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Nesting biology 
and phylogenetic relationships 
of the parasitoid‑hunting 
wasp Lindenius pygmaeus 
armatus (Vander Linden, 1829) 
(Hymenoptera: Crabronidae)
Piotr Olszewski 1*, Eduardas Budrys 2, Svetlana Orlovskytė 2, Bogdan Wiśniowski 3 & 
Toshko Ljubomirov 4

Nests of Lindenius pygmaeus armatus were examined in northern Poland in Kowalewo Pomorskie 
and Sierakowo. Adults were encountered from late May to late July. The nests were built in sandy 
areas and wasteland. Seven nests were observed, of which two were dug up and their structure 
was examined. The channel was approximately 2.5 mm in diameter and 8–10 cm in the length. The 
material removed during digging was placed near the nest entrance. The main burrow led to 3–5 
cells. The cocoons were approximately 5–7 mm long and 2.5–3.5 mm wide. Females of L. p. armatus 
provided their nest cells with chalcid wasps averaging 14 prey items per cell. Parasitoids Myrmosa 
atra and kleptoparasites Senotainia conica were observed entering the burrows. Both females and 
males of L. p. armatus were detected on the flowers of Achillea millefolium, Peucedanum oreoselinum, 
Daucus carota, and Tanacetum vulgare. The article also includes phylogenetic relationships of Western 
Palearctic Lindenius species.

The genus Lindenius Lepeletier de Saint-Fargeau and Brullé, 1835 (Hymenoptera: Crabronidae1), contains 64 
species, with most of them living in the Palearctic and a few in the Nearctic2. Representatives of this genus are 
medium-sized digger wasps similar to Crossocerus Lepeletier de Saint-Fargeau and Brullé, 1834, but differing 
from the latter by widely spaced hind ocelli and simple (edentate) mandibular apex. In Poland, the genus Lin-
denius is represented by four species3, the most common of which is L. albilabris (Fabricius, 1793). L. pygmaeus 
(Rossi, 1794) occurs in two subspecies: L. p. pygmaeus (Rossi, 1794) inhabiting northern Africa, the Iberian 
Peninsula, France and Italy, and L. p. armatus (Vander Linden, 1829) whose distribution covers the rest of 
Europe. The prey preferences of Nearctic species are basically unknown4, while the variation of prey within 
the best-studied Palaearctic species (L. abilabris, L. panzeri (Van der Linden, 1829), and L. pygmaeus) is very 
interesting4. Speaking specifically about L. pygmaeus, information on its nesting biology and food preferences is 
contained in the following papers: Marchal5 first listed the chalcid as a prey of L. pygmaeus and added a drawing 
of its larva and a cocoon; Ferton6 declared the subfamily Ophioninae (Hymenoptera: Ichneumonidae) as a prey, 
and Adlerz7 added Braconidae (Hymenoptera); Grandi8 described the structure of the nest, gave the dimensions 
of a single cell as 7 × 4 mm and listed the hymenopteran (Chalcididae) and dipteran prey; Maneval9 specified 
Ceratopogonidae, Sciaridae (Diptera) and Chalcididae, Braconidae and Formicidae (Hymenoptera) as a prey of 
L. pygmaeus. Later Minkiewicz10 described the nest architecture and replenish the list of prey by mostly Ptero-
malidae, but also Eulophidae and Torymidae (Hymenoptera). The number of prey items per cell ranged from 1710 
to 428,11. The egg of L. pygmaeus, having shape of an elongated crescent, is large in relation to the dimensions of 
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the prey, and it is deposited at the base of the head near one of its limbs10. A detailed account of male behavior 
and intraspecific interactions in aggregations of Lindenius was presented by Miller and Kurczewski12. A few years 
later, same authors published observations of the nesting behavior of Nearctic species L. armaticeps (Fox, 1895), 
L. buccadentis Mickel, 1916 and L. columbianus errans (Fox, 1895), as well as a review of the world literature on 
the ethology of the Palearctic L. albilabris, L. panzeri, and L. pygmaeus4. The larva of L. pygmaeus was described 
by Grandi8,11, while L. albilabris—by Olszewski et al.13. An overview of nesting habits was presented by Kazenas14.

The genus Lindenius is also a good example of a group that poses taxonomic identification challenges. The 
problem with identifying species using the available keys—Kohl15, Beaumont16, Leclercq17 and the most recent 
study by Bitsch and Leclercq18 containing only 12 species—represents a real necessity to add to the knowledge 
of the taxonomy of this genus in its various aspects. None of the above-mentioned works allows the identifica-
tion of all species of this genus. And yet any study of species behavior, ecology or phylogeny must begin with 
species identification.19

Taxonomic identification of species is an important issue in biological research, because uncertain taxon-
omy of a species hinders research on its biology. Limitations in the description and identification of new spe-
cies characterize a “taxonomic obstacle” that may be overcome using DNA-based methods, such as molecular 
barcoding20,21, phylogeny reconstruction22,23 and species delimitation24–26.

The purpose of this study is to supplement the existing information on the nesting biology of L. p. armatus, 
including (1) nesting behavior of females, (2) activity of females when bringing prey, (3) nest structure, (4) prey 
range, (5) accompanying parasitoids and kleptoparasites, (6) DNA barcode based identification of the collected 
material at the study site, and (7) preliminary reconstruction assessment of taxonomic issues related to a pos-
sible presence of cryptic species among the Western Palearctic Lindenius species, using the reconstruction of 
phylogeny and species delimitation, based on the DNA barcode data available to the authors.

Results
Observations of behavior.  The nests of Lindenius pygmaeus armatus were found at two sites. The first 
one was the area of an esker and a sandy road in Sierakowo. The vegetation in the vicinity of this site was 
dominated by Achillea millefolium L., Artemisia vulgaris L., Berteroa incana (L.) DC., Cerastium holosteoides Fr., 
Daucus carota L., Geranium pusillum L., Lactuca serriola L., Peucedanum oreoselinumL., Potentilla anserina L., 
Tanacetum vulgare L., Taraxacum officinale F.H. Wigg., and Trifolium arvense L. The nests were located close to 
each other (2 nests per 20 cm2) in non-vegetated areas. The second site with nests was a wasteland in Kowalewo 
Pomorskie among numerous nesting bees Halictus tumulorum (Linnaeus, 1758). The most dominant plants near 
the nests were the majority same plant species except for Peucedanum oreoselinum L.

No copulation was observed. The process of digging the nest by the female lasted about 55 min (Fig. 1D, 
Sierakowo site). The tunnel of the burrow following the entrance was almost vertical to a depth of 5 cm, having 
then slightly diagonal position (at an angle of 10° to 20°, with a diameter of 2.5 mm); its total depth was about 
10 cm. The cocoons were approximately 5–7 mm long and 2.5–3.5 mm wide. The burrow ended with a single cell, 
with other of them located in close proximity (Fig. 1A). The first nest contained 3 cells: one cell was provisioned 
with 14 prey items from the family of Pteromalidae, another one possessed a cocoon with an adult larva of L. p. 
armatus (a cocoon consisted of silk threads covered with fragments of chalcid wasps; Fig. 2B,C) and the third 
one was found with a pupa of a kleptoparasitic fly Senotainia conica (Fallén, 1810) (Diptera: Sarcophagidae). The 

Figure 1.   Nest of Lindenius pygmaeus armatus. (A) Lateral view of the nest and brood cells; (B–D) Top view of 
nest entrances.
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second nest contained five cells with cocoons containing adult larvae of L. p. armatus (Fig. 2D). The excavated soil 
(while digging) formed a small mound around the nest entrance (Fig. 1B,C). The entrance to the nest was open 
during the entire provisioning period. No hunting females were observed, but they supported their prey in flight 
with their middle and hind legs (Fig. 3B,C). The females were extremely careful when entering the nest, even if 
there were no kleptoparasites inside: they approached the nest only after making many sudden and very wind-
ing detours, after which they had dived directly inside. The time of observation of females bringing prey to the 
nest was from 9.30 to 18.30. The frequency of provisioning the nest varied from 3 min to 15 min (usually about 
5 min). When it was cloudy, the female waited out unfavorable conditions inside the nest. The last observation 
of the female with prey was on 8 August 2022. All prey items appeared to belong to nine species of Pteromalidae 
(Fig. 2A, Table 1). Based on field observations, the larva eats the provisions in about 5 days.

During the absence of the female, the parasitoid Myrmosa atra Panzer, 1801 (Hymenoptera: Myrmosidae) 
was detected twice, and after the arrival of the female with its prey, the kleptoparasitic fly Senotainia conica 
entered the nest (Fig. 3A).

Adult wasps feed on flowers of the following plant species: Achillea millefolium, Peucedanum oreoselinum, 
Daucus carota, and Tanacetum vulgare.

Phylogenetic relationships of Western Palearctic species.  A preliminary assessment of phyloge-
netic relationships of the studied wasp species, using the COI barcode sequences available to us, demonstrated 
that Lindenius pygmaeus is a sister clade of L. panzeri, a species provisioning the brood cells with Diptera. On the 
other hand, topology needs a taxonomic revision. Three of ten Western Palearctic representatives of the genus (L. 
albilabris, L. laevis A. Costa, 1867, and L. pygmaeus) were not delimited correctly as species by the delimitation 
algorithms GMYC, bPTP and ASAP (Fig. 4). Thus, our analysis demonstrated an ongoing speciation and pos-
sible recent divergence of cryptic species in this genus.

Discussion
Fossil records of Crabronini are scarce and are known only from the Tertiary, extending from the Middle Eocene 
(Baltic amber species) to the Miocene (Dominican amber)27.

Significant progress has been made over the past decades in clarifying the phylogenetic relationships of 
the main Apoidea lineages1,28. The results of the research conducted by Sann et al.1 confirm the monophyly of 
each of the species-rich subfamilies: Astatinae, Bembicinae and Heterogynaidae, Crabroninae and Dinetinae, 
Philanthinae and the family Sphecidae. Phylogenetic analysis of the genus Lindenius has not yet been undertaken.

Figure 2.   Lindenius pygmaeus armatus. (A) prey; (B,C) Cocoons; (D) Mature larvae.
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Regarding Lindenius in particular, the extant species are restricted to the Holarctic region, and one of them, 
L. montezuma (Cameron, 1891), reaches the Neotropical parts of southern Mexico29. Out of the three species 
of Lindenius found in Poland, L. albilabris preys almost exclusively on bugs (Hemiptera), L. panzeri mainly on 
Chloropidae flies (Diptera), and L. p. armatus on braconids and other Hymenoptera10. Ethological features can 
be a valuable supplement to the morphological characteristics of the digger wasp family30.

L. p. armatus nests are mainly found in sandy, sandy-clay, and loess (flat or slightly sloping) areas8–11, but 
they were also detected on soda ash postindustrial dumping grounds31, under high power lines32, and at a for-
mer airport33. Our results confirm the plasticity in the choice of nesting substrate as nests were observed both 
on heavily hardened soil (wastelands) and in sandy areas. During the study of the structure of L. panzeri nest, 
Abrahamsen34 found that the length and angle of inclination of the main tubule depended on the hardness of 
the substrate. Nests in all studied species are rarely built singly, usually a few at a time or in small colonies13,35. 
The species studied so far build nests at a depth of 3–12 cm in sand, fine gravel, loess or chalk4. At least 95% of 
the prey of L. pygmaeus armatus were Chalcidoidea and Ichneumonoidea (Hymenoptera), although females 
occasionally hunted small flies of Ceratopogonidae and Sciaridae (Diptera)4. The family most often hunted by L. 
pygmaeus armatus is Pteromalidae, followed by Eulophidae (Hymenoptera)4. The homogeneity of the food base 
in the conducted research (all belonging to Pteromalidae) illustrates this relationship well: for the first time, we 
detected two genera (Cyrtogaster Walker, 1833; Psychophagus Mayr, 1904) and five species: Cyclogastrella simplex 

Figure 3.   Adult of Lindenius pygmaeus armatus. (A) Female with prey at the nest entrance and Senotainia 
conica; (B,C) Female with prey in flight.

Table 1.   Prey (Pteromalidae) of Lindenius pygmaeus armatus from the four observed nests.

Family Species

Number of 
specimens

Share of all prey [in %]Female Male

Pteromalidae

Coelopisthia extenta (Walker, 1835) 2 6.06

Cyclogastrella simplex (Walker, 1834) 2 6.06

Cyrtogaster vulgaris Walker, 1833 4 12.12

Dibrachys cavus (Walker, 1836) 1 3.03

Meraporus graminicola Walker, 1834 5 15.15

Psychophagus omnivorus (Walker, 1835) 5 15.15

Pteromalus sp. 3 1 12.12

Stenomalina gracilis (Walker, 1834) 7 21.21

Trichomalus perfectus (Walker, 1835) 3 9.09

Total
32 1

100
33
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Figure 4.   Phylogenetic relationships of Western Palearctic Lindenius COI mitotypes, reconstructed by the 
GTR + G + I evolution model and using the Maximum likelihood algorithm. Statistics of branches: Bayesian 
posterior probability, 1.000.000 generations/Maximum likelihood probability, 10.000 bootstrap replicates. Red 
clusters of the tree were supported as separate species by GMYC, bPTP, and ASAP delimitation algorithms. 
Oxybelus trispinosus, Crossocerus assimilis, and Entomognathus brevis were used as an outgroup.
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(Walker, 1834); Cyrtogaster vulgaris Walker, 1833; Psychophagus omnivorus (Walker, 1835); Stenomalina gracilis 
(Walker, 1834), and Trichomalus perfectus (Walker, 1835) as the prey of L. pygmaeus; the four other taxa have 
been already known4,10.

It is also worth noting that almost all prey specimens were represented by females. Minkiewicz10, and Grandi8 
also found that the majority of chalcidoids were females. Also, the pteromalid species hunted by L. pygmaeus 
are common taxa36. The evolution of nest seeking by Lindenius females has been attributed to factors such as the 
ability to form dense clusters, the tendency of related wasp species to initiate nests in pre-existing cavities, and a 
preference for nesting in heavily compacted soil. The search for nests of the same species by males and females 
may be an effective response to the pressure of kleptoparasitic flies12.

The behavior of both males and females can lead to intraspecific interactions. Interactions between females of 
the Nearctic species L. columbianus (Kohl, 1892) include entrance fights, attempted nest appropriation, prolonged 
nest visits, and temporary cooperation12. In the case of Palearctic species, Minkiewicz10 repeatedly observed a 
female of L. panzeri placing her prey in an adjacent nest if the entrance to her own nest was blocked.

In addition, the males of L. panzeri were observed waiting for females at the nest to perform copulation37. 
Unfortunately, no similar behavior was observed in L. p. armatus in this study.

The intraspecific interactions are certainly not fully understood and require thorough research, especially in 
the case of species nesting in clusters. Interactions in assemblages of this species may be an example of the initial 
stages of social evolution, developing through the mating of individuals of one generation12. Due to the very 
wide range of preferred prey (Hymenoptera and Diptera) of L. p. armatus and its nesting habitats, the status and 
the variation of this subspecies needs further focused exploration. In particular, a molecular study of specimens 
collected from different habitats in different parts of Europe is recommended.

Our preliminary species delimitation exercise supports the hypothesis that L. p. armatus may be considered 
an independent species. Although this hypothesis must be tested using a larger material and additional DNA 
markers, it is clear that the data on ecology and reproductive biology of L. p. pygmaeus and L. p. armatus must 
be analyzed separately.

Considering the probability of ongoing speciation among European Lindenius species, revealed by our phylo-
genetic analysis, the published data on wide ranges of prey, such as both Hemiptera and Diptera in L. albilabris, 
or Hymenoptera and Diptera in L. pygmaeus, must be critically reanalyzed. It is possible that the available data 
must be re-assorted among the undescribed yet cryptic species, which may actually have more specialised niches 
and a narrower prey choice than previously thought. Our study demonstrates that even in the central Europe 
with a comparatively very well studied fauna the ethological and ecological observations of insects must be 
accompanied by the molecular identification of species.

Methods
Field observations.  Observations of nesting Lindenius pygmaeus armatus were carried out on the waste-
land in Kowalewo Pomorskie (53°10’05.7” N; 18°52’15.5” E) and Sierakowo (53°10’18.9" N; 18°52’21.7" E). The 
research was conducted from early June to mid-August (2020–2022) on sunny and warm days with a tempera-
ture of at least 18 °C. The nests were examined by digging at the stage when the female stopped bringing prey to 
the nest. While the nest was being examined, its structure was drawn on graph paper. A kleptoparasitic fly pupa 
found in the cell was placed in an Eppendorf tube and kept until the imago emerged. The pteromalid prey found 
in the nests was placed in plastic tubes with 70% ethyl alcohol and then identified. The behavior of females, nest 
digging and provisioning of cells were analyzed using video recordings taken with a Canon CCD-V800E 10X 
camera and direct observations. Photographs were taken using additional Raynox M-250 macro lens.

Phylogenetic reconstruction.  For the assessment of phylogenetic relationships of the study object, we 
downloaded the mitochondrial DNA cytochrome c oxidase subunit 1 (mtDNA COI) barcodes of all Western 
Palearctic Lindenius mitotypes available from the Barcode of Life Data System (www.​bolds​ystems.​org) Barcode 
Index Number (BIN) database20,21. The sequences of Oxybelus trispinosus (Fabricius, 1787), Crossocerus assimilis 
(F. Smith, 1856), and Entomognathus brevis (Vander Linden, 1829) from the same database were used as an 
outgroup. The dataset was supplemented by a few other Lindenius barcodes, which were obtained according to 
the methodology of DNA extraction, polymerase chain reaction, and sequencing by Budrys et al.38. At the start 
of analysis, the nucleotide substitution model most likely for the obtained alignment was selected from the list 
of 24 models available in MEGA 1122. Phylogeny testing was proceeded using 10.000 replicates of the bootstrap 
procedure. Substitution patterns were best described by the general time reversible model with gamma distri-
bution of evolutionary rates, using four discrete categories, and a fraction of invariable sites (GTR+G+I). This 
model was applied for reconstruction of phylogenetic relationships using the Bayesian inference by means of 
MrBayes 3.2.7a23, and using the Maximum likelihood algorithm, implemented in MEGA 11; for the Bayesian 
inference, Markov Chain Monte Carlo (MCMC) analyses were run for 1.000.000 generations. For species delimi-
tation, three algorithms were applied: the single threshold General Mixed Yule Coalescent model (GMYC)24, 
implemented as “splits” package in R environment, the Bayesian Poisson Tree Processes method (bPTP) web 
server (species.h-its.org/ptp/)25, and the Assemble Species by Automatic Partitioning (ASAP) web server (bio-
info.mnhn.fr/abi/public/asap/asapweb.html)26. The ultrametric dichotomous trees for the GMYC analysis were 
obtained using the RelTime-ML algorithm, implemented in MEGA 11. The nomenclature of the digger wasps 
follows2, chalcid wasps39, plants40.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.

http://www.boldsystems.org


7

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9664  | https://doi.org/10.1038/s41598-023-36019-1

www.nature.com/scientificreports/

Received: 11 January 2023; Accepted: 27 May 2023

References
	 1.	 Sann, M. et al. Phylogenomic analysis of Apoidea sheds new light on the sister group of bees. BMC Evol. Biol. 18, 1–71. https://​

doi.​org/​10.​1186/​s12862-​018-​1155-8 (2018).
	 2.	 Pulawski, W. Catalog of Sphecidae. https://​resea​rchar​chive.​calac​ademy.​org/​resea​rch/​entom​ology/​entom​ology_​resou​rces/​hymen​

optera/​sphec​idae/​genera/​Linde​nius.​pdf. Accessed 1 December 2022.
	 3.	 Olszewski, P., Wiśniowski, B. & Ljubomirov, T. Current list of the Polish digger wasps (Hymenoptera: Spheciformes). Spixiana 

44(1), 81–107 (2021).
	 4.	 Miller, R. C. & Kurczewski, F. E. Comparative behavior of wasps in the genus Lindenius (Hymenoptera: Sphecidae, Crabroninae). 

J. N. Y. Entomol. Soc. 83, 82–120 (1975).
	 5.	 Marchal, P. Observations biologiques sur les Crabronides. Annales de la Société Entomologique de France 62, 331–338 (1893).
	 6.	 Ferton, Ch. Notes détachées sur l’instinct des Hyménoptères mellifères et ravisseurs avec la description de quelques espèces. 

Annales de la Société Entomologique de France 70, 83–148 (1901).
	 7.	 Adlerz, G. Lefnadsförhållanden och instinkter inom familjerna Pompilidae och Sphegidae. Kungliga Svenska Vetenskapsakademiens 

Handlingar 37(5), 1–181 (1904).
	 8.	 Grandi, G. Contributi alla conoscenza biologica e morfologica degli Imenotteri melliferi e predatori. VII. Bollettino del Laboratorio 

di Entomologia del R Istituto Superiore Agrario di Bologna 1, 259–326 (1928).
	 9.	 Maneval, H. Notes sur les Hyménoptères (5e série). Revue Française d’Entomologie 4, 162–181 (1937).
	10.	 Minkiewicz, R. Gniazda i zwierzyna łowna Grzebaczowatych—Nids et proies des Sphégiens de Pologne. Deuxième série de frag-

ments éthologiques. Polskie Pismo Entomologiczne 11, 98–112 (1932).
	11.	 Grandi, G. Studi di un Entomologo sugli Imenotteri superiori. Bollettino dell’Istituto di Entomologia della Università di Bologna 

25, 1–659 (1961).
	12.	 Miller, R. C. & Kurczewski, F. E. Intraspecific interactions in aggregations of Lindenius (Hymenoptera: Sphecidae, Crabroninae). 

Insectes Soc. 20, 365–378 (1973).
	13.	 Olszewski, P., Bogusch, P., Hebda, G. & Budrys, E. Nesting behaviour and description of mature larva of Lindenius albilabris 

(Fabricius, 1793) (Hymenoptera: Crabronidae). Eur. Zoo. J. 89(1), 1040–1048 (2022).
	14.	 Kazenas, V. L. Fauna and Biology of Sphecid Wasps (Hymenoptera, Sphecidae) of Kazakhstan and Central Asia 333 (Kazgos INTI, 

2001).
	15.	 Kohl, F. F. Die Crabronen (Hymenopt.) der paläarktischen Region. Monographisch bearbeitet. Annalen des k.k Naturhistorischen 

Hofmuseums 29, 1–45 (1915).
	16.	 de Beaumont, J. Notes sur les Lindenius paléarctiques (Hym. Sphecid.). Mitteilungen der Schweizerischen Entomologischen Gesells-

chaft 29, 145–185 (1956).
	17.	 Leclercq, J. En vue d’une monographie du genre Lindenius Lepeletier & Brullé (Hymenoptera Sphecidae Crabroninae). Bull. Soc. 

Roy. Sci. Liège 58, 419–444 (1989).
	18.	 Bitsch, J. & Leclercq, J. Faune de France. France et régions limitrophes. 79. Hyménoptères Sphecidae d’Europe occidentale. Volume 

1. Généralités – Crabroninae. Fédération Française des Sociétés de Sciences Naturelles, Paris 325 pp (1993).
	19.	 Li, X. & Wiens, J. J. Estimating global biodiversity: The role of cryptic insect species. Syst. Biol. https://​doi.​org/​10.​1093/​sysbio/​

syac0​69 (2022).
	20.	 Ratnasingham, S. & Hebert, P. D. N. BOLD: The barcode of life data system (www.barcodinglife.org). Mol. Ecol. Notes 7, 355–364. 

https://​doi.​org/​10.​1111/j.​1471-​8286.​2007.​01678.x (2007).
	21.	 Ratnasingham, S. & Hebert, P. D. N. A DNA-based registry for all animal species: The barcode index number (BIN) system. Public 

Libr. Sci. One 8, e66213. https://​doi.​org/​10.​1371/​journ​al.​pone.​00662​13 (2013).
	22.	 Tamura, K., Stecher, G. & Kumar, S. MEGA11: Molecular evolutionary genetics analysis version 11. Mol. Biol. Evol. 38, 3022–3027. 

https://​doi.​org/​10.​1093/​molbev/​msab1​20 (2021).
	23.	 Ronquist, F. & Huelsenbeck, J. P. MrBayes 3: Bayesian phylogenetic inference under mixed models. Bioinformatics 19, 1572–1574. 

https://​doi.​org/​10.​1093/​bioin​forma​tics/​btg180 (2003).
	24.	 Pons, J. et al. Sequence-based species delimitation for the DNA taxonomy of undescribed insects. Syst. Biol. 55, 595–609. https://​

doi.​org/​10.​1080/​10635​15060​08520​11 (2006).
	25.	 Zhang, J., Kapli, P., Pavlidis, P. & Stamatakis, A. A general species delimitation method with applications to phylogenetic place-

ments. Bioinformatics (Oxford, England) 29, 2869–2876. https://​doi.​org/​10.​1093/​bioin​forma​tics/​btt499 (2013).
	26.	 Puillandre, N., Brouillet, S. & Achaz, G. ASAP: Assemble species by automatic partitioning. Mol. Ecol. Resour. 21, 609–620. https://​

doi.​org/​10.​1111/​1755-​0998.​13281 (2020).
	27.	 Bennett, D. J. & Engel, M. S. A new moustache wasp in dominican amber, with an account of apoid wasp evolution emphasiz-

ing crabroninae (Hymenoptera: Crabronidae). Am. Mus. Novit. 3529(1), 1–12. https://​doi.​org/​10.​1206/​0003-​0082(2006)​3529[1:​
ANMWID]​2.0.​CO;2 (2006).

	28.	 Sann, M. et al. Reanalysis of the apoid wasp phylogeny with additional taxa and sequence data confirms the placement of Ammo-
planidae as sister to bees. Syst. Entomol. 46(3), 558–569. https://​doi.​org/​10.​1111/​syen.​12475 (2021).

	29.	 Amarante, S. T. P. A synonymic catalog of the Neotropical Crabronidae and Sphecidae (Hymenoptera: Apoidea). Arquivos de 
Zoologia 37, 1–139 (2002).

	30.	 Noskiewicz, J. & Puławski, W. Klucze do oznaczania owadów Polski. Część XXIV. Błonkówki—Hymenoptera Zeszyt 67. Grzebac-
zowate—Sphecidae 185 (PWN, 1960).

	31.	 Twerd, L., Krzyżyński, M., Waldon-Rudzionek, B. & Olszewski, P. Can soda ash dumping grounds provide replacement habitats 
for digger wasps (Hymenoptera, Apoidea, Spheciformes)? PLoS ONE 12, e0175664 (2017).

	32.	 Tischendorf, S. & Treiber, R. Stechimmen (Hymenoptera, Aculeata) under Hochspannungsfreileitungen im Rhein-Mainz-Gebiet 
– Stinging wasp fauna (Hymenoptera, Aculeata) beneath high power lines in the Rhine-Main area, Germany. Carolinea. Beiträge 
zur naturkundlichen Forschung in Südwestdeutschland 60, 113–130 (2003).

	33.	 Saure, Ch. Bienen und Waspen des ehemaligen Berliner Flughafens Tempelhof im Bezirk Tempelhof-Schönenberg (Hymenop-
tera)—Bees and wasps of the former airport Tempelhof in Berlin, area Tempelhof-Schönberg (Hymenoptera). Märkische Ento-
mologische Nachrichten 13, 1–21 (2011).

	34.	 Abrahamsen, S. E. Gravehvepsen Crabro Lindenius panzeri v. d. Lind. Redekolonier fundet i Danmark 56, 125–130 (1950).
	35.	 Blüthgen, P. Zur Biologie von Lindenius albilabris F. (Hym. Sphecidae). Deutsche Entomologische Zeitschrift (Neue Folge) 2, 158 

(1955).
	36.	 Bouček, Z. & Rasplus, J. Y. Illustrated Key to West-Palearctic Genera of Pteromalidae (Hymenoptera: Chalcidoidea) 140 (INRA, 

1991).
	37.	 Minkiewicz, R. Typy obyczajowe samców Grzebaczy—Les types de comportement des mâles de Sphégiens. Polskie Pismo Ento-

mologiczne 13, 1–20 (1936).

https://doi.org/10.1186/s12862-018-1155-8
https://doi.org/10.1186/s12862-018-1155-8
https://researcharchive.calacademy.org/research/entomology/entomology_resources/hymenoptera/sphecidae/genera/Lindenius.pdf
https://researcharchive.calacademy.org/research/entomology/entomology_resources/hymenoptera/sphecidae/genera/Lindenius.pdf
https://doi.org/10.1093/sysbio/syac069
https://doi.org/10.1093/sysbio/syac069
https://doi.org/10.1111/j.1471-8286.2007.01678.x
https://doi.org/10.1371/journal.pone.0066213
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/bioinformatics/btg180
https://doi.org/10.1080/10635150600852011
https://doi.org/10.1080/10635150600852011
https://doi.org/10.1093/bioinformatics/btt499
https://doi.org/10.1111/1755-0998.13281
https://doi.org/10.1111/1755-0998.13281
https://doi.org/10.1206/0003-0082(2006)3529[1:ANMWID]2.0.CO;2
https://doi.org/10.1206/0003-0082(2006)3529[1:ANMWID]2.0.CO;2
https://doi.org/10.1111/syen.12475


8

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9664  | https://doi.org/10.1038/s41598-023-36019-1

www.nature.com/scientificreports/

	38.	 Budrys, E., Budrienė, A., Orlovskytė, S. & Soon, V. Two new species of Diodontus (Hymenoptera: Pemphredonidae) from the 
western Mediterranean and their phylogenetic relationships. Can. Entomol. 151, 558–583. https://​doi.​org/​10.​4039/​tce.​2019.​46 
(2019).

	39.	 Noyes, J. S. Universal Chalcidoidea Database. World Wide Web electronic publication. http://​www.​nhm.​ac.​uk/​chalc​idoids. 
Retrieved 05 May 2023.

	40.	 IPNI. International Plant Names Index. Published on the Internet http://​www.​ipni.​org, The Royal Botanic Gardens, Kew, Harvard 
University Herbaria & Libraries and Australian National Herbarium. Retrieved 05 May 2023.

Acknowledgements
We thank Karolina and Łukasz Musiał for the possibility of conducting our research in Kowalewo Pomorskie and 
Kamila Ludwik for the possibility of conducting our research in Sierakowo. We also thank Wojciech Pulawski 
(California Academy of Science) for his critical reviews of the manuscript and two anonymous reviewers for their 
helpful comments and Krzysztof Szpila (Nicolaus Copernicus University) for identifying the kleptoparasitic fly.

Author contributions
P.O. conceived and designed the study; performed field research; provided the samples; wrote the first draft of 
the manuscript. T.L. provided the samples. E.B. and S.O. performed the lab work and phylogenetic analysis. B.W. 
identified the prey. All authors worked on subsequent drafts, read and approved the final manuscript.

Funding
The phylogenetic analysis was supported by a grant from the Research Council of Lithuania (contract No 
S-MIP-20-23).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to P.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.4039/tce.2019.46
http://www.nhm.ac.uk/chalcidoids
http://www.ipni.org
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Nesting biology and phylogenetic relationships of the parasitoid-hunting wasp Lindenius pygmaeus armatus (Vander Linden, 1829) (Hymenoptera: Crabronidae)
	Results
	Observations of behavior. 
	Phylogenetic relationships of Western Palearctic species. 

	Discussion
	Methods
	Field observations. 
	Phylogenetic reconstruction. 

	References
	Acknowledgements


