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We are entering the 6th mass extinction event on the planet with scarcely any data for “dark taxa” 26 

that comprise most animal species. These taxa are neglected, because conventional taxonomic 27 

methods are not well-equipped to process tens of thousands of specimens belonging to thousands of 28 

species. We here test a new protocol for tackling these taxa by simultaneously addressing (1) 29 

taxonomic impediments, (2) lack of biodiversity baseline data, (3) and low impact of revisionary 30 

research. We propose to overcome the taxonomic impediments by carrying out revisions at small 31 

geographic scales to keep the number of specimens and species manageable. To lower the risk of 32 

taxonomic error, species delimitation and description are based on multiple data sources 33 

(“integrative taxonomy”). Secondly, we propose to create baseline data for dark taxa by initially 34 

revising them only based on fresh specimens obtained with the same sampling methods that are also 35 

used for biodiversity monitoring. This ensures that the data from the revision can be used as a 36 

biodiversity baseline and the species most relevant for biomonitoring are revised first. Thirdly, we 37 

propose to improve the impact of taxonomic revisions by publishing the results in two manuscripts 38 

addressing different readerships (general and specialists). We illustrate our proposals by carrying 39 

out a taxonomic revision of the fungus gnats (Diptera: Mycetophilidae) of Singapore based on 40 

specimens obtained with Malaise traps placed at 107 sites across different habitats. We show that a 41 

first batch of specimens (N=1,454) contains 120 species, of which 115 are new to science and 42 

described in a separate taxonomic monograph. Species delimitation started with obtaining NGS 43 

barcodes that were used for estimating the number of MOTUs (Molecular Operational Taxonomic 44 

Units). This revealed 115-128 MOTUs depending on whether PTP, ABGD (P=0.001-0.060), or 45 

objective clustering (2-5%) was used. MOTU boundaries were then revised with “LIT” (Large-46 

scale Integrative Taxonomy) which optimizes the integration of morphological and molecular data 47 

by using the molecular data. LIT revealed a match ratio of 91% for 3% objective clustering 48 

MOTUs, but an even higher match ratio of 97% was found for MOTUs obtained with 5% objective 49 

clustering and ABGD (P=0.060). Using these parameters, only two MOTUs had to be fused for 50 

perfect congruence between molecular and morphological data for the 120 species. To test the 51 
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completeness of our monograph, we then analyzed a second batch of 1,493 specimens. All 52 

clustering algorithms and settings revealed only 18 additional MOTUs; i.e., the first batch of 53 

specimens already covered 87% of the diversity, although 22% and 9% of the species are singletons 54 

or doubletons, respectively. Remarkably, >97% of all specimens in the second batch belonged to 55 

species described based on the first batch. The study thus demonstrates that revisions of dark taxa at 56 

moderate geographic scales with a moderate number of specimens from standardized traps can 57 

move dark taxa from being unavailable for biomonitoring to being well suited. In addition, the 58 

study increases the number of described species of Mycetophilidae in the Oriental Region by >25% 59 

indicating the size of taxonomic impediments for dark taxa in Southeast Asia.  60 

 61 

Key words: Integrative Taxonomy, Dark Taxa, Reverse Taxonomic Workflow, Oriental Insect 62 

Fauna, NGS barcodes, Mycetophilidae 63 

 64 

Introduction 65 

 Biodiversity assessment and monitoring are among the biggest and most urgent challenges of 66 

modern biology, given that many natural environments are disappearing fast and biodiversity loss is 67 

destabilizing whole ecosystems. However, due to taxonomic impediments, biodiversity assessment 68 

is difficult for many arthropod clades (e.g., Wheeler et al. 2004; Evenhuis 2007; de Carvalho et al. 69 

2007). The problem is particularly severe in the tropics and for taxa characterized by high species 70 

diversity and abundance. For such taxa, conventional approaches to taxonomy involving 71 

morphospecies sorting tend to be ineffective, because they were not designed with hyperabundant 72 

and hyperdiverse taxa in mind (Hartop et al. 2022). Taxonomists have long been aware of these 73 

constraints and, thus, focused on projects covering only moderate numbers of species and dealt with 74 

a small number of specimens pertaining to taxa that are overall already well-known (i.e., with prior 75 

revisions, identification keys, illustrations etc.). Projects that satisfied these criteria have been 76 

readily available and selecting them has been good career advice for young taxonomists. However, 77 
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this also meant that many truly species-rich and abundant taxa remained neglected (Hartop et al. 78 

2022; Srivathsan et al. 2023). Arguably, this has created a special kind of taxonomic impediment 79 

(“dark taxon impediment”: Meier et al. 2022). Addressing this impediment has become high 80 

priority because taxonomic chauvinism (Bonnet et al. 2002; Troudet et al. 2017) needs to be 81 

overcome in an era where we need quantitative data on all of biodiversity.  82 

 What is needed are new taxonomic techniques that are scalable. Some examples illustrate how 83 

scalable they have to be: a recent study barcoded 7,059 specimens of scuttle flies (Diptera: 84 

Phoridae) collected by one Malaise trap over only eight weeks in a Ugandan National Park and 85 

found evidence for >650 species (Srivathsan et al. 2019). Yet, only 462 scuttle fly species have 86 

been described for the entire Afrotropical region (Phorid Catalog, 2023: accessed 13 August 2023). 87 

Similarly, the diversity of the gall midges (Diptera: Cecidomyiidae) has been estimated to be 800+ 88 

species at a single site of Costa Rica (Brown et al. 2018, Borkent et al. 2018) and a species diversity 89 

of gall midges close to 8,500 was estimated for Canada based on barcodes (Hebert et al. 2016), 90 

although fewer than 250 Nearctic species have been described for this family (Savage et al. 2019). 91 

These cases illustrate why truly hyperdiverse taxa are sometimes called “open-ended.” They will 92 

frustrate attempts at carrying out traditional comprehensive taxonomic revisions at reasonable 93 

geographic scales (Bickel 2009). An alternative term that is nowadays also frequently used for such 94 

clades is “dark taxa” (Hausmann et al. 2020, Hartop et al. 2022; Page 2011, 2016), which Hartop et 95 

al. (2022) suggested should be restricted to clades where the undescribed fauna is estimated to 96 

exceed the described fauna by at least one order of magnitude and the total diversity exceeds 1,000 97 

species worldwide. These taxa need a different set of taxonomic protocols, which we here propose 98 

to call “dark taxonomy” to highlight that these techniques are fundamentally different from what is 99 

practiced for less diverse/abundant taxa.  100 

 The first key principle of “dark taxonomy” is embracing “faunistic sampling”, i.e., the 101 

geographic scope of a taxonomic revision is determined by the number of specimens and species 102 

that can be reasonably handled and not by the putative range of species. Implicitly, almost all 103 
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“turbo-taxonomy” studies have embraced such sampling without much discussion (e.g., Fernandez-104 

Triana et al. 2014, 2022; Marsh et al., 2013; Riedel et al., 2013a,b; Riedel and Narakusumo 2019, 105 

but see Dijkstra et al. 2015). The lack of open discussion is presumably because it goes against the 106 

traditional recommendation that taxonomic revisions should cover all known species/specimens of a 107 

clade at a geographic scale appropriate for the species included in the clade. For example, if many 108 

species in a clade are found throughout the Palaearctic, one would carry out the revision at this 109 

geographic scale in order to properly assess species diversity and intraspecific variability. Such 110 

“completism” is desirable, but also contributes to taxonomic chauvinism because it cannot be 111 

applied to dark taxa. It often delays embracing solutions needed for overcoming our taxonomic 112 

ignorance in key taxa. Two ways to responsibly relax the requirements is to limit taxonomic 113 

treatments to a small geographic area (“faunistics”) and/or only work on a subset of the available 114 

specimens. Our revision of Mycetophilidae (Diptera; fungus gnats) is an extreme example for both. 115 

We only revise the fauna of a small island (Singapore, 730 km2) and only used recently collected 116 

specimens obtained with Malaise traps.  117 

 Faunistic sampling carries obvious risks. The most important one is incorrect species 118 

delimitation because intraspecific genetic variability is poorly assessed for wide-spread species 119 

(Bergsten et al. 2012). However, we predict that this error is manageable by applying the principles 120 

of integrative taxonomy; i.e., species delimitation based on multiple data sources (Dayrat 2005). It 121 

is likely that containment will be particularly effective if the characters used for species delimitation 122 

were generated by different evolutionary processes. With regard to morphology, taxonomists 123 

usually collect information from a broad array of structures including genitalia, legs, wings etc. 124 

Genitalia are likely to be under strong sexual selection (e.g., Eberhard 1985, Rowe and Arnqvist 125 

2012), while many other body parts are presumably more shaped by viability selection. It thus 126 

appears probable that most speciation events will leave traces in such a diverse array of structures, 127 

regardless of whether speciation was fast or slow. Of course, there are exceptions as is well known 128 

from the literature on “cryptic species” (Bickford et al. 2007). Therefore, morphology should be 129 
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paired with a type of data that evolves largely via drift and thus reflects time of divergence. This is 130 

the case for DNA barcodes, given that closely related species mostly differ with regard to 131 

synonymous sites (Kwong et al. 2012; Pentinsaari et al. 2016). Large DNA barcode distances can 132 

therefore flag cases where morphological differentiation is lower than expected based on time of 133 

divergence. This can then trigger more detailed work to resolve species limits for taxa that have 134 

high intra- or low interspecific variability (“reciprocal illumination”). We have repeatedly found 135 

this to be very effective for resolving taxonomic problems for a range of fly families (Ang et al. 136 

2013, Tan et al. 2010, Rohner et al. 2014, Laamanen et al. 2003).  137 

 The second element for tackling large numbers of specimens is what we call the “reverse 138 

workflow.”. Traditionally, species discovery has started with sorting specimens to species using 139 

morphology. Subsequently, the morphospecies were validated with few barcodes from individuals 140 

representing the morphospecies. This workflow is ineffective for dark taxa, where even samples 141 

collected at a small geographic scales routinely contain too many specimens and species for 142 

morphospecies sorting. Imagine having to sort the aforementioned >7,000 specimens of Ugandan 143 

phorids into 650 species in this manner, or the 18,000 phorids in Hartop et al. (2022) into >350 144 

species. As argued before, such samples should thus first be sorted to Molecular Operational 145 

Taxonomic Units (MOTUs) with barcodes (Wang et al. 2018; Hartop et al. 2022). This is now 146 

feasible because barcodes can be acquired semi-automatically and at low cost by staff who only 147 

specialize in molecular methods (Meier et al. 2016; Srivathsan et al. 2019, 2021). Presorting large 148 

numbers of specimens to putative species means that taxonomic experts can concentrate on revising 149 

MOTU boundaries using other sources of data (Wang et al. 2018; Hartop et al. 2022). 150 

 Delimiting large numbers of species based on two types of data also requires explicit rules for 151 

assessing and resolving conflict between data types. We recently proposed “Large-scale Integrative 152 

Taxonomy” (LIT) for this purpose (Hartop et al. 2022). The LIT protocol addresses the “integrative 153 

taxonomy conundrum” that collecting two different types of data for all specimens will slow down 154 

taxonomy when faster speed is needed to address taxonomic impediments. Fortunately, the 155 
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conundrum can be overcome by speeding up collection of one type of data (e.g., semiautomatic 156 

acquisition of barcodes) and then only testing MOTUs delimited with these data by subsampling 157 

specimens for a second type of data (Hartop et al. 2022). This is what LIT implements. In the first 158 

stage, barcodes are used to generate a set of MOTUs based on one criterion (e.g., clustering at 3% 159 

pairwise distance). In the second step they are classified as “stable” or “instable” depending on 160 

whether different algorithms and clustering thresholds change MOTU composition. In the third 161 

stage, the MOTUs are tested by studying the morphology of specimens representing the main 162 

and/or most divergent haplotypes— instable MOTUs are tested more extensively than stable ones 163 

(see Hartop et al. 2022). In the fourth stage, those MOTUs that are congruent with morphological 164 

evidence are accepted as species. The fifth stage is reserved for resolving conflict between 165 

morphological and molecular evidence. As argued in Hartop et al. (2022), such conflict is expected 166 

for recently diverged species which are expected to be incorrectly lumped into one MOTU (e.g., 167 

also due to introgression) and for “old” species with diverged allopatric populations which will be 168 

split into multiple MOTUs. Conflict can thus usually be resolved by testing whether MOTU 169 

boundaries obtained with different algorithms or clustering parameters are congruent with 170 

morphological evidence. If so, these morphospecies can also be described because the molecular 171 

and morphological data are not genuinely in conflict. If not, the MOTUs/morphospecies are left 172 

unresolved until a third data source can be used to determine species boundaries. Hartop et al. 173 

(2022) showed that only 5-10% of all specimens had to be checked to find congruent species 174 

hypotheses for the ca. 350 MOTUs that were analyzed by studying 18,000 specimens.  175 

 Sorting specimens into putative species and revising the MOTU boundaries using LIT yields 176 

species-level units. The next step is establishing which species are already described and which 177 

need description. As illustrated in our companion monograph of mycetophilids of Singapore 178 

(Amorim et al., 2023), the task of sorting through old descriptions is manageable for dark taxa in 179 

the tropics because so few species have been described. The “superficial description impediment” 180 

of Meier et al. (2022) may thus be somewhat less onerous for the taxa and regions of the planet that 181 
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are most in need for dark taxonomy. In other parts of the world, revisions are more likely to get 182 

stuck after completing LIT because too many scientific names cannot be resolved. This is 183 

frustrating, but it is already important progress when all species have been delimited based on two 184 

types of data. Museomics is evolving quickly and accelerate the matching of delimited species 185 

without names with barcodes from reliably identified or type material (e.g., Santos et al. 2023).  186 

 Developing high-throughput taxonomic techniques for dark taxa is important, but we will also 187 

need more taxonomists to take on dark taxa. In proposing “dark taxonomy”, we suggest two ways 188 

for increasing impact. The first is that initial revisions of dark taxa at small geographic scales 189 

should be based on specimens collected with the kind of sampling techniques that are also used for 190 

biomonitoring biodiversity. For many groups of insects, this would be Malaise-, pitfall-, light-, 191 

and/or flight intercept traps. Revising taxa based on such samples will simultaneously yield 192 

biodiversity baselines and species descriptions that are immediately relevant for biomonitoring. 193 

Furthermore, the DNA barcode database generated becomes a valuable resource for metabarcoding 194 

and metagenomics projects. Fresh specimen samples are also easier to process at scale, because the 195 

specimens are suitable for rapid barcoding and locality information is usually available in a digital 196 

format.  197 

 The second strategy is to publish the results of such revisions in pairs of companion papers. The 198 

first presents the results of interest to a broad readership, while the second with species descriptions 199 

can be presented in a second monograph targeting taxonomic experts. To ensure that the 200 

information in both manuscripts is available at the same time, we recommend joint publication as a 201 

preprint. It should be duly noted, however, that this requires the registration of all scientific names 202 

in Zoobank and the inclusion of a disclaimer according to section 8.2. of the ICZN code that the 203 

preprint is not issued for the purpose of zoological nomenclature and should be considered not 204 

published within the meaning of the code. 205 

 In this paper, we propose and test “dark taxonomy” by revising the fauna of Mycetophilidae of 206 

Singapore based on an initial batch of 1,454 specimens. We then test the efficiency of the protocol 207 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 4, 2024. ; https://doi.org/10.1101/2023.08.31.555664doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.31.555664
http://creativecommons.org/licenses/by-nc-nd/4.0/


Meier et al., Dark Taxonomy 
 

 

by using a second batch of 1,493 specimens to measure the proportion of species already described 208 

based on the first batch. In addition, we illustrate the size of the taxonomic impediment for dark 209 

taxa in the Oriental region by demonstrating that revising the fauna of a small island increases the 210 

number of described species by >25%.  211 

 212 

Material and Methods 213 

 The project proceeded through five phases, but the first would not have to be repeated for many 214 

other dark taxa. 215 

Phase 1: Collecting. Malaise traps were deployed for varying periods (2-6 months) between April 216 

2012 and June 2019 at 107 sites in Singapore (Figs. 1A–B). The sites represent the following 217 

habitat types in Singapore: degraded urban secondary forest, old and maturing secondary forest, 218 

primary forest, coastal forest, swamp forest, freshwater swamp (lacking mature trees), and old-219 

growth and replanted mangrove forests (Fig. 2A–E). The samples were collected weekly and 220 

preserved in 70% ethanol. Subsequently, they were sorted to order/family by parataxonomists and 221 

entomologists. Mycetophilids were present in most sites, though not particularly abundant in some 222 

habitats (e.g., mangroves). Details on the sampling campaign are in Yeo et al. (2021). 223 

Phase 2: Estimating the number of MOTUs. We processed two batches of specimens. The first had 224 

1,454 and the second, 1,493 specimens. The latter was sequenced after the cut-off date for the 225 

descriptive monograph (Amorim et al. 2023). All specimens were sequenced for a 313-bp fragment 226 

of the cytochrome oxidase I gene (COI) since such minibarcodes amplify better than the full-length 227 

barcode (Srivathsan et al. 2021) and nevertheless yield similar species-level signal (Yeo et al. 228 

2020). The minibarcode was amplified for each specimen using a protocol in Meier et al. (2016). In 229 

the early phases of the study, DirectPCR (Wong et al. 2014) was employed; i.e., 1 or 2 legs of each 230 

specimen were used as the DNA template for amplification. For specimens collected later, DNA 231 

extraction was performed by immersing the whole specimen in Lucigen’s QuickExtract solution or 232 

HotSHOT buffer (Montero�Pau et al. 2008). PCR was performed with the following primer pair 233 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 4, 2024. ; https://doi.org/10.1101/2023.08.31.555664doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.31.555664
http://creativecommons.org/licenses/by-nc-nd/4.0/


Meier et al., Dark Taxonomy 
 

 

mlCO1intF: 5’-GGWACWGGWTGAACWGTWTAYCCYCC-3’ (Leray et al. 2013) and 234 

jgHCO2198: 5’-TANACYTCNGGRTGNCCRAARAAYCA-3’ (Geller et al. 2013). These primers 235 

were labelled at the 5’ end with 9-bp tags that differed from each other by at least three base pairs. 236 

Every specimen in each sequencing library was assigned a unique combination of forward and 237 

reverse primer tags. This allows for reads to be assigned to their specimen of origin. A negative 238 

control was used for each 96-well PCR plate to detect contamination. Amplification success was 239 

estimated via gel electrophoresis of a subsample of eight wells from each plate. 240 

 241 
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 242 

Figure 1. Singapore sites sampled with Malaise traps (modified from www.freeworldmaps.net). A. 243 

Southeast Asia, with relative position of Singapore. B. Collecting sites in different environments. 244 

 245 
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 246 

Figure 2. Environments sampled in Singapore. A: Mangrove, B: Rainforest, C: Urban forest, D: 247 

Swamp forest, E: Freshwater swamp. 248 

Amplicons were pooled at equal volume within each plate. Equimolar pooling across plates was 249 

performed by approximating concentration based on the presence and intensity of the gel bands. 250 
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The pooled samples were cleaned with Bioline SureClean Plus before being sent for library 251 

preparation at AITbiotech using TruSeq Nano DNA Library Preparation Kits (Illumina) or the 252 

Genome Institute of Singapore (GIS) using NEBNext DNA Library Preparation Kits (NEB). 253 

Paired-end sequencing was performed on Illumina Miseq (2x300-bp or 2x250-bp) or Hiseq 2500 254 

platforms (2x250-bp). The sequences were obtained across multiple runs, which allowed for 255 

troubleshooting and re-sequencing specimens which failed to yield a sufficiently high number of 256 

reads during the first sequencing attempt. Some of the specimens were also sequenced with 257 

MinION (Oxford Nanopore) using primers labelled with slightly longer tags (13-bp; see Srivathsan 258 

et al. 2019). The raw Illumina reads were processed with the bioinformatics and quality-control 259 

pipeline described in Meier et al. (2016). A BLAST search to NCBI GenBank’s nucleotide (nt) 260 

database was also conducted to identify contaminant sequences by parsing the BLAST output with 261 

readsidentifier (Srivathsan et al. 2015). Barcodes that matched non-target taxa at >97% identity 262 

were discarded. 263 

Barcodes lacking stop codons were aligned with MAFFT v7 (Katoh and Standley 2013) using 264 

default parameters and analysed using three different species delimitation algorithms: objective 265 

clustering (Meier et al. 2006), Automatic Barcoding Gap Discovery (ABGD: Puillandre et al. 2012) 266 

and Poisson Tree Process (PTP: Zhang et al. 2013). Objective clustering was implemented via a 267 

python script that implements the objective clustering algorithm in Meier et al. (2006) and we 268 

obtained the results for four p-distance thresholds (2–5%) encompassing thresholds commonly used 269 

in the literature for species delimitation (Ratnasingham and Hebert 2013). ABGD was performed 270 

using uncorrected p-distances and the minimum slope parameter (-X) 0.1, with the default range of 271 

priors (P = 0.001 – 0.1). Lastly, a maximum likelihood phylogeny was generated from the barcode 272 

sequences in RAxML v.8 (Stamatakis 2014) with the GTRGAMMA model and with 20 273 

independent tree searches. The barcode tree was then used for the PTP analysis using the 274 

implementation provided in mPTP (--ml --single) (Kapli et al. 2017; Zhang et al. 2013) algorithms. 275 

As described in Wang et al. (2019), the vials with the specimens were then physically sorted into 276 
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bags that corresponded to 3% p-distance clusters. Specimens from these bags were used for 277 

morphological verification of species boundaries according to the rules of LIT.  278 

  279 

Phase 3: Integrative Taxonomy 280 

 We started the morphological study before LIT was published by slide mounting at least one 281 

male and one female (if available) for each 3% MOTU. The specimens were cleared with KOH, 282 

dehydrated in ethanol, dissected to separate wings, abdomens with terminalia, and head/thorax. The 283 

body parts were mounted in Euparal (modified from Walker and Crosby 1988; Huber and Reis 284 

2011) under three separate coverslips. Particularly, the specimens that underwent DNA extraction 285 

with Proteinase K overall worked well because the proteins were already digested, while the 286 

exoskeleton was well preserved for slide mounting (Santos et al. 2018). However, some soft 287 

specimens collapsed, affecting the quality of slide mounts. 288 

 This initially screen was then enhanced to also test the LIT rules outlined in Hartop et al. (2022). 289 

All non-singleton barcode clusters obtained at 3% were classified as stable or instable based on a 290 

stability index that quantifies whether cluster content changes when the clustering threshold is 291 

increased from 1% to 3%. The clusters where the maximum pairwise distance between any two 292 

specimens was >1.5% were also flagged as instable. All stable clusters were then tested by studying 293 

the morphology of a pair of specimens representing the most distant haplotypes, while for all 294 

instable clusters the morphology of one specimen representing the main haplotypes was also 295 

studied. For most genera, the diagnoses include male terminalia features, such that only clusters 296 

with males could provide sufficient information on conspecificity. For each cluster we then assessed 297 

whether (1) the examined specimens from the same MOTU belonged to the same morphospecies 298 

and (2) differed from the morphospecies in the “neighboring” clusters. If (1) was violated, the 299 

cluster was split to test whether morphospecies and DNA barcode information were congruent at a 300 

lower clustering threshold. If (2) was violated, it was tested whether fusing “neighboring” clusters 301 

restored congruence with morphospecies. Eventually, we accepted those grouping decisions based 302 
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on DNA barcodes that were congruent with morphological information. No species delimitation 303 

was performed when morphospecies were incongruent with all grouping statements based on 304 

barcodes.  305 

 306 

Phase 4: Species identification and description 307 

 To decide whether a specimen belonged to a described species or one that had to be newly 308 

described, we extensively reviewed the literature on the Oriental fauna of Mycetophilidae, which is 309 

here also cited because it forms the foundation of all taxonomic work on the group (Meier 2017). 310 

For the Oriental species described by Edwards (1925, 1926, 1927, 1928, 1929, 1931, 1933, 1935, 311 

1940), we studied and photographed primary types deposited at the Natural History Museum, 312 

London. For more recently described Oriental species of Mycetophilidae, we were able to resolve 313 

species identity based on published careful descriptions with good illustrations (Colless 1966; 314 

Zaitzev 1982; Sivec and Plassmann 1982; Wu and Yang 1986; Bechev 1995; Søli 1996, 2002; 315 

Kallweit 1998; Matile 1999; Xu and Wu 2002; Wu et al. 2003; Papp 2004; Hippa et al. 2005; Hippa 316 

2006, 2007, 2008, 2009, 2011; Ševčík 2001; Ševčík and Hippa 2010; Hippa and Ševčík 2010, 2013; 317 

Ševčík et al. 2011, 2012; Borkent and Wheeler 2012; Ševčík & Kjærandsen 2012; Kurina and 318 

Hippa 2015; Hippa and Saigusa 2016; Hippa and Kurina 2018; Magnussen et al. 2019; Fitzgerald 319 

2017; Kaspřák et al. 2017; Kjærandsen et al. 2023). Some Oriental species, especially those from 320 

Sri Lanka, cannot be resolved because the descriptions are insufficiently detailed and the types were 321 

lost or are unavailable. We here assumed that the species from Singapore are allospecific based on 322 

geography, which is consistent with high endemism for Mycetophilidae species in South America 323 

(Amorim and Santos 2018), although our revision (Amorim et al. 2023) also includes a species 324 

whose distribution ranges from Japan through Singapore and Sumatra to Thailand. Future study will 325 

have to reveal if any of the Sri Lankan species are conspecific with the material studied in 326 

Singapore. 327 

 328 
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Phase 5: Completeness of the faunal assessment  329 

 The barcode data for the second batch of specimens (N=1,493) was used to test how 330 

complete the revision based on the first batch of specimens was (N=1,454). For this purpose, the 331 

genetic data were analyzed as described earlier for the first batch of sequences. Subsequently, we 332 

assessed how complete the initial revision was in the light of the species diversity represented in the 333 

second set of specimens. We also determined the number of new haplotypes, clusters, and how 334 

many specimens from batch 2 belonged to species described based on batch 1. The new species are 335 

currently being described. We then compared these observed values to those obtained by 336 

randomized assignment of specimens to batch 1 and batch 2, assuming the same sample sizes (batch 337 

1, N=1,454 and batch 2, N=1,493) in order to account for any effect of differences in sampling. 338 

This was done using a custom script (https://github.com/asrivathsan/darktaxa). Lastly, we estimated 339 

how many specimens would have had to be studied if LIT was performed on both batches of 340 

specimens (N=2,947). 341 

Results 342 

Phase 1: Collecting 343 

The material for this study was obtained during 3,526 Malaise trapping weeks distributed across 344 

five different habitats in Singapore: mangroves (74 sites, 2,162 trap weeks), tropical forest (nine 345 

sites, 567 weeks), urban forests (15 sites, 280 weeks), swamp forest (four sites, 262 weeks), coastal 346 

forest (10 sites, 156 weeks), and freshwater swamp (seven sites, 99 weeks). A total of 69 traps 347 

collected 3,030 mycetophilid specimens that were successfully sequenced. The overall number of 348 

mycetophilid specimens collected is somewhat lower than expected for such a large number of 349 

Malaise trap samples due to fact that almost two thirds of the samples (61%) were obtained from 350 

mangroves that are comparatively poor for Mycetophilidae.  351 

 352 

Phase 2: Molecular processing 353 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 4, 2024. ; https://doi.org/10.1101/2023.08.31.555664doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.31.555664
http://creativecommons.org/licenses/by-nc-nd/4.0/


Meier et al., Dark Taxonomy 
 

 

The 1,454 COI barcodes from the first batch clustered into 115–128 MOTUs via objective 354 

clustering at 2–5% uncorrected p-distances (Table 1). With ABGD, the number of MOTUs range 355 

from 115–128. PTP clustered the barcodes into 127 MOTUs respectively. The 1,493 COI barcodes 356 

from the second batch yielded 95 MOTUs from 5% p-distance clustering. 357 

 358 

Phase 3: Integrative Taxonomy 359 

 Congruence between morphospecies and MOTUs was assessed with match ratios as described in 360 

Ahrens et al. (2016). It was overall high (0.87-0.97), with the highest match ratio observed for 5% 361 

clusters and MOTUs obtained with ABGD at P=0.06 (0.97, 113 morphospecies congruent).  362 

 363 

Table 1. Integrative species delimitation using different algorithms for MOTU estimation. The 364 

number of morphospecies with molecular data was 117. 365 

 Algorithm PTP 

Objective Clustering ABGD 

2% 3% 4% 5% 

P=0.001

-0.005 

P=0.008 

P=0.013

-0.022 

P=0.036 P=0.06

0 

No. MOTUs 127 128 124 121 115 126 125 124 122 115 

No. congruent  

morphospecies 

108 107 110 113 113 109 110 110 112 113 

Split 

morphospecies 

9 10 7 4 0 8 7 7 5 0 

Fused 

morphospecies 

0 0 0 0 2 0 0 0 0 2 

Match ratio 89% 87% 91% 95% 97% 90% 91% 91% 94% 97% 

 366 

Phase 4: Species identification, description and naming 367 
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 The application of LIT to the 124 MOTUs (3%) required morphological study of 224 specimens. 368 

Of these 124 MOTUs, 27 were singletons, 73 MOTUs were stable, and 24 were instable (530 369 

specimens). One challenge with carrying out the LIT analysis is that for approx. 40% of haplotypes, 370 

only female specimens were available. This weakens the test for congruence with MOTU 371 

boundaries. Overall, congruence with morphospecies required fusing closely related MOTUs in 372 

seven cases (Figure 3; 7x2 MOTUs). Subsequently, 117 species were delimited and described 373 

belonging to 21 known and one new genus (note that the monograph also describes three additional 374 

species based on morphology only: Amorim et al. 2023). Only five species were already described 375 

prior to this revision: Chalastonepsia hokkaidensis Kallweit, Eumanota racola Søli, Metanepsia 376 

malaysiana Kallweit, Parempheriella defectiva Edwards, Neoempheria dizonalis EdwardsThe 377 

remaining 112 new species with molecular and morphological data are described and illustrated in 378 

the companion taxonomic monograph (Amorim et al. 2023). Images are also available from digital 379 

reference collection “Biodiversity of Singapore” (https://singapore.biodiversity.online/taxon/A-380 

Arth-Hexa-Dipt-Mycetophilidae). 381 

 382 

Phase 5: Completeness of the faunal assessment  383 

 The second batch of specimens yielded  94 MOTUs at 5% in a combined analysis of all the 384 

2,947 barcodes from both batches. 5% MOTUs were here used for clustering because it maximized 385 

congruence between morphology and molecular data for batch 1. Of these, 76 belonged to MOTUs 386 

already examined for species descriptions based on the specimens in the first batch (76/94 or 80% 387 

of species in batch 2). All 18 newly discovered MOTUs were stable (no compositional changes with 388 

all delimitation algorithms and settings used here) and overall so rare that they only represented 31 389 

of the 1,493 specimens in the second batch. Overall, 97.9% of all specimens in batch 2 belonged to 390 

MOTUs that were also found in batch 1 (Figure 4). In order to assess if the observed coverage of 391 

species and specimens for batch 2 was influenced by sampling, we compared these values to those 392 

obtained by randomized assignments of specimens to batch 1 and batch 2 (100 randomizations). 393 
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Randomized assignments of specimens to batch 2 revealed coverage that closely reflected observed 394 

values: 82 ± 2.7% of MOTUs and 98.1 ± 0.4% of specimens would belong to MOTUs found in 395 

batch 1 (Figure 4). Thus, if batch 1 is well studied in terms of integrative taxonomy, very few 396 

specimens in batch 2 would belong to new 5% MOTUs and require additional taxonomic work.  397 

398 

 399 

Figure 3. Most MOTUs are stable and congruent with morphospecies (green; N=100). Remaining 400 

species have splitting (red) and lumping (yellow) conflict with molecular data depending on species 401 

delimitation algorithm. 402 
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 403 

 404 

At 5% objective clustering, the proportion of singletons was 22% (N=29) for all specimens, 17% 405 

(N=25) for dataset 1, and 26% (N=24) for dataset 2. The corresponding numbers for doubletons 406 

were 11% (N=14), 9% (N=11), and 16% (N=15). Carrying out a LIT analysis for all 2,947 407 

specimens would have required checking 143 (3%) MOTUs of which 30 were singletons, 79 stable, 408 

and 34 were instable (1,741 specimens). Despite the large number of specimens in the instable 409 

clusters, only 272 specimens of the combined dataset would have to be checked to sample 410 

haplotypes according to LIT. 411 

 412 

Table 2. MOTU (3%) and specimen abundance for the second batch of specimens and all data.  413 

Dataset  Batch 1  Batches 1 + 2 

3% MOTUs (No. of specimens) 124 (1454)  143 (2947) 

Singleton MOTUs 27  30 

Stable MOTUs (No. of specimens) 73 (897)  79 (1176) 

Instable MOTUs (No. of specimens) 24 (530)  34 (1741) 

LIT: No. of specimens to be examined  

(singleton/stable/instable) 

224 (27/130/67)  272 (30/136/106) 

 414 

 415 
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 416 

Figure 4. An overwhelming number of specimens and most species in specimen batch 2 belong to 417 

species described based on specimens in batch 1 (~80% of species and >97% of specimens). 418 

Dashed lines represent the observed values while the solid lines represent the results of 100 419 

randomizations. 420 

 421 

Discussion 422 

 Biodiversity loss is now considered one of the top five threats to planetary health (World 423 

Economic Forum 2023). Yet, most animal species are undescribed, unidentifiable, and lack baseline 424 

data for biomonitoring. Much of this diversity apparently belongs to dark taxa such as the top 20 425 

species-rich families of flying insects that were identified in Srivathsan et al. (2023) based on 426 

samples from five biogeographical regions. For many of these taxa, we know how to obtain 427 

standardized quantitative samples (e.g., Malaise, pitfall, flight intercept traps), but most samples are 428 

currently only evaluated with metabarcoding (Yu et al., 2012). However, bulk sequencing is unable 429 

to overcome taxonomic impediments because it disrupts the association between specimen and 430 

genetic data. In addition, metabarcoding only provides approximate abundance/biomass data. Note, 431 

however, that even the barcoded specimens with vouchers in BOLD largely remain 432 
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morphologically unidentified beyond family level. For example, in 2021 95% of all Sciaroidea and 433 

60% of all Mycetophilidae specimens were found to lack species-level identifications (Kjærandsen 434 

2022). To overcome such problems, we propose that some samples for each site should be analyzed 435 

with “dark taxonomy” to delimit species, obtain species-specific barcode libraries, facilitate 436 

taxonomic documentation through description and naming, and yet generate a first set of 437 

biodiversity baseline data also useful for subsequent biomonitoring with bulk sequencing 438 

approaches. 439 

 Our study shows how this is a feasible goal even for dark taxa. We here show that dark 440 

taxonomy can fairly quickly yield a good estimate of species diversity and provide species names 441 

and barcodes for most common species belonging to a dark taxon. Our initial set of specimens 442 

consisted only of 1,454 specimens. They are shown in the companion monograph to belong to 117 443 

species delimitated with morphological and molecular data. We then tested the completeness of the 444 

revision by using the data for an additional 1,493 specimens. Fortunately, the observed number of 445 

MOTUs increased by only 16% (N=18); i.e., the first richness estimate was more than 80% 446 

complete. Furthermore, 76 of the 117 species in the first batch were also represented in the second 447 

batch. Not surprisingly, this involved mostly common species, so that the proportion of specimens 448 

from the second batch that belong to species described in the first batch is very high (>97%). This 449 

means that one moderately scaled revision of a dark taxon was sufficient to ready a country like 450 

Singapore for the inclusion of this taxon (Mycetophilidae) in biomonitoring. This is impressive 451 

given that the number of known and described species of Mycetophilidae alone in Singapore now 452 

exceeds the number of species in major vertebrate groups (mammals: 83 spp.; amphibians: 26 spp.; 453 

“reptiles”: 109 spp; source: Singapore National Parks Board [Red Data Book] Species List, 2023). 454 

Moreover, all the new species can be identified based either on barcodes or morphology and 455 

sampled minimally invasively with Malaise traps.  456 

 Currently, very little is known about the natural history of tropical fungus gnats so it is difficult 457 

to assess whether they could be used as indicator taxa for habitat quality or fungus richness. 458 
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However, this seems likely, given the dependency of Mycetophilidae on fungi and studies such as 459 

the ones by Økland (1994, 1996) demonstrating that mycetophilids are good indicators of temperate 460 

forest quality. However, more environmental correlates need to be collected for the tropics and it 461 

will be important to associate larvae and adults (see Yeo et al. 2018) to understand to what extent 462 

mycetophilid species are specialized on specific species of fungi and how mycetophilid species-463 

richness and abundance could be used as an indirect evidence of tropical forest health.  464 

 To fully appreciate the potential of dark taxonomy, it is important to consider that Srivathsan et 465 

al. (2023) showed that more than half of the specimens and species in Malaise trap samples belong 466 

to approximately 20 family-level dark taxa (see also Brown 2005; Karlsson et al. 2020). This means 467 

that applying a technique like “dark taxonomy” to a few complete Malaise trap samples could 468 

simultaneously yield biodiversity baseline data for many numerically dominant families and 469 

hundreds of species simultaneously. This is realistic, because barcoding is now so easy and cheap 470 

(Srivathsan et al. 2021) that dark taxonomy is frugal and thus suitable for biodiverse countries with 471 

limited science funding (Brydegaard et al. 2024). PCR costs can be as low as 0.05 USD per 472 

specimen, and sequencing with Illumina’s NovaSeq costs only 0.01-0.02 USD /barcode (Srivathsan 473 

et al. 2021). A self-contained barcoding lab covering all steps from specimens to barcodes can be 474 

installed for <USD 10,000 if it utilizes Oxford Nanopore Technologies (ONT) sequencers (e.g., 475 

MinION; Srivathsan et al. 2024). The use of 3rd generation sequencing technologies raises the 476 

sequencing cost for DNA barcodes, but it still means that the consumable cost for barcoding the 477 

~3,000 specimens in our study costs USD 150 (Illumina) to USD 375 (ONT). Specimen handling 478 

costs are also dropping with the use of DIY microscopes (Wührl et al. 2024) and robots for sample 479 

sorting (see Wührl et al. 2022). Carrying out taxonomic revisions for dark taxa will inevitably 480 

remain challenging but “dark taxonomy” can help with simultaneously addressing taxonomic 481 

impediments and the need for biodiversity baseline data. 482 

 483 

Objections to dark taxonomy  484 
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The proposal of “dark taxonomy” is likely to be controversial for a variety of reasons. One is that 485 

specimens/types from dry collections will initially only be used if they are important for resolving 486 

species names, i.e., only barcodes for types or reliably identified specimens are important. 487 

However, many rare and most extinct species are only found in dry collections. They are rarely or 488 

never found in the kind of traps used for biomonitoring and thus not covered by “dark taxonomy” 489 

revisions. However, we would argue that the advantages of dark taxonomy outweigh these 490 

disadvantages. Concentrating on fresh material from standardized traps means that specimens are 491 

suitable for barcoding. Secondly, standardized samples come with complete metadata and there is 492 

no need to digitize thousands of specimen labels individually. None of this can be said for 493 

taxonomic revisions that deal with a mixture of wet and dry specimens. This does not mean that dry 494 

material will become irrelevant. Dark taxonomy is designed to rapidly improve taxonomic 495 

knowledge for a poorly known taxon to reach the level where conventional taxonomic approaches 496 

can be applied. At this stage, pinned museum specimens will become critical for testing uncertain 497 

species boundaries and estimating the full species-level diversity of a clade. 498 

 We also suspect that some systematists may be concerned about working at small geographic 499 

scales. However, there are two reasons why we are less worried. Firstly, we would like to point to 500 

the success of those turbo-taxonomic studies that seem to have found few cases, if any, where 501 

species boundaries had to be revisited later when the fauna of neighboring areas was covered. The 502 

best example is the weevil genus Trigonopterus, where several hundred species have been described 503 

in regional treatments (Narakusumo et al. 2019, 2020; Riedel 2022; Riedel and Narakusumo 2019; 504 

Riedel and Tänzler 2016; Riedel et al. 2013b, 2014; Van Dam et al. 2016). Of course, only time will 505 

tell as to which proportion of species proposed based on poor geographic sampling will have to be 506 

revised as geographic sampling increases, but it appears unlikely that the proportion will be high 507 

when delimitation is based on molecular and morphological data. This prediction is based on the 508 

current observation that barcodes alone tend to successfully delimit the majority of species. Note, 509 

however, that the precise proportion remains unknown given that most species still lack barcodes 510 
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and comparatively few species have been sampled across their full geographic range. Denser 511 

sampling tends to obscure the signal in barcode data as can also be seen in our study given that the 512 

proportion of specimens in instable MOTUs increased from 530 in dataset 1 (36%) to 1,741 in the 513 

combined dataset (59%). However, overall, we are optimistic that the vast majority of species 514 

delimited with dark taxonomy will be stable, because the species boundaries are determined by 515 

morphological and molecular data. So, both data would have to be misleading to generate incorrect 516 

species limits.  517 

 Those systematists who are still reluctant to accept that dark taxa should be revised at small 518 

geographic scales may want to consider the alternative. By describing more than 100 species based 519 

on 1,454 specimens collected in a small country such as Singapore (730 km²), we are increasing the 520 

number of known Oriental species by >25%. This indicates the alarming magnitude of taxonomic 521 

impediment and neglect, given that Singapore should have reduced diversity because it has lost 522 

most of its natural habitats, and many species belonging to charismatic taxa are known to have gone 523 

extinct (Chisholm et al. 2023; Theng et al. 2020). Expanding the geographic scale of a mycetophilid 524 

revision to the Malay Peninsula would mean revising the fauna of an area that is 300 times larger 525 

(242,363 km2), with more pristine habitats and elevational gradients that are likely to increase the 526 

species diversity. It would surely be impossible to handle the mycetophilid fauna at this scale using 527 

conventional means. One may propose to tackle the fauna one genus at a time, but this would not be 528 

feasible for three species-rich genera that contribute over 60% of the new species described in the 529 

companion monograph (Neoempheria Osten-Sacken: N=31; Epicypta Winnertz: N=29; Manota 530 

Williston: N=14).  531 

 Working at small geographic scales does requires regular combining of information from 532 

multiple faunistic revisions covering neighboring areas. For example, our taxonomic revision of 533 

Singapore’s Mycetophilidae will become essential background information for a taxonomic revision 534 

of the same group in additional studies on the fauna of the Malay Peninsula. Fortunately, combining 535 

and analyzing barcode data from different studies is straightforward (Meier et al. 2021; Vences et 536 
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al. 2021) as long as the same barcoding region is sequenced. Such analysis then yields information 537 

on the stability and intraspecific variability of each MOTU. This information furthermore guides an 538 

expanded LIT analysis involving morphological and/or nuclear data. It is important that this follow-539 

up work should not require the loan of type material to avoid delays and the cost and risks of 540 

specimen shipping. This is one major reason why the morphology of new species should be well 541 

documented (Ang et al. 2013). But such documentation is also important for other reasons. It is the 542 

only way to provide comparison data for species that were described based on morphology over the 543 

last 250 years. This is almost all, given that even now only 10% of all new species descriptions in 544 

entomology contain molecular data (Miralles et al. 2021). Integrative species descriptions are also 545 

critical for the analysis of specimens not suitable for sequencing and for allowing researchers 546 

without access to molecular labs to participate in science. This is a large number of biologists all 547 

over the world (Zamani et al. 2022a,b). Neglecting morphology in species description thus leads to 548 

the build-up of a new “superficial description impediment” (Meier et al. 2022) in taxonomy because 549 

eventually morphological data will have to be collected anyway. Neglect of morphology also seems 550 

very shortsighted, given that it appears likely that specimen identification with molecular tools will 551 

eventually be complemented with identification based on image-based AI tools (Høye et al. 2021, 552 

Wührl et al. 2022, 2024). These tools need to be trained with images and arguably the best images 553 

come from taxonomic revisions because the specimens have been competently identified (Meier 554 

and Dikow 2004). 555 

 556 

Establishing integrative species limits with LIT  557 

An important aspect of our study was testing the performance of Hartop et al.´s (2022) Large-Scale-558 

Integrative Taxonomy (LIT). We find that it performs well for Mycetophilidae. Although the initial 559 

clustering of barcodes/specimens was at a lower threshold (3%) than was eventually found to 560 

maximize congruence between barcode and molecular data, the number of specimens that had to be 561 

studied with morphology was moderate (N=224). The proportion of specimens was higher than in 562 
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the previous application of LIT (Mycetophilidae: 15.4%; Phoridae: 5.1% in Hartop et al. 2022), but 563 

this was largely due to the high species/specimen ratio of 8% for Mycetophilidae. Carrying out a 564 

LIT analysis for all data (N=2,947) would reduce the proportion of specimens to be studied to 9% 565 

(Table 2). In the case of Singapore´s Mycetophilidae, the level of congruence between MOTUs 566 

used for specimen sorting (3% clusters) and morphological data was very high (110 congruent 567 

MOTUs). This means that only seven morphospecies were in conflict with 3% MOTUs. Note also 568 

that the term “conflict” is hardly appropriate from an evolutionary point of view. Measurements 569 

such as the match ratio only quantify which proportion of morphospecies are in perfect agreement 570 

(i.e., form identical sets) with MOTUs obtained using one particular clustering threshold or 571 

algorithm. Yet, the use of a single threshold for clustering barcodes has long been criticized as 572 

inappropriate on theoretical grounds (Will and Rubinoff 2004). Indeed, we would expect that 573 

closely related species should form several proper subsets within a single MOTU if the latter was 574 

delimited using a threshold appropriate for “average species”. Conversely, we would expect old 575 

species to form union sets composed of several MOTUs. These expectations are in line with the 576 

results of a recent empirical study on optimal sequence similarity thresholds (e.g., Bonin et al. 577 

2023). LIT therefore not only establishes whether morphospecies are “in conflict” with MOTUs, 578 

but also tests whether there are clustering thresholds that yield congruent MOTUs. Only if this is 579 

not the case, LIT would consider barcode and morphological data to be in genuine conflict and the 580 

species would remain undescribed until additional data become available (e.g., nuclear markers, 581 

ecology). However, it is comforting that we did not find such a case in our current study or our 582 

recent study on Swedish phorids (Hartop et al. 2022). 583 

 584 

Publishing dark taxonomy revisions  585 

Many taxonomic monographs consist of two main sections. The introduction and discussion 586 

sections contain information that is of interest to a broad readership (e.g., information on biology, 587 

species diversity, taxonomic history of a taxon) while the taxonomic section consists of species 588 
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descriptions that are mostly of interest to taxonomic specialists. Unfortunately, the information that 589 

is of general interest is often overlooked by biologists and thus also not cited. We here suggest that 590 

a dark taxonomy revision should be published in two separate publications. The taxonomic 591 

monograph could only consist of an introduction/method section that presents the background 592 

information needed to understand how the species hypotheses were derived, as well as the 593 

taxonomic descriptions. Everything else could be in a separate companion paper intended for a 594 

broader audience. Such a companion manuscript can, for example, present a rigorous quantitative 595 

analysis of the habitat preferences and phenology of species if the revision was based on fresh 596 

samples obtained from standardized samples. We believe that it is desirable to bring both 597 

manuscripts together in the form of a preprint and this approach is also pursued here. In our general 598 

paper, we introduce the concept of dark taxonomy, document that a single, moderately sized 599 

revision can increase the number of described species in a dark taxon by >25% for the Oriental 600 

region, and present evidence that the species discovered in a first revision cover a very large 601 

proportion of specimens collected at different times. In the companion monograph, we describe and 602 

illustrate the species and discuss the taxonomic affinities of the newly described fauna (Amorim et 603 

al. 2023). 604 

 605 

Conclusions 606 

Dark taxa are everywhere. They are abundant, species-rich, and a major obstacle to holistic 607 

biomonitoring. What is needed is a robust “dark taxonomy” protocol designed to tackle the 608 

taxonomic impediments for this dark diversity. We would argue that whatever protocol may 609 

eventually be used should satisfy two criteria: it should be efficient enough to deal with thousands 610 

of specimens and species and it should also yield biodiversity baseline data, so that changes in 611 

abundance and richness of dark taxa can be monitored in a not-too-distant future and utilized for 612 

ecosystem management or rehabilitation purposes. We believe that our proposal of “dark 613 

taxonomy” can be a major step in this direction. Robots and cost-effective sequencing enable 614 
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presorting of species to putative species. LIT reduces the amount of morphological work needed to 615 

obtain integrative species boundaries. Lastly, barcoding of type specimens will accelerate the 616 

process of distinguishing between species that need a scientific name and those that are already 617 

described.  618 

 619 

Data availability statement 620 

Data files and/or online-only appendices can be found in the Dryad data repository: 621 

https://datadryad.org/stash/share/xFTVi0kZueBDEU4AXU-xaNeNa9o-y_jYvSRFlQdjt7s. The 622 

custom script used for randomization of the data set partitions is available from 623 

https://github.com/asrivathsan/darktaxa. 624 
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