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Abstract: Spiders act as one of the major predators among arthropods in agroecosystems and are
crucial to the control of pest densities. As they are almost exclusively predators, they have developed
anumber of hunting strategies, which have consequently impacted their complex trophic interactions.
The development of molecular biology methods for environmental DNA analysis has made it easier
to analyze such complex trophic networks. In order to ascertain the trophic interactions of spiders,
a sampling of spider species was carried out in two olive groves in Zadar County, Croatia, under
integrated and ecological pest management. To construct the trophic networks of spiders, we
performed DNA metabarcoding. The combined general and spider-excluding primers were able
to recognize prey from 12 distinct orders in the guts of the 57 spiders. According to our results,
spiders have a complex trophic network that exhibits seasonal and site-specific variations. The results
obtained from both sites having different pest management also confirmed that spiders consumed
phytophagous insects in the highest ratio, including some important pests, in comparison to other
prey and that management and guild type had an impact on the predation of phytophagous insects.

Keywords: Aranea; trophic links; Croatia; ecological farming; environmental DNA; gut content
analysis; Mediterranean agriculture

1. Introduction

Spiders (Arachnida, Araneae) are predatory arthropods that have a significant impact
on terrestrial ecosystems. They play a key role as predators, feeding on a wide range
of arthropods [1,2], mainly insects [3]. Due to their abundance, spiders are important
contributors to the functioning of agroecosystems [4,5]. As generalist predators, spiders
exhibit diverse hunting strategies and occupy various trophic niches [6], which allows them
to effectively utilize multiple food sources and adapt to different environmental conditions.
Their adaptability and capacity to occupy different trophic levels make them important
contributors to ecological stability and potential regulators of pest populations [7].

Many researchers have recognized the potential of spiders for biocontrol of pest
outbreaks in agroecosystems [4,8-10]. Spider families such as Thomisidae, Araneidae,
Lycosidae, Oxyopidae, Eresidae, Clubionidae, and Hersiliidae have shown high potential
as biocontrol agents due to their effective searching ability and predation on a wide variety
of insect species [11].

However, intraguild predation among spiders and other predatory insects, such as
carabid beetles, heteropteran bugs, and hymenopterans [2,12-14], may limit their effective-
ness in controlling pest species in agricultural lands [14]. For instance, intraguild predation

Diversity 2023, 15, 976. https:/ /doi.org/10.3390/d15090976

https:/ /www.mdpi.com/journal/diversity


https://doi.org/10.3390/d15090976
https://doi.org/10.3390/d15090976
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/diversity
https://www.mdpi.com
https://orcid.org/0000-0002-0085-6752
https://orcid.org/0000-0002-1445-4156
https://orcid.org/0000-0003-1840-7119
https://doi.org/10.3390/d15090976
https://www.mdpi.com/journal/diversity
https://www.mdpi.com/article/10.3390/d15090976?type=check_update&version=2

Diversity 2023, 15, 976

2 of 14

interaction between Lycosidae and Gnaphosidae spiders and carabid beetles extends be-
yond shared prey availability and hunting habitat [13]. In addition to pest species and other
predators, spiders also prey on other species considered as alternative prey [15-18]. The
density of alternative prey species can influence spider population dynamics, potentially
affecting the level of predation on pests [18]. The effect of alternative prey can be twofold,
either reducing predation pressure on the pest or increasing it [19]. However, recent re-
search suggests that high rates of intraguild predation and a tendency to switch from pests
to alternate prey significantly limit the biocontrol benefits of spiders [3].

Despite their abundance and potential importance in biocontrol, the trophic ecology
of spiders in Mediterranean agricultural lands has been scarcely investigated and remains
poorly recognized. Moreover, the Mediterranean region is highly susceptible to global
climate and land changes [20]. The Mediterranean part of Croatia is characterized by
carbonate parent rocks and complex water systems encompassing surface and underground
ecosystems and thus even more susceptible to chemical pollution, primarily caused by
pesticide use in agricultural land, which poses a significant threat to these ecosystems
because contaminants may transfer via food webs [21]. The alternatives are the chemically
synthesized pesticides that are used to preserve biodiversity and sustain the ecosystems.
These are the main goals of The Farm to Fork Strategy within the European Green Deal [22],
which aims to establish a fair, health-conscious, and environmentally friendly food systems.
Within this context, the involvement and role of predatory arthropods could be a valuable
addition to achieving these goals. Integrated pest management (IPM) and ecological pest
management (EPM) rely on preventive strategies, including monitoring of pest populations
in a field. IPM applies synthetic chemical pesticides, mainly insecticides and fertilizers, only
after exceeding the threshold for economically viable damage. The goal is to balance human
welfare, environmental health, and sustainable agricultural production. On the other
hand, EPM generally excludes the use of synthetic chemical pesticides and fertilizers [23].
Instead, it prioritizes the augmentation of biodiversity to reinforce the natural processes
and ecosystem services, aiming to enhance agricultural sustainability even more effectively
than IPM.

Trophic interactions of generalist predators can be influenced by various factors, such
as changes in prey density, seasonal variations of prey availability, pesticide applications,
and harvest practices [1,7,24-27]. Predators in agricultural ecosystems are also influenced
by management type [28]. Moreover, spider populations in agroecosystems are greatly
influenced by the type of management. Caprio et al. (2015) found that organic plantations
tend to have a higher population of active hunters and ambush hunters while conventional
plantations support specialist spiders and web-building spiders [29]. Pesticides have a
detrimental effect on spider biodiversity and population size due to migration, reduced
reproductive potential, and behavioral changes, such as reduced predation [30,31]. In addi-
tion to their direct impact on spiders, pesticides from the group of insecticides also reduce
prey diversity and biomass, thus negatively affecting spider populations [24,30]. There-
fore, a comprehensive examination of the spider community and their trophic interactions
in agroecosystems is crucial for developing effective and sustainable pest management
strategies in Mediterranean agricultural areas.

This study focuses on olive groves, which are traditionally connected to the Mediter-
ranean landscape and culture. The intensification of agriculture and the transition from
traditionally managed to mono-agriculture have led to increased pressure for higher pro-
duction and more aggressive management practices in Croatia [32] and across the Mediter-
ranean part of Europe [33].

In recent years, the application of new-generation sequencing and dietary metabar-
coding has accelerated research on trophic interactions and provided valuable data [34-37].
We utilize this methodology to examine the gut content of spiders in olive groves. The use
of the metabarcoding approach allows to overcome challenges associated with spider fluid
feeding and enables the detection of prey present in the spider’s gut. This type of approach
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demands careful selection of primers and downstream bioinformatics pipeline because all
of this can influence final prey composition results [38,39].

To test our hypothesis that spiders, as abundant predatory arthropods in Mediter-
ranean agriculture, can provide biocontrol services in olive groves, we analyzed their diets
and prey choices in two olive groves, one with integrated and one with ecological pest man-
agement during spring and autumn. We predicted that spider families belonging to four
hunting guilds—ground hunters, ambush hunters, other hunters, and web weavers—can
cover the range of various prey, from the ground to the tree crown in the olive groves.
More specifically, our goals were to (i) assign the prey composition within the spiders’ gut;
(if) compare the prey composition between spider groups with different hunting strategies
and ecological niches; (iii) evaluate the influence of management type and season on prey
composition; and (iv) assess the potential of spiders as biocontrol agents.

2. Materials and Methods
2.1. Field Collection and Identification of Collected Samples

Spider specimens were collected during spring and autumn in two consecutive years
(2018 and 2019) from sampling sites located in Zadar County, in the Mediterranean part
of Croatia. Collections were conducted in two olive orchards (located in the Poli¢nik area,
44°10'50.2" N 15°21'15.9" E, 217,000 m? in size, and in Skabrnja, 44°04/23.7" N 15°28'22.1" E,
51,000 m? in size; additional data can be found in Seri¢ Jelaska et al. 2022a [40]). Each olive
grove represented a different management type, ecological pest management (EPM) or
integrated pest management (IPM). Sample collection was conducted from April to July
and from September to November in 2018 and 2019. Live spiders for molecular gut content
analysis were collected using pitfall traps (plastic cups with 8 cm @ in the opening, volume
300 mL) with added small piece of sponge soaked with vinegar as an attractant and placed
in the center of the plantations to avoid the edge effect on available prey. Additionally,
spiders were collected by hand picking from the ground and the canopy. Traps were put in
the soil, beneath the surface and opening protected by a stone from the weather conditions.
The traps were emptied every 24 h to reduce potential DNA cross-contamination between
samples. All collected samples were immediately stored in separate vials containing 100%
ethanol to avoid cross-contamination. The ethanol for storing was replaced during field
collection as well as in the laboratory to better preserve eDNA from the gut.

Morphological identification of collected specimens was performed in the laboratory
under the Zeiss Stemi 305 stereomicroscope. Adult samples were identified to species level
and juvenile to genus or family level using identification keys [41].

2.2. Isolation and Amplification of eDNA from Spiders” Gut, Library Preparation and
Next-Generation Sequencing

A total of 122 spiders collected in the field were processed in the laboratory for dietary
DNA metabarcoding analyses. For each specimen, only the DNA from its abdomen was
extracted in order to have the highest concentrations of prey DNA present compared with
other body parts or the whole body [42]. DNA was isolated using the DNeasy Blood &
Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol with some
small adjustments. The abdomen was ground with sterile micro-pestles in the lysis bulffer,
and proteinase K was added. Subsequently, the samples were incubated at 56 °C for 12 h
or more to ensure complete tissue fragmentation and better DNA yield. All extracted
DNA samples were stored at —80 °C until further use. For every eleven spiders, at least
one negative control, treated identically to the samples but without any tissue added,
was included.

Two pairs of primers were selected for dietary metabarcoding of spider guts: BF3-
BR2 [43], which amplifies a wide range of invertebrates, including spiders, and TelperionF-
LaurelinR, which amplifies the DNA of a range of invertebrates but not the DNA of spiders,
the so-called excluding primer [1]. The primer pair BF3-BR2 amplifies the 418 bp-long COI
target region. The TelperionF-LaurelinR primer pair amplifies the 301 bp COI target region.
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Each primer used in PCR reactions was marked with a distinctive molecular identifier
(MID) tag of length 8 bp, ensuring that each sample has a different combination of the
forward and reverse primer for both primer pairs.

The PCR reaction was carried out in a total volume of 25 plL, with 12.5 uL. of QIAGEN
Multiplex PCR Master Mix (Qiagen, Hilden, Germany), 2.5 uL of 2 puM forward and reverse
primers, 6.5 pL of sterile water, and 1 uL of DNA template. The reaction conditions were
as follows: 95 °C for 15 min, followed by 35 cycles of denaturation at 94 °C for 30 s,
primer annealing at 47 °C for the BF3-BR2 primer combination, or 54 °C for the TelperionF-
LaurelinR primer combination, elongation at 72 °C for 90 s, and one cycle of final elongation
at 72 °C for 10 min.

PCR reactions were carried out in 96-well plates, including negative and positive
controls (mixture of genomic DNA of species Abax parallelus and Pacifastacus leniusculus),
following the protocol from previous research [1,7]. Following the PCR reaction, the
concentration of the amplified product was assessed using gel electrophoresis on a 2%
agarose gel. Samples were pooled together based on band density visualized on the
agarose gel in a way that ensures the equimolar concentrations of DNA. The average
sample volume was used to group the negative controls. The resulting pooled sample sets
were then purified using SPRIselect beads (Beckman Coulter, Brea, CA, USA) following
the manufacturer’s instructions for left-side size selection. Following purification, the
concentration of each pool was determined using a Qubit Fluorometer (ThermoFisher
Scientific, Waltham, MA, USA) and the Qubit dsDNA High-Sensitivity Assay Kit. To
ensure that the samples were roughly equimolar in terms of DNA concentration, the
measured concentrations were used to merge samples in a super-pool. lllumina library was
prepared at Novogene Europe (Cambridge, UK) by including Illumina Nextera adapters.
Next-generation sequencing was performed on an Illumina Novaseq high-throughput
instrument. Sequencing with an amplicon length of 250 bp was performed in both directions
with a sequencing depth of 35,000 reads per sample.

2.3. Bioinformatic Data Processing

The bioinformatic pipeline was taken and adjusted from Drake et al. (2021) [37]. Se-
quencing on Illumina generated 9,234,272 reads for sequencing with the BF3-BR2 primer
pair and 3,519,228 reads for sequencing with the TelperionF-LaurelinR primer pair. In
FastP [44], all reads underwent quality checks and trimming. The read pairs were de-
multiplexed using Mothur v1.39.5 [45], eliminating the MID tags and primer sequences.
Reads were demultiplexed to generate one file per sample ID using the Mothur-made
files. The sample ID was added to the read headers for each file, and reads were then
compiled into a single file. Sequences were denoised and grouped into operational tax-
onomic units (OTUs) using Unoise3 in Usearch11 [46]. Using BLASTn v2.7.1 [47] and
a 97% identity threshold [48], the resulting sequences were given a taxonomic identity
using data from GenBank. Any read counts lower than the largest number of reads in the
relevant OTU’s negative controls were eliminated during data preparation for statistical
analysis. The taxa recorded in the positive controls—distinct from those chosen for the
positive controls—were computed as a percentage of the total reads in that positive control.
Such a percentage was 1.6% for the BF3BR2 primer pair and 0.6% for TelperionF-LaurelinR
and was used as a threshold to eliminate tag jumping and high amplification of the most
prevalent taxa by removing sequences below such threshold for each sample.

2.4. Data Analyses

The diet composition of investigated spiders was compared based on their hunting
guild, season (autumn or spring), and type of pest management practice. Spider hunting
guilds were classified according to Cardoso et al. (2011) [49]. The analysis used binary
data, i.e., the presence or absence of prey orders in the gut [50], and the prey prevalence
in the gut of spiders was a response variable composed of the number of spiders in each
orchard that consumed that specific prey category and those that did not consume this prey
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category. Because we analyzed the prey prevalence of spider guts based on the guild, the
data were not independent. Therefore, we compared the data using generalized estimating
equations (GEE) via “geeglm” in the “geepack” package in R v.4.2.1. [51] with binomial
distribution and exchangeable correlation structure to account for the dependencies [52].
Additionally, we visualized differences using Sankey plots via “SankeyNetwork” in the
“networkD3” [53] package in R v.4.2.1 [51].

Differences in the predation of spiders from different hunting guilds and management
types were compared based on the economic importance of prey. The prey species recorded
in the gut were classified into three groups: phytophagous prey, alternative prey (including
detritophages, parasites, and pollinators), and predatory invertebrates (www.cabi.org/isc,
last accessed on 29 September 2022). The number of specimens counted in the spider’s
gut system and divided into the aforementioned groups was included in the analysis
and was analyzed by the factorial analysis of variance (ANOVA) in TIBCO Statistica
13.5.0. program [54].

3. Results
3.1. Spiders” Dietary Data and Consumption of Different Prey Orders

The majority of the spider specimens we collected belong to the families Gnaphosidae,
Araneidae, Thomisidae, Lycosidae, and Oxyopidae, all recognized as generalist predators
(Table 1). Dietary data were obtained for 57 out of the 122 screened spiders. Prey belonging
to Blattodea, Dermaptera, Diptera, Hemiptera, Hymenoptera, Lepidoptera, and Orthoptera
were detected in both, IPM and EPM olive groves (Table 1). Isopoda, Aranea, Coleoptera,
Neuroptera, and Psocoptera were found only in the gut of spiders collected at the IPM site.
Among the prey taxa detected in their gut (Table 1, Supplementary Table S1), only three
species were shared between spiders from IPM and EPM sites, comprising 6,25% of the
total number of species detected. Notably, the spiders’ guts have been found to contain
some species that are listed in the literature as plant pests, including flies (Oscinella sp.) and
moths (Cadra figulilella, Plutella xylostella, Prays oleae, Prays fraxinella). Moreover, species that
are considered invasive to the study area, such as the moth species Plutella xylostella, the
beetle Oxytelus sculptus, and the mosquito Aedes albopictus, were identified in the guts of
tested spiders. The diet composition based on prey order in olive groves was significantly
related to the type of management (GEE: x2 = 656.8, d.f. = 11, p < 0.001) and the sampling
season (GEE: x2 = 402.74, d.f. =11, p < 0.001) (Figure 1). In the IPM olive grove, Araneae
was observed as the primary prey in spring, while Hymenoptera dominated in autumn.
Conversely, the EPM olive grove showed Hymenoptera as the most common prey in spring
and Diptera in autumn.

3.2. Consumption of Invertebrates as an Indicator of Spiders’” Biocontrol Potential

The diet composition based on economic importance of prey (phytophaga, predators,
and other alternative prey) was significantly different between hunting guilds and manage-
ment types (ANOVA: guild F = 3.60848, p = 0.03; management type F = 9.56146, p = 0.03).
Hunting guild along with the type of pest management had a significant impact on the diet
of spiders with phytophagous invertebrates and intraguild predation when compared with
other alternative prey (factorial ANOVA: management*spiders guild F = 3.69335, p = 0.027)
while the sampling season had no impact (Factorial ANOVA: p > 0.05, Figure 2a,b). Post hoc
analyses confirmed significant differences in predation of ground hunter spiders on preda-
tory insects at IPM site compared with ambush hunters and other hunters and between IPM
and EPM sites (Tukey HSD, p < 0.05). Ground hunters had the highest intraguild predation
(Figure 2a). On the other hand, the guts of other hunters showed the lowest intraguild
predation. The phytophagous insects were the most abundant prey in the spiders” guts
with 46.84% at each site. At the sites with EPM, predators made up the least proportion
of all prey (3.22%), whereas at the plots with IPM, alternative prey made up the smallest
proportion of all prey (27.08%).
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Table 1. Spiders collected in the olive groves according to the management type, season of collec-
tion, and hunting strategies, and prey detected in their gut (species names matched by sequence
OTUs—Operational Taxonomic Units results).

Pest Hunting
Predator e Season S Prey Order Prey
Agalenatea redii . Oxytelus (Epomotylus) sculptus
(Scopoli, 1763) Integrated Spring Web weavers Coleoptera Gravenhorst, 1806
Agalenatea Archer, ) ) ) Prays oleae (Bernard, 1788)
! Ecological Sprin, Web Lepidoptera
1951 spp 8 pring €h weavers pieop Prays fraxinella (Bjerkander, 1784)
Ecological Spring Ground hunters ~ Orthoptera Aiolopus strepens (Latreille, 1804)
Alopecosa accentuata Armadillidi ; L 1
(Latreille, 1817) Integrated Autumn Ground hunters  Isopoda 1 ;(;ZI; illidium vulgare (Latreille,
Coleoptera Cantharis (Cantharis) livida
P Linnaeus, 1758
Sarcophaga (Myorhina) nigriventris
i Meigen, 1826
Alopecosa albofasciata Inteerated Aut G d hunt Diptera elgen
(Brullé, 1832) ntegrate utumn round hunters Bradysia brevispina Tuomikoski, 1960
Hymenoptera  Messor ibericus Santschi, 1931
Lepidoptera  Cadra figulilella (Gregson, 1871)
Neuroptera Chrysoperla carnea (Stephens, 1836)
Alopecosa farinosa Formica (Serviformica) glauca
(Herman, 1879) Integrated Autumn Ground hunters ~ Hymenoptera Ruzsky, 1896
Ecological Spring Ground hunters  Lepidoptera  Eriocottis fuscanella Zeller, 1847
Alopecosa Simon, Diptera Aedes (Stegomyia) albopictus
1885 spp Integrated Autumn Ground hunters P (Skuse, 1894)
Neuroptera Chrysoperla carnea (Stephens, 1836)
* Araneidae . . . . (
Sundevall, 1833 Ecological Spring Web weavers Hemiptera Euscelis Brullé, 1832 sp.
Coleoptera Poecilus (Macropoecilus) sericeus
A CL Koch P Fischer von Waldheim, 1824
rctosa C.L. Koch, Inteerated Aut G d hunt : :
1847 spp & utamn round funters Diptera Diptera (OTU1)
Forcipomyia sp. Meigen, 1818
Plagiolepis pygmaea (Latreille, 1798)
. H t
Ba.ssumodes caperatuis Integrated Autumn Ambush hunters ymenoptera Tetramorium semilaeve Andre, 1883
(Simon, 1875)
Coleoptera Poecilus sp. Bonelli, 1810
* Gnaphosidae . Tetramorium caespitum
Pocock, 1898 Ecological Autumn Ground hunters ~ Hymenoptera (Linnaeus, 1758)
Haplodrassus
dalmatensis Ecological Spring Ground hunters ~ Orthoptera Aiolopus strepens (Latreille, 1804)
(L. Koch, 1866)
Cystiphora sonchi (Vallot, 1827)
. . Oscinella sp. Becker, 1910
. Ecological Autumn Ground hunters ~ Diptera
Hogna radiata Philosepedon humeralis
(Latreille, 1817) (Meigen, 1818)
Psocoptera Ectopsocus McLachlan, 1899 sp.
Integrated Autumn Ground hunters o — .
Araneae Sitticus penicillatus (Simon, 1875)
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Table 1. Cont.

Pest Hunting
Predator e Season Strategies Prey Order Prey
Blattodea Loboptera decipiens (Germar, 1817)
Diptera * Phoridae Curtis, 1833sp.
H diat Hymenoptera  Tetramorium semilaeve Andre, 1883
ogna radiata . .
(Latreille, 1817) Ecological Spring Ground hunters Orthoptera Aiolopus strepens (Latreille, 1804)
Diplostyla concolor (Wider, 1834)
Araneae Agyneta pseudorurestris
Wunderlich, 1980
Blattodea Loboptera decipiens (Germar, 1817)
Diptera Bradysia brevispina Tuomikoski, 1960
Hemiptera Nysius sp. Dallas, 1852
i Hvmenobtera Aphaenogaster balcanica
gc;gt :-lgiflae 1113117) Integrated Spring Ground hunters y p (Emery, 1898)
’ Tettigonia viridissima
Orthoptera (Linnaeus, 1758)
Cheiracanthium mildei L. Koch, 1864
Araneae Sitticus penicillatus (Simon, 1875)
Tegenaria hasperi Chyzer, 1897
. Armadillidium vulgare
Ecological Autumn Ground hunters  Isopoda (Latreille, 1804)
Blattodea Loboptera decipiens (Germar, 1817)
. . Aphaenogaster balcanica
sLYEOSIdﬁe1833 (Emery, 1898)
undevall,
Integrated Autumn Ground hunters Hymenoptera Solenopsis Westwood, 1840 spp
* Formicidae Latreille 1809 sp.
. Plutella (Plutella) xylostella
Lepidoptera (Linnaeus, 1758)
Nomisia exornata (C.L. Ecological Autumn Ground hunters ~ Lepidoptera  Stigmella freyella (Heyden, 1858)
Koch, 1839)
%ﬁg}oz}e)s Latreille, Ecological Autumn Other hunters Orthoptera Aiolopus strepens (Latreille, 1804)
Dermaptera Forficula auricularia Linnaeus, 1758
Chromatomyia horticola
Oxyopes (Goureau, 1851)
heteroplhlthalmus Ecological Autumn Other hunters Diptera Cystiphora sonchi (Vallot, 1827)
Latreille, 1804 , ;
(Latreille, 1804) Philosepedon humeralis
(Meigen, 1818)
Orthoptera Aiolopus strepens (Latreille, 1804)
* : Hemiptera * Ninidae Barber, 1956
Oxyopidae Integrated Autumn Other hunters - -
Thorell, 1870 Hymenoptera  Tetramorium semilaeve Andre, 1883
Coleoptera Harmonia axyridis Pallas, 1773
f;;doszilhcliig;;)szs Integrated Autumn Ground hunters Hymenoptera  Solenopsis sp. Westwood, 1840
oret, . Dryobotodes (Dryobotodes) eremita
Lepidoptera

(Fabricius, 1775)
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Table 1. Cont.

Pest Hunting

Predator e Season Strategies Prey Order Prey

 Thomisidae Integrated Autumn Ambush hunters  Diptera Corynoptera perpusilla

Sundevall, 1833 cgrate S ers pte Winnertz, 1867

Tibellus macellus Ecolosical Sori Diptera Cystiphora sonchi (Vallot, 1827)

. cologica rin, Other hunt

Simon, 1875 8 pring er s Lepidoptera  Eriocottis fuscanella Zeller, 1847

Xerolycosa nemoralis . . . . .

(Westring, 1861) Integrated Spring Ground hunters ~ Hemiptera Nysius graminicola (Kolenati, 1845)

f;roly cosa Dahl, 1908 Ecological Autumn Ground hunters ~ Hymenoptera * Formicidae Latreille 1809

Xysticus acerbus . Corynoptera perpusilla

Thorell, 1872 Integrated Autumn Ambush hunters  Diptera Winnertz, 1867

Xysticus acerbus . Aphaenogaster balcanica

Thorell, 1872 Ecological Autumn Ambush hunters  Hymenoptera (Emery, 1898)

Xysticus kochi . " S .

Thorell, 1872 Integrated Spring Ambush hunters  Dermaptera Forficulidae Latreille 1810
Lasioglossum glabriusculum
(Morawitz, 1853)

Xysticus marmoratus Ecological Spring Ambush hunters Hymenoptera  Tetramorium semilaeve Andre, 1883

Thorell, 1875

Aphaenogaster balcanica
(Emery, 1898)

* Identification of species or genus not achieved (only up to family level).

I Spring-IPM

Autumn-IPM

Autumn-EPM

I Araneae
[] Blattodea

B Coleoptera
=3 Dermaptera

Diptera
R [] Hemiptera
Hymenoptera
\ A =3 |sopoda
\ I:l Lepidoptera

1 Neuroptera
'] Orthoptera

Psocoptera

Figure 1. Spiders’ dietary results divided by sampling site and sampling season for two olive orchards.

The width of the mark for the sampling season-type of management indicates the relative abundance

of spiders per group, the width of the flow paths indicates the relative importance (relative number

of individuals recorded) in the diet of the spiders per group, and the width of the mark of a specific

prey indicates the relative importance of that prey (relative number of individuals recorded) in the

diet of spiders for all groups.
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(a)
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B Phytophagous M Alternative prey Predators

(b)

Figure 2. (a) Percentage of occurrence of different prey groups (phytophagous, alternative, and preda-
tory prey) in the guts of spiders from different hunting guilds, and (b) in two seasons (spring and au-
tumn) within both pest management types (EPM—ecological pest management and IPM—integrated
pest management).

4. Discussion

Understanding how management, seasonal changes, and functional traits of organisms
affect trophic interactions in agroecosystems is an important factor in establishing proper
ecosystem services and biological pest management measures [55,56]. This is especially
the case when one is focused on generalist predators such as spiders, which can have a
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controversial role in biological control against pests [19,57]. Here we performed, to the
best of our knowledge, the first-ever dietary metabarcoding study focusing on trophic
interactions within olive groves. More precisely, this was the first study that focused
on the diet of the most abundant and diverse invertebrate predators present in such
agroecosystems—spiders. Furthermore, in this study, we provide the first insight into the
dietary habits of different spider guilds and dietary distinctions between two management
types and seasons in Mediterranean agroecosystems.

Generally, the analyzed spiders revealed a broad variety of prey, belonging to 12 distinct
taxonomic orders of arthropods. The identified MOTUs were consistent with findings
from our DNA barcoding-based biodiversity assessment of local fauna [58], as expected
given their prevalence and abundance in agricultural ecosystems [59]. The six types of prey
detected that made up over 79% of the overall diet of spiders were Hymenoptera, Diptera,
Lepidoptera, Coleoptera, Araneae, and Orthoptera, which are common types of prey in
similar spider guilds in pome fruit orchards [3,14] or cabbage and cauliflower farms [2,60],
but in different relative frequencies.

Our findings showed that spiders engaged in both intra- and extraguild predation,
mainly with a preference for other spiders, predatory coleopterans, and predatory ants.
Although some of the ants that were preyed on were not predators, the majority were
predatory ants from the genera Tetramorium, Aphaenogaster, and Solenopsis. Intraguild
predation varied among hunting guilds and was mainly present in ground-hunting spiders.
This was similarly confirmed by other studies that focused on many different spider
guilds [2,61].

The spiders’ guts have been found to contain some species classified as pests, such
as flies Cystiphora sonchi and Oscinella sp. in EPM olive grove, and moths Plutella xylostella
in IPM, and Prays oleae and Prays fraxinella in EPM olive groves. However, these pests
were found rarely, each species in only one or two spider specimens. Nevertheless, there
were still a significant number of herbivores present in the guts of spiders, which are not
considered general pests.

Previous dietary studies focusing on arthropod predators within agroecosystems have
consistently shown the profound influence of management strategies and seasonal changes
on diet composition [14,26,27,53]. In our small study, we had the same effect. The diversity
of prey in the EPM olive grove was lower compared with the IPM olive grove and was
dominated by only seven orders of prey: Blattodea, Dermaptera, Diptera, Hemiptera,
Hymenoptera, Lepidoptera, and Orthoptera. The main reason for such low diversity of
prey in EPM is most likely due to the general rocky soil and sparse vegetation at the study
site, causing low species diversity [56,62]. The type of management had a significant impact
on the predation of phytophagous insects. A higher predation intensity was found for
spiders from the EPM olive grove, where the ratio between phytophagous and intraguild
prey was higher compared with spiders from the IPM olive grove. Saqib et al. (2022) and
Gajski et al. (2023) showed that the ecological type of management and the lower use of
pesticides have a positive impact on the biocontrol functions of predators, which was also
confirmed by this research [2,63].

In spring, the overall diet of all investigated spiders in olive groves was not really
dominated by any prey type and was more even and diverse, while in autumn it was
mainly dominated by dipterans and hymenopterans. Interestingly, intraguild predation
on other spiders during autumn was much lower than in spring, in contrast to a study on
web-building spiders in barley fields where increased intraguild predation was observed
during the autumn period [1]. Generally, seasonal change showed no effect on the ratio of
phytophagous insects compared with other invertebrates and predators in the spiders’ diet.
Although different prey types were consumed in autumn and spring, the consumption of
potential plant-related pests did not vary significantly. Higher intraguild predation in the
spring season could also be due to the higher abundance of some predatory arthropods
(spiders, carabid beetles, etc.) in spring [40,58] or scavenging on dead animals (i.e., after
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agricultural measures undertaken in spring), but gut content analyses applied in this study
cannot distinguish predation from scavenging events.

5. Conclusions

In conclusion, we demonstrate diverse dietary metabarcoding results of spiders in-
habiting olive groves. Management type, as well as guild type, significantly influenced
predation on phytophagous insects. The ground hunters had the highest proportion of
intraguild predation among all guilds. On the other hand, the overall predation on phy-
tophagous insects remained consistent across seasons, suggesting a combined constant rate
of predation in both management types. As this is the first dietary study that focused on
any predators in olive groves by performing dietary metabarcoding, we motivate other
researchers to continue on this path of understanding the interactions that are happening
in Mediterranean agroecosystems. These ongoing efforts have the potential to strengthen
advocacy for appropriate and efficient biocontrol measures in the future while preserving
the rich biodiversity and potentially facilitating its growth.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/d15090976/s1, Table S1: Spider individuals and corresponding prey
detected in their gut DNA.
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