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ABSTRAKT

V soucasné dobé je popsano pies 4300 druhd zlatohlavkovitych broukt
(Scarabaeidae: Cetoniinae) ve vice jak 485 rodech, pficemz pocet rodl, druht a
poddruhti piibyva kazdym rokem o desitky novych taxond. Pfedev§im v minulosti se
vsak objevovaly i pomérné vagni a strohé popisy operujici jen se zbarvenim broukd,
pfipadné s extrémné jemnymi rozdily na saméich genitaliich bez podpory dalsich dat a
analyz. V disertaéni praci jsem se zaméfil na vyuziti riznych dat a metodickych
pristupt, které mohou pomoci pochopit evolu¢ni procesy uvnitf této skupiny a jeji
komplikovanou taxonomii i systematiku. Ta je i na vysSich taxonomickych tGrovnich
dosud znac¢né neustalena.

Ve dvou pracich jsme studovali morfologii nedospélych stadii zlatohlavkid a
jejich bionomii. V ptipadé tribu Taenioderini, jehoZ imaturni stadia nebyla do t€¢ doby
znama, jsme u osmi druhid objevili pfekvapivé vyraznou morfologickou variabilitu,
ktera je u larev zlatohlavkd neobvykla. Ve druhé praci jsme se vénovali rodu Oxythyrea.
Popsali jsme larvy deviti z deseti aktualné zndmych druhi a konfrontovali ziskané udaje
s jiz existujicimi popisy larev zlatohlavki subtribu Leucocelina, kam studovany rod
pati.

Nasledovaly dv¢ fylogeografickeé studie, ve kterych jsme vyuzili molekularni
data k porovnani s morfologii dospélcl. Prvni prace se tykala tvarové uniformniho,
avSak barevné variabilniho druhového komplexu Proatetia (Potosia) cuprea, ktery je
diky chybéjicim komparativnim studiim zatiZzen extrémn¢ vysokym mnoZzstvim taxont.
Zjistili jsme, ze pravé barevna nestalost do znacné miry zapficinila nadhodnoceni
skute¢né diverzity uvnitf tohoto druhového komplexu a zbarveni brouki téméi viibec
nekoreluje s fylogenezi skupiny. V dal$im ¢lanku jsme se zabyvali izolovanymi a hojné
zpochybnovanymi populacemi vzacnych druhd rodu Oxythyrea na tizemi Evropy.
Nejen, ze jsme potvrdili jejich existenci, ale diky molekularnim analyzam i jejich
reliktni status. Zaméfili jsme se i na ochranafsky potencial vzacnych biotopi, kde se
tito brouci vyskytuji.

V posledni ¢asti disertacni prace jsme se vénovali pomémné inovativnim
metodickym pfistuptim, které by mohly byt v budoucnu vyrazné napomocnym prvkem
v ramci systematiky a taxonomie nejen zlatohlavkovitych, ale i dalsich skupin hmyzu.
Jde o vyuziti konvolu¢nich neuronovych siti k determinaci jedinci z fotografii. Ve dvou
publikovanych pracich jsme dosahli velmi vysokych uspéSnosti identifikace
prekonavajici i experty z fad entomologli. Do budoucna by tak mohlo jit o Siroce
vyhledavané metody, které urychli a zjednodusi entomologickou préaci a zaroven by
mohly napfiklad pomoci pii objevovani novych taxonu.



ABSTRACT

Currently, over 4.300 species of flower chafer beetles (Scarabacidae:
Cetoniinae) are described in more than 485 genera, with the number of genera, species
and subspecies increasing by dozens of new taxa each year. Especially in the past, some
of the species descriptions were relatively vague and short operating only with the
coloration of beetles, or with extremely subtle differences on the male genitalia without
any support of other data and analyses. In this dissertation, I focused on the use of
various data and methodological approaches that can help understand the evolutionary
processes within this group and its complicated taxonomy and systematics, which is
also still very unstable even at higher taxonomic ranks.

In two works we studied the morphology of immature stages of flower chafers
and their bionomy. In the case of the Taenioderini tribe, whose immature stages were
not known until then, we found surprisingly significant morphological variability in the
eight described species, which is unusual in larval stages of flower chafers. In the
second work, we focused on the genus Oxythyrea. We described the larvae of nine of
the ten currently known species and confronted the obtained data with the already
existing descriptions of the larvae of the Leucocelina subtribe, to which the studied
genus belongs.

Two phylogeographic studies followed, in which we used molecular data in
comparison with the morphology of adults. The first work concerned the
morphologically uniform, but colour variable species complex Proatetia (Potosia)
cuprea, which is burdened by an extremely high number of taxa due to the lack of
comparative studies. We found that it was the colour variability that largely caused an
overestimation of the true diversity within this species complex, and the coloration of
the beetles hardly correlates with the group's phylogeny. In the next article, we dealt
with isolated and often questioned populations of rare species of the genus Oxythyrea
in Europe. We confirm their existence, but thanks to molecular analyses their relict
status as well. We also focused on the conservation potential of the rare habitats, where
these beetles occur.

In the last part of the dissertation, we focused on relatively innovative
methodological approaches, which could be a significantly helpful element in the future
in the systematics and taxonomy not only of flower chafers, but also other groups of
insects. It is the use of convolutional neural networks to determine individuals from
photographs. In two published works, we have achieved very high identification
success rates, surpassing even those of entomologists. In the future, these could be
sought-after methods that will speed up and simplify entomological work and at the
same time help for example in the discovery of new taxa.



Uvop

Dle recentnich katalogh a checklistd existuje pfiblizné 4300 popsanych druhd
zlatohlavkovitych broukti (Coleoptera: Scarabaeidae: Cetoniinae), fazenych do vice jak
485 rodd (Krajéik 2012; Bezdék 2016). Diky extrémnimu zajmu entomologické
komunity spojeného s relativné snadnym chovem spousty druhi jsou i v soucasné dobé
stale popisovany nové taxony zlatohlavku.

Kromé jednoduchych praci obsahujicich jen velmi struény popis a fotografii
zvifete (napf. Kraj¢ik 2002), jsou v soucasné dobé publikovany i obsahlejsi prace (napf.
Perissinotto et al. 2019). Nékteré z nich jsou doplnéné i o ekologicka a biologicka data
(De Palma & Malec 2020) vcetné popisu nedospélych stadii (napt. Kral et al. 2019).
Publikovany jsou i studie revizniho charakteru (napt. Ratcliffe 2014) a vzacné jsou
popisy novych taxonl opfeny o geneticka data (Seidel 2016). Sporadické vyuziti
molekularnich dat ve fylogenetickych a fylogeografickych studii bylo shrnuto v praci
Mitchella a kol. (2020).

V nasSem vyzkumu jsme se zaméfili na studium néckolika skupin zlato-
hlavkovitych brouki riznorodymi metodickymi pfistupy vcetné jejich alespon ¢asteéné
kombinace. Jde o studium larvalni i adultni morfologie, bionomie a dale fylogeografie
a fylogeneze za vyuziti molekularnich dat. Navic diky dlouhodobému studiu rodu
Oxythyrea Mulsant, 1842 ¢itajiciho sbér a chov stovek az tisicti exemplaid napftic
druhovym spektrem jsme mohli vyuzit nashromazdény material k pomérné¢ odlisnému,
presto velmi inovativnimu metodickému pfistupu. Jde o vyuziti konvoluénich
neuronovych siti, po¢ita¢ového vidéni nebo tzv. transfer learningu v ramci automatické
identifikace jedinct z fotografii. Tyto pfistupy jsou v poslednich letech relativné bézné
(napt. Martineau et al. 2017), ale v ramci naseho vyzkumu jde o prvni implementaci
téchto metod ve studiu zlatohlavkovitych broukd.

CILE PRACE

1. Studium morfologie nedospélych stadii a bionomie zlatohlavkovitych
broukl. Vyuziti téchto dat v ramci fylogeneze a systematiky studovany
skupin.

2. Studium populaéni struktury skrze fylogeografické a fylogenetické piistupy
vyuzivajicich molekularni data v konfrontaci s morfologii dospé&lct.

3. Testovani a maximalizace vykonu inovativnich metodickych pfistupti na poli
identifikace a taxonomie riznych skupin hmyzu véetné zlatohlavkd za
pomoci konvolucnich neuronovych siti.



MATERIAL A METODIKA

Studovany material byl ziskavan od amatérskych i profesiondlnich entomologi
z tuzemskych a zahranicnich instituci. Zaroven byly podniknuty vlastni expedice do
téchto krajin: Albanie, Bulharsko, Cerna Hora, Francie, Itilie, Mad’arsko, Makedonie,
Malajsie, Maroko, Polsko, Recko, Srbsko, Tunisko, Ukrajina. Pro potfeby nékolika
publikaci bylo nutné chovat vybrané druhy studovanych broukd za tGcelem ziskani
dospélych a/nebo larvalnich stadii. Pro tyto ucely bylo vyuzito chovii bezobratlych
katedry zoologie PiF UK s ptihlédnutim na potfeby jednotlivych druht.

V ptipadé larvélnich popist byly jedinci pozorovani a fotografovani stan-
dardnimi pfistupy za pouziti bézného stereomikroskopu a dale fotografického zafizeni
slozeného z fotoaparatu Canon a makro objektivu Canon MP-E 65 mm/f2.8. Ke
sledovani jemnéjsich detaild byl vyuzit skenovaci elektronovy mikroskop biologické
sekce PTF UK.

V ramci ziskavani molekularnich dat, pfesnéji DNA sekvenci, byly vyuzity standardné
vybavené molekularné genetické laboratofe katedry zoologie PfF UK a Narodniho
muzea. Izolace DNA probihala za pouziti bézné dostupnych kit (Qiagen a Geneaid).
Pro namnozeni genetickych markerti (cox!, cytb, itsI) byl vyuzit PCR master mix firmy
Top-Bio a nasledné ptecistovani PCR produktd bylo zajisténo kity (Qiagen),
ethanolovou precipitaci, nebo enzymatickou reakci. Vlastni sekvenovani bylo zajisténo
sekéni laboratofi PfF UK, nebo externi firmou Macrogen.

K analyze molekularnich dat bylo vyuzito rozlicnych metodickych piistupti i
softwaru. Sekvence DNA byly editovany a kompletovany v programu Geneious
(Kearse et al. 2012) a fylogenetické stromy byly rekonstruovany za pomoci metody
maximalni vérohodnosti v programu raxmlGUI (Silvestro et al. 2012) i bayesianské
inference v programu MrBayes (Ronquist et al. 2012). Genetické distance a dalsi
ukazatele byly pocitany s pomoci softwaru MEGA (Kumar et al. 2016) a DnaSP (Rozas
et al. 2017). Vyuzito bylo i nastroji TCS (Clement et al. 2000) a PopART (Leigh &
Bryant 2015) pro tvorbu haplotypovych siti a také delimita¢nich analyz ABGD
(Puillandre et al. 2012) a PTP (Zhang et al. 2013). Pro potfeby jedné studie bylo
zahrnuto i molekularni datovani z programu BEAST (Bouckaert et al. 2014).

Morfologie dospélct byla studovana podobné jako u larev a dale analyzovana za vyuziti
programu Mesquite (Maddison & Maddison 2016), ve kterém byly mapovany
jednotlivé znaky z morfologickych matic na rekonstruované fylogenetické stromy. Pro
potieby analyzy tvar neboli geometrické morfometrie byla vyuzita cela fada
programu, napt. TPSUtil (Rohlf 2009), TpsRelw (Rohlf 2010). Vizualizace ziskanych



vysledkti (transforma¢ni miizky) a statistické vyhodnoceni (PCA, non-metric
multidimensional scaling) bylo realizovano v softwaru PAST (Hammer et al. 2001).

Studium automatické identifikace hmyzu se opiralo o nékolik zédkladnich prvki tzv.
umélé inteligence. V nasich pracich bylo vyuzito pocitacového vidéni (Huang 1996) a
konvolu¢nich neuronovych siti spolu s hlubokym ucenim (Schmidhuber 2015; LeCun
et al. 2015). Dale byl pouzit tzv. transfer learning, tedy ptevzeti jiné jiz preducené sité
pro nase potfeby (Bengio 2011). V nasem pfipade §lo o sit VGG 16 (Simonyan &
Zisserman 2015). Jako vstupni data byla vyuzita celd fada volné dostupnych fotografii
z ruznych internetovych databazi, stejné jako jiz publikované datasety. V urcitych
pripadech byly datasety utvofeny z vlastnich obrazkd za pomoci jiz uvedeného
fotografického zatizeni, nebo mobilniho telefonu s makro piedsadkou. Veskeré analyzy
probihaly ve vysokotroviiovém programovacim jazyku Python (Rossum & Drake
1995) s pomoci dalSich softwarovych prvkia. Pro vizualizaci specifickych regiond
dalezitych pfi ur€ovani jedincd konvoluéni neuronovou siti do kategorii (napf. druhti)
bylo vyuzito metody tzv. klasifikacnich aktivacnich map (Zhou et al. 2016).

VYSLEDKY A DISKUSE

V pribéhu studia jsme popsali imaturni stadia osmi druhl zlatohlavkd tribu
Taenioderini, jejichz larvy nebyly do té doby znamy. Objevili jsme piekvapujici
variabilitu u bézn¢ studovanych struktur a jejich znakd, coz je nejen pro zlatohlavky
pomérn¢ neobvyklé zjisténi. Zminéna variabilita nam vSak neumoznila definovat
synapomorfii tribu. Bionomie nami studovanych druht ale nebyla pfili§ rozmanita a
vétsinu jedinch jsme nalézali ve shodném prostiedi, tedy v kompaktnim hnijicim dieve
Castokrat prostoupeném bilymi plisnémi.

V druhé praci jsme se zaméfili na larvalni stadia rodu Oxythyrea, do kterého
dnes patii 10 druhti. Nam se podatilo popsat larvy od Sesti druht a u dal$ich tii druht
jsme provedli detailni redeskripci. Pozorovana variabilita nebyla tak znacna, jako
v ptipadé tribu Taenioderini, ale i tak se nam podafilo najit sérii specifickych znakd.
Diky nim jsme schopni rozdélit jednotlivé druhy do tii skupin, které odpovidaji
fylogenetické hypotéze na zaklad¢ adultni morfologie (Sabatinelli 1981, 1984) i
molekularnich dat (Vondracek et al. unpubl.). Detailni bionomickd pozorovani
viceméné koresponduji s navrhovanou fylogenezi.

Molekularni analyze jsme podrobili zapadopalearktické zastupce druhového komplexu
Protaetia (Potosia) cuprea (Fabricius, 1775). Tento komplex patii z historického



pohledu mezi jedny z nejstudovanéjsich skupin zlatohlavkil Evropy, s ¢imz je vSak
spjato extrémni taxonomické zatizeni spoustou druhovych a poddruhovych jmen jejichz
validita neni pfili§ jednoznacna (Bezdeék 2016). Morfologie dospélct je totiz vyrazné
uniformni, oproti tomu zbarveni je znacné nestalé a vysoce variabilni. Na zékladé dvou
mitochondrialnich markerd (coxI, cytbh), morfologické matice znakl a analyzy tvaru
vybranych struktur jsme se pokusili objasnit fylogeografické pozadi a evolu¢ni historii
této skupiny broukt. Podaftilo se nam uvniti komplexu identifikovat ti'i hlavni genetické
linie, které odpovidaji spise geografickému rozmisténi studovanych jedinct, nez jejich
morfologii a aktualni taxonomii.

V dalsi praci jsme se vénovali dvéma druhim rodu Oxythyrea, u kterych jsme
studovali jejich fylogeografii napfi¢ vyrazné disjunktivnimi aredly vyskytu vcetné
zpochybnovanych lokalit. Jde o stepni druh O. albopicta (Motschulsky, 1845), ktery se
v Evropé vyskytuje pouze na jediné lokalité v Severni Makedonii a poté se roztrousené
nalézd v Malé Asii, na Blizkém Vychod¢ a ve Stfedni Asii (Bezd¢k 2016). Druhym
studovanym taxonem je psamofilni zlatohlavek O. dulcis Reitter, 1899, ktery vzacné
obyva nekteré pisecné plaze Egejského mote (Bezdeék 2016). U tohoto druhu byl
publikovany nalez i v Cerné Hote, tedy na jediné lokalité pobieZi Jaderského mote
(Miksi¢ 1978). Béhem nasSich expedic se podafilo potvrdit a fadné zdokumentovat
vyskyt obou druhti na zpochybnovanych lokalitach v Severni Makedonii, respektive
v Cerné Hofe. Zaroveti jsme s pomoci dvou genetickych markert (cox/, its]) poukéazali
na reliktni status téchto populaci a jejich dlouhodobou izolaci bez zjevného genetického
toku. Vysledky molekularnich analyz a aktualni stav biotopd, kde se dané populace
vyskytuji, nas pfivedl i k ochranafskému pojeti nasi studie.

Automaticka identifikace hmyzu z fotografii je dnes jiz b&éznou zalezitosti, ktera je
soucasti nejen ruznych vyzkumi (Heye et al. 2021), ale i spousty bézné dostupnych
mobilnich aplikaci slouzicich k urovani organismt (napf. iNaturalist). V naSich
publikacich jsme se zamétili na vzorky z muzejnich sbirek a snazili jsme se posunout
hranice uspésnosti téchto metod. Pesnéji jde o rizné prvky tzv. umélé inteligence, tedy
pocitacového vidéni, konvoluénich neuronovych siti a dale hlubokého a pfenosového
uceni. Pro tyto ucely jsme v prvni studii analyzovali ¢tyfi rizné datasety a postupné
optimalizovali rizné faktory. Doséhli jsme tak excelentnich vysledkd (94,5 az 99,7 %)
a zaroven jsme vylepsili uspé$nost ur€ovani u jiz publikovanych datasetli zjinych
studii. Z optimalizovanych faktor byla z praktického hlediska zajimava napftiklad
vstupni velikost fotografii. Zde se ukazalo, Ze optimum pro naSe analyzy je rozliSeni
412x412 pixell, coz je fadové mén€, nez je rozliSeni standardné pofizovanych
fotografii pro publikacni a jiné ucely.



V druhé publikaci jsme pro naSe analyzy opét vyuzili zlatohlavkti rodu
Oxythyrea. Tentokrat jsme porovnavali uspéSnost nasich metod pii pouziti riznych
uhld a riznych kvalit snimkd. Z vysledkd je patrné, Zze dorsalni pohled je vice
informativni pro neuronové sité (94 az 100 %), nez pohled ventralni (80 az 100 %) a
kombinace obou pohledd nepfinasi vyrazné zlepseni. Dale jsme zjistili, ze fotografie
potizené obycejnym mobilnim telefonem s levnou makroptedsadkou podavaji velmi
podobné vysledky (92 az 100 %) jako skladané makrofotografie pofizené cenové
nakladnéj$im fotoaparatem. Taktéz jsme se pokusili s pomoci neuronovych siti
klasifikovat jedince nejen do druhu, ale i pohlavi. Um¢lé inteligence podala dobrou
vykonost, ktera v uritych ohledech opét piedéila experty z fad entomologti. Na zaveér
jsme blize zkoumali vysledky tzv. klasifikacnich aktiva¢nich map. Jde o urcitou formu
teplotnich map, které poukazuji na dilezité oblasti, které bere neuronova sit’ v potaz pfi
urCovani. Zvyraznéné oblasti u studovanych jedincti poukazuji na struktury, které
vyuzivaji k ur¢ovani i entomologové.

ZAVERY

Z nasich studii je patrné, ze pravé kombinace riznych zdroju dat a jejich metodického
zpracovani v podob¢ tzv. integrativni taxonomie muze piinést dilezité vysledky ve
studiu taxonomie, systematiky ¢i fylogeografie a fylogeneze zlatohlavkovitych broukd.
Do budoucna by takovyto pfistup mohl pomoci objasnit nejen evoluéni historii
problematickych skupin zatizenych fadou diskutabilnich taxont, ale i fylogenezi
zlatohlavkovitych broukl jako takovych. Ta je i dnes stale nedofesend. I nadale je
patrné, Ze studium imaturnich stadii muze pfinést zajimava a pro rizné Gcely vyuzitelna
data. Béhem zkoumani zlatohlavki jsme pak vyuzili inovativnich metod konvolu¢nich
neuronovych siti v ramci automatické identifikace jedincl z fotografii a poukazali jsme
na jejich rozsahlé schopnosti. Tyto pfistupy by se do budoucna daly vyuZit celou fadou
zpuisobl a vyrazné tim tak urychlit a usnadnit praci entomologg.
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INTRODUCTION

According to recent catalogues and checklists, there are approximately 4.300 described
species of flower chafers (Coleoptera: Scarabaeidae: Cetoniinae), classified in more
than 485 genera (Krajcik 2012; Bezd&k 2016). Due to the extreme interest of the
entomological community associated with the relatively easy breeding of many species,
new taxa of flower chafers are still being described.

In addition to simple works containing only a very brief description and
photograph of the specimen (e.g. Krajéik 2002), more extensive works are currently
published (e.g. Perissinotto et al. 2019). Some of them are supplemented by ecological
and biological data (e.g. De Palma & Malec 2020), including a description of immature
stages (e.g. Kral et al. 2019). Revisions have also been published (e.g. Ratcliffe 2014)
and descriptions of new taxa are rarely based on genetic data (Seidel 2016). The
sporadic use of molecular data in phylogenetic and phylogeographical studies has been
summarized in the work of Mitchell et al. (2020).

In our research, we focused on the study of several groups of flower chafers
using various methodological approaches, including at least a partial combination. It is
a study of larval and adult morphology, bionomy, as well as phylogeography and
phylogeny using molecular data. In addition, thanks to a long-term study of the genus
Oxythyrea Mulsant, 1842, which counts the collection and breeding of hundreds to
thousands of specimens across the species spectrum, we were able to use the collected
material for a relatively different, yet very innovative methodological approach. It
involves the use of convolutional neural networks, computer vision or transfer learning
in the automatic identification of individuals from photographs. These approaches have
been relatively common in recent years (e.g. Martineau et al. 2017), but our research is
the first implementation of these methods in the study of flower chafers.

AIMS OF THE STUDY

1. Study of morphology of immature stages and bionomy of flower chafers. The
use of these data in the phylogeny and systematics of the studied groups.

2. Study of population structure through phylogeographic and phylogenetic
approaches using molecular data in confrontation with adult morphology.

3. Testing and maximizing the performance of innovative methodological
approaches in the field of identification and taxonomy of various groups of
insects, including flower chafers, using convolutional neural networks.



MATERIAL AND METHODS

The studied material was obtained from amateur and professional entomologists from
local and foreign institutions. At the same time, own expeditions were undertaken to
the following countries: Albania, Bulgaria, France, Greece, Hungary, Italy, Macedonia,
Malaysia, Montenegro, Morocco, Poland, Serbia, Tunisia, and Ukraine. For the
purposes of several publications, it was necessary to breed selected species of studied
beetles in order to obtain adults and/or larval stages. For these purposes, invertebrate
breeding room of the Department of Zoology, Faculty of Science, Charles University
was used considering the needs of individual species.

In the case of larval descriptions, individuals were observed and
photographed using standard approaches with a conventional stereomicroscope and a
photographic device consisting of a Canon camera and a Canon MP-E 65 mm / {2.8
macro lens. A scanning electron microscope of the biological section (Faculty of
Science of Charles University) was used to display significantly small details.

As part of the acquisition of molecular data, more precisely DNA sequences, standardly
equipped molecular genetic laboratories of the Department of Zoology (Charles
University) and the National Museum were used. DNA extractions were performed
using commonly available kits (Qiagen and Geneaid). A PCR master mix from Top-
Bio was used to amplify the genetic markers (coxI, cytb, itsl) and subsequent
purification of PCR products was done by kits (Qiagen), ethanol precipitation, or
enzymatic reaction. The sequencing itself was provided by the section laboratory of the
Faculty of Science, Charles University, or by an external company, Macrogen.

Various methodological approaches and software were used to analyse the
molecular data. DNA sequences were edited and assembled in Geneious (Kearse et al.
2012) and phylogenetic trees were reconstructed using the maximum likelihood method
in raxmlGUI (Silvestro et al. 2012) and Bayesian inference method in MrBayes
(Ronquist et al. 2012). Genetic distances and other indicators were calculated using
MEGA software (Kumar et al. 2016) and DnaSP (Rozas et al. 2017). TCS (Clement et
al. 2000) and PopART (Leigh & Bryant 2015) tools were also used to create haplotype
networks, as well as ABGD (Puillandre et al. 2012) and PTP (Zhang et al. 2013)
delimitation analyses. Molecular dating in the BEAST program was also calculated for
the needs of one study (Bouckaert et al. 2014).

The morphology of adults was studied similarly to larvae and further analysed using
the Mesquite program (Maddison & Maddison 2016), in which individual characters
from morphological matrices were mapped onto reconstructed phylogenetic trees.



A number of programs have been used for the analysis of shapes (geometric
morphometry), e.g. TPSUtil (Rohlf 2009), TpsRelw (Rohlf 2010). Visualization of the
obtained results (transformation grids) and statistical evaluation (PCA, non-metric
multidimensional scaling) were performed in PAST software (Hammer et al. 2001).

The study of automatic insect identification was based on several basic elements of the
so-called artificial intelligence. In our work, computer vision (Huang 1996) and
convolutional neural networks were used along with deep learning (Schmidhuber 2015;
LeCun et al. 2015). Furthermore, the transfer learning was used, i.e. the takeover of
another already trained network for our needs (Bengio 2011). In our case, it was the
VGG 16 network (Simonyan & Zisserman 2015). A series of freely available
photographs from various online databases, as well as already published datasets, were
used as input data. In some cases, the datasets were created from ours images with the
help of the already mentioned photographic device or a mobile phone with a macro
lens. All analyses were performed in the high-level programming language Python
(Rossum & Drake 1995) with the help of other software elements. The method of so-
called classification activation maps (Zhou et al. 2016) was used to visualize specific
regions important in identifying individuals by convolutional neural network into
categories (e.g. species).

RESULTS AND DISCUSSION

During our research, we described the immature stages of eight species of flower
chafers of the Taenioderini tribe, whose larvae were not known until then. We found
surprising variability in commonly studied structures and their characters, which is a
relatively unusual finding for larvae of flower chafers. However, the mentioned
variability did not allow us to define the synapomorphies of the tribe. On the other hand,
the bionomy of the species we studied was not very diverse and we found most of the
individuals in the same environment, i.e. in compact rotting wood often infused with
white mould.

In the second work, we focused on the larval stages of the genus Oxythyrea,
which includes 10 species up to date. We managed to describe larvae from six species,
and we performed a detailed redescription for other three species. The observed
variability was not as significant as in the case of the Taenioderini tribe, but we still
managed to find a series of specific characters. Thanks to them, we were able to divide
individual species into three groups that correspond to the phylogenetic hypothesis



based on adult morphology (Sabatinelli 1981, 1984) and molecular data (Vondracek et
al. unpubl.). Detailed bionomic observations correspond to the proposed phylogeny.

We exposed the western Palearctic representatives of the species complex Protaetia
(Potosia) cuprea (Fabricius, 1775) to molecular analysis. Historically, this complex is
one of the most studied groups of flower chafers in Europe, but this is associated with
an extreme taxonomic burden of many species and subspecies taxa whose validity is
often not very clear (Bezdék 2016). The morphology of adults is significantly uniform,
while the coloration is highly variable. Based on two mitochondrial markers,
morphological matrix of characters and analysis of the shape of selected structures, we
tried to clarify the phylogeographical background and evolutionary history of this group
of beetles. We were able to identify three main genetic lines within the complex that
correspond to the geographical distribution of the studied individuals rather than their
morphology and current taxonomy.

In the next work, we focused on two species of the genus Oxythyrea, in which
we studied their phylogeography across significantly disjunctive distribution areas,
including the doubtful localities. It is a steppe species O. albopicta (Motschulsky,
1845), which occurs in Europe in only one locality in North Macedonia and is then
scattered in Asia Minor, the Middle East, and Central Asia (Bezd¢k 2016). The second
studied taxon is the psamophilous O. dulcis Reitter, 1899, which rarely inhabits some
sandy beaches of the Aegean Sea. A discovery of this species in Montenegro was also
published (Miksi¢ 1978), i.e. the only locality on the Adriatic coast. During our
expeditions, we managed to confirm and properly document the occurrence of both
species in the disputed localities in North Macedonia and Montenegro, respectively. At
the same time, with the help of two genetic markers (cox1, itsl), we pointed out the
relict status of these populations and their long-term isolation without an obvious
genetic flow. The results of molecular analyses and the current state of habitats where
the populations occur led us to the conservation concept of our study as well.

Automatic identification of insects from photographs is now a common practice, which
is part of not only various research (Hoye et al. 2021), but also many commonly
available mobile applications used to identify organisms (e.g. iNaturalist). In our
publications, we focused on samples from museum collections and tried to push the
limits of successful rates of these methods. More precisely, these are various elements
of the so-called artificial intelligence, i.e. computer vision, convolutional neural
networks and deep and transfer learning. For this purpose, we analysed four different
datasets and gradually optimized different factors in the first study. We achieved
excellent results (94.5 to 99.7%) and at the same time we improved the determination



success rates on already published datasets from other studies. From the optimized
factors, the input size of photos, for example, was interesting from a practical point of
view. Here it turned out that the optimum for our analyses is a resolution of 412x412
pixels, which is extremely less than the resolution of standard photos taken for
publishing and other purposes.

In the second publication, we again used flower chafers of the genus
Oxythyrea for our analyses. This time we compared the success rates of our methods
using different angles and different image qualities. The results show that the dorsal
view is more informative for neural networks (94 to 100%) than the ventral view (80 to
100%) and the combination of both views does not bring significant improvement. We
also found that photos taken with an ordinary mobile phone with a cheap macro adapter
give very similar results (92 to 100%) as stacked macro photos taken with a more
expensive camera. We also tried to classify individuals not only to species but also to
male or female with the help of neural networks. Artificial intelligence has performed
well, again surpassing entomologists in some respects. In the end, we examined the
results of the so-called classification activation maps. It is a form of heat maps that point
to important areas in the photographs that the neural network uses during determining.
The highlighted areas in the studied individuals point to the structures that
entomologists use for identification as well.

CONCLUSIONS

It is clear from our studies that the combination of various data sources and their
methodological processing in the form of so-called integrative taxonomy can bring
important results in the study of taxonomy, systematics or phylogeography and
phylogeny of flower chafers. In the future, such an approach could help clarify not only
the evolutionary history of problematic groups burdened by a number of debatable taxa,
but also the whole phylogenetical hypothesis of flower chafers, which is still
unresolved. It is clear that the study of immature stages can provide interesting data that
can be used for various purposes as well. During the study of flower chafers, we then
used innovative methods of convolutional neural networks in the automatic
identification of individuals from photographs and pointed out their extensive abilities.
These approaches could be used in a plenty of ways in the future, significantly speeding
up and facilitating the work of entomologists.
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