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Abstract

Biodiversity patterns are the sum of multiple overlapping species distributions. Their analysis therefore requires proper species
inference. DNA-based species delimitation has become increasingly popular for such assessments and their robustness is often
measured by congruence of multiple delimitation approaches. We explore how contrasting results of different species delimita-
tions translate into conclusions of synecological studies, exemplified by assemblages of phytophagous scarab beetles in Sri Lanka
from different elevations and forest types. Particularly, we compared estimates based on complete assemblages and on cumulated
species inventories inferred from individually analysed subclades. These patterns of assemblage similarity were analysed across
different spatial scales with reference to morphospecies and haplotypes. Method-related ambiguity of species estimates, which
also included subclade inferences, affected severely the certainty of apparent biodiversity patterns at most spatial scales. In
this case study of tropical beetle, haplotypes only provided very little explanatory information, since genetically highly diverse
populations widely lacked shared haplotypes.

INTRODUCTION

DNA-based species identification has become a standardized and broadly used molecular approach for rapid
biodiversity assessments, due to compelling advantage over traditional approaches in terms of speed and
automation (Sun et al., 2016; Gostel & Kress, 2022). Their use for biodiversity surveys compared to con-
ventional taxonomy appears immense, including metabarcoding of whole organism communities (Creedy et
al., 2022), environmental or extra-organismal DNA (eDNA; Taberlet et al., 2012), ingested DNA (iDNA;
Schnell et al., 2012). All of them use high-throughput sequencing approaches (Leray & Knowlton, 2015), and
are also comprised as next-generation biodiversity assessments (Elbrecht & Leese, 2015; Creedy et al., 2022;
Huang et al., 2022; Steinke et al., 2022). This systematic large-scale DNA sequencing of entire communities
allows the assessment of molecular diversity as well as the variation in community composition at species
level and below (Baselga et al., 2015; Bush et al., 2019).

However, the success of DNA-based species inference heavily depends on a distinction between intraspecific
and interspecific genetic variation across taxa (Phillips et al., 2019, 2022), which is often referred to as barcode
gap (Meyer & Paulay, 2005; Ratnasingham & Hebert, 2013; Puillandre et al., 2012; 2021). For the recognition
of this gap, each study requires sufficient sampling effort to capture adequate levels of within-species genetic
variation (Meyer & Paulay, 2005; Eberle et al., 2020; Phillips et al., 2022). Independently of the type and
number of marker used for the species delimitation, researchers from early on have recognized a certain
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incongruence between the outcome of DNA-based identification and morphology-based species assignments
(e.g., Esselstyn et al., 2012; Fujisawa & Barraclough, 2013; Ratnasingham & Hebert, 2013; Ahrens et al.,
2016). This was reasons why 1) the term molecular operational taxonomic units (MOTU) was introduced,
which pragmatically defines groups of individuals by similarity that can but must not represent true species
(Floyd et al., 2002; Blaxter et al., 2005), and 2) an integrative taxonomy and species delimitation was
propagated (e.g., Padial et al., 2010; Schlick-Steiner et al., 2010; Carstens et al., 2013). Latter integrative
framework would incorporate multiple lines of evidence but also alternative delimitation approaches and
methods (e.g., threshold-based, character-based, tree- and coalescence-based methods) (Templeton et al.,
1992; 2001; Will et al., 2005; Fujita et al., 2012; Puillandre et al., 2012; 2021; Zhang et al., 2013; Kapli et
al., 2017). Beyond that, it was found that inherent characteristics of the species and assemblages itself such
as fluctuating effective population size (Esselstyn et al., 2012; Fujisawa & Barraclough, 2013; Ahrens et al.,
2016) and rareness of species (Lim et al., 2012; Ahrens et al., 2016) may have an important impact on the
outcome of the species inference in which sampling design (i.e., the extent of taxa studied in a simultaneous
species inferences step) becomes a crucial issue (Ahrens et al., 2016; Luo et al., 2018; Zhou et al., 2019).

To bypass some of these difficulties of incongruence with morphospecies or with the accurate species delimi-
tation, particularly with mtDNA data and single marker data (e.g., COI ), the use of haplotype data alone
have been proposed as an unbiased and even more objective measure for biodiversity (Papadopoulou et al.,
2011; Garćıa-Lopez et al., 2013; Baselga et al., 2015; Uscanga et al., 2021). A haplotype-based biodiversity re-
search appeared to be completely independent from species concepts or delimitation methods including their
assumptions (Thormann et al., 2016) and is currently extensively used in ecological metabarcoding studies
(Gálvez-Reyes et al., 2020; Noguerales et al., 2021; Andujar et al., 2022). A haplotype-based macroecology
(Baselga et al., 2013, Papadopoulou et al., 2011) was shown to work well for exploring macroecological pat-
terns in poorly known biota and to predicting large-scale biodiversity patterns by using haplotype diversity
as a proxy for genetic and species diversity (Papadopoulou et al., 2011; see also Cruz-Salazar et al., 2021).

Among the different species delimitation methods proposed so far, the choice of a particular method has a
considerable effect on estimated species entities and thus also on species richness estimates (Ahrens et al.,
2016; Eberle et al., 2019; Zhou et al., 2019). With the ongoing employment of integrative approaches using
multiple species delimitation methods, it became clear that neither of these always perfectly matches the
morphospecies entities (e.g., Ahrens et al., 2013, 2016; Dalstein et al. 2019; Eberle et al., 2019; Lukic et al.,
2021) nor do they rarely ever match among each other (Ranasinghe et al., 2022a). Although metabarcoding
approaches use mainly distance based clustering algorithms with predefined thresholds for species circums-
cription (Callahan et al., 2017; Piper et al., 2019), several different pipelines or “cluster parameter values”
are in use that may reveal alternative outcome (e.g., Potter et al., 2017; Alberdi et al., 2018; Creedy et al.
2019; Bailt et al., 2020) The threshold values used for sequence filtering and the number of reads for the
identified MOTUs have an effect on the assessment accuracy of data (Edgar & Flyvbjerg, 2015; Potter et
al., 2017; Meyer et al., 2021; Piper et al., 2019, 2022). The choice of the clustering threshold at 3% pairwise
distance, as applied by the majority of studies (Elbrecht et al., 2017; Yu et al., 2012; Alberdi et al., 2018), or
at 2% for similar taxa (Beentjes et al., 2019; Rossini et al., 2016; Smith et al., 2005) can have a significant
impact on taxonomic inferences. Each step can potentially introduce its own sources of artefacts and biases
which may inflate or deflate sample diversity estimates (Zinger et al., 2019; Liu et al., 2020).

In this study, we investigate the impact of alternative species estimates (MOTUs) on synecological analyses
being applied to different entities of spatial scale (regional to local). Synecological studies bring together
diversity measures at different collection points and integrate them into spatial entities with similar charac-
teristics, such as species number and composition, which is why the methods that examine faunal similarity
are applied in ecology as well as in biogeography. Outcome from both is important for providing a robust
and stable reference point with biodiversity assessments, particularly for those that have potential impact
on decisions of conservation management (e.g., van Jaarsveld et al., 1998; Ji et al., 2013; Floren et al., 2020;
Uscanga et al., 2021; Yang et al. 2021).

Materials and Methods
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Specimen sampling

The impact of alternative MOTU estimates for synecological analyses is investigated at hand of Sri Lankan
species assemblages of phytophagous scarab chafers (Coleoptera: Scarabaeidae) (Ahrens et al., 2014). These
beetles are polyphagous herbivorous and generally nocturnal; and represented in Sri Lanka by principally
three subfamilies: Rutelinae, Melolonthinae and Dynastinae (exceptionally also by Cetoniinae). Sampling
of adult beetles was carried out at 15 localities during 2019-2020 (Ranasinghe et al., 2020, 2022b) which
included different forest types (evergreen wet lowland forest, evergreen dry lowland forest, sub-montane forest,
and montane forest) and elevational zones. Beetles were captured using six UV-light traps per locality. All
specimens (for collection details, see Table S1) were preserved in 96% ethanol after collecting. The collected
specimens were presorted to morphospecies based on genital morphology.

DNA sequencing

Three to seven individuals of each morphospecies per location were selected for DNA extraction and subse-
quent sequencing (in total 565 individuals). DNA was extracted from mesothoracic leg and attached muscles
using the Qiagen® DNeasy Blood and Tissue Kit (Hilden, Germany) or the Qiagen® BioSprint 96 magne-
tic bead extractor (Hilden, Germany). Lab work followed the standard protocols of the German Barcode of
Life project (Geiger et al., 2016). The primers LCO1490-JJ [5’-CHACWAAYCATAAAGATATYGG-3’] and
HCO2198-JJ [5’-AWACTTCVGGRTGVCC AAARAATCA-3’] (Astrin & Stüben, 2008) were used to amplify
a 658 bp fragment at the 5’-end of the mitochondrial gene cytochrome c oxidase subunit 1. PCRs of 90 samp-
les were performed using the QIAGEN® Multiplex PCR Kit. The amplification products were subsequently
checked by electrophoresis on a 1.5% agarose gel containing GelRed®. Successfully amplified DNA fragments
were purified using Illustra ExoProStar Enzymatic PCR and Sequencing Clean-Up Kit. Forward and reverse
strands were sequenced by Macrogen Europe (Macrogen, Amsterdam, the Netherland; www.macrogen.com).
PCRs for 475 samples were done in 96-well-plates. Unpurified PCR products were subsequently sent for
purification and bidirectional Sanger sequencing to BGI Tech Solutions (Hongkong, China). Sequences were
assembled, edited and aligned using Geneious R7 (version 7.1.9, Biomatters Ltd.). All data are deposited in
BOLD (project: SCOIB) and GenBank (accession numbers MW698204 - MW698469 (Sericini; Ranasinghe
et al., 2022a) and XX-XX, (other taxa; see Table S1)).

Phylogenetic analysis

Maximum likelihood (ML; Felsenstein, 1973) searches were performed in IQ-TREE version 1.6.12 (Nguyen
et al., 2015) under the (GTR+F+I+G4) model of nucleotide substitution that was inferred as the best fit
model by ModelFinder (Kalyaanamoorthy et al., 2017). A total of 1000 ultrafast bootstrap (Hoang et al.,
2018) replicates were done to assess branch supports. Then, the tree search was repeated ten times with the
above parameters and the tree with highest likelihood was selected for further analysis.

Species delimitation

DNA-based species delimitation was performed using the multi-rate Poisson tree processes (mPTP) model
(Zhang et al., 2013), statistical parsimony analysis using TCS (Templeton et al., 1992; 2001), Assemble
Species by Automatic Partitioning (ASAP) (Puillandre et al., 2021). Poisson tree process modeling was
performed on the mPTP web server (https://mptp.h-its.org/#/tree; accessed on 21 December 2021). mPTP
(Kapli et al., 2017) is an improved method of PTP which does not require user-defined parameters. Using
MCMC, it computes support values for each clade, which can be used to assess the confidence of the
ML delimitation. The IQ-TREE result from previous phylogenetic analysis was used as input for all PTP
analysis. Statistical parsimony analysis was performed as implemented in TCS v. 1.21 (Clement et al., 2000).
The procedure partitions the sequence data into clusters, i.e. subgroups (or networks) of closely related
haplotypes connected by changes with a <95% probability to be non-homoplastic. Resulting networks have
been found to be largely congruent with morphospecies at the 95 % threshold (Meier et al., 2006; Ahrens
et al., 2007) and are considered here as MOTUs. Assemble Species by Automatic Partitioning (ASAP) was
conducted using the ASAP webserver (https://bioinfo.mnhn.fr/abi/public/asap/ accessed on 21 December
2021) (Puillandre et al., 2020), using the distance matrix generated by IQ-TREE. ASAP divides species
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partitions based on pairwise genetic distances. ASAP also computes a probability of panmixia (p-val), a
relative gap width metric (W), and ranked results by the ASAP-score: the lower the score, the better the
partition (Puillandre et al., 2021). The number of MOTUs predicted by ASAP’s best score was selected
and compared with other methods. Furthermore, we employed clustering algorithms similar to those used in
metabarcoding approaches, to explore the reliability of this critical step in current metabarcoding analysis
pipelines (Macher et al., 2018). Distance-based clustering was done with the R-package (v. 4.1.2) spider (v.
1.5.0; Brown et al., 2012). A threshold of 3% was applied to the pairwise distance matrix of all specimens
obtained from MEGA X (p-distance) (Kumar et al., 2018).

Since it is known that also the tree depth, i.e., the phylogenetic extent of sampling, may impact species
delimitation analysis (Ahrens et al., 2016), we reanalyzed the current data set for its four principal mono-
phyletic lineages as evident from the Maximum Likelihood tree obtained with IQ-TREE: clade 1: Rhizotrogini
(+ Leucopholini); clade 2:Apogonia spp. (Diplotaxini); clade 3: Sericini; clade 4: Rutelinae + Dynastinae
+ Cetoniinae. Clade 1-3 formally comprises the subfamily Melolonthinae, which, however, in most current
molecular phylogenies does not result monophyletic (Ahrens et al.; 2014; McKenna et al. 2019). On these
four subclades, the same delimitation methods as described above were applied (i.e., mPTP, TCS, ASAP,
and 3% clustering).

The accuracy of DNA-based methods with prior morphospecies assignment was assessed by the match
ratio (Ahrens et al., 2016): 2 x Nmatch/(Nmol + Nmorph), where Nmatch is the number of exact matches
of morphospecies (all individuals) with MOTUs of different delimitation methods, Nmol is the number of
MOTUs that resulted from different delimitation methods, and Nmorph is the number of morphospecies
(Table S2). All morphospecies were mapped onto the terminals of the maximum likelihood tree and MOTUs
obtained from different species delimitation methods, including subclade analysis (Fig. S1). Furthermore,
the match ratios for all pairs of delimitation methods were calculated analogously as explained above and
compared in a similarity matrix. Subsequently, the matrix was transformed into a distance matrix and a
principal coordinate analysis (PCoA) was performed in PAST v.3.25 (Hammer et al., 2001) to visualize the
similarity of outcome between the different methods (Ranasinghe et al., 2022a). The same was done for
species inventories resulting from individual subclade analyses and cumulated inventories from individually
performed species delimitation analyses on subclades, in which entities of each subclade delimitation were
taken again together for the entire assemblage, to explore whether species delimitation on subclades alone
affected the overall outcome of delimitation analyses.

In addition, a few more alternative species delimitation approaches were conducted for the full assem-
blage data, for which, however, we did not perform synecological analyses, but we compared only the
outcome of species delimitation. Poisson tree process modeling was performed with PTP web server
(https://species.h-its.org/; accessed on 21 December 2021) using the maximum likelihood implementa-
tion (hereafter mlPTP; Zhang et al., 2013) with a single Poisson distribution, as well as the Bayesian
implementation (bPTP), which adds Bayesian support (pp) values for putative species to branches in
the input tree. Automatic Barcode Gap Discovery (ABGD) was conducted using the ABGD webserver
(https://bioinfo.mnhn.fr/abi/public/abgd/abgdweb.html; accessed on 21 December 2021) using the distance
matrix generated through IQ-TREE analysis with default parameters (i.e., a relative gap width of 1 and 50
steps, Pmin=0.001, Pmax=0.1, Nb bins for distance distribution= 20) (Puillandre et al., 2012). Distance-
based clustering with 2% threshold was done with the R-package (v. 4.1.1). Then match ratio was calculated
as above.

Synecological analysis

The analysis of species diversity and assemblage composition was performed for different spatial levels (forest
type, elevation, locality) using morphospecies and the different MOTUs, namely haplotypes, mPTP clusters,
TCS networks, ASAP clusters and 3% and 2% clusters. Species and MOTUs composition of each of these
spatial entities was assessed for the entire assemblage, for individual subclades, and for cumulative MOTUs
of subclades. Forest types included four entities: a) evergreen wet lowland forests, b) evergreen dry lowland
forests, c) sub-montane forests, and d) montane forests. Elevational zones (EZ) included five entities: EZ1:
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0–500 m, EZ2: 501–1000 m, EZ3: 1001–1500 m, EZ4: 1501–2000 m, and EZ5; 2001–2500 m. Localities
included all 15 individual sampling localities. The dissimilarity in species/ MOTU composition of entities
at each spatial level was measured using the Jaccard index (i.e., presence-absence data) using PAST v. 3.25
(Hammer et al., 2001). Results were visualized using non-metric multidimensional scaling (NMDS) and
single linkage clustering (based on Jaccard index) at each spatial level.

Endemicity (unique vs shared occurrences) for entities at each spatial level was calculated for the mor-
phospecies and MOTUs for the entire assemblage, single subclades, and cumulated species inventories from
individually performed analyses of species delimitation for subclades.

RESULTS

Of 4901 sampled specimens, 565 individuals were sequenced, of which 458 (81%) specimens representing 101
morphospecies were sequenced successfully and included 332 distinct haplotypes. Of the 101 morphospecies
27 were singletons (26.7% of all species), i.e., species represented by one specimen. Sixteen morphospecies
(i.e., 15.8% of all species) had infraspecific distances larger than 3% (Fig. S6). Thirty-three morphospecies
(or 12 haplotypes out of 332) were represented from more than one locality, but no one was found in more
than half of all localities. The resulting maximum likelihood tree (Fig. S1) showed general agreement with
subfamily and genus level classification (Ahrens et al., 2014; McKenna et al., 2019). Monophyletic clades
resulted for all tribes (Diplotaxini, Sericini, Rhizotrogini and Leucopholini) and most subfamilies (Rutelinae
and Dynastinae), the latter two formed a monophyletic sister clade. Melolonthinae was not monophyletic.

Species delimitation: full dataset vs subclade datasets

The different species delimitation methods (PTP, TCS, ASAP, 3% and 2% clustering) resulted in different
numbers of MOTUs (Table S2). We found relatively limited congruence between molecular operational taxo-
nomic units (MOTUs) and morphospecies as well as among the different DNA-based delimitation approaches
(Figure S1). None of the employed species delimitation methods identically inferred species partitions, nei-
ther the prior morphospecies assignments. The total number of MOTUs varied from 82 to 129, compared
to the morphospecies count of 101. These contradictions arise from splitting (the individuals of one mor-
phospecies are assigned to two or more different MOTUs) or lumping phenomena (individuals of two or
more different morphospecies are fused into one MOTU) (Figure S1). Only 37 MOTUs were obtained from
all methods and also perfectly matched morphospecies. Eighty-three morphospecies assignments entirely
matched with MOTUs of at least one delimitation method. Out of the 27 singleton morphospecies, 14 were
also ’molecular singletons’ for all delimitation methods, i.e. they were the unique representatives of a MOTU,
while remaining 13 singletons, were lumped with other specimens into one MOTU.

Compared to the analyses of the full dataset, separate delimitation analyses on individual subclades showed
minor differences (ASAP more splitting; PTP and TCS more lumping; 3%, 2% clustering with no differences).
The match ratio was higher in few cases (clade 4: ASAP; clade 3: TCS; clades 2 and 4: 3%, 2% clustering) for
delimitation analyses on individual subclades (Table S2). The match ratio compared to the morphospecies
assignments was lower for cumulative subclade analyses for ASAP, PTP, TCS, while for 3%, 2% it remained
the same (Table S2). The number of summed MOTUs varied from 80 to 126 compared to 82 to 129 for the
analysis of the full data set.

The PCoA ordination based on the similarity of pairwise match ratios of the different delimitation methods,
also in relation to their match with morphospecies revealed contrasting patterns between the differently
partitioned analyses (Figure 1); i.e. the full assemblage dataset, the four individual subclades, and for cu-
mulative subclade analyses. None of the DNA-based methods conformed with prior morphospecies matches.
Most importantly, the ordination patterns for the full assemblage dataset and cumulative subclade dataset
are highly contrasting.

Species richness and assemblage similarity

The operational taxonomic entities (haplotypes, morphospecies, MOTUs) that were gained for the spatial
partitions were similar between the full assemblage and the cumulative subclade analyses within each species
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delimitation approach, but differed strongly between the different delimitation approaches, also in comparison
to the morphospecies (Figure 2, see Figure S3 for subclades). The numbers of unique and shared operational
taxonomic entities for the spatial partitions were inconsistent between delimitations. All MOTUs (except
one MOTU in ASAP) that occurred in montane forest were not found in other spatial partitions. The most
striking result here was that almost all haplotypes were unique to each spatial entity and were restricted
to either one forest type, elevation zone, or locality, except only few cases. Twelve haplotypes were shared
among localities. This concerned in total only 10 morphospecies, in each case with single species that shared
haplotypes at a maximum of three locations or a single species that shared haplotypes within two forest
types (three individual cases) or adjacent elevation zones (ten individual cases). In contrast to exclusive
haplotypes, morphospecies generally occurred at more than one locality and also higher level spatial zones.
Some, however, also occurred exclusively at a single entity. Shared morphospecies were observed in 37 cases
with a maximum of six localities; 21 cases for forest types and 30 cases for elevation zones and no species
was found at all elevation zones.

The assemblage’s compositional similarity (Jaccard index) was assessed for morphospecies, haplotypes and
for MOTUs from the total dataset and cumulative subclade analysis. Outcome of the species delimita-
tion approaches resulted in considerably different species compositions, leading to considerable variation in
clustering of spatial partitions (Figure 3; see Figure S4 for subclades). For the clustering of haplotype compo-
sition there were of course no alterations between full assemblage dataset or subclades (Figure 3; see Figure
S4 for subclades). However, levels of haplotype sharing was by two magnitudes lower than that of MOTUs or
of morphospecies (Table S3), which is why relations between spatial entities remain often unresolved, or very
weakly connected. Contrasting patterns of assembly composition were obtained between the full assemblage
dataset vs the cumulative subclade analyses with PTP (forest types) and ASAP (elevation zone). Otherwise,
very similar patterns were observed for the respective pairs of taxon sampling and delimitation strategies,
despite generally differing total numbers of MOTUs. Match of compositional similarity with morphospecies
pattern was rarely found, however. NMDS based on species compositional similarity (Jaccard index) showed
similar results, although relations among haplotypes did not reveal with the plot that their NMDS ‘ecospace’
was based simply on divergences rather than also on shared entities (Figure S2; see Figure S5 for subclades).

DISCUSSION

Conflicts among different DNA-based species delimitation approaches are common (Zhou et al., 2019), but
comparative studies to detect such conflicts and to show, how this translates into synecological signal in
biodiversity assessments are rare, if not lacking at all, particularly when beyond species diversity also the
similarity of the assessed probes or sites is investigated. Our study showed how contrasting results of species
delimitation translate into patterns and conclusions of synecological studies, exemplified by assemblages
of phytophagous scarab beetles in Sri Lanka. Method-related ambiguity of DNA-based species estimates,
affected severely the certainty of biodiversity patterns at different spatial scales such as different elevations,
forest types or sampling localities. We also demonstrated that differences in assemblage similarity patterns
across different spatial scales emerged when DNA-based species estimates were based on the entire assemblage
vs cumulatively composed assemblage with MOTUs delimited from subclade datasets.

Our results demonstrated that the congruence between the different delimitation methods was rather moder-
ate as number of MOTUs varied from 82–129 (also 80–126 for cumulative analysis). TCS, 2%, 3% clustering
produced higher species numbers (overestimation), while ASAP and mPTP lower numbers (underestimation)
than prior morphospecies sorting. Consequently, patterns obtained by morphospecies, DNA-based delimi-
tation methods and haplotypes were strongly contrasting each other in both total diversity and similarity
patterns across different spatial scales and species turnover among assemblages (Fig. 2). Resulting MOTUs
were often incongruent with the morphospecies due to lumping or splitting in different delimitation methods.
In consequence, this resulted in different similarity patterns across which was more evident when various
spatial scales were compared with reference to the morphospecies pattern. Shared MOTUs among allopatric,
slightly divergent genetic clusters represent recently separated lineages that may have recently speciated or
are still undergoing genetic differentiation. Since most diagnostic morphological characters such as genital
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organs in most insect are under strong selection they can evolve rapidly and often result in clearly definable
morphospecies while species are not yet sorted by slowly recombining and possibly more slowly diverging
mitochondrial haplotypes (Thompson, 1998; Gibbs, 2017; Eberle et al., 2016; Dietz et al. in review). On
this may add patterns of introgression which is presumably more common in closely related species and
may further confound specimen identification using mtDNA barcodes (Pentinsaari et al., 2014; Gibbs, 2017),
which in the end will lead to contrasting synecological patterns.

Metabarcoding protocols for rapid biodiversity assessments, which also use COI as the frequent marker of
choice as in DNA barcoding approaches (Deagle et al., 2014), include large-scale trapping, homogenised
(‘souped’) mass-collected specimens, (optionally) mass-PCR-amplified for the barcode gene of interest and
high-throughput sequencing and bioinformatic pipelines to process the resulting huge number of sequences
down to a data set of manageable size (Yu et al., 2012). As all other DNA-based species inference approaches,
they suffer the same above-mentioned problems. Each one of their highly automatized steps (see above) can
potentially introduce its own sources of artifacts and biases which may inflate or deflate sample diversity
estimates (Zinger et al., 2019; Liu et al., 2020). A majority of metabarcoding studies uses a 3% threshold
clustering (Elbrecht et al., 2017; Yu et al., 2012; Alberdi et al., 2018), while alternative clustering thresholds
with 2%, which are used also quite often, may exaggerate the effect of species overestimation. Lineage-specific
differences in the amount of interspecific divergence between species will lead to either overestimation or
underestimation, depending on the cluster settings (Beentjes et al., 2019).

The choice of the ‘clustering threshold’ during species inference leads to different number of MOTUs (Smith
et al., 2005), as confirmed also here (Fig. 1), which naturally alters the assemblage similarity. Barcoding
studies suggest that there is no universal genetic distance threshold value (or ‘barcode gap’) to group species
(Wiemers & Fiedler, 2007; Meier et al., 2008; Phillips et al., 2022). Using a fixed genetic threshold to distin-
guish taxa with different evolutionary histories may overestimate or underestimate species diversity (Meyer
& Paulay, 2005). However, there is growing evidence that the overlap between mean intra- and interspecific
genetic distances is considerably greater with larger proportions of closely related taxa particularly also due
to quite commonly occurring introgression (Ballard & Whitlock, 2004; Meyer & Paulay, 2005; Sun et al.,
2016; Edelman & Mallet, 2021). Although, new software arises constantly and hardware improves rapidly in
order to recover taxonomic information from a wider range of taxa by de novo OTU-picking pipelines (Yu et
al., 2012; Elbrecht & Leese, 2015; Krehenwinkel et al., 2017), yet general problems given through the nature
of species in diverse lineages will remain.

In our study case, we noted highest levels of intraspecific divergence at 10.5% (Figure S6), while in most
species infraspecific divergences were rather low. But we found deep coalescence (i.e., distinct infraspecific
phylogenetic structure), (e.g., Sophrops sp2,Apogonia glabrilinea , A. coriacea , Maladera galdaththana , M.
heveli ), so more than one of the DNA-based species delimitation methods split these morphospecies into
different MOTUs. Such species with genetically well-differentiated populations occur in time and space,
possibly due to lack of gene flow or by low dispersal between populations, for example, due to climatic
fluctuation during the Pleistocene in geographically highly structured areas (Voris, 2000; Arora et al., 2010;
Beck et al., 2017; Murria et al., 2017; Lukic et al., 2021; Dincă et al., 2021; French et al., 2022). Nevertheless,
the nature of maternal inheritance of mtDNA and its very low recombination rate also affects and partly
causes the patterns of deep coalescence in mtDNA (Ballard & Whitlock, 2004). This is one of a major reason
encountered for inconsistencies in species delimitation output compared to morphospecies or nuclear genetic
data.

Because of these problems, some previous studies on the genetic variation of mtDNA have used haplotypes
as proxies for genetic diversity in the framework of a haplotype-based macroecology (Papadopoulou et al.,
2011; Baselga et al., 2013). They demonstrated the utility of haplotype data for exploring macroecological
patterns in poorly known biota and predicting largescale biodiversity patterns based on genetic inventories of
local samples (Papadopoulou et al., 2011; Arribas et al., 2020). Metabarcoding-based haplotyping used this
approach as it allows access to the intraspecific diversity and facilitated enhanced biodiversity monitoring
(Sigsgaard et al., 2020; Shum & Palumbi, 2021). However, the general correlation between species and
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genetic diversity has been also questioned (e.g., Hahn et al., 2017; Reisch & Schmid, 2018), since often
species diversity mainly depended on habitat conditions, whereas genetic diversity is significantly affected
by habitat fragmentation. This would imply that the applicability of a haplotype-based macroecology would
be less universal as thought.

Our results show that the dissimilarity of assemblage composition between haplotypes at diverse spatial
levels (Table S3) was extremely high. Almost all haplotypes were unique at any spatial entity, except a few
rare cases. Therefore, clustering of haplotype composition (based on shared characteristics, i.e., haplotypes)
resulted almost meaningless due to missing of shared haplotypes. Therefore, the basis for an ordination
was the amount of divergence alone. This resulted in clustering often in unresolved polytomy of entities
(see Figures 3, S4) which makes haplotypes a poor proxy for compositional comparison of species diversity,
at least in hyperdiverse and ancient tropical habitats (Barros et al., 2020; Cruz-Salazar et al., 2021; see
also Rodŕıguez et al., 2015). Haplotypes are simply products of divergence, species often carry more than a
single haplotype (or can be even heteroplasmic: i.e., the presence of multiple haplotypes within an individual)
(Gibbs, 2017). In contrast to that, species integrate different patterns by dispersal, inheritance, introgression,
and recombination, all may occur at different intensity in time and space (Vellend & Geber, 2005; Epp et
al., 2018), having thus a more complex, integrative, and significative meaning than simple diversity, i.e., the
number of entities (e.g., MOTUs). Moreover, haplotype-derived patterns might be confounded if mtDNA
groupings or genealogy does not reflect true species limits or the species’ geographic extent (Paradis, 2018;
Murria et al., 2017; Salinas-Ivanenko & Múrria, 2021).

CONCLUSION

DNA-based species identification is broadly used and popular for biodiversity assessments compared to con-
ventional taxonomy. However, due to incongruent outcomes from various species delimitation methods, par-
ticularly when researchers follow an integrative taxonomic approach (Carstens et al., 2013), provide certain
ambiguities for synecological studies. Our study showed that such method-related ambiguity of DNA-based
species estimates severely affected the patterns of faunal similarity and thus, the certainty of apparent biodi-
versity patterns, at different spatial scales such as elevations, forest types, or sampling locality. Nevertheless,
even more contrasting patterns result from individual clade-wise analyses of faunal similarity or even from
cumulated species inventories from individual clade-wise species delimitation analysis. In this context, our
study underlines the need for awareness when synecological observations from different studies are integra-
ted, which use different species delimitation methods for their biodiversity assessment. At the same time, we
show why searching proper species boundaries should be the ultimate goal of biodiversity assessment. Thus,
to place trust in species delimitations to lend an enduring meaning to biodiversity research and its sustaina-
ble application (Carstens et al., 2013). Further, morphospecies, especially due to its globally complete and
enormous reference system (Ahrens et al., 2021), remain in the context of an integrative taxonomy (Padial
et al., 2010; Schlick-Steiner et al., 2010; Yeates et al., 2011) a valid and highly valuable proxy for biodiversity
research.
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Astrin, J.J. & Stüben, P.E. (2008) Phylogeny in cryptic weevils: molecules, morphology and new genera of
western Palaearctic Cryptorhynchinae (Coleoptera: Curculionidae). Invertebrate Systematics , 22 (5), 503–
522.

Arribas, P., Andujar, C., Salces-Castellano, A., Emerson, B.C. & Vogler, A.P. (2020) The limited spatial
scale of dispersal in soil arthropods revealed with whole-community haplotype-level metabarcoding.Molecular
Ecology , 30, 48–61.

Arora, N., Nater, A., van Schaik, C.P., Willems, E.P., van Noordwijk, M.A., Goossens, B., Morf, N., Bastian,
M., Knott, C., Morrogh-Bernard, H., Kuze, N., Kanamori, T., Pamungkas, J., Perwitasari-Farajallah, D.,
Verschoor, E., Warren, K., Krützen, M. & Goodman, M. (2010) Effects of Pleistocene glaciations and rivers
on the population structure of Bornean orangutans (Pongo pygmaeus). Proceedings of the National Academy
of Sciences of the United States of America , 107(50), 21376–21381.
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Fujita, M.K., Leaché, A.D., Burbrink, F.T., McGuire, J.A. & Moritz, C. (2012) Coalescent-based species
delimitation in an integrative taxonomy.Trends in Ecology and Evolution , 27(9), 480–8.

Gálvez-Reyes, N., Arribas, P., Andujar, C., Emerson, B., Pinero, D. & Mastretta-Yanes, A. (2020) Local-scale
dispersal constraints promote spatial structure and arthropod diversity within a tropical sky-island.Authorea.
DOI: 10.22541/au.160193334.45224582/v1
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Figure 1. Principal coordinate analyses (PCoA) of results of different species delimitation methods based
on pairwise match ratios for the total assemblage, individual subclades and cumulative subclade analyses.
Clade 1: Rhizotrogini (+ Leucopholini); clade 2:Apogonia spp. (Diplotaxini); clade 3: Sericini; clade 4:
Rutelinae + Dynastinae + Cetoniinae.

Figure 2. Number of “species entities” reported for morphospecies, haplotypes, PTP-clusters, TCS networks,
and distance clusters from the total assemblage and from cumulative subclade analyses (indicated by asterisk)

17



P
os

te
d

on
A

ut
ho

re
a

24
A

ug
20

22
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

13
28

33
.3

28
98

41
0/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

for forest types, elevation zones and sampling localities. LW: wet lowland; LD: dry lowland; SM: sub-
montane; MO: montane. EZ1: 0–500 m, EZ2: 501–1000 m, EZ3: 1001–1500 m, EZ4: 1501–2000 m, EZ5;
2001–2500 m. L1–L15 sampling localities.

Figure 3 : Clustering analysis based on the Jaccard index among morphospecies, haplotypes and MOTUs
that result from delimitation of the total assemblage and from cumulative subclade analyses (indicated by
asterisk) for forest types, elevation zones and sampling localities. Observed differences between total vs
cumulative analyses are shown in bold italics. LW: wet lowland; LD: dry lowland; SM: sub-montane; MO:
montane. EZ1: 0–500 m, EZ2: 501–1000 m, EZ3: 1001–1500 m, EZ4: 1501–2000 m, EZ5; 2001–2500 m.
L1–L15 sampling localities.

Supplement Tables

Table S1 . Sample details: voucher number, species identification, locality id (Sri Lanka), barcode index
number (BIN) assignments and GenBank accession numbers.

Table S2 . Number of MOTUs, number of matches between MOTUs and morphospecies (in parenthesis),
and match ratios (Ahrens et al. 2016) of DNA-based species delimitation methods. Numbers are given
for the total dataset, individual clades, and cumulative subclades. Match ratio = 2 × Nmatch / (Nmol +
Nmorph).
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Table S3 . Species similarity among different forest types and elevation zones among morphospecies, haplo-
types and MOTUs.

LW: wet lowland; LD: dry lowland; SM: sub-montane; MO: montane. EZ1: 0–500 m, EZ2: 501–1000 m, EZ3:
1001–1500 m, EZ4: 1501–2000 m, EZ5; 2001–2500 m.
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