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U sklopu disertacije provedena su istrazivanja utjecaja razli¢itih tipova gospodarenja koja se provode
u mediteranskim maslinicima i vinogradima na zajednicu, populacije i jedinke tréaka (Insecta,
Coleoptera, Carabidae). Vecina istrazivanja bila je usmjerena na grabezljive vrste tréaka koje svojom
ishranom suzbijaju nametnike na biljkama i time doprinose odrzivosti poljoprivrednih ekosustava. U
istrazivanju su koriStene metode koje se primjenjuju u morfoloskim istrazivanjima, molekularnoj
biologiji (PCR dijagnstika) i toksikologiji (izlaganje aktivnim tvarima, HPLC, GC-MS) kako bi
usporedili udjele razli¢itih funkcionalnih grupa tré¢aka ovisno o nac¢inu poljoprivrednog gospodarenja
I utjecaju gospodarenja na njihov razvoj, ishranu i metabolizam, ali i kako bi provjerili sire li se
insekticidi ishranom kroz razli¢ite troficke interakcije unutar hranidbenih mreza tla. Analizom
objavljenih podataka vezanih za mediteransko podruc¢je i onih prikupljenih na terenu na podrucju
Zadarske zupanije dokazali smo da gospodarenje utjeCe na sastav zajednice te da negospodarena
staniSta imaju znacajno visi udio mesojednih vrsta tréaka. Negospodarena staniSta su takoder
sadrzavala visi udio velikih vrsta koje ne lete i vezana su uglavno za stabilnije staniSne uvjete.
Vrijednosti fluktuacijske asimetrije izmjerene na populacijama dviju vrsta ukazale su da su maslinici
povoljniji za razvoj tréaka od vinograda, dok su negospodarena stanista bila povoljnija u odnosu na
maslinike i vinograde. Od dvije testirane vrste, Pterostichus melas se pokazao prikladnijom vrstom za
analizu fluktuacijske asimetrije kao pokazatelja promjena u okoliSu koje negativno utjeCu na
populacije, s obzirom da su se u toj vrsti iskazale statisti¢ki znacajne razlike u razini fluktuacijske
asimetrije izmedu populacija, dok kod vrste Poecilus koyi razlika medu populacijama nije bilo. Nadalje,
akutno trovanje tiametoksanom, insekticidom iz skupine neonikotinoida, izazvalo je niz subletalnih
reakcija kod jedinki tréaka. Jedinke izloZene visim koncentracijama konzumirale su znac¢ajno manje
koli¢ine hrane, a motorika im je bila poremecena. Nadalje, promjene u koncentraciji pojedinih

metabolita u tretiranih jedinki ukazuju da je slijedom trovanja doslo do oksidativnog stresa u tkivu



tr¢aka. Medutim, mjerenjem aktivnosti superoksid dismutaze, enzima koji sudjeluje u obrani od
oksidativnog stresa, nisu dobiveneznacajne razlike izmedu grupa ovisno o koncentraciji. U ovom
istrazivanju prvi put je laboratorijski dokazan prijenos insekticida iz supstrata (tlo) na odabrani plijen
(gujavice), te potom s plijena na grabezljive tréke putem ishrane. Molekularnim metodama smo
potvrdili da se tréci s istrazivanih ploha hrane gujavicama. Ovim istrazivanjem je potvrdeno da: (i)
stani$ta na kojima se ne gospodari pogoduju grabezljivim vrstama i njihovom normalnom razvoju i
predstavljaju stabilniji okoli$ za istrazivanu skupinu na $to ukazuje veca brojnost vrsta koje ne lete; (ii)
insekticidi u tkivo trataka mogu do¢i i neizravnim doticajem s aktivnim tvarima hraneci se
kontaminiranim plijenom; (iii) vise koncentracije insekticida thiametoksama izazivaju poremecaje u
hranjenju, kretanju 1 metabolizmu tréaka, Sto naruSava njihovu grabeZljivu aktivnost koja u
poljoprivrednim ekosustavima doprinosi bioloskoj zastiti. Ovi rezultati pridonose razvoju nacina
gospodarenja koji podrZavaju zajednicu grabezljivih tr¢aka, te time smanjiti gubitak bioraznolikosti u

mediteranskoj regiji.
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The goals of this dissertation were to measure impact of different types of management that are carried out
in Mediterranean olive groves and vineyards on the community, populations and individuals of carabid
beetles, who provide valuable ecosystem services to agriculture. A special emphasis was placed on predatory
species of carabid beetles, which can control harmful pests on plants with their predatory activity. Research
methods included morphological analyses, molecular biology (PCR diagnostics), and toxicology
(intoxication with active ingredients, HPLC, GC-MS) were used in order to compare the proportions of
different functional groups of carabids depending on the type of agronomic management, the impact of
management on their development, predatory activity, and metabolism, but also to check whether
insecticides spread through soil foodwebs via trophic interactions. By combining the collected data from
Zadar County and data published from the other Mediterranean areas, we proved that management affects
the composition of the community and that unmanaged habitats have a significantly higher proportion of
carnivorous carabid species. Unmanaged habitats also contained a higher proportion of large flightless
species. The method of fluctuating asymmetry, performed on two species, indicated that olive orchards are
less adverse habitats for the development of carabid beetles than vineyards, however, unmanaged habitats
are more suitable compared to both vineyards and olive orchards. Of the two tested species, Pterostichus
melas proved to be more suitable species for fluctuating assymetry as a sign of negative enviromental impact
on populations, given that it showed statistically significant differences in the level of fluctuating asymmetry
between populations, while in the species Poecilus koyi there were no differences between populations.
Furthermore, acute poisoning with thiamethoxam, an insecticide from the group of neonicotinoids, caused a

series of sub-lethal effects in carabids. Individuals exposed to higher concentrations consumed significantly



less food and exhibited obvious locomotory impairments, such as slow, irregular gait, intense cleaning of
antenae, and inability to return to their feet when turned over on their backs. Furthermore, changes in the
concentration of individual metabolites in the treated individuals indicate that following the intoxication,
oxidative stress occurred in the tissues of the carabids. However, measurement of the activity of superoxide
dismutase, an enzyme involved in the defense against oxidative stress, did not show any significant
differences between the groups depending on the concentration. In this research, for the first time, the transfer
of insecticides from the soil to selected prey (earthworm), and then from the prey to predatory species through
feeding, was demonstrated in the laboratory. Using molecular methods, we confirmed that carabids from the
research sites feed on earthworms. This research confirmed that: (i) unmanaged, stable habitats favor a higher
proportion of predatory species and their normal development; (ii) insecticides can enter carabid beetle's
tissue indirectly, by feeding on the contaminated prey; (iii) higher concentrations of the insecticide
thiamethoxam cause disturbances in the feeding, movement, and metabolism of carabids, disrupting their
predatory activity and thus reducing ecosystem services that might be provided by carabids, which in
agricultural ecosystems contributes to the biocontrol of plant pests. These results may help to develop more
sustainable management practices that support the community of predators and reduce the loss of biodiversity

in the Mediterranean region.
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1. INTRODUCTION



The cultivation of olive trees (Olea europaea L.) and grapevines (Vitis vinifera L.) in the Mediterranean
region dates back to ancient times, and both plants continue to serve as essential economic commodities as
well as an important cultural role in the nations that are part of the Mediterranean basin today (Kavvadias
and Koubouris 2019). These cultivations are in danger from a number of pest species, which forces farmers
to apply a variety of pesticides to minimize the damage (Picchi et al. 2017). Farmers have switched from
conventional management (CM) practices to ecological (EPM) or integrated (IPM) pest management to
increase the control of insect and invertebrate pests and to reduce the damaging impact of pesticides on
non-target organisms. The foundation of both EPM and IPM is a variety of control strategies, including
biological control, host-plant resistance breeding, and cultural measures. Although synthetic chemical
pesticides (SCPs) are not utilized at all in EPM, IPM and CM both continue to use a variety of SCP that
target various organisms (Tshernyshev 1995, Thomas 1999). However, the usage of substances permitted
in EPM can still harm native or non-pest arthropod communities (lannotta et al. 2007, Scalercio et al. 2009).
According to Myers et al. (2000), the Mediterranean basin is a hotspot for biodiversity worldwide and is
consequently vulnerable to climate change. The Mediterranean basin's poorly studied biodiversity may be
at even higher risk of extinction as a result of climate change, intensive agriculture, and the use of SCP.
One of more frequently used insecticides in the world are neonicotinoid insecticides (Sparks 2013), and
their use has an impact on non-target vertebrate and invertebrate species in agroecosystem communities
(Whitehorn et al. 2012, Hallmann et al. 2014, Douglas et al. 2015). They have been discovered to spread to
surface waters and harm the community of macroinvertebrates (Van Dijk et al. 2013). Farmers are
encouraged by current agro-environmental initiatives in Europe to employ non-chemical technologies as
well as low pesticide input control strategies. According to EU Directive 2009/128/EC, low chemical input
principles and criteria are now required as of January 1, 2014. However, these beneficial legalizations may
be revoked. For instance, the EU approved emergency authorizations for thiamethoxam-containing
products in 15 European countries in 2020, including Croatia, even though it was banned in 2018,

necessitating more research on the substance's impact on natural predators.

Due to their feeding on numerous plant and insect pests, carabid beetles (Coleoptera: Carabidae) are
one of the most significant groups of beneficial arthropods in agroecosystem food webs (Kromp 1999,
Giglio et al. 2011, Sommaggio et al. 2018). They frequently dominate numerically among soil-active
arthropods (LOvei and Sunderland 1996), and they are able to consume enough food each day to equal their
body mass (Thiele 1977). They have been identified as olive fruit fly (Bactrocera oleae Gmelin), 1790

predators in several investigations, both in the laboratory (Dinis et al. 2016, Albertini et al. 2018) and in



the field (Orsini et al. 2007, Pizzolotto et al. 2018). For the production of grapevines, maintaining the native

predatory insect fauna is beneficial (Nicholls et al. 2008).

This doctoral research was conducted as part of the MEDITERATRI project (Croatian Science
Foundation (HRZZ) UIP-2017-05-1046) which aims to explore the potential transfer of pesticides to
general predators through trophic interactions and to connect their application with the predator survival
and diversity of non-target invertebrates in the field. The project takes place in the Mediterranean area of
Croatia where biodiversity and antropogenic impact on invertebrate fauna, especialy within
agroecosystems, are understudied. Some of the prior faunistic reseach in the area include the extensive
collection of Dalmatian beetle fauna by Petar Novak (1879-1968) in the first half of 20™" Century. Among
the others notable entomologist from that period in Dalmatia were Eduard Karaman (1849-1923), Wolgang
Bath (1882-1932), and Joseph Miller (1880-1964). After the first half of 20" century, entomological
research in North Dalmatia has been mostly neglected (Durbesi¢ 2011). The goal of my research was to
meassure impact of agricultural activity on the carabid beetles by finding the answers to the following

research objectives:
1.1. Research aims and hypothesis
Research aims are the following:

The general aim of this dissertation is to study the functional traits, morphometry, and physiology of
carabid beetles from olive orchards and vineyards with EPM and IPM systems, as well as impact of selected
pesticides on the activity of predatory carabids, including the spread of these pesticides via trophic

interactions. This aim is achieved by finding the answers to specific goals:

1. To analyse the distribution of the functional diversity of carabid beetles by calculating the share of
ecological and morphological characteristics in their assemblages between agricultural sites and
unmanaged habitats, and by identifying predatory beetle’s prey

2. To measure FA among the carabid beetle communities that have developed under the different
management systems and unmanaged habitat in order to compare the developmental stress that theese
managements have on carabid beetle’s populations

3. To examine the impact of direct pesticide exposure in vivo on the physiology of predatory carabid
beetles: at the level of entire organism (feeding, locomotion, metabolism) and at the cellular level

(oxidative stress)



4. Totestifthere isatransmission of selected pesticides in carabid beetles via their feeding on earthworms

that had been exposed to pesticide, and how it affects oxidative stress in carabid beetles
By evaluating published research so far and field-observations the following hypothesizes are defined:

1. Distribution of functional traits differs in carabid beetle assemblages depending on management types

2. The level of fluctuating asymmetry (FA) will be higher in populations from agricultural sites
compared to the populations from unmanaged sites

3. Exposure to pesticides will impact the feeding rate, locomotion, metabolites, and oxidative stress levels
in carabid beetles

4. Pesticides capable of spreading through the food web will impact the levels of oxidative stress in

carabids that feed on contaminated earthworms, the prey that they consume in the filed



2. LITERATURE REVIEW



2.1. Biology and ecology of carabid beetles

Carabid beetles (Carabidae) are a family of insects (Insecta) from the order Coleoptera, and the suborder
Adephaga. With over 40,000 described species, they are one of the most numerous families of beetles,
making up one of the groups richest in species on earth (L6vei and Sunderland 1996; Lorenz 2005). The
suborder Adephaga consists primarily of aquatic insects such as the diving beetles (Dytiscidae), whirligig
beetles (Gyrinidae), crawling water beetles (Haliplidae), and water scavenger beetles (Hygrobiidae)
families, and the carabid beetles are almost the only terrestrial member of this group, along with their
subfamily tiger beetles (Cicindelinae) (Thiele 1977). They evolved in the early Tertiary in the tropics from
where they spread to higher latitudes, and today they are a cosmopolitan group (Erwin and Adis 1982).
Carabid beetles inhabit a wide range of habitats, from wet and coastal biotopes, to dry steppes and deserts,
and prefer leaf litter as a microhabitat and hide under rocks (Hurka 1996). Moisture, however, is a limiting
environmental factor for carabids (LOvei and Sunderland 1996), so in desert areas they occur only in oases
or by some other water source (Erwin 1985). The suborder Adephaga, including the carabid beetles, are a
group of monophyletic origin and despite the large number of species, the carabids have little variation in
morphological structure (Thiele 1977). The thighs of the hind legs are connected to the hind sternite, the
head is in an exile position with filamentous antennae that always have 11 antennomers, and the legs are
without exception adapted for running. The body is firmly sclerotized in most species, with a dorsal side of
a dark color that often has a blue, green, or copper sheen, and the body extensions and ventral side may be
black, brown, red, and yellow. The prothorax is precluded by a solid neck shield (pronotum). Beneath the
tightly sclerotized forewings (elitrae) is a posterior pair of wings that may be well developed (macropteric
forms), partially or completely reduced (brahipteric and apteric forms), and in some species both forms of
hind wings (dimorphic species) occur (Brandmayr 1991). The body size range is 2-60 mm (Homburg et al.
2014). The surface contains the tactile organs of the set (Thiele 1977, Trautner and Geigenmuller 1987,
Hurka 1996) (Figure 1).
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Figure 1. (A) The morphology of an adult carabid beetle, dorsal side (a - antenna; b - mandible; ¢ - labrum;
d - clypeus; e - frons; f - frontal furrov; g - eye; h — setiferous puncture at inner edge of eye; i - pronotum;
j — median line of pronotum; k — basal impression (fovea) of pronotum; | — basal margination of elytrae; m
- scutellum; n — scutellar stria; o — elytral stria 3; p — elytral interval 3; r — dorsal setiferous puncture; s-

elytral suture; t - pygidium).

(B) The morphology of an adult carabid beetle, ventral side (a — maxillary palpus; b — labial palpus; ¢ -
maxilla; d - mentum; e - gula; f — epipleuron of pronotum; g — notopleural suture; h — front coxa; i —
episternum of prothorax; j - prosternal projection; k mesothorax; | — episternum of mesothorax; m —
epimeron of mesothorax; n - episternum of mesothorax; o — middle trochanter; p - epimeron of metathorax;
r - methatorax; s — hind coxa; t — hind trochanter; u — hind femur; v — epipleuron of elytron; x — hind tibia;

y — hind tarsus; z - claw; 1-6 — visible abdominal segments). Taken from Hurka (1996).



Carabid beetles, with their uniform body shape, are adapted to the life of a predator on the ground,
which is why they are also known as ground beetles. Most of the pronounced morphological variations are
associated with a specialized type of diet (Thiele 1977). Most predatory species are generalists, and
specialized diets are more often conditioned by the environment than by genetics. An example is the coastal
species Eurynebria complanata, which feeds almost exclusively on Talitrus saltator shrimp in its natural
habitat, but has demonstrated a wider range of prey in the laboratory. In contrast, some species of the genus
Cychrus feed exclusively on snails, and to adapt to such a diet they have a narrowed head and pronotum
and elongated jaws that allow them to penetrate deep into the snail's shell (Trautner and Geigenmiller

1987). The genus Procerus developed a large broad-headed body for breaking snail shells (Thiele 1977).

The majority of carabid beetles from temperate zones are unovoltine, having one generation per
year (Hurka 1996). Depending on the breeding period, carabid beetles can be larval hibernators or adult
hibernators, as proposed by Lindroth (1949). Breeding period is influenced by latitude, which is why in
norther hemisphere most species breed in spring and summer, adults of new generation emerge in summer
or early autumn, and hibernate over winter (Hurka 1996, Jambrosi¢ Vladi¢ 2020). Thisallows them to reach
a necessary level of body development prior to winter. In the case of larval hibernators, adults mate in
autumn, and new generation hibernates as larvae and emerge in early spring. In some species of genera
Abax, Molops, Ditomus and Pterostichus a parental care has been observed (Brandmayr et al. 1994, Hurka
1996).

Most carabid beetles are nocturnal animals, especially in regions with a hot climate (Kromp 1999).
Factors such as: changes in temperature (Jones 1979), humidity, light intensity (Thiele 1977), period of
prey activity (Alderweireld and Dessender 1990) and dormancy periods, either due to high temperatures
(eg. Rhytidognathus sp.), (Castro et al. 2014) or low temperatures (Desender 1982), affect daily and annual
rhythm (entomophenology) of this family. This allows survival, harmonizes life expectancy with food

stocks, and helps in competition avoidance, etc. (Danks 1987, Delinger 2002, Kotze et al. 2011).

Functional traits (feeding, wing development) and body size are often-used characteristics of carabid
beetles in ecological studies (e.g. Sustek 1987, Ribera et al. 2001, Seri¢ Jelaska et al. 2007). Body size
affects the ability to live in a certain type of environment, migration, and in the case of predatory species,
it sets the size range of their prey (Sustek 1987, Hatteland 2010). It is possible to expect changes in body
size structure of a carabid beetle assemblage under the pressure of anthropogenic factors, such as land

management (Seri¢ Jelaska and Durbesi¢ 2009, Ivankovi¢ Tatalovié et al. 2020). Habitat age can affect



body size and life-history traits (Seri¢ Jelaska et al. 2011), with large carabid species and species that
overwinter as larvae were dominant in older forest habitats. Blake et al. (1994) noted that if a particular
assemblage of species is typical of a particular habitat type, then similar patterns of body size distributions
will appear between similar sites. Furthermore, different species of carabid beetles have different dispersal
capabilities, with some species having well-developed hind wings (macropterous), others being flightless
with hind wings reduced (brachypterous), and some species may develop both types of hind wings
(dimorphic) (Brandmayr 1991). Small carabid species are more often macropterous than the large-sized
species (e.g. Carabus) (Blake et al. 1994, Ribera et al. 2001). Seri¢ Jelaska and Durbesi¢ (2009) found that
more macropterous species were present in isolated habitat and more brachypterous in continuous forest
area, especially medium-sized brachypterous beetles, and that higher proportions of small-sized carabids
were present in isolated area and large species were more common in continuous forest areas, implying that
the power of dispersal is an important factor that can be used in analyses of isolation effects on carabid
assemblages, both at small and large scales. Landscape stability can serve as an ecological filter of carabid
beetles in relation to their dispersal and phenology (Duflot et al. 2014), which includes the impact that
agricultural land use and management may have on the ecological composition of carabid beetle

assemblages (Cole et al. 2002).
2.2. The role of Carabid beetles in agroecosystems

Carabid beetles are among the most important and numerically dominant group of beneficial arthropods
in the agroecosystem food webs as they can act as a biocontrol against many pests and weeds (Kromp 1999;
Saska et al. 2008, Giglio et al. 2011, Sommaggio et al. 2018). They are voracious feeders, capable of
consuming close to their body mass of food daily. Agroecosystems are noted to harbor rich carabid fauna
despite intensive anthropological impact on such habitats (Holland and Luff 2000), and in Europe, Thiele
(1977) lists 26 species that can be found in at least one-third investigated arable habitats stretching from
England over Central Europe towards Belorussia. Among those species the following were most common:
Pterostichus melanarius (Illiger, 1798), Poecilus cupreus (Linnaeus, 1758), Harpalus rufipes (DeGeer,
1774), Harpalus affinis C.R. Sahlberg, 1827, Anchomenus dorsalis (Pontoppidan, 1763), Agonum muelleri
(Herbst, 1784), Bembidion lampros (Herbst, 1784), and Trechus quadristriatus (Schrank, 1781), as was
later confirmed by other studies (Luff 1987, Lévei and Sérospataki 1990). In Croatia, Lemic¢ et al. (2017)
collected 26 carabid beetle species in arable land in Podravina region. More than 30 years ago, Strbac

(1983) identified 31 species in the same area. Even though most species found in agroecosystems are



classified as eurytopic, and of no special interest in the terms of rarity, arable habitats can harbour
‘interesting’ carabid species, for example Harpalus zabroides Dejean, 1829, Amara littorea C.G. Thomson,
1857, Amara municipalis (Duftschmid, 1812), which are on the German Red list (Schnitter 1994).

It has been demonstrated that carabid beetles feed on agricultural pests, however, most of this data is
based on laboratory feeding trials, rather than field observation (Kromp 1999). Lindroth (1992) noted that
feeding on animals is not the same as predation and that many carabids attack already weakened or injured
prey, making them more of a scavenger. However, he considers genera Agonum, Bembidion (partly),
Calathus, Calosoma, Carabus, Cychrus, Dyschirius, Elaphrus, Notiophilus and Pterostichus (partly) to be
true predators, of which six (Agonum, Bembidion, Calathus, Calosoma, Carabus, and Pterostichus) can be
found on Thiele’s (1977) list of common species in arable lands. Furthermore, nowadays methods used in
molecular biology, such as polymerase chain reaction (PCR) and DNA metabarcoding of carabid guts,
confirmed their potential in pest control against slugs and dipterans (Seri¢ Jelaska et al. 2014, Kamenova
et al. 2018). Frei et al. (2019) demonstrated high levels of carabid weed seed consumption in cereal fields
across Central Europe using molecular analysis. Symondson et al. (2002) concluded that generalist

predators significantly reduce prey numbers in field experiments.

Among their prey are aphids, which remains have been detected in the guts of Poecilus cupreus, P.
lepidus (Leske, 1785), Pterostichus macer (Marsham, 1802), Calathus fuscipes (Goeze, 1777), Harpalus
rufipes, Anchomenus dorsalis, Agonum muelleri, and Nebria brevicollis (Fabricius, 1792) (Luf 1974, Hajek
etal. 2007). The negative correlation between aphid densities and those of carabids, especially Anchomenus
dorsalis (Kromp 1999).

Carabids also feed on eggs, larvae and pupae of dipterans. Many laboratory and controlled field
experiments have been conducted to study the impact of carabid predation on dipteran populations. Floate
etal. (1990) identified 14 carabid species that feed on wheat midge in the field. In greenhouse trials, Amara
familiaris (Duftschmid, 1812) and Abax parallelopipedus (Piller and Mitterpacher, 1783) reduced larvae
of cabbage root fly (Delia radicum (Linnaeus, 1758)) by 50% (Finch and Elliott 1994). Even though carabid
predation on dipteran eggs is reduced due to the female flies burying their eggs in the soil, Bembidion
quadrimaculatum (Linnaeus, 1760) consumed up to 25 fly eggs per day in the laboratory and reduced onion
maggot numbers in field cages by up to 57% (Grafius and Warner 1990). Olive fruit fly (B. oleae) is another
intensely studied dipteran species. It is one of the most serious pests on olive trees (Malheiro et al. 2015),

and if left unchecked, it can cause up to 90% damage in commercial plantations by causing the early fall of
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afflicted fruits, devouring the pulp, and lowering the quality of olive oil (Pereira et al. 2004, Ordano et al.
2015). Olive fruit flies lay their eggs within olive fruits where larvae feed for the first two instars. In mid-
autumn, the third instar falls to the ground, where it pupates in the top 3 cm of soil, making it available to
active predators and parasitoids on the ground (Neuenschwander et al. 1983, Dimou et al. 2003, Orsini et
al. 2007). Carabid beetles, according to Gongalves and Pereira (2012), are a strong biocontrol of B. oleae
since they are active in olive orchards during the autumn and winter (Lasinio and Zapparoli 1993). Dinis et
al. (2016) conducted feeding preference assays in which they proved that carabids Calathus granatensis
and Pterostichus globosus can be important in reducing the densities of B. oleae in olive groves. Several

field studies (Orsini et al. 2007; Pizzolotto et al. 2018) have listed Carabid beetles as B. oleae predators.

Slugs inflict some of the most extensive damage to agricultural and horticultural crops in temperate
zones (Asteraki 1993). They are present on the fruit opening its skin, which contaminates the final product
and exposes it to fungal infestation. The damage they do in field under organic management has to be solved
by biological control measures, including carabids as naturally occurring predators. Kromp (1999) listed
carabid beetles as effective agents in slug biocontrol, feeding on slug eggs and juveniles (Scaccini 2020).
Slug control by Abax parallelepipedus and Pterostichus madidus was shown to be equally effective as
methio-carb application (Asteraki 1993). Species of genera Carabus, Cychrus, and Licinus are
heliciphagous, capable of feeding on large snails and slugs, and can overcome their mucus defense
(Bursztyka et al. 2013).

Moths (Insecta, Lepidoptera) are another group capable of causing significant damage in agriculture.
Moths like Prays oleae and Zeuzera pyrina can cause substantial damages within olive plantations (Ramos
et al. 1998) while grapevine moths Lobesia botrana and Eupoecilia (syn. Clysia) ambiguella are frequent
pest in vineyards. Carabid beetles have been detected as lepidopteran feeders (Fuller 1988, Seri¢ Jelaska et
al. 2014, Candan et al. 2021).

2.3. Management types within the agroecosystems

Current agro-environmental initiatives in Europe for biodiversity conservation urge farmers to use
minimal pesticide input management approaches, including non-chemical methods. Since January 1, 2014,
the European Union (EU) has made low chemical input principles and guidelines mandatory (EU Directive
2009/128/EC). Agriculture's significance in providing habitat for birds, arthropods, and other organisms,
as well as contributing to conservation aims, is now recognized in countries where rural landscapes prevail.

Increasing the effectiveness of natural enemies by changing the environment or the pest control methods in

11



use allows for biological control (Eilenberg et al. 2001). Natural mortality is an important part of pest
management in both agriculture and forest environments because it keeps insect populations under control.
The natural environment may supply food, refuge, and alternative prey to biocontrol agents such as carabid
beetles within a patchy territorial texture containing crops, weeds, and forests, according to the ecological
landscape concept (Goodell 2009, Ortega and Pascual 2014). There are several management types in

agroecosystems:

Conventional management (CM) is significantly more focused on pest control using pesticides as the
main method to control outbreaks. In several situations, it responded only after pests had been discovered,
with minimal emphasis on prevention and no system-wide perspective. There are several problems with
this approach. Firstly, due to the genetic variations, pest species can develop the resistance to the pesticides.
Due to the genetic selection, surviving specimens will dominate the reproduction leading to the population
resistant to the pesticides. On the other hand, population of natural pest enemies will diminish in numbers,
resulting in even bigger increase in pest abundance. Pesticide residues may be left in the environment
because pesticides are difficult to confine to the target. These can harm wildlife and humans directly through
occupational exposure or indirectly through bio-magnification and accumulation of pesticide levels in the
food chain. Residues, when coupled with other environmental elements, generate a magnified effect greater
than the individual compound effects put together, is also a problem brought on by synergism, when mixed
compounds cause a magnified effect greater than the individual compound effects added together.
Nowadays, more farmers are switching from conventional pest management (CM) to organic (EPM) or

integrated pest management (IPM).

Integrated pest management (IPM) is "the coordinated use of pest and environmental information with
available pest control methods to prevent unacceptable levels of pest damage by the most economical means
and with the least possible hazard to people, property, and the environment™ as defined by the United States
Environmental Protection Agency (2007). According to the European commission for Food Safety, IPM is
one of the tools for low-pesticide-input pest management, and must be implemented by all professional
users. IPM entails a thorough examination of all available plant protection methods as well as the integration
of appropriate measures that discourage the growth of harmful organism populations, limit the use of plant
protection products and other forms of intervention to levels that are economically and ecologically
justified, and reduce or eliminate risks to human health and the environment. IPM emphasizes the growing

of a healthy crop with as little damage to agro-ecosystems as possible, while also encouraging natural pest
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control mechanisms. IPM has the following principles as listed on the official European union site
(ec.europa.eu): Plant protection methods include crop rotation, use of adequate cultivation techniques, use
of resistant or tolerant cultivars and standard/certified seed and planting material, balancing fertilization,
regular cleansing of machinery and equipment to prevent the spreading of harmful organisms, and
“protection and enhancement of important beneficial organisms, e.g. by adequate plant protection measures
or the utilization of ecological infrastructures inside and outside production sites.” Appropriate procedures
and equipment must be used to monitor harmful species, such as observation in the field and consultation
with the experts. The professional user must decide whether and when to apply plant protection measures
based on the monitoring results, and before treatments, the region, specific areas, crops, and climatic
circumstances must all be considered. Sustainable biological, physical and other non-chemical methods
must be preferred to chemical methods, and if pesticides must be applied, it should be in minimal effective

doses, with the least side effects on human health, non-target organisms and the environment.

Many features of ecological pest management (EPM) are used in integrated pest management (IPM),
but EPM is based on maintaining and supporting the agro-natural ecosystem's stability and suppressing
insect outbreaks early on when the pest population density is still low. Certain combinations of diverse
crops and lands with natural plant complexes can produce agro-ecosystem stability and high biodiversity.
If naturally beneficial insects are unable to control the pest population density, pest enemies that have been
artificially raised should be used (Tshernyshev 1995). Unlike CM and IPM, EPM does not use synthetic
chemical pesticides (SCP) targeting different organisms (Thomas 1999), although it may still use natural

compounds, like copper oxides, Azadirachtin, or Rotenone etc. (lanotta et al. 2007).
2.3.1. Pesticides - types, history of use and research on them

European Commission defines a pesticide as “something that prevents, destroys, or controls a
harmful organism (‘pest’) or disease, or protects plants or plant products during production, storage and
transport”. This includes herbicides, fungicides, insecticides, acaricides, nematicides, molluscicides,
growth regulators, repellents, rodenticides and biocides. Pesticides used to protect crops or some other
plants cultivated and used by humans are called plant protection products. With the introduction of
chemicals like 2,4-D and DDT during World War Il, modern synthetic pesticides became widely used.
Because the potential applications of these insecticides were endless and the risks were modest, pest control
began to follow a specific pattern (New Jersey Department of Environmental Protection). Many farmland

vertebrate and invertebrate species have had population decreases due to increased use of pesticides and
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chemical fertilizers, as well as increased mechanization, earlier planting and harvesting, and simplification
and loss of traditional crop cycles (Freemark and Kirk 2001). As of June 2022, there are 453 approved
active substances, safeners and synergists used in EU. The European Commission provided the first report
on the Farm to Fork strategy's progress in lowering the use and risk of chemical pesticides for the European
Union on May 31, 2021. In comparison to the 2015-2017 baseline period, there was an 8% reduction in the
usage and danger of chemical pesticides in the European Union in 2018, and a further 5% reduction in 2019
(ec.europa.eu). Neonicotinoid insecticides are the most frequently used insecticides in the world (Sparks,
2013), and their use has an impact on agroecosystem communities, including non-target invertebrate and
vertebrate species (Whitehorn et al. 2012, Hallmann et al. 2014, Douglas et al. 2015). They've been
discovered to spread to surface waterways, wreaking havoc on the macroinvertebrate population (Van Dijk
et al. 2013). Neonicotinoids are nicotinic acetylcholine receptor agonists that bind to nAChRs in insects'
central nervous systems. They are pesticides that have a systemic effect. Systemic pesticides, unlike contact
pesticides, are taken up by the plant and distributed throughout the plant, rather than remaining on the
surface of the treated sections of the plant (e.g. leaves), and can eventually end up even in nectar and pollen.
This makes them dangerous to bees by negatively impacting their nutritional and energetic homeostasis,

both of which are important factors in maintaining colony health (Cook 2019).

Pesticides' effects on carabid beetles have been extensively researched, due to their role in
biocontrol and the ease with which they can be sampled in pesticide field trials (Holland and Luff 2000).
The direct toxicity of pesticides, particularly insecticides, has been studied in laboratory, semi-field, and
field trials (Mauchline et al. 2004, Goulson 2013, Plavs$in et al. 2015, Tooming et al. 2017). Topical
(Vickerman and Sunderland 1977) and surface (Hassan et al. 1991) pesticide exposure has been shown to
be fatal to carabids. Sublethal effects of pesticides on carabid behavior include changes in locomotory
behavior and foraging behavior (Jensen et al. 1997). The overall effect of insecticides on carabid beetles

depend on many biotic and abiotic factors as outlined in Figure 2.

14



Physiochemical
properties of insecticide

Application

(droplet size and
distribution, substrate,
scale of application)

Method of uptake
{direct, residual, dietary)

Carabidae characteristics

— T
Environmental conditions [

/diel activity/phenology/diet

Behaviour/distribution/maobility

‘t:xrosmu: TO INSECTICIDE |

Susceptibility of individual/population

{genetic composition, physical and
physiological factors

‘Toxjcolugy and dose of insecticide |

\

Opportunities for recovery
{scale of application, mobility,
predation, refuges, diet)

Environmental conditions |

Behavioural effects of insecticide
(repellency, anti-feedant)

1RF,SPD;\'SE TO INSECTICIDE J

Assessment technique (sampling
method, post-treatment
monitoring period, sampling
intensity, level of detail)

Type of study

/ (laboratory, semi-field, field)

2

‘Spalial and temporal scale Ul'slu(IyJ

RESULT

15

reinvasion (life-history strategy)

I

Opportunities for recovery and

Figure 2. Interactions between pesticides and Carabidae, taken from Holland and Luff (2000).

It has been demonstrated that certain compounds can bioaccumulate in invertebrates and thus spread
via trophic interactions (Serié¢ Jelaska et al. 2007, 2014, Douglas et al. 2015, Pisa et al. 2015). It should be
noted that insecticides are not the only pesticides that can impact carabid beetles. Herbicides decrease the
abundance and diversity of plant species, which directly affects carabid beetle’s food and coverage, as well

as it changes soil moisture, thus making habitat more welcoming to xerophylic species (Holland and Luff



2.4. Measures of enviromental stress
2.4.1. Fluctuating assymetry as an indicator of environmental stress

Geometric morphometrics (GMM) is a type of morphometric analysis used to quantify and visualize
morphological variations which allows for better interpretation of morphological data (Alibert et al. 2001).
While traditional morphometry uses linear distances, GMM is based on landmark coordinates which
represent the shape of researched organism (Mitteroecker et al. 2013). In current morphometrics, Procrustes-
based geometric morphometrics is the most often used methodology (Adams et al. 2013). The first step in
using Procrustes-based GMM is to represent each specimen using the relative positions of morphological
markers (landmarks) that can be precisely located and build a one-to-one correlation between all specimens

in the analysis (Figure 12). This can be done on both live and preserved specimens.

The geometric information about a configuration of landmarks, save for its size, position, and
orientation, is thus defined as shape (Dryden and Mardia 1998). Procrustes superimposition, which removes
variation in size, position, and orientation from data on landmark coordinates and is at the heart of geometric
morphometric, is used to retrieve the shape information (Figure 3). The superimposed landmarks' coordinates
can be employed in multivariate statistical studies to answer a variety of biological problems (e.g.
Klingenberg 2010).

Figure 3. Schematic presentation of Procrustes superimposition, that includes scaling to the same size,
translating to the same location of the centroids, and rotating to the best fit of the corresponding landmarks.
This way, components of variations other than shape (size and position) are eliminated. Taken from Benitez
(2013).



Fluctuating asymmetry (FA) assesses random tiny deviations from bilateral symmetry and is utilized
in the assessment of varying levels of stress, environmental or genetic, that influenced organisms during their
development. Developmental instability (D1) or developmental noise (DN) is the tendency of a development
system to produce morphological changes in response to random disturbances (Polak 2003). The FA has
been frequently used to assess DI levels in populations subjected to a variety of environmental stressors,
including temperature, nutrition, radiation, chemical compounds, population density, noise, parasitism, light,
predation risk, moisture conditions, and habitat structure (Huk and Kihne 1999, Alibert et al. 2001,
Hoffmann and Woods 2003). Asymmetry of carabid beetle populations has been employed in several studies
to assess the effects of urbanization, intense forestry practices, and agricultural activities (Labrie et al. 2003,
Weller and Ganzhorn 2004, Henrquez et al. 2009, Elek et al. 2014, Benitez et al. 2018). There are variations
in the approaches taken by different authors. Elek et al. (2014) showed that carabid beetles common along a
Danish urbanization gradient do not appear to indicate differences in habitat quality by their level of FA, and
Labrie et al. (2003) found no differences in FA levels between sites with different agricultural practices. On
the other hand, Wealler and Ganzhorn (2004) demonstrated that in species that are vulnerable to urbanization,
FA increases in close proximity to urban areas. Additionally, eurytopic species have reduced amounts of FA
because they are less susceptible to environmental changes, according to Weller and Ganzhorn (2004). This
led to the conclusion that environmental disturbances, ranging from changes in urbanization to the use of
pesticides in agriculture, oftentimes do not result in changes in FA that allow for the differentiation between
different levels of disturbances, such as higher levels of pesticides. As a feature that has been overlooked in
many studies, the difference in FA levels between the sexes must also be highlighted (Hardersen 2000,
Ribeiro et al. 2006, Elek et al. 2014, Lemi¢ et al. 2020).

2.4.2. Oxidative stress and metabolomics as indicators of intoxication

Sublethal effects of environmental contaminants on insects can be expressed in metabolism and at a
cellular level in the form of oxidative stress. Insects have unique systems for eliminating reactive oxygen
species (ROS), making them well-adapted to the environmental changes (Kobayashi et al. 2019). Oxidative
stress is defined as an imbalance between an organism's generation and removal of ROS, which can cause
damage to biomolecules required for normal function of the organism (Rahman et al. 2006). Gaining of one
electron by reduction of oxygen molecules (O2) forming superoxide O, the anionic form of Oz, is what creates
ROS. Catalytic actions of oxidative enzymes, such as nicotinamide adenine dinucleotide (NADH)/reduced

NADPH oxidase (NOX) and cytochrome oxidase, generate superoxide which is toxic to the organism (Navar
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et al. 2020). The efficacy of several insecticides has been proven to be based on the oxidative imbalance that
they produce in insects (Kolawole and Kolawole 2014). Superoxide dismutases (SODs) are enzymes that
detoxify superoxide anions (O2’) by converting (dismutating) them into two less harmful species: oxygen
(O2) and hydrogen peroxide (H202), in a multi-step process in presence of cofactors such as copper, zinc,
manganese, and iron (Nimse and Pal 2015) (Figure 13). The dismutation reaction is an important antioxidant
mechanism that occurs in practically all cells in response to O exposure to defend against its toxicity (Plavsin
et al. 2015). However, various pollutants, including pesticides, can diminish such antioxidant response, and

thus disturb the health of the organism.

The role of oxidative stress has been studied in shaping variation in survival, ageing rates,
reproduction, growth, and immunity (Cram 2022). Zhang et al. (2006) proved that environmental cadmium
(Cd) induces oxidative damage in insects by altering antioxidant defense enzyme systems. Their results
demonstrated that Cd induced stress caused a significant increase in superoxide (SOD) dismutase and
catalase (CAT) activities. By measuring SOD activity, Aslanturk et al. (2011) demonstrated that
organophosphate methidathion induces oxidative stress in the gypsy moth, Lymantria dispar L., a serious
defoliator of deciduous trees. The adverse effects of another insecticide, 2,2-Dicholorovinyl dimethyl
phosphate, on the oxidative stress in insect pest was demonstrated by Kolawole et al (2014), in whose
research synthetic insecticide enchanced SOD activity. The elevated antioxidant response in insect can even
lead to pesticide tolerance (Miller et al. 2008). The impact of agricultural management on oxidative stress
in non-target invertebrates needs to be further investigated. However, some studies have already proved that
both synthetic and organic pesticides cause significant oxidative stress in non-targetr species, including the

biocontrol agents (Palma-Onetto et al. 2021).

Diverse environmental factors have different effects on how organisms respond, including how they
develop, reproduce, and how they regulate their basic metabolism. Assuming that exposure to a contaminant
will disrupt energy allocation in an organism, physiological energetics can explain the effect and method of
action of many toxicants (Bagheri et al. 2010). Toxicants can affect an animal's energetics in at least two
separate ways: by altering the animal's locomotor activity and by having a direct impact on its metabolic rate
as a result of rising detoxifying costs or damage from a toxicant. As a result, it is challenging to forecast a
final outcome of a toxicant (Bednarska et al. 2010). Nowadays, many ecotoxicological studies measure
alterations in the metabolite profiles to evaluate the effect of environmental disturbance. Bagheri et al. (2010)

found that juvenoid pyriproxyfen significantly affected total lipid and carbohydrate amount in juveniles of
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Brachynema germarii (Kolenati, 1846) , which may disrupt oviposition in adults. Carabid beetle Pterostichus
oblongopunctatus (Fabricius, 1787) , when exposed to high nickel (Ni) levels, had increased respiration rates
(Bednarska et al. 2010). Non-target analysis for metabolome profiling was used to evaluate the effect of
bioaccumulation of emerging contaminants on caddisfly larvae by Previsi¢ et al. (2020). They discovered
that exposure to contaminants caused fine metabolic changes in studied insects. Finaly, metabolomics
analysis has been used to study impact of neonicotinoids on insects, particulary on pollinators such as honey
bees. By using liquid chromatography—-mass spectrometry (LC-MS)-based combined with gas
chromatography—mass spectrometry (GC-MS)-based metabolomics approaches, Shi et al. (2018) profiled
the metabolic changes that occur in the head of honey bee after subchronic exposure to 2 mg/L thiacloprid
over 3 days. The results showed that there were 115 metabolites significantly affected in thiacloprid-treated
bees compared to control, and these changes are associated with oxidative stress, detoxification, and hindered

brain activity.

Often-used analytical method in metabolomics profiling is GC-MS, which combines the features of
gas-chromatography and mass spectrometry to identify different substances within a test sample (Sparkman
et al. 2011). It consists of gas chromatograph and the mass spectrometer. The capillary column used in the
gas chromatograph has molecule-separation characteristics that rely on the phase (5% phenyl polysiloxane,
for example) and column dimensions (length, diameter, film thickness). As the sample moves along the
column’s length, the separation of the molecules will be aided by differences in the chemical characteristics
of the various molecules in the mixture and their relative affinities for the stationary phase. The retention
time of the molecules permits the mass spectrometer downstream to catch, ionize, accelerate, deflect, and
detect the ionized molecules individually because the molecules are kept by the column and then elute (come

off) from the column at distinct times (Sparkman et al. 2011).
2.4.3. Dignostic PCR in trophic analyses

Carabid and rove beetles, spiders, centipedes, and other terrestrial predatory arthropods as well as
parasitic invertebrates like wasps and nemathodes are important in cotroling prey, which makes it important
to characterize their diet. First pioneering work was done in 19" century by Forbes (1883), and ever since
than researchers implemented various methods to detect the prey consumed by invertebrates. Predatory
carabids as dominant and ground active group of species have been of a special interst to the reasercehre
studying trophic ecology. Direct observation and gut content analysis under microscope were used at first,

but these methods proved to be very limited. Many carabid species are nocturnal hunters, not to mention that
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plenty of prey species are soft-bodied, making their remains inside the beetle’s gut unrecognisible. Recently
molecular gut content analysis where polymerise chain reaction (PCR) is applied is being used instead of
these older techniques. It is possible to detect the prey's target sequences from the semi-digested remains in
the predator's gut using PCR, the most used molecular approach for gut content analyses (Harper et al. 2005,
Gonzalez-Chang et al. 2016).

PCR is an enzyme-driven technique for amplifying small DNA segments in vitro. The method is
based on knowing at least partial sequences of the target DNA beforehand as to construct oligonucleotide
primers that hybridize specifically to the target sequences. Amplified DNA can than be tested using
electroforesis and scored on stained agarose gel, where samples positive to certain prey can be told
according to the amplicon of particular size (number of DNA base pairs) that appeared on the gel. As with
most techniques, there are several limitations with PCR. Because there is a relatively small detection
window, predation can be underestimated if decay rates of stomach contents are high. Variables such as
predator identity, prey species, sex, and temperature, which may be unknown at the time of testing,
influence decay rates and detection window size (Hagler and Naranjo 1997, Greenstone et al. 2014), making
it difficult to determine predation rates. Scavenging and secondary predation (predation by another predator
after the target prey has been devoured) cannot be distinguished from primary predation and may exaggerate

trophic connection estimations.

Carabid beetles show potential in biocontrol against pests such as lepidopterans and dipterans, and
when pest species are not available, alternative prey, for example earthworms, sustain the carabid beetle
assemblages (King et al. 2010). Methods used in molecular biology have been utilized to investigate
complicated trophic interactions in a range of ecosystems, including agroecosystems, together with prey
abundance data, natural enemy-pest population dynamics, and/or behavioral trials (Seri¢ Jelaska et al. 2014
a, b, 2016, Athey et al. 2016, Albertini et al. 2018). Most studies were screening the predators for detecting
single prey species of particular interest, like agricultural pests (Seri¢ Jelaska et al. 2014, Kamenova et al.
2018). However, some studies show potential of PCR diagnostic by anaying multiple prey within single
predatory individual (King 2010) or by screening the entire predatory community for multiple prey species
that was done for the first time in forest ecosystems, as a predecessor method to metagenomics (Seri¢ Jelaska

etal. 2014 a, b).
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Croatia is located in the Southeastern Europe, on the eastern shore of the Adriatic Sea. The country's
reliefis quite diverse, and the Dinaric Alps and neighboring Adriatic coast are one of the world’s biodiversity
hotspots (Myers et al. 2000). Croatia is divided into three biogeographic regions in Europe: continental,

Alpine, and Mediterranean (European Environmental Agency 2016).

The first part of sampling for this research was conducted within two vineyards, two olive orchards
(one of each under IPM and one under EPM), and adjacent Mediterranean scrubland serving as control site
located in Zadar County, within the Mediterranean part of the county (Table 1, Figure 9). Zadar County is
situated in the heart of Croatian Adriatic coast. The total area is 7,486.91 km?, with the land area being
3,641.91 km?2. It geographically covers the northern Dalmatian coast, the Ravni kotari and Bukovice coasts,
Pozrmanje, and a portion of southern Lika. Ravni kotari is defined by its location in relation to the sea, the
rocky inland, and southern boundary of Vrana Lake. This geological-geomorphological structure produces a
considerable amount of arable land, making it the most notable area of the Croatian coast in terms of
agricultural land size (Franin 2016). Warm, dry summers and mild, rainy winters characterize the climate.
Evergreen shrubs and trees make typical vegetation, especially olive trees, so it is sometimes called “climate
of olives” (Kraljev et al. 2005). The highest temperatures are in July and August, and the lowest in January.

Precipitation is highest in late autumn and lowest in July (Brali¢ and Fari¢i¢ 2010).

Cultivation of olive trees (O. europaea) and grapevines (V. vinifera) in the Mediterranean dates back
to antiquity, and they continue to play an important economic and cultural role in the Mediterranean basin
today (Loumou and Giourga 2003, Froidevaux et al. 2017, Kavvadias and Koubouris 2019). Olive groves
are stable ecosystems, partly due to the rich beneficial arthropod fauna (Cirio 1997), while several studies
emphasized the importance of functional arthropod biodiversity in vineyards as well (e.g. Franin et al. 2016,

Froidevaux et al. 2017).

Olive orchard with EPM

Olive orchard under EPM management is located near Poli¢nik, 9 km from sea (Figure 4). It was
transformed from a maquis to an olive grove 12 years ago. We considered that the time span (>10 years) was
sufficient to allow invertebrate fauna to develop communities and display stability in species composition,
distribution, and abundance due to the small-medium field size, absence of crop rotation, and stability of the
olive orchards (Cirio 1997, Kromp 1999). Autochthonous olive orkula is planted here as it is most resilient

to suboptimal pedological and climate factors (arid, rocky terrain, dry climate), and harvested by hand. Only
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the compounds allowed under EPM are used, in this case copper, which is regularly controlled by authorized

monitoring station AgriBioCert.

Figure 4. Olive orchard with EPM. Photo: MEDITERATRI team.

Olive orchard with IPM

This research site is located near Skabrnja, and is surrounded by coppice as well as other nearby
orchards, including apples and cherries. The soil within the orchards is covered by plants which are regularly

mowed (Figure 5). It has altitude of 104 m, and surface area of 0.85 ha.

Figure 5. Olive orchard with IPM. Photo: MEDITERATRI team.
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Vineyard with EPM

Vineyard under EPM is located near Nadin, at the altitude of 70 m. It has 15 ha in area, covered with
tilled soil with weeds (Figure 6). Copper and sulfur-based agents are used as fungicides, and authorized
monitoring station AgriBioCert controls that principles of ecological production are being met. The
production started in 2007, making it the first vineyard with ecological production in Croatia. Nadin is also
known as Croatia's most environmentally friendly town, with 90 percent of its 600 acres of vineyards being
cultivated under the observation of ecological stations. Marastina, Chardonnay, Merlot, Syrah, Cabarnet

sauvignon, Greanage, Plavina and Crljenak (Zinfandel) are cultivated vine varieties.

vy ' il

Figure 6. Vineyard with EPM. Photo: MEDITERATRI team.

Vineyard with IPM

This site is located near the settlement of Islam Greek and belongs to the agricultural good Bastica
owned by the University of Zadar (Figure 7). It has area of 6 ha located within the agricultural complex,
where the majority of the plantations are perennial, such as other vineyards and fruit orchards. Vegetable
farming is also conducted nearby. The vineyard is covered by grass that is controlled by mowing and

herbicides. Marastina, Merlot, Cabarnet sauvignon, and Plavina are cultivated vine varieties.
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Figure 7. Vineyard with IPM. Photo: MEDITERATRI team.

Control site (C)

It is an unmanaged site that had never been an arable land, situated near olive orchard with EPM. It
has typical Mediterranean habitat with rocky soil, maqius and garrigue formed by region’s natural vegetation

(Figure 8).

Figure 8. Control site. Photo: MEDITERATRI team.
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Table 1. Research sites and their characteristics.

Pest t
Type of study site Location Site (Mark) e mf;sgemen Vegetation Mulching | Ploughing | Altitude
Poli¢nik, Zadar OLOM1 Ecological Rocky soil with little Yes No 31
County plant coverage
Olive groves “ .
Skabrnja, Zadar OLIPM1 Integrated Grass covarage, _ Yes No 104
County surrounded by coppice
(’\:lzﬂlnnt Zadar VYOM1 Ecological Tilled soil with weeds No Yes 70
Vineyards — Y
Bastica, Zadar VYIPM1 Integrated Tilled soil with weeds Yes Yes 105
County
Suh Zad
Control unovare, zadar C Unmanaged Maquis and garrigue No No 95
County
- 14000 1 pesticide treatment
éﬂ copper
12000
= gliphosate
=
ﬁ: 10000 - ] thiametoxam
E . .
= 2000 - cihalofrin
= dim etoat
E 6000 - B fluapiram
| 4000 B cyprodiml
B unox yien
2 2000 - R
E B tebuconazole
05 ! ' ' Eevilufenamid
VY IPML OLIPM1 WYORM1 OLoM1 N

m fosetil

Figure 9. The amount of pesticides added at each study site during 2018 shown as grams of active substances

applied per hectare. Copper was used either as Copper (I) oxide or copper oxychloride (HsCi2CusOg). Sites
abbreviations: vineyard with EPM (VYOML1) and one with IPM (VYIPM1), olive grove with EPM

(OLOML1) and one with IPM (OLIPML1). Taken and adapted from Ivankovi¢ Tatalovi¢ et al. 2020.

The second part of sampling, where live samples for ecotoxicological tests were collected, was

conducted in deciduous forests in Zagreb County, Velika Buna (Pokupsko municipality) (Figure 10), in the

area far from agricultural sites and pesticide use. This site was chosen as it has never been under the
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agricultural management, and due its proximity to Zagreb, which made beetle sampling and rearing simpler.
Hornbeam, oak, chestnut, and beech are typical vegetation, and soil is covered with leaf litter. The area lays
between the Sava and Kupa valleys, before their junction. From 2000 to 2020, the average total precipitation
in the winter (December, January, and February) was 196 mm, while the average total precipitation in the
spring/summer (May, June, and July) was 223 mm per Croatian Meteorological and Hydrological Service
(meteo.hr). These samples were used for in vivo studies on thiamethoxam impact on carabid beetles. Contol

groups were scanned to confirm that there are no pesticides in the enviroment.

Figure 10. Temperate oak and hornbeam forest ecosystem in Pokupsko municipality where carabid beetle

samples for in vivo toxicity experiments were collected. Photo: Ivankovi¢ Tatalovié¢ L.
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4.1. Sampling

Carabid beetles used in this study were caught by hand and using pitfall traps, which is the most
widely used sampling technique for carabid beetles (Kromp 1999). Sampling by hand included searching for
beetles under tree trumps, stones, and moss, for the molecular analyses and experiment where live beetles
were needed. The trap (usually a plastic container) is dug in the ground, so that soil reaches the opening
(Figure 11). It should be covered from the rain in a way that still allows the beetles to reach the opening and
fall in. Pitfall traps can be filled with preservative or attractant, depending on the purpose of sampling.
Number of traps and the duration of their exposure make the sampling effort. This is the passive sampling
method, so the number of caught specimens depends on several factors, including species activity, trap size
and shape, vegetation cover, and weather. Since the catchment depend on these factors, comparative studies
between the sites can be difficult (Sunderland et al. 1995). Furthermore, there is a danger of predation inside
the trap (Stapp 1997). Despite these shortcomings this is still the most reliable and often used sampling

method for carabid beetles (Spence and Niemela 1994).

Figure 11. A pitfall trap covered by piece of wood. Photo: Ivankovi¢ Tatalovié¢ L.
4.1.1. Carabid beetle sampling in Croatian agroecosystems - preserved specimens

In order to record the complete vegetation season, carabid beetles were sampled in 2018 from April to
July and from September to November. As previous years suggested, draughts and high air temperatures
occurred in August (meteo.hr), so August was left out of the sample period. Furthermore, due to aestivation

in August, carabid beetle activity decreased (Thiele 1977). Plastic pitfall traps with an 8 cm diameter and
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300 mL volumen were used to gather the specimens. There were 12 traps per site positioned at the plantation,
and the distance between traps was approximately 10 m. All pitfall traps were placed under olive trees or
under grapevine stumps. They were positioned at least 20 m from the field margins, to avoid changes in
population and community structure that occure at the boundary of two habitats, called edge effects
(Porensky and Young 2013). For the purpose of statistical analysis, the capture for each species at each
location for the whole sampling period was standardised as activity density (AD) [1] because the number of

traps and their exposure length varied between sites and sample periods.

[1] AD = N (sampled specimens) % 1000
Y n[trapsxdays]

where n is the number of sampling periods, N is the number of sampled specimens, traps is the number of

open pitfall traps, and days refers to the number of days that traps were active.

For the preservation of trapped arthropods water salt solution was used. Traps were emptied every two-
three weeks and material was transferred in 80% ethanol and analysed in the laboratory. In total, seven
sampling events occurred across all sites, four in spring/summer season and three in autumn. Carabid beetles
were isolated and identified to species using taxonomic keys by Trautner and Geigenmuller (1987), Freude

etal. (2004), and Hurka (1996), and following the nomenclature of Fauna Europaea (Vigna-Taglianti 2013).

4.1.2. Carabid beetle sampling in Croatian agroecosystems - live specimens

For the purposes of scaning carabid beetle gut content for selected prey, carabid beetles were sampled
from April to November in 2018 and 2019, with August being excluded from sampling period due to the
draught (meteo.hr) and carabid beetle estivation in that month (Thiele 1977). Plastic containers (volume of
300 mL) with vinegar serving as a lure were placed beneath the olive trees and vines overnight, and checked
for the live beetles in the morning. Each site had 12 traps positioned parallel within the plantation, with a
space between traps of about 10 meters. All of the pitfall traps were placed beneath olive trees or grapevine
stumps. To avoid edge effects, they were placed at least 20 meters apart from the field's edges. Carabid
beetles that shared a container with a dead prey were discarded. Handpicking was used as a sampling method
alongside the pitfall traps. Samples were immediately preserved in absolute ethanol to preserve their gut
content eDNA. All the collected samples were sorted in the laboratory where predatory species were

identified for scanning gut content DNA for specific prey.
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4.1.3. Carabid beetle sampling and rearing in deciduous forests of Zagreb County

In order to guarantee that the experimental beetles had not previously been exposed to long- or short-
term pesticide exposure, beetles were caught by hand and pitfall traps in late March and during May 2020 in
the edge of deciduous forests in Zagreb County, in the area far from agricultural sites and pesticide use. Abax
ovalis (Duftschmid, 1812) and Abax parallelus (Duftschmid, 1812) , frequent predatory carabid beetles in
this habitat, were selected as a model organism for the feeding trials. Inthe ground, 300 mL plastic containers
were utilized as pitfall traps, with vinegar acting as a bait. A. parallelus and A. ovalis specimens were moved

to a laboratory for rearing every two days until an adequate number of the specimens had been collected.

Before the start of the experiment, they were kept in plastic containers with 2 cm of humid soil
(Mauchline et al. 2004, Douglas et al. 2015), in chamber with 12h light, 4h dimmed light, and 8h dark
photoperiod and 20°C (x2°C) temperature. They were fed with moistened dog food (Kunkel et al. 2001;
Mauchline et al. 2004, Douglas et al. 2015). Water mist was applied to the containers to provide humidity

and drinking fluids (Young 2008). Pieces of wood and moss were offered as shelter (Hatteland et al. 2010).

4.2.  Analysis of carabid beetle assemblages and distribution of functional traits in olive orchards and

vineyards

To assess the assemblage and the carabid beetles traits composition, in addition to study sites in Zadar county
described in section 3, published studies with following criteria were selected: (i) conducted in vineyards
and olive orchards within the Mediterranean basin; (ii) having samples collected by pitfall traps since the
pitfall traps are most widely used sampling technique for carabid beetles (Kromp 1999); and (iii) containing

the list of sampled carabid beetles identified to the species level.

To determine whether the distribution of features among carabid beetle assemblages can be connected
to researched agricultural practices, three ecological and morphological traits were selected. In order to
characterize carabid beetle assemblages in agricultural fields, it is typical to employ life traits such as feeding
preferences, body size, and wing development (Cole et al. 2002, Pizzolotto et al. 2018). The following few
attributes were used to further break down each trait: (i) feeding preferences (carnivores, omnivores, and
herbivores); (ii) average body size of the species (very small (5 mm), small (5-10 mm), medium (10-15 mm),
and large (>15 mm); and (iii) wing development (macropterous, dimorphic, brachypterous). Information on
the selected traits was acquired from the recent literature and the online database Carabids.org (Homburg et
al. 2014).
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4.3. Morphological analysis — geometric morphometry (GMM) and fluctuating asymmetry (FA)
Specimens of P. koyi were photographed using an Epson Perfection V600 Photo scanner while
specimens of P. melas were photographed using a digital Nikon D60 camera with Sigma macroobjective.
For all P. koyi and P. melas specimens, the dorsal portion of the body was imprinted in clay to maintain the
specimen's horizontal level while the ventral portion of the body was photographed. A total of 16 landmarks
on the ventral part of the body was used for P. koyi and P. melas (Figure 12). The tpsDig 2.31 software was
used to digitize proposed landmarks (Rohlf 2018). Landmarks were digitized three times in the case of P.

melas and twice in the case of P. koyi in order to assess the significance of fluctuating asymmetry.

Figure 12. Selected landmarks on the ventral side of the pronotum (left) and abdomen (right) of the P. koyi
specimen. (1) pygidium; (2) middle point of the metastern; (3,5,7) left lateral vertex of the abdominal
segment; (4,6,8) right lateral vertex of the abdominal segment; (9,10) metathorax; (11,12,13,14) coxa of the
first legs; (15) left vertex of the pronotal epimere; (16) right vertex of the pronotal epimere. Photo:
MEDITERATRI team.

4.4.  Ecotoxicological tests

In order to ensure that every A. parallelus individual enters the treatment in the same state, food was
provided ad libidum for 24 hours four days before to the treatment. Following that time, the food was taken
away, and the beetles were starved for the following 72 hours. Every individual had their weight and sex
recorded for the day of the treatment. Beetles were exposed to thiamethoxam (Thiamethoxam, 100 MGM,
Sigma-Aldrich) by conventional dipping method, thus ensuring that every beetle was treated equally and
all body parts were exposed to the pesticide. First, stock solution (100mg Ai/L) was prepared and then
diluted with distilled water (dH20) to the following concentrations: 3.9 mg/L (C1), 9.1 mg/L (C2), 20.0
mg/L (C3), and 40.0 mg/L (C4). Control group (C0) was treated with the dH.O. The starting concentration
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(C1) was based on the highest total body concentration of pesticides which was measured in carabids
collected in the vineyards under IPM (Seri¢ Jelaska et al. unpublished data), and on preliminary
experiments. Fifteen beetles per concentration were submerged in the 15 mL of the solution for 15 seconds,

then returned to the clean plastic container.
44.1. Feeding trial and assesing locomotor activity post treatment

Each A. parallelus individual received two fresh blowfly larvae (Calliphoridae) two hours after
treatment and was allowed to eat them for twelve hours. To make feeding easier, the larvae were notched.
Before giving food to the beetles and again immediately after it was taken out of the container after 12
hours, weights of larvae and later larvae remains were recorded. In the container's 100% humidity was

maintained with wet filter paper, preventing any weight loss due to evaporation.

The locomotor ability of each beetle was tested by turning it on its back and observing the reaction for
one minute. They were then classified in the four categories: (1) Normal - normal walk, energetic and fast
movement of legs, 10 sec or less to turn themselves over after being placed on their backs; (2) slightly
intoxicated - beetles are still reacting to a stimulus, but their movements are slower and less coordinated.
They may demonstrate excessive twitching and cleaning of antennae; (3) intoxicated - extremely
uncoordinated movement, walking with legs fully extended, unable to return on their legs when put on their
backs; (4) dead or moribund - completely paralyzed or had only minute nerve twitches. Those beetles whose
behaviour fell between these categories were given the average value of two categories. Beetle's condition
was observed 4, 12, 24, and 48 hours after the treatment. After 48 hours specimens were frozen at -80°C

for the metabolomics profiling.
4.4.2. Measuring metabolites using gas chromatography—mass spectrometry

The method outlined by Pan et al. (2010) was used to extract metabolites. In an essence, methanol was
utilized for the first extraction, and chloroform, methanol, and water (1:2:1, v/v/v) were employed for the
second extraction. After centrifugation at 12000 x g and 4°C, combined supernatants were put into
analytical vials and dried by evaporation. Methoximation was performed using 80 pL of methoxyamine
hydrochloride (15 mg/mL) (Sigma-Aldrich, St. Louis, USA) in pyridine (BDH PROLABO, UK). The
resultant mixture was incubated for 16 h at room temperature. Derivatization was performed using 80 pL
of N-methyl-N-trimethylsilytrifluoroacetamide (MSTFA) with 1% of Trimethylsilyl chloride (TMCS)
(Sigma-Aldrich, St. Louis, USA) at 70°C for 1h. The metabolic profiling analysis was performed on a
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Shimadzu single quadrupole GCMS-QP2010 gas chromatograph-mass spectrometer (Shimadzu, Kyoto,
Japan). Metabolites were separated ona 30 m x 0.25 mm x 0.25 um BPX-5 capillary column (SGE, Austin,
TX, USA). The injector temperature was 250°C and high-purity helium was used as the carrier gas. The
GC temperature was programmed with initial temperature at 60°C for 2 minutes, then increased to 330°C
at 15°C/minute and maintained for 10 minutes. lon source temperature was 200°C and interface temperature
was 280°C. The selected mass range was set to 45-600 m/z. The identification of low molecular weight
metabolites was carried out using a commercially available GC-MS Metabolite Mass Spectral Database
(NIST and Wiley). The metabolites concentrations are expressed as total ion current (TIC) for each

individual beetle.
4.4.3. Oxidative stress and superoxide dismutase (SOD)

There are many assay kits in the market designed to test the activity of SODs in the blood and/or tissue
of the organisms. Superoxide Dismutase Activity Assay Kit (Colorimetric) by Abcam used in this study
uses the tetrazolium salt WST-1, which when reduced with superoxide anion forms a water-soluble
formazan dye. The rate of WST-1 decrease is proportional to the activity of SOD in inhibiting xanthine
oxidase (XO). SOD catalyzes the dismutation of the superoxide anion into hydrogen peroxide and
molecular oxygen, lowering WST-1 levels (Figure 13). This inhibitory activity of SOD is measured by

colorimetric technique at OD 450nm.

SOD
202. F2HT — 02 t HZOZ

0. SOD (Cu™) 0,

4. H0, SOD (Cu?*) %

Figure 13. lllustration of the simplified SOD mechanism in the cell: biological process of O, dismutation
into Oz and H20- via a cyclic oxidation-reduction electron transfer mechanism. Taken from Zhang et al.
(2011).

The beetles were fed ad libidum and then starved for 24h so they all enter the experiment in the

same condition. They were treated with thiamethoxam (0, 3.9, 9.1, and 20.0 mg/L) as described in section
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4.4.1. after which they were allowed to rest for 30 minutes. Then, they were Killed by quick freezing in a
liquid nitrogen and preserved at -80°C. The SOD activity in beetle tissue was measured using Superoxide
Dismutase Activity Assay Kit (Colorimetric) by Abcam per producer’s instructions. SOD activity was

calculated as the inhibition activity of xanthine oxidase (XO) by SOD.

4.4.4. Transmission of insecticides via trophic interactions and post-feeding oxidative stress levels

in carabid beetles

A. ovalis specimens collected in the deciduous forest in Zagreb County were kept as described in
section 4.1.3. Earthworms of the genus Eisenia, weighting from 0.6 to 1.2 grams, were obtained from
fishing store to serve as a prey to the carabids in the following feeding trial. 2.5 kg of store-bought black
soil was dried at 70°C and cooled to the room temperature. The soil was distributed in five glass jars, each
containing 0.5 kg. After cooling, four jars were spiked with insecticides solutions, two with thiamethoxam,
and two with dimethoate. The soil in the first jar was mixed with 15 ml of thiamethoxam stock solution
(100mh Ai/L) which equals 3 mg Ai/kg. The soil in the second jar was mixed with 40 ml of thiamethoxam
stock solution (100mh Ai/L) which equals 8 mg Ai/kg. The soil in the third jar was mixed with 5 ml of
dimethoate stock solution (100mg Ai/L) which equals 1 mg Ai/kg. The soil in the fourth jar was mixed
with 50 ml of dimethoate stock solution (100mg Ai/L) which equals 10 mg Ai/kg. Stock solution is mixed
with distilled water to make 125 ml solution that is used to rehydrate the soil, so that moisture level is 25%
(Martin 1986), and achieve final concentrations of 3 and 8 mg Ai/kg for thiamethoxam, that is, 1 and 10
mg Ai/kg for dimethoate. Earthworms are added to the soil (3 animals per 0,5 kg of soil) and left to
accumulate pesticides for seven days. Jars were enclosed to retain moisture and toxic vapor and were kept
in the dark (Martin 1986). After seven days earthworms were taken from the soil and left 24h to empty their
guts of all the soil (Svendsen and Week 1997). One or two earthworms out of each group were frozen for
the detection of pesticides in their tissue. Earthworms were cut with the scalpel and offered to the beetles
to feed ad libidum. Beetles who were not observed to feed were removed from the experiment. The rest of
them were separated into two groups. Beetles in the first group were left to rest for three hours and then
killed by quick freezing in liquid nitrogen. These beetles were used to measure SOD activity in their tissue.
Beetles in the other group were left to empty their guts and then were frozen and sent alongside earthworm
samples to EUROFINS CROATIAKONTROLA d.o.0. where pesticide concentrations were measured by
liquid chromatography - mass spectrometry (LCMS / MS) to confirm the transfer of pesticides from prey

to the predators. The sample of store-bought soil that was used in the experiment (>20g) was also sent, to
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discard the possibility pesticide contamination prior to the start of the experiment. The list of samples sent

for analysis is in the Table 2.
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Table 2. The list of carabid beetle, earthworm, and soil samples sent for the liquid chromatography - mass spectrometry (LCMS / MS)

to measure concentration of insecticides in the sample.

Specimen  Taxon Insecticide N Sample Insecticide for detection
ID treatment (individuals)  mass

(mg/kg) (9)
1 Lumbricidae 3 1 1.0416 Thiamethoxam and clothianidin
2 Lumbricidae 8 2 1.2889 Thiamethoxam and clothianidin
3 Lumbricidae 1 2 1.3556 Dimethoatee
4 Lumbricidae 10 2 1.2195 Dimethoatee
5 Carabidae 3 4 0.9744 Thiamethoxam and clothianidin
6 Carabidae 8 5 1.1146 Thiamethoxam and clothianidin
7 Carabidae 1 5 1.2845 Dimethoate
8 Carabidae 10 5 1.1494 Dimethoate
9 Soil / / 23.3200  Any pesticide

The measurement of SOD activity in the carabid beetle tissue was performed as described in section 4.4.3.
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4.5. Gut content analyses using Polymerase chain reaction (PCR)

Carabid beetle foregut was extracted from the animal by gently pulling the beetle apart at the joint
between elytra and pronotum. Foregut was then separated from the thorax using curved forceps and
transferred to an Eppendorf tube for the further DNA extraction. Microscope was used for the smaller
individuals and forceps bleeched, washed, and flame-sterilized after each individual to avoid cross
contamination. DNA was extracted from the foregut of predatory carabid beetles using DNeasy Blood &
Tissue Kit (Qiagen) per manufacturer’s instructions and kept at -80°C. To screen for potential DNA carry-
over contamination during extraction, each set of samples included negative controls with no animal tissue
added. DNA from B. oleae, and earthworm and moth species was also extracted to serve as positive controls
during PCR. The primers used to screen carabid gut content for these three prey groups are listed and
described in Table 3.

Table 3. List of primers used to screen carabid beetle gut content for specific and non-specific prey.

Taxon Primer name Primer sequence Amphcon Reference
size (bp)

Earthworms 185F: TGTGTACTGCCGTCGTAAGCA 995936 Harper et al. 2005
general 14233R AAGAGCGACGGGCGATGTGT
Moths LM-14259-F TCTGCATCTTGATCTGAT 165 Sutherland 2000
general LM-14423-R  TTTGGCGGTATTTTAGTTCAT

p_Cox1D F CAGTAGTACTAACAGCCCTAC Panni and
B. oleae 136 :

p_Cox1DR TTGGTAAAGGATTGGGTCTCC Pizzolotto 2018
Terrestrial ~ BF3 CCHGAYATRGCHTTYCCHCG Elbrecht and Leese
arthropods 458 2017
general BR2 TCDGGRTGNCCRAARAAYCA

Following procedure was used: For earthworm general primers, each PCR (6pL) contained the
following: 1.76uL of dH20 (QIAGEN), 3uL of DreamTaqg ThermoFisher Scientific polymerase, 0.12uL
of each primer, and 1pL of template DNA. PCRs were carried out in BioRad thermal cycler using the
following conditions: initial heat activation (95°C, 5 min), denaturation (95°C, 30 s), annealing (65°C, 30
s), extension (72°C, 60 s), final extension (72°C, 10 min). Denaturation, annealing, and extension were

repeated for 40 cycles.
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For moths general primers, each PCR (6L) contained the following: 1.76uL of dH20 (QIAGEN),
3uL of DreamTaq ThermoFisher Scientific polymerase, 0.12pL of each primer, and 1L of template DNA.
PCRs were carried out in BioRad thermal cycler using the following conditions: initial heat activation
(95°C, 3 min), denaturation (95°C, 30 s), annealing (50.2°C, 30 s), extension (72°C, 60 s), final extension

(72°C, 10 min). Denaturation, annealing, and extension were repeated for 40 cycles.

For B. olea primers, each PCR (6pL) contained the following: 1.76uL of dH20 (QIAGEN), 3uL of
DreamTaq ThermoFisher Scientific polymerase, 0.12uL of each primer, and 1uL of template DNA. PCRs
were carried out in BioRad thermal cycler using the following conditions: initial heat activation (95°C, 3
min), denaturation (95°C, 30 s), annealing (55.5°C, 30 s), extension (72°C, 60 s), final extension (72°C, 10

min). Denaturation, annealing, and extension were repeated for 40 cycles.

Using universal invertebrate primers for a 458-bp fragment of the mitochondrial cytochrome
oxidase | (COI) gene (Table 1), extractions were examined by PCR to determine whether DNA was present
after extraction and to prevent false negatives (Serié Jelaska et al. 2014 a, b, 2016, Panni and Pizzolotto
2018). Each PCR (6pL) contained the following: 1.3pL of dH20 (QIAGEN), 2.5uL of QIAGEN Multiplex
PCR Master Mix, 0.2uL of each primer (BF3 and BR2), and 1L of template DNA. PCRs were carried out
in BioRad thermal cycler using the following conditions: initial heat activation (95°C, 15 min), denaturation
(94°C, 30 s), annealing (46°C, 90 s), extension (72°C, 90 s), final extension (72°C, 10 min). Denaturation,

annealing, and extension were repeated for 35 cycles.
4.6. Statistical analysis

In the analysis of carabid beetle assemblages and functional traits within Mediteranean
agroecosystems, the Shapiro-Wilks test was employed to determine whether the data were normal. To
determine if there wasa significant difference in the proportion of traits between unmanaged sites, sites under
EPM, and sites under IPM, as well as to evaluate the difference in the functional diversity between the
management types, a nonparametric Kruskal-Wallis test was conducted. For the purpose of visualizing trait
composition in relation to agricultural practice, redundancy analysis (RDA) was carried out. To include many
aspects of functional composition and variety in carabid beetle assemblages, a Rao coefficient was developed
as explained in Leps et al. (2006). In order to compare the results, it was first calculated for every site using
presence-absence data and then just for Croatian sites using abundance data. All analyses were performed
using STATISTICA 13 (Statistica Inc. TIBCO Software), PAST 4.03 (Hammer et al. 2001), and Microsoft
Excel 2010.
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Statistical analyses of shape variations were carried out in MorphoJ (Klingenberg, 2011) and
STATISTICA 13 (Statistica Inc. TIBCO Software). The Cartesian coordinates of each landmark were used
for further analyses (Rohlf and Slice 1990) after Procrusted Superimposition was done in MorphoJ. To
analyse measurement error Procrustes ANOVA was performed on combined datasets of repeated landmark
digitization for both P. koyi and P. melas. To evaluate size differences between specimens from different
sites and sexes, analysis of variance (ANOVA) and post hoc unequal honest significant difference (HSD)
was performed in STATISTICA 13. Procrustes ANOVA was performed, with sites and sex as extra effects.
Better visualization between groups was achieved using canonical variate analysis (CVA). After a
modification of the axes from the principal component analyses, using the maximum variance of selected
groups, to assess the differences across the study sites and in order to statistically quantify the Mahalanobis
and Procrustes differences between sites, a pairwise comparison after a 10.000 permutation was performed.

All the analyses were performed using symmetric components of the shape variation.

In ecotoxicology experiments, the mass of consumed food 12 hours after the treatment was divided
with the mass of the beetle, to standardize the numbers. A Shapiro-Wilks test was used to test the normality
of the data (p < 0.05), after which a nonparametric Kruskal-Wallis test was performed to analyse differences
in the mass of consumed dipteran larvae between the different treatments and sexes. The same test was
performed to check the difference in metabolomics and SOD activity in tissue between the groups. We used
PCA to visualise the data on metabolites relevant in the detoxification process and anti-oxidative defence.

The changes in metabolites were calculated as a deviation of treated groups from the control group.
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5.1.  Carabid beetle assemblages and distribution of functional traits in olive orchards and vineyards
5.1.1. Meta-analysis of life traits in carabid beetles assemblages

Sites selected from the published studies, three olive orchards in Italy and two in Greece, and one
vineyard in Italy, were under similar agricultural practice as sites in Zadar County (Table 1) with mainly
regular mowing activities. Data on mechanical soil preparations and mowing were not available for all
locations, hence they were not used as co-variables in the subsequent analyses. The research areas' typical
Mediterranean natural habitats are represented by unmanaged control sites in Croatia, Italy, and Greece. The
analyses included information on the species makeup of carabids from a total of thirteen sites (Table 4).
Furthermore, selected agricultural sites were separated into two categories: those under the EPM and those
under the IPM (Table 4). Proportion of the traits described was calculated for each site based on presence-
absence data for the carabid beetle species since data on abundance were not available in most of the

published studies.

Table 4. Study sites with applied pest managements, ground vegetation, soil mechanical treatments where
the data was available, and study references (Abbreviations: IPM - Integrated Pest Management, EPM -

Ecological Pest Management, N/A - not available). Taken and adapted from Seri¢ Jelaska et al. 2022.

Type of Location Site Pest Ground vegetation and  Mulching  Ploughing  Reference
study site (Mark) management weed procession
type
Olive Poli¢nik, Zadar OLOM1 EPM Rocky soil with little Yes No Our study
orchards County, Croatia plant coverage and

regular mowing

Skabrnja, Zadar OLIPM1 IPM Grass coverage, Yes No Our study
County, Croatia surrounded by coppice,

regular mowing

Tuscany, Central OLIPM2, IPM Regular weed mowing No No Albertini et

Western Italy OLIPM3, al. (2017)
OLIPM4

Fthiotida, Central OLOM2, EPM N/A No No Chapman

Greece OLOM3 (2014)
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Table 4. Continuation.

Vineyards  Nadin, Zadar VYOM1 EPM Tilled soil with weeds No Yes Our study
County, Croatia
Bastica, Zadar VYIPM1 IPM Tilled soil with weeds Yes Yes Our study
County, Croatia
Val d’Agri, VYOM2 EPM N/A N/A N/A Letardi et al.
Basilicata, Italy (2015)
Control Suhovare, Zadar Conl Unmanaged Maquis and garrigue with  No No Our study
County, Croatia Juniperus, Pinus and
Quercus species
Tuscany, Central Con2 Unmanaged Coniferous and Quercus No No Albertini et
Western Italy species, poor understory al. (2017)
vegetation
Island of Kos, Con3 Unmanaged Arid habitats with pine No No Assing
Greece and cedar forests (2017)

There were 113 carabid beetles species noted within thirteen selected agricultural sites across the

Mediterranean basin, 81 in the olive orchards and 54 in the vineyards, and 24 species on unmanaged sites.

Kruskal-Wallis test on different feeding preferences, body size, and wing development groups of carabid

beetles from seven olive orchards, three vineyards, and three unmanaged sites, showed that there is a

significant difference (Table 5) in the proportion of carnivores based on the management type (unmanaged
sites, EPM, IPM) (Figure 14a).
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Table 5. Results of Kruskal-Wallis ANOVA by ranks on the proportions of traits and Rao index values.
Management type was the independent (grouping) variable: three (Unmanaged, EPM, IPM) for the
proportion of the traits; two (unmanaged, managed) for the Rao index. p values lower than 0.05 are bolded.
Taken from Seri¢ Jelaska et al. 2022.

N (sites) df KW test p
Carnivores 13 2 6.593 0.037
Herbivores 13 2 5.406 0.067
Omnivores 13 2 5.507 0.064
E Macropterous 13 2 3.288 0.193
§ Brachypterous 13 2 4.478 0.106
é Dimorphic 13 2 1.307 0.52
g' Very small 13 2 1.939 0.379
- Small 13 2 3.473 0.176
Medium 13 2 1.554 0.459
Large 13 2 2.142 0.342
= 2 Feeding preferences 13 1 4.828 0.028
% § Wing development 13 1 0.714 0.398
T2 | Body size 13 1 4828 0028

Multiple Comparisons p values (2-tailed) showed that unmanaged sites have significantly higher
proportion of carnivorous species than sites with EPM (p = 0.0183), but not than sites with IPM (p = 0.2025).
There were no significant differences in different size and dispersal ability in the carabid beetle assemblage
caused by management types. However, sites with IPM had a higher percentage of small and macropterous
individuals when compared to those with EPM and unmanaged sites (Figure 14b, c). Variations in carabid
beetle assemblages between different managements, according to their feeding preferences, wing
development, and body size are presented on the F1 x F2 ordination plot of RDA. The first three axes
explained 22.75%, 8.93%, and 0.86% of variance for olive orchards, vineyards, and unmanaged sites,
explained 32.54% of the variance (Figure 15). The first axis separates unmanaged sites and OLOM1 from
other managed sites, with carnivorous, large, and brachypterous species inclining towards unmanaged sites,

confirming the results of Kruskal-Wallis test. Rao index (calculated on presence-absence data) showed the
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lowest values for all three traits on unmanaged sites compared to the agricultural sites (Figure 16). When the
two management types were pooled together (unmanaged sites, agricultural sites), the Kruskal-Wallis test
revealed that functional diversities for feeding preferences are significantly lower on the unmanaged sites
(Table 5). On the other hand, when agricultural sites were separated by the management type (EPM and
IPM), there was no statistically significant difference in Rao index values between the management types

(unmanaged sites, sites with EPM, and sites with IPM).
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Serié¢ Jelaska et al. 2022.
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5.1.2. Carabid beetle assemblages and traits analyses at study sites in Zadar County

In the study period, a total of 4344 individuals belonging to 65 species and 26 genera of family
Carabidae was recorded (Table 7). Carnivorous carabid beetles individuals were the dominant feeding group
at each site (Figure 17a). This was particularly expressed at OLIPM1 and VYOMZ1, where their proportion
was 96.6% and 96.4% respectively (contrary to proportion of carnivorious species which was 68.8% and
58.6% for these sites). As for the dispersion ability, macropterous individuals were the most nhumerous at
every site with the exception of Conl, where the brachypterous individuals dominated (Figure 17b). The
majority of the sampled carabid beetles were larger than 5 mm. Very small individuals (<5 mm) made only
0.5% of the total catch, and were most numerous at VYIPM1, where their proportion was 3.1%. Medium-
sized individuals dominated at every site but Conl and OLIPM1, where the large-sized and small-sized
carabid beetles were the dominant groups respectively (Figure 16¢). Rao index values were highest for
category size and lowest for category diet on each site except for VYIPML1, where diet had the highest Rao
index value (Figure 17a, b, c). Diet also had the lowest value in meta-analysis when only the presence-

absence data was used.

Table 6. List of carabid beetle species in alphabetical order, their traits, and AD (Activity density) values
(calculated as a number of captured individuals divided with multiplication of number of traps and number
of days that traps were exposed) are given for each species on each site in Zadar County, Croatia. C —
carnivores; O — omnivores; H — herbivores; B — brachypterous; D — dimorphic; M — macropterous. (Conl —
unmanaged site; OLOML1 — olive orchard with EPM; OLIPM1 - olive orchards with IPM; VYOM1 —
vineyard with EPM; VYIPM1 — vineyard with IPM.

Species Diet Wing Body size Sites
development

Conl OLOM1 OLIPM1 VYOM1 VYIPM1
Abax carinatus (Duftschmid, Cc B Large 0 0 0 0 5.8x10*
1812)
Acinopus megacephalus (P. H B Medium 7.5x101 5.9x101 0 0 0
Rossi, 1794)
Acinopus picipes (Olivier, H B Medium 7.5x101 5.9x10? 0 0 0
1795)
Acupalpus interstitialis Reitter, O M Very small 0 0 0 6.1x101 0
1884
Acupalpus meridianus (Linne, O M Very small 0 0 0 0 1.2
1761)
Agonum duftschmidti J. C D Small 0 0 0 6.1x10? 0
Schmidt, 1994
Amara aenea (De Geer, 1774) 0 M Small 0 0 5.7 6.1 8.7
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Table 6. Continuation.

Amara anthobia A. Villa & H M Small 0 5.9x10? 1.7 1.8 1.2
G.B. Villa, 1833

Amara dalmatina Dejean, 1828 H M Small 0 1.8 0 0 0
Amara equestris (Duftschmid, H M Medium 0 5.9x10? 0 0 0
1812)

Amara eurynota (Panzer, H M Medium 0 0 0 4.9 0
1796)

Anchomenus dorsalis C M Small 0 0 8.9x10 0 5.8x10!
(Pontoppidan, 1763)

Anisodactylus H M Medium 0 0 5.7x10? 0 0
binotatus(Fabricius, 1787)

Anisodactylus signatus 0] M Medium 0 0 5.7x101 0 0
(Panzer, 1796)

Brachinus brevicollis C M Small 0 0 5.7x10? 0 0
Motschulsky, 1844

Brachinus crepitans (Linne, C M Small 0 5.9x10! 5.7 1.2x10? 5.8x10!
1758)

Brachinus elegans Chaudoir, C M Small 0 0 1.1 0 0
1842

Brachinus explodens C M Small 0 4.7 3.8x10 0.14 4.7
Duftschmid, 1812

Brachinus immaculicornis C M Small 0 0 5.7x10 0 0
Dejean, 1826

Brachinus psophia Audinet- C M Small 0 0 1.1 0 0
Serville, 1821

Brachinus sclopeta (Fabricius, C M Small 0 1.8 0.13 4.4x10 0
1792)

Calathus cinctus (C.R. C D Medium 0 0 3.4 6.1x10? 0
Sahlberg, 1827)

Calathus fuscipes (Goeze, C D Medium 7.5x101 1.2 6.8x10 0.11 5.8x10?
1777)

Calathus luctuosus (Latreille, C B Medium 0 5.9x101 0 0 0
1804)

Calathus melanocephalus C D Small 15 1.8 1.4x10 1.9x10 0
(Linne, 1758)

Calathus mollis (Marsham, C D Small 0 0 2.3 3.0 0
1802)

Callistus lunatus (Fabricius, C M Small 0 0 0 0 5.8x10?
1775)

Carabus caelatus dalmatinus C B Large 0 0 0 0 0
Duftschmid, 1812

Carabus cancellatus Illiger, C B Large 0 0 5.7x10? 1.2 0
1798

Carabus coriaceus Linne, 1758 C B Large 3.0x10 2.4x10 2.7x10 49 4.7
Carabus hortensis Linnaeus, C B Large 0 1.2 0 6.1x10% 0
1758

Carabus ullrichi Germar, 1824 C B Large 0 0 5.7x10? 2.4 5.8x10%
Chlaenius decipiens (L.Dufour, C M Medium 0 0 1.7 4.3 5.8x10*
1820)

Chlaenius nigricornis C M Medium 0 0 0 6.1x10? 0

(Fabricius, 1787)
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Table 6. Continuation.

Harpalus affinis (Schrank, M Medium 0 0 0 0 7.0
1781)

Harpalus albanicus Reitter, M Small 0 0 0 1.8x10 0
1900

Harpalus dimidiatus (P. Rossi, M Medium 0 0 0 0 1.2x10?
1790)

Harpalus cupreus Dejean, M Medium 0 0 1.0x10 6.1 5.8x10!
1829

Harpalus distinguendus M Medium 0 0 0 0 2.3
(Duftschmid, 1812)

Harpalus picipennis D Small 0 0 0 6.1x10% 0
(Duftschmid, 1812)

Harpalus saxicola Dejean, M Medium 0 1.2 0 0 0
1829

Leistus imitator Breit, 1914 B Small 7.5x101 4.1 0 6.1 0
Leistus fulvibarbis Dejean, D Small 7.5x10? 5.9x10! 2.3 0 5.8x10!
1826

Leistus spinibarbis (Fabricius, M Small 0 0 2.3 0 1.8
1775)

Licinus silphoides (P. Rossi, M Medium 0 1.6x10 0 0 0
1790)

Microlestes minutulus (Goeze, M Very small 0 0 0 0 1.0x10
1777)

Notiophilus germinyi Fauvel in D Small 15 0 0 0 0
Grenier, 1863

Ocys berytensis (Netolitzky, M Very small 0 0 0 0 5.8x10*
1917)

Olisthopus fuscatus Dejean, M Small 7.5x101 0 0 0 0
1828

Ophonus azureus (Fabricius, D Small 0 0 0 3.7 0
1775)

Ophonus puncticeps Stephens, M Small 0 5.9x101  5.7x107 0 0
1828

Ophonus rufibarbis (Fabricius, M Small 0 0 5.7x10? 1.2 4.7
1792)

Ophonus sabulicola (Panzer, M Medium 0 0 5.7x10? 0 0
1796)

Ophonus stictus Stephens, M Medium 0 0 0 6.1x10? 0
1828

Ophonus subquadratus M Small 0 0 34 0 0
(Dejean, 1829)

Parophonus dejeani (Csiki, M Small 0 0 5.7x10? 0 0
1932)

Parophonus maculicornis M Small 0 0 0 0 2.3
(Duftschmid, 1812)

Parophonus mendax (P. Rossi, M Small 0 0 0 0 2.3
1790)

Poecilus koyi (Germar, 1824) M Medium 6.0 6.8x102  1.8x102  4.8x10? 7.7x10
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Poecilus cupreus (Dejean, @] M Medium 0 0 0 1.2 1.8
1828)
Pseudoophonus rufipes DeGeer, O D Medium 0 0 0 8.5 4.9x10
1774
Table 6. Continuation.

Pterostichus cylindricus (Herbst, C B Large 0 1.1 0 0 0
1784)
Pterostichus melanarius (llliger, C D Medium 0 5.9x10* 3.1x10 8.9x10 2.6x10
1798)
Pterostichus melas (Creutzer, C B Large 0 5.9x10! 9.1x10 0.19 7.6%10
1799)
Trechus quadristriatus C D Very small 0 0 5.7x101 0 5.8x10?
(Schrank, 1781)
Zabrus tenebrioides (Goeze, H M Medium 45 4.7 5.7x10? 0 1.8
1777)
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Figure 17. The proportion of individuals and RAO index according to the traits (feeding preferences (a),

wing development (b), and body size (c)) they shared at each site within Zadar County, through the
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spring/early summer and autumn seasons. (C — carnivores; H — herbivores; O — omnivores; M —
macropterous; B — brachypterous; D — dimorphic; VS — very small; S — small; Me — medium; L — large). For

site abbreviations, see Table 4. Taken from Seri¢ Jelaska et al. 2022.
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Figure 17. Continuation.
5.2. The impact of agricultural practices on fluctuating asymmetry

Two widespread species, Poecilus koyi (Germar, 1824) and Pterostichus melas (Creutzer, 1799), were
present on nearly all of the sites in a significant number of individuals, hence these species were selected for
further analysis and fluctuating assymetry measurements out of the entire sample of carabid beetles (Table
7). Even with extra collection efforts, there were not enough samples of P. melas from OLOM1 and P. koyi
from ontrol site to include this population in further analysis. Samples from two different control sites were
combined to create the P. melas control sample. Males and females were separated, based on sex combs on

the first pair of legs, or in a case that feature was insufficient or absent, external genital parts were examined.

Table 7. Number of individuals used in the analyses of each species per site. Site abbreviations: vineyard
with EPM (VYOML1) and one with IPM (VYIPML), olive grove with EPM (OLOMZ1) and one with IPM
(OLIPM1), and control sites (C). Taken and adapted from Ivankovi¢ Tatalovi¢ et al. 2020.

Type of Site Pest Number of | Number of
study site (Mark) management | specimens for | specimen  for
type Poecilus koyi Pterostichus
melas
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? 3 3

Olive groves | OLOM1 | EPM 27 53 0 0
OLIPM1 | IPM 26 53 50 50
Vineyards VYOM1 | EPM 25 74 50 50
VYIPM1 | IPM 22 64 50 50

Control C unmanaged 0 0 20 9

The Procrustes ANOVA applied

measurement error (ME) showed that ME was negligible (MSindiv>ME, MSind*side>ME) between sets
of measurements for both P. melas and P. koyi (Table 8). The same analysis found significant variances in
P. melas populations and sexes for size and shape (p<0.0001), but only for shape in P. koyi. Females of P.
melas were larger than males on every site (Figure 18). Post hoc test shows a significant difference in size
between females from VYIPM1 and control (p=0.00216) and females from VYOM1 and control
(p=0.00427) in case of P. melas. P. koyi showed no differences between males and females from different

on repeated measures of individuals in order to assess the

sites, or between two sexes within same site.
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Figure 18. Average centroid size of male (M) and female (F) P. melas in four study sites. Vertical bars
denote +/— standard errors. For site abbreviations, see Table 2. Taken and adapted from Ivankovi¢ Tatalovi¢

et al. 2020.

Table 8. Procrustes ANOVA performed for centroid size and shape of P. melas (325 individuals) and P.
koyi (344 individuals). Sums of squares (SS) and mean squares (MS) are in units of Procrustes distances

(dimensionless). Taken from Ivankovi¢ Tatalovi¢ et al. 2020.

Effect ss MS df . (param_F;
Pterostichus melas  Centroid size
Individual 10.438 0.0377 277 35.14 <.0001
Error 1 0.5855 0.001 546
Shape
Individual 0.6295 0.0002 3878 5.39 <.0001
Side 0.0045 0.0003 14 10.71 <.0001
Ind * Side 0.1168 3.0113x10° 3878 28.63 <.0001
Error 1 0.0161 1.0518x10* 15288
Poecilus koyi Centroid size
Individual 5.8027 0.0167 348  409.65 <.0001
Error1 0.0137 4.1x10° 336
Shape
Individual 0.2256 4.6311x10° 4872 3.25 <.0001
Side 8.8546x10° 6.3247x10* 14 44.43 <.0001
Ind * Side 0.0694 1.4237x10° 4872 11.69 <.0001
Error1 0.0115 1.2175x10° 9408

A canonical variate analysis (CVA) applied to the symmetrical components of shape variation in P.
melas demonstrated a significant difference in Mahalanobis distance (p<0.0001) between populations from
studied sites, except for males from the control sites that did not differ from other groups. Furthermore,

there is a significant Mahalanobis distance between sexes within the same population (p<0.0001) (Table 9,
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Figures 19, 20). Results of the CVA analysis with Procrustes distances on shape variations within P. melas
populations were similar to those with Mahalanobis distance except for the control populations that did not
differ at p <.0001 from other populations, Furthermore, CVA showed a significant Procrustes distance

between males and females from same populations except for the control populations (<.0001) (Table 10).
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Figure 19. A CVA applied to symmetrical components of shape for P. melas. Female (A) and male (B)
individuals are shown separately (& males, @ females). Individuals from VYIPMI site are presented by
blue dots, those from VYOML by red dots, OLIPM1 by green and C by grey dots. For site abbreviations,

see Table 2. Taken from lIvankovi¢ Tatalovi¢ et al. 2020.
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Figure 20. A CVA applied to symmetrical components of shape for P. koyi. Female (A) and male (B)

individuals are shown separately (& males, @ females). Individuals from VYIPMI site are presented by
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blue dots, those from VYOML1 by red dots, OLIPM1 by green and C by grey dots. For site abbreviations,

see Table 2. Taken from lIvankovi¢ Tatalovi¢ et al. 2020.

Table 9. Results after t-testing pairwise distances reported as Mahalanobis distance and p-values after

10000 permutations runs. For site abbreviations, see Table 2. Taken and adaptedfrom Ivankovi¢ Tatalovi¢

et al. 2020.
Site & sex cda OLIPM1 & VYOM1 & VYIPM1 & CcQ OLIPM1 @ VYOM1 @
Distance Mahalanobis Mabhalanobis Mahalanobis Mabhalanobis Mahalanobis Mahalanobis Mabhalanobis
Species P value P value P value P value P value P value P value P value
OLIPM1 & égg%
2.3878 2.0741
VYOMLS (5057 <.0001
2.2988 2.3702 1.6511
. VYIPMLS 40007 <0001 <0001
©
E
f co 3.8665 47129 41761 4.1955
2 <.0001 <.0001 <.0001 <.0001
[&]
3
2 2.781 2.9191 2.922 2.5668 3.0542
g OLIPM1E  hom <.0001 <.0001 <.0001 <.0001
3.2551 3.6275 2.7623 2.8527 2.6604 2.1433
VYOMLE o001 <.0001 <.0001 <.0001 <.0001 <.0001
VYIPMI © 3.4221 3.9055 3.4544 2.7985 2.5228 1.5866 1.9401
<.0001 <.0001 <.0001 <.0001 <.0001 <.0001 <.0001
Site & sex OLOM1 @ OLIPMI @ VYOM1 Q VYIPMI Q EO Q& OLIPM1 & VYOM1 &
Distance Mahalanobis Mabhalanobis Mahalanobis Mabhalanobis Mahalanobis Mahalanobis Mabhalanobis
Species P value P value P value P value P value P value P value P value
OLIPMI © (1)'%21
1.4212 1.8508
VYOMI® 0041 <0001
=
L 0.9435 1.1502 1.7277
F VYIPMLS 4 6635 0.3692 0.0002
o OLOMI & 2.9347 3.2679 3.3421 2.9529
<.0001 <.0001 <.0001 <.0001
3.3318 3.3071 3.8005 3.2384 1.6127
LIPM1
0 d <.0001 <.0001 <.0001 <.0001 <.0001
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VYOMI &

VYIPM1 &

3.0853
<.0001

2.9559
<.0001

3.3635
<.0001

3.0142
<.0001

3.1367
<.0001

3.4758
<.0001

3.0515
<.0001

27716
<.0001

0.9469
0.0123

1.2945
0.0001

1.8619
<.0001

1.0131
0.0128

1.4896
<.0001

Table 10. Results after t-testing pairwise distances reported as Procrustres distance and p-values after 10000

permutations runs. For site abbreviations, see Table 2. Taken and adapted from Ivankovi¢ Tatalovic¢ et al.

2020.
Site & sex cd OLIPM1& VYOM1 & VYIPM1 & (oe) OLIPM1Q VYOM1 @
Distance Procrustes Procrustes Procrustes Procrustes Procrustes Procrustes Procrustes
Species P value P value P value value value P value P value P value
oLpmLs 2008
0.0152 0.0189
VYOM1g 0.0572 <.0001
0.0187 0.0247 0.0152
E: VYIPMLE (001 <0001 <0001
[«6)
=
@ co 0.0275 0.0344 0.0234 0.0243
S 0.0002 <.0001 <.0001 <.0001
3
f 0.0161 0.0219 0.0164 0.0147 0.0176
o OLIPM12 0.0143 <.0001 <.0001 <.0001 0.0001
0.0237 0.0294 0.0181 0.0227 0.0113 0.0177
VYOMLY 40003 <0001 <0001 <.0001 0.0228 <0001
VYIPM1 © 0.025 0.032 0.0217 0.016 0.0123 0.0116 0.0161
0.0003 <.0001 <.0001 <.0001 0.0063 0.0001 <.0001
Site & sex OLOM1 @ OLIPM1? VYOM1 @ VYIPM1 Q OLOM1 & OLIPM1& VYOM1 &
Distance Procrustes Procrustes Procrustes Procrustes Procrustes Procrustes Procrustes
Species P value P value P value P value P value P value P value P value
OLIPM1?Q 882;;
0.006 0.01
_ VYOM1 g 0.1352 0.0036
>
o
= 0.0055 0.0039 0.0091
5 VYIPMLE (2602 0.6577 0.0169
[&]
[<F)
o
o 0.0109 0.0155 0.0107 0.014
oLom1d 0.0001 <.0001 0.0002 <.0001
0.0133 0.0163 0.0136 0.0162 0.0079
OLIPMIS 901 <.0001 <.0001 <.0001 0.0005
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0.0125 0.0171 0.0108 0.0156 0.0034 0.0096

VYOMLd  g01 <0001 <0001 <.0001 0.3014 <.0001

vvipML g 00094 0.0134 0.0108 0.0123 0.0045 0.0061 0.007
0.0014 0.0001 0.0002 0.0001 0.1098 0.0057 0.0021

Fluctuating asymmetry levels (mean squares value of ind*side interaction, corrected for error
variance) differed greatly in between studied species. In P. melas, populations from all three agricultural
sites had higher FA levels than the control population, with FA level of populations from ecological
vineyard (VYOML1) being the highest. Population from olive groves had lowest FA levels than those from
vineyards, but higher than individuals from the unmanaged sites. There was no significant difference in
fluctuating asymmetry between males and females within the same site. In P. koyi, on the other hand, males
were more asymmetrical at every site, but there were no significant differences between four sites, although
sites with ecologically based pest management had slightly higher levels of FA in both vineyards and olive
orchards (Figure 21). Regression of the Mahalanobis and Procrustes FA with individual shape was
performed in order to see the magnitude in FA values, showing olive orchards as indeed less influential in
FA than vineyards (Figure 22).
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Figure 21. Histogram of the intensity of fluctuating asymmetry (FA) in different populations and sexes of
P. melas and P. koyi. Blue bars show values obtained from populations of P. melas, and yellow bars depict
populations of P. koyi. Mean squares of ind*side interaction corrected for error variance were used as a

corrected measure of FA. (Star denotes P. melas populations significantly different in Procrustes FA scores
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from others, ANOVA, p<0.05). For site abbreviations, see Table 2. Taken and adapted from Ivankovi¢

Tatalovi¢ et al.
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Figure 22. Regression of the Mahalanobis (A) and Procrustes (B) FAs for the shapes of P. melas individual

species from four sites (OLIPM1 = green, C = black, VYIPM1 = blue, and VYOML1 = red). For site

abbreviations, see Table 2. Taken and adapted from Ivankovi¢ Tatalovi¢ et al. 2020.
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5.3. Behavioural and metabolic reactions of common predatory carabid beetle to thiamethoxam
intoxication
5.3.1. Feeding trial

The Kruskal-Wallis tests (H (4, 71) = 42.1531, p<0.0001) showed significant differences for the
mass of the consumed food per body mass of A. parallelus based on the thiamethoxam concentration used
in the treatment. The food consumption decreased with the increasing concentrations of thiamethoxam in
the treatment (Figure 23). Multiple Comparisons p values (2-tailed) revealed that group C3 statistically
differed from groups C1 (p = 0.0154) and C2 (p = 0.0491), and group C4 was statistically different from
groups CO (p =0.000016), C1 (p <0.001), and C2 (p <0.001). The mean food consumption per body mass
was higher in females, but not significantly different compared to male beetles (H (1, 67) = 0.1615, p =
0.6878). The mean food consumption per body mass within each treatment was higher in females, but not

significantly different compared to male beetles (H (1, 67) = 0.1615, p = 0.6878).
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Figure 23. Mean of consumed food (g) per beetle body mass (g) for each treatment with thiamethoxam. CO

— group treated with 0 mg Ai/L, C1 - group treated with 3.9 mg Ai/L, C2 - group treated with 9.1 mg Ai/L,
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C3 - group treated with 20 mg Ai/L, C4 - group treated with 40 mg Ai/L. Vertical bars denote standard

errors. Submited to Ecotoxicology journal.
5.3.2. Locomotor activity and mortality following thiamethoxam exposure

The signs of intoxication were visible only in groups exposed to higher concentrations of
thiamethoxam (C3 and C4), with shortest time period for signs to appear was 12 hours (Figure 23). All
beetles in C3 survived 48-hour long period after treatment, while one individual was found dead in C4
(Figure 24). Overall, 20% of C3 beetles showed signs of intoxication at one point during the observation
period, while for C4 beetles that share was 46.7%. In the period of 48h after the treatment there was one

dead individual, belonging to the C4 group.
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Figure 24. The number of beetles in each group expressing the signs of intoxication in their locomotor
activity at some point during the 48h period after the end of the treatment. Submited to Ecotoxicology

journal.

5.3.3. Untargeted metabolomics profiling
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Kruskal-Wallis test revealed that there were statistically significant differences in concentrations of
metabolites between treated groups (C3 and C4) and the control group (Table 11).
Table 11. Metabolites of A. paralellus after exposure to higher conentartions of thiamethoxam by dipping
method (Kruskal-Wallis with multiple comparison p values (two-tailed)). Column Separated treatments
depicts results when C3 and C4 were evaluated separately and each group was compared to CO, while
column Merged treatments depicts results with C3 and C4 evaluated as one group (treated) and compared

to CO (non-treated). Statistically significant values are bolded. Submited to Ecotoxicology journal.

Separated treatments Merged treatments

Metabolite H df p (C3) p (C4) H df p (C3&C4)
Aminoisobutryc acid | 7 o403 5 00393 1 1.8933 1 0.1688
Cholesterole 7.2221 2 0.0222 0.5121 5.0402 1 0.0247
d-Glucose 11.508 2 0.0021 0.5918 6.4248 1 0.0113
Glutamine 15.397 2 0.0661 0.0003 | 14.182 1 0.0001
2-hydroxyglutaric

acid 11.227 2 0.0195 1 0.8863 1 0.3465
L-isoleucine 7.4396 2 0.0371 1 1.6993 1 0.1923
L-ornithine 9.6318 2 0.0076 0.1451 7.9773 1 0.0047
L-proline 8.9987 2 0.0378 1 0.8863 1 0.3465
Pyroglutamic acid 8.8623 2 0.0183 1 2.0979 1 0.1475
Succinate 13.253 2 0.0008 0.3773 | 7.9773 1 0.0047
Uric acid 5.9851 2 0.0434 0.9414 | 3.5455 1 0.0597

An increase of total ion current (TIC) was detected in L-isoleucine, succinate, pyroglutamic acid, d-
Glucose, uric acid, and cholesterol, while glutamine and aminoisobutryc acid showed a decrease in TIC in
both groups. Succinate showed the largest difference, whose concentration was 439% higher in the C3
group and 47% higher in the C4 group (Figure 25) than in the control group. Opposite changes between the
groups were noted for several metabolites. L-proline and L-ornithine decreased in C3 but increased in C4
(overall decrease in treated groups), and the opposite occurred in 2-hydroxyglutaric acid concentration

(Figure 25). Avarage TIC value for each metabolite and group is depicted in Table 12.
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Figure 25. Deviation (%) of average TIC of different metabolites of Abax parallelus in C3 and C4
(individual group and combined) from CO. Only metabolites with significant deviations are depicted (after
Kruskal-Wallis with multiple comparison p values (two-tailed) in Table 11). Submited to Ecotoxicology

journal.

Table 12. The average values of TIC of each scanned metabolite of Abax parallelus individuals post
thiamethoxam treatment (C3 — group treated with 20 mg/L, C4 — group treated with 40mg/L), and their

deviation from the average TIC of the control group (CO).

Metabolites TIC Deviation from CO
ACO AC3 AC4 AC3&C4 C3 C4 C3&C4

Lactic acid 0.59 1.15 0.65 0.84 96% 11% 44%
L-alanine 9.55 10.17 9.79 9.94 7% 2% 4%
L-valine 2.40 2.77 2.32 2.49 15% -3% 4%
Glycerol 7.23 6.19 8.04 7.33 -14% 11% 1%
Phosphoric acid 13.46 12.48 15.67 14.45 -1% 16% 7%
L-isoleucine 2.30 4.88 2.32 3.30 113% 1% 44%
L-proline 24.62 11.58 27.72 2151 -53% 13% -13%
L-glycine 4.35 5.34 4.16 4.61 23% -4% 6%
Succcinate 0.74 4.01 1.09 2.21 439% 47% 198%
L-serine 0.86 1.06 1.02 1.04 24% 19% 21%
L-threonine 0.96 1.67 0.88 1.18 74% -8% 24%
L-methionine 0.53 0.56 0.48 0.51 5% -10% -4%
Aminoisobutyric acid 0.59 0.24 0.44 0.37 -59% -25% -38%
Pyroglutamic acid 1.38 3.27 1.45 2.15 136% 5% 55%
2-hydroxyglutaric acid 0.20 0.59 0.17 0.33 192% -17% 63%
L-ornithine 0.24 0.05 0.31 0.21 -719% 31% -12%
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Table 12. Continuation.

Glutamine 6.61 3.06 2.08 2.45 -54% -69% -63%
L-phenylalanine 0.58 1.70 0.54 0.99 191% -8% 69%
L-asparagine 1.10 0.91 112 1.04 -18% 1% -6%
L-glutamine 1.37 0.65 0.77 0.73 -52% -44% -47%
L-lysine 0.12 0.04 0.08 0.06 -70% -32% -47%
Citric acid 2.57 1.11 1.58 1.40 -57% -38% -45%
d-Glucose 2.03 4.98 3.05 3.79 180% 69% 112%
L-histidine 0.50 0.11 0.22 0.18 -79% -55% -64%
L-tyrosine 3.81 1.19 1.36 1.30 -69% -64% -66%
Palmitoleic acid 1.37 1.19 0.95 1.04 -13% -30% -24%
Palmitic acid 2.00 5.28 2.26 3.42 164% 13% 71%
Inositol 0.91 0.52 0.78 0.68 -43% -14% -25%
Uric acid 1.11 2.37 1.49 1.83 113% 34% 64%
Tryptophan 0.18 0.06 0.11 0.09 -65% -39% -49%
Oleic acid 2.14 3.10 2.15 2.52 45% 0% 17%
Stearic 0.77 1.39 0.67 0.95 81% -12% 23%
Uridine 0.31 0.28 0.39 0.35 -11% 26% 12%
Cholesterol 0.50 1.11 0.82 0.93 121% 64% 86%

These results were confirmed with PCA analysis, where the first two axes explained 91.95% of

variance. First axis (68.33%) separated CO individuals from groups C3 and C4, while the second axis

(23.61%) separated C3 and C4 (Figure 26).
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Figure 26. PCA score plots of thiamethoxam treated A. parallelus individuals (C3 - squires, C4 - triangles),
and control group (CO - dots). In the score plot, each data point represents one beetle sample. Submited to

Ecotoxicology journal.
5.3.4. Superoxide Dismutase activity after thiamethoxam exposure

Kruskal-wallistest (H (3, N =51) = 3.601957) revealed that there is no significant difference (p = 0.3078)
in SOD activity between groups C0O, C1, C2, and C3. SOD activity was higher in CO groups (Figure 27).
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co ci c2 c3 T MeantSE
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Figure 27. SOD activity in Abax parallelus tissue depending on thiamethoxam treatment, calculated as the
inhibition activity of xanthine oxidase (XO) by SOD. Vertical bars denote standard errors. Submited to

Ecotoxicology journal.
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5.4. PCR gel diagnostics of predatory carabid beetle gut content on the selected prey

Eleven carabid beetles were positive for the earthworms (2.37%), and 4 for lepidopterans (1.56%). None

of the scanned beetles was positive for the B. oleae (Table 13).

Table 13. The results of PCR gel diagnostics of carabid gut content for selected pray from five sites in Zadar

County. For site abreviations, see Table 2.

Taxon Primer name  Number  Percentage (%0) Positive samples Sites
of of carabids
Carabids positive
scanned
Poecilus koyi (x4
185F: _ M (x4) OLIPM1(x8)
Pterostichus melas (x3)
Earthworms 464 2.37 . OLOM1 (x1)
Carabus coriaceus (x1)
14233R VYOML1 (x2)

Calathus fuscipes (x3)

LM-14259-F . .
Poecilus koyi (x3)
Moths 256 1.56 ] OLIPML1 (x4)
Carabus coriaceus (x1)
LM-14423-R

p_Cox1DF
B. oleae - 151 0 / /
p_Cox1DR

5.5.  Transmisson of selected pesticides via trophic interactions and its impact oxidative stress in carabid

beetles

Trend line in SOD activity depicts its slight rise in the beetles fed by the earthworms contaminated
by thiamethoxam (Figure 28), and decline in the beetles fed by the earthworms contaminated by dimethoate

(Figure 29). However, very high number of inhibition (>100%) imply a procedure error.
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Figure 28. The SOD activity (% of inhibition) in the carabid beetle tissue. Each column is one beetle sample
belonging to the control group (yellow bars, Con_1-5) or groups fed with earthworms from soil that had 3
mg/kg (blue bars, T3_1-5) or 8 mg/kg (red bars, T8_1-5) of thiamethoxam. Trend line is depicted by dotted

blue line.
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Figure 29. The SOD activity (% of inhibition) in the carabid beetle tissue. Each column is one beetle sample
belonging to the control group (yellow bars, Con_1-5) or groups fed with earthworms from soil that had 1
mg/kg (green bars, D1_1-3) or 10 mg/kg (purple bars, D10_1-4) of dimethoate. Trend line is depicted by

blue line.
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Both thiamethoxam and its byproduct clothianidin were detected in all the earthworms kept in the
soil contaminated with this insecticide. Concentration of thiamethoxam in the soil did not affect the
concentration in the tissue (Figure 30). Every carabid beetle sample consisting of beetles that fed on these
earthworms also had both clothianidin and thiamethoxam detected in the tissue. On the other hand,
dimethoate was detected only in the earthworm tissue in the case of the higher concentration (Figure 30).

No pesticide was detected in the store-bought soil sample which was used in the experiment.
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Figure 30. The concentrations of thiamethoxam, its chemical product clothianidin, and dimethoate in the
tissue of carabid beetles and earthworms. Thi3 - earthworms from soil in which 3 mg/kg of thiamethoxam
was added and carabids that fed on them; Thi8 - earthworms from soil in which 8 mg/kg of thiamethoxam
was added and carabids that fed on them; Dim1 - earthworms from soil in which 1 mg/kg of dimethoate
was added and carabids that fed on them; Dim10 - earthworms from soil in which 10 mg/kg of dimethoate

was added and carabids that fed on them.
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6. DISCUSSION



6.1. The impact of management practices in perennial Mediterranean agroecosystems on the functional

diversity, development, and metabolism of carabid beetles

The aim of this dissertation was to investigate the impact of agricultural management practices,
including the use of synthetic pesticides on the carabid beetles, from the community level, to the population
and individuals. For the first time a meta-analysis on the functional diversity and life traits of carabid beetles
within Mediterranean agroecosystems has been conducted, revealing the differences between the
communities from unmanaged and agricultural land. Furthermore, the effect that land management has on
the development of common predatory carabid species was researched using GMM, with the environmental
stress that beetles suffer from in the olive orchards and vineyards being measured with FA. At the individual
level, the sublethal behavioral and metabolic effects in carabid beetles following acute neonicotinoid
exposure were noted. Lastly, carabids gut content was scanned for earthworms, lepidopterans and olive
fruit fly, and the role of trophic interactions in pesticide spread was investigated, as well as the oxidative

stress it causes to the predators.

The results confirmed the array of negative consequences that agricultural management has on carabid
beetles. Although vineyards and olive orchards within Mediterranean basin harbored rich carabid
assemblages, they had lower share of predatory species that are beneficial in pest control. It was confirmed
that level in fluctuating asymmetry is higher in managed land compared to unmanaged habitats.
Thiamethoxam causes decreased feeding, uncoordinated locomotion, and changed levels of key metabolites
in treated beetles, but it did not cause increased levels of SOD. Carabid beetles from research sites in Zadar
County were confirmed to feed on earthworms and lepidopterans, and laboratory feeding trials showed that

insecticide residues can spread from earthworms to carabids via trophic interactions.

6.1.1. The comparison of ecological and morphological traits within carabid beetle communities from

olive orchards, vineyards, and unmanaged habitats within the Mediterranean basin

The composition of carabid beetles and the distribution of their traits across agroecosystems are
influenced by a complex web of edaphic, physical, ecological, and human-made factors, only some of which
were looked at in this work (Eyre et al. 2013, Albertini et al. 2017). Carabid beetle assemblages from
unmanaged sites were different from assemblages in the agroecosystems based on the distribution of the
studied traits. The managed sites had a higher percentage of macropterous and small to medium-sized
species compared to the unmanaged sites, which had a considerably higher number of carnivorous species.

Studies conducted in agroecosystems other than the Mediterranean observed the same pattern. For instance,
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Cole et al. (2002) found that the type of agricultural techniques utilized on Scottish farmlands have the
greatest impact on large predators belonging to the genus Carabus. Carnivores are more sensitive to
landscape changes than omnivores and herbivores, hence it is projected that habitats with more
anthropogenic disturbances will have a smaller proportion of purely predatory carabid beetles (Purtauf et
al. 2005, Gobbi and Fontaneto 2008, Seri¢ Jelaska and Durbesi¢ 2009). On the other hand, managed habitats
had the largest relative abundance of herbivores. In comparison to the combined data from both
management types, functional diversity (presence-absence based) for feeding preferences and size was
much lower at unmanaged locations. However, the functional diversity between the EPM and IPM
management types studied in this study did not show any significant differences. Elek et al. (2021) and
Seri¢ Jelaska et al. (2011) likewise noticed the limited functional diversity in control plots and unmanaged
woods for forest carabid beetle populations, where larger, flightless carnivorous species predominated.
These results imply that the big carnivorous species have developed assemblages in stable environments.
IPM and EPM programs promote non-invasive management techniques that maintain the effectiveness of
beneficial arthropods in pest control (Albertini et al. 2017, Picchi et al. 2017).

When only Croatian sites were considered, herbivore activity peaked in the spring on Conl, OLIPM1,
and VYIPML1, however in VYOM1 and OLOML they are similarly active in all seasons. The only research
site where brachypterous and big species predominated, particularly in the fall, was the unmanaged site.
Longer-lasting larval stages in large species and fall breeders are more susceptible to soil disturbances
(Gobbi and Fontaneto 2008, Seri¢ Jelaska et al. 2011). The unmanaged site offers a more stable ecosystem
than the other research sites since it is devoid of practices like tillage and pesticide use that may otherwise
have a negative impact on carabid beetles (Holland and Luff 2000). The proportion of brachypterous species
(Brandmayr 1991, Hof et al. 2012) and brachypterous individuals in dimorphic species (L6vei and
Sunderland 1996) may increase when habitat persistence increases. According to Blake et al. (1994),
disturbed environments sustain a fauna of smaller-sized carabid beetles on average, and carabid beetle body
size falls as management intensity increases. These results corroborate what we saw at the Croatian research
sites, where OLIPM1, a frequently mulched site, had the largest number of small individuals. The
distribution of body size among the different management types revealed in the meta-analysis we conducted

further support this finding.

To sum up, our prediction that EPM and unmanaged sites will maintain an assembly with more large,

flightless carnivores than IPM sites was only partially proven. Compared to IPM sites, both unmanaged
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and EPM sites exhibited larger proportions of big and brachypterous species, while compared to agricultural
sites, unmanaged sites had a significantly higher proportion of carnivorous species. These findings were
further supported by functional diversity, which was significantly higher at agricultural sites but not
between EPM and IPM, and RDA, which distinguished between managed and unmanaged sites. The
carabid beetle assemblage in the study was maintained by more substantial, flightless carnivores in
unmanaged, natural settings. Nevertheless, it seems that the proportion of carabid beetle features is
significantly impacted by differences between organic and integrated pest management at study locations.
Predatory carabid beetle populations of various sizes that were active all year around were prevalent in
Croatian agricultural sites. They can control a variety of prey using biocontrol (Kromp 1999). In order to
support agricultural practices that maintain ecosystem services and to ensure a better understanding of
insect biodiversity in Mediterranean ecosystems, it is crucial to comprehend the distribution of carabid

beetle functional traits between various agricultural practices and unmanaged sites.

6.1.2. The impact of agricultural management on carabid beetle populations as discerned using shape

analysis

FA as a method of assessing environmental stress has few advantages compared to other methods:
it is relatively non-expensive and simple to use, it can be performed on both alive and dead specimens, the
norm (bilateral symmetry) is known prior to the start of the experiment, it is a permanent feature of the
organism, and it is applicable on the large array of stress factors and organisms. However, method is not
without the flaws. The source of stress may not always cause FA, even when the increase in the mortality
is noted (Labrie et al. 2003). The complexity and interchangeability of stress factors, and organism’s
potential adaptation to them can make the method not applicable or results difficult to interpret.
Furthermore, even when increased FA is present, the deviation from perfect symmetry could be very small,
making it easy to enter the human error or get the false negative results in statistical analysis (Hendickx et
al. 2003).

Increased FA scores in P. melas populations from vineyards compared to populations from olive
groves may suggest that olive grove management strategies may be less harmful to carabid predators.
Higher FA values were found in both species from sites with ecological pest control practices, defying our
expectations that IPM would increase levels of asymmetry within populations because a wider spectrum of
pesticides would be used (Hardersen 2000, Abaga et al. 2011, Coda et al. 2016). However, for P. koyi, these

differences were not as noticeable as in P. melas, which appeared to be the less robust species. These results,
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however, are consistent with those of other studies (Labrie et al. 2003, Henriquez et al. 2015), which found
that FA levels did not vary between populations of various carabid beetle species in continuous forest and
fragmented habitats in a plantation region. The fact that this study site experiences the most frequent
mechanical tillage of the soil may account for the higher FA score for P. melas from vineyard under EPM.
As a component of the soil fauna, carabids are susceptible to mechanical disturbances of the soil,
particularly when they are developing. According to Benitez et al. (2018), communities in annual arable
lands had higher FA scores and were more unstable than those in perennial agroecosystems. The fact that
this group has the largest density at the designated study location also lends weight to these findings. Higher
population densities encourage intraspecific competition, which lowers individual food availability and
raises FA (Hunt et al. 2000, Henriquez et al. 2015). Additionally, Nattero et al. (2019) shown that levels of
asymmetry that were reduced by pesticide treatment were a result of the greater mortality rates of less
acclimated animals, who were frequently those with higher degrees of asymmetry. This implyes that
anthropogenic influences (such as the use of pesticides and tillage) operate as selecting pressures that favor
more symmetrical individuals and may explain why FA values are higher at sites employing EPM than
those utilizing IPM. Individuals in control populations from pristine ecosystems, on the other hand, develop
without anthropogenic forces interfering with their developmental stability and are, as a result, the least
asymmetric. A variable mortality hypothesis was put up as an explanation for this phenomenon by Floate
and Fox (2000). More investigation is required to establish FA as a marker of the negative effects of
pesticides on predatory organisms, keeping in mind that field settings are considerably more varied than
laboratory conditions. When compared to the control, studies on two distinct populations of P. melas in
Croatian agricultural sites did not find any appreciable differences in FA values (Benitez et al. 2018), while
studies on populations of the wolf spider Pirata piraticus did not find any associations between FA and
heavy metal pollution (Nunes et al. 2015). In this study, the method was not completely reliable as it gave
inconsistent results depending on the species used and were somewhat inconclusive about the connection
of FA level and environmental stress, as was the case in previously mentioned researches (Nunes et al.
2015, Benitez et al. 2018). Furthermore, because P. koyi was one of the dominant species at our research
sites, it may be less vulnerable to environmental stress (Weller et al. 2014), which could possibly account
for the lack of variation in FA values between populations. However, due to the dubious reliability of FA
asa method of stress-evaluation, both in this research and previous studies, this is only speculative. P. melas
was able to adapt to the conditions in Mediterranean regions maintained for agricultural purposes, such as

olive orchards, despite being a predator from natural forest habitats (Pizzolotto et al. 2018). This

73



modification is thought to have benefited from the movement of species from nearby wild settings to
agricultural fields. Additionally, P. melas may have been more vulnerable to asymmetry changes because
of farming activities in regions where this transition was more challenging. Furthermore, P. koyi may be
better adapted to various types of agricultural fields, where it frequently ranks among the most numerous

species, explaining the difference in asymmetry levels between the two species.

Previous studies (Hardersen 2000, Ribeiro et al. 2007, Elek et al. 2014) found that there were differences
in FA between the sexes, with males of the examined species typically being less asymmetric than females.
In our investigation, males of P. koyi were more asymmetrical at all sites save vineyard under EPM, whereas
no sex-related variations were found in P. melas except for the control group, where the males were slightly
more asymmetrical. The lowest FA score was observed for the P. melas control group, and since the FA in
P. koyi was significantly lower than that in P. melas, differences in FA between sexes may be disregarded
in this instance. This slight difference in FA between the sexes within the control group may result from

the collection of P. melas from two distinct pristine sites.

To conclude, the control population of P. melas had the lowest FA intensity, as was to be predicted,
which supports the use of FA as a technique to evaluate specific environmental stresses brought on by
agricultural methods. The findings do show that various species do not react to FA in the same way, though.
The populations of P. melas from olive groves demonstrated a lower FA than populations from vineyards,
and the FA values were closer to the control group from the pristine environment. In contrast, the
populations of P. koyi showed no differences in FA between populations from different agricultural
locations. Therefore, we propose P. melas as a test animal for next research employing FA on environmental
stress. Furthermore, FA noted that, independent of pest management practices, olive groves may be a less
harmful environment for predatory carabids than vineyards (IPM or EPM). Future research can use the FA

of P. melas as a technique to identify more natural agriculture approaches.

However, in the case of P. melas, both males and females had the smallest average body size at the
control sites, and largest in two vineyards. Venn (2007) noted that undisturbed habitats harbor smaller
individuals of the same species compared to the populations from disturbed and intermediate habitas. This
observation further confirms that vineyards are more adverse to carabids than olive orchards, but that

unmanaged habitats are preferable to agroecosystems.

6.1.3. The impact of acute thiamethoxam exposure on carabid beetle behavior and physiology

74



Shortly after thiamethoxam administration, the CFCR diminished significantly in the C3 and C4
treatment groups, but not in the lower concentrations of C1 or C2. All of the beetles did, however, feed,
showing that thiamethoxam did not impair their ability to recognize and eat the food. Additionally, within
the first 14 hours following the treatment, feeding was decreased. This behavioral change following
thiamethoxam intoxication was noted by Tooming et al. (2017) in predatory carabid Platynus assimilis, and
by Yao et al. (2015) in the biological agent Serangium japonicum. According to Knopp and Uhnava (2014),
proper feeding is a crucial component of survival, growth, and fecundity. Therefore, toxic stress that results
in decreased feeding may decrease the quantity of beneficial predatory insects in arable land, such as carabid

species from the tribe Pterostichinae, including the genera Abax, Poecilus, and Pterostichus (Kromp 1999).

Beetles were moving with evident signs of intoxication between 12 and 48 hours after treatment, but
only one of them was dead at that time. According to Goulson (2013), the neurotoxin thiamethoxam binds
to nicotinic acetylcholine receptors (NAChRS) in insects' central nervous systems, resulting in loss of
balance and orientation, paralysis, and death (Jensen et al. 1997, Desneux et al. 2007, Moser and Obrycki
2009). In our investigation, beetles showed negative locomotor effects at dosages of 20 and 40 mg/L after
12 hours. According to Tooming et al. (2017), greater dosages of thiamethoxam given orally cause carabids
to become hyperactive right away, and the day after the treatment, all beetles, regardless of dose, are in a
state of hypoactivity. Other neurotoxic pesticides, such as pyrethroids and organophosphates, produced
similar effects in insect predators (Prasifka et al. 2008). The neurotoxic sublethal consequences of
thiamethoxam in our investigation included poor walking, difficulty to turn on the legs after being thrown
over, and excessive grooming. Despite the fact that our experiment had a low mortality rate, it is important
to remember that it was carried out in a controlled setting. Predatory carabid beetles are active hunters, thus
the restricted movement seen in this study and comparable ones can easily hamper their ability to both catch
prey and avoid predators. Lower carabid activity density in fields treated with neonicotinoid seeds may be

due to hypoactivity brought on by neonicotinoid poisoning (Douglas et al. 2015).

Following the treatment, succinate and d-glucose levels experienced the largest shift (a 198% and 122%
increase respectively). Reactive oxygen species are created and eliminated as a result of succinate. The
overproduction or under-consumption of succinate is necessary for mitochondrial leakage. Accumulation
of succinate is associated with SDH mutations, hypoxia, or energy imbalance (Tretter et al. 2016, Pekny et
al. 2018). Given that neonicotinoids are known to cause it, this may represent an increase in oxidative stress

following acute exposure to thiamethoxam (Yan et al. 2021). Furthermore, elevated glutamine metabolism

75



also results in the accumulation of succinate, and in the carabid beetles treated with the higher
concentrations of thiamethoxam, we found lower glutamine concentrations. When glutamine contributes
its amide nitrogen to the cytosol for the creation of nucleotides and hexosamines, glutamate is created.
Through the synthesis of glutathione (GSH), cytosolic glutamate is essential for preserving redox
equilibrium and shielding cells from oxidative damage (Yu 2008, Zhang et al. 2017). An explanation for
this metabolic demand for glutamate and the ensuing breakdown of glutamine in treated carabid beetles
may be an oxidative stress response. Important elements of the nutritional and metabolic physiology of
honey bees were affected by neonicotinoids clothianidin and imidacloprid, and high-dose imidacloprid
exposure caused bees to have a slowed metabolic rate (Derecka et al. 2013, Cook 2019). Both the decline
in food consumption and the higher glucose concentrations found in this study could be attributed to the
lowered metabolic rate. Following organophosphate treatment, the enzyme succinate dehydrogenase, which
catalyzes the oxidation of succinate into fumarate in the Krebs cycle, was significantly reduced in
silkworms, suggesting a decrease in respiration rate at the tissue level due to toxicity brought on by these
insecticides (Nath 2002). Uric acid is another metabolite whose levels rose in the treated beetles. In the
prior research, protein loss in tissues after pesticide exposure was reported (Srinivas 1986, Jeschke et al.
2016). By maintaining the amount of free amino acids in hemolymph and addressing osmoregulatory issues
caused by pesticide intoxication, this may offer intermediates for the Krebs cycle (Srinivas 1986).
According to Jeschke et al. (2016), the amino acids produced by protein breakdown were predominantly
deaminated, resulting in ammonia that was detoxified by being changed into uric acid. Furthermore, study
on termites (Tasaki et al. 2017) showed that uric acid plays a beneficial function in resistance to oxidative
stress. Termite survival under highly oxidative conditions was significantly improved by uric acid
accumulation as well as externally supplied uric acid. Lastly, Etebari et al. (2007) reported a correlation
between elevated glucose levels in the haemolymph and lower protein levels in silkworm larvae following
pesticide (pyriproxyfen) administration. Because it was noted that trehalase activity was increased in the
midgut of silkworms treated with pesticides, it was hypothesized that this might be because trehalase
activity is boosted in silkworm haemolymph. The predominant sterol present in the majority of insects is
cholesterol, whose amounts in tissue also increased after treatment (Behmer and Nes 2003). According to
Etebari et al. (2007), changes in cholesterol were comparable to changes in uric acid and glucose, but they

demonstrated a considerable rise in treatment effects after 120 hours.

Following administration of thiamethoxam, the there was no statistically significant variations in

SOD activity in beetle tissue, however, the trend indicated slightly more activity in the control group
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compared to the three treated groups. The neurotoxic pesticides pirimiphos-methyl and deltamethrin, which
have an inhibitory impact on SOD molecules, have been shown by Plavsin et al. (2015) to dramatically
reduce the total antioxidative capacity in the beetle Tribolium castaneum (Herbst 1797) (Coleoptera,
Tenebrionidae). This resulted from the pesticide's interference with the hormone adipokinetic hormone
(AKH), which is involved in the defense mechanisms used by insects to combat oxidative stress.
Chlorpyrifos, trifluralin, and chlorothalonil were tested to see how they affected the activities of SOD and
glutathione S-transferase (GST) in Daphnia magna Straus, 1820 (Diplostraca, Daphniidae), and Song et al.
(2017) discovered that both activities were induced at low concentrations but inhibited at high
concentrations. It is possible that while thiamethoxam did cause oxidative stress in the beetles, it also
supressed that their antioxidative reaction (SOD activity), which would account for the decreased SOD
activity in the treated beetles. The substantial intragroup variability might also suggest that factors other
than acute thiamethoxam exposure, such as age, health, and/or environmental circumstances, had a greater

influence on SOD activity before the capture (Simone-Finstrom et al. 2016).

To sum up, changes in CFCR and locomotor skills may be related to a decline in the predatory and
survival ability of the carabid A. parallelus. Thiamethoxam intoxication seems to promote insect protein
catabolism while decreasing insect carbohydrate catabolism. The potential inhibitory effect of
thiamethoxam or the sensitivity of beetles to other inner and/or external stress factors could be the cause of
the mild SOD activity in the treated groups. Thiamethoxam does produce oxidative damage in the beetle,
according to changes in glutamine, succinate, and uric acid, but another biomarker besides SOD may be

more telling. Every impact that has been seen is concentration-dependent.
6.1.4. PCR gel diagnostics of predatory carabid beetle gut content on the selected prey

In field, carabid beetles act as agents in biocontrol against various plant parasites, and during periods
when pest species are not available, other fauna sustains the beetle community. Earthworms and
lepidopterans are frequent food choice for carabid beetles (King et al 2010, Serié¢ Jelaska et al. 2014, 2016),
which was confirmed for Mediterranean agroecosystems using DNA metabarcoding (MEDITERATRI
project, unpublish results). In this research, beetles were positive for earthworms and lepidopterans,
however, the share of positive beetles was lower compared to forest ecosystems (Serié Jelaska et al. 2014,
2016). Lepidopterans in olive orchards and vineyards include some plant parasite, such as olive moth (Prays
oleae Bernard, 1788), which was confirmed at research sites (Andeli¢ Dmitrovié¢ et al. 2022, PESCAR

project unpublished data), leopard moth (Zeuzera pyrina, (Linnaeus, 1761)), or Europaean grapevine moth
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(Lobesia botrana, Denis and Schiffermiller, 1775), and carabid beetles are considered to be one of the
agents of biocontrol against these pest species. Earthworms are not pests, but they sustain the carabid beetle

communities in the periods when pest prey is low in abundance or absent (Symondson et al. 2000).

Carabid beetles were observed to feed on B. oleae, both in the field (Orsini et al. 2007, Gongalves and
Pereira 2012, Pizzolotto et al. 2018) and in the laboratory (Dinis et al. 2016, Albertini et al. 2018). However,
in this study no individual was positive for B. oleae, which can be explained by pests’ low abundance on

the research sites that year (PESCAR project, unpublished data).
6.1.5. Bioaccumulation of insecticides via trophic interactions and its impact on carabid beetles

After seven days in soil spiked with thiamethoxam, all earthworm samples (consisting of one, or two
pooled animals), had traces of thiamethoxam detected in them. None of the earthworms was found dead.
The highest detected concentration was 0.368 mg/kg of tissue. Interestingly, this concentration was found
in samples from both groups (3 mg/kg and 8 mg/kg), implying that there might be a threshold of how much
insecticide it can accumulate in the body. However, the earthworms that were kept in soil with higher
concentration of thiamethoxam had more clothianidin detected in the tissue, which is a degradation product
of thiamethoxam, making the total amount of insecticides in the tissue higher. Earthworms’ and other
invertebrates’ propensity to accumulate pesticides in their tissue has been recorded before (Mosleh et al.
2002) and on our research sites neonicotinoids and other pesticides were detected in both predator and prey
(Seri¢ Jelaska et al. unpublished data). Given that carabids can come in contact with neonicotinoid residues
in many ways, not just via trophic interactions, that pathway was tested in this experiment in the controlled
environment. All carabid samples also had both clothianidin and thiamethoxam detected in them. Ritchie
et al. (2019) also tested the effects of thiamethoxam contaminated soil on earthworms, and noted that both
thiamethoxam and clothianidin have negative effect on the reproduction, but not on the survival, of
earthworm Eisenia andrei. Dimethoate was detected in only one sample, earthworms that were kept in the
soil with concentration of 10 mg/kg. It is not clear why it was not detected in beetles that fed on these
earthworms. In field study (Seri¢ Jelaska et al. unpublished data) dimethoate was detected in just one pooled

sample of carabid beetles from the olive orchard under IPM.

The SOD activity measurements yielded abnormally high inhibition rates, implying some failure in the
process. Due to the limited number of live beetle specimens the measurements were not repeated. In spite
of these difficulties, the results are presented here as they may point to some trends and propose what can

be evaluated in the further studies. In the case of thiamethoxam, trend line shows negligible differences in
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SOD activity among the groups, while in the case of dimethoate, the highest SOD activity was in control
group. These results correspond to the observations section 6.1.3., where SOD assay kit did not detect any
significant differences in the enzymes’ activity among the groups based on the treatment, but the trend
showed that the SOD inhibition rate decreases as the concentration of thiamethoxam in the treatment
increases. The questionable results of this experiment make it difficult to draw any conclusion, except that
Assay Kits, while certainly useful in many experiments, should be used with care and may not be best choice
for carabid beetles. Regardless of these results, it was proven that by eating contaminated prey, carabid
beetles intake neonicotinoid insecticide in their tissue, and many previous researches, leave no doubt that
this has hazardous effect on them. This should be taken in account when planning agricultural management
strategies.

6.2. The importance of entomological research within arable land

In the last 10,000 y the human population has grown for 7.7 billion people (Wagner et al. 2021) and as a
result, most of the arable land today has been transformed into agricultural sites (Raven and Wagner 2021).
That, coupled with deforestation, pollution, rising CO levels, draught, fires and other unfavorable
anthropogenic effects have led to what some scientist believe is the sixth global mass extinction (Ceballos et
al 2017, Curtis et al. 2018, Stokstad 2018). How this reflects in insect populations is still poorly understood.
While there are several published works describing negative trends in insect biomass, abundance, and species
richness (e.g. Hallman et al. 2018, Forister et al. 2019, Seibold et al. 2019), other studies seem to contradict
these alarming reports (e.g. Willig et al. 2019, Schowalter et al. 2021). In 2020, three meta-analyses on this
topic were conducted, two of which reported decline of terrestrial insects abundance (van Klink et al. 2020,
Pilotto et al. 2020), and one where no such trend was noted (Crossley et al. 2020). Whichever findings turn
out to be closer to the true abundance shifts in insect populations, there is no doubt that insects as the group
provide numerous and invaluable ecological services, both on the arable lands and outside of it. This research
focused on only the small portion of it, connected to one beetle family and its role in pest control within
specific Mediterranean agroecosystems. Human activity in the form of agricultural management was shown
to impact carabid beetles, from the community to the cellular level. Over the years, there have been myriad
of studies on human-insect interactions - services they provide and our effect on them. These efforts were
not in vain. As discussed earlier in this dissertation, EU banned three neonicotinoids harmful to the
pollinators, and pesticide use has been in constant decline in EU since 2015 (European Commission, 15 June

2022). Individual countries, such as Germany and Sweden, have their own national projects with the aim to
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protect insect populations (Vogel 2019, Government Office of Sweden 2020). The Mediteratri project (UIP-
05-2017), within which this dissertation was made, is funded by Croatian Science Foundation that is a part
of a Science Europe Member Organization. Conventional agricultural management is being abandoned for
the more nature-friendly EPM and IPM practices (Vasileiadis et al. 2015). In the United States millions of
dollars are annually allocated by the Agriculture Improvement Act of 2018 for pollinator research and
conservation around the country, and in January 2020, the Environmental Protection Agency released an
interim decision on the use of neonicotinoids in the United States aimed at protecting pollinators
(Environmental Protection Agency 2020). Insects are becoming more and more the focus of community
(citizen) science and education projects that aim to survey, conserve, and promote understanding of their
significance as pollinators, prey, nutrient recyclers, and focal organisms in science and technology as well as
in literature, art, and other facets of culture (Wagner et al. 2021). However, just as these positive legalizations
have been proposed and put into effect, they can be retracted. For example, in 2020 EU granted emergency
authorizations for products containing thiamethoxam in 15 European countries including Croatia, making
further studies of its effect on natural predators necessary. Furthermore, climate change in combination with
already existing anthropogenic stressors poses novel challenges (Halsch et al. 2021). As a result, extended
monitoring and research of insect communities and their response to human-made stressors continues to be
necessary. MEDITERATRI project continued biodiversity assesment in understudied Mediterranean area of
Croatia, after faunistic research from 20™ Century by Novak, Karaman, and Muller, trying to emphasise the
importance of Mediterranean biodiversity and ecosystem sevices provided by non target fauna within
agriculutural settings. It represents the first such broad-scoped research in Croatian Mediterranean
agroecosystems. Within the project, including also the results presented in this doctoral thesis, modern
techniques, such as metagenomics and gass chromatography with tandem mass spectrometry (GC-MS) have
been utilized in order to discern the spread of pesticides via trophic interactions in the agroecosystems under
different management types. My doctoral research measured the impact of these practices on important part

of ground fauna, carabid beetles.
6.3. Guidelines for further studies

Due to the complexity of anthropogenic impact on carabid communities, morphology, physiology, and
behavior, integrative approach which uses different methods should be implemented. In both studies on
fluctuating asymmetry and functional diversity, samples from control differed from the samples from

agricultural sites regarding the variables researched in those studies, but there was less difference between
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agricultural sites under different management. Research on fluctuating asymmetry level among the
populations suggests that vineyards might be more stressful for carabids compared to the olive orchards,
even when vineyards is under EPM, but why is that so is less clear. Furthermore, we demonstrated that not
all carabid species are equally suitable for GMM, showing the need to research further into which carabid

species are good model organisms for GMM and FA as indicators of environmental stress.

Meta-analysis of carabid communities within Mediterranean agroecosystem revealed differences in
share of carnivorous species depending on the management. However, the analysis was done using only
presence-absence data, due to the mismatch of data among the used studies. Since the abundance of species
in the field is an important factor in the species’ effectiveness in biocontrol, it would be beneficial to conduct
the similar analysis using abundance data if possible, and see if it reveals differences in community

composition between EPM and IPM systems, which were not so evident in this study.

Changes in metabolites implicated oxidative stress in carabid beetle cells following thiamethoxam
application. However, SOD turned out to be poor choice in detecting it by enzymatic tests. Further studies
using some other antioxidative enzyme are recommended. Alternatively, methods such as measuring
respiratory metabolism (Zagar et al. 2018). Secondly, beetle locomotion was recorded by observing them
shortly four times over the period of two days. This leaves a chance for some locomotion or other behavioral
issue to remain unnoticed. In further studies, | propose using technologically more advanced system with
camera recorder and software, for example EthoVision XT Version 9 software (Noldus Information
Technology, Wageningen, The Netherlands) (Tooming et al. 2017). Lastly, ecotoxicological tests revealed
effects of acute exposure to thiamethoxam in laboratory by emerging them in dipping method. While it is
relatively simple method useful in observation of damage neonicotinoids may cause, it does not reflect what
beetles can experience in the field. Further studies should research how longer exposure to low

concentration residues of pesticides affect the parameters described in section 5.3.

The experiments on insecticide spreading via trophic interaction offered several new study questions.
For further research, | propose using different prey groups for carabid beetles, such as slugs or, as
demonstrated by PCR gel diagnostic, lepidopterans, to discover which prey group is most responsible for
prey to predator bioaccumulation of pesticides. Different pesticides should also be tested, as this experiment
showed differences in accumulation of dimethoate and thiamethoxam, at least when earthworms and
carabid beetles are concerned. Lastly, as these studies were conducted in laboratory, | propose that long-

term impact of pesticides via trophic interactions in the field be investigated.
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7. CONCLUSIONS



1. Fluctuating asymmetry analysed within carabids populations proved to have a potential in
measuring developmental instability induced by agricultural practice. FA singled out olive groves as a
potentially less adverse habitat to predatory carabids when compared to vineyards, regardless of the pest
management (IPM or EPM) and unmanaged habitats are less adverse compared to agroecosystems.
However, different species of carabid beetles do not have the same response in respect to fluctuating
asymmetry and most appropriate species should be determined prior to FA analyses. Thus, FA is not very
reliable method, and should be used in combination with methods that are more straightforward, with results
interpreted carefully.

2. Carabid assemblages differ between managed and unmanaged sites regarding life traits distribution
and this may impact the level of ecosystem service they provide in terms of pest control. Unmanaged sites
supported a higher proportion of carnivorous carabid species compared to agricultural sites (vineyards and
olive orchards) within Mediterranean region.

3. Acute thiamethoxam intoxication causes reduced feeding and locomotion difficulties in predatory
carabid species which could lead to their lower survival rate in nature, and a loss may reduce the level of
ecosystem service they provide in terms of pest control.

4. Changes in metabolism imply that thiamethoxam causes oxidative damage in the carabid beetles,
but some other biomarker than SOD may be more indicative.

5. Lepidopterans and earthworms were found as carabid prey within Mediterranean agroecosystems
confirming that as generalist predators, carabids predate on both herbivorous insects as potential pests and

non pest invertebrates like earthworms that can sustain their populations when pest populations are low.

6. Laboratory feeding tests showed that carabid beetles can accumulate insecticide residues within their
tissue and confirmed transmission by feeding on prey which dwelled in contaminated soil. Besides direct
impact of insecticides on non-target fauna, they can further affedt predators via transmission through trophic

interaction and spread futher through ecosystems
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