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Impact of climate change on invertebrate biological control 
Climate change can have dramatic direct effects on the physiology, phenology and distribution of any living 

species but it may also indirectly affect them through the disruption of species interactions across trophic levels. 
The species with the highest specialization in terms of lifestyle or habitat are more vulnerable and due to the bot-
tom-up amplification effect in trophic webs subjected to any kind of disturbance, natural enemies are expected to 
suffer the effects of CC to a greater extent than the herbivores they feed and develop on. The effects on biological 
control are discussed. 

Key wordS: natural enemies, parasitoid, predator, food web, Mediterranean basin

Climate change (CC) will most probably result in an 
increase in temperature extremes and aridity in the Med-
iterranean Basin (IPCC 2022), which is one of the most 
vulnerable regions to CC (aGuilar-fenolloSa and 
JaCaS, 2014; urBaneJa-Bernat et al., 2019) (Fig. 1). 

CC can have dramatic direct effects on the physiolo-
gy, phenology and distribution of any living species but it 
may also indirectly affect them through the disruption of 
species interactions across trophic levels. This may even-
tually lead to a rearrangement of communities through 
asymmetric changes in competitive, ‘bottom-up’ and 
‘top-down’ control effects. As a consequence, biological 
control may be impaired.

foden et al. (2008) proposed a set of features that 
would make a species more susceptible to CC. These 

include species with (a) specialised habitat and/or mi-
crohabitat requirements, (b) narrow environmental tol-
erances or thresholds likely to be exceeded owing to 
CC, (c) dependence on specific environmental triggers 
or cues likely to be disrupted by CC, (d) dependence on 

interspecific interactions likely to be disrupted by CC 
and (e) poor ability or limited opportunity to disperse 
to, or colonise, a new or more suitable range. There-
fore, those species with the highest specialisations in 
terms of lifestyle or habitat are typically more vulner-
able. Because a bottom-up amplification effect often 
occurs in trophic webs subjected to any kind of distur-
bance, natural enemies are expected to suffer the ef-
fects of CC to a greater extent than their phytophagous 
hosts/preys, with indigenous generalist predators and 

Fig. 1 - Projected changes for 2041-2060 relative to 1995-2014 according to IPPC (2022).
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imported specialist koinobiont parasitoids occupying 
extreme positions in a continuum of vulnerability to 
CC (Fig. 2).

Direct effects of CC on the physiology of plants 
include (a) increased sugar content, (b) reduced pal-
atability/ nutritional quality as the C:N ratio increases, 
(c) higher content of secondary metabolites, and (d) 
changes in the activation of defense pathways, which 
overall may have opposite results on plant productiv-
ity. Those on the physiology of herbivores comprise 
(a) enhanced metabolism, (b) enhanced herbivory, (c) 
changes in chemical defenses accumulated from plants 
and (d) suicidal diapause, as photoperiod cues may no 
longer match thermal thresholds. Most of these physi-
ological changes could also affect natural enemies and 
result in higher mortality from consuming toxic host 

or prey. The direct effects of CC on the phenology of 
any living being in temperate climates is an enlarged 
window for development, which in the case of insects 
would reduce generation time and increase voltinism, 
which could result in developmental traps due to asyn-
chronous cycles with host plant/s for herbivores and 
with host/prey for natural enemies. All these direct 
changes may lead to the replacement of current crops/
cultivars no longer adapted to pre-CC environmental 
conditions. Such a replacement may lead to changes 
in the pest status of any herbivore, from non-economic 
to key pest and vice-versa and to losses of efficacy of 
biological control agents. Importantly, this may be cou-
pled with an increased use of chemical control with all 
its side-effects. 

In recent times, the replacement of the Citrus Tris-
teza Virus (CTV)-susceptible rootstock sour orange 
by CTV-tolerant ones prompted by the establishment 
of CTV in Spain, has been pointed out as the trigger 
for Tetranychus urticae Koch (Acari: Prostigmata) to 
change from a non-economic pest into a key-pest of 
mandarins (BrüSSow et al., 2010). As some CTV-tol-
erant rootstocks are also tolerant to osmotic stress, 
these rootstocks may become more common in a fu-
ture arid Mediterranean. This could further increase the 
impact of T. urticae in the near future. Interestingly, 
this change of pest status should be attributed not only 
to a bottom-up effect through the host plant (aGut et 
al., 2014, 2015, 2016) but also to a top-down effect 
through natural enemies (CaBedo-lópez et al., 2019; 
Cruz-miralleS et al., 2019, 2021a, 2021b, 2022). In-
deed, these authors showed how citrus rootstocks af-
fected attraction/repellence patterns of intraguild pred-
ators of T. urticae (phytoseiid mites), resulting in less 
frequent interference among phytoseiids in CTV-sus-
ceptible sour orange relative to CTV-tolerant Cleop-
atra mandarin. These effects combined with increased 
predation risk for T. urticae in sour orange relative to 
Cleopatra mandarin, could contribute to explaining 
the observed change in pest status when sour orange 
was massively replaced by CTV-tolerant rootstocks in 
Spain a few decades ago (Fig. 3). This example illus-
trates how indirect effects of CC through the disruption  
of species interactions may hamper biological control. In 
this case, disruption affected a system in which both the 

Fig. 3 - Interactions observed between the phytoseiid 
mites Phytoseiulus persimilis, Neoseiulus californicus, 
and Euseius stipulatus, and their shared prey, Tetranychus 
urticae. Arrowheads reflect behavioral responses of P. 
persimilis (orange), N. californicus (blue), E. stipulatus 
(green), and T. urticae (red) with no background odors 
and those corresponding to sour orange and Cleopatra 
mandarin. Arrowheads point at the preferred odor source. 
The results of these interactions include pursuit (gg), mu-
tual attraction (gf), mutual avoidance (fg), avoidance 
(–g), and attraction (g ). Continuous and dotted lines 
represent trends at P ≤ 0.05 and 0.06 >P > 0.05, respec-
tively (figure from Cruz-Miralles et al., 2022)

Fig. 2 - Increased vulnerability to CC of arthropod natural enemies according to their lifestyles.
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pest and the natural enemies are indigenous and have co-
evolved. Coevolution should make this type of biological 
control more robust to the impact of CC. However, this 
is not always the case. According to the origin of the pest 
and the natural enemy, different types of BC can be de-
fined (Table 1). The robustness of these systems depends 
on these origins and it may help predict how these as-
sociations may respond to CC. The potential of natural 
enemies to adapt to CC depend on their plasticity, which 
should be maximal for indigenous natural enemies (i.e., 
conservation biological control) but could be rather lim-
ited for imported natural enemies, either in the context 
of naturalized natural enemies established as a result of 
a classical biological control program, or when used in 
augmentative releases. 

Adaptation to CC in the case of biological control 
methods exploiting exotic natural enemies should con-
sider practices during collection, quarantine, rearing and 
releasing of these natural enemies aimed at maximizing 
the conservation of genetic diversity. Even in this case, 
though, these natural enemies may not be able to suc-
cessfully control the pest and pest outbreaks could be 
increasingly frequent. This failure should make reliance 
on indigenous natural enemies and adoption of conserva-
tion biological control practices the cornerstone of future 
biological control, even of exotic pests. In this context, 
habitat manipulation, including the management of non-
crop vegetation, could prove crucial to support diverse 
plant-herbivore-entomophagous food webs resulting in 
more resilient cropping systems. For this reason a thor-
ough understanding of food web relationships is required 
to respond to the challenges posed by CC.
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Recent advances in classical biological control of key horticulture pests: African perspective
The spread and establishment of Alien invasive species (AIS) in new environments outside their native range 

are increasing worldwide at an unprecedented rate due to human activities and climate change. Once they arrive 
in new habitats, very often the population of AIS tend to multiply at exponential rate owing to several intertwined 
factors, key among them being the lack of efficient co-evolved natural enemies, thus posing a serious threat to 
fruit and vegetable production as well as biodiversity. This was the case with the oriental fruit fly, Bactrocera 
dorsalis and the tomato pinworm, Phthorimaea (=Tuta) absoluta in Africa which invaded the continent in 2003 
and 2008, respectively. The invasion and spread of these two pests in Africa and beyond have led to massive eco-
nomic losses due to direct damage to fruits and vegetables and as well as to quarantine restrictions of the African 
produce imposed by importing countries. To reunite these invaders with their respective natural enemies in Africa, 
classical biological program control against these pests were initiated. Two parasitiods Fopius arisanus and Dia-
chasmimorpha longicaudata were imported from Hawaii for biological control of B. dorsalis in Africa, while 
Dolichogenidea gelechiidivoris was obtained from Peru targeting T. absoluta. 

The pre-release evaluation of the introduced parasitoids against their respective target insect pest was undertak-
en under quarantine conditions and the interactions between these exotic parasitoids and the indigenous parasitoids 
and other biocontrol agents were assessed. Furthermore, suitable areas for the potential establishment of the three 
parasitoids were predicted under current and future climatic conditions using various modelling approaches to guide 
effective field releases of these natural enemies. Thereafter, parasitoids were released in the field to suppress the target 
pests. The performance of these parasitoids against their target host insect, the nature and multitude of the interaction 
with native parasitoid species as well as the suitable areas for their establishment under current and future scenario are 
discussed. The need for exploring the prospect of emerging invasive pest in the contestant is also highlighted.

Key word: Invasive pest, classical biological control, climate change

introduCtion

The African horticultural subsector continues to face 
myriad of biotic stressors hindering its transformation 
and the realization of its full potential in food security for 
the African populace. Key among these biotic stressors is 
insect pests that impede this subsector from realizing its 
full potential. In addition to the indigenous pests, alien in-
vasive species have further compounded the production 
and economic constraints facing the horticultural sector 
(moHamed et al., 2008; eKeSi et al., 2011; GwoKyalya 
et al., 2022). The populations of the indigenous pests 
could be supressed by their co-evolved natural enemies 
to below economic threshold. However, this is not the 
case for the alien invasive pests, because these pests in-
vade new territories and spread without their co-evolved 
natural enemies; hence, the uncontrolled populations re-
sult into serious damages to the horticultural crops (mo-

Hamed et al., 2016). Traditionally, the control of these 
pests involves indiscriminate and widespread applica-
tion of synthetic chemicals. However, overreliance and 
excessive use of synthetic chemicals cause detrimental 
impact to One Health. Thus, Integrated Pest Management 
(IPM) strategies come in handy to offer eco-friendly and 
sustainable alternatives to manage the alien invasive 
pests. Of the numerous IPM strategies, classical biolog-
ical control (CBC), which involves the introduction of 
co-evolved natural enemies of proven efficiency to the 
alien invasive pests into the invaded areas, have been em-
ployed in Africa (see moHamed et al., 2022; moHamed 
et al., 2016 and references therein). The International 
Centre for Insect Physiology and Ecology (icipe), as well 
as other research institutions have contributed immense-
ly to the development and adoption of CBC of various 
horticultural pests such as Bactrocera dorsalis (Hendel) 
(Diptera: Tephritidae) and Phthorimaea absoluta (Mey-
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rick) (Lepidoptera: Gelechiidae) among others. The out-
standing achievements of using CBC in SSA’s horticul-
tural sector are presented. 

inVaSiVe fruit flieS 

Tephritids fruit fly pests are a major impediment to 
horticultural production in Africa. The problem is further 
compounded with invasion and wide spread of alien fruit 
flies. One of the most recent invaders which wreaked 
havoc in Africa, is the oriental fruit fly, B. dorsalis which 
was first recorded in Kenya in 2003(lux et al., 2003; 
moHamed et al., 2008; eKeSi et al., 2011). Since then, 
this pest has spread to almost all the African countries 
causing enormous socioeconomic losses estimated at $2 
billion annually (eKeSi et al., 2011). 

Another, species which is threating fruit production 
is the peach fruit fly, Bactrocera zonata (Saunders) (Dip-
tera: Tephritidae). This pest so far has been recorded in 
Egypt, Sudan, Libya, Mauritius and La reunion (eppo, 
2010; maHmoud et al., 2020; zinGore et al., 2020; Sa-
laH et al., 2012) where it is the dominant pest among 
horticultural crops. Considering the availability of host 
plants across the country borders, the fragile phytosani-
tary infrastructure and ill trained personnel the pest rep-
resents an imminent threat to the fruit industry across the 
continent (ni et al., 2012; zinGore et al., 2020) 

Despite a recent report by maHmoud et al., (2020) 
that some native African parasitoids successfully para-
sitized B. zonata, the African continent has not been so 
resourceful in terms of parasitoid species potent enough 
for use as biological control agents of the invasive pests: 
earlier research reported zero adult parasitoid emergence 
of P. cosyrae and Tetrastichus givardii Silvestri (Hyme-
noptera: Eulophidae) reared on B. dorsalis despite the 
high host acceptability (moHamed et al., 2003, 2006; 
ndlela et al., 2020; GwoKyalya et al., 2022). Conse-
quently, efforts were channeled to importing co-evolved 
parasitoids of these pests from already established colo-
nies outside Africa (moHamed et al., 2008, 2010, 2016; 
ndiaye et al., 2015).

ClaSSiCal BioloGiCal Control 
of inVaSiVe fruit fly peStS

Owing to the devastating effects of these pests across 
Africa, exacerbated by, among other factors,  the lack 
of efficient resident natural enemies, co-evolved parasi-
toid of these pests were imported and released into the 
African ecosystem for CBC of these pests (reviewed in 
moHamed et al., 2016, 2022). These parasitoids include 
Fopius arisanus and Diachasmimorpha longicaudata tar-
geting B. dorsalis. Prior to their release, these parasitoids 
were evaluated for their performance against the African 
population of B. dorsalis as well as other pestiferous flies 
native to Africa (moHamed et al., 2008, 2010; ndiaye 
et al., 2015; ndlela et al., 2020). Fopius arisanus and 
D. longicaudata readily parasitized B. dorsalis as well as 
other native Ceratitis species, however, adult emergence 

of both parasitoids was highly variable (moHamed et 
al., 2008, 2010; ndlela et al., 2020; GwoKyalya et al., 
2022). 

Investigation of the factors responsible for the dis-
tinct variations in parasitoid virulence has revealed that 
host intrinsic factors are a major driver of host-parasitoid 
interactions. Recently, GwoKyalya et al. (2022) demon-
strated that differential host immune responses to parasit-
ism is a key determinant of the outcome of host-parasitoid 
interactions. The authors further showed that parasitism 
by D. longicaudata led to lower total hemocyte and 
plasmatocyte counts and reduced cell viability and cell 
spreading indices compared to parasitism by P. cosyrae. 
These changes in cellular immunity led to low melanot-
ic encapsulation and correspondingly higher adult par-
asitoid emergence in D. longicaudata parasitised hosts 
compared to those parasitised by P. cosyrae where no 
adult emerged was recorded. Further investigation of the 
molecular drivers of these immune phenotypes revealed 
that defense against the native parasitoid, P. cosyrae is 
mediated by the Toll and immune deficiency immune 
pathways whereas D. longicaudata interferes with host 
cytoskeleton reorganization and inhibits the Janus ki-
nase-signal transducer and activator of transcription and 
c-Jun N-terminal kinase pathways thereby suppressing 
host immune defences (GwoKyalya et al. Unpublished)

On the other hand, host associated symbionts have 
been found to influence host-parasitoid interactions of B. 
dorsalis. Lactococcus lactis, a facultative symbiont of B. 
dorsalis increased parasitoid emergence whereas inocu-
lation of B. dorsalis with Providencia alcalifaciens led 
to host protective phenotypes associated with improved 
fitness of the few successfully emerged adult parasitoids 
(GwoKyalya et al., 2023). These results shed light on 
the intricate mechanisms underpinning host-parasitoid 
interactions and present potential avenues for improv-
ing parasitoid efficacy, for example by using host-asso-
ciated symbionts as probiotics to increase the number 
and fitness of parasitoids reared and released for CBC 
of invasive fruit fly pests. There is, however, dire need 
to investigate other aspects such as parasitoid associat-
ed-venoms, their evolutionary functions, and mechanism 
of action to better understand host-parasitoid evolution-
ary and functional ecology. This will guide pest-specific 
CBC programs for a more impactful outcome.

Using various modelling approaches, suitable areas 
for establishment of these parasitoids have been project 
for current and future climatic scenarios (nanGa nan-
Ga et al., 2021; ndlela et al., 2021). Based on the out-
standing performance of F. arisanus and D. longicaudata 
against the target pest, B. dorsalis and guidance by the 
outcome of these projections of suitable areas of estab-
lishment, these parasitoids have been released in several 
African countries with very promising outcomes (mo-
Hamed et al., 2016). For example, a recent study by aG-
BoKa et al. (2022a) which combined cellular automata 
and ecological niche models reported that F. arisanus has 
dispersed to cover an estimated area of 50.34 km2 and 
229.97 km2 in Kenya and at the continental level, respec-
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tively. In term of number of beneficiaries, the model es-
timated that 351,855 and 3,731,330 households in Kenya 
and across Africa, respectively, had benefited from F. 
arisanus releases. 

Elsewhere in Africa, Aganaspis daci (Weld), F. 
arisanus, Diachasmimorpha kraussii, Diachasmimorpha 
tryoni (Cameron) (Hymenoptera: Braconidae) and D. 
longicaudata were imported to Egypt from Hawaii for 
the management of B. zonata (moHamed et al., 2016). 
Of all these parasitoids, A. daci exhibited the highest 
adult emergence rate and was hence released in the field 
where post-release assessment revealed a 9.7% parasit-
ism rate after one month. Additionally, F. arisanus was 
imported and released in La reunion and for CBC of B. 
zonata yielding high parasitism (>70%) (rouSSe et al., 
2006). 

interaCtion of tHe introduCed fruit fly paraSitoidS 
witH otHer BioControl aGentS

Once released in the field, the introduced parasitoid 
species are expected to interact with other natural ene-
mies already in the system and those applied in the con-
text of IPM. To understand the nature and the magnitude 
of these potential interactions, a couple of studies have 
been undertaken. For example, KarlSSon et al. (2018) 
investigated the interaction between the introduced par-
asitoid F. arisanus and its congeneric, Fopius caudatus 
(Szépligeti) (Hymenoptera: Braconidae) and demonstrat-
ed that the fomer is the best performing parasitoid. Like-
wise, Diachasmimorpha longicaudata outcompeted the 
native parasitoid, Pystallia cosyrae in all exposure sce-
narios (ndlela et al., 2020). Contrarily, miGani et al. 
(2017) showed that the presence of the predatory weaver 
ant reduces parasitism rates of D. longicaudata and F. 
arisanus on B. dorsalis by almost half, a phenomenon 
that could be attributed to the repellent effect of the semi-
ochemicals produced by the weaver ant that reduce land-
ing and patch residence time of the parasitoids (appiaH 
et al., 2014). On the other hand, the combined use of the 
entomopathogenic fungus, Metarhizium anisopliae (ICI-
PE, 69, ICIPE 62, ICIPE 18) with either F. arisanus or D. 
longicaudata had no effect on the parasitoids (mKiGa et 
al. unpublished).

ClaSSiCal BioloGiCal Control of tHe SoutH ameriCan 
tomato leafminer, phthorimaea absoluta in afriCa

Following the transatlantic invasion and widespread 
of Phthorimaea absoluta in Africa, the pest continues 
to cause huge economic losses in tomato farming. In an 
attempt to identify indigenous parasitoids that could be 
able to form new associations with this pest, field surveys 
were undertaken in several countries, during which sev-
eral parasitoids (idriSS et al., 2018; Seydi et al., 2021; 
mama SamBo et al., 2022a; KinyanJui et al., 2021) 
and predators (SawadoGo et al., 2022; KinyanJui et 
al., 2021) were reported to be associated with P. abso-
luta. Nevertheless, none of these natural enemies have 

been able reduce the population of the pest below the 
economic injury level. This necessitated the exploration 
for and introduction of the pest’s natural enemy from its 
aboriginal home, Peru. In this regard, the Microgastrins 
parasitoid, Dolichogenidea gelechiidivoris (Marsh) (Hy-
menoptera: Braconidae) was imported into Kenya for 
testing and subsequent field releases (aiGBedion-atal-
or et al., 2020). A host stage specificity test carried out 
under quarantine conditions at icipe showed that the par-
asitoid had a higher preference and better performance 
on the early larval instars of P. absoluta (aiGBedion-at-
alor et al., 2022). A follow up study by Mama Sambo et 
al. (2022b) established that the performance of the par-
asitoid on its host follows a type II functional response. 
In another arena, for exploring the use of semiochmical 
for enhancement of parasitoid performance, ayelo et al. 
(2021) demonstrated that D. gelechiidivoris was more 
attracted to volatiles of P. absoluta-infested compared 
to non-infested tomato plants, with the parasitoid prefer-
ence increasing with increasing host density. The authors 
further illustrated that D. gelechiidivoris was attracted to 
larval frass volatiles and pheromones of P. absoluta, but 
not to larval odours. 

Based on the outstanding laboratory performance of 
D. gelechiidivoris, icipe pioneered field releases of this 
parasitoid in Africa in 2020 (SHiraKu, 2020); starting 
with East African countries i.e. Kenya, Uganda, and 
Ethiopia (moHamed et al., 2022). In a follow up survey 
in Kenya the parasitoid has been recovered at a 4.4 Km 
from the initial  release (mama SamBo et al., unpub-
lished data). Moreover, prediction of the ecological niche 
showed that the bigger part of Africa is suitable for field 
deployment of D. gelechiidivoris against P. absoluta un-
der current and future scenarios (aiGBedion-atalor et 
al., 2022). A similar scenario was predicted using spa-
tio-temporal dispersion modelling across Kenya tomato 
growing areas (aGBoKa et al., 2022b). 

interaCtion of D. gelechiiDivoris 
witH otHer BioControl aGentS

In an interaction study between D. gelechiidivoris 
and the indigenous ectoparasitoid Stenomesius sp near 
japonicus, D. gelechiidivoris laid more eggs and emerged 
more on first and second larval-stages than when the par-
asitoids was exposed to the host either simultaneously or 
sequentially (mama SamBo et al., 2022b). Also, aiGBe-
dion-atalor et al. (2021) reported that the performance 
of D. gelechiidivoris in terms of cocoon formation, adult 
emergence, and proportion of female progeny was not 
affected by the presence and density of N. tenuis. In the 
same study, the authors found that the combination of 
two N. tenuis and one female D. gelechiidivoris yielded 
up to 88% P. absoluta control. 

In a separate study where the effect of Metarhizium 
anisopliae ICIPE 20 on D. gelechiidivoris adults was in-
vestigated, it was revealed that M. anisopliae negatively 
affects the longevity of the parasitoid. Although the in-
fected adults parasitised up to 71% P. absoluta larvae in 
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comparison to 88% parasitism found when larvae were 
exposed to non-infected adults (mama SamBo et al., 
2022a).  In the same study, fungus-sprayed host plants 
and non-sprayed host plants were subjected to the para-
sitoid in both choice and non-choice assays and the high-
est parasitism rate was recorded on the non-sprayed host 
plants under choice scenario. However, the effect of the 
biocontrol agent seems to be synergistic whereby signif-
icantly higher P. absoluta mortality (80%) was observed 
on host plants sprayed with M. anisopliae ICIPE 20 and 
exposed to D. gelechiidivoris compared to when each 
biocontrol agent was applied alone. 

In a field trial, the combination of these biocontrol 
methods (M. anisopliae ICIPE 20 and D. gelechiidivoris) 
yielded up to 70% marketable tomato fruits compared to 
Tuta pheromone TUA-Optima® impregnated with M. 
anisopliae ICIPE 20 dry conidia (52% marketable toma-
to fruits) and D. gelechiidivoris alone (41% marketable 
tomato fruits) (mama SamBo et al., unpublished data). 

otHer inVaSiVe HortiCultural peStS in afriCa

In addition to B. dorsalis and T. absoluta, there are 
new and emerging alien invasive/and or invasive pests, 
which are expanding their geographical range in the con-
tinent that can be controlled through CBC. These pests 
include the spotted wing drosophila (Drosophila suzukii 
Matsumura (Diptera: Drosophilidae), Asian citrus psyl-
lid (Diaphorina citri Kuwayama (Hemiptera: Liviidae), 
White mango scale Aulacaspis tubercularis (Hemiptera: 
Diaspididae); Japanese dodder, Cuscuta japonica (Sola-
nales: Cuscutaceae), as well as the Potato Cyst Nema-
todes (PCN), Globodera spp. Also, the Papaya mealybug 
(Paracoccus marginatus Williams and Granara de Will-
ink (Hemiptera: Pseudococcidae) and mango mealybug 
(Rastrococcus iceryoides Green (Hemiptera: Pseudococ-
cidae) are spreading to other part of the continent.

ConCludinG remarKS

Although there is substantial progress made in terms 
of CBC in Africa, there are still constraints hindering the 
implementation of this approach. Few among them being 
lack of awareness among the stakeholders, inadequacy of 
financial resources for CBC as well as lack of enabling 
policies and unharmonized policy for import and releases 
of natural enemies across the continent. A concerted ef-
fort among the various stakeholder is need to overcome 
these challenges.

aCKnowledGmentS

This work received financial support from the Ger-
man Federal Ministry for Economic Cooperation and 
Development (BMZ) commissioned and administered 
through the Deutsche Gesellschaft für Internationale 
Zusammenarbeit (GIZ) Fund for International Agricul-
tural Research (FIA)  for various projects (grant numbers:  
81132021 ;  81157481; 81250394); the  International De-

velopment Research Centre (IDRC) and the Australian 
Centre for International Agricultural Research (ACIAR) 
for the project “Alien invasive fruit flies in Southern Af-
rica: Implementation of a sustainable IPM programme 
to combat their menaces  (grant number 109040)”; the 
Biovision Foundation Tuta IPM project (project ID: BV 
DPP-012/2019-2021); the Norwegian Agency for Devel-
opment Cooperation, the section for research, innovation 
and higher education (grant number: RAF-3058 KEN-
18/0005). The authors also gratefully acknowledge the 
icipe core funding organizations and agencies and agen-
cies:  the Swedish International Development Coopera-
tion Agency (Sida); the Swiss Agency for Development 
and Cooperation (SDC); the Australian Centre for In-
ternational Agricultural Research (ACIAR); the Federal 
Democratic Republic of Ethiopia; and the Government 
of the Republic of Kenya. The views expressed herein do 
not necessarily reflect the official opinion of the donors.”

REFERENCES 

aGBoKa K.m., tonnanG H.e.z., aBdel-raH-
man e.m., KimatHi e., mutanGa o., odindi J., et al., 
2022 a - A systematic methodological approach to 
estimate the impacts of a classical biological control 
agent’s dispersal at landscape: Application to fruit 
fly Bactrocera dorsalis and its endoparasitoid Fopius 
arisanus. Biol. - Control, 175; 105053. doi:10.1016/J.
BIOCONTROL.2022.105053.

aGBoKa K.m., tonnanG H.e.z., aBdel-raHman e.m., 
odindi J., mutanGa o., moHamed S.a. - 2022 b - A 
Fuzzy-Based Model to Predict the Spatio-Temporal 
Performance of the Dolichogenidea gelechiidivoris 
Natural Enemy against Tuta absoluta under Climate 
Change. - Biology (Basel), 11: 1280. doi:https://doi.
org/10.3390/biology11091280.

aiGBedion-atalor p.o., aBuelGaSim S., Hill m.p., 
zaluCKi m.p., azraG a.G.a., SriniVaSan r., et al., 
2020 - Host stage preference and performance of 
Dolichogenidea gelechiidivoris (Hymenoptera: Bra-
conidae), a candidate for classical biological con-
trol of Tuta absoluta in Africa. - Biol. Control, 144: 
104215. doi:10.1016/j.biocontrol.2020.104215.

aiGBedion-atalor p.o., Hill m.p., ayelo p.m., ndle-
la S., zaluCKi m.p., moHamed S.a., 2021 - Can 
the combined use of the mirid predator Nesidio-
coris tenuis and a braconid larval endoparasitoid 
Dolichogenidea gelechiidivoris improve the biolog-
ical control of Tuta absoluta? - Insects, 12: 1004. 
doi:10.3390/insects12111004.

aiGBedion-atalor p.o., Hill m.p., azraG a.G.a., 
zaluCKi m.p., moHamed S.a., 2022 - Disentan-
gling thermal effects using life cycle simulation 
modelling on the biology and demographic param-
eters of Dolichogenidea gelechiidivoris, a parasitoid 
of Tuta absoluta. - J. Therm. Biol., 107: 103260. 
doi:10.1016/j.jtherbio.2022.103260.

appiaH e.f., eKeSi S., afreH-nuamaH K., oBenG-ofori 
d., moHamed S.a., 2014 - African weaver ant-pro-



– 69 –

duced semiochemicals impact on foraging behav-
iour and parasitism by the Opiine parasitoid, Fopius 
arisanus on Bactrocera invadens (Diptera: Tephriti-
dae). - Biol. Control, 79: 49–57. doi:10.1016/J.BIO-
CONTROL.2014.08.004.

ayelo p.m., moHamed S.a., CHailleux a., yuSuf a.a., 
pirK C.w.w., deletre e., 2021 - The parasitoid 
Dolichogenidea gelechiidivoris eavesdrops on se-
miochemicals from its host Tuta absoluta and toma-
to. - J. Pest Sci., 2004, 95: 633–652. doi:https://doi.
org/10.1007/s10340-021-01424-w.

eKeSi S., CHaBi-olaye a., SuBramanian S., BorGe-
meiSter C., 2011 - Horticultural pest management 
and the African economy: Successes, challenges and 
opportunities in a changing global environment. - 
Acta Hortic., 911: 165–183. doi:10.17660/ActaHor-
tic.2011.911.17.

EPPO, 2010 - Bactrocera zonata: procedure for offi-
cial control. - EPPO Bull., 40:390–5. https://doi.
org/10.1111/j.1365-2338.2010.02421.x.

GwoKyalya r., Herren J. K., ndlela S., moHamed S.a., 
- Compartive transcriptomic and protemics reveals 
defence and suceptible mechanisms of Bactrocera 
dorsalis against parasitoid wasps. -Unpublished.

GwoKyalya r., Herren J.K., weldon C.w., KHamiS 
f.m., ndlela S., moHamed S.a., 2022 - Differen-
tial immune responses in new and old fruit fly-par-
asitoid associations: Implications for their man-
agement. - Front. Physiol., 13: 1663. doi:10.3389/
FPHYS.2022.945370/BIBTEX.

GworKyalya R., weldon C.W., Herren J.K., GiCHuHi J., 
maKHulu E.E., ndlela S., moHamed S.A., 2023 – 
Friend or Foe: Symbiotic Bacteria in Bactrocera dor-
salis. – Parasitoids Associations Biology, 12 (2): 274.

idriSS G.e.a., moHamed S.a., KHamiS f., du pleSSiS H., 
eKeSi S., 2018 - Biology and performance of two in-
digenous larval parasitoids on Tuta absoluta (Lepi-
doptera: Gelechiidae) in Sudan. - https://doi.org/10.
1080/09583157.2018.1477117 28, 614–628. doi:10.1
080/09583157.2018.1477117.

KarlSSon m.f., de Souza e.o., ayelo p.m., zannou J.a., 
mèGniGBèto G.S.B., BoKonon-Ganta a.H., 2018 - 
Interspecific competition between egg parasitoids: 
Native Fopius caudatus and exotic Fopius arisanus, 
in Ceratitis cosyra. - Biol. Control, 117: 172–181. 
doi:10.1016/j.biocontrol.2017.11.010.

lux S.a., Copeland r.S., wHite i.m., manraKHan a., 
BillaH m.K., 2003 - A New Invasive Fruit Fly Spe-
cies from the Bactrocera dorsalis (Hendel) Group De-
tected in East Africa. - Int. J. Trop. Insect Sci., 23: 
355–361. doi:10.1017/S174275840001242X.

maHmoud m.e.e., moHamed S.a., ndlela S., azraG 
a.G.a., KHamiS f.m., BaSHir m.a.e., et al., 2020 - 
Distribution, relative abundance, and level of infesta-
tion of the invasive peach fruit fly Bactrocera zonata 
(Saunders) (Diptera: Tephritidae) and its associated 
natural enemies in Sudan. - Phytoparasitica, 48: 589–
605. doi:10.1007/S12600-020-00829-0.

mama SamBo S., aKutSe K.S., pleSSiS H., oSa p., atal-

or a., moHamed S.a., et al., 2022 a - Interactions 
between the Entomopathogenic Fungus Metarhi-
zium anisopliae ICIPE 20 and the Endoparasitoid 
Dolichogenidea gelechiidivoris, and Implications 
for Combined Biocontrol of Tuta absoluta. - Biology 
(Basel), 11: 1323. doi:https://doi.org/10.3390/biolo-
gy11091323.

mama SamBo S., ndlela S., azraG a.G.a., du pleSSiS 
H., moHamed S.a., 2022 b - Interaction between 
Two Parasitoids of Tuta absoluta: The Introduced 
Dolichogenidea gelechiidivoris and the Indigenous 
Stenomesius sp. near Japonicus. - SSRN Electron. J. 
doi:10.2139/SSRN.4213078.

mama SamBo S., ndlela S., du pleSSiS H., oBala f., 
moHamed S.a., 2022 c - Ratio dependence effects of 
the parasitoid Dolichogenidea gelechiidivoris on its 
associated host Tuta absoluta. - Biocontrol Sci. Tech-
nol., 32: 497–510. doi:10.1080/09583157.2022.2033
702.

miGani V., eKeSi S., merKel K., HoffmeiSter t., 2017 
- At Lunch with a Killer: The Effect of Weaver 
Ants on Host-Parasitoid Interactions on Mango. - 
PLoS One, 12: e0170101. doi:10.1371/JOURNAL.
PONE.0170101.

moHamed S. ., duBoiS t., azraG a.G., ndlela S., neuen-
SCHwander p., 2022 - Classical biological of key hor-
ticultural pests in Africa: successes, challenges, and 
opportunities. - Curr. Opin. Insect Sci., 53: 100945. 
doi:10.1016/J.COIS.2022.100945.

moHamed S.a., eKeSi S., Hanna r., 2008 - Evaluation of 
the impact of Diachasmimorpha longicaudata on Bac-
trocera invadens and five African fruit fly species. - J. 
Appl. Entomol., 132: 789–797. doi:10.1111/J.1439-
0418.2008.01350.X.

moHamed S.a., eKeSi S., Hanna r., 2010 - Old and new 
host-parasitoid associations: Parasitism of the inva-
sive fruit fly Bactrocera invadens (Diptera: Tephriti-
dae) and five African fruit fly species by Fopius arisanus, 
an Asian opiine parasitoid. - Biocontrol Sci. Tech-
nol., 2: 183–196. doi:10.1080/09583150903447794.

moHamed S.a., oVerHolt w.a., wHarton r.a., lux 
S.a., eltoum e.m., 2003 - Host specificity of Psyt-
talia cosyrae (Hymenoptera: Braconidae) and the 
effect of different host species on parasitoid fitness. 
- Biol. Control, 28: 155–163. doi:10.1016/S1049-
9644(03)00099-9.

moHamed S.a., ramadan m.m., eKeSi S., 2016 -  In 
and out of Africa: Parasitoids used for biological 
control of fruit flies. In: S. Ekesi et al. (eds.), Fruit 
Fly Research and Development in Africa - Towards a 
Sustainable Management Strategy to Improve Horti-
culture (Springer International Publishing), 325–368. 
doi:10.1007/978-3-319-43226-7_16.

moHamed S.a., wHarton r.a., mérey G. Von, 
SCHultHeSS f., 2006 - Acceptance and suitability of 
different host stages of Ceratitis capitata (Wiedemann) 
(Diptera: Tephritidae) and seven other tephritid fruit 
fly species to Tetrastichus giffardii Silvestri (Hyme-
noptera: Eulophidae). - Biol. Control, 39: 262–271. 



– 70 –

doi:10.1016/J.BIOCONTROL.2006.08.016.
nanGa nanGa S., KeKeunou S., fotSo Kuate a., fiaBoe 

K.K.m., donGmo KenfaK m.a., tonnanG H.e., et al., 
2021 - Temperature-dependent phenology of the par-
asitoid Fopius arisanus on the host Bactrocera dor-
salis. - J. Therm. Biol., 100: 103031. doi:10.1016/J.
JTHERBIO.2021.103031.

ndiaye o., ndiaye S., dJiBa S., Ba C.t., VauGHan l., 
rey J.-y., et al., 2015 - Preliminary surveys after re-
lease of the fruit fly parasitoid Fopius arisanus Sonan 
(Hymenoptera Braconidae) in mango production sys-
tems in Casamance (Senegal) . - Fruits, 70: 91–99. 
doi:10.1051/fruits/2015001.

ndlela S., azraG a.G.a., moHamed S.a., 2021 - Deter-
mination of temperature thresholds for the parasitoid 
Diachasmimorpha longicaudata (Hymenoptera: Bra-
conidae), using life cycle simulation modeling: Impli-
cations for effective field releases in classical biologi-
cal control of fruit flies. - PLoS One, 16. doi:10.1371/
JOURNAL.PONE.0255582.

ndlela S., moHamed S.a., azraG a.G.a., ndeGwa 
p.n., onG’amo G. ., eKeSi S., 2020 - Interactions be-
tween two parasitoids of tephritidae: Diachasmimor-
pha longicaudata (ashmead) and Psyttalia cosyrae 
(wilkinson) (hymenoptera: Braconidae), under lab-
oratory conditions. - Insects, 11: 1–16. doi:10.3390/
insects11100671.

ni w.l., li z.H., CHen H.J., wan f.H., qu w.w., zHanG 
z., et al., 2012 - Including climate change in pest risk 
assessment: the peach fruit fly, Bactrocera zonata 
(Diptera: Tephritidae). - Bull. Entomol. Res., 102: 
173–183. doi:10.1017/S0007485311000538.

rouSSe p., Gourdon f., quiliCi S., 2006 - Host specificity 
of the egg pupal parasitoid Fopius arisanus (Hyme-
noptera: Braconidae) in La Reunion. - Biol. Control, 

37: 284–290. doi:10.1016/j.biocontrol.2005.12.008.
SalaH f.e.e, aBdelGader H., de VillierS m., 2012 - The 

occurrence of the peach fruit fly, Bactrocera zonata 
(Saunders)(Tephritidae) in Sudan. 3–6th July 2012. 
TEAM 2nd Int. Meet. Biol. invasions Tephritidae 
Ecol. Econ. impacts, Kolymbari, Crete, Greece; 
2012, p. 128.

SamBo S. ., ndlela S., pleSSiS H. du, aKutSe K.S., mo-
Hamed S.a. - Performance of Dolichogenidea gel-
echiidivoris in combination with Metarhizium aniso-
pliae against Phthorimaea absoluta under greenhouse 
conditions and its dispersion in open-field tomato in 
central Kenya. Upublished data.

SawadoGo m.w., mano e., aHiSSou B.r., Somda i., na-
Cro S., leGrèVe a., et al., 2022 - Nesidiocoris tenuis 
in Burkina Faso: Distribution, predatory capacity 
and insecticide sensibility. - Physiol. Entomol., 47: 
201–208. doi:10.1111/PHEN.12389.

Seydi o., Sylla S., diatte m., laBou B., diarra K., 
2021 - Recruitment of native parasitoids of the to-
mato leaf miner Tuta absoluta (Meyrick 1917), (Lep-
idoptera: Gelechiidae) in Senegal. - https://doi.org/1
0.1080/09670874.2021.1943047. doi:10.1080/09670
874.2021.1943047.

SHiraKu H., 2020 - ICIPE Makes the first release of 
parasitoids into the farm in fight against Tuta ab-
soluta. - Infonet-Biovision. doi:https://infonet-bio-
vision.org/News/ICIPE-Makes-first-release-parasi-
toids-farm-fight-against-Tuta-Absoluta.

zinGore K.m., SitHole G., aBdel-raHman e.m., mo-
Hamed S.a., eKeSi S., tanGa C.m., et al,. 2020 - Glob-
al risk of invasion by Bactrocera zonata. Implications 
on horticultural crop production under changing 
climatic conditions. - PLoS One, 15: e0243047. 
doi:10.1371/JOURNAL.PONE.0243047.



– Pubblicato marzo 2023

Atti Accademia Nazionale
Italiana di Entomologia
Anno LXX, 2022: 71-75 

CLASSICAL AND FORTUITOUS BIOLOGICAL CONTROL

LUCIANA TAVELLA a

a Dipartimento di Scienze Agrarie, Forestali e Alimentari, Università degli Studi di Torino, Largo P. Braccini 2, 
10095 Grugliasco (TO), Italy. E-mail: luciana.tavella@unito.it
Sintesi della lettura tenuta durante la Tavola Rotonda “Biological pest control: managing multitrophic interactions 
for sustainable agriculture”. Seduta pubblica dell’Accademia, Firenze, 10 giugno 2022.

With increasing global trade and travel, the introduc-
tion of harmful exotic insects is an increasingly pressing 
threat to agricultural production. If in newly colonised 
areas they find a wide availability of host plants and fa-
vourable environmental conditions, and in the absence 
of natural enemies capable of containing them, the new 
pests become established and give rise to huge infesta-
tions with serious economic and ecological repercussions. 
In invaded areas, the indigenous natural enemy complex 
is hardly able to adapt to the new insects, with the ex-
ception of generalist predators and parasitoids. Even, in 
the absence of co-evolved and specialist natural enemies, 
some of these generalist predators and parasitoids can be 
mass reared and used for augmentative biological con-
trol. Examples are the releases of the predatory bugs  
Macrolophus pygmaeus (Rambur) and Nesidiocoris tenuis 
(Reuter) against the tomato borer Phthorimaea absoluta 
Meyrick (yao et al., 2022), the egg parastoid Anastatus 
bifasciatus (Geoffroy) against the brown marmorated 
stink bug Halyomorpha halys (Stål) (iaCoVone et al., 
2022), and the pupal parasitoid Trichopria drosophilae 
(Perkins) against the spotted wing drosophila Drosophila 
suzukii (Matsumura) (roSSi StaCConi et al., 2019). 

However, the activity of generalist predators and 
parasitoids is often not effective enough for satisfactory 
control of the exotic insects, and the new successful asso-
ciations between indigenous natural enemies and exotic 
pests are few. Worthy of note in this context is the case 
of the eulophids Diglyphus isaea (Walker) and Necrem-
nus tutae Ribes & Bernardo, ectoparasitoids of leaf miner 
larvae. The latter species, of Palaearctic origin, was only 
described following the introduction of Pht. absoluta, as 
it has shifted from its primary hosts, which are not yet 
fully known, to the exotic host, thanks to the numerous 
studies aimed at its control carried out in invaded areas 
(GeBiola et al., 2015). As a result, intensive and repeat-
ed use of broad-spectrum insecticides is resorted to for 
the control of the new pests, which not only nullifies the 
integrated pest management programmes widely adopted 
today, but also have heavy side effects on human health, 
environment, and biodiversity. Alternatively, classical 
biological control, through the deliberate introduction 
of a natural enemy co-evolved with the exotic pest, is 
a powerful and lasting containment tool that can restore 
the natural balance present in the native range. Classical 

biological control is therefore a central component in the 
long-term suppression of pest species. 

Classical biological control dates in the late 19th cen-
tury with the introduction of the vedalia beetle Rodolia 
cardinalis (Mulsant) to control the cottony cushion scale 
Icerya purchasi Maskall in California. Since then, clas-
sical biological control has targeted hundreds of invasive 
insects, leading to the long-term suppression of several 
species (CoCK et al., 2016; Heimpel & CoCK, 2018). In 
Italy, after the introduction of R. cardinalis by Antonio 
Berlese in 1901, several other natural enemies were suc-
cessfully released prior to Presidential Decree (DPR) No. 
120 of March 12, 2003. For example, programmes con-
ducted by researchers at the University of Turin include 
the introduction of the two egg parasitoids Polynema 
striaticorne Girault against the buffalo treehopper Stic-
tocephala bisonia Kopp & Yonke in 1968, and Anaphes 
nitens (Girault) against the eucalyptus weevil Gonipter-
us scutellatus Gyllenhal in 1978 (arzone, 1994), up to 
the more recent introduction of Torymus sinensis Kamijo 
against the chestnut gall wasp Dryocosmus kuriphilus 
Yasumatsu in 2003 (Fig. 1). Native to China, D. kuri-
philus was first reported in Italy in 2002 and has rapid-
ly spread throughout Europe, causing severe damage to 
chestnut production and generally compromising plant 
health. Although some indigenous parasitoids are capa-
ble of attacking the exotic host, their activity has proved 
inadequate to contain infestations, as has chemical con-
trol, which is not always feasible and, in any case, not de-
cisive. Therefore, based on the experience already gained 
in other invasion areas, T. sinensis was introduced, which 
effectively reduced D. kuriphilus populations, re-estab-
lishing the natural balance, as shown by data collected 
years after the biological control programme was initiat-
ed (aVtziS et al., 2019; ferraCini et al., 2019) (Fig. 2). 

Sometimes natural enemies can follow their prey 
or host, and adventive populations of such exotic natu-
ral enemies can be found in areas of new colonisation 
of the pest, resulting in fortuitous biological control. 
Again, there is no shortage of examples in our territory, 
from the discovery of the tachinid fly Trichopoda pen-
nipes (F.) against the green stink bug Nezara viridula 
(L.) in 1988 (Salerno et al., 2002) to the discovery of 
the encyrtid wasp Psyllaephagus bliteus Riek against the 
redgum lerp psyllid Glycaspis brimblecombei Moore in 
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2011 (CaleCa et al., 2011). Paradigmatic is the case of 
two Neartic insect species infesting black locust trees, 
accidentally introduced into Europe, whose parasitoids 
from the same area were described for the first time in 
the newly colonised area, namely Achrysocharoides rob-
iniae sp. nov. against the leaf miner Phyllonorycter rob-
iniellus (Clemens) (HanSSon & SHeVtSoVa, 2010) and 
Platygaster robiniae sp. nov. against the gall midge Obo-
lodiplosis robiniae (Haldeman) (BuHl & duSo, 2008). 
Of recent interest is the rapid spread in Europe of the 
scelionid wasps Trissolcus japonicus (Ashmead) (Fig. 3) 
and T. mitsukurii (Ashmead), effective egg parasitoids of 
H. halys in the native range, starting with the first reports 
in Switzerland in 2017 and Italy in 2018, respectively 

(SaBBatini peVerieri et al., 2018; StaHl et al., 2019; 
moraGlio et al., 2020). Since then, findings of the two 
species have been rapidly increasing in several European 
countries (Fig. 4). Also, in the case of D. suzukii, dur-
ing research aimed at identifying indigenous parasitoids 
capable of adapting to the exotic host, from which only 
generalist pupal parasitoids initially emerged (mazzet-
to et al., 2016), recently an exotic larval parasitoid, Lep-
topilina japonica Novković & Kimura, was obtained and 
is rapidly spreading in Italy (puppato et al., 2020).

Since the late 19th century, several classical biologi-
cal control programmes have been implemented world-
wide, and more than 6,000 introductions of more than 
2,000 biological control agents have been carried out to 

Fig. 2 - Population dynamics of the chestnut gall wasp Dryocosmus kuriphilus and its parasitoid Torymus sinensis follow-
ing classical biological control programme in the invaded areas.

Fig. 1 - Release of Torymus sinensis on galls of Dryocosmus kuriphilus (left), and a parasitoid female laying the egg into 
the cynipid gall (right).
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contain insect pests, achieving a permanent reduction of 
over 170 noxious species (CoCK et al., 2016). Despite 
many successes, however, not all introductions have 
been equally successful, especially in the past. In some 
cases, natural enemies did not become established or be-
came established but did not effectively contain the target 
pest, or even in a small percentage proved ecologically 
damaging, leading to significant side effects (Van len-
teren et al., 2006). Thus, classical biological control has 
produced important environmental benefits, but it has 
also introduced ecological risks that, over the past two 

decades, have prompted researchers to conduct thorough 
analyses and develop risk assessment protocols in an ef-
fort to make introductions ecologically safer (Barratt 
et al., 2010; Heimpel & CoCK, 2018). In many coun-
tries, regulatory requirements have become more restric-
tive, and approval for the release of an exotic predator or 
parasitoid is based on a thorough risk assessment, which 
provides information on its biology, ecology, and range 
of distribution, and estimates the likelihood and magni-
tude of adverse effects, such as reduction in biodiversity, 
reduction in non-target populations, interference with the 

Fig. 3 - Adults of Trissolcus japonicus, T. mitsukurii, and Acroclisoides sinicus emerging from an egg mass of Halyomor-
pha halys (left), and T. japonicus female laying the egg into H. halys eggs (right).

Fig. 4 - Record of adventive populations of Trissolcus japonicus and T. mitsukurii in Europe; (1) StaHl et al. (2019), (2) 
SaBBatini peVerieri et al. (2019), (3) moraGlio et al. (2020), (4) SCaCCini et al. (2020), (5) Bout et al. (2021), (6) dieCKHoff 
et al. (2021), (7) rot et al. (2021).
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activity of indigenous natural enemies, that could occur 
as a result of release (Haye et al., 2020).

In Italy, classical biological control has been sus-
pended for more than 15 years. In fact, DPR No. 120 of 
March 12, 2003 banned any introduction of non-native 
species and populations, effectively preventing any bi-
ological control projects against exotic pests. As a result 
of the growing threat posed by some exotic pests, and in 
particular by H. halys, in recent years the situation has 
been unblocked, the current legislation has been amend-
ed (DPR No. 102 of July 5, 2019), bringing it moreover 
in line with what was already provided for in the relevant 
EU legislation, which covered the specific case of the 
introduction of allochthonous organisms for biological 
control. Moreover, the recent issuance of the Ministerial 
Decree of April 2, 2020 “Criteria for the reintroduction 
and repopulation of native species and for the introduc-
tion of non-native species and populations” allows an 
official application for the release of a biological control 
agent against an exotic pest.

Therefore, classical biological control has again be-
come a viable option for the containment of exotic pest 
populations, obviously after thorough risk assessment 
studies to avoid adverse consequences. In Italy, nation-
al biological control projects are currently being im-
plemented against H. halys using the egg parasitoid T. 
japonicus and against D. suzukii using the larval para-
sitoid Ganaspis brasiliensis (Ihering), initiated after ex-
tensive risk assessment studies on non-target organisms 
(Haye et al., 2020; Biondi et al., 2021; SaBBatini pe-
Verieri et al., 2021). Further investigations should be 
conducted in the coming years to verify the impact of the 
introduction of these biological control agents, compar-
ing it with the impact of repeated broad-spectrum insec-
ticide treatments applied against invasive exotic pests. In 
conclusion, because the benefit-risk analysis of classical 
biological control has shown that there were very few 
negative cases, and because, due to increased awareness, 
the safety of biological control releases has been greatly 
improved, based on past experience, a new era should be 
opened in which the benefits and risks are clearly and ex-
plicitly balanced to maximize the benefits and minimize 
the risks (Heimpel & CoCK, 2018).
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Landscape-scale management of natural enemies of agricultural pests
Pest natural enemies are key functional components of managed and natural ecosystems. In the last decades, 

managing insects, landscapes, and their interactions, to ensure the sustainability of ecosystem services and mini-
mize the induction of disservices has been the focus of applied entomological research. However, this task is par-
ticularly challenging, as arthropods are often mobile organisms that depend on the availability of multiple resources 
occurring across multiple habitats. Their ability to locate these resources depends on their mobility and on the 
landscape composition, i.e. the relative proportion of habitat types, and configuration, i.e. the spatial arrangement 
of these habitats. As applied entomologists, to fully understand the processes that govern populations and com-
munities of natural enemies across heterogeneous landscapes, we need to embrace this spatial complexity. As pest 
managers, we need to know how crop and green infrastructures influence pest population dynamics and their inter-
actions with natural enemies. Starting from the pioneering work on fragmentation and pests, landscape ecology has 
made significant inroads towards understanding natural enemies’ responses to land-use. Here, I will present a novel 
empirical approach to study species-habitat relationships using network ecology tools. From a policy perspective, a 
deeper understanding on how habitat-species networks work can open the door to effective landscape management 
for both beneficial insects and pests.

Key wordS: Agro-ecology, Conservation biocontrol, Landscape ecology, Network ecology, Pests

natural enemieS and peStS aCroSS 
aGriCultural landSCapeS

Understanding how natural enemies use resources 
across agricultural landscapes is essential for the design 
of effective management strategies to support biocontrol. 
Historically, patch-matrix models rooted in meta-popula-
tion models (leVinS, 1969) have largely focused on pop-
ulation responses to the amount and configuration of 

remnant suitable habitats within a hostile matrix 
(tSCHarntKe et al., 2012). Central tenets of these mod-
els are that species dispersal occurs mainly between 
patches and that the focal community mostly relies on 
resources occurring within the patches. As it is becoming 
increasingly clear that many natural enemy and pest spe-
cies utilize a range of different habitats and resources 
(SCHellHorn et al., 2014), landscape ecology has moved 
beyond the dichotomy of hostile vs. suitable patches to 

Fig. 1 - a) Traditional landscape approach where pests and natural enemies are sampled only in a focal field, b) Spe-
cies-habitat network approach where multiple habitats are sampled across the same landscape.
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explicitly incorporate the heterogeneity typical of agri-
cultural landscapes (faHriG et al., 2011). The field of 
landscape ecology applied to biocontrol has made signif-
icant inroads in understanding natural enemies’ respons-
es to landscape processes (tSCHarntKe et al., 2005; 
tamBurini et al., 2016). In these studies, the species of 
interest is usually sampled in one focal crop and then re-
lated to the surrounding landscape by using the propor-
tion of suitable or unsuitable habitats (Fig. 1a). One 
downside of this approach, however, is the lack of a 
mechanistic understanding of the links between multiple 
habitats and community-level processes, indicating the 
need for broader conceptual frameworks of spatial pat-
terns in studying conservation biocontrol (lami et al., 
2021).

Beyond tHe foCal HaBitat: tHe SpeCieS-HaBitat networK

Recently, we proposed to consider the whole land-
scape as a unit to quantify and analyse natural enemy 
community response to landscape processes and then to 
use bipartite networks to analyse the resulting empirical 
data (marini et al., 2019; lami et al., 2021). In bipartite 

networks, two types of nodes exist, and interactions are 
analysed only between nodes of different types. In par-
ticular, we adapted existing bipartite networks to create 
species˗habitat networks where the two types of nodes 
are the habitat types and the species occurring in each 
habitat. The links between species and habitats are repre-
sented by the number of individuals occurring in a cer-
tain habitat. The focal species community would usually 
belong to the same trophic level sharing a similar func-
tional role such as ground-dwelling predators, parasi-
toids, insectivorous mammals etc..

Several studies have shown that individual species 
and community responses to landscape processes depend 
on the spatial scale over which the landscape metrics are 
quantified (daineSe et al., 2015). For ground-dwelling 
predators such as spiders and carabids the scale can range 
from a few hundred meters to one kilometre, while for 
parasitoids the scale can go up to a few kilometres. This 

problem is similar to the selection of buffer radii when 
adopting a traditional approach to quantify landscape 
composition or configuration (Steffan-dewenter et 
al., 2002). Once the spatial extent is defined, the species 
need to be sampled across the landscape using an ‘habi-
tat-centric’ approach where the number of sampled sites 
within one habitat is proportional to its area. In agricul-
tural landscapes, different habitats are often organized in 
patches including crop fields and semi-natural habitats 
such as hedgerows or forests. The focal species commu-
nity may be used to guide the identification of habitat 
types that are functionally relevant (faHriG et al., 2011). 
Finally, understanding how and why the topology of the 
networks changes over time, and how these changes af-
fect species resource use across the landscape can help to 
predict the consequences of human impacts upon natural 
enemies’ dynamics (SCHellHorn et al., 2015).

To make the concept clear, I will provide a working 
example of species-habitat network, considering the ta-
chinid species occurring across an agricultural landscape 
(size: 1 km2). Any heterogeneous landscape and the spe-
cies using its resources can be visualized as a bipartite 
network. In this example, we sampled the tachinid species 

occurring at 15 sites belonging to five habitats (hedgerow, 
soybean field, oilseed rape field, urban, wheat field) with-
in a landscape mosaic (Fig. 2a). The nodes in the network 
are represented by the tachinid species and the sampling 
sites. The numbers indicate the link strength (number of 
individuals in each site) (Fig. 2b). The number of sam-
pling sites is selected to be representative of the resources 
and habitat diversity. In the example, the tachinid-habi-
tat network is built using the cumulative abundance from 
three rounds of sampling (spring, early summer and sum-
mer) using a transect walk method. In a transect walk, 
tachinids are recorded in a fixed width band (typically 5 
m wide) within each site. Particular attention should be 
paid to the functional interpretation of the links. If we 
consider one crop field in this network, a tachinid spe-
cies is recorded in that site because individuals can use 
multiple resources (e.g. host for reproduction, nectar for 
adult feeding or plants for roosting or shelter) or simply 

Fig. 2 - a) Example of a species-habitat network composed of 15 sites of varying size and quality belonging to five habitats 
in which a tachinid community is sampled, b) data matrix that can be derived from the sampling, describing the number 
of individuals recorded for each species in all sites; c) data matrix that can be derived from the sampling, describing the 
pooled the number of individuals recorded for each species per habitat category.
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because individuals are using that site as a stepping stone 
for dispersal. Hence, the choice of the sampling method 
will dictate the interpretation of the ecological data.

analytiCal toolS to deSCriBe SpeCieS-HaBitat networKS

The appeal of network metrics is that they enable very 
powerful visualizations via a common language that de-
fines the processes under investigation in terms of nodes 
and links. The existing metrics used to study properties 
of bipartite networks in both ecology and social scienc-
es can easily be adapted to the study of species-habitat 
networks. These metrics can be broadly divided in two 
groups: properties of the whole network and node-level 
metrics that measure the role of single habitat sites or 
species in the landscapes. On the one hand, metrics at 
the network level synthesises information over the entire 
set of nodes and links. For example, the number of nodes 
(e.g. the species richness), the density of connections or 
the overall specialization are statistics used to describe 
the overall complexity of a network with a single num-
ber. On the other hand, metrics at the individual node 
level quantify differences in relative importance of either 
site or species. We can be interested in an individual or 
species that transmits disease, or identify species whose 
removal will result in secondary extinctions, or key habi-
tat patches that connect other habitats (lau et al., 2017). 
As metric choice will depend on the question, we advo-
cate a hypothesis-driven approach whereby users decide 
a priori which metrics will address which research ques-
tion. Extensive reviews of these metrics can be found in 
several studies (e.g. dormann et al., 2009). 

impliCationS for BioControl enHanCement

Land-use change is massively reshaping agricultural 
landscapes worldwide, and is recognized as a key driver 
of biocontrol deterioration (laliBerté and tylianaKiS 
2010; daineSe et al., 2019). Considering the upcoming 
EU targets to reduce by 50% the use and the risk of chem-
ical pesticides by 2030 (SCHeBeSta and Candel 2020), 
an urgent question is to understand how to manage whole 
landscapes to maximize functional biodiversity and the 
associated biocontrol services. One of the key challenges 
in conservation biocontrol is to identify landscape-wide 
interventions to support natural enemies and simultane-
ously to reduce pest pressures on crops (SCHellHorn et 
al., 2014). These interventions often require the introduc-
tion of novel habitats (e.g. hedgerows, flower strips) or 
changes in local field management (e.g. introducing ro-
tation, conservation agriculture or organic farming etc.) 
(tamBurini et al., 2016). One of the central assumption 
of many interventions to boost biocontrol is that many 
pest control agents are enhanced by the proximity to 
semi-natural areas (SCHellHorn et al., 2015) and that the 
spill-over of beneficial organisms from these habitats to 
agricultural fields is often fundamental for pest control 
enhancement (Blitzer et al., 2012). However, we do not 
know yet how frequent is the movement of natural ene-

mies from semi-natural habitats to crops and vice versa. 
Recently, we have tried to answer this important ques-
tion by applying the species-habitat network approach 
to spiders and carabids inhabiting intensive agricultural 
landscapes in North Italy. In a first study, nardi et al. 
(2019) showed that ground-dwelling spiders possess a 
high habitat specialization that constrains the ability to 
move between crop and non-crop habitats. In particular, 
encouraging the spill-over of spiders from semi-natural 
habitats to crops to enhance biological control might work 
for permanent crops, while for annual crops it would be 
more effective to improve local field quality for spiders 
that are crop specialists or to introduce open semi-natural 
habitats such as meadows or diverse grass margins. In a 
second study, lami et al. (2021) showed that several car-
abid species are super-generalist and become even more 
generalist when landscapes are very simplified suggesting 
high chances of spill-over between different habitats. An-
other interesting potential application of this framework 
is to study pests’ occurrence across different habitat types 
at the landscape scale. For instance, Cappellari et al. 
(2022) applied the species-habitat framework to elucidate 
which habitats are suitable for the vectors of Xylella fas-
tidiosa, and how the vectors could potentially spread from 
non-crop habitats to olive groves. With this study, it was 
possible to identify key habitat patches that support vector 
populations, increasing the risks for pathogen transmis-
sion to olive trees. Another emerging topic in conserva-
tion biocontrol is whether increasing crop field size con-
sistently exacerbate insect pest problems by disrupting 
trophic interactions between pests and natural enemies 
(marini et al., 2023). While the traditional landscape ap-
proach has failed to answer this very important question, 
species-habitat networks can help elucidating the spill-
over dynamics and to help identifying optima landscape 
configuration to support an effective biocontrol service.

In conclusion, one key advantage of the application 
of the species-habitat network approach to conserva-
tion biocontrol is that the scale of the derived ecological 
information will match the scale of management inter-
ventions. Pest managers need to know how the different 
configurations of crop and green infrastructures influenc-
es pest population dynamics and their interactions with 
natural enemies. Only a deeper understanding of how 
natural enemies and pests use resources and move across 
heterogeneous landscapes can open the door to effective-
ly manage the landscape to reduce pest pressures using 
natural biocontrol.
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Manipulating belowground-aboveground interactions to enhance plant defence
In the last decade, a growing evidence built up on the role that belowground symbionts play in enhancing plant 

defence against aboveground insect pests. Arbuscular Mycorrhizal Fungi and Trichoderma species/strains have 
been deeply studied for their effect on plant direct and indirect defences. All these studies have demonstrated the 
species-specificity of these complex interactions particularly in respect to the symbiont strain and the feeding habit 
of targeted pest. Consequently, more data are needed to predict the output on plant defence against specific pests as 
elicited by specific root symbionts. The exploitation of belowground-aboveground interaction perfectly combines 
with other eco-friendly strategies of plant protection, including the use of plant-derived compounds.

Key wordS: Arbuscular Mycorrhyzal Fungi, Trichoderma, Aphids, Parasitoids, direct and indirect defence

introduCtion

Plant are sessile organisms that cannot move to es-
cape biotic (and abiotic) stresses. However, far from be-
ing passing receivers, they have evolved sophisticated 
mechanisms of defence that can be roughly divided into 
constitutive and induced. 

Constitutive defences are always active and represent 
the first barrier against biotic and abiotic stresses. They 
depend on intrinsic factors, including plant age and plant 
phenology, and extrinsic ones as constituted by the com-
plex environmental conditions including temperature, hu-
midity, light and by soil features (belowground) (Fig. 1). 

Constitutive defences have a high metabolic cost and 
to save it plants evolved the so-called induced defences 
that mount only following a triggering stress. Herbi-
vore-induced defences are among the most studied exam-
ples of induced defences. They include a complex system 
of metabolic responses that have proved to be specific in 
relation to the feeding habit of the invader. Simplifying, 
while insect chewers elicit the activation of the jasmonic 
acid pathway, piercing-sucking insects (and plant patho-
gens) trigger the activation of the salicylic acid one. In 
both cases, the metabolic cascade switches on specific de-
fensive genes and the final release of specific blends of 
Volatile Organic Compounds (VOC).

Fig. 1 - Schematic representation of factors affecting plant constitutive defences.
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The defensive output of induced responses could be 
direct or indirect. Direct effects on herbivore insect include 
the production of toxic compounds that alter its behaviour, 
development and reproduction. Indirect effects include the 

attraction of the natural antagonists of the herbivore medi-
ated by the release of specific VOC. In both cases, the lit-
erature is particularly rich in examples covering a number 
of plant-pest-natural enemy systems. 

Only recently, a new component has been consid-
ered in the interactions between plants and insects: the 
root symbionts (Fig. 2). By considering the incredible 
variety of soil microbiota, the fact that 80% of plant 
species are colonized by arbuscular mycorrhizal fungi 
(AMF) and that antagonistic fungi in the genus Tricho-
derma are ubiquitous, one could wonder whether “con-
stitutive” plant defence do exist in nature. In fact, root 
colonization by AMF, Plant Growth Promoting Rhizo-
bacteria (PGPR) or Trichoderma spp triggers plant re-
sponses that could impact on below and aboveground 
insect populations. Hence the question: could we prof-
itably use these interactions for enhancing plant direct 
and indirect defence against insect pests? 

The role of root symbionts as elicitors of plant defences

Root symbionts involved in the elicitation of plant 
defences belong to 3 main groups: the mycorrhizal fun-
gi, the antagonistic fungi, the Plant Growth Promoting 
Rhizobacteria (PGPR). The multiple effects induced by 
these organisms on plant direct and indirect defences 
are depicted in Fig. 3

Here, we will focus on arbuscular mycorrhizal fungi 
(AMF) and on Trichoderma spp and their effects on the 
activation of defences against different pests in tomato 
plant. 

amf and plant defenCe 

Arbuscular mycorrhizal fungi (AMF, phylum Glome-
romycota) are common belowground plant mutualists 
and can influence the quantity and quality of resourc-
es available to herbivores. AMF associate with 80% of 
vascular land plants worldwide helping in phosphate 
and other nutrients supply especially in phosphorus defi-
cient soils, enhancing plant resistance to drought (Volpe 
et al., 2018) and lending a significant higher degree of 
bioprotection against various pathogens, including nem-
atodes (BorowiCz, 2006 and references therein) and 
fungi (fritz et al., 2006). A positive effect of AM fungi 
on soil structure has been indicated, making them a key 
component of sustainable agriculture (JoHanSon et al., 
2004). In some cases, plants growing with AM fungi can 
be 30% larger than plants without AM fungi (GworG-
wor and weBer, 2003), and the increased quantity of 
resources caused by AM fungi has an impact on herbi-
vore performance. For example, AM fungi may decrease 
herbivore performance by increasing their plant hosts’ 
ability to produce nutritionally expensive chemical de-
fences (Vannette and Hunter, 2013).

In tomato plants, root colonization by the AMF Fun-
neliformis mosseae results in the induction of both direct 
and indirect mechanisms of defence against aphids (Fig. 
4) (Guerrieri et al., 2004).

Fig. 2 - Schematic representation of factors affecting plant induced defences.

Fig. 3 - Schematic representation of the effects of root 
symbionts on plant direct and indirect defences (modi-
fied from raSmann et al., 2017).

Fig. 4 - Direct defences against the tomato aphid Macro-
siphum euphorbiae induced by AMF colonization (mod-
ified from Guerrieri et al., 2004)



– 83 –

Here, we will focus on arbuscular mycorrhizal fungi 
(AMF) and on Trichoderma spp and their effects on the 
activation of defences against different pests in tomato 
plant. 

amf and plant defenCe 

Arbuscular mycorrhizal fungi (AMF, phylum Glome-
romycota) are common belowground plant mutualists 
and can influence the quantity and quality of resourc-
es available to herbivores. AMF associate with 80% of 
vascular land plants worldwide helping in phosphate 
and other nutrients supply especially in phosphorus defi-
cient soils, enhancing plant resistance to drought (Volpe 
et al., 2018) and lending a significant higher degree of 
bioprotection against various pathogens, including nem-
atodes (BorowiCz, 2006 and references therein) and 
fungi (fritz et al., 2006). A positive effect of AM fungi 
on soil structure has been indicated, making them a key 
component of sustainable agriculture (JoHanSon et al., 
2004). In some cases, plants growing with AM fungi can 
be 30% larger than plants without AM fungi (GworG-
wor and weBer, 2003), and the increased quantity of 
resources caused by AM fungi has an impact on herbi-
vore performance. For example, AM fungi may decrease 
herbivore performance by increasing their plant hosts’ 
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neliformis mosseae results in the induction of both direct 
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Fig. 3 - Schematic representation of the effects of root 
symbionts on plant direct and indirect defences (modi-
fied from raSmann et al., 2017).

Fig. 4 - Direct defences against the tomato aphid Macro-
siphum euphorbiae induced by AMF colonization (mod-
ified from Guerrieri et al., 2004)

On mycorrhizal tomato less than 40% Macrosiphum 
euphorbiae aphids reached the adult stage and only about 
10% reproduced. These effects are probably related to 
the production of antixenotic compounds that reduced 
the adsorption of plant nutrients coupled to a reduced 
palatability of the plant causing an alteration in the fixing 
behaviour of the aphids. 

A significant increase of induced defences was also 
noted in tomato plants colonised by F. mosseae.

A significant increase of attraction towards the aphid 
parasitoid Aphidius ervi was recorded for uninfested my-
corrhizal tomato (AMF) in respect to non-colonised un-
infested control (CONTROL) (Fig. 5) and this was relat-
ed to a change in the VOC released by plants upon root 
colonization by AMF. This difference in attractiveness 
was not noted when comparing uninfested mycorrhizal 
(AMF) and aphid-infested non-colonised (PHC) tomato 

plants (Fig. 5). Hence, it was hypothesized that root col-
onization by F. mosseae induced the release of VOC that 
“mimic” aphid attack. It is known that a specific thresh-
old of infestation in terms of number of aphids and dura-
tion of their feeding activity is needed to render a plant 
attractive towards an aphid parasitoid (Guerrieri et al., 
1999). In this context, mycorrhizal colonization could re-

Fig. 5 - Indirect defences against tomato aphid Macro-
siphum euphorbiae induced by AMF colonization (mod-
ified from Guerrieri et al., 2004)
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duce the temporal gap between the ongoing aphid coloni-
zation and the arrival of the natural antagonist thus im-
proving the biological control of aphid pests.

triCHoderma and plant defenCe

Fungi belonging to the genus Trichoderma are distrib-
uted worldwide. They are known for their antagonistic ac-
tivity against other microbes and their ability to colonize 
roots, establish chemical communication with the plant, 
and systemically alter the expression of many host genes. 
The success of this interaction may depend on the fungal 
strain–plant genotype combination (tuCCi et al., 2011). 
The relevant changes caused by Trichoderma spp. in the 
plant physiology often result in an improved abiotic stress 
resistance, nutrient uptake, resistance to pathogens, and 
photosynthetic efficiency (HermoSa et al., 2012). Whilst 
a number of papers reported the efficacy of Trichoderma 
spp. or their metabolites in terms of induction of system-
ic resistance against plant pathogens (e.g. Vinale et al., 
2012), only in recent years it has been reported how these 
antagonist fungi can alter the performance of herbivores 
and their natural enemies aboveground.

In the system composed by tomato plant and the to-
mato aphid Macrosiphum euphorbiae, root colonization 
by Trichoderma longibrachiatum (strain MK1) resulted in 
an enhanced performance of the aphid as represented by a 
significant increase in both rm index and progeny (Fig. 6).

This result was most probably due to the enhanced nu-
trition quality of the tomato as induced by root coloniza-
tion by this specific strain of Trichoderma.

The specificity of plant responses in respect to differ-
ent species/strains of root symbiont was confirmed in 
subsequent experiments including the same plant-aphid 
system and Trichoderma atroviride (strain P1) (Fig. 7)

In this case, the presence of the antagonistic symbiont 

resulted in an enhanced defensive response by the plant as 
shown by a reduced survival rate of the tested aphid. Sim-
ilarly, root colonization by Trichoderma atroviride result-

Fig. 6 - Reduction of direct defences against the tomato aphid Macrosiphum euphorbiae upon colonization by Trichoder-
ma longibrachiatum.

Fig. 8 - Induction of direct defences against Spodoptera littoralis upon colonization by Trichoderma atroviride.

Fig. 7 - Induction of direct defences against the toma-
to aphid Macrosiphum euphorbiae upon colonization by 
Trichoderma atroviride.
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Fig. 8 - Induction of direct defences against Spodoptera littoralis upon colonization by Trichoderma atroviride.

ed in an enhanced defensive response against the chewer 
Spodoptera littoralis both in terms of larval weight and 
survival rate (to pupation) (Coppola et al., 2019) (Fig. 8)

These differential responses induced by different spe-
cies /strains of Trichoderma in terms of direct defences 
disappeared when considering plant indirect defences. 
Overall, regardless the species of Trichoderma colonizing 
tomato roots, we observed a significant increase of attrac-
tiveness towards the aphid parasitoid A. ervi (Figg. 9-11)

The increase of attractiveness towards A. ervi induced 
by T. longibrachiatum colonization was related to the 
release of specific VOC (Fig. 8) that have been proved 
important for the foraging behaviour of this parasitoid 
(SaSSo et al., 2007; 2009). The effect on indirect defenc-
es induced by T. longibrachiatum counter balance the 
abovementioned increased performance of the aphid pest 
M. euphorbiae elicited by the same fungal species.

Similarly, tomato colonization by T. atroviride 
(strain P1) resulted in the enhanced release of specific 
VOC and in turn to an increased attractiveness towards 
A. ervi (Coppola et al., 2019)

Finally, a synergistic effect on the attractiveness to-
wards A. ervi was recorded when tomato plants were colo-
nized by T. afrohartianum (strain T22) and infested by the 
aphid Macrosiphum euphorbiae (Coppola et al., 2017)

Summary and future direCtionS

The species/specificity of plant responses to root col-
onization by different species and strains of symbionts 
requires a thorough effort of characterization if we want 
to exploit these interactions for the sustainable control of 
agricultural pests. These aspects are particularly impor-
tant within the framework of EU Green Deal objectives 

Fig. 9 - Indirect defences against tomato aphid Macrosiphum euphorbiae induced by Trichoderma longibrachiatum
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that fixed a 50% reduction in the use of synthetic pes-
ticides by 2030. The use of root symbionts can be also 
combined with modern control strategies, including the 
use of natural derived compounds.

For example, the combined use of a plant derived 
hormone (systemin) aboveground and a Trichoderma 
strain (T. afrohartianum) belowground resulted in an ef-
ficen control of one of the most destructive pest of toma-
to worldwide, the tomato pinworm Phthorimaea (=Tuta) 
absoluta (aprile et al., 2022) (Fig 12).

The combined application resulted in the activation 
of specific defensive genes hampering the development 
and the longevity of the pest (Fig. 11)

Only by integrating multidisciplinary expertise 
it will be possible to progressively reduce the use of 
synthetic pesticides against pests that are becoming in-
creasingly aggressive due to the climate change. The 
aim is to have an agriculture more and more sustain-

able that guarantees the quality and the safety of its 
products.
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The widespread use of synthetic insecticides is one 
of the main consequences of the Green revolution (new-
man, 2015). In that era, insecticides were only consid-
ered substances used to kill insect pests with the aim of 
increasing crop yield (Cooper & doBSon, 2007). For 
several decades, the potential ecotoxicological outcomes 
of such practice have been neglected by the agroindus-
try and by policy makers (rattner, 2009). Only after 
the warnings by various environmentalists worldwide, 
the most renowned being Rachel Carson with the book 
Silent spring, the awareness of the potential risks posed 
by pesticides on wildlife and on their ecological services 
increased (CarSon, 1962, newman, 2015). Biological 
control is, together with pollination, the agroecological 
service more at risk for side effects of insecticides. The 
toxicological impact toward insect natural enemies needs 
thus to be carefully evaluated prior introducing any toxi-
cant into crop protection protocols. However, such an as-
sessment is a high challenging task due to the high variety 
of insecticide mode of actions and, more importantly, be-
cause of the extreme biological and ecological diversity 
of non-target organisms (Biondi et al., 2012). Old gen-
eration insecticides were characterized by strong acute 
toxicity toward a broad range of exposed organisms. The 
assessment of their target and non-target toxicity is tradi-
tionally expressed with concentration-mortality response 
indexes, such as the estimation of median lethal concen-
trations (deSneux et al., 2007). By contrast, novel insec-
ticides are developed with the main aim of being as more 
selective as possible. For this, novel insecticide mode 
of actions and applications are continuously discovered 
and implemented into the crop protection practice. Such 
substances are usually considered as slower acting be-
cause inducing a high degree of chronic sublethal effects 
rather than lethal ones (GuedeS et al., 2016). Sublethal 
effects are those physiological and behavioral modifica-
tions occurring in organisms survived to the exposure to 
sublethal concentrations of insecticides (deSneux et al., 
2007). In pests, insecticide sublethal effects translate into 
the prompt reduction of crop damage and in a longer-
term reduction in pest population levels. However, for 
insect natural enemies the consequences of sublethal 
exposure are less obvious and are very often crucial for 
the ecotoxicological assessment and finally for the sus-
tainability of crop protection programs involving novel 
insecticides (deSneux et al., 2007; Biondi et al., 2013). 

Indeed, sublethal effects of insecticides on insect pred-
ator and parasitoid are the consequence of the diverse 
types of exposure, i.e., topical, residual and for ingestion 
via the plant or via the prey/host, of the intrinsic physi-
ological and biological features of the natural enemies, 
and of the extraordinary diversity of prey/predator and 
host/parasitoid interaction. Such scenario calls for a case 
by case evaluation of the potential side effects of novel 
insecticides toward natural enemies, before any novel in-
secticide get widespread used. This aspect is crucial for 
the current need of implementing resilient and sustaina-
ble copping system, as required by the modern agricul-
tural models.

Key wordS: Biological control, Biopesticides, Ecotoxicology, 
Integrated Pest Management, Sublethal effects.
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