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Abstract

Echinops plants, a genus of globe thistles, have proven to be highly attractive to various arthropods in the field. They
offer a complex, three-dimensional, and pubescent terrain that is conducive to omnivorous predatory mirid bugs, such as
Macrolophus pygmaeus, and related species within the subfamily Bryocorinae (Heteroptera, Miridae), where many other
entomophagous insects may struggle. A microscopic examination of the leaf surfaces of 20 Echinops accessions across five
species and one subspecies revealed differences in their microstructural features. Echinops bannaticus, Echinops exaltatus,
and Echinops sphaerocephalus were selected for detailed evaluation and included in traction force measurements with female
M. pygmaeus to compare the bug's attachment on different plant surfaces. These insects demonstrated significantly stronger
attachment to the leaves compared to glass, generating forces that were 47 to 12 times their body weight, respectively. The
abaxial leaf surfaces, which are covered by a dense layer of tomentous trichomes, provided superior footholds compared
to the adaxial glabrous or pruinose leaves. The larger the area covered with tomentous trichomes, the higher the safety fac-
tor (attachment force normalised by the bug's body weight) for the insects. In addition, the number of pulling movements
decreased on glandular trichomes, likely to avoid being trapped by glandular secretion. This study provides further evidence
of the essential role of the interaction between plant surfaces and insect integuments in insect—plant relationships. Insect
settlement on plants depends on having proper footholds, which are influenced by surface properties. Consequently, these
factors warrant more attention in future research on insect evolution, ecology, and pest management.
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Introduction

The genus Echinops L. comprises approximately 120 spe-
cies of globe thistles found in Eurasia and Africa, includ-
ing 12 species in Europe. These species belong to the
monotypic subtribe Echinopsinae (Cardueae, Asteraceae)
and grow in semi-humid, semi-arid, and temperate regions
(Walter 1991; Jdager 1987). Echinops plants contain a vari-
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ety of secondary metabolites that have attracted interest
due to their potential medical properties. They have been
traditionally used to treat pain, inflammation, respiratory
diseases, and infections caused by various microorgan-
isms, as an aphrodisiac, to expedite placental expulsion
and post-partum care, to address stomachic and liver dis-
orders, to assist in the removal of renal stones, and for
diuretic and hypoglycemic effects (Bouzabata et al. 2018;
Bitew and Hymete 2019). Alkaloids, flavonoids, terpe-
noids, steroids, lipids, and polyacetylenes have been iso-
lated from various Echinops species (Shukla 2003). Recent
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efforts have focused on oil production, seed extraction,
breeding, and cultivation (Horn 2007; Horn et al. 2008).
In this context, Echinops crops have garnered some agri-
cultural interest in recent decades, particularly due to their
thermal resilience and adaptability to the rising tempera-
tures associated with climate change.

Echinops plants are also recognised as valuable sources
of forage for bees. Since the nineteenth century, several
decorative species have been introduced from Southern to
Central Europe for this purpose (Walter 1991). These bien-
nial (hapaxanth) and perennial, herbaceous plants feature a
rosette growth form, alternate, lobed pinnate leaves covered
with trichomes, edged pubescent stem, and spherical inflo-
rescences, creating a complex, three-dimensional terrain that
supports a diverse range of arthropods beyond just pollina-
tors, including members of Hemiptera, Diptera, Homoptera,
and Neuroptera (Fig. 1; Supplementary information: sam-
pling habitat survey).

The omnivorous mirid bug Macrolophus pygmaeus
(Rambur, 1839) (Heteroptera, Miridae, Bryocorinae, Dicy-
phini) can reach an extraordinary abundance in Echinops
crops, particularly in the glandular hairy species E. sphaer-
ocephalus L., where it inflicts significant damage shortly
after hibernation (Horn 2007; Supplementary information).
Bugs, including their eggs, larvae, and adults, hibernate and
become active early in the season before prey arthropods are
abundant. Different developmental stages and generations
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often coexist on the same host (Wagner 1952, 1955, 1970;
Wachmann et al. 2004).

Macrolophus pygmaeus is one of 14 species within the
genus Macrolophus, which inhabits a variety of environ-
ments, including forests, bushes, and both humid, shady and
sunny, open areas. It lives on Carduus sp., Cirsium sp., E.
sphaerocephalus (Asteraceae), Cucubalus sp. (Caryophyl-
laceae), Pulmonaria sp. (Boraginaceae), Salvia glutinosa
L., and Stachys sylvatica L. (Lamiaceae), across much of
Europe (Wagner 1955; Wachmann et al. 2004). This par-
ticular mirid bug has been known to prey on several crop-
damaging arthropods, including whiteflies (Zybulskaja and
Kryschanowskaja 1980; Ter Horst 2000; Hillert et al. 2002;
Perdikis and Lykouressis 2002; Lykouressis et al. 2009;
Leman et al. 2020), aphids (Mardzhanjan and Ustjan 1965;
Ter Horst 2000; Hillert et al. 2002; Perdikis and Lykouressis
2003; Lykouressis et al. 2007; Fatinou et al. 2008), thrips
(Hillert et al. 2002; Leman et al. 2020), leaf miners (Kohler
and Hanke 2005; Urbaneja et al. 2012; Zappala et al. 2013;
De Backer et al. 2014; Bouagga et al. 2018; Sanchez et al.
2018), moth eggs (Ter Horst 2000; Ebrahimi et al. 2018),
and spider mites (Hillert et al. 2002; Ramzi et al. 2022). This
zoophagous ability has led to M. pygmaeus being introduced
into biological control programmes in over 20 countries
since 1994, where it is commercially available to manage
primarily whiteflies, aphids, and spider mites in crops (van
Lenteren 2012; Lemanski and Herz 2025).
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Fig.1 The Echinops sphaerocephalus habitus at the plant, shoot, and leaf level provides highly suitable multidimensional terrains, shelters, and
microclimatic conditions for arthropod inhabitants, such as Macrolophus pygmaeus
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Like other plant bugs (Miridae), M. pygmaeus is closely
associated with plants, which influence its oviposition and
development (Ter Horst 2000; Lykouressis et al. 2001). They
prefer pubescent plant species, where other entomophagous
insects, such as lady beetles, parasitoids, and larvae of lace-
wings, minute pirate bugs, and syrphids, are hampered (Wal-
ters 1974; Dixon 1986; Obrycki 1986; Quilici and Iperti
1986; Jervis and Kidd 1996; Dos Santos et al. 2003; Ver-
heggen et al. 2009). Related omnivorous bugs like Dicyphus
errans Wolff (Heteroptera, Miridae, Bryocorinae, Dicyphini)
employ an avoidance strategy, keeping the light, slim bodies
at a large distance from the hairy plant surface and the adhe-
sive secretion of glandular trichomes by using long, slender
legs (Southwood 1986; Voigt and Gorb 2010) and particu-
lar pretarsal structures (Wagner 1955; Seidenstiicker 1967,
Schuh 1976; Voigt et al. 2007). Is M. pygmaeus employing
the same strategy? Although it shares a similar body struc-
ture with D. errans, the smaller M. pygmaeus (3.1-3.9 mm
body length) holds its leg segments at wider angles and
maintains a closer proximity to the substrate compared to
D. errans (4.5-5.1 mm body length) (Wagner 1970; Wach-
mann et al. 2004; Voigt 2005). Additionally, the leg mor-
phology differs between the two genera: Macrolophus has
linear femora and tibiae and strongly curved, narrow claws
with a small basal projection. In contrast, Dicyphus features
elongated, linear legs that taper towards the apex, a long tar-
sus with a large pretarsus, and linear, apically recurved claws
with a significant basal projection (Cassis 1984). Are these
differences in attachment ability to plant surfaces reflected
in M. pygmaeus?

Foothold (i.e. tarsal attachment) is particularly important
for plant-dwelling arthropods, as previously experimentally
demonstrated for D. errans. Activities, such as walking,
foraging, resting, grooming, feeding, mating, oviposition,
hatching, and moulting, require a reliable grip, repulsion
on plant surfaces, and the mechanical interlocking of claws
with trichomes. This interlocking can occur both in the short
term, with a high frequency (e.g. during walking), or in the
long term, lasting for remarkable periods (e.g. during ovi-
position) (Voigt 2005, 2019). Females establish a stronger
foothold, enabling them to anchor more effectively to plant
surfaces while exerting force to insert their saw-like ovi-
positor into plant tissue, resulting in the implantation of
significantly more eggs. Additionally, stronger attachment
correlates with a higher consumption of prey individuals, as
secure body postures facilitate effective handling of prey on
plant substrates. This ability of animals to attach to various
substrates can be measured quantitatively using traction (or
pulling) force measurements (e.g. Stork 1980a; Betz 2002;
Gorb and Gorb 2002; Voigt et al. 2007). In these measure-
ments, the insect's abdominal thorax is tethered to a thin
thread connected to a force sensor. As the insect walks and
pulls horizontally, it generates a (traction) force laterally

against the surface. This force corresponds to the friction
between the insect's pretarsi and the substrate. The force
relative to body weight is referred to as the safety factor,
indicating how many times the insect can support its body
weight on the substrate during attachment. These quantita-
tive values of force and safety factor allow for comparisons
of attachment abilities within a single species across various
substrates or among different species, influenced by both
abiotic and biotic conditions.

Based on preliminary observations of high and stable
abundance of M. pygmaeus populations in Echinops plant-
ings, the question arises if this mirid bug species performs
specifically on the surface of these plants, and if this is
reflected in the bug's preference for abaxial leaves. That is
why we investigated the attachment ability of M. pygmaeus
on plant surfaces by conducting traction force experiments
on the adaxial and abaxial leaves of three out of 20 Echinops
accessions selected through micromorphological screening.
The morphological characteristics of these plants may sup-
port the sectional classification of Echinops, which is often
complicated by a high degree of macromorphological uni-
formity (Jager 1987).

Our data on M. pygmaeus attachment contribute to a
deeper understanding of plant—bug interactions in the con-
text of evolution and biological control.

Materials and methods
Plants and bugs

Twenty accessions of different Echinops species were
observed and sampled from a medical plant field in Zap-
pendorf, Germany, in mid-June at the bud stage (51° 30" N,
11° 48" E; 70 m NN, mean annual temperature: 8.4-9.9 °C,
annual precipitation: 460 mm, Fabig 2007; Fig. S1,
Table S1, Supplementary surveys). The plants were sown
directly or partially pre-grown in pots, then planted in rows
spaced 50 cm apart. They were cultivated in fresh loamy
soil using bio-organic methods and maintained on a biennial
cycle without irrigation. Soil fertilisation was achieved by
incorporating Persian clover into the crop rotation. The gen-
erative plants sampled were two years old and had heights
ranging from 1.00 to 2.00 m. The upper, fully developed
leaves measured 20-30 cm in length and 5-10 cm in width.

For laboratory studies, 20-cm-long stem pieces with 6-—8
leaves were cut from the plant apex (Fig. S2) and trans-
ferred to the lab in plastic bags. Through photographic and
microscopic screening of the 20 accessions and comparing
leaf surfaces (Figs. S3, S4; Table S1), we selected three
representative species/accessions for detailed studies and
traction force experiments with M. pygmaeus: Echinops
bannaticus Rochel ex Schrad., Echinops exaltatus Schrad.,
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and Echinops sphaerocephalus L. These species exhibited
marked differences in their leaf surface structures, includ-
ing trichome types and epicuticular waxes (Tables 1 and
S1, Figs. 3, S3, and S4), and provided reliable substrates for
comparative studies with inhabiting mirid bugs.

Using an aspirator, mating adult M. pygmaeus were col-
lected from Echinops populations at the same field loca-
tion. They were kept in Exo Terra® Faunariums (plastic
boxes, 360 x 170 x 220 mm with ventilated lids, HAGEN
Deutschland GmbH & Co. KG, 25,488 Holm, Germany) on
turgescent shoots of Echinops sp. under conditions of 23 °C,
70% relative humidity, and a 16-h light photoperiod (light
sources: fluorescent lamps OSRAM 18W/640 cool white;
OSRAM GmbH, Munich, Germany, and Philips Master
TLD 18W/830; Philips Lighting, Suresnes Cedex, France,
cold: warm light ratio of 1:1).

Imaging

Plant surfaces and bug body postures were observed using
an Olympus SZX12 stereomicroscope with the DF PLAPO
1_PF lens (Olympus Corporation, Tokyo, Japan). Digital
images were captured with a Nikon Coolpix E995 photo
camera connected to the binocular via an MDC 2 relay lens

Table 1 Leaf surface morphometric characters of three Echinops species

(Nikon Corporation, Tokyo, Japan). The same camera was
used for photographing the plant samples.

The elastic protein resilin in the tarsus was localised using
fluorescence microscopy, which targets this protein's auto-
fluorescence at an emission maximum of 420 nm (Andersen
and Weis-Fogh 1964). Fresh tarsi of a female bug were cut
off with microscissors and mounted on glass slides in poly-
vinyl alcohol (Mowiol). After being covered with glass
coverslips, the samples were visualised using a Zeiss Axi-
oplan fluorescence microscope with an HBO 103 mercury
vapour lamp and an XBO 75 xenon short-arc lamp (Carl
Zeiss Microlmaging GmbH, Jena, Germany). The material
composition of the cuticle, including the presence of resilin,
was assessed by superimposing digital images obtained at
green (excitation 512-546 nm, emission 600-640 nm), red
(excitation 710-775 nm, emission §10-890 nm), and UV
wavelengths (excitation 340-380 nm, emission 425 nm)
(Gorb 1999).

Cryo-scanning electron microscopy (cryo-SEM) was
carried out using the Hitachi S-4800 (Hitachi High-Tech-
nologies Corp., Tokyo, Japan) equipped with a Gatan
ALTO 2500 cryo-preparation system (Gatan Inc., Abing-
don, UK) as well as the Zeiss SUPRA 40VP-31-79 (Carl
Zeiss SMT Ltd., Oberkochen, Germany), which was fitted
with an EMITECH K250X cryo-preparation unit (Quorum

Leaf side Measured parameter Plant species
E. exaltatus E. bannaticus E. sphaerocephalus
Abaxial Living ng trichome length [um] 294.8+54.44 143.9+24.87 n.a.
Living ng trichome thickness (middle of the stalk) [um] 30.8+3.47 28.5+4.53 n.a.
Dead, twisted trichome thickness [pum] 3.9+0.64 6.5+0.63 8.8+3.75
% of dead, twisted trichome-covered area (“tomentous layer™) 53.3+3.47 58.7+3.22 49.4+3.30
Glandular trichome length [um] n.a. n.a. 326.7+115.32
Glandular trichome thickness [pum] n.a. n.a. 41.3+7.37
No. of living ng trichomes [mm™] 9.6+13.61 2.6+3.31 n.a.
No. of glandular trichomes [mm~2 n.a. n.a. 9.3+3.09
Adaxial Wax crystal width [um] 0.5+0.09 0.8+0.18 n.a.
Wax crystal thickness [pum] 0.1+0.01 0.1+0.02 n.a.
No. of wax crystals [mm~2 91.6+19.82 56.6+2.70 n.a.
Living ng trichome length [um] 530.5+106.41 186.6 +46.92 n.a.
Living ng trichome thickness (middle of the stalk) [um] 49.7+11.69 36.1+6.96 n.a.
Glandular trichome length [um] n.a. n.a. 210.1+66.92
Glandular trichome thickness (middle of the stalk) [um] n.a. n.a. 39.8+3.33
Glandular head width [um] n.a. n.a. 38.9+2.93
No. of living ng and glandular trichomes [mm™2] 4.6+1.07 7.9+2.28 n.a.
No. of glandular trichomes [mm™2] n.a. n.a. 6.5+1.18
Cuticular fold distance [um] 1.1+0.28 1.3+0.23 n.a.
Cuticular fold width [pm] 0.2+0.03 0.6+0.12 n.a.
Cuticular fold height [um] 1.2+0.14 0.8+0.23 n.a.

Mean +sd, n=10 (randomly chosen from different sites of three distinct, 3rd fully developed leaves from the plant apex). ng, non-glandular
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Technologies Ltd., Ashford, Kent, UK). Five by five mm
pieces of leaves were cut using microscissors, mounted on
metal holders with polyvinyl alcohol Tissue-Tek® OCT™
compound (Sakura Finetek Europe, Zoeterwoude, The Neth-
erlands), frozen in the preparation chamber at — 140 °C,
sputter coated with gold—palladium or platinum (6 nm), and
examined in a frozen state in the cryo-SEM at 3 kV, main-
taining temperatures between — 90 and — 120 °C.

Leaf surface characters obtained from the images were
morphometrically analysed with SigmaScan Pro 5 software
(SPSS, Inc., Chicago, IL, USA), focusing on the number of
trichomes and crystalline wax plates per unit area, the area
covered with tomentous trichomes, and the dimensions of
trichomes, wax platelets, and cuticle folds (Table 1).

Force measurements

Intercostal pieces (5% 5 cm?) of fresh, turgescent Echinops
leaves (specifically the third fully developed leaf from the
apex) were cut using microscissors and fixed to a horizontal
glass plate using double-sided adhesive tape tesa® 05338
(tesa SE, Hamburg, Germany).

Ten female M. pygmaeus were weighed individually
using an Ultra Microbalance UMX2 (Mettler Toledo GmbH,
Greifensee, Switzerland) and kept in clean polystyrene tubes
(16/68 ml, with air-permeable ceaprene stoppers; Greiner
Bio-One GmbH, Frickenhausen, Germany). The bugs were
anaesthetised with CO, and attached to a 10-cm-long human
hair using a molten wax droplet, with their forewings glued
together. After a 1-h recovery period, the free end of the
hair was connected to a force sensor. Traction force meas-
urements were conducted according to Voigt et al. (2007)
using the FORT-10 force transducer (10 g capacity, World
Precision Instruments Inc., Sarasota, USA). Each female was
tested walking distally and horizontally on the adaxial and
abaxial leaf surfaces of the three species and, for compari-
son, on a glass surface (with a water contact angle of 55°
and a surface energy of 42.9 mN m™'). Safety factors were
calculated by normalising the traction force by the bug's
body weight.

The sequence of different substrates was randomised.
Prior to substrate exchange, the bugs were allowed to groom
and walk over the glass surface. Force—time curves were
recorded utilising AcqKnowledge 3.7.0 software (Biopac
Systems Ltd, Goleta, CA, USA) to estimate the mean trac-
tion force exerted by a single bug during five consecutive
runs on a test substrate. Ten females were tested individ-
ually on each plant surface. In total, 300 individual tests
with 10 different individuals were carried out on leaves
(Nadaxial, abaxial leaves — 6’ NQ = 10’ D dividual runs = 5) This was
compared to another set of 300 individual tests conducted on
glass surfaces (before the plant surface). A two-way ANOVA
followed by all pairwise multiple comparison procedures

(using the Holm—Sidak method) was employed to assess
differences in force measurements between the various test
surfaces (software SigmaPlot® 12, Systat Software, Inc.,
Richmond, California, USA). Additionally, pairwise 7-tests
were performed to compare the force and safety factor values
between tests made on glass and plant surfaces.

Results
The Echinops plant surface

The sampled leaves exhibited differences in shape and char-
acteristics (Figs. S2-S4, Table S1). Also, intraspecific dif-
ferences in the presence of trichomes and epicuticular folds
occurred. The leaf surface was textured due to epidermal
cells and vein convexities, edge concavities, stomata, cuticu-
lar folds, epicuticular wax crystals, trichomes, and marginal
spines (Figs. 1, 2). Four main types of trichomes were identi-
fied and classified according to Voigt et al. (2007): (1) uni-
seriate, multicellular, cone-shaped trichomes, transitioning
from a bi- to multicellular base over 5-7 living, uniseriate
cells to filamentous, twisted extensions (dead cells), which
form the tomentous layer on abaxial leaves, (2) (living) mul-
tiseriate, multicellular tapered trichomes, (3) non-glandular,
biseriate, multicellular trichomes, and (4) glandular, biseri-
ate, multicellular trichomes with four- to five-celled glan-
dular heads (Fig. 2).

The following Echinops plant species were analysed in
detail (Fig. 3) and subsequently used in traction force experi-
ments with M. pygmaeus.

Echinops bannaticus. Medium-sized leaves. The abaxial
side shows a slightly sloped type-1 along with several type-3
trichomes on veins, where trichomes hide epidermal cells
and stomata. The adaxial side features sloped type-2 and
several type-1 trichomes distributed over the lamina, slightly
undulated epidermal cells, scattered stomata, cuticular folds,
and epicuticular crystalline wax platelets, along with multi-
seriate, multicellular spines at leaf edges.

Echinops exaltatus. Narrow leaves with a small lamina
area. The abaxial side has sloped type-1 and very few type-3
trichomes, mainly on veins, with hidden epidermal cells and
stomata obscured by trichomes. The adaxial side displays
slightly sloped type-2 and several type-1 trichomes scattered
over the lamina, slightly undulated epidermal cells, scat-
tered stomata, cuticular folds, and epicuticular crystalline
wax platelets.

Echinops sphaerocephalus: Leaves with large lamina area
and large lobes. The abaxial side features perpendicularly
oriented type-1 trichomes on veins and type-4 trichomes
interspersed in the tomentous layer over the lamina. Epi-
dermal cells, including stomata, are covered by trichomes.
The adaxial side features perpendicularly oriented type-4
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Fig.2 Echinops trichome types, cuticular folds, and epicuticular
crystalline wax plates observed in the present study. A Uniseriate,
multicellular, cone-shaped trichome, transitioning from a bi- to mul-
ticellular base over 5-7 living, uniseriate cells to filamentous, twisted
extension (dead cells). The latter form the tomentous layer on abaxial
leaves. B Multiseriate, multicellular trichome (living cells). C Non-

Fig.3 Abaxial (A-C, F,

G, K, L) and adaxial leaf
surfaces (D, E, H-J, M-O)

of Echinops exaltatus, S 232
(A-E), E. bannaticus, S 237
(F-J), and E. sphaerocephalus,
S320 (K-0O). The arrowheads
point to transitions of liv-

ing trichome cells to dead,
thread-shaped, twisted parts of
trichomes, forming the abaxial
felt-like coverage. cf, cuticular
folds; gt, glandular trichome;
st, stomata; wp, epicuticular
crystalline wax platelets. See
Table 1 for morphometrics

trichomes, evenly distributed over the lamina, slightly undu-
lated epidermal cells, numerous stomata, cuticular folds
surrounding the stomata, and epicuticular crystalline wax
platelets.

Non-glandular trichomes on E. exaltatus were longer
and thicker than those on E. bannaticus (295 um, 31 pm,
and 144 pm, 29 pm, respectively; Table 1). Abaxial
glandular trichomes on E. sphaerocephalus were longer
and thicker (327 um, 41 pm) compared to abaxial non-
glandular trichomes on the surfaces of two other species.
However, adaxial glandular trichomes on E. sphaero-
cephalus had lengths and thicknesses that fell between the

@ Springer

cuticular folds
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glandular, biseriate, multicellular trichome. D Glandular, biseriate,
multicellular trichome with a four- to five-celled glandular head. E
Cuticular folds, superimposed with wax crystals on the epidermal
cell surface. See Table 1 for morphometrics, Table S1 and Figs. S2,
S3, S4 for the presence of various leaf surface characters in different
Echinops species and accessions

non-glandular trichomes of the other species. The highest
number of trichomes per unit area was observed on the
abaxial leaves of E. exaltatus and E. sphaerocephalus (10
and 9 trichomes mm™2, respectively), while the number
was lower on the abaxial leaves of E. bannaticus (3 tri-
chomes mm™2) and the adaxial leaves of E. exaltatus (5 tri-
chomes mm™2). The abaxial leaves of E. bannaticus had
the densest tomentous layer (59% covered area with dead,
twisted trichomes), followed by E. exaltatus (52%) and
E. sphaerocephalus (49%). The adaxial leaves of E. exal-
tatus and E. bannaticus were covered with cuticular folds
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and epicuticular crystalline wax platelets, whereas these
structures were absent on E. sphaerocephalus.

Tarsal morphology and attachment ability
of M. pygmaeus

The female body is approximately three times as long as
wide (3.2-1.1 mm), with a head width of 450 um, and its
legs measure 0.5-0.7 times the body length (Fig. 4A, B).
The fore, mid-, and hind legs measure 1.6, 1.7, and 2.2 mm
in length, respectively. Femora are the longest segments of
the leg, measuring between 807 and 942 um and exhibit the
largest aspect ratio (14—15). The tarsi are 7 to 9 times longer
(288446 um) than they are wide (43—56 um). The pretarsal
unguitractor plates bear paired, round, curved claws with
superficial longitudinal striae (inner and outer claw lengths
are 45 and 55 um, respectively) (Fig. 4C). The slightly
tapered claw tips (teeth) are 1.1 um long. Trapezium-shaped
pseudopulvilli arise at the claw base, and between these,
there are two setiform parempodia measuring 37.5 pm in
length. Fluorescence microscopy elucidated the presence
of the elastic protein resilin in the pseudopulvilli, as well
as in the connective arthrodial membrane at the claw base
and unguitractor plate, and the tip of the third tarsomere
(Fig. 4C). There is a stronger dorsal guard seta present on
the dorsal distal third tarsomere. The inner side of the claws
is sharp edged. The average diameter of a circle that fits

Fig.4 Light microscopic
images of Macrolophus pyg- A
\.‘_\ i

maeus. A, B Different body
postures and the positions

of legs influence the body-
substrate-distance on a fibrous
filter paper. C, D Lateral view
of the pretarsus under transmis-
sion light (C) and fluorescence
microscope (D) (background is
removed). The shiny blue areas
in (D) demonstrate the presence
of resilin in the pseudopulvilli,
the membranous areas sur-
rounding the unguitractor plate,
and the claw—tarsomere connec-
tion. cl, claw; gs, guard setae;
pa, parempodium; ps, pseudop-
ulvillus; ta, 3rd tarsomere; un,
unguitractor

the concavity of the claws is 15 um, with an overall claw
curvature of 35 pm.

The average body mass of female M. pygmaeus was
1.4+0.3 mg (mean+sd, n=10). These females generated
traction forces ranging from 164 to 636 uN, corresponding
to 12 to 47 times their body weight, on glass and leaves,
respectively. Notably, they demonstrated significantly
stronger attachment to leaves compared to glass (Figs. 5, 6,
Table S2). Force—time curves show similar plateaus on both
glass and E. sphaerocephalus (Fig. 5A, B), indicating that
the bugs maintained a steady force level for approximately
2 s. Differently, traction curves on E. exaltatus and E. ban-
naticus show several peaks, which are produced by actively
walking M. pygmaeus females during multiple short pulls
(Fig. 5C, D).

In general, bugs attached significantly more strongly
to the abaxial leaf surfaces of all three Echinops species
(Figs. 5, 6, Table 2). This observation is further supported
by normalised forces and safety factors, although the latter
results were not statistically proven (Figs. 6, S5, Tables S2,
S3). On abaxial leaves, the traction force was positively
related (linear regression) to the number of living trichomes
per unit area (R=0.6, R*=0.3, p=0.6) and negatively asso-
ciated with the thickness of dead, twisted trichomes (R=0.9,
R*=0.7, p=0.3) by trend. Moreover, the greater the abaxial
leaf area that was covered with tomentous, dead, twisted
trichomes, the higher the safety factor (R=1.0, R*=1.0,
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Fig.5 Force—time curves obtained during traction experiments with
Macrolophus pygmaeus females on glass (A) and adaxial and abax-
ial leaves of Echinops sphaerocephalus (B), E. exaltatus (C), and

p=0.08). No other relationships were found among the data
evaluated in this study.

Discussion
The plant surface

The Echinops plants examined exhibit highly complex,
three-dimensional growth and various surface structures
that differ in arrangement, shape, and dimension. Each spe-
cies has distinct plant habits and size. The leaf shape and
dimension also vary slightly between species and acces-
sions. For example, the narrow, delicately lobed leaves of
E. ritro ssp. ruthenicus have a smaller area compared to the
slightly larger leaves in E. exaltatus, medium-sized leaves in
E. bannaticus and broad-lobed leaves in E. sphaerocepha-
lus (Fig. S2). Reconsidering the micromorphological differ-
ences can help overcome the considerable macromorpho-
logical uniformity that complicates sectional classification
(Jager 1987). Differences in the presence and abundance

@ Springer

E. bannaticus (D). The inset in A illustrates the experimental setup.
Double arrows indicate a force plateau. Single arrows point to the
multiple force peaks

of various trichome types, epicuticular wax crystals, and
cuticular folds can be observed on the adaxial and abaxial
leaf surfaces among species and accessions (Figs. 3, S3, S4;
Table S1). All observed abaxial leaves of Echinops exhibit a
dense layer of tomentous trichomes; however, the percentage
of leaf area covered and the thickness of the trichomes vary
between species (Tables 1, S1). Multicellular, non-glandular
trichomes and irregularly dispersed epicuticular crystalline
wax plates are regularly found in E. ritro ssp. ruthenicus, E.
exaltatus, and E. bannaticus. In contrast, E. sphaerocepha-
lus largely lacks this trichome type and wax, instead being
predominantly covered with glandular trichomes, which are
mostly absent in other species. Interestingly, variations in
surface structures can also be detected between accessions
of the same species, a fact that requires further systematic
exploration.

Trichomes, which are common in this plant genus and
family, serve multiple functions, including reflecting radia-
tion, reducing water loss, providing insulation, preventing
heat loss, retaining nutrients, increasing boundary layer
thickness, minimising wind impact on energy budget, and
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on glass and Echinops leaves
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Table 2 Results obtained by a two-way analysis of variance (general
linear model) comparing the traction force of Macrolophus pygmaeus
females between Echinops species and leaf sides

Source of variation DF SS MS F P
Plant 2 0.03 0.01 0.41 0.67
Leaf side 1 0.21 0.21 6.47 0.01
Plant x leaf side 2 0.06 0.03 0.90 0.41
Residual 53 1.68 0.03

Total 58 1.97 0.03

DF, degree of freedom; SS, square sum; MS, mean square; F, F stat-
ics; P, probability value

E. bannaticus E. sphaerocephalus glass

Substrates

establishing a microclimate (Tsukaya et al. 2002; Aschen-
brenner et al. 2013; Li et al. 2022; Katinas 2025). They also
aid in dispersal through climbing and interlocking mecha-
nisms, such as hook-shaped or sticky structures (Johnson
1975; Press 1999).

Plant surface-bug interactions
A primary role of trichomes is defence, acting as both

physical and chemical barriers against herbivores. They
impose various nutritional, mechanical, and allelochemical
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constraints (Levin 1973; Price et al. 2011). The influence
of trichomes on arthropods, particularly families such as
Chrysomelidae, Aphididae, Aleurodidae, Cicadellidae,
Sphingidae, Noctuidae, and Tetranychidae, has mainly been
attributed to the presence of trichomes (Lee et al. 1986;
Haddad and Hicks 2000), their density (e.g. Fordyce and
Agrawal 2001; Kowalewski and Robinson 1978; Zvereva
et al. 1998; Rudgers et al. 2004), shape (Andres and Connor
2003), length (Hoxie et al. 1975; Hoffmann and McEvoy
1985; Dalin et al. 2004), and glandular function (e.g. Duffey
1986). Plant pubescence is known to affect various aspects
of arthropod population dynamics, including abundance,
mobility, oviposition, development, mortality, body mass,
behaviour, host—plant choice and acceptance, and overall
performance and fitness (e.g. Ringlund and Everson 1968;
Gibson 1971; Hoxie et al. 1975; Benedict et al. 1983; Rob-
erts and Foster 1983; Zvereva et al. 1998; Malakar and Tin-
gey 2000; Valverde et al. 2001; Ranger and Hower 2002;
Andres and Connor 2003). Research by Shanower et al.
(1996) indicated that a greater length of trichomes results
in fewer phytophagous insects. In addition, natural enemies
of these insects are often chemically repelled, leading to
increased searching and consumption times. Further studies
have shown that the walking speed, searching efficiency, and
encounter rates of Coccinellid larvae decrease on hairy plant
substrates (Shah 1980, 1982; Belcher and Thurston 1982;
Obrycki and Tauber 1984; Carter et al. 1984; Grevstad and
Klepetka 1992). The ladybird beetles themselves, along with
their integument, may be harmed by hook-shaped trichomes
(Putman 1955; Walters 1974; Dixon 1986; Quilici and Iperti
1986; Obrycki 1986; Eisner et al. 1998). Several species
of Chrysopidae are hindered by a highly dense pubescence
(Arzet 1972; Elsey 1974; Dos Santos et al. 2003; Simmons
and Gurr 2004, 2005). Predatory thrips have also been found
to become impaled by hooked trichomes (Sengonca and Ger-
lach 1984). Furthermore, parasitoids are frequently deterred
and harmed by the complex pubescence of plant surfaces
(Rabb and Bradley 1968; Keller 1987; Andow and Prokrym
1990; Kashyap et al. 1991; Jervis and Kidd 1996; Gingras
and Boivin 2002).

However, some arthropods, like the omnivorous preda-
tory mirid bugs M. pygmaeus, are not adversely affected
by trichomes (Perdikis and Lykouressis 1997, 2000, 2001;
Ter Horst 2000). The present study confirms that these bugs
prefer and perform better in pubescent terrains, likely due
to trichome characteristics. This preference, alongside the
provision of niches, shelters, and enemy-free spaces, may
help explain the high abundance of M. pygmaeus in Echi-
nops crops.

In related D. errans mirid bugs, longer and thicker (liv-
ing) trichomes resulted in higher traction forces. This find-
ing does not apply to M. pygmaeus, which generates lower
forces on thicker, dead, twisted trichomes. However, larger
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leaf areas covered with these types of trichomes tend to
correlate with higher safety factors, which is reflected in
significantly higher traction forces on abaxial leaves, where
the layer of tomentous trichomes, composed of dead twisted
trichomes, is predominant. Therefore, reliable footholds
could be another reason, in addition to microclimate and
shelter, why ‘thin-skinned’” mirid bugs are mostly found on
the undersides of leaves in fields.

Contrary to previous reports suggesting that high tri-
chome density can hinder insects in their prey search
(Belcher and Thurston 1982; Obrycki 1986; Kauffman and
Kennedy 1989; De Clercq 2008; Adedipe and Park 2012),
the number of trichomes per unit area is slightly positively
related to M. pygmaeus' traction force, while no relation
was found in studies with D. errans. The interspecific dif-
ferences in attachment ability may be attributed to morpho-
metric divergence. Comparisons of female traction forces
on glass turned out that, generally, larger mirid bug species
generate higher forces: 3.2-mm-long M. pygmaeus: 164 uN
(12.1 times body weight), 4.7-mm-long Dicyphus errans:
230 pN (6.1 times body weight), and 4.9-mm-long Pameri-
dea roridulae Reuter (Heteroptera, Miridae, Bryocorinae,
Dicyphini): 692 uN (47 times body weight) (Voigt et al.
2007; Voigt and Gorb 2010). It is noteworthy that the latter
species resides on the glandular hairy carnivorous plant Ror-
idula gorgonias Planch. (Roridulaceae), relying on a defence
strategy and possessing an anti-adhesive epicuticular layer,
which, along with its behaviour and strong traction, allows
it to navigate among sticky trichomes. In contrast, M. pyg-
maeus and D. errans maintain distance between the fragile
body and pubescent plant surfaces by using longer legs and
specialised claws. The body length-to-width ratio is lower in
the smaller M. pygmaeus (3.0) than in D. errans (3.9), cor-
responding to body length-to-leg length ratios of 0.9 and 0.5,
respectively (Wagner 1970; Voigt and Gorb 2010). Thus,
M. pygmaeus appears more compact, with relatively thicker
and shorter legs, leading to a shorter distance between its
body and the substrate. These physical characteristics may
affect the bug's ability to navigate plant surfaces, potentially
causing it to move less or more gently on glandular hairy
leaves (Fig. 5B) to avoid sticking. Additionally, M. pygmaeus
spends more time grooming on glandular substrates (Hillert
et al. 2002; Ter Horst 2000). Sarmah et al. (2019) noted that
these bugs tended to fall off leaves densely covered with
glandular trichomes, which could hinder their movement.
Similarly, for D. errans, the traction force has been shown
to decrease with increasing substrate adhesion force, and the
pretarsi became contaminated when walking over glandular
surfaces (Voigt et al. 2007). However, the Bryocorinae mirid
bugs may overcome the sticky plant substrate, unlike true
bug larvae from the family Anthocoridae, which have been
observed getting caught in hooked and glandular trichomes
(Evans 1976; Coll et al. 1997).
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On the surfaces of Echinops species, Macrolophus
mirid bugs produce mean traction forces ranging from 485
to 636 uN, which corresponds to 37—47 times their body
weight. In contrast, D. errans generates higher traction
forces on pubescent plants, ranging from 720 to 1213 uN,
but with lower safety factors (2 and 33). The claw shape
and dimension differ between the two mirid bug species:
M. pygmaeus has shorter claws (55 pum) with a round shape,
while D. errans has shepherd's-hook-shaped claws that are
75-pum-long (Southwood 1986; Voigt and Gorb 2010). Inter-
estingly, the diameter of the circle fitting the claw concavity
is similar in both species (15-16 um). However, M. pyg-
maeus lacks the pronounced, interlocking claw base found
in D. errans. This functional deficiency may be compensated
for by the obviously elastic distal part of the third tarsomere,
which has not been observed in other species so far, making
the tarsus—claw connection flexible and adaptable (Fig. 4D).

Similar to other arthropods, both mirid bug species face
challenges on glabrous and pruinose substrates, as indicated
by significantly lower traction forces on the waxy adaxial
Echinops leaf surfaces. Nevertheless, they can still achieve
reliable safety factors due to the presence of interspersed
trichomes, which may be advantageous for generating grip
(Figs. 5C, D, 6, Table 2). Previous research has shown that
crystalline waxy surfaces interfere with attachment in vari-
ous insect families, including Anthocoridae and Miridae
(Lauenstein 1976, 1980; Voigt et al. 2007), Chrysopidae
(Eigenbrode 2004), Coccinellidae (Eigenbrode et al. 2009),
and Chrysomelidae (Gorb and Gorb 2002), among others
(Stork 1980b; Jeftfree 1986; White and Eigenbrode 2000).
The combination of minor cuticular folds and superimposed
wax crystals on the adaxial leaves of E. exaltatus and E.
bannaticus poses particular challenges for honeybees and
green bottle flies regarding foothold (Briuer et al. 2017).
On these surfaces, insect claws are unable to interlock, and
adhesive pads are hindered by minimised contact, con-
tamination, or the formation of slippery films (Gorb and
Gorb 2002). Given that effective attachment significantly
correlates with ontogeny and prey consumption, which ulti-
mately influences fitness (Southwood 1986; Voigt 2002,
2005, 2019), it may explain why M. pygmaeus struggled
to control established aphid populations on predominantly
glabrous Capsicum annuum and perished before moulting
to adult (Messelink et al. 2015).

Conclusion

The mechanical interactions between plant surfaces and
the feet of M. pygmaeus are particularly relevant to biolog-
ical control, especially considering the predatory activity
of mirid bugs in croplands, such as fields and greenhouses
(Schewket Bey 1930; Geiler 1963; Kolbe and Bruns 1988;

Aviron et al. 2016; Saulich and Musolin 2019). This study
confirms the significance of insects' foothold on plant
substrates, as previously demonstrated for life history and
prey consumption in D. errans (Voigt 2019). When insects
make contact with plants, diverse traits of the plant sur-
faces meet diverse traits of the insect surfaces, leading to
a diversity of interactions based on the species involved.
These aspects should be thoroughly considered in future
studies and strategies related to biological control, as bio-
control agents are most effective when released onto suit-
able substrates. The ability of Bryocorinae mirid bugs to
navigate on glandular hairy plants makes them promising
predatory candidates for biological control of herbivores
on plant substrates, which are challenging for other natural
enemies.

The omnivorous lifestyle of predatory mirid bugs, such
as M. pygmaeus, implies complex interactions across mul-
tiple trophic levels as they serve as 'intermediate agents'
within food chains (Costanzi and Pini 1991; Benuzzi and
Mosti 1994; Alomar and Wiedenmann 1996; Eubanks
et al. 2003; Voigt 2019). This ecological role places mirid
bugs between predators sensu stricto and other entomopha-
gous arthropods such as parasitoids, thus stabilising eco-
system networks. This context must be carefully taken into
account when planning biological control, as 'intermediate
agents' function effectively when they are part of multispe-
cies communities.

The interactive role of plants in biological pest control
(Cortesero et al. 2000; Maselou et al. 2014) and the potential
of Echinops species as long-term habitats for mirid bugs
suggest their use as banker plants for sustained establish-
ment in commercial fields and greenhouses. The longer
crops are established, the higher the population density and
dispersal in cultivated areas, ultimately leading to increased
consumption rates (Agusti et al. 2020; S4nchez et al. 2021).
These findings stimulate long-term banker plant manage-
ment in agricultural systems, which can ensure the long-term
settlement and timely presence of natural enemies.

In summary, the ability of insects to attach, the char-
acteristics of plant surfaces, and the interactions at their
interface require more attention and further investigation.
Understanding these factors is crucial for assessing life his-
tory, prey consumption, and multitrophic plant—insect asso-
ciations in relation to evolution, ecology, and sustainable
pest management.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11829-025-10182-w.

Author contributions Dagmar Voigt contributed to conceptualisation,
data curation, formal analysis, investigation, methodology, resources,
software, validation, visualisation, writing—original draft, and writ-
ing—review and editing. Gert Horn contributed to resources and writ-
ing—review and editing. Stanislav Gorb was involved in methodology
and writing—review and editing.

@ Springer


https://doi.org/10.1007/s11829-025-10182-w

72 Page120f15

D. Voigt et al.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability All data needed to evaluate the conclusions in the
paper are present in the article and/or the Supplementary Materials.
Additional data related to this paper may be requested from the authors.

Declarations
Conflict of interest The authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Adedipe F, Park Y-L (2012) Effect of plant characteristics and within-
plant distribution of prey on colonisation efficiency of Cryprol-
aemus montrouzieri (Coleoptera: Coccinellidae) adults. Psyche.
https://doi.org/10.1155/2012/503543

Agusti N, Castafné C, Fraile I, Alomar O (2020) Development of a
PCR-based method to monitor arthropod dispersal in agroecosys-
tems: Macrolophus pygmaeus (Hemiptera: Miridae) from banker
plants to tomato crops. Insect Sci 27:1125-1134. https://doi.org/
10.1111/1744-7917.12717

Alomar O, Wiedenmann RN (eds) (1996) Zoophytophagous Heter-
optera: implications for life history and integrated pest manage-
ment. Thomas Say Publications in Entomology Entomological
Society of America, Landham

Andersen SO, Weis-Fogh T (1964) Resilin, a rubber-like protein in
arthropod cuticle. Adv Insect Physiol 2:1-65. https://doi.org/10.
1016/S0065-2806(08)60071-5

Andow DA, Prokrym DR (1990) Plant structural complexity and host-
finding by a parasitoid. Oecologia 82:62-165. https://doi.org//10.
1007/BF00323530

Andres MR, Connor EF (2003) The community-wide and guildspecific
effects of pubescence on the folivorous insects of manzanitas
Arctostaphylos spp. Ecol Entomol 28:383-396. https://doi.org/
10.1046/j.1365-2311.2003.00532.x

Arzet H-R (1972) Suchverhalten und Nahrungsverbrauch der Larven
von Chrysopa carnea Steph. Dissertation, Georg-August-Uni-
versitit, Gottingen, Germany, 93 pp

Aschenbrenner A-K, Horakh S, Spring O (2013) Linear glandular tri-
chomes of Helianthus (Asteraceae): morphology, localisation,
metabolite activity and occurrence. AoB Plants 5:plt028. https://
doi.org/10.1093/aobpla/plt028

Aviron S, Poggi S, Varennes YD, Lefevre A (2016) Local landscape
heterogeneity affects crop colonisation by natural enemies of
pests in protected horticultural cropping systems. Agr Ecosyst
Environ 227:1-10. https://doi.org/10.1016/j.agee.2016.04.013

@ Springer

Belcher DW, Thurston R (1982) Inhibition of movement of larvae of
the convergent lady beetle by leaf trichomes of tobacco. Environ
Entomol 11:91-94. https://doi.org/10.1093/ee/11.1.91

Benedict HJ, Leigh TF, Hyer AH (1983) Lygus hesperus (heteroptera:
miridae) oviposition behaviour, growth, and survival in rela-
tionship to cotton trichome density. Environ Entomol 12:331—
335. https://doi.org/10.1093/ee/12.2.331

Benuzzi M, Mosti M (1994) I miridi predatori di aleurodidi. Inf Fitopa-
tol 44:25-30

Betz O (2002) Performance and adaptive value of tarsal morphology
in rove beetles of the genus Stenus (Coleoptera, Staphylinidae). J
Exp Biol 205:1097-1114. https://doi.org/10.1242/jeb.205.8.1097

Bitew H, Hymete A (2019) The genus Echinops: phytochemistry and
biological activities: a review. Front Pharmacol 10:1234. https://
doi.org/10.3389/fphar.2019.01234

Bouagga S, Urbaneja A, Rambla JL, Flors V, Granell A, Jaques JA,
Pérez-Hedo M (2018) Zoophytophagous mirids provide pest
control by inducing direct defences, antixenosis and attraction
to parasitoids in sweet pepper plants. Pest Manag Sci 74:1286—
1296. https://doi.org/10.1002/ps.4838

Bouzabata A, Mahomoodally F, Tuberoso C (2018) Ethnophar-
macognosy of Echinops spinosus L. in North Africa: a mini
review. ] Comp Med Res 8:40-52. https://doi.org/10.5455/
jemr.20180318051853

Bréuer P, Neinhuis C, Voigt D (2017) Attachment of honeybees and
greenbottle flies to petal surfaces. Arthropod-Plant Interact
11:171-192. https://doi.org/10.1007/s11829-016-9478-0

Carter MC, Sutherland D, Dixon AFG (1984) Plant structure and the
searching efficiency of coccinellid larvae. Oecologia 63:394—
397. https://doi.org/10.1007/BF0039067 1

Cassis G (1984) A systematic study of the subfamily Dicyphinae
(Heteroptera: Miridae). Ph.D. thesis, Oregon State University,
USA

Coll M, Smith LA, Ridgway RL (1997) Effect of plants on the
searching efficiency of a generalist predator: the importance
of predator-prey spatial associations. Entomol Exp Appl 83:1—
10. https://doi.org/10.1046/j.1570-7458.1997.00151.x

Cortesero AM, Stapel JO, Lewis WJ (2000) Understanding manipu-
lating plant attributes to enhance biological control. Biol Con-
trol 17:35-49. https://doi.org/10.1006/bcon.1999.0777

Costanzi M, Pini S (1991) Ruolo di due miridi predatori nella difesa
delle colture ortofloricole. Colture Protette 11:49-53

Dalin P, Bjorkman C, Eklund K (2004) Leaf beetle grazing does not
induce willow trichome defence in the coppicing willow Salix
viminalis. Agr Forest Entomol 6:105-109. https://doi.org/10.
1111/j.1461-9555.2004.00211.x

De Backer L, Caparros Megido R, Haubruge E, Verheggen FJ (2014)
Macrolophus pygmaeus (Rambur) as an efficient predator of
the leafminer Tuta absoluta (Meyrick) in Europe. A review.
Biotechnol Agron Soc Environ 18:536-543

De Clercq P (2008) Predatory stink bugs (Hemiptera: Pentatomidae,
Asopinae). In: Capinera JL (ed) Encyclopedia of entomology.
Springer, Dordrecht. https://doi.org/10.1007/978-1-4020-6359-
6_3115

Dixon AFG (1986) Habitat specificity and foraging behaviour of
aphidophagous insects. In: Hodek I (ed) Ecology of Aphi-
dophaga. Proceedings of the 2nd symposium held at Zvikovské
Podhradi, September 2-8, 1984, Series Entomologica, vol 35,
pp 151-154

Dos Santos TM, Junior ALB, Soares JJ (2003) Influéncia de tricomas
do algodoeiro sobre os aspectos bioldgicos e capacidade pre-
datdria de Chrysoperla externa (Hagen) alimentada com Aphis
gossypii Glover. Bragantia 62(2):243-254. https://doi.org/10.
1590/S0006-87052003000200009

Duffey SS (1986) Plant glandular trichomes: their partial role in
defense against insects. In: Juniper B, Southwood R (eds) Insects


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2012/503543
https://doi.org/10.1111/1744-7917.12717
https://doi.org/10.1111/1744-7917.12717
https://doi.org/10.1016/S0065-2806(08)60071-5
https://doi.org/10.1016/S0065-2806(08)60071-5
https://doi.org//10.1007/BF00323530
https://doi.org//10.1007/BF00323530
https://doi.org/10.1046/j.1365-2311.2003.00532.x
https://doi.org/10.1046/j.1365-2311.2003.00532.x
https://doi.org/10.1093/aobpla/plt028
https://doi.org/10.1093/aobpla/plt028
https://doi.org/10.1016/j.agee.2016.04.013
https://doi.org/10.1093/ee/11.1.91
https://doi.org/10.1242/jeb.205.8.1097
https://doi.org/10.3389/fphar.2019.01234
https://doi.org/10.3389/fphar.2019.01234
https://doi.org/10.1002/ps.4838
https://doi.org/10.5455/jcmr.20180318051853
https://doi.org/10.5455/jcmr.20180318051853
https://doi.org/10.1007/s11829-016-9478-0
https://doi.org/10.1007/BF00390671
https://doi.org/10.1046/j.1570-7458.1997.00151.x
https://doi.org/10.1006/bcon.1999.0777
https://doi.org/10.1111/j.1461-9555.2004.00211.x
https://doi.org/10.1111/j.1461-9555.2004.00211.x
https://doi.org/10.1007/978-1-4020-6359-6_3115
https://doi.org/10.1007/978-1-4020-6359-6_3115
https://doi.org/10.1590/S0006-87052003000200009
https://doi.org/10.1590/S0006-87052003000200009

The globe thistle habitat and attachment of Macrolophus pygmaeus on leaves of three Echinops. .. species

Page 130f 15 72

and the plant surface. Edward Arnold Publishers, London, pp
151-172

Ebrahimi M, Mahdian K, Clercq De (2018) Life-history parameters and
predation capacity of Macrolophus pygmaeus and Nesidiocoris
tenuis (Hemiptera: Miridae) on eggs of Plutella xylostella (Lepi-
doptera: Plutellidae). Agric Forest Entomol 21:50-57. https://doi.
org/10.1111/afe.12302

Eigenbrode SD (2004) The effects of plant epicuticular waxy blooms
on attachment and effectiveness of predatory insects. Arthr Struct
Dev 33:91-102. https://doi.org/10.1016/j.asd.2003.11.004

Eigenbrode SD, Snyder WE, Clevenger G, Ding H, Gorb SN (2009)
Variable attachment to plant surface waxes by predatory insects.
In: Gorb SN (ed) Functional surfaces in biology, vol 2, pp
157-181

Eisner T, Eisner M, Hoebeke ER (1998) When defense backfires: detri-
mental effect of a plant’s protective trichomes on an insect benefi-
cial to the plant. Proc Natl Acad Sci USA 95:4410-4414. https://
doi.org/10.1073/pnas.95.8.4410

Elsey KD (1974) Influence of plant host on searching speed of two
predators. Entomophaga 19:3-6. https://doi.org/10.1007/
BF02371503

Eubanks MD, Styrsky JD, Denno RE (2003) The evolution of
omnivory in heteropteran insects. Ecology 84:2549-2556.
https://doi.org/10.1890/02-0396

Evans HF (1976) Mutual interference between predatory anthocorids.
Ecol Entomol 1:283-286. https://doi.org/10.1111/j.1365-2311.
1976.tb01234.x

Fabig I (2007) Die Niederschlags- und Starkregenentwicklung der
letzten 100 Jahre im Mitteldeutschen Trockengebiet als Indi-
katoren moglicher Klimaidnderungen. Ph.D. thesis, Naturwis-
senschaftliche Fakultit III, Martin-Luther-Universitit Halle-
Wittenberg, Germany.

Fatinou AA, Perdikis DC, Maselou DA, Lambropoulos PD (2008)
Prey killing without consumption: does Macrolophus pyg-
maeus show adaptive foraging behaviour? Biol Control
47:187-193. https://doi.org/10.1016/j.biocontrol.2008.08.004

Fordyce JA, Agrawal AA (2001) The role of plant trichomes and
caterpillar group size on growth and defence of the pipevine
swallowtail Battus philenor.J Anim Ecol 70:997-1005. https://
doi.org/10.1046/J.0021-8790.2001.00568.X

Geiler H (1963) Artenlisten der Wanzen und Zikaden von Feldern
sowie deren Abundanz und Aktivitédtsdichte wihrend einzelner
Jahre mit unterschiedlichem Witterungsverlauf. Wiss Z Tech
Univ Dres 12:543-549

Gibson RW (1971) Glandular hairs providing resistance to aphids in
certain wild potato species. Ann Appl Biol 68:113-119. https://
doi.org/10.1111/j.1744-7348.1971.tb06448.x

Gingras D, Boivin G (2002) Effect of plant structure, host density
and foraging duration on host finding by Trichogramma evane-
scens (Hymenoptera: Trichogrammatidae). Environ Entomol
31:1153-1157. https://doi.org/10.1603/0046-225X-31.6.1153

Gorb SN (1999) Serial elastic elements in the damselfly wing:
mobile vein joints contain resilin. Naturwiss 86:552-555.
https://doi.org/10.1007/s001140050674

Gorb EV, Gorb SN (2002) Attachment ability of the beetle Chryso-
lina fastuosa on various plant surfaces. Entomol Exp Appl
105:13-28. https://doi.org/10.1046/j.1570-7458.2002.01028.x

Grevstad FS, Klepetka BW (1992) The influence of plant architec-
ture on the foraging efficiencies of a suite of ladybird beetles
feeding on aphids. Oecologia 92:399-404. https://doi.org/10.
1007/BF00317466

Haddad NM, Hicks WM (2000) Host pubescence and the behavior
and performance of the butterfly Papilio troilus (Lepidoptera:
Papilionidae). Environ Entomol 29:299-303. https://doi.org/
10.1093/ee/29.2.299

Hillert O, Jéackel B, Plate H-P (2002) Macrolophus pygmaeus (Ram-
bur 1839) (Heteroptera, Miridae)—ein interessanter Niitzling
im biologischen Pflanzenschutz. Gesunde Pflanzen 54:66-73

Hoffmann GD, McEvoy PB (1985) The mechanism of trichome
resistance in Anaphalis margaritacea to the meadow spittlebug
Philaenus spumarius. Entomol Exp Appl 39:123-129. https://
doi.org/10.1111/j.1570-7458.1985.tb03552.x

Horn G (2007) Entwicklung eines Produktionsverfahrens fiir die
Grofle Kugeldistel (Echinops sphaerocephalus L.). Project
Report, Zappendorf, Germany

Horn G, Kupfer A, Kalbitz J, Gerdelbracht H-J, Kluge H, Eder K,
Driger B (2008) Great globe thistle fruit (Echinops sphaero-
cephalus L.), a potential new oil crop. Eur J Lipid Sci Technol
110:662-667. https://doi.org/10.1002/ej1t.200700142

Hoxie RP, Wellso SG, Webster JA (1975) Cereal leaf beetle response
to wheat trichome length and density. Environ Entomol 4:365—
370. https://doi.org/10.1093/ee/4.3.365

Jager EJ (1987) Arealkarten der Asteraceen-Tribus als Grundlage
der okogeographischen Sippencharakteristik. Bot Jahrb Syst
108:481-497

Jeffree CF (1986) The cuticle, epicuticular waxes and trichomes of
plants, with reference to their structure, functions and evolution.
In: Juniper B, Southwood R (eds) Insects and the plant surface.
Edward Arnold Publishers, London, pp 23-64

Jervis M, Kidd N (1996) Insect natural enemies. Practical approaches
to their study and evaluation. Chapman & Hall, London

Johnson HB (1975) Plant pubescence: an ecological perspective. Bot
Rev 41:233-258. https://doi.org/10.1007/BF02860838

Kashyap RK, Kennedy GG, Farrar RR Jr. (1991) Behavioral response
of Trichogramma pretiosum Riley and Telenomus sphingis (Ash-
mead) to trichome/methyl ketone mediated resistance in tomato.
J Chem Ecol 17:543-556. https://doi.org/10.1007/BF00982125

Katinas L (2025) Trichomes in Asteraceae: names standardisation and
a unified classification. Bot Rev 91:1-50. https://doi.org/10.1007/
$12229-024-09311-6

Kauffman WC, Kennedy GG (1989) Relationship between trichome
density in tomato and parasitism of Heliothis spp. (Lepidoptera:
Noctuidae) eggs by Trichogramma spp. (Hymenoptera: Tricho-
grammatidae). Environ Entomol 18:698-704. https://doi.org/10.
1093/ee/18.4.698

Keller MA (1987) Influence of leaf surfaces on movements by the
hymenopterous parasitoid Trichogramma exiguum. Entomol Exp
Appl 43:55-59. https://doi.org/10.1111/j.1570-7458.1987.tb022
02.x

Kohler G, Hanke D (2005) Einsatz von Weichwanzen in Kriutern.
Schriftenreihe des Landesamts Fiir Umwelt, Landwirtschaft und
Geologie 6:1-53

Kolbe W, Bruns A (1988) Insekten und Spinnen in Land- und Gar-
tenbau. Pflanzenbau/ Pflanzenschutz, Heft 25, Rhein. Land-
wirtschaftverlag, Bonn

Kowalewski E, Robinson RW (1978) White fly species resistance in
Cucumis species. Cucurbit Genet Coop Rep 1:38

Lauenstein G (1976) Untersuchungen zu Biologie und Verhaltens-
weisen der riauberischen Blumenwanze Anthocoris nemorum L.
(Het.: Anthocoridae). Ph.D. thesis, G.-August-Universitidt Got-
tingen, Germany

Lauenstein G (1980) Zum Suchverhalten von Anthocoris nemorum L.
(Het. Anthocoridae). Ztschr Angew Entomol 89:428-442. https://
doi.org/10.1111/j.1439-0418.1980.tb03485.x

Lee YI, Kogan M, Larsen JR Jr (1986) Attachment of the potato leaf-
hopper to soybean plant surfaces as affected by morphology of
the pretarsus. Entomol Exp Appl 42:101-107. https://doi.org/10.
1111/5.1570-7458.1986.tb01009.x

Leman A, Ingegno BL, Tavella L, Janssen A, Messelink GJ (2020)
The omnivorous predator Macrolophus pygmaeus, a good can-
didate for the control of both greenhouse whitefly and poinsettia

@ Springer


https://doi.org/10.1111/afe.12302
https://doi.org/10.1111/afe.12302
https://doi.org/10.1016/j.asd.2003.11.004
https://doi.org/10.1073/pnas.95.8.4410
https://doi.org/10.1073/pnas.95.8.4410
https://doi.org/10.1007/BF02371503
https://doi.org/10.1007/BF02371503
https://doi.org/10.1890/02-0396
https://doi.org/10.1111/j.1365-2311.1976.tb01234.x
https://doi.org/10.1111/j.1365-2311.1976.tb01234.x
https://doi.org/10.1016/j.biocontrol.2008.08.004
https://doi.org/10.1046/J.0021-8790.2001.00568.X
https://doi.org/10.1046/J.0021-8790.2001.00568.X
https://doi.org/10.1111/j.1744-7348.1971.tb06448.x
https://doi.org/10.1111/j.1744-7348.1971.tb06448.x
https://doi.org/10.1603/0046-225X-31.6.1153
https://doi.org/10.1007/s001140050674
https://doi.org/10.1046/j.1570-7458.2002.01028.x
https://doi.org/10.1007/BF00317466
https://doi.org/10.1007/BF00317466
https://doi.org/10.1093/ee/29.2.299
https://doi.org/10.1093/ee/29.2.299
https://doi.org/10.1111/j.1570-7458.1985.tb03552.x
https://doi.org/10.1111/j.1570-7458.1985.tb03552.x
https://doi.org/10.1002/ejlt.200700142
https://doi.org/10.1093/ee/4.3.365
https://doi.org/10.1007/BF02860838
https://doi.org/10.1007/s12229-024-09311-6
https://doi.org/10.1007/s12229-024-09311-6
https://doi.org/10.1093/ee/18.4.698
https://doi.org/10.1093/ee/18.4.698
https://doi.org/10.1111/j.1570-7458.1987.tb02202.x
https://doi.org/10.1111/j.1570-7458.1987.tb02202.x
https://doi.org/10.1111/j.1439-0418.1980.tb03485.x
https://doi.org/10.1111/j.1439-0418.1980.tb03485.x
https://doi.org/10.1111/j.1570-7458.1986.tb01009.x
https://doi.org/10.1111/j.1570-7458.1986.tb01009.x

72 Page 140f 15

D. Voigt et al.

thrips on gerbera plants. Insect Sci 27:510-518. https://doi.org/
10.1111/1744-7917.12655

Lemanski K, Herz A (2025) Commercial availability of invertebrate
biological control agents targeting plant pests in Germany. J Plant
Dis Prot 132:67. https://doi.org/10.1007/s41348-024-01046-1

Levin DA (1973) The role of trichomes in plant defense. Quart Rev
Biol 48:3-15

Li C, Mo Y, Wang N, Xing L, Qu Y, Chen Y, Yuan Z, Ali A, Qi
J, Fernandez V, Wang V, Kopittke PM (2022) The overlooked
functions of trichomes: water absorption and metal detoxica-
tion. Plant Cell Environ 46:669-687. https://doi.org/10.1111/
pce.14530

Lykouressis D, Perdikis D, Michaliki M (2001) Nymphal development
and survival of Macrolophus pygmaeus Rambur (Hemiptera:
Miridae) on two eggplant varieties as affected by temperature
and presence/absence of prey. Biol Control 20:222-227. https://
doi.org/10.1006/bcon.2000.0888

Lykouressis DP, Perdikis DC, Gaspari MD (2007) Prey preference and
biomass consumption of Macrolophus pygmaeus (Hemiptera:
Miridae) fed Myzus persicae and Macrosiphum euphorbiae
(Hemiptera: Aphididae). Eur J Entomol 104:199-204. https://
doi.org/10.14411/eje.2007.031

Lykouressis DP, Perdikis DC, Konstantinou AD (2009) Predation
rates of Macrolophus pygmaeus (Hemiptera: Miridae) on dif-
ferent densities of eggs and nymphal instars of the greenhouse
whitefly Trialeurodes vaporariorum (Homoptera: Aleyrodidae).
Entomol Gen 32:105-112. https://doi.org/10.1127/entom.gen/32/
2009/105

Malakar R, Tingey WM (2000) Glandular trichomes of Solanum
berthaultii and its hybrids with potato deter oviposition and
impair growth of potato tuber moth. Entomol Exp Appl 94:249—
257. https://doi.org/10.1046/j.1570-7458.2000.00627.x

Mardzhanjan GM, Ustjan AK (1965) Integrating control of the aphid
Myzodes persicae Sulz. (homoptera, aphididae) on tobacco. Ent
Ob 44:755-761

Maselou DA, Perdikis DC, Sabelis MW, Fantinou AA (2014) Use of
plant resources by an omnivorous predator and the consequences
for effective predation. Biol Control 79:92—100. https://doi.org/
10.1016/j.biocontrol.2014.09.002

Messelink GJ, Bloemhard CMJ, Hoogerbrugge H, van Schelt J,
Ingegno BL, Tavella L (2015) Evaluation of mirid predatory
bugs and release strategy for aphid control in sweet pepper. J
Appl Entomol 139:333-341. https://doi.org/10.1111/jen.12170

Obrycki JJ, Tauber MJ (1984) Natural enemy activity on glandular
pubescent potato plants in the greenhouse: an unreliable predic-
tor of effects in the field. Environ Entomol 13:679-683. https://
doi.org/10.1093/ee/13.3.679

Obrycki JJ (1986) The influence of foliar pubescence on entomopha-
gous species. In: Boerthel DJ, Eikenbarry RD (eds) Interactions
of plant resistance and parasitoids and predators of insects.
Wiley, New York, p 200

Perdikis DC, Lykouressis DP (1997) Rate of development and mortal-
ity of nymphal stages of the predator Macrolophus pygmaeus
Rambur feeding on various prey and host plants. Bull SROP
20:241-248

Perdikis DC, Lykouressis DP (2000) Effects of various items, host
plants, and temperatures on the development and survival of
Macrolophus pygmaeus Rambur (Hemiptera: Miridae). Biol
Control 17:55-60. https://doi.org/10.1006/bcon.1999.0774

Perdikis DC, Lykouressis DP (2001) Nymphal development and sur-
vival of Macrolophus pygmaeus Rambur (Heteroptera, Miridae)
on two eggplant varieties as affected by temperature and pres-
ence/absence of prey. Biol Control 20:222-227. https://doi.org/
10.1006/bcon.2000.0888

@ Springer

Perdikis DC, Lykouressis DP (2002) Life table and biological charac-
teristics of Macrolophus pygmaeus when feeding Myzus persicae
and Trialeurodes vaporariorum. Entomol Exp Appl 102:261—
272. https://doi.org/10.1046/j.1570-7458.2002.00947 .x

Perdikis DC, Lykouressis DP (2003) Aphis gossypii (Hemiptera:
Aphididae) as a factor inhibiting the survival and population
increase of the predator Macrolophus pygmaeus (Hemiptera:
Miridae) on cucumber. Eur J Entomol 100:501-508. https://doi.
org/10.14411/eje.2003.077

Press MC (1999) The functional significance of leaf structure: a search
for generalisations. New Phytol 143:213-219. https://doi.org/10.
1046/j.1469-8137.1999.00432.x

Price PW, Denno RF, Eubanks MD, Finke DL, Kaplan I (2011) Insect
ecology: behaviour, populations and communities. Cambridge
University Press

Putman WL (1955) Bionomics of Stethorus punctillum Weise (Coleop-
tera: Coccinellidae) in Ontario. Can Entomol 86:9-33. https://
doi.org/10.4039/Ent879-1

Quilici S, Iperti G (1986) The influence of host plant on the searching
ability of first instar larvae of Propylea quadrodecimpunctata.
In: Hodek I (ed) Ecology of Aphidophaga. Ser Entomol, vol 35,
pp 99-111

Rabb RL, Bradley JR (1968) The influence of host plants on parasitism
of eggs of the tobacco hornworm. J Econ Entomol 61:1249—
1252. https://doi.org/10.1093/jee/61.5.1249

Ramzi S, Madahi K, Lotfollahy P, Azimi S (2022) Does host plant
affect egg predation of two spotted spider mite by Macrolophus
pygmaeus (Hemiptera: Miridae)? Persian J Acarol 11:309-322.
https://doi.org/10.22073/pja.v11i2.69049

Ranger CM, Hower AA (2002) Glandular trichomes on perennial
alfalfa affect host-selection behavior of Empoasca fabae. Ento-
mol Exp Appl 105:71-81. https://doi.org/10.1046/j.1570-7458.
2002.01035.x

Ringlund K, Everson EH (1968) Leaf pubescence in common wheat,
Triticum aestivum L., and resistance to the cereal leaf beetle,
Oulema melanopus (L.). Crop Sci 8:705-710. https://doi.org/10.
2135/cropscil 968.0011183X000800060019x

Roberts JJ, Foster JE (1983) Effect of leaf pubescence in wheat on the
bird cherry oak aphid (Homoptera: Aphidae). J Econ Entomol
76:1320-1322. https://doi.org/10.1093/jee/76.6.1320

Rudgers JA, Strauss SY, Wendel JF (2004) Trade-offs among antiherbi-
vore resistance traits: insights from Gossypieae (Malvaceae). Am
J Bot 91:871-880. https://doi.org/10.3732/ajb.91.6.871

Sanchez JA, Lépez-Gallego E, Pérez-Marcos M, Perera-Fernandez LG,
Ramirez-Soria MJ (2018) How safe is it to rely on Macrolophus
pygmaeus (Hemiptera: Miridae) as a biocontrol agent in tomato
crops? Front Ecol Evol 6:132. https://doi.org/10.3389/fevo.2018.
00132

Sanchez JA, Lopez-Gallego E, Pérez-Marcos M, Perera-Fernandez
L (2021) The effect of banker plants and pre-plant release on
the establishment and pest control of Macrolophus pygmaeus in
tomato greenhouses. J Pest Sci 94:297-307. https://doi.org/10.
1007/s10340-020-01257-z

Sarmah N, Devee A, Perdikis D (2019) Macrolophus pygmaeus
(Hemiptera: Miridae) foraging on tomato leaves from different
plant strata. Phytoparasitica 47:663-670. https://doi.org/10.1007/
$12600-019-00759-6

Saulich AK, Musolin DL (2019) Seasonal development of plant bugs
(Heteroptera, Miridae): subfamily Bryocorinae. Entomol Rev
99:275-291. https://doi.org/10.1134/S0013873819030011

Schewket Bey N (1930) Zur Biologie der phytophagen Wanze Dicy-
phus errans Wolff (Capsidae). Z Insbiol 25:179-183

Schuh RT (1976) Pretarsal structure in the Miridae (Hemiptera) with
a cladistic analysis of relationships within the family. Am Mus
Novit 2601:1-39


https://doi.org/10.1111/1744-7917.12655
https://doi.org/10.1111/1744-7917.12655
https://doi.org/10.1007/s41348-024-01046-1
https://doi.org/10.1111/pce.14530
https://doi.org/10.1111/pce.14530
https://doi.org/10.1006/bcon.2000.0888
https://doi.org/10.1006/bcon.2000.0888
https://doi.org/10.14411/eje.2007.031
https://doi.org/10.14411/eje.2007.031
https://doi.org/10.1127/entom.gen/32/2009/105
https://doi.org/10.1127/entom.gen/32/2009/105
https://doi.org/10.1046/j.1570-7458.2000.00627.x
https://doi.org/10.1016/j.biocontrol.2014.09.002
https://doi.org/10.1016/j.biocontrol.2014.09.002
https://doi.org/10.1111/jen.12170
https://doi.org/10.1093/ee/13.3.679
https://doi.org/10.1093/ee/13.3.679
https://doi.org/10.1006/bcon.1999.0774
https://doi.org/10.1006/bcon.2000.0888
https://doi.org/10.1006/bcon.2000.0888
https://doi.org/10.1046/j.1570-7458.2002.00947.x
https://doi.org/10.14411/eje.2003.077
https://doi.org/10.14411/eje.2003.077
https://doi.org/10.1046/j.1469-8137.1999.00432.x
https://doi.org/10.1046/j.1469-8137.1999.00432.x
https://doi.org/10.22073/pja.v11i2.69049
https://doi.org/10.1046/j.1570-7458.2002.01035.x
https://doi.org/10.1046/j.1570-7458.2002.01035.x
https://doi.org/10.2135/cropsci1968.0011183X000800060019x
https://doi.org/10.2135/cropsci1968.0011183X000800060019x
https://doi.org/10.1093/jee/76.6.1320
https://doi.org/10.3732/ajb.91.6.871
https://doi.org/10.3389/fevo.2018.00132
https://doi.org/10.3389/fevo.2018.00132
https://doi.org/10.1007/s10340-020-01257-z
https://doi.org/10.1007/s10340-020-01257-z
https://doi.org/10.1007/s12600-019-00759-6
https://doi.org/10.1007/s12600-019-00759-6
https://doi.org/10.1134/S0013873819030011

The globe thistle habitat and attachment of Macrolophus pygmaeus on leaves of three Echinops. .. species

Page 150f 15 72

Seidenstiicker G (1967) Eine Phyline mit Dicyphus-Kralle (Heterop-
tera, Miridae). Reichenbachia 8:215-220

Sengonca C, Gerlach S (1984) Einfluss der Blattoberflache auf die
Wirksamkeit des rauberischen Thrips, Scolothrips longicornis
(Thysan.: Thripidae). Entomophaga 29:55-61. https://doi.org/
10.1007/BF02372209

Shah MA (1980) Beutesuchverhalten von Coccinelliden. Dissertation,
Universitdt Hohenheim, Germany

Shah MA (1982) The influence of plant surfaces on the searching
behaviour of coccinellid larvae. Entomol Exp Appl 31:377-
380. https://doi.org/10.1111/j.1570-7458.1982.tb03163.x

Shanower TG, Romeis J, Peter AJ (1996) Pigeonpea plant trichomes:
Multiple trophic level interactions. In: Ananthakrishnan TN (ed)
Biotechnological perspectives in chemical ecology of insects.
Oxford & IBH, New Delhi, pp 76-88

Shukla YN (2003) Chemical, botanical and pharmacological stud-
ies on the genus Echinops: a review. ] Med Aromat Plant Sci
25:720-732

Simmons AT, Gurr GM (2004) Trichome-based host plant resistance of
Lycopersicon species and the biocontrol agent Mallada signata:
are they compatible? Entomol Exp Appl 113:95-101. https://doi.
org/10.1111/5.0013-8703.2004.00210.x

Simmons AT, Gurr GM (2005) Trichomes of Lycopersicon species and
their hybrids: effects on pests and natural enemies. Agr Forest
Entomol 7:265-276. https://doi.org/10.1111/j.1461-9555.2005.
00271.x

Southwood R (1986) Plant surfaces and insects-an overview. In: Juni-
per B, Southwood R (eds) Insects and the plant surface. Edward
Arnold Publishers, London, pp 1-22

Stork NE (1980a) Experimental analysis of adhesion of Chrysolina
polita (Chrysomelidae: Coleoptera) on a variety of surfaces. J
Exp Biol 88:91-107. https://doi.org/10.1242/jeb.88.1.91

Stork NE (1980b) Role of wax blooms in preventing attachment to
brassicas by the mustard beetle, Phaedon cochleariae. Entomol
Exp Appl 28:100-107. https://doi.org/10.1111/j.1570-7458.
1980.tb02992.x

Ter Horst S (2000) Einfluss verschiedener Temperaturen, Wirtspflanzen
und Beutetiere auf die Entwicklung von Macrolophus pygmaeus
Rambur (Heteroptera: Miridae). Diploma thesis, Department of
Horticulture, Institute of Plant protection and Plant Diseases,
Leibniz Universitit Hannover, Germany

Tsukaya H, Fujikawa K, Wu S-G (2002) Thermal insulation and
accumulation of heat in the downy inflorescences of Saussurea
medusa (Asteraceae) at high elevation in Yunnan, China. J Plant
Res 115:263-268. https://doi.org/10.1007/s10265-002-0030-1

Urbaneja A, Gonzélez-Cabrera J, Arné J, Gabarra R (2012) Prospects
for the biological control of Tuta absoluta in tomatoes of the
Mediterranean basin. Pest Manag Sci 68:1215-1222. https://doi.
org/10.1002/ps.3344

Valverde PL, Fornoni J, Nunez-Farfan J (2001) Defensive role
of leaf trichomes in resistance to herbivorous insects in
Datura stramonium. J Evol Biol 14:424-432. https://doi.
org/10.1046/j.1420-9101.2001.00295.x

Van Lenteren JC (2012) The state of commercial augmentative bio-
logical control: plenty of natural enemies, but a frustrating
lack of uptake. Biocontrol 57:1-20. https://doi.org/10.1007/
$10526-011-9395-1

Verheggen FJ, Capella Q, Schwartzberg EG, Voigt D, Haubruge
E (2009) Tomato-aphid-hoverfly: a tritrophic interaction

incompatible for pest management. Arthropod-Plant Interact
3:141-149. https://doi.org/10.1007/s11829-009-9065-8

Voigt D (2002) Untersuchungen zur Biologie der riduberischen
Weichwanze Dicyphus errans Wolff, insbesondere zum Beu-
tetierspektrum und zur Wirtspflanzenpriferenz im Botanischen
Garten der TU Dresden. Diploma thesis, Institute of Silviculture
and Forest Protection, Technische Universitidt Dresden, Germany

Voigt D (2005) Untersuchungen zur Morphologie, Biologie und
Okologie der riuberischen Weichwanze Dicyphus errans Wolff
(Heteroptera, Miridae, Bryocorinae). Ph.D. Thesis, TU Dres-
den, Germany. https://webdoc.sub.gwdg.de/ebook/dissts/Dresd
en/Voigt2005.pdf

Voigt D (2019) Foothold matters: attachment on plant surfaces pro-
motes the vitality of omnivorous mirid bugs Dicyphus errans.
Arthropod-Plant Interact 13:819-834. https://doi.org/10.1007/
s11829-019-09716-w

Voigt D, Gorb S (2010) Locomotion in a sticky terrain. Arthropod-Plant
Interact 4:69-79. https://doi.org/10.1007/s11829-010-9088-1

Voigt D, Gorb E, Gorb S (2007) Plant surface-bug interactions: Dicy-
phus errans stalking along trichomes. Arthropod-Plant Interact
1:221-243. https://doi.org/10.1007/s11829-007-9021-4

Wachmann E, Melber A, Deckert J (2004) Wanzen. Band 2, Cimico-
morpha. Goecke Evers, Keltern

Wagner E (1952) Blindwanzen oder Miriden. Die Tierwelt
Deutschlands und der angrenzenden Meeresteile nach ihren
Merkmalen und nach ihrer Lebensweise, 41. Teil, Verlag von
Gustav Fischer, Jena

Wagner E (1955) Bemerkungen zum System der Miridae (Hemiptera,
Heteroptera). Dtsch Entomol Z 2:230-242

Wagner E (1970) Die Miridae Hahn, 1831, des Mittelmeerraumes und
der Makaronesischen Inseln (Hemiptera, Heteroptera). Entomol
Abh 37:1-272

Walter E (1991) Zum Vorkommen und zur Verbreitung der Kugeldistel
Gattung Echinops in Oberfranken, vol LXVI. Ber Naturforschd
Gesell Bamberg, pp 17-47

Walters PJ (1974) A method for culturing Stethorus spp. (Coleoptera:
Coccinellidae) on Tetranychus urticae (Koch) (Acarina: Tetra-
nychidae). J Aust Entomol Soc 13:245-246

White C, Eigenbrode SD (2000) Leaf surface waxbloom in Pisum sati-
vum influences predation and intra-guild interactions involving
two predator species. Oecologia 124:252-259. https://doi.org/
10.1007/s004420000374

Zappala L, Biondi A, Alma A, Al-Jboory 1J, Arn6 J, Bayram A et al
(2013) Natural enemies of the South American moth, Tuta abso-
luta, in Europe, North Africa and Middle East, and their potential
use in pest control strategies. J Pest Sci 86:635-647. https://doi.
0rg/10.1007/s10340-013-0531-9

Zvereva EL, Kozlov MV, Niemeld P (1998) Effects of leaf pubescence
in Salix borealis on host-plant choice and feeding behaviour of
the leaf beetle, Melasoma lapponica. Entomol Exp Appl 89:297—
303. https://doi.org/10.1046/j.1570-7458.1998.00412.x

Zybulskaja GN, Kryschanowskaja TW (1980) Perspektivische
Entomophage. Zashita Rastenii 10:23

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

@ Springer


https://doi.org/10.1007/BF02372209
https://doi.org/10.1007/BF02372209
https://doi.org/10.1111/j.1570-7458.1982.tb03163.x
https://doi.org/10.1111/j.0013-8703.2004.00210.x
https://doi.org/10.1111/j.0013-8703.2004.00210.x
https://doi.org/10.1111/j.1461-9555.2005.00271.x
https://doi.org/10.1111/j.1461-9555.2005.00271.x
https://doi.org/10.1242/jeb.88.1.91
https://doi.org/10.1111/j.1570-7458.1980.tb02992.x
https://doi.org/10.1111/j.1570-7458.1980.tb02992.x
https://doi.org/10.1007/s10265-002-0030-1
https://doi.org/10.1002/ps.3344
https://doi.org/10.1002/ps.3344
https://doi.org/10.1007/s10526-011-9395-1
https://doi.org/10.1007/s10526-011-9395-1
https://doi.org/10.1007/s11829-009-9065-8
https://webdoc.sub.gwdg.de/ebook/dissts/Dresden/Voigt2005.pdf
https://webdoc.sub.gwdg.de/ebook/dissts/Dresden/Voigt2005.pdf
https://doi.org/10.1007/s11829-019-09716-w
https://doi.org/10.1007/s11829-019-09716-w
https://doi.org/10.1007/s11829-010-9088-1
https://doi.org/10.1007/s11829-007-9021-4
https://doi.org/10.1007/s004420000374
https://doi.org/10.1007/s004420000374
https://doi.org/10.1007/s10340-013-0531-9
https://doi.org/10.1007/s10340-013-0531-9
https://doi.org/10.1046/j.1570-7458.1998.00412.x

	The globe thistle habitat and attachment of Macrolophus pygmaeus on leaves of three Echinops species
	Abstract
	Introduction
	Materials and methods
	Plants and bugs
	Imaging
	Force measurements

	Results
	The Echinops plant surface
	Tarsal morphology and attachment ability of M. pygmaeus

	Discussion
	The plant surface
	Plant surface–bug interactions

	Conclusion
	References




