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1990s: “Ivory Tower” discipline for biologists out of touch with modernity

Biodiversity research: 1990s versus 2020s

2020s: Biodiversity loss threatens planetary health and society now cares



Who cares?



Who else?



1990s: Ivory Tower taxon biases:
• pretty
• pretty large
• pretty diurnal
• pretty endangered
• pretty impressive on a tree
• pretty manageable taxonomically
• pretty unusual in many other ways… 

But is society interested in “Ivory Tower biodiversity”?

What is missing is:
• pretty important but ugly…



How bad is the data gap for the uglies?

2024 update:
• 2.5 billion occurrence records
• ca. 2 billion for bird species
• Insecta: 238 million

• 42 million butterfly records
• top 10 bird species: 230 million

=> we need a new field:
• Ugly Zoology



Terrestrial animal biodiversity: biomass



Terrestrial animal biodiversity: species diversity



Shortcomings of the old ways…

- >80% of all species undescribed 

- 95% of all described species only identifiable for taxonomic experts

- very little baseline biodiversity data from standardized samples

- natural history data only available for <5% of species



Triage: which taxa need our attention?

39 Malaise traps from 
eight countries



=> same 20 family-ranked insect clades 
contribute >50% of species diversity

=> same 20 clades also account for 
>50% of specimen abundance

Habitat, climate, etc. don’t matter





The top 10



Most of these top taxa suffer from taxonomic neglect

‘Neglect Index’ (NI): ratio between 
the number of mOTUs found across 
Malaise traps and number of species 
described

1. Neglect increases with species richness

2. Neglect is not improving over time

3. Small body size leads to neglect

Clearly, we need “Ugly Zoology”!

But we also need rebranding…



“Dark Taxon Zoology”: resolving biology’s dark matter

Hartop et al. 2022: “dark taxon”
1. clade whose diversity exceeds 1,000 species
2. of which fewer than 10% of species described 

Roderik Page in 2011: “dark taxa” 
1. groups of organisms present in genetic databases
2. lacking formal scientific names



Biodiversity data crisis: more problems…



Geographic biases in biodiversity data

Latitudinal species 
richness gradient



Insect data in GBIF

Latitudinal data 
deficiency gradient








20% of insect data are for the UK



Is the situation improving?

Europe and Central Asia Africa



Europe and Central Asia

Africa

Is the situation improving?



• we need to generate more data fast
• data should be for standardized samples

Biodiversity data crisis 



Let’s analyze biodiversity samples like libraries



Species Discovery Factory 

1. DiversityScanner:
Digitization with robots

2. Nanopore Sequencing:
Sorting with DNA barcodes

3. Identified images:
biomonitoring with AI

+ =



• robot finds insects in a sample 
• images each specimen 
• classifies the specimen
• measures specimen 
• prepares it for DNA sequencing

Lorenz Wührl, KIT



Karlsruher Institut für 
Technologie (KIT)

Prof. C. Pylatiuk

Lorenz Wührl



Detailed images for:
• taxonomic work
• training of AI models

=> image-based biomonitoring



DiversityScanner
Biomass estimation





Lorenz Wührl, KIT



Nathalie Klug, KIT

Imaging from multiple perspectives also important for training 
AI identification models



Different “DiversityScanners” for different purposes

Lorenz Wührl, KIT



Species Discovery Factory 

1. DiversityScanner:
Digitization with robots

2. Nanopore Sequencing:
Sorting with DNA barcodes

3. Identified images:
biomonitoring with AI

+ =



2. Nanopore Sequencing

“Megabarcoding”:
- simplified, fast, and robust techniques for 

specimen-based barcoding 
- 10 cents/specimen







Matching real-time sequencing with 
real-time DNA barcoding



Flongle R10.4





“Cluster Fusion Diagram”



=> most haplotype distinct and rare => almost certainly species
1-3.5%



De Queiroz, 2007

few barcode clusters are in the grey zone



Singapore dataset: 350,000 specimens
=> ca. 9,000 species with distribution and abundance information 
=> 45 minute-movie



1-3.5%｛

Few species are in the “grey zone” where species limits are unclear



Step 1. DNA barcoding for presorting specimens to putative species

Step 2. Morphological checks using a subset of specimens representing
•  main haplotypes for distinct barcode clusters
•  main and divergent haplotypes for “grey-zone clusters”

Step 3: Resolving incongruence
Step 4: Identification or Description

DNA barcoding or Integrative Taxonomy?

Dr. Emily Hartop



Managing specimens: voucher handling

Vending machine for specimens

Carousel system for high density, low footprint storage

Pneumatic technology for vial storage and retrieval





Automatic data upload to CERN’s Zenodo

Managing data: from Entomoscope to Zenodo and GBIF

Dr. Donat Agosti, Plazi

• Entomoscope and DiversityScanner software has Zenodo upload feature
• each specimen gets Zenodo entry with DOI (images, barcodes)



Automatic data upload to Zenodo/GBIF

Dr. Donat Agosti, Plazi



How quickly can we generate good biodiversity data?



Bachelor’s thesis
• 1 Malaise trap: 2-week July sample

Cem Kir
5000 new data points for Berlin Kreuzberg

• 5951 individuals
• 750 species

Let’s imagine: 1000 BSc theses per year
• => 5 million new data points
• distribution of thousands of species known

imagine doing this for several years and in many places…

How quickly can we generate good biodiversity data?



My challenge to you: be the first country that knows its arthropods

Step 1: barcode 1,000 specimens for 500 sites/sample (500,000 specimens)

 => species discovery rate can be 5-10% (i.e., 25,000 species)

Step 2: image numerically important species to train AI models 
 => AI tools for common species

This would yield:
• unbiased abundance and diversity data for 500 sites
• barcodes for 25,000 species to interpret metabarcoding data
• vouchers, barcodes, and AI models for the most abundant species
• critical information on distributions and ecology of these species



Species Discovery Factory 

1. DiversityScanner:
Digitization with robots

2. Nanopore Sequencing:
Sorting with DNA barcodes

3. Identified images:
biomonitoring with AI

+ =



3. Identification with AI

AI identification tools evolve
• common taxa benefit first
• tools evolve from family => genus => species

Hossein Shirali, KIT

• latest version of DiversityScanner/Entomoscope 
has an AI model for common species in Berlin



Hossein Shirali, KIT

Does the model really work? some species are easy some are hard



Could generate large amounts of data quickly







Too many species… isn’t it hopeless?



”Dark Taxonomy“: focus taxonomic work on species
important for biomonitoring



Step 1: Get fresh material for a species-rich taxon using traps 
also used for biomonitoring

”Dark Taxonomy“ with biomonitoring focus

Taxonomic
sample



Step 1: Get fresh material from many traps used in biomonitoring

Step 2: Pre-sort specimens with DNA barcodes

”Dark Taxonomy“



Step 1: Get fresh material from many traps used in biomonitoring

Step 2: Pre-sort specimens with DNA barcodes

Step 3: Integrative taxonomy with two data sources

”Dark Taxonomy“: phase 1 of taxonomic exploration



Step 1: Get fresh material from many traps used in biomonitoring

Step 2: Pre-sort specimens with DNA barcodes

Step 3: Integrative taxonomy with two data sources

Step 4: Identify/describe species

”Dark Taxonomy“



120 species of fungus gnats (Diptera: Mycetophilidae) discovered in Singapore:
• 5 described species
• 115 new species



Step 1: Get fresh material from many traps used in biomonitoring

Step 2: Pre-sort specimens with DNA barcodes

Step 3: Integrative taxonomy with two data sources

Step 4: Identify or describe species

Step 5: Test whether all species important for biomonitoring are covered

”Dark Taxonomy“



Taxonomic
sample

Test
sample



21%
(20 species)

79%
(78 species)

Mycetophilidae would be “biomonitoring-enabled“ if test sample 
consists mostly of described species also in taxonomic sample

Test sample



3%
(36 specimens)

97%
(1531 specimens)

What about specimens?

Test sample



Dark Taxonomy:
a

from unknown to ready for biomonitoring in 5 steps



=> insect samples and faunas aren´t hopeless



Our recommendation: resolve the natural 
history of common species first



- 4000 mosquitoes barcoded 
=> ca. 120 species detected (1/3rd identifiable via BLAST)
=> females for ca. 10 species had visible blood meals
=> metabarcoding of gut content

Example 1: Mosquito diet



1384 specimens

Aedes sp. ZRCBDP00009685 



22 specimens with 
blood meal in females 

Aedes sp. ZRCBDP00009685 



22 specimens with 
blood meal in females 

Aedes sp. ZRCBDP00009685 

=> high potential as an agent transmitting viruses between 
distantly related hosts, but fortunately with restricted distribution



• 3 specimens with blood 
(Pulau Semakau, Pulau 
Ubin)

• 634 specimens obtained 
throughout Singapore

Uranotaenia sp. ZRCBDP0009257





Example 2: Dragonfly nymph ecology

Singapore’s odonates (122 extant spp)

- 1500 specimens sequenced
=> larval and adult matches for 59 species
=> molecular work: 1-week





Conclusions

• Society expects us to monitor biodiversity holistically: we are failing
• We can catch up quickly as long as we use robotics, new DNA sequencers, and AI
• But we need “Dark Taxon Biology” to complement existing fields in biology
• Goal should be that biodiversity samples can be scanned like libraries

• already realized for some samples and taxa
• needs to be expanded to dark taxa
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