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Abstract 

With over 22,500 described and up to 500,000 estimated species, the jewel wasps (Chalcidoidea: 

Hymenoptera) are among the most species-rich insect lineages. Their evolutionary success is tightly 

linked to their parasitoid biology, having evolved to utilize a wide array of different arthropod hosts. 

Additionally, secondary phytophagy evolved several times within this superfamily. Although new 

approaches are employed in integrative taxonomic research, progress to decipher the megadiversity 

of this taxon, including their evolution, is still limited. With this work, the diversity of the superfamily 

is studied at two evolutionary key points in time. The evolutionary origin of Chalcidoidea is 

investigated in the Cretaceous and the resulting diversity since then is examined in the present. 

Different systematic levels will be elucidated with the help of integrative taxonomic methods. 

In the first chapter, the fossil origins of jewel wasps are addressed, around the middle of the 

Cretaceous period 110 million years ago. The morphology of a putative early chalcidoid specimen is 

studied, as it is highly informative for chalcidoid evolution due to its age. Based on those results, its 

phylogenetic placement is critically examined. The specimen is assumed to be one of the oldest 

described chalcidoid fossils, Parviformosus wohlrabeae Barling et al., 2013. It is a key fossil because of 

its age and putative assignment to the polyphyletic family Pteromalidae and could therefore be a 

valuable voucher for dating modern phylogenies. A precise redescription of the fossil was conducted 

and its morphology and phylogenetic position was discussed. No synapomorphic characters could be 

identified, warranting an inclusion in an already established chalcidoid family. In fact, none of the 

autapomorphies for Chalcidoidea could be recognized, necessitating a revised systematic placement 

in the Proctotrupomorpha.  

In the second chapter, several fossils in amber are described that grant insights in the early evolution 

of Chalcidoidea and the morphological diversity of Cretaceous lineages. Morphological characters are 

studied to answer the question of plesiomorphic character states in Chalcidoidea, aiding to 

understand their early evolution. The phylogenetic placement of these fossils is discussed, to provide 

hypotheses on the diversification of the superfamily, which so far has only few fossil representatives 

described from this time. Four fossils are made scientifically available that were found in 99 million 

year old Burmese amber. Those specimens are described in a new, extinct family, the Diversinitidae. 

This family exhibits a unique combination of plesiomorphic characters, not present in any other 

chalcidoid taxon, but lacks apomorphic characters. In total, three new genera and three new species 

are delimited and described. Phylogenetically relevant characters like the fully developed funicular 

segments, possessing multiporous plate sensilla, or the peg like cerci that improve our understanding 

of the early evolution of Chalcidoidea, are discussed based on the newly established family. A 
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phylogenetic analysis based on morphological characters was performed. This analysis supported the 

monophyly of Diversinitidae, but left its exact systematic position within Chalcidoidea open. 

In the third chapter the focus shifts from the early evolution of Chalcidoidea towards the extant fauna, 

representing the diversity evolved since the Cretaceous. Exemplary, in the speciose family 

Pteromalidae the unknown diversity is examined to better understand the undiscovered species 

richness of parasitoid wasps. DNA barcoding is used to record and help identify previously unknown 

genera and species in Germany. Compared to the already known pteromalid fauna, 17 genera and 41 

species are added as new records for Germany and the males of two species are described anew. The 

identified DNA barcodes were made available to enable the genetic identification of those species that 

have a high potential as indicators for nature conservation efforts due to their high host specificity. 

In the fourth chapter, the pertinent problem of cryptic diversity in Chalcidoidea is investigated. Via an 

extensive integrative taxonomic approach, the morphological species hypothesis is tested for one of 

the most abundant pteromalid species in Europe, Spintherus dubius. In this example, the benefit of 

combining different methods for species discovery and delimitation is highlighted. Genetic analyses 

of S. dubius reveal discrepancies between the morphological species concept and molecular data, 

indicating two potential species instead of one. The usage of an advanced morphological method, the 

multivariate ratio analysis, results in a confirmation of the molecular results, also exposing distinctive 

morphological characters per taxonomic unit. The examination of the host spectrum through rearing 

experiments further substantiates these findings, by revealing different host parasitoid affiliations. 

Altogether, this thesis showed that it is necessary to combine methods and examine different 

evolutionary points in time, to better understand the diversity of parasitoid lineages. Fossil taxa are 

important study subjects to examine the character evolution of any taxon, laying the base for 

phylogenetic research. The study of Diversinitidae highlights the plasticity of character states in 

Chalcidoidea, also providing evidence for plesiomorphic states. Their encompassing description and 

the redescription of P. wohlrabeae allow their incorporation into phylogenetic studies, to serve as 

solid anchor points in dating lineages and morphological evolution on the way towards extant 

diversity. Examining the extant fauna of Pteromalidae revealed the amount of diversity of species, for 

which the biology is often unknown. It is shown that molecular methods aid in the discovery of this 

diversity, opening possibilities for further research. It is affirmed that hidden diversity is even pertinent 

in abundant, well known species, with S. dubius being an example of cryptic diversity unveiled by 

integrative taxonomy.  
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Zusammenfassung 

Mit über 22.500 beschriebenen und bis zu 500.000 geschätzten Arten sind die Erzwespen 

(Hymenoptera: Chalcidoidea) eine der artenreichsten Gruppen der Insekten. Ihr Erfolg hängt 

maßgeblich mit ihrer Biologie als Parasitoide zusammen und dem großen Wirtsspektrum, das sie sich 

innerhalb der Arthropoden im Laufe ihrer Evolution erschlossen haben. Ebenfalls beigetragen hat die 

Entwicklung zur Phytophagie, die innerhalb der Überfamilie mehrmals stattgefunden hat. Trotz Einsatz 

neuester genetischer und morphologischer Methoden gelingt es nur sehr langsam diese megadiverse 

Gruppe mit taxonomischen Methoden zu erschließen und ihre evolutive Vergangenheit, sowie 

Biologie und Artenreichtum zu entschlüsseln. In der vorliegenden Arbeit werden die Diversität der 

Überfamilie an zwei verschiedenen Zeitpunkten ihrer Evolution sowie verschiedene systematische 

Ebenen mit integrativ taxonomischen Methoden untersucht. 

Im ersten Kapitel der Arbeit wird der evolutive Ursprung der Erzwespen in der mittleren Kreidezeit vor 

etwa 110 Millionen Jahren untersucht. Die Morphologie eines evolutiv frühen, beschriebenen 

Erzwespen-Fossils wird untersucht, da es durch sein hohes Alter einen hohen wissenschaftlichen Wert 

für die Evolution der Erzwespen hat. Auf den Ergebnissen basierend wird die phylogenetische Stellung 

des Fossils kritisch untersucht. Parviformosus wohlrabeae ist aufgrund seines Alters und seiner 

vermeintlichen Zugehörigkeit zur diversen sowie polyphyletischen Familie Pteromalidae 

(Chalcidoidea) ein Schlüsselfossil für die Erzwespen und könnte daher als Eichmarke für deren 

morphologische Evolution dienen. Eine präzise morphologische Neubeschreibung des Tieres wurde 

angefertigt und die Morphologie und phylogenetische Position diskutiert. Es wurden keine Merkmale 

gefunden, die eine Einordnung in eine der rezenten oder fossilen Familien von Erzwespen erlauben. 

Des Weiteren konnte keine der für Erzwespen beschriebenen Autapomorphien nachgewiesen 

werden, was eine neue systematische Einordnung von P. wohlrabeae nötig macht. 

Im zweiten Kapitel werden für die Evolution von Erzwespen relevante Fossilien aus Bernstein 

beschrieben, die einen Einblick in die morphologische Gestalt kreidezeitlicher Familien liefern. Die 

Morphologie wird untersucht um die Frage nach plesiomorphen Merkmalsausprägungen zu 

beantworten, die dem Verständnis früher Evolution dienen. Die phylogenetische Stellung der Fossilien 

wird diskutiert, um Hypothesen zur Diversifizierung von Erzwespen zu erlauben, von denen nur wenige 

Vertreter aus der Kreidezeit bekannt sind. Vier Fossilien werden erschlossen indem sie beschrieben 

und in einer neuen ausgestorbenen Familie, den Diversinitidae platziert werden. Diese weist zwar 

ausschließlich plesiomorphe Merkmale auf, ist aber durch die einzigartige Kombination dieser in kein 

bisher bekanntes Taxon von Erzwespen einzuordnen. Insgesamt wurden drei Gattungen und drei 

Arten voneinander abgegrenzt und beschrieben. Wichtige ursprüngliche und abgeleitete Merkmale 
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der Erzwespen werden anhand der neuen Familie diskutiert. Eine phylogenetische Analyse, basierend 

auf morphologischen Merkmalen, wurde durchgeführt. Diese bestätigt die Monophylie der neuen 

Familie, erlaubt aber keine exakte phylogenetische Einordnung. 

In Kapitel drei wird der Fokus auf die seit der Kreidezeit entstandene Vielfalt innerhalb der Erzwespen 

gelegt. Beispielhaft wird an der artenreichen Familie Pteromalidae die unbekannte Diversität 

untersucht, um die unentdeckte Artenvielfalt parasitoider Wespen besser einordnen zu können. Mit 

Hilfe von DNS-Barcoding werden die Pteromalidae aus Deutschland genetisch erfasst und die 

erhaltenen Barcodes genutzt, um Gattungen und Arten zu identifizieren. Verglichen mit der 

bekannten Fauna Deutschlands konnten so 17 Gattungen und 41 Arten erfasst und die Männchen von 

zwei dieser Arten beschrieben werden, die bisher der Wissenschaft nicht bekannt waren. Die 

genetischen Daten und Bestimmungen wurden weltweit verfügbar gemacht um für weitere 

Diversitätsforschung und im Naturschutz genutzt werden zu können, da die Familie auf Grund ihrer 

oft hohen Spezialisierung auf ihre Wirte eine Indikatorfunktion einnehmen könnte. 

Im vierten Kapitel wird das Problem kryptischer Artkomplexe innerhalb der Erzwespen untersucht. 

Mit einem integrativ taxonomischen Ansatz wird die morphologische Arthypothese einer der 

wahrscheinlich häufigsten Pteromalidenarten, Spintherus dubius, geprüft. Hier zeigt sich der Vorteil 

der Kombination multipler Datenquellen zur Artabgrenzung und -erkennung. Die Ergebnisse der 

genetischen Analyse widersprechen dem morphologischen Artkonzept von S. dubius und deuten auf 

zwei Arten hin. Die Ergebnisse einer fortschrittlichen morphologischen Methode, der sogenannten 

multivariaten Verhältnis Analyse, decken sich mit den genetischen Befunden und erlaubt nun auch 

eine merkmalsbasierte Trennung beider Gruppen. Bei der Untersuchung des Wirtsspektrums wurde 

auch ein Unterschied auf biologischer Ebene zwischen den beiden Gruppen festgestellt. 

Zusammengefasst konnte gezeigt werden, dass es nötig ist unterschiedliche Zeitpunkte in der 

Evolution mit verschiedenen Methoden zu untersuchen, um die Diversität parasitoider Gruppen 

besser zu verstehen. Anhand von Fossilien kann die Evolution morphologischer Merkmale als Basis 

phylogenetischer Forschung nachvollzogen werden. Die Untersuchung der Diversinitidae zeigt die 

Plastizität, die Merkmale innerhalb der Erzwespen einnehmen, sowie teils plesiomorphe Zustände. 

Deren umfassende Beschreibung, sowie der von P. wohlrabeae, erlaubt nun eine Verwendung in 

phylogenetischen Studien um als Eichmarken für das Datieren von Abstammungslinien zur heutigen 

Vielfalt zu dienen. Das Beispiel der Pteromalidae zeigt dabei klar, wie viel unbekannte Artenvielfalt 

über deren Biologie kaum etwas bekannt ist, noch entdeckt werden kann. Zugleich wurde das 

Potential zur Erschließung dieser Diversität durch molekulare Methoden gezeigt, bei der selbst in 

häufigen, verbreiteten Arten durch integrative Taxonomie kryptische Artenvielfalt aufgedeckt werden 

konnte. 
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I Introduction 

Hymenoptera are with a current number of more than 153,000 described species and over 1 million 

estimated species one of, if not the largest order of insects (Huber 2017; Peters et al. 2017; Forbes et 

al. 2018; Stork 2018). This diversity is also reflected in their manifold life histories, also often largely 

corresponding to their evolutionary histories (Peters et al. 2017). A key evolutionary novelty within 

Hymenoptera leading to a massive radiation was the development of a parasitoid lifestyle utilizing a 

host organism for larval development (Quicke 1997). This lifestyle evolved in late Permian to Early 

Triassic from a phytophagy diet of paraphyletic Symphyta (excluding Orussoidea) (Peters et al. 2017). 

Orussoidea, sister taxon to the remaining Hymenoptera and quite poor in extant species, is the first 

known hymenopteran superfamily having developed a parasitoid lifestyle albeit preserving the 

symphytan bauplan in not possessing a wasp waist (Peters et al. 2017). It is hypothesized that the 

parasitoid lifestyle began to thrive with the morphological novelty of the wasp waist which allowed 

for a more precise movement of the ovipositor and therefore enabling easier oviposition of the host 

(Vilhelmsen et al. 2010; Peters et al. 2017). This morphological change in combination with other novel 

developments like endoparasitoidism, miniaturization or additional odorant receptors for host 

recognition, led to an unprecedented radiation and the formation of the monophyletic Parasitoida 

(Oeyen et al. 2020; Peters et al. 2017). Parasitoida includes the most species rich hymenopteran 

superfamilies like Ichneumonoidea with over 40,000 species (Yu 2009) or Chalcidoidea with over 

22,500 species (Heraty et al. 2013; Heraty 2017; Noyes 2019). Especially the latter might turn out to 

be the most species rich superfamily of hexapods, with an estimate number of 375,000 – 500,000 

species worldwide, implying that only 4% – 5.3% species of this megadiverse taxon have been formerly 

described to this date (Heraty 2017). 

The superfamily Chalcidoidea 

Taxonomic and systematic work on Chalcidoidea can be traced back to the mid-18th century. The 

earliest chalcidoid species were already described by Carl von Linnaeus as early as 1758, including the 

well-known and wide spread “Ichneumon puparum”, now Pteromalus puparum (Linnaeus 1758). After 

Carl von Linnaeus, his pupil Johan Christian Fabricius continued his work and conceived the term 

“Chalcis” (Fabricius 1787), stemming from Latin and meaning “ore”. The origin of this term is also 

obvious in the German vernacular term “Erzwespe”, fitting for these small and mostly metallic wasps. 

From the term “Chalcis”, Latreille (1817) derived the name “Chalcidites” for a larger taxon group 

including several genera. Later, the family name “Chalcididae” (Walker 1862) was established, which 

was also used slightly altered in the sense of a superfamily, Chalcidiae before (Foerster 1856). In 1899, 
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Ashmead split up “Chalcididae” in 14 distinct families, which are now part of the so-called Chalcidoidea 

we know today (Ashmead 1899). Internally, Chalcidoidea has undergone multiple changes since then, 

with newly established families, often raised from a subfamily rank (e.g. Aphelinidae and 

Signiphoridae (Viereck 1916; Woolley 1986), Azotidae and Eriaporidae (Heraty et al. 2013), 

Megastigmidae (Janšta et al. 2018)), newly described families like Rotoitidae (Bouček & Noyes 1987) 

or families sunken into another family (e.g. Elasmidae in Eulophidae (Gauthier et al. 2000), 

Cleonymidae (Bouček 1988b) and Miscogastridae in Pteromalidae (Bouček 1988b; Graham 1969)). 

Currently, Chalcidoidea is a megadiverse taxon with 24 recognized extant families and prior to this 

work, one extinct and of doubtful placement (Rasnitsyn et al. 2004; Heraty et al. 2013; Janšta et al. 

2018; Zhang et al. 2022). However, especially recent studies which utilize a magnitude of genetic 

information highlight the need to revise the superfamily as a whole, potentially leading to the 

establishment of several new and monophyletic families in the near future (Heraty et al. 2013; Cruaud 

et al. 2020; Rasplus et al. 2020; Zhang et al. 2020). In part, this modern revisionary process has already 

begun and former subfamilies like the Megastigminae, originally part of Torymidae, have now been 

raised to the rank of family (Janšta et al. 2018). Janšta et al. (2018) could show that despite previous 

analyses grouping Torymidae and Megastigmidae together, a thorough molecular phylogeny places 

the monophyletic Megastigmidae closer to other taxa, like the Agaonidae, Pteromalidae partim 

(Colotrechninae) and Ormyridae. Similarly, the planidial clade of Chalcidoidea has been revised 

recently and was split up in several families, formerly, at least partly, regarded as subfamilies (Zhang 

et al. 2022). The planidial clade is characterized by their morphologically unique and free moving larva, 

the planidium. Before a revision by Zhang et al. (2022) the clade comprised the two families 

Perilampidae and Eucharitidae. Eucharitidae was previously recognized as monophyletic, but 

Perilampidae showed to be paraphyletic in regards to Eucharititdae (Munro et al. 2011; Heraty et al. 

2013). Instead of combining both families to one monophyletic clade, Zhang et al. (2022) opted to 

keep the monophyletic Eucharitidae separate and splitting Perilampidae up into two families, 

Chrysolampidae and Perilampidae, raised from subfamily rank. Also, the family Eutrichosomatidae 

was raised from subfamily rank out of Pteromalidae. Those examples elucidate the turmoil that has 

been part of chalcidoid systematics to grasp the diversity of this group and order it accordingly. 

Chalcidoid diversity is also reflected in their morphology and life history. Although generally only few 

millimeters in size, the group exhibits a large spectrum, ranging from 0.14 mm in the apterous males 

of Dicopomorpha echmypterigis Mockford, 1997 (Mymaridae) up to 41.7 mm including the ovipositor 

in Doddifoenus wallacei Burks & Krogmann, 2009 (Pteromalidae; Mockford 1997; Krogmann & Burks 

2009). The majority of chalcidoid species are parasitoids, utilizing at least 13 orders of Hexapoda, 

several taxa within Arachnida and even some gall forming Nematoda of the family Anguinidae as hosts 
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(Gibson et al. 1999; Heraty et al. 2013; Noyes 2019). Grissell & Schauff (1997) attributed 13 of the 15 

proposed feeding types of parasitoids from Hagen (1964) to Chalcidoidea, additionally highlighting the 

biological diversity within Chalcidoidea. Their parasitoid life history renders them key regulators of 

their respective hosts and many species of chalcidoid wasps are used in biological control (Heraty 

2009; Quicke 1997). The superfamily however is not only composed of parasitoids. In many lineages 

secondary phytophagy evolved, with most species of Agaonidae even being obligate pollinators 

(Gibson et al. 1999; Weiblen 2002; Heraty et al. 2013; Noyes 2019). One key evolutionary character 

that probably greatly facilitated the explosive radiation of Chalcidoidea was recently discovered in 

their mandibular morphology. Contrary to former beliefs, Chalcidoidea do not possess dicondylic 

mandibles as it is phylogenetically proposed for all members of Dicondylia, which include all Insecta 

except for Archaeognatha (van de Kamp et al. 2022). Their monocondylic construction with modified 

muscle attachments, in comparison to other closely related wasps, allows a free moving articulation, 

facilitating the use of the mandibles for more than only two-dimensional biting (van de Kamp et al. 

2022). 

For a long time it was not clear whether phytophagy or entomophagy in the form of parasitoidism was 

the ancestral life history of Chalcidoidea (Bouček 1988b). By now, it has been demonstrated that 

parasitoidism is the ancestral life history within the superfamily, rendering phytophagy to be derived 

and independently evolved in several taxa (Heraty et al. 2013). A question to be solved was the 

ancestral mode of parasitoidism, with hypotheses arguing for egg-parasitoidism (Dowton & Austin 

2001; Desjardins et al. 2007; Heraty et al. 2013), or ectoparasitoidism on woodboring beetles (Bouček 

1988a). Only recently, molecular phylogenies could provide further proof of egg-parasitoidism being 

the ancestral state. In their analysis and resulting phylogeny, Peters et al. (2017) and Zhang et al. 

(2020) recovered the small bodied families Trichogrammatidae and Mymaridae as sister clades to the 

rest of Chalcidoidea, which are known to be egg-parasitoids. It has to be noted, however, that Zhang 

et al. (2020) could not recover this relationship in all their analyses, arguing that the addition of missing 

groups in their analysis like Tetracampidae, Rotoitidae and Calesinae, currently placed in Aphelinidae, 

might stabilize the positioning of Trichogrammatidae. So far, no fossils of Trichogrammatidae older 

than the Eocene are known (Burks et al. 2015), which could confirm their potential time of origin in 

the Cretaceous (Peters et al. 2018). Nevertheless, it is now generally assumed that early Chalcidoidea 

were small egg-parasitoids. The sister taxon of Chalcidoidea is still not reliably confirmed, but currently 

two Hymenopteran superfamilies are discussed. Either the Mymarommatoidea or the Diaprioidea are 

hypothesized, with several modern phylogenies retrieving both possible candidates depending on the 

applied method and taxon sampling (Gibson 1986; Heraty et al. 2011, 2013; Munro et al. 2011; 

Sharkey et al. 2012; Peters et al. 2018). For a long time the biology of Mymarommatoidea was not 
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known. It was speculated that due to their small body size and habitus, they should be egg-parasitods 

(Yoshimoto 1984; Gibson et al. 2007; Huber et al. 2008; Peters et al. 2018). Just recently the proposed 

host, the insect order Psocoptera (Huber et al. 2008), was confirmed from a newly described species 

from Hawaii (Honsberger et al. 2022). Members of Diaprioidea on the other hand are recorded to 

exhibit several life histories, including parasitoidism on larvae and pupae of other insect orders 

(Diapriidae and Monomachidae), or highly specific hyperparasitoidism (Ismaridae and Maamingidae) 

(Goulet & Huber 1993). Considering the hypothesis of early Chalcidoidea being egg-parasitoids and 

more recent unpublished results, Mymarommatoidea is more likely to be the sister taxon to 

Chalcidoidea. 

Additionally to the long lasting doubts in ancestral biology and sister group relationship, entangling 

Chalcidoidea phylogenetically is a huge challenge on its own. Even with the advent of rigorous 

molecular methods, the phylogeny of Chalcidoidea is still largely subject to discussion. One reason 

behind this uncertainty is probably their rapid radiation, postulated to have taken place in the Late 

Cretaceous and coinciding with the diversification of host groups and associated angiosperms (Peters 

et al. 2018). Such explosive radiations lead to a rapid change of morphological characters in the 

developing groups and an increased rate of genetic change, hampering the explanatory power of 

phylogenetic analysis (Whitfield & Lockhart 2007).  

Morphologically, Chalcidoidea is well defined by a few synapomorphies. Gibson (1986) proposed three 

autapomorphies, unique for Chalcidoidea, including the basal Mymaridae and the later described 

Rotoitidae (Bouček & Noyes 1987). The proposed characters are 1) an exposed, articulate sclerite, the 

prepectus, between the pronotum and lateral mesopleuron leading to a separation of the pronotum 

from the tegula, 2) the position of mesothoracic spiracle directly adjacent to the lateral exposed edge 

of the mesoscutum and 3) the morphologically distinct multiporous plate sensilla on the antennal 

segments (Gibson 1986). In addition to that, Vilhelmsen & Krogmann (2006) later proposed another 

three putative autapomorphies: 1) presence of an exposed, triangular or diamond-shaped 

prosternum; 2) presence of a percurrent mesopleural sulcus anteriorly terminating in the acropleuron; 

and 3) presence of paired metapectal plates lateral to the metafurca. 

In general, morphological characters within Chalcidoidea are very homoplastic and often the 

plesiomorphic state is hard to assess (Vilhelmsen & Krogmann 2006). This especially poses a problem 

for the inference of an evolutionary direction within this diverse group to recover a stable and reliable 

phylogenetic hypothesis with the help of morphology (Gibson et al. 1999; Heraty et al. 2013; Peters 

et al. 2018). The inclusion of morphologically well described and well dated fossils can help to 

overcome those shortcomings, combining modern molecular and morphological methods to resolve 
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the timing of divergences in phylogenetic trees (Donoghue et al. 1989; Parham et al. 2012; Gunkel et 

al. 2017). This has been demonstrated by more recent phylogenetic analyses of insects (Misof et al. 

2014), Hymenoptera (Peters et al. 2017) and Chalcidoidea (Peters et al. 2018). In the latter however, 

fossils especially at the beginning or during the presumed explosive radiation are rare, which would 

allow for a better supported hypothesis of chalcidoid evolution (Peters et al. 2018). 

Early fossil diversity of Chalcidoidea 

The fossil record of Chalcidoidea is rich, especially in amber deposits younger than the Cretaceous 

(e.g. Darling (1996); Gibson (2008, 2009, 2013); Heraty & Darling (2009); Compton et al. (2010); Engel 

et al. (2013); Krogmann et al. (2013); Simutnik et al. (2014, 2020); Bläser et al. (2015); Burks et al. 

(2015); Simutnik & Perkovsky (2015); Farache et al. (2016); Simutnik (2020); Moser et al. (2021)). 

However, the described diversity in the Cretaceous, the beginning of chalcidoid radiation, is quite low 

and many discovered fossils have not been formerly described (e.g. Langenheim et al. (1960); Penney 

(2010); McKellar & Engel (2012); Burks et al. (2015)). 

The oldest alleged member of Chalcidoidea that has not been described is a specimen in Lebanese 

amber, which has been dated to the Barremian stage, roughly 130 million years ago (Maksoud et al. 

2017; Peters et al. 2018). A specimen of roughly the same age was described by Rasnitsyn et al. (2004). 

Khutelchalcis gobiensis Rasnitsyn, Basibuyuk and Quicke, 2004 was described in its own family 

Khutelchalcididae as a basal chalcidoid wasp from very early, Lower Cretaceous Mongolian mudstone 

(Rasnitsyn et al. 2004). Khutelchalcididae was prior to this work the only known extinct family of 

chalcidoid wasps from the Cretaceous, with the exception of the genera Bouceklytus Yoshimoto, 1957 

and Distylopus Yoshimoto 1975, placed as incertae sedis after their original description (Yoshimoto 

1975; Gumovsky et al. 2018). The placement of Khutelchalcididae within Chalcidoidea has however 

been met with doubt and depending on the authors is either regarded as a true member of 

Chalcidoidea (Rasnitsyn et al. 2004; Rasnitsyn & Öhm-Kühnle 2020), or not (Gibson et al. 2007; Poinar 

& Huber 2011; Huber 2017). 

Most of the Cretaceous fossils that have been described in Chalcidoidea are part of extant families. 

For instance, the oldest true member of Mymaridae is Myanmymar aresconoides Huber, 2011 from 

Burmese amber and it is therefore dating back to the Upper Cretaceous, about 97 - 110 million years 

old (Poinar & Huber 2011). Kaddumi (2005) described Minutoma yathribi Kaddumi, 2005 as a member 

of the extant Mymaridae from Jordanian amber, dated to about 115 mya, but its placement is 

uncertain and needs to be evaluated (Gumovsky et al. 2018). Poinar & Huber (2011) also gave a 

detailed account and key to all mymarid genera and species from the Cretaceous period. More 

recently, revision work of previously described specimens allegedly of various chalcidoid families from 
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Canadian amber (Yoshimoto 1975) lead to the discovery of a second extant family, the Rotoitidae 

(Gumovsky et al. 2018). Canadian amber is younger than Burmese amber, with an estimated age of 

75 – 79 million years, but also falls in the Upper Cretaceous period (Penney 2010). Gumovsky et al. 

(2018) additionally described several extinct species of Rotoitidae from Russian Taimyr amber, dated 

to be 84 – 100 million years old. Subsequently another rotoitid species, Baeomorpha liorum Huber, 

Shih & Ren, 2019, was described from Burmese amber (Huber et al. 2019). Rotoitidae therefore serves 

as a fascinating example of how the diversity of an old lineage can change from historically being 

species rich to being species poor today (Bouček & Noyes 1987; Gibson & Huber 2000). Yoshimoto 

(1975) also described members of the families Mymaridae, Tetracampidae and Trichogrammatidae, 

which were later transferred by different authors to Mymarommatoidea, Mymaridae, or are now 

considered as Chalcidoidea incertae sedis (Huber 2005; Gibson et al. 2007; Gumovsky et al. 2018). 

Another critically discussed fossil of an extant family is the Lower Cretaceous Parviformosus 

wohlrabeae Barling et al., 2013. It has been described as the oldest member of the polyphyletic 

chalcidoid family Pteromalidae (Barling et al. 2013), but was also speculated to be part of the subfamily 

Sycophaginae by Barling et al. (2013),which now is part of Agaonidae (Farache et al. 2016). 

Parviformosus wohlrabeae would therefore be a key fossil for the family Pteromalidae or Agaonidae, 

or even, due to its age, for the whole superfamily. Several authors however raised doubt over its 

correct placement (Farache et al. 2016; Barling 2018), but a formal re-description is still missing. In 

addition, its placement as a member of Pteromalidae itself is little informative because the family is 

extremely polyphyletic and scattered all over the chalcidoid phylogenetic tree (Gibson et al. 1999; 

Munro et al. 2011; Heraty et al. 2013; Peters et al. 2018; Zhang et al. 2020). Within the Pteromalidae, 

subfamilies are however often monophyletic and mostly well defined (Bouček 1988b; Heraty et al. 

2013), allowing for a more precise placement in the chalcidoid phylogeny.  

The family Pteromalidae 

The diversity that is already present in the Cretaceous ultimately resulted in what we can observe 

today in our extant fauna. One family in particular is of great interest in order to trace back the 

evolution of the whole superfamily, because of its diversity and polyphyletic distribution throughout 

Chalcidoidea. With about 3,500 described species and about 640 described genera, Pteromalidae is 

one of the most species-rich families within Chalcidoidea, after Eulophidae and Encyrtidae (Heraty et 

al. 2013; Noyes 2019). Due to their diversity and phylogenetic incongruence, the family Pteromalidae 

exhibits a multitude of different life histories, from being mostly parasitoids, to taxa that are rather 

predatory or even phytophagous during their larval development (Parnell 1964; Prinsloo & Neser 

2007; Noyes 2019). Especially in Germany, Pteromalidae represent close to 40 % (n = 735) of all 
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recorded chalcidoid species (n = 1963) (Doczkal 2017, Zoologische Staatssammlung München 2022). 

Compared to other families, Pteromalidae are morphologically not well defined because they mostly 

have been treated as the “[…] dumping ground of the Chalcidoidea” (Goulet & Huber 1993, p. 571) 

and most probably do not form a natural taxon. This neglect and lack of systematic revision led to an 

assemblage of taxa, not sharing any apomorphic characters and the formation of a large polyphylum, 

as confirmed by many studies (Gibson et al. 1999; Munro et al. 2011; Heraty et al. 2013; Peters et al. 

2018; Zhang et al. 2020). The family is defined not by the presence of characters, but the lack of 

characters found in the other, better defined taxa within Chalcidoidea. Pteromalidae can more or less 

be recognized by having five tarsomeres, but lack further characters of the other chalcidoid families 

sharing also five tarsomeres (Goulet & Huber 1993). Other features shared by most Pteromalidae are 

listed by Noyes (2019) like a metallic body in most species; 8-13 antennal segments including up to 

three annelli (ring like segments without multiporous plate sensilla) and other vague characters, which 

are present in many other taxa in the remaining Chalcidoidea. Attempts to properly group 

Pteromalidae morphologically are therefore futile and existing keys are often lengthy and complicated 

in order to account for pteromalid plasticity (Bouček & Rasplus 1991; Goulet & Huber 1993; Grissell & 

Schauff 1997). Additionally, males of some other chalcidoid families, mainly Torymidae and 

Eupelmidae, can easily be misidentified as Pteromalidae due to the lack of distinguishing characters 

(Graham 1969). 

On a lower taxonomic level, Pteromalidae are mostly grouped into well characterized subfamilies that 

often even share a similar host group and are mostly recovered as monophyletic taxa (Bouček & 

Rasplus 1991; Grissell & Schauff 1997; Heraty et al. 2013; Peters et al. 2018; Zhang et al. 2020). Noyes 

(2019) currently lists 33 subfamilies worldwide, many of which have undergone several systematic 

changes and will do so in the future as modern phylogenetic concepts are developed. Graham (1969) 

gives a comprehensive account for each subfamily relevant for the Palaearctic region with 

Pteromalinae being the largest subfamily of Pteromalidae, but which like the family itself, is hard to 

define morphologically (Graham 1969; Bouček 1988b). Biologically, Pteromalinae are also quite 

diverse, although they are united with other subfamilies in being mostly parasitoids. 

Taxonomic research as basis for further research 

Their manifold life histories and wide host range render Chalcidoidea as useful biocontrol agents and 

indicators for nature conservation, a function which so far was almost completely neglected. Over 800 

species of Chalcidoidea are used for biological control today, with the two families Aphelinidae and 

Encyrtidae in particularly high numbers (Noyes 2019). Compared to those two families, the diverse 
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Pteromalidae are utilized in rather few cases, measured on their wide host range of families and 

specificity towards their host species, including many important pest groups (Heraty 2017). 

A prominent and well documented example of a biological control agent in Pteromalidae is 

Lariophagus distinguendus (Förster, 1841), which is used against a wide array of stored product pests 

(Steidle et al. 2008; Niedermayer & Steidle 2013; Niedermayer et al. 2016b). Besides that, L. 

distinguendus is also used as a model organism for studying the behavior and biology of parasitoid 

wasps (Steidle & Schöller 1997; Ruther & Steidle 2000; Steiner et al. 2007; Belda & Riudavets 2012; 

Niedermayer et al. 2016a). However, Lariophagus distinguendus is not only an example for a 

successful species to use in pest control and research, but also serves as a representative that 

highlights the cryptic nature of many parasitoid taxa. Lariophagus distinguendus parasitizes many 

members of several families within Coleoptera that feed on grains (Poales: Poaceae) and beans 

(Fabales: Fabaceae) (Noyes 2019), but it has been shown that there are host preferences between 

populations of different origins (Steidle & Schöller 2002). Subsequently this result was further 

investigated and suggests that in fact, L. distinguendus is not a single species but rather a complex of 

potentially several separate species, also known as a cryptic species complex (Bickford et al. 2007; 

Wendt et al. 2014; Gokhman 2015; König et al. 2015, 2019a). Cryptic diversity has also been reported 

for many other examples within Chalcidoidea (Al Khatib et al. 2014, 2016; Kenyon et al. 2015; Wang 

et al. 2016; Fusu 2017; Klimmek & Baur 2018; Perry & Heraty 2019) and is also one of the reasons why 

the estimated diversity of Chalcidoidea is strongly deviating from the currently described number of 

species. This potentially leads to a situation where generalist species are split into several more 

specialized species. Knowing host preferences for biological control agents is of course mandatory for 

the success of a deployed species. This necessitates uncovering cryptic diversity in such groups. This 

is also true if agents are released in a non-native area to guarantee that non-target organisms are 

unaffected, which could put pressure on native populations of potential off-target hosts or farmed 

goods (Howarth 2000). Stiling (2004) reports that 48% of the released species for biocontrol in North 

America, including a high proportion of Chalcidoidea, can be categorized as generalists rather than 

specialists, attacking more than the target host species. Similarly, about 83% of reared parasitoid 

individuals could be identified as former biocontrol agents that now attack native caterpillars in Hawaii 

(Henneman & Memmott 2001).  

Potentially useful candidates for pest management or negative effects on natural ecosystems by the 

careless use of parasitoids in biocontrol are however not the only reason to uncover the biology and 

diversity of Chalcidoidea. Parasitoids inherently are on the top of the food chain and could be very 

informative as indicators in nature conservation, due to their often high host specificity and 

susceptibility for environmental change (Shaw & Hochberg 2001; Shaw 2006). The presence of a 
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parasitoid species at a given location already indicates that its host has to be present as well, including 

their host, prey or feeding plant, and other biotic and abiotic factors required by these species. Despite 

this fact, only few studies explore this unused potential of parasitoids (e.g. Anderson et al. (2011); 

McMahon et al. (2012); Gould et al. (2013); Mazón (2016)). This is not surprising, given the unknown 

but high amount of undescribed diversity, difficult morphological identification and a lack of 

understanding for interactions of parasitoids with their surrounding environment (Miller et al. 2021). 

Therefore, neither the Red List of Germany, nor the habitats directive of the European Union, monitor 

parasitoids or designate them for conservation efforts (European Commission 1992; Rote Liste 

Zentrum 2022), despite their indicative potential and general role in our ecosystems. 

To alleviate at least the issue of difficult morphological identification, barcoding initiatives like the 

Barcode of Life Project (BOLD; Ratnasingham & Hebert (2007)) or German Barcode of Life project 

(GBOL; German Barcode of Life Consortium (2011)) aim to build up genetic databases through which 

easy species identification can be provided. In order to achieve this goal, specimens identified by 

taxonomic experts are molecularly processed and a partial genomic sequence of the Cytochrome c 

oxidase subunit I (COI) is assessed. This sequence is digitally stored in an accessible database and can 

be used to compare sequences with a Basic Local Alignment Search Tool (BLAST), potentially leading 

to a match and therefore species identification (Altschul et al. 1990; Ratnasingham & Hebert 2007). 

However, this method can only unfold its full potential when those databases are filled with genomic 

sequences of as many species as possible. This is especially important for the usage of more modern 

molecular methods like metabarcoding of large batch samples or of environmental DNA (eDNA) 

(Fernandes et al. 2018; Piper et al. 2019). With those approaches, it is mostly not possible to 

morphologically assess the identity of the organism after molecular analysis, because either the 

specimen was never physically present in the sample (environmental DNA), or was destroyed in the 

process due to current practices of using homogenization in batch barcoding of mass insect samples. 

However, especially in flying insects, it could be shown that there are large gaps in the representation 

of species for Diptera and Hymenotpera, specifically the small and overlooked parasitoids (Geiger et 

al. 2016). 

Although barcoding allows for species identification without previous expert knowledge and can give 

indications of species delimitations, it also has its caveats. For example it has been shown that 

endosymbionts like Wolbachia can mask the identity of morphologically well delimited species within 

the megadiverse ichneumon parasitoid wasps, which could lead to false identifications (Klopfstein et 

al. 2016). Paired with the undescribed diversity of Chalcidoidea, unrecognized cryptic species 

complexes, unknown biologies, phylogenetic uncertainties and evolutionary questions, the 
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integration of data from several sources for species delimitation and recognition might be an adequate 

tool to tackle those questions on several taxonomic levels. 

Aim of this work 

This work aims to elucidate the hidden diversity of Chalcidoidea by employing an integrative 

taxonomic approach on several taxonomic levels of this group. The two most relevant points in time 

for diversity research have been chosen for this purpose. First, a focus is set on the evolutionary origin 

of this group by analyzing key fossils from the Cretaceous. This serves as a basis to determine the 

beginning of their evolution and subsequent megaradiation. One of the oldest described fossils of 

Chalcidoidea, Parviformosus wohlrabeae Barling et al., 2013, was chosen as a starting point for this 

study, because it is assumed to constitute the oldest representative of the extant, polyphyletic family 

Pteromalidae. It is therefore phylogenetically highly relevant for Chalcidoidea, but needs to be 

properly analyzed before it can serve as an anchor point for the evolution of the superfamily. At this 

early stage in the evolution of Chalcidoidea, only few families have been described that can serve as 

a comparison of early chalcidoid morphology. Several specimens of chalcidoid wasps are analyzed and 

described within a new family of Chalcidoidea. The phylogenetic position is discussed based on their 

morphology. As an early member of Chalcidoidea, this family is determined to be basal within the 

superfamily. Understanding this taxon diversity in the Cretaceous allows to explain why certain 

lineages evolved to be very successful, measured by extant diversity and distribution, whereas others 

apparently have disappeared or are poor in species and often restricted in their distribution. For 

Germany, the most species rich family of Chalcidoidea by far are the Pteromalidae with 735 extant 

species out of a total of 1964 chalcidoid species (Doczkal 2017; Zoologische Staatssammlung München 

2021). Chosen as an extant example, the occurrence of genera and species is investigated using a 

combination of genetic and morphological methods to determine the extent of unknown diversity in 

well studied areas such as Germany. In the framework of the German Barcode of Life Project, genetic 

data is made available through DNA barcoding to allow easier species identification for ecological 

research and nature conservation. Focusing on the level of species, the prevalent topic of cryptic 

diversity is investigated. Therefore, an uncovered cryptic species complex within the genus Spintherus 

(Pteromalidae) is revised by employing an integrative taxonomic approach to further unravel the 

hidden diversity within Chalcidoidea and clear up the biology of this specific but abundant species 

complex. Combined, this work represents an example for an encompassing approach towards the 

biodiversity research of species-rich and taxonomically difficult insect taxa.
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Abstract 
The parasitoid wasp family Pteromalidae is with close to 800 known species, the most species rich 

family of Chalcidoidea (Hymenoptera) in Germany. Although presumably well-studied in such a region, 

the biology of those species is often illusive and even the species status itself is unclear, due to the 

existence of cryptic species complexes. One such example of cryptic diversity is Spintherus dubius, a 

widespread and common parasitoid of apionine beetles (Coleoptera: Brentidae), developing in clover 

(Fabales: Trifolium spp.). Although morphologically cryptic, we demonstrate with an integrative 

taxonomic approach that S. dubius can molecularly be divided into two distinct groups. Morphological 

investigations with morphometric methods support our molecular results and provide morphological 

character ratios to identify male and female specimens within the S. dubius species complex. 

Moreover, rearing experiments show a difference in the biology of both groups through dissimilar 

host ranges, but also reveal an interesting case of sympatric occurrence in red clover (Trifolium 

pratense L.). We demonstrate that the two groups are not specialized on the available hosts in T. 

pratense, which should lead to resource competition. The example of S. dubius highlights the lack of 

knowledge in parasitoid wasps and the need to investigate cryptic diversity in such taxa, especially 

considering their value in nature conservation as highly neglected indicators. 
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Introduction 
Over 22,500 species of Chalcidoidea (Hymenoptera) have already been formally described, but 

estimates suggest that there might be up to 500,000 species worldwide (Heraty 2013; Noyes 2000, 

2019). With such estimates, Chalcidoidea would be among the most species-rich insect lineages. Their 

success can largely be attributed to their predominately parasitoid lifestyle – among some 

phytophagous and predatory groups – in which they attack a wide array of mainly arthropod hosts 

(Gibson et al. 1999; Weiblen 2002; Heraty 2017). As parasitoids, Chalcidoidea are capable of 

controlling the populations of their host organisms. Therefore, several species are used as biological 

control agents against plant and storage pests (Heraty 2017). Unfortunately, however, often little is 

known about their biology. 

This lack of knowledge is even more problematic through the existence of cryptic species, as it hinders 

the understanding of the natural role and actual diversity of those parasitoids. Cryptic species are 

defined by being a complex of separate species, which cannot be distinguished, mostly due to 

morphological likeness and are therefore hidden under one species name (Bickford et al. 2007). Even 

some parasitoid species that receive much scientific attention, being widely distributed and well-

studied, like Lariophagus distinguendus (Förster, 1841), can reveal themselves as being cryptic (König 

et al. 2015, 2019a). Also several other studies have provided a glimpse into how much hidden diversity 

can be expected within chalcidoid wasps (Molbo et al. 2003; Smith et al. 2008; Zhou et al. 2012; 

Kenyon et al. 2015; Wang et al. 2016). Now, the availability of molecular methods speeds up the 

process of species discovery immensely, aiding in the discovery of cryptic diversity (comp. Bickford et 

al. 2007 Fig. 1). The most popular starting point of molecular species discovery is DNA barcoding, 

which in case of insects utilizes an about 650 base pair long marker in the mitochondrial coding gene 

for cytochrome c oxidase subunit I (COI) to distinguish specimens on a species level (Hebert et al. 

2003a; b). This works due to the COI gene evolving fast enough to accumulate a sufficient number of 

mutations between species, but because of its vital protein coding property and maternal inheritance 

develops low intraspecific variation (Hebert et al. 2003b). Over the years, issues with DNA barcoding 

could be identified that might lead to difficulties in reliably identifying species, like genetic 

introgression, endosymbiont mediated genetic sweeps or incomplete lineage sorting (Mardulyn et al. 

2011; Klopfstein et al. 2016; Ahrens et al. 2021). Nevertheless, DNA barcoding is now globally used for 

the inventory of life on earth through various initiatives (e.g. German Barcode of Life Consortium 

(2011), The International Barcode of Life Consortium (2016), Ekrem et al. (2015)). In the framework of 

the German Barcode of Life initiative (German Barcode of Life Consortium 2011), Pteromalidae were 

molecularly inventoried and morphologically identified, yielding a multitude of species and genus 
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records (Haas et al. 2021). However this effort not only yielded new species records, but revealed a 

few interesting cases of potentially cryptic species complexes, like Spintherus dubius (Nees, 1834). 

Spintherus dubius (Nees, 1834) (Hymenoptera: Chalcidoidea: Pteromalidae) is known for almost two 

centuries and was described several times under different synonyms by different authors (Nees 1834; 

Walker 1835, 1836, 1839, 1848, 1874; Förster 1841; Thomson 1878). So far it is the only known species 

in the genus, except for the elusive S. graminus (Scopoli, 1763), which cannot unequivocally be 

resolved as a unique species but might be a synonym of S. dubius (Dalla Torre 1898). Unfortunately, 

its type described as Ichneumon graminum Scopoli, 1793, is unavailable, because it is believed that 

Scopoli’s whole collection of types was lost to a fire or shipwreck before Dalla Torre has seen it (Hörn 

1928; Haris & Roller 2008; Pollet & Stark 2018). The latest taxonomic treatment of the genus 

Spintherus was conducted by Graham (1969). He mentions the morphological similarity of Spintherus 

to Habrocytus (now Pteromalus) from which it differs in both mandibles having four teeth, an 

extended hypopygium beyond the middle of the metasoma, and the propodeum having sharp 

posterior plicae, therefore lacking a distinct nucha (Graham 1969). Graham (1969) only mentions S. 

dubius in the genus under which he newly synonymizes 13 names. He however never mentions S. 

graminus or any of the synonymic names in his monograph. Spintherus dubius is currently the only 

known valid species in the genus, which is therefore monotypic. 

Spintherus dubius is distributed in the whole Palearctic region (Noyes 2019) where it is probably one 

of the most common species of Pteromalidae due to its biology. Apart from one report that it is 

parasitizing Ostrinia nubilialis (Hübner, 1796) (Lepidoptera: Pyralidae) in corn stems (Mitroiu & 

Andriescu 2003), it seems to be an oligophagous parasitoid of apionine beetles (Coleoptera: 

Brentidae) of the genus Protapion. These beetles usually lay their eggs in developing inflorescences of 

Trifolium (Fabales: Fabaceae) (Graham 1969; Kruess 1996), where the larvae feed on the developing 

seeds and pupate on the stem of the inflorescence or within single flowers (Hassler & Rheinheimer 

2013). Protapion weevils are considered pest organisms, because clover plants are often cultivated 

for livestock feed and green manure (Hansen & Boelt 2008; Lundin et al. 2012). Thus, S. dubius might 

serve as a biocontrol agent in integrated pest management (Lundin et al. 2012). 

In this work we report and analyze discordance between DNA barcoding results and the morphological 

species concept of Spintherus dubius, recognized during DNA barcoding and identification efforts 

conducted in the German Barcode of Life project (GBOL Consortium 2011). Therefore, the previously 

unrecognized species complex was examined in depth, by employing an integrative taxonomic 

approach to not only separate the inherent taxonomic units genetically and morphologically, but also 

to uncover differences in their host range and biology. 
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Material and Methods 
Origin of the material used in analyses 

The specimens of Spintherus dubius used were collected with malaise traps and sweep nets during the 

first phase of the German Barcode of Life Project (GBOL Consortium 2011) or reared from fresh plant 

material collected from 2016 to 2020 (Dig. suppl. mat. S1 and S3.1). To rear specimens, inflorescences 

of Trifolium spp. were collected and transferred to plastic containers fitted with a fine mesh. Emerging 

specimens were collected with an aspirator and transferred to pure 99.6 % ethanol. 

For the analysis of parasitoid-host interactions moderately withered inflorescences of Trifolium 

pratense were collected. Trifolium pratense was chosen, because it harbors both operational 

taxonomic units (OTU) of S. dubius and several potential Protapion hosts (See results “Rearing”). 

Inflorescences where carefully searched for parasitized larvae of Protapion sp.. Parasitized beetle 

larvae and pupae in the inflorescences of T. pratense were processed right after collection. Only those 

beetle larvae with attached parasitoid larva were used where the host was not completely consumed 

and the parasitoid larva was large enough to yield sufficient DNA for analyses. All larvae were fixated 

in pure 99.6% ethanol until they were separately used in molecular analysis. In total 134 hosts with 

parasitoids attached from nine different localities and 14 collecting events were used for analysis (Dig. 

suppl. mat. S2). Four of the host larvae were parasitized by two parasitoid larvae, and three even by 

three parasitoid larvae which results in a total of 144 examined interactions. 

Molecular methods 

Specimens for molecular analysis were kept in pure 99.6% ethanol until being processed molecularly. 

A semi-destructive method of DNA extraction was chosen for lysis of adult specimen. One of the hind 

legs was removed to create an opening into the body to allow for easier buffer penetration and DNA 

release. For larval lysis, specimens were homogenized with a sterile pestle within the extraction buffer 

solution. The extraction procedure and utilized buffer solutions are based on the protocol of Ivanova 

et al. (2006), with slight alterations to facilitate working with a Xiril Neon 100 pipetting robot and small 

insect specimens. The whole specimen, including the separated leg in case of adult parasitoids, was 

submerged in 100 µl lysis buffer in individual 1.5 ml tubes and left on a thermoshaker set to 56 °C at 

200 rpm for about 30 hours. Then, adult specimens were washed and prepared for mounting (see 

section “Specimen mounting” below). The lysate was transferred to a 96 format deep well plate for 

DNA isolation on the robot. A silica-based isolation system was used to bind the DNA with 200 µl of 

binding mix to a filter plate and wash it with several buffer solutions, following Ivanova et al. (2006). 

The purified DNA was transferred in 100 µl TE-buffer and kept at -20 °C until lab procedures concluded, 

after which it was stored at -80 °C long term. 
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For molecular analyses of the specimens, primers targeting the mitochondrial gene for cytochrome 

oxidase subunit I (COI) and the internal spacer two region (ITS2) were used (Tab. 1). ITS2 as a nuclear 

marker was chosen, which previously was successfully utilized in other studies on Pteromalidae (Baur 

et al. 2014; Campbell et al. 1993; König et al. 2015). Iterations of the FastGene® Optima Taq from 

Nippon Genetics were used for gene amplification with a total of 25 µl reaction volume, including 4 µl 

of DNA. The PCR was run using the cycler protocols in table 2. The resulting product was then purified 

and sequenced at GATC Biotech AG, now Eurofins Genomics.  

Table 1: Primers used for DNA barcoding and species identification. 

Target Region Primer name Direction Primer sequence Reference 

COI 
LCO1490 forward GGTCAACAAATCATAAAGATATTGG (Folmer et al. 1994) 

HCO2198 reverse TAAACTTCAGGGTGACCAAAAAATCA (Folmer et al. 1994) 

ITS2 
- forward TGT GAA CTG CAG GAC ACA TG (Campbell et al. 1993) 

- reverse AAT GCT TAA ATT TAG GGG GTA (Campbell et al. 1993) 
 

In total, 54 adult specimens of S. dubius were analyzed for both genes. Two specimens were analyzed 

as outgroups – one Stenomalina gracilis and one Mesopolobus incultus (both Pteromalinae, for details 

see Dig. suppl. mat. S3.1). Furthermore, 134 host larvae and 144 parasitoid larvae were analyzed for 

COI (Dig. suppl. mat. S2). 

Table 2: PCR thermocycler protocol for amplifying COI and ITS2 region. 

  COI   ITS2  

Heat Lid 104°C/110°C      

Initial Denaturation 94°C 2:00  95°C 3:00  

Denaturation 96°C 1:00     

Annealing 45°C 1:30 5x    

Elongation 72°C 1:30     

Denaturation 93°C 1:00  94°C 1:00  

Annealing 50°C 1:30 45x 49.3°C 1:00 30x 

Elongation 72°C 1:30  72°C 2:00  

Final Elongation 72°C 5:00  72°C 7:00  

Short term storage 8°C ∞  8°C ∞  

 

Phylogenetic analysis 

To identify clustering of COI and ITS2 sequences, phylogenetic trees were constructed, using maximum 

likelihood and Bayesian methods. Each gene was separately analyzed and a concatenated alignment 

of both was assembled via Geneious 10.2.6 (https://www.geneious.com) for a combined analysis. 

Maximum-Likelihood analyses for each gene and concatenated alignment were conducted using IQ-

Tree v. 2.1.3 (Minh et al. 2020). The best fitting evolutionary models were chosen via the in IQ-Tree 

implemented modelfinder (Kalyaanamoorthy et al. 2017), based on the lowest Bayesian information 

criterion (BIC) score. The concatenated analysis was partitioned (Chernomor et al. 2016) into the two 

genes with each partition having separate substitution models and separate rates across sites. To test 
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the robustness of each phylogeny, non-parametric bootstrapping with 1,000 replicates was conducted 

and a consensus tree constructed. For the Bayesian analysis, MrBayes (Ronquist et al. 2012) on the 

CIPRES Science Gateway (Miller et al. 2010) was used. Nucleotide substitution models of evolution for 

individual genes in all BA were applied as found in modelfinder using BIC criterion. Two runs of four 

Markow-Chain-Monte-Carlo chains were performed with 10,000,000 generations, each being 

sampled every 1,000 trees. The first 25% of each run were discarded as burn in. Convergence of both 

runs was verified using Tracer v. 1.7.2 (Rambaut et al. 2018) and a consensus tree with posterior 

probabilities was calculated. MegaX 10.0.5 (Kumar et al. 2018) was used to calculate the within group 

and between group uncorrected p-distances for both OTUs and the outgroup taxa. 

Specimen mounting 

After lysis, adult parasitoid specimens were transferred to 70% denatured ethanol. The concentration 

was slowly raised via several steps (90%, 95%, and 99.6%) over the course of several days to avoid 

collapsing and deformation of body parts. Each concentration was kept for at least 24 hours to allow 

for a concentration equilibrium within the specimen and surrounding solution. For all specimens 

picked for mounting, the 99.6% ethanol was discarded and substituted through Hexamethyldisilazane 

(HMDS), a chemical drying agent used in entomology (Heraty & Hawks 1998). Specimens were 

suspended in about 500 µl HMDS and the tubes were left open for the HMDS to fully evaporate over 

two to three days, leaving a dried specimen. Dried specimens were point-mounted to a triangular 

card, punched out of thick paper. The lateral side of the specimen was glued with shellac to the point 

of the card, with the wings of one side fixed to the surface of the card. The separated leg of molecularly 

processed specimens was also affixed to the surface of the card. Specimens prepared for 

morphometric analysis were further dissected and single body parts like the antenna, metasoma, legs 

and wings were transferred to a second rectangular card and affixed with methylcellulose glue. 

Morphometric analysis 

In total, 200 adult parasitoid specimens, previously sampled or reared, were selected based on their 

suitability for morphometric analysis, with the intention to include a high amount of spatial and 

temporal heterogeneity of the materials origin. Those specimens were either genetically or 

morphologically, using putative characters, sorted to two operational taxonomic units (OTU) 

(Spintherus dubius cluster 1 (C1) and cluster 2 (C2)). Specimens were also assigned to gender, resulting 

in 50 specimens per OTU and gender, available for analysis. Out of those, 25 specimens were selected 

at random, dissected and mounted on paper cards to facilitate being photographed and measured for 

analysis. After a first pre analysis, it was decided to add additional barcoded specimens in order to 

counter overrepresentation of OTUs per sex, caused by incorrect morphological OTU assignment 

before analysis. The final analysis was performed with 59 females and 54 males (Dig. suppl. mat. S4). 
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In total, 34 different distances were measured over the specimens’ body (Tab. 3) to be processed in 

the morphometric analysis. Distances were chosen based on Baur (2015) and Klimmek and Baur 

(2018), with the addition of five characters: funicle three length and breadth, hindwing length and 

breadth and propodeum breadth. The definition of the measurements, as well as morphological 

descriptors are based on Bouček & Rasplus (1991), Gibson et al. (1997) and Graham (1969). Images of 

all measured distances were taken with a Keyence VHX-5000 digital microscope with a VH-Z20R lens 

attached. To guarantee consistency, only a single image per distance was taken, having the start and 

endpoint of the measured distance in focus. Imaging was performed with magnifications of 100x and 

200x depending on the distance being photographed. The measurements were performed using 

ImageJ version: 1.50e (Schneider et al. 2012). To gauge the measured distances in ImageJ, images of 

a Zeiss calibration scale were converted into measurements of pixels per mm, yielding 441.285 

pixels/mm for a magnification of 100x and 876.193 pixels/mm for a magnification of 200x in our setup. 

All measurements were compiled in a .csv file (Dig. suppl. mat. S4.1) to be further processed in the 

multivariate ratio analysis (MRA), performed in R (R Core Team 2021) (Dig. suppl. mat. S4.2). 

For analysis of the measurement data to discern if morphological differences are consistent within the 

OTUs of Spintherus dubius, we applied a multivariate ratio analysis (MRA), firstly broadly adapted to 

morphometric based species differentiation by Baur & Leuenberger (2011). Several studies 

successfully incorporated and refined this method for morphologically difficult parasitoid 

Hymenoptera (e.g. Peters & Baur (2011); László et al. (2013); Baur et al. (2014); Gebiola et al. (2017); 

Klimmek & Baur (2018)), with the scripts of the MRA now being available through Baur and 

Leuenberger (2020). For a detailed description of the method, we refer to Baur & Leuenberger (2011), 

(2020) and Baur et al. (2014). For females a total 30 of the 34 characters were used for our final 

analysis (Tab. 3), because four were showing high amounts of measurement errors leading to a weaker 

analysis result, when included. For males, 29 characters were used in the final analysis. 

Table 3: Character abbreviations, characters, their definition, magnification photographed and final 

usage of characters measured for the morphometric analysis, based on Baur (2015) and Klimmek and 

Baur (2018). 

Abbreviation Character Definition 
Magnification 

pixel/mm 

Sexes 
used for 
analysis 

ant.l Antenna length 
Combined length of pedicel plus flagellum, 

outer aspect (Graham, 1969) 876.193 ♀+♂ 

clv.b Clava breadth 
Greatest breadth of clava, outer aspect 

876.193 ♂ 

clv.l Clava length Greatest length of clava, outer aspect 876.193 ♀+♂ 

eye.b Eye breadth 

Greatest distance of eye breadth, lateral 
view (measured at right angle to eye 

height) 
876.193 ♀+♂ 
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eye.d Eye distance 
Shortest distance between eyes, dorsal 

view 876.193 ♀+♂ 

eye.h Eye hight 
Greatest distance of eye height, lateral 

view 
876.193 ♀+♂ 

fm3.b 
Metafemur 

breadth 

Greatest breadth of metafemur, outer 
aspect 876.193 ♀+♂ 

fm3.l Metafemur length 

Length of metafemur, from distal end of 
trochanter to tip of metafemur, measured 

along midline, outer aspect 
876.193 ♀+♂ 

fu3.b 
Funicular segment 

3 breadth 
Greatest breadth of third funicular 

segment, outer aspect 
876.193 ♀+♂ 

fu3.l 
Funicular segment 

3 length 
Greatest length of third funicular segment, 

outer aspect 
876.193 ♀+♂ 

fwi.b Forewing breadth 

Greatest breadth of fore wing, measured 
at about right angle to marginal and 

postmarginal veins 
441.285 ♀+♂ 

fwi.l Forewing length 
Length of forewing, measured from 

humeral plate to tip of wing 441.285 ♀+♂ 

gst.b Gaster breadth 
Greatest breadth of gaster, distance 

between the outermost lateral edges of 
the gaster, dorsal view (only female) 

441.285 ♀ 

gst.l Gaster length 

Length of gaster along median line from 
anterior edge of basal tergum to tip of 
ovipositor sheath, dorsal view (only 

female) 

441.285 ♀ 

hea.b Head breadth 
Greatest breadth of head, dorsal view 

876.193 ♀+♂ 

hea.h Head height 

Distance between lower edge of clypeus 
and lower edge of anterior ocellus, frontal 

view 
876.193 ♀+♂ 

hwi.b Hindwing breadth 
Greatest breadth of hindwing 

876.193 ♀+♂ 

hwi.l Hindwing length 
Length of hindwing, measured from base 

to tip of wing 
876.193 ♀+♂ 

mav.l Marginal vein 

Length of marginal vein, distance between 
the point at which submarginal vein 

touches the leading edge of the wing and 
the point at which the stigma vein and 

postmarginal vein unite (Graham, 1969) 

876.193 ♀+♂ 

msc.b 
Mesoscutum 

breadth 

Greatest breadth of mesoscutum, dorsal 
view 876.193 ♀+♂ 

msc.l 
Mesoscutum 

length 

Length of mesoscutum along median line, 
measured from posterior margin of 

pronotum to posterior margin of 
mesoscutum, dorsal view 

876.193 ♀+♂ 

msp.l Malar space 

Distance between the point where malar 
sulcus enters mouth margin and malar 
sulcus enters lower edge of eye, lateral 

view (Graham,1969) 

876.193 ♀+♂ 

mss.l Mesosomal length 

length of mesosoma along median line 
from anterior edge of pronotal collar to 
posterior edge of nucha, dorsal view 

876.193 ♀+♂ 

ool.l 
Ocell‐ocular 

distance 

Shortest distance between posterior 
ocellus and eye margin, dorsal view 

(Graham, 1969) 
876.193 ♂ 

pdl.b Pedicel breadth Greatest breadth of pedicel, outer aspect 876.193 ♀+♂ 

pdl.l Pedicel length 

Length of pedicel in lateral view, 
measured along lower edge of pedicel, 

outer aspect 
876.193 ♀ 

pol.l 
Post‐ocellar 

distance 

Shortest distance between posterior ocelli, 
dorsal view (Bouček, 1991) 876.193 ♀+♂ 
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ppd.b 
Propodeum 

breadth 

Greatest distance between plicae, dorsal 
view 876.193  

ppd.l Propodeum length 

Length of propodeum along median line, 
measured from frontaledge to hind edge 

of nucha, dorsal view 
876.193 ♀+♂ 

scp.l Scape length 
Length of scape in lateral view, measured 

without radicula, outer aspect 876.193 ♀+♂ 

sct.l Scutellum length 

Length of scutellum along median line, 
measured from posterior margin of 
mesoscutum to posterior margin of 

scutellum, dorsal view 

876.193 ♀+♂ 

stv.l Stigmal vein 

Length of stigmal vein, measured from 
conjunction with marginal vein to tip of 

stigma (Graham, 1969) 
876.193 ♀+♂ 

tmp.l Temple length 
Length of temple, dorsal view (Graham, 

1969) 
876.193  

upf.l Upper face length 

Distance between lower edges of toruli 
and lower edge of anterior ocellus, frontal 

view (Gibson, 1997) 
876.193 ♀+♂ 

 

Molecular identification of larvae 

COI sequences of parasitoid larva were compared to the sequences of adult Spintherus dubius and 

matched to their respective OTU. Two sequences could not be matched with any OTU of S. dubius and 

were identified using the BOLD Systems (Ratnasingham & Hebert 2007) identification engine on 

10.01.2022. For the coleopteran larvae, all obtained barcodes were identified via the BOLD Systems 

identification engine on 10.01.2022.  

Results 
Molecular diagnoses 

In total, 56 parasitoid specimens yielded sequences for the genetic markers amplified for COI and ITS2. 

The recovered sequences were aligned, resulting in a total length of 651 bp for COI and 547 bp for 

ITS2, with the best models shown in table 4. All results of the phylogenetic analyses can be found in 

Dig. suppl. mat. S3.2. 

Table 4: General information on the data used in the maximum likelihood and Bayesian analyses. Best 

fitted models are reported with their Bayesian information criterion score (BIC), from the modeltest 

performed by IQ Tree. 

  Sites Evolutionary models 

Marker Length (bp) Unique Informative Invariable Constant Best fit BIC 

COI 651 147 94 489 489 
Single: K3Pu+F+I+G4 

Concat.: K3Pu+F+I+G4 
5552.191 
5000.503 

ITS2 547 120 83 430 430 
Single: TIM3e+I 

Concat.: TIM3e+G4 
3418.472 
2896.993 
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The resulting trees from the maximum likelihood (IQ-Tree) and Bayesian (MrBayes) analyses revealed 

two distinct clades, operational taxonomic unit (OTU) C1 and C2, of the analyzed specimens of 

Spintherus dubius (Fig. 1). For the COI gene, the formed clades of both OTUs were distinct and highly 

supported (ML bootstrap = BP / BA posterior probability = PP) clades (C1: 94/1 and C2: 92/1) (Fig. 1A). 

Within clade C2, highly supported sub clades formed in both analyses of COI, which disappeared in 

the analysis of ITS2, due to the formation of an unsupported polytomy (Fig. 1B). Although an 

unsupported polytomy was formed, the structure of indels and substitution patterns within the 

alignment of ITS2 showed a clear distinction of clade C1 from clade C2 (Dig. suppl. mat. S3.3). The 

distinction of clade C1 in contrast was retained in the trees and well supported in both analyses of 

ITS2 (C2: 95/1) (Fig. 1B). In the concatenated analysis, clades C1 and C2 also formed and both were 

well supported by the ML and BA analyses (C1: 92/1 and C2: 85/1) (Fig. 1C). Some subclades in C2 

were retrieved, however mostly with low support. The calculated mean uncorrected p-distances 

showed high divergences between the OTUs of Spintherus dubius and small intra group divergences 

for both markers (Tab. 5). 

Table 5: Average uncorrected p-distance / standard deviation within and between OTUs of Spintherus 

dubius and outgroup taxa. 

 COI ITS2 

 C1  
n = 29 

C2 
n = 25  

Outgroup 
n = 2 

C1  
n = 29 

C2 
n = 25  

Outgroup 
n = 2 

C1 0.0070 / 0.0011   0.0090 / 0.0028   

C2 0.0842 / 0.0098 0.0341 / 0.0043  0.0360 / 0.0084 0.0010 / 0.0006  

Outgroup 0.1086 / 0.0150 0.1195 / 0.0104 0.1229 / 0.0103 0.2147 / 0.0201 0.2089 / 0.0200 0.0640 / 0.0119 

 

Morphometric Analyses 

A preliminary shape PCA (Fig. 2A for females and Fig. 3A for males) separated the examined specimens 

into two distinct groups, OTU C1 and C2, with barcoded specimens clearly clustering together. 

Specimens lacking barcode identification fit in the two groups, when assigning them via morphological 

identification a posteriori (Fig. 2B for females and Fig. 3B for males). For females, a total of 24.4% of 

the variance could be explained by shape PC1 and 21.9% by shape PC2 respectively. For males, 32.5% 

of the variance could be explained by shape PC1 and 20.6% by shape PC2. In both sexes, shape PC1 

separated the two groups completely, with allometry having no effect, because both groups lay on 

different allometric axes (Fig. 2C for females and Fig. 3C for males). For females, characters 

contributing most to the separation within the PC1 were gst.b and gst.l (Fig. 2D). Both also showed a 

high amount of variance as indicated by the length of the bar, compared to other characters. 
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Figure 1: Resulting phylogenetic consensus trees for A COI, B ITS2 and C concatenated datasets based 

on maximum likelihood (ML) criterion (using IQ Tree and 1,000 non-parametric bootstrap replications) 

and Bayesian analysis (BA) (MrBayes and 10,000,000 generations). Support values are shown above 

50% (ML) and 0.5 posterior probabilities (BA). For deeper phylogenetic nodes, support values were 

replaced by an asterisk (*). The scale bars indicate substitutions per site. 

For males, the characters contributing most to the separation within the PC1 were msc.l, clv.l ant.l and 

fu3.l, respectively (Fig. 3D). The amount of variance was moderate in these characters, compared to 

others. Based on the linear discrimination analysis (LDA), the ratios of fwi.l to hea.b and gst.l to hwi.b 

were recovered as best for distinguishing females of both OTUs by the LDA extractor (Tab. 6). Although 

a small overlap in those best ratios was present, determination of both ratios in a female specimen 

leads to an unequivocal OTU identification. For males only ant.l to upf.l could be determined as a ratio 

to distinguish specimens, as already the second best ratio clearly showed high overlap (Tab. 6). 

Table 6: Best ratios found by the LDA ratio extractor for delimiting Spintherus dubius OTUs. 

Sex Best ratios Range OTU C1 Range OTU C2 
Standard 
distance 

δ 

♀ fwi.l/hea.b 2.49 - 2.66 2.63 - 2.87 8.421 0.088 
gst.l/hwi.b 3.21 - 3.99 3.88 - 5.03 7.507 0.097 

♂ ant.l/upf.l 2.61 - 3.00 2.16 - 2.41 9.179 0.078 
mss.l/ool.l 6.81 - 9.40 7.08 - 9.77 6.869 0.102 

 

Based on the results of the multivariate ratio analysis and output of the LDA ratio extractor, a 

morphological key was formulated to distinguish both OTUs of S. dubius from each other. 

Morphological key to OTUs of Spintherus dubius species complex: 

1. Female ………………………………………………………………………………………………………………….. 2 

- Male ……………………………………………………………………………………………………………………… 3 

2.  Forewing length equal to or more than 2.63x head breadth and gaster length equal to 

or more than 3.88x hindwing breadth ………………………………………………………………… C2 

- Forewing length less than 2.66x head breadth and gaster length less than 3.99x 

hindwing breadth ………………………………………………………………………………………………… C1 

3.  Antenna length equal to or more than 2.61x upper face length …………………………… C1 

- Antenna length less than 2.61x upper face length ……………………………………………….. C2 
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Figure 2: Results of the shape PCA for females related to the Spintherus dubius species complex. A 

Scatterplot of first against second shape PC, showing grouping of unassigned specimens without 

barcode (nobc). B Scatterplot of first against second shape PC, showing grouping of specimens when 

identified a posteriori morphologically. C Plot of Isosize against shape PC1 to determine allometric 

relationships. D PCR ratio spectrum for shape PC1. For females, the analysis is based on 30 characters 

of 59 specimens. 
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Figure 3: Results of the shape PCA for males related to the Spintherus dubius species complex. A 

Scatterplot of first against second shape PC, showing grouping of unassigned specimens without 

barcode (nobc). B Scatterplot of first against second shape PC, showing grouping of specimens when 

identified a posteriori morphologically. C Plot of Isosize against shape PC1 to determine allometric 

relationships. D PCR ratio spectrum for shape PC1. For males, the analysis is based on 29 characters 

of 54 specimens. 

Rearing 

In total, 126 unique collecting events were conducted, where inflorescences of Trifolium were 

collected (Dig. suppl. mat. S1). A collecting event is characterized by its unique combination of locality, 

date of collection and Trifolium species collected. From those collecting events, 104 yielded either 

specimens of Spintherus dubius, or their potential hosts of the genus Protapion sp.. Four species of 

clover could be determined to host S. dubius, namely T. campestre, T. montanum, T. pratense and T. 

repens (Tab. 7). OTU C1 was present in all of those four, whereas OTU C2 could only be found in T. 

pratense. At almost all (49 of 52) collecting events where S. dubius was present, Protapion specimens 

were present as well. 
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Table 7: Overview of species associations based on the conducted rearing experiments of 104 separate 

collecting events of Trifolium. Highlighted in gray are species of Trifolium where S. dubius could be 

found with its respective Protapion hosts. *Potential contamination, specimens may have been 

present randomly on plants, or were accidentally mixed in while sorting. 
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P. apricans     X  X X  

P. assimile      X X X  

P. fulvipes X  X X     X 

P. gracilipes      X    

P. interjectum       X   

P. nigritarse  X X       

P. trifolii     X X  X X* 

 

Rearing not only revealed the occurrence of both OTUs of S. dubius in T. pratense, but also the 

sympatric presence of both at the same location. Especially two locations were extensively sampled 

over the years, the “Rosensteinpark” (GPS: Lat 48.805594°, Lon 9.192234°) and “Leibfriedscher 

Garten” (GPS: Lat 48.804578°, Lon 9.186671°) in Stuttgart, Germany, with 32 and 37 recorded 

collecting events respectively. Here, the two OTUs could be detected to occur sympatrically, with the 

addition of another collecting event in “Birkach” (GPS: Lat 48.716042°, Lon 9.206380°) in Stuttgart, 

Germany. Rearings from those collecting events also show that even when sampled at the same time, 

inflorescences of T. repens never hosted OTU C2, although it hatched from inflorescences of T. 

pratense sampled in its vicinity. 

Host-parasitoid interactions 

In total, 144 parasitoid host interactions were directly examined via DNA barcoding. BOLD 

identifications resulted from matching specimens to five different BINs on BOLD (Tab. 8). Species 

identification was not always unequivocally possible, with BINs BOLD:ABW9374 and BOLD:ABA8010 

including several species. Altogether, 93 of the parasitoid larvae and a total of 103 host larvae part of 

113 interactions could be identified (Dig. suppl. mat. S2).  
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Table 8: Resulting BINs in BOLD Systems, by barcode identification of the analyzed specimens. 

Identification BOLD BIN 

Protapion apricans BOLD:AAX8467 
Protapion interjectum / assimile BOLD:ABW9374 
Protapion trifolii BOLD:AAN4163 
Pteromalidae: Pteromalinae (Trichomalus campestris / Cecidostiba sp.) BOLD:ABA8010 
Eulophidae: Tetrastichinae (Aprostocetus sp.) BOLD:ABA2854 

 

We could identify 66 parasitoid-host interactions, where Spintherus was involved and the host species 

was determined. Both, OTU C1 and OTU C2 were associated predominantly with P. apricans and to a 

small degree with P. trifolii (Tab. 9). No interaction with P. assimile could be recorded. 

Table 9: Identification of parasitoid and host interactions, matched through DNA barcoding. 

 OTU C1 
total / percent 

OTU C2 
total / percent 

Total 

P. apricans 20/ 30.3 % 41 / 62.1% 61 
P. trifolii 2 / 3.0 % 3 / 4.6 % 5 

Total 22 44 66 

 

Discussion 
Diagnoses of Spintherus dubius OTUs 

The molecular analysis showed an intergroup uncorrected p-distance of 8.4% in COI and 3.6% 

respectively in ITS2 between the operational taxonomic unit (OTU) C1 and C2 detected in Spintherus 

dubius. For insects a threshold of 2% - 3% in mitochondrial DNA is reported to yield good species 

separation (Hebert et al. 2003a; Ng'Endo et al. 2013), but potentially closely related pteromalid 

species have shown even higher molecular separation of over 13% (Baur et al. 2014; König et al. 2015; 

2019a). Our lower results therefore suggest that interspecific genetic variation can be highly variable 

for Pteromalidae. The resulting polytomy for OTU C2 in the analysis of the ITS2 marker is unclear, but 

might be a result of the genetically distant outgroups. Long branches in phylogenies often lead to 

problems in phylogenetic analysis, such as long branch attraction (Bergsten 2005). Within the sorted 

alignment of ITS2 sequences however, the formation of coherent groups was apparent (Dig. suppl. 

mat. S3.3). Although apparent, sub clustering within OTU C2 for COI was potentially a result of several 

conserved haplotypes, because this clustering could not be confirmed with the nucleic marker ITS2. 

Even so more genetic markers might result in a more stable phylogenetic tree, the separate and 

concatenated analyses of COI and ITS2 unambiguously point towards two potential species within S. 

dubius that do not interbreed. 
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The hypothesis of two inherent species in S. dubius is further substantiated by the multivariate ratio 

analysis of morphological characters. To the trained eye, both genetic OTUs of S. dubius, appear to 

differ in some morphological characters, e.g. a longer gaster compared to the rest of the body in 

females of C2, more elongate funicle segments in female antennae of C2, or longer antennae 

compared to breadth of head in males of C1 (own observations). Those characters however often fail, 

because morphological identification could not consistently recover the same OTU assignment as the 

molecular analysis. The morphometric analyses however substantiated the initially subjective 

presumption about a detectable morphological difference between OTUs. Females as well as males 

of both OTUs can be morphologically distinguished through character ratios. For females, the LDA 

ratio extractor found the ratio of forewing length to head breadth in combination with gaster length 

to hindwing breadth to be most informative. Males can be distinguished by their antennal length to 

upper face length ratio. This is remarkable, as males of Chalcidoidea are notoriously difficult to 

separate based on morphology (Graham 1969; Bouček & Rasplus 1991; Klimmek & Baur 2018). 

Biological differences between OTUs 

The study of field collected specimens from Trifolium revealed a clear indication for differing host 

ranges of the two OTUs, with OTU C1 having a larger host range than OTU C2. While OTU C1 was 

reared from T. pratense and T. repens, OTU C2 was only found on T. pratense. On T. pratense, the 

potential Protapion host species for both OTUs were P. apricans, P. assimile, and P. trifolii. However, 

using DNA-barcoding only P. apricans and P. trifolii were identified as hosts of both OTUs. On T. repens, 

only P. fulvipes is available as host for OTU C1, according to our data. The shared host utilization in T. 

pratense is additionally highlighted by the occurrence of both OTUs on one single larva of P. trifolii. 

This sympatric occurrence in T. pratense and identical host utilization appears to be a violation of the 

competition exclusion principle, which should lead to resource conflicts and the exclusion of one of 

the competitors (Hardin 1960). Our data cannot answer the question whether there is some 

partitioning of resources between both OTUs of S. dubius, but a high abundance and surplus of hosts, 

even with S. dubius present suggests that in reality, this might not be an issue on patches where T. 

pratense is abundant. Other potential reasons how both OTUs can compete for resources, like 

different foraging strategies as reported for two closely related species of the pteromalid wasp 

Muscidifurax by Rosset (1987), would need to be examined experimentally. 

Contrary to expectations, no interaction between S. dubius and P. assimile could be observed, 

although P. assimile was the second most abundant species of Protapion in the rearing experiments, 

which also confirms the findings of Kruess (1996). It is unlikely that P. assimile was not present in the 

collected inflorescences used for the host matching analysis, because it is recorded to be widely 

spread throughout Baden-Württemberg and rather undemanding towards the habitat, as long as its 
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host plant is present (Hassler & Rheinheimer 2013). In addition, P. assimile was previously reared in 

great abundance (comp. Dig. suppl. mat. S1) from some of the locations that served as source for the 

material used for host matching analyses, namely Stuttgart Rosensteinpark (N48.803768, E9.192896 

and N48.805594, E9.192234), as well as Stuttgart-Nord Leibfriedscher Garten (N48.804578, 

E9.186671). Also, two host larvae, which could not be identified due to conflicting identifications in 

the BOLD systems database, are arguably P. assimile, because P. interjectum is not known to develop 

in T. pratense and was never encountered in our previous rearings. 

Two other parasitoids attacking larvae of Protapion were also detected during our host matching 

analysis. In one case, the parasitoid larva was determined as Aprostocetus sp. (Hymenoptera: 

Eulophidae), but the host species could not be identified. For the second interaction with another 

parasitoid than S. dubius, the identity of the host could be determined as P. apricans, but the 

identification of the parasitoid via BOLD Systems was not unequivocal. The identification returned 

conflicting identifications in the same BIN to either Trichomalus campestris or Cecidostiba sp.. 

However, in this case, T. campestris is most likely correct. All known species of Cecidostiba are 

reported to be parasitoids of Cynipidae (Hymonptera: Cynipoidea) on Quercus (Fagales: Fagaceae) 

(Noyes 2019), it is therefore highly unlikely for the genus to utilize Protapion as a host. Trichomalus 

campestris on the other hand was reported, amongst other coleopteran hosts, from P. trifolii and P. 

apricans (Noyes 2019), like Kruess and Tscharntke (1994) and Kruess (1996), who report T. campestris 

as a parasitoid also from P. assimile in inflorescences and stems of T. pratense. This leads to the 

conclusion that the specimen encountered in an interaction with P. apricans is most probably T. 

campestris. 

In this study, not all host and associated plant records known for S. dubius could be followed up upon, 

especially the records of Carduus bourgeanus Boiss. & Reut. (Asterales: Asteraceae) or Astragalus 

asper Jacq. (Fabales: Fabaceae) and the potential, but rather unlikely host Ostrinia nubilialis 

(Lepidoptera: Crambidae) (Mitroiu & Andriescu 2003; Noyes 2019). Our limited rearings from T. 

fragiferum, reported as an associated plant by Mitroiu and Andriescu (2003) in Romania, also neither 

yielded potential hosts, nor S. dubius. Trifolium campestre could however be identified as a plant 

associate of S. dubius OTU C1 and with it, Protapion nigritarse as a host. 

Conclusion 
The integrative approach yielded evidence on many levels of two distinct OTUs, which even under 

conservative considerations present two species. Mating experiments might add the final piece of 

evidence, but from our genetic data, no interbreeding is to be expected. A formal investigation of the 

type material is needed however to assign a valid name to both OTUs. It is apparent that the existence 



II Original research chapter 4  
 

160 
 

of two species will have ramifications on the use of S. dubius for integrated pest control (Faraone et 

al. 2017; Lundin et al. 2012). From an evolutionary perspective, S. dubius is an interesting case of 

sympatric occurrence of two closely related species, which, to the best of our knowledge, occupy a 

similar, if not the same niche. To further study their evolutionary history might yield interesting results 

on speciation and niche partitioning, similar to cases of related taxa in Pteromalidae (König et al. 2015, 

2019b; Malec et al. 2021). It would also be worthwhile to study this species complex over their whole 

distribution range, potentially identifying refugia where divergence through sexual isolation might 

have occurred. For T. pratense, it has been shown that over its distribution range, distinct regional 

genetic clusters can be identified (Jones et al. 2020). Rearings and molecular analyses over the whole 

geographic range might reveal population patterns and could produce other potential hosts and plant 

associates of S. dubius, shedding light on its evolutionary origin. 

This example of cryptic diversity in a highly abundant, widely distributed and relatively well studied 

species, highlights that many more such cases are certainly to be discovered. This is not only true for 

Pteromalidae, but for Chalcidoidea in general and almost certainly for other parasitoid lineages where 

knowledge and scientific research is scarce. Spintherus dubius exemplifies the case of a rather 

oligophagous generalist which in light of the presented results, breaks down into several more highly 

specialized species. We expect this in many more species of parasitoids, warranting an increase in 

research efforts, especially in light of diversity decline and the high indicative potential of parasitoids 

for nature conservation. A better understanding of the underlying speciation mechanics would aid to 

uncover such cryptic diversity and understand radiation patterns in the evolutionary history of these 

lineages. A result would be a large increase in species numbers, which based on our current 

knowledge, can hardly be estimated. As demonstrated, an integrative approach is advocated, because 

utilization of single methods is not enough to detect this hidden diversity. Providing biological 

information is especially important in this regard, as it is highly informative and offers a large potential 

for further research questions to be answered. Though research on Chalcidoidea spans centuries, we 

just merely begin to grasp the incredible diversity that surrounds us and is a vital part of earth's 

ecosystems. 
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Digital supplements 
Digital supplements are stored on the attached data carrier. 

S1 Rearing (folder) 

Contained data type: .csv table 

Description: Data table that includes all information regarding rearing efforts for 

Spintherus dubius, including locality information of sampling events and hatched 

specimens. 

 

S2 Host matching (folder) 

Contained data type: .csv table and .fasta files 

Description: The .csv data table includes all information regarding parasitoid and host 

larva analysis, including locality information of sampling events, single specimen 

accession numbers for the Stuttgart State Museum of Natural History database and 

genetic data. The two .fasta files include consensus sequences for parasitoid larva and 

hosts respectively. 

 
S3 Molecular analysis (folder) 

 S3.1 Specimens_molecular_analysis.csv (file) 

Data type: .csv table 

Description: The .csv data table includes all information regarding all specimens 

(including outgroups), which were used in the molecular analysis of Spintherus dubius, 

including locality information, single specimen accession numbers for the Stuttgart 

State Museum of Natural History database and genetic data. 

S3.2 Molecular analysis (folder) 

Contained data type: .fasta files and.svg files 

Description: The .fasta files include the alignments for the genetic markers COI, ITS2 

and a concatenated alignment of both markers. File names indicated the utilized 

alignment algorithm MAFFT and the settings used. The .svg files show the final trees 

for each genetic marker and concatenated analysis, separated for the ML analysis with 

IQTree and Bayesian analysis via the CIPRES Science Gateway. 

S3.3 Alignment-ITS2-Highlighted.jpg (file) 

Data type: .jpg image 

Description: The image shows the alignment of all sequences used in the molecular 

analysis of Spintherus dubius and shows the apparent indel pattern of both OTUs. 
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S4 Morphometrics (folder) 

 S4.1 Spintherus_MRA_complete_datatable.csv (file) 

Data type: .csv table 

Description: The .csv data table includes all information regarding the specimens used 

for the multivariate ratio analysis of Spintherus dubius and includes locality 

information, single specimen accession numbers for the Stuttgart State Museum of 

Natural History database and character measurements. 

S4.2 R script (folder) 

Contained data types: .csv table and .R files 

Description: The .csv data table includes all character measurement information used 

for the multivariate ratio analysis of Spintherus dubius and includes single specimen 

accession numbers for the Stuttgart State Museum of Natural History database, as 

well as further information used in the R scripts. The .R files include the scripts for the 

multivariate ratio analysis of Spintherus dubius and an underlying collection of 

functions (Baur and Leuenberger 2020).  
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III Discussion 

Hereinafter the overarching results from all research chapters will be discussed under the research 

objective of elucidating the megadiversity of Chalcidoidea, an understudied but ecologically highly 

relevant taxon. To better understand this diversity and its role in nature, I investigated fossil and 

extant representatives of this group at different taxonomic levels, with integrative methods.  

Cretaceous fossils inform about morphological evolution 

The fossil taxa revised and described in this work are now scientifically available and along with the 

morphological descriptions and analyses they help to better understand the early evolution of the 

superfamily Chalcidoidea. The coded character matrix of the newly identified Diversinitidae, can now 

be utilized in future phylogenetic studies to date lineages. Approaches that incorporate wasp fossils 

have been used for example by Heraty et al. (2013) and Peters et al. (2018) which otherwise were 

mainly based on extant molecular data. In those analyses, fossils help in stabilizing the backbone of 

the chalcidoid phylogenetic tree and date the origin of the assigned lineages. One of these important 

fossils is Parviformosus wohlrabeae Barling et al., 2013, that has been described as the oldest known 

member of the chalcidoid family Pteromalidae. However, by redescribing and morphologically 

characterizing this fossil in chapter 1 of this work, no morphological evidence was found for it being 

placed in Pteromalidae, or even it being a member of the Chalcidoidea. This had already been 

predicted before (Farache et al. 2016). Characters that would warrant a speculation on the affiliation 

of P. wohlrabeae with Pteromalidae or Sycophaginae, as proposed in its original description, are not 

recognizable. Chalcidoid synapomorphies like the free prepectus, the unique position of the 

mesothoracic spiracle and presence of the morphologically distinct multiporous plate sensilla, cannot 

be discerned in P. wohlrabeae, prohibiting placement in Chalcidoidea. Discussing the morphology of 

P. wohlrabeae however highlights the need to focus on such synapomorphic morphological characters 

for assigning fossils or any kind of new taxon to already known lineages and if describing them anew, 

clearly delimiting them from others. The finding that P. wohlrabeae putatively does not belong to the 

Chalcidoidea helps to avoid future misinterpretations about the basal characters of this group and 

enables the discussion on the evolution of other characters. Phylogenetic placement of P. wohlrabeae 

based on observable characters is however not possible beyond the infraorder level, warranting little 

leads towards a more proper placement. The fossil was placed in Proctotrupomorpha sensu Rasnitsyn, 

1988. This Infraorder includes Chalcidoidea as well as other groups of diverse hymenopteran 

superfamilies, which mainly have a parasitoid lifestyle, like the Platygastroidea, Diaprioidea, 

Proctotrupoidea and others. More and sufficiently described fossils are required for comparisons in 



III Discussion  
 

169 
 

order to decide whether P. wohlrabeae represents a member of a new lineage or if it has to be 

assigned to an already existing one. 

In contrast to P. wohlrabeae, which, based on morphological evidence, is not likely to represent an 

early member of Chalcidoidea, the new family Diversinitidae was described in chapter 2. It comprises 

some of the earliest known chalcidoids. Placement within Chalcidoidea is well supported, based on 

the shared synapomorphic characters, like the funicular segments bearing multiporous plate sensilla, 

the possession of a prepectus and the position of the mesothoracic spiracle directly adjacent to the 

lateral exposed edge of the mesoscutum. At first glance, the Diversinitidae appeared to be early 

members of Cleonyminae (Pteromalidae), a subfamily that has been regarded as basal within 

Chalcidoidea, showing many plesiomorphic characters (Bouček 1988b; Gibson et al. 1997; Gibson 

2003). Upon closer inspection however, many characters do not line up with the current 

morphological concept of Cleonyminae, which are considered not to be a monophyletic taxon anyway 

(Munro et al. 2011; Heraty et al. 2013). Morphological characters deemed ancestral, like the peg-like 

cerci, eleven segmented funicle with multiporous plate sensilla on every segment, a developed frenum 

and a simple and exposed labrum, place Diversinitidae close to the base of the chalcidoid phylogeny. 

The group of described specimens lacks apomorphic characters, but bears a combination of 

plesiomorphic features that is unique, which led to the establishment of a separate family. In contrast, 

the Mymaridae and Rotoitidae, which are the basal most families of Chalcidoidea with fossil 

representatives from the Cretaceous, are morphologically quite distinct, with well-defined 

synapomorphies, none of which are shared with Diversinitidae. Therefore, the newly described family 

might present a basal extinct lineage from which some of the younger chalcidoid taxa are derived, or 

an evolutionary dead end with no extant descendant. This unsolved issue might be resolved in the 

future, when more specimens are found and further, previously unknown lineages are discovered.  

Integrative taxonomic methods as a key to understand diversity 

Most taxonomic work is still and will be based on morphology. Basic morphological studies are fairly 

easy to conduct and allow species identification without cost intensive methods which are requiring a 

lot of additional equipment, e.g. for molecular lab work. Morphology is also dependent on the biology 

and can serve in phylogenetic analysis to shed light on evolutionary relationships between taxa, as 

being demonstrated by many studies on chalcidoid wasps (Gibson 1986, 2003; Heraty et al. 1997, 

2013; Krogmann & Vilhelmsen 2006). It is therefore informative beyond the purpose of distinction 

between taxa. For fossils, it is also mostly the only way to approach a specimen, because molecular, 

behavioral or other data cannot be assessed. In addition, with the advent of more modern methods, 

extended morphological analyses can be extremely informative with for example µCT allowing the 
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examination of internal structures of fossils, given the specimen is suited for such analysis (van de 

Kamp et al. 2014, 2018). Here in this study the use of a stereomicroscope was mostly sufficient for the 

studied fossil and extant specimens. In conjunction with high resolution photographs taken with digital 

microscopes, it allowed for detailed descriptions and depictions. The utilization of µCT was tested for 

Diversinitidae, but did not yield results, as it can be the case in specimens which are not well preserved 

and / or embedded in resin (Sadowski et al. 2021). 

Morphology is however only a single source of information, which on its own might in some cases not 

lead to satisfying species hypothesis, e.g. due to sexual dimorphism and morphological crypsis, which 

are common in Chalcidoidea (e.g. Weiblen (2002); Gibson & Reigada (2009); Al Khatib et al. (2014); 

Kenyon et al. (2015); Wang et al. (2016); Sann et al. (2018); Perry & Heraty (2019)). In this thesis, this 

aspect was demonstrated with Spintherus dubius in chapter 4. Until now, this species complex was 

not recognized, although it might be one of the most common Pteromalidae in the Palearctic. 

Humorously, “doubt” is already in its species name (dubius, Lat.: doubting). However, it is unclear if 

Christian Gottfried Daniel Nees von Esenbeck might already have sensed this crypsis when describing 

and naming the species in 1834, because there is no mention of it in his original description. Upon 

studying this species, absolute morphological differences could be detected that separate roughly two 

operational taxonomic units (OTU), but several specimens were hard to place in either of them. 

Therefore, a multivariate ratio analysis (MRA) was chosen to help in distinguishing the two OTUs based 

on morphological ratios. Approaches based on morphometric methods, using quantitative analysis of 

morphological features, have been proposed for taxonomic and systematic research since the middle 

of the 20th century (Jolicoeur 1963; Blackith & Reyment 1971; Campbell & Mahon 1974). Baur & 

Leuenberger (2011) extended upon those methods and developed the MRA, which is more 

informative in a taxonomic context. It proved to be very useful in parasitoid wasps, leading to several 

studies implementing it for species distinction (Peters & Baur 2011; László et al. 2013; Baur et al. 2014; 

Wendt et al. 2014; Gebiola et al. 2017; Klimmek & Baur 2018). This was also the case for S. dubius, 

revealing character ratios that reliably serve to distinguish both OTUs in both sexes. The underlying 

character matrix based on measurements is also a valuable tool to be implemented in the species 

description, although for S. dubius the type specimens for the many synonyms have to be examined 

first, before a new species can be described or reinstated from a synonymic name.  

Besides the advanced morphological analysis in form of the MRA, the study with S. dubius also 

highlights the need to incorporate further methods in an integrative taxonomic approach. Without 

the previous DNA barcoding efforts leading to many newly recorded pteromalid species in Germany 

in chapter 3, the species complex of S. dubius would not have been recognized. By employing a reverse 

taxonomic approach (Markmann & Tautz 2005), where molecular data serve as guide to cluster 
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genetically similar specimens in groups, the discrepancy between the morphological species concept 

of S. dubius and molecular evidence based on COI barcode data became obvious. DNA barcoding data 

is mostly informative on the species level and it is estimated that species level resolution might be as 

high as 95% to 97% (Hebert & Gregory 2005). Considering masking effects of endosymbionts like 

Wolbachia in parasitoid wasps (Klopfstein et al. 2016), a second marker was chosen to confirm the 

results of COI in S. dubius. ITS2, a nucleic marker which is inherited by recombination in contrast to 

the maternally inherited COI, recovered the same clusters of OTUs, corroborating the hypothesis of a 

cryptic species complex. 

The developed and utilized DNA barcoding methods in the study of the diverse family Pteromalidae 

(chapter 3) and the species complex of S. dubius (chapter 4) enable future molecular studies on these 

tiny parasitoid wasps. The semi-destructive approach, by which one leg is pulled from the specimen 

to create an opening for the lysis buffer to penetrate the body, allows for ample DNA being extracted, 

which can then be used for barcoding and other molecular analysis. Thereby, specimens can still serve 

as vouchers for morphology-based investigations after being chemically dried and mounted, an 

important factor for reverse taxonomic approaches and for the inclusion in natural history reference 

collections. The molecularly processed specimens can be imaged as demonstrated in chapter 3 or even 

morphometrically examined (chapter 4). Subsequent trials with completely non-destructive methods 

that do not require a prior removal of appendages, based on the protocol used here have been already 

conducted and yielded promising results for future improved processing of the group. 

For half of the newly reported species of Pteromalidae in chapter 3, no record for hosts and other 

associates exist. Such a lack of knowledge, possibly with an even higher magnitude, is also true for 

Chalcidoidea in general. This highlights the need to fill those knowledge gaps, especially now that the 

species are molecularly characterized and therefore identifications can be more easily obtained. This 

is highly relevant for the utilization of parasitoid wasps as indicators in nature conservation and 

ecology, where processing of high numbers of specimens is usually required. In turn, the study of 

biology and morphology of extant species can be informative for fossil lineages as it allows to develop 

hypotheses without being able to observe fossil biology directly. 

The study on S. dubius presented in chapter 4 demonstrates how such a knowledge gap can be filled. 

It provided considerable new insights, although the record of hosts and associates for Spintherus was 

already extensive compared to other species (Kruess 1996; Mitroiu & Andriescu 2003; Faraone et al. 

2017; Noyes 2019). Using the newly developed molecular and morphological methods, S. dubius was 

found to be a complex of two cryptic species. The examined genes COI and ITS2 both separated S. 

dubius into two distinct clusters, challenging the hitherto morphological species hypotheses. In line 
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with the molecular results, the morphometrical analysis was able to recover those two clusters as well, 

providing a means for morphological distinction between them. Biological investigations further 

revealed that those two clusters of S. dubius each attack a different set of hosts of the genus Protapion 

(Coleoptera: Brentidae), further supporting the existence of two species within S. dubius. Their hosts 

are associated with multiple species of Trifolium (Fabales: Fabaceae), from which S. dubius could be 

reared. Spintherus dubius C1 was recorded from T. pratense, T. repens, T. campestre and T. montanum, 

harboring the hosts P. apricans, P. assimile, P. trifolii, P. fulvipes, P. nigritarse and P. interjectum, 

whereas Spintherus dubius C2 was only found on T. pratense, with the hosts P. apricans, P. assimile, 

P. trifolii being present. The co-occurrence in T. pratense was further studied, but no host preference 

of the two species could be revealed. This sympatric co-occurrence and similar host range of these 

species raises questions about their potential origin in sympatry. Only few examples of cryptic diversity 

in Pteromalidae are currently studied for elucidating speciation in this family (König et al. 2015, 2019a, 

b; Malec et al. 2021). With the integrative data gathered for the species complex S. dubius and its 

naturally high abundance, it could serve as an additional example worth studying further to better 

understand speciation in parasitoid wasps. 

The here presented methods, combined to an integrative taxonomic approach, also represent a 

counterexample to the recent development to characterize species using clustering systems like the 

barcode index number (BIN) on the Barcode of Life Database (Ratnasingham & Hebert 2007). This has 

sparked a lively debate in the scientific community (Meierotto et al. 2019; Ahrens et al. 2021; Meier 

et al. 2021; Sharkey et al. 2021a, b; Talamas et al. 2021; Zamani et al. 2021, 2022; Fernández-Triana 

2022). In those so-called “turbo taxonomy” approaches, many species are described with the 

minimum amount of information required by the International Commission on Zoological 

Nomenclature and a high rate of automatization (Fernández-Triana 2022). This aims to combat the 

high rate of unknown diversity and rapid species extinctions. The downsides are minimalistic 

morphological descriptions, if at all, and the need to identify specimens collected in field surveys based 

exclusively on molecular methods. This is expensive and often not feasible for all those reliant on 

species identifications. In chapter 4 I use the opposite approach. Although this approach is challenging 

and time consuming, it is informative beyond the mere distinction of natural groups. In the case of S. 

dubius, a comprehensive and solid species hypothesis can now be formulated and tested, but it also 

opens up the possibility for subsequent research on many open questions that arose during work, like 

the development of seemingly stable and sympatrically occurring populations or which adaptations 

led to the observed partitioning of utilized hosts. 
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Significance 

The presented work advances our knowledge of chalcidoid diversity in a taxonomic and evolutionary 

framework on different taxonomic levels. The fossil analyses add valuable anchor points for the 

evolution of morphological characters within this superfamily, a superfamily where homoplastic 

character states obfuscate the evolutional direction between taxa. The redescription of Parviformosus 

wohlrabeae Barling, 2013 is important to prevent misinterpretations of the age of the family 

Pteromalidae. The description of the family Diversinitidae added a previously unknown lineage to 

Chalcidoidea that allows to establish new hypotheses about the early bauplan of the superfamily due 

to its unique set of plesiomorphic characters. Exemplarily, it could be shown in Pteromalidae of 

Germany that although we are aware of the megaradiation of this group and have been working to 

uncover it for a few centuries, a lot of new species can still be found even in presumably well-studied 

faunistic regions. Their discovery and genetic characterization now allow for those species to be 

included in general biodiversity research and conservational efforts that nowadays rely heavily on 

modern genetic methods for species identification. However, even if a species of chalcidoid wasp 

appears to be known, deeper investigations could reveal further unknown diversity. Spintherus dubius 

presents such an example of cryptic diversity in parasitoids, where only integrative taxonomy was able 

to recognize and distinguish distinct species that might not only be important ecologically, but also for 

biocontrol. Combined, this work elucidates the need to intensify integrative taxonomic research to 

discover and ultimately understand the role and importance of those parasitoids in our terrestrial 

ecosystems. 
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