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Abstract
Aphids are worldwide pests, and in South America, they harm many crops including winter cereals. In the 1970s, the rapid 
expansion of the wheat crop area in the subtropical region of South America led to growth of aphid populations. The wide 
availability of food, associated with the low effectiveness of natural biological control, put the aphid populations out of 
balance, requiring intensive use of insecticides. At the end of the decade, biological control programs of aphids were initi-
ated in Argentina, Brazil, and Chile, including the importation of natural enemies (mainly parasitoids), followed by their 
laboratory rearing and field release. With decreased use of highly hazardous pesticides, biological control by introduced and 
already-present parasitoid species was enhanced. The program was very successful and aphid populations have been kept 
at low levels. This review article explores the history of this program and its current status. In modern day agriculture, with 
intense multiple cropping systems, adoption of several conservation practices, and increased cultivation of wheat in tropi-
cal regions, we discuss ways to keep this program effective to maintain aphid populations on cereal crops at low acceptable 
levels through employing biological control agents.
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Introduction

Biological control program of aphids on winter cereals in 
South America through importation and introduction of 
aphid parasitoids (Hymenoptera: Braconidae) can be consid-
ered one of the most successful cases of biological control 
in the world. Control programs for aphids on winter cereals 
were launched in Argentina, Brazil, and Chile. These pro-
grams generally followed the scheme described by Van den 
Bosch and Messenger (1973), with introduction, mass rear-
ing, and release of natural enemies, featuring the so-called 
classic method of biological control. The hypothesis was 
that the disequilibrium of aphids on wheat could be at least 
partially reversed by natural enemies that co-evolved with 
invasive aphid species. The introduction of natural enemy 
species would allow some to adapt to the ecological con-
ditions in the humid subtropical region in South America. 
They would establish and multiply freely in wheat aphids, 
helping to control populations. The first targets of the pro-
gram were Metopolophium dirhodum (Walker) and Sitobion 
avenae (F.) species with the greatest economic impact at that 
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time (Zúñiga-Salinas 1982; Starý et al. 1993a). The goal 
was to reach parasitism levels that cause 10–15% mortality 
of aphids (Zúñiga-Salinas 1982). A second phase of this 
program began in 1992 in Chile, aiming to control Diuraphis 
noxia (Kurdjumov) (Starý et al. 1993b; Starý 1995).

This review presents the history of aphids as pests of win-
ter cereals, the situation of natural biological control before 
the biological control program, and the effects of the intro-
duction of exotic species of aphid parasitoids in Argentina, 
Brazil, and Chile. The events in the subtropical region of 
Brazil are described in more detail in this review, comparing 
scenarios before and after the beginning of the biological 
control program. Finally, the perspectives for the future of 
biological control of winter cereal aphids in the region are 
addressed, considering the changes that have occurred with 
the modernization of agriculture.

Aphids as pests in winter cereals in South 
America

The economic relevance of aphids (Hemiptera: Aphididae) 
as pests of cultivated plants is because of their high pro-
lificity and reproduction rate, associated with their ability 
to disperse, migrate, and transmit phytopathogens (Ng and 
Perry 2004; Fingu-Mabola and Francis 2021). Cereal aphids 
have different preferences for plant organs, from the roots 
to the reproductive structures including stems and leaves. 
They cause distinct types of damage, such as necrosis, chlo-
rosis, and tissue morphological changes by saliva action. 
Furthermore, aphids are efficient vectors of barley/cereal 
yellow dwarf virus (B/CYDV), the causal agents of yellow 
dwarf disease, which is widely distributed in the world and 
have major economic impact on cereal yields (Halbert and 
Voegtlin 1995; Lau et al. 2021).

Several species of aphids use grasses (Poaceae) as host 
plants, which include cultivated and non-cultivated pastures, 
ground cover species, and cereals such as wheat (Triticum 
aestivum L.), oats (Avena spp.), barley (Hordeum vulgare 
L.), rice (Oryza spp.), and corn (Zea mays L.) (Singh et al. 
2015). In agricultural systems, grasses are cultivated in dif-
ferent seasons and together with native grasses, often per-
ennial, forming a complex landscape in which aphids com-
plete their life cycle (Stell et al. 2022). Numerous Old World 
plants (European and Asian) were successfully introduced 
and became established in New World (America) ecosys-
tems (Malmstrom et al. 2007), including wheat, black oat, 
Avena strigosa (Schreb.), white oat (Avena sativa L.), bar-
ley, rye (Secale cereale L.), and triticale (× Triticosecale 
Wittmack).

In the same way, cereal aphid species from the Palearctic 
have been reported in the Neotropical Region and their rela-
tionship with host plants and natural enemies investigated 

(Bertels 1956, 1970, 1974; Corseuil 1958, 1959; Costa 
1944; Fehn 1970, 1974; Pimenta and Smith 1976; Zúñiga 
and Suzuki 1976). The first species established in South 
America was the greenbug aphid, Schizaphis graminum 
(Rondani), first recorded in 1914 in Argentina, and later in 
Brazil, Chile, Colombia, Paraguay, Peru, Uruguay, and Ven-
ezuela (Reiniger 1941; Pimenta and Smith 1976; Zúñiga and 
Suzuki 1976). Another early species recorded from 1930 to 
1970 was the corn aphid, Rhopalosiphum maidis (Fitch), 
with records in Argentina, Brazil, Colombia, Uruguay, and 
Venezuela, but described as uncommon on wheat (Pimenta 
and Smith 1976; Zúñiga and Suzuki 1976).

Beginning in the 1960s, the English grain aphid, 
S. (= Macrosiphum) avenae; the rose-grass aphid, M. 
(= Acyrthosiphum) dirhodum; and the bird cherry oat aphid, 
Rhopalosiphum padi (L.) were first recorded in the region. 
S. avenae and M. dirhodum became the two most important 
species in South American wheat crops. S. avenae and M. 
dirhodum were first detected in Chile in 1966, and then in 
Argentina, Brazil, Peru, and Venezuela (Zúñiga and Suzuki 
1976). Although R. padi was frequently found on wheat, 
oat, and barley, it was considered less relevant at that time. 
Also in this genus, the rice root aphid, Rhopalosiphum rufi-
abdominale (Sasaki) in Brazil, Chile, Colombia, and Ven-
ezuela, occurred less frequently on wheat, but used to cause 
problems on rice crops. Another species, the yellow sugar-
cane aphid, Sipha flava (Forbes), was also reported in Brazil, 
Peru, and Venezuela (Pimenta and Smith 1976; Zúñiga and 
Suzuki 1976).

Subsequently, the Russian wheat aphid, D. noxia, was 
reported in Chile in 1987 and later in Argentina in 1991. It 
has high damage capacity, mainly to cereals such as barley 
and wheat (Reed and Kindler 1994). The hedgehog grain 
aphid, Sipha maydis (Passerini), was first reported in Argen-
tina (Ortego et al. 2004; Corrales et al. 2007) and rapidly 
expanded to Brazil, Argentina, Chile, Paraguay, Bolivia, 
Peru, Ecuador, and Colombia (CABI 2022; Pereira et al. 
2008).

Among the winter cereal food sources for aphids, initially 
the area under wheat cultivation increased significantly in 
southern South America, from 354,680 to 4,104,144 ha in 
Brazil from 1965 to 1979 (OCEPAR 1990; Salvadori and 
Salles 2002). Between 1970 and 1980, the population densi-
ties of M. dirhodum and S. avenae were very high (Fig. 1), 
reaching up to 150 individuals of S. avenae per spike and 
187 individuals of M. dirhodum per plant (Kober 1972; 
Pimenta and Smith 1976). Considering all aphid species, 
levels close to 250–300 aphids/plant were reached (Eichler 
et al. 1976; Netto et al. 1975; Pimenta and Smith 1976). 
In general, the estimated damage caused by aphids on 
wheat production in southern Brazil was greater than 20% 
in the period 1967–1972 (Caetano 1973). Damage to grain 
yield associated with these high aphid populations became 
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frequent, and plots without aphid control suffered wheat 
yield losses of up to 88% and 56%, respectively, in 1974 
and 1976 (Salvadori and Salles 2002).

The parasitoid fauna before the biological 
control program

The aphid parasitoid (Hymenoptera) fauna in Latin Amer-
ica is characterized by the prevalence of Aphidius platensis 
(Brèthes), Diaeretiella rapae (McIntosh), and Lysiphle-
bus testaceipes (Cresson). These were the only parasitoids 
reported in Brazil and Chile before the introduction of other 
species by the biological control programs described in this 
review (Starý 1995; Starý et al. 2007).  Aphidius platen-
sis and D. rapae are of Palearctic origin and were probably 
accidentally introduced into South America along with their 
aphid hosts. L. testaceipes, which has a Nearctic origin, may 
have been accidentally introduced or naturally expanded 
from North America to South America (Starý 1995; Starý 
et al. 2007). In Argentina, the aphid parasitoid species Aphe-
linus asychis Walker, A. abdominalis Dalman, and Praon 
volucre (Haliday) have also been reported in wheat aphids 
(Botto 1980; Botto et al. 1995; Starý and Delfino 1986). 
These species may also have been accidentally introduced 
into that country along with their aphid hosts.

Older reports contain some synonymy problems, espe-
cially in the case of A. platensis, because this species was 
described several times and in different South American 
countries by Brèthes, in the genera Aphidius Nees and 
Diaeretus Förster (Starý 1995). Controversy remains about 
the synonymy with Aphidius brasiliensis (Brèthes) (Starý 
et al. 2007). As A. platensis is part of a cryptic species 
group called A. colemani species group, it has also been 
commonly reported as A. colemani (lato sensu) (Tomanović 
et al. 2014).

Before the reports of M. dirhodum and S. avenae in 
Brazil, records on natural enemies of wheat aphids were 

restricted to S. graminum without quantification of their 
suppression of aphid populations (Reiniger 1941; Costa 
1944; Bertels 1956; Corseuil 1958). As the former two spe-
cies were rampant, Kober (1972) considered the biologi-
cal control of aphids on wheat to be insignificant, requiring 
chemical control to avoid losses, which could reach 100%. 
In south-central Paraná, in 1974, Pimenta and Smith (1976) 
reported high populations of M. dirhodum and S. avenae 
and a very low level of parasitism. These authors also found 
a significant, albeit late, incidence of the entomopathogen 
Entomophthora sp. and the abundant presence of aphid pred-
ator syrphids before the population peak, but which did not 
prevent the damage caused by aphids to grain yield.

At that time, the use of chemical insecticides was wide-
spread. In Argentina, before 1979, the aphids M. dirhodum, 
S. graminum, and S. avenae could only be controlled by 
insecticides (Botto et al. 1995). In Brazil, in 1977, 98.6% 
of wheat crops in Rio Grande do Sul and Paraná states were 
sprayed once or twice, and, in many cases, three to four 
sprays were required for effective aphid control (Ambrosi 
1987; Salvadori and Salles 2002). This intensive use of 
insecticides struck the already few endemic natural enemies, 
creating a vicious circle that made wheat production totally 
dependent on the use of insecticides.

Import and introduction of parasitoids 
to control aphids

The first intentional introductions of cereal aphid parasi-
toids in South America occurred in Chile in 1961 (Table 1), 
with Aphidius matricariae Haliday (Starý et al. 1993a), and 
in Argentina in the 1970s (Table 2), with the introduction 
of Aphidius ervi Haliday and Ephedrus plagiator (Nees) 
(Greco et al. 2020). These introductions were aimed at con-
trolling aphids in crops such as alfalfa, but their effect also 
extended to wheat aphids, such as A. ervi against M. dirho-
dum and S. avenae in Argentina (Starý and Delfino 1986).

Fig. 1   Timeline of events for the winter cereal production system, aphids, and management measures in the subtropical region of South America 
(A)
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Biological control programs specifically for wheat aphids 
introduced six species of aphid parasitoids in Argentina 
(Table 1), eight in Chile (Table 2), and 12 species in Brazil 
(Table 3). These parasitoids originate from the USA and 
countries in Europe and in the Middle East. The introduc-
tions were carried out in a coordinated manner, involving 
the three countries in the late 1970s and early 1980s. In 
1992, in Chile, three more species of aphid parasitoids were 
introduced to control D. noxia (Table 2).

In Brazil, the program was conducted by Embrapa Trigo 
(National Wheat Research Center) with support from FAO 
and the University of California. Parasitoids were the key 
insects in this program, and so they were used to make the 

program logo of the biological control program in Brazil 
(Fig. 2A). In this country, after the introduction and quaran-
tine process, large-scale rearing of parasitoids was conducted 
at the insectary of Embrapa Trigo (Fig. 2B), and they were 
released in the field on wheat crops (Salles 1979). This facil-
ity, built in 1978, was named after Robert Van den Bosch, in 
honor of his contribution to the program and pioneer work 
on biological control of insect pests in general (Fig. 2C).

Initial releases, conducted by Embrapa’s staff in Brazil in 
all wheat-growing regions of Rio Grande do Sul state, were 
systematic and frequent. Sporadic releases were also done 
in the states of Santa Catarina, Paraná, and Mato Grosso 
do Sul. After the releases, sites were monitored to assess 

Table 1   Parasitoid species (Hymenoptera: Braconidae) introduced for biological control of wheat aphids in Argentina

Ac Acyrthosiphon kondoi, Ap Acyrthosiphon pisum, Ca cereal aphids, Sg Schizaphis graminum, Md Metopolophium dirhodum, Sa Sitobion ave-
nae. Source: Adapted from Greco et al. (2020)

Introduced parasitoid species Target aphid Country of origin/year Status

Aphidius colemani Viereck Sa Uruguay/1950 Probably present 
prior to the 
introduction

Aphidius ervi Haliday Ap USA/1972 Established
Aphidius ervi Haliday Md USA/1980 Established
Aphidius rhopalosiphi De Stefani-Perez Md USA/1980 Established
Aphidius uzbekistanicus Luzhetzki Sa Brazil/1980 Established
Ephedrus plagiator (Nees) (as Aphidius plagiator) Ac USA/1978 Established
Ephedrus plagiator (Nees) Ca Brazil/1980–1982 Established
Lysiphlebus testaceipes (Cresson) Sg USA/1984 Probably present 

prior to the 
introduction

Praon gallicum Starý Ca Brazil/1980–1982 Not established

Table 2   Parasitoid species (Hymenoptera: Braconidae) introduced for biological control of wheat aphids in Chile

Aph Aphidoidea, Ca cereal aphids, Dn Diuraphis noxia, Rp Rhopalosiphum padi, Sg Schizaphis graminum, Md Metopolophium dirhodum, Sa 
Sitobion avenae. Source: Adapted from Starý (1993, b, 1995), Starý et al. (1993a, 1993b), Peñalver-Cruz et al. (2017)

Introduced parasitoid species Target aphid Country of origin/year Status

Aphidius avenae Haliday (as A. picipes) Ca Brazil/1992 Established
Aphidius ervi Haliday Sa, Md France/1976–1978 Established
Aphidius matricariae Haliday Aph USA/1961 Established
Aphidius rhopalosiphi De Stefani-Perez Sa, Md France via Brazil/1977–1979 Established
Aphidius uzbekistanicus Luzhetzki Sa, Md France via Brazil/1977–1979 Established
Ephedrus cerasicola Starý Dn Norway/1992 Unknown
Ephedrus nacheri Quilis Perez Dn Czechoslovakia/1991–1992 Unknown
Ephedrus plagiator (Nees) Dn, Md France via Brazil/1978; Czechoslovakia/1992 Established
Lysiphlebus testaceipes (Cresson) Sg USA/1974 Present prior to 

the introduc-
tion

Monoctonus nervosus (Haliday) Sa USA/1976 Not established
Praon gallicum Starý Md France, Czechoslovakia via Brazil/1978–1979 Established
Praon volucre (Haliday) Md, Sa France, Iran via Brazil/1978, 1979, 1982 Established
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species establishment and parasitism levels on wheat aphids. 
At the same time, studies on biology, population dynamics, 
aphid damage, and insecticide selectivity were carried out. 
This aimed to develop complementary knowledge and tech-
nologies for the pest management program that would help 
to preserve biological control agents.

From 1982 to 1992, with some species already estab-
lished, releases continued with less intensity and were 
directly done by farmers using parasitoids supplied by 
Embrapa. The objective was to consolidate the technology 
and maintain the motivation for the rational use of insecti-
cides. During the 1978–1992 period, about 20 million para-
sitoids were produced and released (Salvadori and Salles 
2002).

Results of aphid biocontrol

Some introduced species of parasitoids became established 
and aphid parasitism on wheat crops exceeded the target 
of the program. In Argentina, the populations of M. dirho-
dum, S. graminum, and S. avenae have strongly reduced 
(Botto et al. 1995). The parasitoids A. ervi and P. volucre 
were established before the wheat aphid biological control 
program (Starý and Delfino 1986; Botto et al. 1995) and 
Aphidius rhopalosiphi De Stefani-Perez, Aphidius uzbekis-
tanicus Luzhetzki, and E. plagiator were considered estab-
lished after the program (Greco et al. 2020). The control of 
the target aphid species, M. dirhodum and S. avenae, was 

carried out mainly by A. rhopalosiphi, A. uzbekistanicus, 
and A. ervi (Botto et al. 1995).

In Chile, in addition to the five species established in 
Argentina, introductions in the 1980s to control S. avenae 
and M. dirhodum also resulted in the establishment of Praon 
gallicum Starý (Starý 1995). The introductions carried out in 
1991–1992 to control D. noxia resulted in the establishment 
of Aphidius avenae Haliday (Peñalver-Cruz et al. 2017). For 
species of the genus Ephedrus Haliday, information about 
their initial establishment is based on collections carried out 
a few months after the releases (Starý et al. 1993b; Starý 
1995). The reduction of S. avenae and M. dirhodum popu-
lations by parasitoids was noticed in Chile soon after the 
introductions (Starý et al. 1993a). There, A. ervi was most 
abundantly parasitizing S. avenae, followed by P. volucre 
and A. uzbekistanicus; the parasitoids A. avenae, P. galli-
cum, A. colemani, A. matricariae, A. rhopalosiphi, and L. 
testaceipes were found in lower percentages in this aphid 
(Peñalver-Cruz et al. 2017). According Peñalver-Cruz et al. 
(2017), these parasitoids were also reported on R. padi, 
except for P. volucre, however, with a greater abundance 
of L. testaceipes, A. colemani, and A. uzbekistanicus. The 
geographic distribution of parasitoid species in the seven 
administrative regions of Chile was summarized by Starý 
(1993, b, 1995).

In Brazil, in the early 1980s, A. rhopalosiphi, A. uzbekis-
tanicus, and P. volucre were considered established (Zúñiga-
Salinas 1982) and, later, A. ervi (Starý et al. 2007). Estab-
lished parasitoids have developed adaptive mechanisms 

Table 3   Parasitoid species (Hymenoptera) introduced for biological control of wheat aphids in Brazil

Rp Rhopalosiphum padi, Sg Schizaphis graminum, Md Metopolophium dirhodum, Sa Sitobion avenae. Source: Adapted from Zúñiga-Salinas 
(1982), Gassen and Tambasco (1983), Starý et al. (2007), Bortolotto et al. (2012), Santos et al. (2022)

Introduced parasitoid species Host aphid in country 
of origin

Country of origin Status

Hymenoptera–Aphelinidae
Aphelinus abdominalis Dalman Md Chile Not established
A. abdominalis (as A. flavipes Förster) Sg France Not established
Aphelinus asychis (Walker) Md, Sa France Not established
Aphelinus varipes Förster Sg, Md Hungary, France Not established
Hymenoptera–Braconidae
Aphidius avenae Haliday (as pascuorum) Sg France Not established
A. avenae (as picipes) Sg Czechoslovakia, Italy, Hungary Not established
Aphidius colemani Viereck Md, Sa France, Israel Present prior to the introduction
Aphidius ervi Haliday Sa, Md France, Czechoslovakia Established
Aphidius rhopalosiphi De Stefani-Perez Sa, Md, Sg Chile, Czechoslovakia, France Established
Aphidius uzbekistanicus Luzhetzki Md, Italy Established
Ephedrus plagiator (Nees) Sa, Md France, Czechoslovakia Not established
Lysiphlebus testaceipes (Cresson) Sg Chile Present prior to the introduction
Praon gallicum Starý Md France Not established
Praon volucre (Haliday) Md France, Czechoslovakia, Spain Established
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to successfully survive and parasitize grass aphid species, 
maintaining themselves during the off-season of wheat 
on wild grasses and other crops (Zúñiga-Salinas 1982). 
After the introductions, the parasitism in S. avenae and M. 
dirhodum gradually increased. In different evaluated sites 
(e.g., Espumoso, RS), parasitism in S. avenae ranged from 
46 to 62% in 1980 and 30 to 64% in 1981 (Zúñiga-Salinas 
1982). High and increasing parasitism levels continued to 
be registered, while hyperparasitism was low and did not 
significantly affect the action of parasitoids (Zúñiga-Salinas 
1982). Another significant result was the synchrony in the 
parasitoid-host relationship, with parasitism beginning early 

on the first aphids in autumn and winter (Zúñiga-Salinas 
1982; Tambasco 1984). Population levels of and damage 
from S. avenae and M. dirhodum, which were extremely 
high in the 1970s, were drastically reduced after the biologi-
cal control program. In 1979–1981, the maximum density of 
aphids/tiller ranged from 6.4 to 15.0 for S. avenae and 4.7 to 
9.0 for M. dirhodum. Parasitism in 1980 and 1981 kept the 
density of these species below the economic threshold level 
(Zúñiga-Salinas 1982).

Even under favorable environmental conditions and lack 
of other natural enemies (predators and pathogens), no aphid 
outbreaks occurred in the years following the introduction of 
parasitoids in Brazil (Zúñiga-Salinas 1982; Tambasco 1984; 
Salvadori and Salles 2002). Aphid control using insecticides 
no longer increased grain yield in the wheat crop in subse-
quent years (Silva 1984; Silva and Ruedell 1984). Insecticide 
use to control aphids drastically dropped to less than 5% of 
the area cultivated with wheat (Ambrosi 1987). In addition, 
the biological control of aphids was naturally extended to 
other winter cereals such as barley, oats, and triticale.

The introduction of parasitoids to control wheat aphids 
certainly allowed the expansion of the species to neighbor-
ing countries, where there were no introductions, such as 
Uruguay and Paraguay. For example, in wheat-growing areas 
of Paraguay, the species L. testaceipes, E. plagiator, P. galli-
cum, P. volucre, A. avenae (= picipes), A. colemani, A. ervi, 
A. urbekistanikus, and A. rhopalosiphi have been reported 
(Gonzáles-Torres et al. 2018).

Brazilian case—current parasitoid guild 
and parasitism levels

Of the 12 exotic parasitoid species introduced in biocon-
trol program during the 1970s, three (A. uzbekistanicus, 
A. rhopalosiphi, and A. ervi) are still present in southern 
Brazil (Engel et al. 2022; Santos et al. 2022). A. colemani 
and L. testaceipes already occurred in the region; thus, it is 
impossible to know if the current population is composed of 
descendants of preexisting populations, introduced popula-
tions, or a mixture of both. In the case of A. colemani, San-
tos et al. (2019) found that the specimens collected during 
the biological control program (1978 to 1982), previously 
identified as Aphidius colemani (Viereck) (Zúñiga-Salinas 
1982), are really A. platensis. Thus, the introduction of A. 
colemani (senso stricto) remains questionable, and it is not 
possible to determine exactly which species of this group 
were introduced (Santos et al. 2019). The establishment of 
only a few species of parasitoids in the subtropical region 
corroborates the theory of environmental filtering, which 
implies that a species must overcome several environmental 
barriers (filters) over time to become established in a new 
region (Outreman et al. 2018; Hajek et al. 2016).

Fig. 2   Historical elements of the biological control program of wheat 
aphids in Brazil. Program logo (A). Current physical structure of the 
insectary, built in 1978 (B). Plaque honoring Robert Van den Bosch 
for his contribution to the program and pioneering research in bio-
logical control (C)
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Currently, in the winter cereal aphid parasitoid guild, 
the dominant species has been A. platensis (Santos et al. 
2019; Engel et al. 2022). Surveys carried out in a recent 
8-year time series (2011–2018) in Coxilha found A. plat-
ensis (61.4%), A. uzbekistanicus (7.3%), A. ervi (1.6%), A. 
rhopalosiphi (6.8%), D. rapae (18.6%), and L. testaceipes 
(1.3%) (Engel et al. 2022). The most abundant species, A. 
platensis, is considered one of the main biological control 
agents of cereal pest aphids in the world (Santos et al. 2019; 
Alvarez-Baca et al. 2020); this generalist parasitizes aphids 
belonging to tribes Aphidini and Macrosiphini in a wide 
host plant range (Starý et al. 2007). A. uzbekistanicus and 
A. rhopalosiphi are specialized parasitoids on winter cereal 
aphids (Starý et al. 2007; Santos et al. 2022). The rarity of 
A. ervi and L. testaceipes may be related to the collection 
method used and/or host species preference.

From its distribution center in the subtropical region, par-
asitoids have spread to tropical regions, becoming important 
not only in the biological control of cereal aphids but also 
in other crops (Starý et al. 2007; Pezzini et al. 2019). The 
adaptation of introduced parasitoid species to Brazilian con-
ditions has been confirmed in field surveys with the recovery 
of the following: A. colemani, A. uzbekistanicus, A. ervi, A. 
rhopalosiphi, D. rapae, and L. testaceipes (Alves et al. 2005; 
Zanini et al. 2006; Starý et al. 2007; Bortolotto et al. 2012; 
Machado and Santos 2013).

Studies between 2009 and 2010 indicated that the level 
of parasitism in the species of aphids most commonly found 
in southern Brazil still remained high. For example, in Cox-
ilha, RS, parasitism was found by the species M. dirhodum 
(67–33%), S. avenae (32–30%), S. graminum (31–25%), and 
R. padi (23–26%) (Rebonatto 2011).

Population oscillation of aphids and parasitoids

Aphids and parasitoids constitute one of the main net-
works of interactions between species associated with 
cultivated cereals throughout the world (Tomanović 
et al. 2008; Gagic et al. 2011, 2012; Alhmedi et al. 2018; 
Andrade et al. 2016). Air temperature is a regulatory fac-
tor in the patterns of population oscillation of aphids and 
parasitoids. Therefore, it determines the compatibilities 
of these interactions and may affect the final efficiency 
of biological control. In general, higher air temperature 
combined with low rainfall results in an increase in winged 
aphid populations. Parasitoid species have a lower ther-
mal amplitude than aphids (Engel et al. 2022). Therefore, 
the efficiency of biological control by parasitoids may 
decrease in the hottest seasons of the year, in regions with 
warmer climates, and in climate change scenarios that pre-
dict an increase in temperature. In addition to the effect on 
the host, the direct effect of temperature on the parasitoid 
also influences biological control (Souza et al. 2017) as 

the thermal tolerance of each species determines its sea-
sonality (Le Lann et al. 2011) and geographic distribution.

The biological control program and changes in the 
cropping system, such as no-tillage, which has become 
widely adopted in southern Brazil, might have helped to 
modify the composition of winter cereal aphid popula-
tions. For example, M. dirhodum, the predominant species 
in the past and one of the main BYDV vectors, now has a 
secondary role, being replaced by R. padi and S. avenae 
(Alves et al. 2005; Lau et al. 2008; 2009; Rebonatto 2011; 
Stoetzer et al. 2014; Rebonatto et al. 2015; Engel et al. 
2022). The predominant species became aphids such as 
R. padi, which can colonize different hosts and adapt to a 
wide temperature range in southern Brazil. In addition to 
wheat in winter, other abundant hosts are available, such 
as oats in autumn and corn in summer, as well as exten-
sive areas of ryegrass pastures. Studies with R. padi in 
the subtropical region, with suitable host plants available 
year-round, demonstrated the highest population growth 
in summer, decreasing in autumn and reaching the lowest 
levels in winter, increasing again in spring (Wiest et al. 
2021) (Fig. 3A).

The population dynamics of parasitoids is seasonal with 
a peak in winter and another in winter-spring transition. 
For example, A. platensis and D. rapae peak in mid-win-
ter, while A. uzbekistanicus and A. rhopalosiphi peak in 
late winter and early spring (Fig. 4a, d, g, j) (Engel et al. 
2022). Based on winged cereal aphids (R. padi, R. rufiab-
dominalis, R. maidis, S. graminum, S. avenae, M. dirho-
dum, S. maydis, and S. flava) captured in traps, there are 
two peaks in populations in southern Brazil: the first dur-
ing summer-fall transition and the second during winter-
spring transition (Engel et al. 2022). The high parasitism 
levels at the beginning of winter may explain the drastic 
reduction of aphid populations in spring. Moreover, sur-
veys in the summer indicated lower levels of parasitism 
(< 20%) (Rebonatto 2011).

In addition to the effects of meteorological variables, 
the population fluctuation of aphids is affected by the pres-
ence of hosts and natural enemies (Bell et al. 2015; Toug-
eron et al. 2018). Changes in this population trend may be 
caused by variation in availability of host plants (bottom-
up effect) or from the action of natural enemies (top-down 
effect) (Engel et al. 2022) (Fig. 3B). Thus, considering the 
adaptability of R. padi to different seasons of the year, it is 
possible that their populations prosper in unfavorable times 
for natural enemies (Engel et al. 2022). Furthermore, dur-
ing autumn–winter, R. padi can act as a multiplying host 
of parasitoids that will parasitize other species of aphids 
whose growth is restricted to only a specific time of the 
year (Santos et al. 2022), such as M. dirhodum, which is 
more restricted to spring (Zúñiga-Salinas 1982; Rebonatto 
et al. 2015).
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Geographic distribution

The wide climatic variation between the regions of Brazil 
makes it possible to verify the relationship between toler-
ance to high and low temperatures and the geographical dis-
tribution of parasitoids (Fig. 5). Three zones and 12 types 
of climates are classified throughout Brazil using Köppen’s 

criteria: A—tropical zone (climate types Af, Am, Aw, and 
As); B—dry zone (climate type Bsh); C—humid tropical 
zone (climate types Cfa, Cfb, Cwa, Cwb, Cwc, Csa, and 
Csb) (Alvares et al. 2013).

The climatic variation between the regions of Brazil influ-
ences the abundance and geographical distribution of aphids, 
which affects the distribution of parasitoids. Currently, in 

Fig. 3   Dynamics of the aphid 
population throughout the 
year. Potential growth of aphid 
populations along the year as a 
function of temperature in the 
Brazilian humid subtropical cli-
mate (Cfa) (A). Populations of 
winged aphids before and after 
the introduction of the biologi-
cal control program (B)
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southern Brazil (the main wheat growing region and with 
the predominance of the climate types Cfa and Cfb), the 
most abundant winter cereal aphid species are R. padi and 
S. avenae; the species S. graminum, M. dirhodum, R. maidis, 
and R. rufiabdominalis can be classified as secondary; and 
S. flava and S. maydis as rare (Engel et al. 2022). This com-
position is different in regions of expansion of the culture, 
as in the Cerrado of Minas Gerais (Aw and Cwa), where 

S. avenae, R. padi, and S. graminum were found on wheat 
plants; however, R. padi represented only around 1% of the 
aphids in the samples, and S. avenae was the dominant spe-
cies (97% of the total aphids) (Rezende et al. 2020).

In Brazil, the greater record of parasitoid species occur-
rence in regions with lower annual average temperatures 
(Cwa, Cwb, Cfa, and Cfb), in the South and Southeast of 
the country (Fig. 5), suggests that the low tolerance of most 

Fig. 4   Smoothed splines estimated by the GAMM model for the lin-
ear components of air temperature, rainfall, and time on Aphidius 
platensis (a, b, c), Diaeretiella rapae (d, e, f), Aphidius uzbekistani-
cus (g, h, i), and Aphidius rhopalosiphi (j, k, l). Red dashed line indi-

cates the central boundary between negative and positive effects of 
linear components on parasitoid abundance. Shaded area indicates the 
95% confidence interval. Splines estimated by the authors based on 
data obtained from Engel et al. (2022)
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Fig. 5   Current distribution of parasitoid species of aphids associated 
with wheat in Brazil. Diaeretiella rapae and Lysiphlebus testaceipes 
(A). Aphidius colemani and Aphidius platensis (B). Praon volucre 
and Aphidius ervi (C). Aphidius uzbekistanicus and Aphidius rhopa-
losiphi (D). Parasitoid species established after their introduction in 
the biological control program (C, D). Source: Peronti et al. (2007), 
Starý et  al. (2007), Macedo et  al. (2010), Bortolotto et  al. (2012), 
Pezzini et al. (2019), Santos et al. (2019), Souza et al. (2019), Venân-
cio et  al. (2020), Engel et  al. (2022), and Santos et  al. (2022). New 
records: data of A. platensis from Goias; D. rapae from Pernambuco 
and Roraima; and L. testaceipes from Ceara, Goias, and Roraima. 

Climate classification using Köppen’s criteria according to Alvares 
et al. (2013): A tropical zone, climates types Af (without dry season), 
Am (monsoon), Aw (with dry winter), and As (with dry summer); B 
dry zone, climates type Bsh (semi-arid); and C humid tropical zone, 
climate types Cfa (oceanic climate, without dry season and with hot 
summer), Cfb (oceanic climate, without dry season, and with temper-
ate summer), Cwa (with dry winter and hot summer), Cwb (with dry 
winter and temperate summer). The climate types Cwc, Csa, and Csb 
are not in the figure due to their small representativity in the Brazil 
territory
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parasitoid species to high temperatures in Northern (Am, 
As, and Aw), Northeastern (Bsh), and Central-Western Bra-
zil (Aw and As) is a determining factor in their geographic 
distribution. Laboratory tests evaluating the mortality of 
aphid parasitoids at different constant temperatures showed 
parasitoid species with lower mortality at high temperatures 
(30 °C), such as D. rapae (Souza et al. 2017) and L. testa-
ceipes (Rodrigues et al. 2004), which were the only ones 
recorded in the Northern and Northeastern Brazil (Fig. 5A). 
Aphidius colemani, a parasitoid with high mortality at 30 °C, 
but with good fitness at 28 °C in the laboratory (Sampaio 
et al. 2005, 2007), was recorded in the Central-West and 
warmer regions of the Southeast, such as the Triângulo 
Mineiro and Northern Minas Gerais (Aw), the northernmost 
point of its occurrence (Fig. 5B). The known distribution 
of A. platensis (Fig. 5B) is similar to that of A. colemani, 
however, restricted to records after the redescription of this 
species (Tomanović et al. 2014), when it was possible to 
discriminate it from A. colemani. Praon volucre (Fig. 5C) 
exhibits high mortality at 28 °C (De Conti et al. 2011) and 
Southern Minas Gerais (Cwa and Cwb) is the northernmost 
point where it was recorded. It was not found in the Triân-
gulo Mineiro (Aw and Cwa), a region with an average tem-
perature higher than Southern Minas Gerais. While A. ervi 
(Fig. 5C) and A. uzbekistanicus (Fig. 5D) have been recorded 
in Southern and Southeastern Brazil (including regions with 
Aw climate), with a more restricted distribution, A. rhopa-
losiphi (Fig. 5D) is highly prevalent in Rio Grande do Sul 
(Cfa and Cfb) and cooler regions of Paraná (Cfb) (Santos 
et al. 2022), which contrasts with its sporadic occurrence in 
latitudes farther north, as in Paraná (Cfa) (Bortolotto et al. 
2012), and the complete absence of records of this species in 
the Southeastern region of the country (Aw, Cwa, and Cwb) 
(Starý et al. 2007). In this case, both the greater adaptation 
of A. rhopalosiphi to low temperatures (Le Lann et al. 2011) 
and the restricted occurrence of its preferential host (M. 
dirhodum) may play a preponderant role in its geographic 
distribution (Santos et al. 2022).

Food webs: two structures in a 40‑year interval

Aphid population fluctuation data obtained on yellow traps 
are supported by data from parasitoids emerged from aphids 
in the field, allowing the establishment of trophic networks. 
Data on the interactions between the aphid species R. padi, 
S. graminum, M. dirhodum, and S. avenae with the parasi-
toids extracted from Zúñiga-Salinas (1982) and from Santos 
et al. (2022) were compared by food webs (Fig. 6). Zúñiga-
Salinas (1982) collected mummies directly on winter cere-
als, while Santos et al. (2022) used the parasitoid recruit-
ment method (i.e., field exposure of aphid, on wheat plants), 
and both authors recorded the parasitoid-host specificity. 
Considering the 40-year gap between the food webs, there 

are notable differences in the proportion of organism abun-
dance in the two trophic levels in the ecological networks 
(Zúñiga-Salinas 1982; Fig. 6A; Santos et al. 2022; Fig. 6B).

The ecological network between parasitoids and aphids 
has 17 links (Zúñiga-Salinas 1982) and 19 links (Santos 
et al. 2022). The group A. colemani < A. platensis > has the 
most important role in the biological control of aphid spe-
cies in winter cereals, with ca. 40% of the total parasitism 
for both food webs. In the data of Zúñiga-Salinas (1982), 
A. uzbekistanicus was the second highest abundant (30%, 
n = 1747), with almost total host specificity to S. avenae. 
For Santos et al. (2022), however, A. uzbekistanicus was one 
of the species with the lowest abundance (< 2%, n = 186) of 
the total parasitoids collected. This suggests that the high 
populations of S. avenae in the late 1970s and early 1980s 
reflected the high abundance of the parasitoid (Santos et al. 
2022).

The abundance of A. rhopalosiphi, comparing the data on 
the percentages of parasitoids that emerged from the same 
aphid host in relation to the two periods, was variable. For 
example, in the first years of the biological control program, 
A. rhopalosiphi parasitized 81% of M. dirhodum and 18% 
of S. avenae (Zúñiga-Salinas 1982). Currently, this species 
seems to be more of a generalist affecting 43% of M. dirho-
dum, 24% of S. graminum, 19% of S. avenae, and 13% of 
R. padi.

A. ervi was not considered established by Zúñiga-Salinas 
(1982) but was collected by Santos et al. (2022) on winter 
cereals. These authors also recorded L. testaceipes para-
sitizing R. padi and S. graminum until early autumn, while 
Zúñiga-Salinas (1982) did not record this parasitoid even in 
March, when temperatures were still favorable.

Although D. rapae parasitizes Macrosipini aphids on 
brassicaceous plants (Bradburne and Mithen 2000; Starý 
et al. 2007) and on winter cereals, it was found only on 
aphids of the Aphidini tribe, and with different rates of para-
sitism between the periods compared.

Perspectives on the biological control 
of winter cereal aphids

The role of aphid parasitoids on winter cereals in the agri-
cultural landscape of the subtropical region of the neotropics 
has been demonstrated. With the expansion of winter cereals 
to the tropical region, it would be important to assess what 
contribution these established species could make to the bal-
ance of agricultural systems. Some species of parasitoids are 
established in the tropical region, but higher temperatures 
in the tropics may limit the ecological services of parasi-
toids. At the same time, more information on the population 
dynamics of pest aphids and their effect on the epidemiology 
of transmitted viruses in tropical conditions are necessary.
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In addition, other aphid species that have been expand-
ing their geographic distribution may represent new future 
challenges. For example, the occurrence of Melanaphis 
sorghi (Theobald) in Brazil was recently confirmed, and 
this species has been damaging sorghum in the Americans 
(USA, Mexico, and Argentina) (Nibouche et al. 2021). New 
expanding species can start to colonize new hosts, such as 
winter cereals, and act as vectors for new viruses. Melana-
phis sacchari has successfully transmitted sugarcane yel-
low leaf virus, a phloem-restricted virus, to wheat, oat, and 
barley, indicating that it does feed on these hosts (Schenck 
and Lehrer 2000).

Starý et al. (1993a) state that the successful establishment 
and continuity of good efficiency levels to control aphids on 

wheat are favored by a diverse array of cultures and habitats 
commonly associated with the production of wheat in the 
different regions where it is cultivated in South America. 
Such cultures and habitats serve as a natural refuge and as 
sources of aphids that are alternative hosts to the parasi-
toids. However, considering the diversity and immensity of 
Brazilian wheat-growing regions, the information currently 
available on the establishment and distribution of parasitoid 
species is scarce and restricted to certain regions.

As the establishment of these parasitoids in South 
American conditions is confirmed, it is essential to 
develop, evaluate, and encourage the adoption of man-
agement practices to conserve and increase the populations 
of natural enemies. The conservation of natural enemies 

Fig. 6   Quantitative food webs 
between aphids and parasitoids. 
Species are represented by black 
bars: Braconid parasitoids (up), 
host aphid (bottom); *propor-
tion of 1.000. Insect units of 
top and bottom bars. Food webs 
built from data obtained by 
Zúñiga-Salinas (1982) March 
to November (a), and by Santos 
et al. (2022) April to November 
(b)
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is critical in agricultural ecosystems, which are simplified 
and cannot maintain high populations of parasitoids and 
predators (Perović et al. 2010).

The structuring of the agro-ecosystem to benefit con-
servation biological control is an approach that requires 
knowledge and transformation of the agricultural land-
scape. Conservation biocontrol acts in the long term and 
is more stable and less expensive than chemical control 
(Boivin et al. 2012). Different studies on this subject show 
that the complexity of environments does not influence 
the diversity or abundance of aphid parasitoids in winter 
cereals, indicating that these insects can find the resources 
for their survival even in less complex environments (e.g., 
areas with a high percentage of agricultural use). However, 
parasitism levels tend to decrease with increased distance 
from the crop edges, indicating a strong dependence of 
these parasitoids on resources associated with the diversity 
of vegetation at the farm level (Tscharntke et al. 2005; 
Brewer et al. 2008; Holland et al. 2008; Vollhardt et al. 
2008; Caballero-López et al. 2012).

Starý et al. (2007) reported several species parasitizing 
different aphid species not associated with winter cereals, 
which are responsible for the maintenance of these para-
sitoid populations in the summer.

In conjunction with practices that promote conserva-
tion biological control, techniques can be used to stimulate 
the action of parasitoids. Plants respond to insect herbi-
vores by releasing volatile organic compounds that can 
attract predators and parasitoids or repel other herbivores 
and thus act as a defense mechanism against herbivory. 
Such compounds may also be perceived by surrounding 
plants, which adjust their defensive response in accord-
ance with this risk of attack (Chamberlain et al. 2000; Heil 
and Silva-Bueno 2007). The cis-jasmone emitted in large 
quantities by plants after damage by insects can activate 
defense mechanisms against phytophagous insects and 
attract natural enemies (Birkett et al. 2000). Bruce et al. 
(2003) evaluated the cis-jasmone response when applied to 
wheat plants and noted a significant increase in the resist-
ance of young plants to S. avenae in laboratory conditions 
and low populations of this insect in field experiments. 
Thus, the development of products to be applied in the 
field could enhance plant resistance to insects, by both 
attracting natural enemies and increasing plant resistance 
capabilities.

The application of silicon in the soil enhances the 
defenses activated by cis-jasmone acid, promoting resist-
ance in wheat plants against S. avenae (Dias et al. 2014) and 
R. padi (Oliveira et al. 2020). In addition, silicon alters the 
composition of volatiles emitted by wheat plants, causing 
them to produce the compound geranyl acetone, responsible 
for repelling R. padi and attracting its parasitoid L. testa-
ceipes (Oliveira et al. 2020). Hence, the use of silicon can 

provide direct benefits in the control of wheat aphids, as well 
as indirect benefits, by attracting their parasitoids.

A better understanding of the population dynamics of 
aphid pests of winter cereals is another important aspect 
when considering biological control within an integrated 
pest management approach. Therefore, continuous monitor-
ing of the populations of winter cereal aphids is an important 
tool whose implementation should be a goal. Understanding 
the population dynamics of aphids enables early detection of 
possible risks. Continuous monitoring of their abundance, 
the percentage of viruliferous individuals in the popula-
tion, and its resistance status to insecticides allow a rational 
approach to the adoption of different control tactics (NJF 
2013; Harrington 2014).

Concluding remarks

After the introduction of parasitoids to control wheat aphids 
in South America, there was a significant quantitative and 
qualitative change in population patterns of the different 
aphid species, showing that more than 40 years later, this 
biological control project continues to bring positive results. 
The absurdly large population levels of aphids causing sig-
nificant direct damage to wheat have not been repeated and 
parasitism remains active. Considering that the insect pest 
management adopted by wheat producers is mostly based on 
chemical control, the use of control practices that reduce the 
negative effect of insecticides on the population of natural 
enemies is mandatory. The adoption of insect pest moni-
toring procedures supporting insect control decisions based 
on action thresholds should be encouraged. These practices 
associated with the use of selective insecticides can favor the 
current situation for the biological control of aphid pests of 
winter cereals in the subtropical region.

The major challenges include establishing a robust and 
comprehensive insect monitoring program to support fore-
casting and decision-making systems; obtaining knowledge 
about the population dynamics of aphids and their natural 
enemies; establishing management practices of the agricul-
tural landscape; and developing cultivars with higher levels 
of resistance or products that enhance the action of biologi-
cal control agents. Finally, the biggest challenge is to make 
these technologies available to farmers for adoption within 
integrated pest management.
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