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Abstract
Generalist predators are increasingly used in biological pest control for greenhouse crops, as they control multiple pests and 
persist in crops even when prey is scarce. However, some of these predators may cause plant damage due to their omnivorous 
feeding behaviour. In many European regions, the omnivorous predator Nesidiocoris tenuis (Reuter) (Hemiptera: Miridae) is 
considered to be a serious tomato pest, regardless of the biological control services it offers, and integrated pest management 
(IPM) strategies are based instead on Macrolophus pygmaeus (Rambur). However, as N. tenuis may competitively displace 
M. pygmaeus and cause severe damage, growers often resort to pesticide use, disrupting their biological control practice. 
In this study, we evaluated the competitive interactions of three mirid predators, Dicyphus errans Wolff, Dicyphus bolivari 
Lindberg, and Dicyphus cerastii Wagner, with N. tenuis. The results showed that pre-establishment of heterospecific mirid 
species can successfully suppress N. tenuis in the greenhouse; population growth was reduced by more than 90% compared to 
plants without competing predators. Further laboratory trials revealed reciprocal intraguild predation between these species 
in the absence of extraguild prey. Dicyphus adults predated on N. tenuis nymphs, while this was not found for M. pygmaeus. 
In olfactometer bioassays, N. tenuis females preferred plants previously exposed to heterospecifics but not conspecifics, sug-
gesting that this mirid does not avoid competition. These results suggest that the three Dicyphus species could be interesting 
candidates for preventive releases in tomato crops due to their ability to effectively suppress N. tenuis population growth.
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Key message

• Pre-establishment of Dicyphus predators on tomato crop 
reduced population growth of N. tenuis.

• Dicyphus adults predated on N. tenuis nymphs, but not 
in the presence of extraguild prey.

• N. tenuis females were attracted by plants previously 
infested by heterospecific mirids.

• Dicyphus predators may be interesting candidates for 
preventive biological control strategies in tomato crops.

Introduction

Omnivorous organisms feed on resources from more than 
one trophic level (Pimm and Lawton 1978). A well-docu-
mented example of omnivory is intraguild predation (IGP), 
a phenomenon in which an omnivorous predator consumes 
another predator, with which it shares a common herbivore 
as prey (Rosenheim et al. 1995). Omnivory may extend to 
feeding on both plants and animal organisms, also known as 
true omnivory (Coll and Guershon 2002). Thus, the status 
of true omnivorous arthropods in agriculture can vary. Their 
primary feeding behaviour places them on the continuum 
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between phytozoophagy (prey-feeding herbivores) and zoo-
phytophagy (plant-feeding carnivores) (Coll and Guershon 
2002). A well-studied family of omnivorous insects are the 
mirids (Hemiptera: Miridae). In this family, the phytozoo-
phagous Lygus hesperus (Knight) is a catastrophic pest of 
several crops, yet it is also an important predator of white-
flies in the cotton agroecosystem (Hagler and Naranjo 2005). 
Because several zoophytophagous mirid predators are con-
sidered effective biocontrol agents, they are also actively 
mass-reared and released to suppress important agricultural 
pests (van Lenteren 2012). An interesting consequence 
of plant feeding by mirids is their ability to induce plant 
responses, similar to those of strict herbivores (Kessler and 
Baldwin 2004; Pérez-Hedo et al. 2015). These responses 
alter the volatile profile of plants, qualitatively and/or quan-
titatively (Pérez-Hedo et al. 2017). These herbivore-induced 
plant volatiles (HIPVs) may serve as infochemicals for for-
aging herbivores, natural enemies, and conspecifics (Moay-
eri et al. 2007; Lins et al. 2014; Pérez-Hedo et al. 2015; Rim 
et al. 2018). Thus, insect–plant interactions should also be 
considered when assessing the use of mirids in biological 
control programmes (Cuny et al. 2021).

Most debate on the use of omnivorous mirids in biologi-
cal control focuses on the mirid Nesidiocoris tenuis (Reuter). 
This species is a widely used biological control agent in the 
Mediterranean Basin against several key pests, including 
whiteflies and the South American tomato leafminer (Calvo 
et al. 2009, 2012; Mollá et al. 2014). The damage that this 
mirid may occasionally cause on greenhouse crops includes 
flower abortion and necrotic rings on stems and fruits, yet 
the damage appears to be outweighed by its biological con-
trol services in some Mediterranean regions (Sánchez 2008, 
2009; Sánchez and Lacasa 2008; Perdikis et al. 2009; Arnó 
et al. 2010). In contrast, in Northern Europe, where Mac-
rolophus pygmaeus (Rambur) is the main biological control 
agent of greenhouse tomato crops (Put et al. 2012), N. ten-
uis is considered a serious pest of tomato (Trottin-Caudal 
et al. 2006; Moerkens et al. 2020). The different status of N. 
tenuis in these regions might be due to the different cultiva-
tion practices, pest pressure, varieties grown, and damage 
tolerance (Pérez-Hedo et al. 2021). For example, cherry and 
truss tomato cultivars are known to be more susceptible to 
damage by zoophytophagous mirids (Castañé et al. 2011). 
Many Dutch greenhouses, particularly those that produce 
tomatoes with artificial light year-round, became unin-
tentionally infested by N. tenuis, resulting in serious crop 
damage (authors’ personal observations, unpublished data). 
Moreover, growers report that N. tenuis displaces M. pyg-
maeus over the course of the growing period.

The reasons of this displacement are debated in the lit-
erature, and it seems that multiple factors drive these preda-
tor–predator interactions. When both mirids occur on the 
same crop, they engage in competition for both plant and 

animal food sources. Nesidiocoris tenuis is known to occupy 
higher plant strata than M. pygmaeus (Perdikis et al. 2014), 
ensuring access to meristematic plant tissue of higher nutri-
tional quality (El-Dessouki et al. 1976; Arnó et al. 2010). 
Furthermore, whiteflies aggregate on higher plant strata in 
tomato (Arnó et al. 2006), thus the shared prey becomes 
more accessible to N. tenuis. In addition, N. tenuis consumes 
prey at a higher rate than M. pygmaeus (Perdikis et al. 2009; 
Mollá et al. 2014) and reproduces faster in most tempera-
ture regimes common in tomato greenhouses (Ingegno et al. 
2021). The two mirids also engage in asymmetrical IGP 
favouring N. tenuis (Moreno-Ripoll et al. 2012; Perdikis 
et al. 2014). Ultimately, after suppressing the population 
of the pests and its competitor, N. tenuis switches to a pre-
dominantly plant-feeding diet, causing considerable dam-
age to the tomato crop (Sánchez 2008; Calvo et al. 2009; 
Moerkens et al. 2020). Growers thus resort to pesticide use 
against N. tenuis, inevitably hampering the populations of M. 
pygmaeus and disrupting their biological control practices. 
Hence, sustainable countermeasures that reduce damage by 
N. tenuis are urgently needed.

In this study, heterospecific mirid predators were evalu-
ated regarding their competitive interactions with N. tenuis. 
Dicyphus errans (Wolff), Dicyphus bolivari (Lindberg) and 
Dicyphus cerastii Wagner are naturally occurring species 
across Europe, spontaneously colonizing tomato plants and 
offering biocontrol services (Figueiredo et al. 2012; Abbas 
et al. 2014; Ingegno et al. 2017). First, we studied whether 
established populations of heterospecific mirids could have 
a negative effect on the population growth of N. tenuis. Sec-
ond, to understand the mechanisms behind displacement, 
we assessed the intensity and reciprocity of IGP between 
these species in the laboratory, and the effect that extraguild 
prey might have on the outcome of these interactions. In 
these experiments, the commercially available M. pygmaeus 
was also included. Finally, we tested the preference of N. 
tenuis towards plants previously colonized by conspecif-
ics or heterospecifics, to understand whether the outcome 
of competitive interactions might influence the host plant 
choice of N. tenuis.

Materials and methods

Insect rearings

Macrolophus pygmaeus was reared from individuals pro-
vided by Koppert B.V. (Berkel en Rodenrijs, The Nether-
lands) and originate from populations in southern France. 
Nesidiocoris tenuis were collected from a commercial 
tomato grower in the South Holland region (the Nether-
lands). Dicyphus bolivari, D. cerastii, and D. errans origi-
nally came from wild vegetation in Spain, Portugal, and 
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Italy, respectively. The Dicyphus predators were identified 
based on morphological characteristics (Sanchez and Cas-
sis 2018), and were reared for several years in the facilities 
of Wageningen University & Research (Messelink et al. 
2015). The mirids N. tenuis, M. pygmaeus, D. bolivari, and 
D. cerastii were reared on organic flat bean pods (Phase-
olus vulgaris L.) in transparent plastic cylinder cages (Ø 
25 cm, H 27 cm; JET 107 PM, Jokey plastic GmbH, Soh-
land, Germany) with the drilled lid covered with a fine net 
mesh. The D. errans rearings were maintained on Geranium 
sp. plants in net cages (60 × 60 × 90 cm; Vermandel, The 
Netherlands). All rearings were supplied with eggs of Ephe-
stia kuehniella Zeller (Lepidoptera: Pyralidae) mixed with 
decapsulated cysts of Artemia sp. (Anostraca: Artemiidae) 
(Entofood, Koppert B.V. Berkel en Rodenrijs, The Nether-
lands) and kept at 25 ± 1 °C, 70 ± 10% RH, 16:8 L:D.

All mirid species, apart from N. tenuis, showed high natu-
ral mortality in pilot trials of the IGP laboratory experi-
ments when no supplementary food source was provided, 
and tomato leaflets were the only available food source. 
Therefore, to acclimatize these species on tomato, all mirids 
were separately reared on 5-week-old tomato plants (cv Pink 
Dream GSPP F1, Sakata Seed Corporation, Japan) in plas-
tic cages (75 × 75 × 115 cm, BugDorm-2400 Insect Rearing 
Tent, MegaView Science Co., Ltd., Taichung, Taiwan) with 
supplementary food sources (Ephestia eggs and Artemia 
cysts) ad libitum, in a greenhouse compartment (22 ± 1 °C, 
60 ± 10% RH, 14:10 L:D). First-generation nymphs and 
adult females from these rearings were used in all labora-
tory IGP experiments.

Greenhouse experiment with heterospecific mirid 
establishment prior to N. tenuis release

In a 4-month greenhouse experiment, the effect of pre-
established heterospecific mirids on the population growth 
of N. tenuis was evaluated. Furthermore, the effect N. ten-
uis had on the population growth of the already established 
heterospecific mirids was studied. Four-week-old and pes-
ticide-free tomato plants cv Brioso (Rijk Zwaan, The Neth-
erlands) grafted upon Maxifort rootstock (de Ruiter, The 
Netherlands) with 2 stems per plant, were provided by a 
commercial propagator. Tomato plants were placed indi-
vidually on Grodan Grotop © rockwool slabs in walk-in 
cages (1 × 2 × 2 m) made of fine insect gauze (mesh size 
0.22 × 0.31 mm), and were provided with a standard nutri-
ent solution for tomato plants (Sonneveld and Voogt 2009) 
through a dripping irrigation system. Plants were vaccinated 
with a mild isolate of the Pepino mosaic virus (PMV®-01, 
DCM, Belgium), to offer protection against more aggres-
sive isolates. Standard cultivation practices were followed, 
including weekly pruning of secondary shoots, leaf picking 
of the old leaves, and harvesting of ripe fruits. Picked leaves 

and shoots were left in the cages to allow mirid individu-
als to recolonize the plants. The experiment was conducted 
in two identical greenhouse compartments of 98  m2 from 
June to September 2017. The following seven treatments 
were tested: (i) N. tenuis, (ii) D. errans, (iii) N. tenuis & D. 
errans, (iv) D. cerastii, (v) N. tenuis & D. cerastii, (vi) D. 
bolivari and (vii) N. tenuis & D. bolivari. The commercially 
available mirid predator M. pygmaeus was not included in 
this experiment due to space limitations. Treatments were 
assigned following a randomized complete block design, 
with two blocks in each greenhouse compartment (14 cages 
in each compartment, for a total of 28 cages and four repli-
cates per treatment). Throughout the experiment, tempera-
ture and relative humidity were registered every 5 min with 
a climate recorder (Hoogendoorn Growth Management) 
inside one of the cages. The average measured temperature 
in the two greenhouse compartments was 21.9 °C (range 
14.8–40 °C) and 21.7 °C (range 13.8–40.6 °C) and average 
relative humidity of 65% (range 18–90%) and 65% (range 
44–81%).

Mirid predators were released on different timepoints to 
achieve a stable population of mixed stages. The predator 
releases started when tomato plants were 5 weeks old (week 
1). In weeks 1 and 3, five couples of Dicyphus predators 
were released. In week 5, ten more Dicyphus couples were 
introduced, for a total of 20 couples of Dicyphus predators 
released per cage. In weeks 5 and 7, five couples of N. ten-
uis were introduced to the control (i), as well as the mixed 
cages (iii, v, and vii), for a total of 10 couples released per 
cage. All mirid predators introduced were 1-week-old mated 
adults. During the first 8 weeks of the experiment, the preda-
tors in all cages were fed with supplementary food (0.8 g of 
Ephestia eggs during weeks 1–4 and 3 g of 50:50 mix of 
Ephestia eggs and Artemia cysts during weeks 5–8). The 
food was provided weekly and was evenly spread on the 
plant canopy. Densities of predatory mirids were assessed 
fortnightly for nine consecutive weeks, starting in week 7. 
The whole plant canopy was rigorously examined from the 
bottom up and all observations were non-destructive. All 
mirid stages were counted, but as inside the cages it was 
difficult to identify the species at the nymphal stage, only 
the number of adults of each species per cage and sample 
period were included in the statistical analysis. Adult Dicy-
phus mirids are easily distinguished from those of N. tenuis 
as they are considerably larger, darker in colour, and have 
characteristic red eyes (Sanchez and Cassis 2018; Ingegno 
et al. 2021).

Nesidiocoris tenuis nymphs as intraguild prey

Laboratory trials were conducted to assess the IGP and 
cannibalism rate of the five adult mirid predators on juve-
nile individuals of N. tenuis. Nymphal stage 2 was selected 
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as the age of the intraguild prey for adult mirids, as it is 
generally accepted that young individuals are more vulner-
able to IGP (Lucas 2005; Moreno-Ripoll et al. 2012). Six 
N. tenuis nymphs (N2) were offered to a single 1-week-old 
adult female of the five different intraguild predators. This 
density was chosen based on preliminary observations and 
previously published data with a similar experimental set-
up (Moreno-Ripoll et al. 2012). The six nymphs and the 
single adult female mirid were placed on tomato leaflets 
(55 ± 10  cm2, cv Pink Dream) in ventilated plastic contain-
ers (15 × 20 × 10 cm). The petiole of the tomato leaflet was 
submerged in a 5-ml cylindrical plastic tube filled with 
water and sealed with Parafilm® to avoid leaflet desicca-
tion over the course of the experiment. A control treatment 
(no intraguild predator in the experimental arena) was also 
included to account for natural mortality of nymphs. The 
experimental arenas were then placed in a climate chamber 
(25 ± 1 °C, 70 ± 10% RH, 16:8 L:D). Nymphal mortal-
ity was assessed visually under a binocular microscope 
once, after 4 days. Furthermore, to evaluate the effect of 
extraguild prey on nymphal mortality, we included treat-
ments where E. kuehniella eggs were added ad libitum in 
the arenas for all intraguild predator–prey combinations. 
Nymphal mortality of N. tenuis as the intraguild prey 
was thus tested in a total of 12 treatments: (i) Control (no 
intraguild predator) (ii) N. tenuis adult (cannibalism treat-
ment), (iii) M. pygmaeus adult, (iv) D. errans adult, (v) D. 
bolivari adult, vi) D. cerastii adult, and all aforementioned 
treatments in the presence of extraguild prey.

Nesidiocoris tenuis females as intraguild predators

Laboratory trials were also conducted to assess the IGP 
and cannibalism rate of N. tenuis adult females on juvenile 
mirids of the other species. Six nymphs (N2) of each of the 
5 different species and a single 1-week-old adult female N. 
tenuis were placed in the experimental arenas described 
above. To account for natural mortality of the five differ-
ent mirids, control treatments with no intraguild predator 
were also included. To evaluate the effect of extraguild 
prey on nymphal mortality, E. kuehniella eggs were added 
ad libitum in the arenas for all intraguild predator–prey 
combinations. Thus, the full factorial experiment included 
three different treatments; intraguild prey with 5 levels 
(N. tenuis, M. pygmaeus, D. errans, D. bolivari, and D. 
cerastii), intraguild predator with 2 levels (N. tenuis adult 
female present or absent), and extraguild prey with 2 levels 
(E. kuehniella eggs present or absent), for a total of 20 
treatments. All treatments without extraguild prey were 
replicated 20 times, while those with extraguild prey were 
replicated at least 10 times.

Y‑tube olfactometer

Olfactometer tests were conducted to assess whether N. 
tenuis is responding to plant volatiles induced by the 
mirid species tested in the greenhouse and laboratory tri-
als. Three-week-old tomato plants (cv Pink Dream) were 
placed in 75 × 75 × 115 cm plastic cages (BugDorm-2400) 
in a greenhouse compartment (22 ± 2 °C, 70 ± 10% RH). 
Thirty adult mirid predators were randomly selected from 
the rearing units and released in each cage to feed and 
oviposit on the plants. The mirids remained on the plants 
for 7 days, as this time period was assumed to be neces-
sary for the induction of plant defences and the produc-
tion of herbivore-induced plant volatiles (HIPVs) (Lins 
et al. 2014). No supplementary food sources were pro-
vided in the cages, to ensure plant feeding by the mirids. 
After 7 days, all adults were removed from the plants via 
an aspirator. The treated plants along with healthy non-
infested plants were then directly transferred in the Y-tube 
climate room.

Responses of N. tenuis females to volatiles were observed 
in a two-choice Y-shaped Pirex tube (Ø 3.5 cm) formed by 
an entry arm (20 cm in length) and two side arms (23 cm in 
length, 70° angle). The Y-tube was positioned vertically as 
in other studies with Dicyphini (Ingegno et al. 2011; Lins 
et al. 2014). The two side arms were each connected to a 
glass container (35 L in volume) harbouring the volatile 
source. The airflow was provided by an air pump adjusted 
with a flow meter to 4 L/min. The glass containers with 
volatile sources were kept behind black panels, preventing 
insects from visually detecting the plants. Single 1-week-
old female predators were kept without prey and plant tis-
sue in glass tubes (length 120 mm, Ø23 mm), sealed with 
a wet cotton ball for 18 h prior to the assays. They were 
then introduced at the downwind end of the entry arm and 
observed until they walked at least 10 cm up one of the side 
arms. Females not choosing a side arm within 10 min were 
considered as having made no choice and were excluded 
from data analysis. Each female was tested only once. Each 
plant pair was replicated four times and 20 females were 
tested on each plant pair, for a total of 80 females tested per 
treatment. After testing a batch of ten females, the volatile 
sources were switched between the left and right sides of 
the arms to minimize positional bias. After testing twenty 
females, the Y-tube and glass containers were washed with 
neutral soap and alcohol (70%) and a new plant pair was 
introduced. Y-tube bioassays were carried out in a climate 
room at 22 ± 1 °C, 70 ± 10% RH.

The responses of N. tenuis females were tested on the 
following two-choice situations: (i) undamaged plant vs 
air, (ii) undamaged plant vs N. tenuis damaged plant, 
(iii) undamaged plant vs M. pygmaeus damaged plant, 
(iv) undamaged plant vs D. errans damaged plant, (v) 
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undamaged plant vs D. bolivari damaged plant and (vi) 
undamaged plant vs D. cerastii damaged plant.

Statistical analyses

Generalized linear mixed models (GLMM) were fitted for 
the greenhouse experiment using the glmmTMB function 
(Brooks et al. 2017). First, the effect of the pre-estab-
lished Dicyphus predators on the population build-up of 
N. tenuis was tested. A GLMM was fitted with N. tenuis 
as the response variable, and the identity of the Dicyphus 
predator (including no predator) as the fixed effect. To 
test the effect N. tenuis had on the population build-up 
of the Dicyphus predator, a GLMM was fitted with Dicy-
phus adults as the response variable. The fixed effects 
were the identity of the Dicyphus predator (D. errans, D. 
bolivari, and D. cerastii), the presence/absence of N. ten-
uis, and their interaction. In both models, block and time 
were included as random effects, to account for temporal 
pseudo-replication of measures. Error distributions for 
both models were tested visually with diagnostic plots 
(Hartig 2021) and by evaluating the dispersion parameter 
of the model (Gelman and Hill 2006). Negative binomial 
distribution was chosen as the best fitting, based on AICc 
criteria (Burnham and Anderson 2004). The data of the 
IGP laboratory experiments were analysed through means 
of generalized linear model (GLM) with binomial error 
structure. The factorial analysis in the situation where N. 
tenuis nymphs were offered to the 5 different adult preda-
tors (N. tenuis as the intraguild prey) included two factors, 
the extraguild prey (Ephestia eggs; present or absent), and 
the predator’s identity. In the reverse situation, where N. 
tenuis adults were offered nymphs of the five different 
mirid species (N. tenuis as the intraguild predator), the 
model included three factors, the absence or presence of 
the intraguild predator and extraguild prey, as well as the 
nymph’s (prey) species identity with five different levels. 
As natural mortality during the experiments was differ-
ent for mirid nymphs acting as intraguild prey and due to 
significant interaction between intraguild predator and 
prey, separate models were fitted for each intraguild prey. 
To account for over- or under-dispersion in the GLMs 
when detected, the quasibinomial error distribution was 
used (McCullagh and Nelder 1989). When main effects 
were found significant, treatment means were compared 
through Tukey’s HSD tests. In the olfactometer experi-
ments, responses of N. tenuis females to different pairs 
of odours were analysed by Pearson's Chi-square Test for 
Independence. All statistical analyses were performed 
using the statistical software R 4.0.2 (R Core Team 2021).

Results

Interspecific competition in the greenhouse

Nesidiocoris tenuis populations grew large in the absence 
of its competitors Dicyphus species (χ2 = 15.521, df = 3, 
P = 0.001), reaching more than 100 adult individuals on 
average by the end of the experiment (September 2017). All 
three Dicyphus species reduced the population growth of N. 
tenuis by about 90% (Fig. 1).

Population growth of the Dicyphus predators was not dis-
rupted by the introduction of N. tenuis (χ2 = 0.059, df = 1, 
P = 0.809). Similarly, interaction between Dicyphus species 
and N. tenuis did not have a significant effect on Dicyphus 
population growth (χ2 = 0.596, df = 2, P = 0.742). How-
ever, differences were found in the population build-up of 
the Dicyphus predators in our study (χ2 = 38.518, df = 2, 
P < 0.001), with D. cerastii maintaining high overall popula-
tions compared to those of D. bolivari and D. errans (Fig. 2).

Nesidiocoris tenuis nymphs as intraguild prey

Mortality of N. tenuis nymphs was influenced by the 
presence of the intraguild predator (χ2 = 51.178, df = 5, 
P ≤ 0.001), with all Dicyphus predators and N. tenuis 
(cannibalism) causing significantly more mortality than 
M. pygmaeus and the control treatment (no intragu-
ild predator) (Fig.  3). The effect of extraguild prey 

Fig. 1  Population dynamics of Nesidiocoris tenuis in tomato with 
or without a competitor Dicyphus predator present. Dicyphus mirids 
were released in weeks 1 (5 couples), 3 (5 couples), and 5 (10 cou-
ples) and N. tenuis in weeks 5 (5 couples) and 7 (5 couples). Supple-
mentary food was offered in the cages weekly up to week 8. The aver-
age number (± SE) of adult N. tenuis is shown through time. Different 
letters indicate significant differences in N. tenuis population among 
treatments through time (GLMM, Tukey’s HSD, P < 0.05)
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(Ephestia eggs) was also found significant (χ2 = 43.775, 
df = 1, P ≤ 0.001). Almost no N. tenuis nymphal mortal-
ity was recorded when Ephestia eggs were present in 
the experimental arenas. The effect of the Ephestia eggs 
was not influenced by the intraguild predator’s identity 
(χ2 = 2.144, df = 1, P = 0.6226).

Nesidiocoris tenuis females as intraguild predators

A three-factor analysis with extraguild prey, intraguild 
prey, and intraguild predator indicated significant interac-
tion between the latter two (Table 1). Furthermore, natural 
mortality of mirids tested differed significantly between 
species (Fig. 4), thus no comparisons between the differ-
ent intraguild preys were made. Instead, the mortality for 
each intraguild prey species was analysed separately. For 
all intraguild prey tested, natural mortality decreased sig-
nificantly in the presence of extraguild prey (Ephestia eggs), 
apart from N. tenuis which exhibited low natural mortality in 
both situations (Fig. 4). The presence of the intraguild preda-
tor (N. tenuis) had a significant effect on prey mortality in 
all predator–prey combinations in the absence of extraguild 
prey, apart from D. bolivari. In the presence of extraguild 
prey, the intraguild predator did not affect the mortality of 
intraguild prey.

Nesidiocoris tenuis responses to previously damaged 
plants

Female N. tenuis showed a strong preference towards undam-
aged tomato plants, when the alternative was just clean air 
(χ2 = 30.564, P < 0.001). No preference was found between 
undamaged tomato plants and those previously exposed to 
D. errans (χ2 = 2.469, P = 0.116), D. bolivari (χ2 = 1.333, 
P = 0.248), and conspecifics (χ2 = 0.018, P = 0.893). How-
ever, preference was found to be significant towards plants 
previously exposed to M. pygmaeus (χ2 = 4.412, P = 0.036) 
and D. cerastii (χ2 = 4.923, P = 0.027). The number of non-
responding females was moderate, ranging between around 
30% and 40%, regardless of the treatment pair tested (Fig. 5).

Fig. 2  Population dynamics of adult Dicyphus predators on tomato 
plants where the competitor N. tenuis was introduced or not. Dicy-
phus mirids were released in weeks 1 (5 couples), 3 (5 couples), and 
5 (10 couples) and N. tenuis in weeks 5 (5 couples) and 7 (5 couples). 
Supplementary food was offered in the cages weekly up to week 8. 
The average number (± SE) of the Dicyphus species is shown through 
time. As N. tenuis did not affect the population dynamics of Dicyphus 
predators, different letters indicate significant differences in popula-
tion growth of Dicyphus predators through time (GLMM, Tukey’s 
HSD, P < 0.05)

Fig. 3  Average mortality (± SE) 
of N. tenuis nymphs (N2–N3) 
in the presence of different 
intraguild predators, and pres-
ence or not of extraguild prey 
(Ephestia eggs) in the experi-
mental arenas after 4 days. A 
treatment with no intraguild 
predator is included to evalu-
ate the natural mortality of N. 
tenuis nymphs. Different letters 
indicate significant differences 
in mortality of N. tenuis nymphs 
in the absence or presence of 
extraguild prey (GLM, Tukey’s 
HSD, P < 0.05)
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Discussion

The greenhouse experiment simulated the invasion of N. 
tenuis in tomato plants where heterospecific mirids were 

already established. The prior establishment of Dicyphus 
predators had a strong negative effect on the population 
growth of N. tenuis, lowering its population growth by 
more than 90%. These results suggest that Dicyphus preda-
tors can be used effectively to slow down the population 

Table 1  Results of logistic 
regression on the effect of 
extraguild prey (Ephestia 
eggs presence or absence), 
intraguild predator (N. tenuis 
female present or absent), 
and intraguild prey (N. tenuis, 
M. pygmaeus, D. errans, D. 
bolivari, or D. cerastii nymphs) 
on the mortality of intraguild 
prey

Bold P values repsesent significance < 0.05

Data set Source of variation Df Wald χ2 P

Complete factorial 
analysis

Extraguild prey 1 105.904  < 0.001
Intraguild predator 1 56.053  < 0.001
Intraguild prey 4 31.112  < 0.001
Extraguild prey × Intraguild predator 1 0.384 0.421
Extraguild prey × Intraguild prey 4 4.914 0.081
Intraguild predator × Intraguild prey 4 6.933 0.020
Extraguild prey × Intraguild preda-

tor × Intraguild prey
4 2.047 0.484

N. tenuis Extraguild prey 1 9.667  < 0.001
Intraguild predator 1 18.823  < 0.001
Extraguild prey × Intraguild predator 1 1.198 0.152

M. pygmaeus Extraguild prey 1 38.556  < 0.001
Intraguild predator 1 14.295  < 0.001
Extraguild prey × Intraguild predator 1 0.270 0.449

D. errans Extraguild prey 1 28.336  < 0.001
Intraguild predator 1 13.744  < 0.001
Extraguild prey × Intraguild predator 1 0.009 0.905

D. bolivari Extraguild prey 1 11.004  < 0.001
Intraguild predator 1 3.135 0.013
Extraguild prey × Intraguild predator 1 0.458 0.341

D. cerastii Extraguild prey 1 21.921  < 0.001
Intraguild predator 1 12.839  < 0.001
Extraguild prey × Intraguild predator 1 0.369 0.489

Fig. 4  Average mortality (± SE) 
of mirid nymphs (N2–N3) in 
the presence or absence of N. 
tenuis females acting as intragu-
ild predators, and presence or 
not of extraguild prey (Ephestia 
eggs) in the experimental arenas 
after 4 days (IP = intraguild 
predator, EP = extraguild prey). 
Control bars show the natural 
mortality of mirid nymphs in 
the absence of both IP and EP. 
Different letters indicate sig-
nificant differences in nymphal 
mortality among treatments per 
mirid species acting as intragu-
ild prey (GLM, Tukey’s HSD, 
P < 0.05)
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growth of N. tenuis under the studied ratios and environ-
mental conditions. Salas Gervassio et al. (2017) also found 
that the presence of D. bolivari in tomato plants limited 
the population growth of N. tenuis at 25 °C when released 
at equal densities. However, the population of D. bolivari 
in their study remained low in the presence of N. tenuis. 
Introducing N. tenuis did not disturb the population growth 
of the established three Dicyphus species in our study. 
This shows that under the studied ratios, N. tenuis cannot 
competitive displace already established Dicyphus hetero-
specifics. However, when released simultaneously and at 
same initial densities, N. tenuis developed much larger 
populations than D. bolivari when E. kuehniella eggs were 
present as extraguild prey (Salas Gervassio et al. 2017). 
The overall greater reproduction capacity of N. tenuis 
compared to D. bolivari (Abbas et al. 2014), M. pygmaeus 
(Mollá et al. 2014), and D. errans (Perdikis and Arvaniti 
2016), in conjunction with its shorter developmental cycle 
at moderate and high temperatures (Ingegno et al. 2021), 
gives N. tenuis a vital edge over its competitors. We there-
fore expect that only an already established population of 
heterospecific mirids can prevent N. tenuis outbreaks, as 
shown in our study.

The populations of the Dicyphus species fluctuated 
throughout the experimental timeframe (Fig. 2). Dicyphus 
bolivari did not reach high populations, suggesting that for 
this species tomato is not a preferred host plant. The low 
survival rate D. bolivari nymphs exhibited in our laboratory 
experiments on tomato leaflets corroborates this. Dicyphus 
cerastii maintained high populations throughout the green-
house experiment. Contrastingly, D. errans populations 
decreased late in the experimental timeframe. Intraspecific 
competition, and specifically high cannibalism rate (Arvaniti 

et al. 2019) may explain the reduction in population for this 
species when supplementary food sources were no longer 
offered to the predators. These findings suggest strong 
dependence of D. errans and D. bolivari on animal prey 
when developing on tomato plants.

The emerging N. tenuis progeny in the greenhouse 
experiment were vulnerable to IGP from the high popula-
tion of heterospecific predators already present on plants. 
The results of the IGP experiments showed that Dicyphus 
adults may act as intraguild predators against young nym-
phal stages of N. tenuis. While D. bolivari (= D. maroc-
canus) and D. cerastii have previously been reported to 
predate on N. tenuis nymphs (Salas Gervassio et al. 2017; 
Abraços Duarte et al. 2021), here we show that the same 
applies to D. errans. However, M. pygmaeus females did 
not predate on N. tenuis, in agreement with previous studies 
(Moreno-Ripoll et al. 2012; Perdikis et al. 2014). This find-
ing may be due to the overall lower aggressiveness of this 
species compared to the Dicyphus predators. In a series of 
observational experiments, M. pygmaeus (erroneously iden-
tified as M. caliginosus (Martinez-Cascales et al. 2006)) was 
found to be more energetically conservative in its foraging, 
leading to low encounter and predation rates on whiteflies 
compared to a Dicyphus predator (Montserrat et al. 2004). 
These behavioural characteristics may partially explain why 
M. pygmaeus is outcompeted in tomato greenhouses by N. 
tenuis through exploitative competition for the shared prey 
in combination with IGP.

In our laboratory study, N. tenuis females engaged in 
IGP on nymphs of D. errans, D. cerastii, and M. pygmaeus. 
Remarkably, D. bolivari did not suffer significant IGP. How-
ever, this species exhibited high natural mortality during 
the experiments, which might have enabled the N. tenuis to 

Fig. 5  Responses of N. tenuis 
females to plants previously 
damaged by mirids or no odour 
source (clean air) in a Y-tube 
olfactometer. Numbers in 
bars represent individuals that 
moved towards the odour source 
indicated. P values based on 
Pearson's Chi-square test for 
independence. * P ≤ 0.05, *** 
P < 0.001. Non-responding indi-
viduals are shown in column no 
choice
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feed on already dead individuals in the experimental are-
nas. Indeed, zoophytophagous mirids are known to feed 
on already dead conspecifics and heterospecifics (Lucas 
and Alomar 2001; Moreno-Ripoll et  al. 2014; Wheeler 
and Krimmel 2015). Furthermore, we found that N. tenuis 
exhibited significant cannibalism on conspecific nymphs, 
in agreement with previous studies (Fernandez et al. 2020). 
Cannibalism is a common phenomenon in the mirid fam-
ily (Wheeler 2001) and other carnivorous and herbivorous 
insects (Fox 1975). However, because cannibalism and IGP 
rates found in this study were similar, it seems that N. tenuis 
does not discriminate between conspecific and heterospe-
cific nymphs when in need of animal prey. Likewise, no 
differences between IGP and cannibalism rates were found 
in a study involving two omnivorous anthocorid predators 
(Tommasini et al. 2002).

The presence of extraguild prey (E. kuehniella eggs) 
diminished the occurrence of IGP in all predator–prey com-
binations as well as cannibalism events (Lucas and Rosen-
heim 2011; Perdikis et al. 2014). Adult intraguild predators 
had ample access to a nutritionally optimal and defence-
less food source, reducing the need of predating on mirid 
nymphs. Mirid nymphs killed by freezing are known to be of 
high nutritional value to mirid predators (Lucas and Alomar 
2001), yet while being alive they may be difficult to sub-
due. Therefore, the agile nature of mirid nymphs may render 
them less vulnerable to IGP or cannibalism. This hypothesis 
is further supported by the low consumption rate of adults 
in our experimental arenas in the absence of extraguild prey 
(~ 2 predated mirid nymphs in 4 days), while when predat-
ing on sessile aphids, adult predators consume more than 20 
nymphs (similar size with mirid nymphs) in 24 h (Messelink 
et al. 2015; Abraços-Duarte et al. 2021). Yet, despite the 
relatively low predation rates of adult Dicyphus predators 
on N. tenuis nymphs and the absence of IGP in the presence 
of extraguild prey, we still observed a very strong effect of 
the pre-established population of Dicyphus predators on the 
population growth of N. tenuis in the greenhouse trial. A 
possible explanation could be that the low intraguild pre-
dation rates were compensated by high intraguild predator 
densities in the greenhouse trial. Furthermore, the availabil-
ity of extraguild prey on plants was more limited than in the 
laboratory trial because of consumption. Finally, on plants, 
maybe also other unknown mechanisms might have played a 
role in the observed effects on N. tenuis population growth.

In the olfactometer bioassays, N. tenuis females did not 
show any preference between plants that were undamaged 
and those previously colonized by conspecifics. This finding 
was contrary to our expectations and recent literature. Lins 
et al. (2014) reported that N. tenuis females were attracted 
to tomato plants damaged by conspecifics after 10 days of 
plant feeding, but not after 4 days. Furthermore, in their 
recent work on eggplant and sesame plants, Rim et  al. 

(2018) demonstrated that the attractiveness of N. tenuis to 
conspecifically damaged plants is gender dependent. Specifi-
cally, females were only attracted to mated female damaged 
plants, suggesting that plant responses to oviposition may 
be responsible for the attractiveness. Similar findings have 
been reported for M. caliginosus (Moayeri et al. 2007). It 
has been suggested that repeated feeding on the same sites 
by N. tenuis causes biochemical changes that could result 
in attractance through volatile cues (Arnó et  al. 2010). 
However, it was later shown that no nutritional benefit was 
obtained by feeding on the same site by N. tenuis, while 
nymphal development was inferior compared to undamaged 
plant tissue (Sanchez et al. 2016). Nevertheless, aggregation 
of mirid nymphs around necrotic rings caused by previous 
feeding punctures is common (personal observations). This 
may be explained by the increased phytophagy exhibited 
by nymphal stages compared to adults (Chinchilla-Ramírez 
et al. 2021), leading to higher plant damage potential (Calvo 
et al. 2009; Perdikis et al. 2009). Thus, attractiveness to pre-
viously damaged tissue may be more important for mirid 
nymphs and mediated by short-distance cues. Sibling can-
nibalism between similarly sized N. tenuis nymphs is known 
to occur (Fernandez et al. 2020), yet the benefit of feeding 
on already macerated and easily accessible plant tissue may 
outweigh the risk of cannibalism. Adult females of N. tenuis 
were not attracted towards previously infested plants by con-
specifics in our study, suggesting that intraspecific competi-
tion may not be strong. Indeed, cannibalism in heteropteran 
omnivorous predators is known to be less important than in 
strict carnivores (Fernandez et al. 2020).

HIPVs emitted by plants exposed to herbivory by mirids 
are species dependent. The tomato leafminer Tuta absoluta 
(Meyrick) (Lepidoptera: Gelechiidae) avoided plants previ-
ously exposed to plant feeding by N. tenuis, but preferred 
those previously exposed to M. pygmaeus and D. bolivari 
(Pérez-Hedo et al. 2015). It was later shown that HIPVs 
emitted and phytohormone pathways activated by these 
mirid predators were different, most likely due to their dif-
ferent feeding styles (Pérez-Hedo et al. 2015, 2017). How-
ever, little is known about how these species-specific plant 
responses affect plant preference by heterospecific mirids. 
The results of our study demonstrate for the first time that 
N. tenuis is attracted to plants previously colonized by 
M. pygmaeus. A similar attractive trend was observed on 
plants previously colonized by the Dicyphus predators, 
yet this preference was only significant towards D. cerastii 
damaged plants. This finding may be due to higher plant-
feeding activity of D. cerastii on tomato, as this species was 
also found to build the highest populations in the tomato 
greenhouse trial. Overall, these findings suggest that plant 
responses from Dicyphus spp. herbivory are similar to 
those of M. pygmaeus, as it has been reported previously 
for D. bolivari (Pérez-Hedo et al. 2015). From an ecological 
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perspective, our results suggest that IGP by heterospecif-
ics is not perceived as a risk by foraging N. tenuis females. 
Furthermore, when encountering heterospecifics, N. tenuis 
establishes successfully in its preferred plant parts (Perdikis 
et al. 2014), and may ultimately outcompete heterospecific 
mirids in tomato crops (Salas Gervassio et al. 2017; Abraços 
Duarte et al. 2021). Therefore, previously colonized plants 
may indicate an opportunity of a suitable host plant with 
availability of prey rather than a risk, explaining the attrac-
tiveness for N. tenuis.

Mirids act as top predators in the food web of tomato 
greenhouses. When different species co-occur, they compete 
for the shared animal prey and plant-feeding sites. Through 
increased aggressiveness and higher reproductive potential, 
N. tenuis commonly outcompetes already established hetero-
specifics through the growing season (Salas Gervassio et al. 
2017; Abraços Duarte et al. 2021). The results of this study 
demonstrate that a high previously established population of 
Dicyphus mirid predators can effectively reduce the popula-
tion growth of N. tenuis through interspecific competition 
in the absence of extraguild prey. We further showed that 
IGP between these species does occur and may influence 
the community structure, yet its intensity is low and its sig-
nificance in agroecosystems should not be overestimated. 
We suggest that future research should now focus on the 
effects of Dicyphus predators on pest suppression alone or in 
combination with the commercially available M. pygmaeus. 
Studies on the interactions of multiple mirids will deepen 
our understanding on the role of omnivores in agroecosys-
tems and may lead to effective and sustainable strategies 
against N. tenuis. Furthermore, recent research on the use 
of fungal endophytes to reduce plant damage and enhance 
pest control by omnivorous mirids (Garantonakis et al. 2018; 
Eschweiler et al. 2019) might create new opportunities in 
developing resilient pest control strategies, while reducing 
plant damage by this controversial group of predators.
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