�:

Comparing the species lists from traditional monitoring with 

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

�;�	����  �b�m �7�;�|�;�1�|�b�m�] �|�-�u�]�;�| �v�r�;�1�b�;�v �b�m �- �t�-�m�7�v�1�-�r�; �PFigure 5�Q�: ���v �v�_�o�‰�m 

�‰�b�|�_ �;�	����  �l�;�|�-�0�-�u�1�o�7�b�m�] �P���b �;�| �-�t�:�7 2021; Sales et al., 2020�Q�7 �o�†�u �u�;-

sults indicate that ampliscanning outperforms traditional monitoring 

�u�;�]�-�u�7�b�m�] �|�_�; �m�†�l�0�;�u �o�= �v�r�;�1�b�;�v �=�o�†�m�7 �r�;�u �v�b�|�;�: �)�;  �=�o�†�m�7 �|�_�-�| �‘�v�w �o�= 

the detections were made with both traditional monitoring and am -

�r�t�b�v�1�-�m�m�b�m�]�7 �v�b�l�b�t�-�u �|�o �|�_�; �‘�•�w �u�;�r�o�u�|�;�7 �0�‹ �"�ˆ�;�m�m�b�m�]�v�;�m �;�| �-�t�: �P2022�Q�7 

�‰�_�o �1�o�l�r�-�u�;�7 �;�	����  �‰�b�|�_ �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�] �=�o�u �-�l�r�_�b�0�b�-�m�v �b�m 

Denmark. The authors attributed the discrepancy in methods to the 

�|�b�l�; �7�b�=�=�;�u�;�m�1�; �0�;�|�‰�;�;�m �;�	����  �v�-�l�r�t�b�m�] �-�m�7 �|�u�-�7�b�|�b�o�m�-�t �l�o�m�b�|�o�u�b�m�]�: 

In Switzerland, however, the detection probability for traditional 



�•�‘���o�=���•�u�J|�J���J�M LEUGGER ET AL.

monitoring has been shown to be relatively constant during the am-

�r�_�b�0�b�-�m �0�u�;�;�7�b�m�] �v�;�-�v�o�m �P�"�1�_�l�b�7�|�7 ���u�†�b�1�h�v�_�-�m�h�7 �;�| �-�t�:�7 2023�Q�: �)�b�|�_ 

�- �|�b�l�; �7�b�=�=�;�u�;�m�1�; �o�= �-�r�r�u�o�Š�b�l�-�|�;�t�‹ �•�S�‰�;�;�h �0�;�|�‰�;�;�m �o�†�u �;�	����  �v�-�l-

pling and the traditional monitoring, the difference in species found 

is therefore unlikely to be due to the difference in timing of the two 

field surveys. Rather, the discrepancy can partially be explained by 

the distinct detection probabilities of the two methods regarding 

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

slightly higher compared with that for anurans with ampliscanning 

�-�m�7 �;�	�����7 �"�1�_�l�b�7�|�7 ���u�†�b�1�h�v�_�-�m�h�7 �;�| �-�t�: �P2023�Q �=�o�†�m�7 �_�b�]�_�;�u �7�;�|�;�1-

tion rates for anurans than for newts for a larger data set of the same 

traditional monitoring programme as considered here. The vocal ac-

tivity of several anurans increases the overall detection probability 

of these species with traditional monitoring, while newts are more 

�1�u�‹�r�|�b�1 �-�m�7 �l�†�v�| �0�; �v�;�-�u�1�_�;�7 �=�o�u �-�1�|�b�ˆ�;�t�‹ �P���u�†�b�1�h�v�_�-�m�h �;�| �-�t�:�7 �‘�•�•�u; 

�$�-�m�-�7�b�m�b �_ �"�1�_�l�b�7�|�7 2011�Q�: ���†�u �u�;�v�†�t�|�v �|�_�;�u�;�=�o�u�; �b�m�7�b�1�-�|�; �|�_�-�| �;�	����  

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

�1�b�;�v �P���o�†�|�-�m�| �;�| �-�t�:�7 2021; Lopes et al., 2021�Q�:

���-�t�= �o�= �|�_�; �=�-�t�v�; �m�;�]�-�|�b�ˆ�;�v �o�0�|�-�b�m�;�7 �‰�b�|�_ �;�	����  �-�m�7 �-�l�r�t�b�v�1�-�m-

ning compared with the traditional monitoring were from the larg -

�;�v�| �v�-�l�r�t�b�m�] �v�b�|�; �P�"�1�_�o�u�;�m �"�1�_�-�1�_�;�m�Q�7 �‰�_�;�u�; �‰�; �o�m�t�‹ �v�-�l�r�t�;�7 �-�| �|�_�; 

shore of the ponds at the edge of the site. This highlights the impor-

tance of a careful sampling design even for sensitive analysis meth-

�o�7�v�7 �7�†�; �|�o �|�_�; �r�-�|�1�_�‹ �7�b�v�|�u�b�0�†�|�b�o�m �o�= �;�	����  �P���t�|�;�u�l�-�|�| �;�| �-�t�:�7 2023�Q�: 

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

at different positions substantially increases the chances of detect-

�b�m�] �u�-�u�; �v�r�;�1�b�;�v �P���o�r�;�v �;�| �-�t�:�7 2021�Q�: ���o�m�;�|�_�;�t�;�v�v�7 �- �v�b�m�]�t�; �;�	���� 

sampling event achieved more than twice as many detections as one 

traditional monitoring visit, and seven previously unknown popula-

�|�b�o�m�v �‰�;�u�; �7�;�|�;�1�|�;�7 �‰�b�|�_ �;�	�����:

The seven new detections were classified as ‘very likely’ based 
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are possibly able to detect just a few individuals in the landscape. 

Off- target hits, for example, from unsampled taxa, could lead to 
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ity, at least for known potentially co- occurring amphibians, through 
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a detection does not necessarily represent a currently living popu-
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been reported to persist only for days to a few weeks in temperate 
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turb sediments during the sampling procedure, thereby minimizing 
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unreported populations to represent true detections from one or 
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The dilution series experiment confirmed the high sensitivity 
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CRISPR assay. Our in-house production of the CRISPR-Dx reagents 

may have influenced the effectiveness and sensitivity of the reac-

tion for diagnostics. The LOD of the other assays of this publication 

is unknown and could be assessed in further experiments. Given 
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we would not expect that our other assays are significantly less sen-
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negatives at large sampling sites underline the importance of a care-
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to detect rare species and to benefit the most from this approach for 

biodiversity monitoring.
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that can provide information about population sizes, though it re-
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status is more commonly estimated from the presence/absence data 
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posed here could largely support this process. Further experiments 

on the number of positive replicates and signal strength with amplis-

canning could help determine if repeated sampling could inform us 

about the relative population size compared with the other sampled 

sites. Future developments in ampliscanning could include switching 

from a PCR-based amplification to recombinase polymerase amplifi-
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applicability of CRISPR-Dx assays, particularly in case the one-pot 
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gration of ampliscanning in field-based analyses could significantly 
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tions directly on- site with minimal infrastructure, facilitating unprec -

edented temporal and spatial coverage for biodiversity monitoring.
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tool for large- scale biodiversity monitoring, as it offers high sensitiv-
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even within the short amplicon of the batra metabarcoding primer 
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be species-specific when tested in vitro against potential off- target 

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

eral endangered amphibians and detected more species per site with 

one sampling using ampliscanning compared with traditional moni-
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analyses suggest the need for carefully designed sampling efforts 

to reduce the number of missed detections at a site. However, an 

expansion of the number of field replicates to increase the likelihood 

of additional detections, would necessitate a cost-effective analysis 
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of CRISPR-Dx assays in biodiversity monitoring, as ampliscanning 

enables several target species to be detected with one amplification. 

This allows information about the presence of important species at 
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the CRISPR-Dx assays could further support a widescale adoption of 
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large-scale biodiversity monitoring, which could be used in exten-

sive monitoring programmes, thereby improving our knowledge 

about effective conservation measures to address the biodiversity 
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research was conducted in the country where our institute is based 
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