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Abstract: Diversifying agroecosystems through habitat management inside or outside production
fields can provide alternative hosts and/or prey for natural enemies. In semi-natural habitats,
parasitoids may find alternative host-plant complexes (HPC) that could allow their development
when pest hosts are scarce in the field. However, morphological and physiological differences
between alternative and targeted HPCs could affect the preference and fitness of the parasitoids,
possibly altering their efficacy in regulating pests. In the present study, we examined two Aphelinus
mali parasitoid populations developing on Eriosoma lanigerum from two host plants (Malus domestica-
apple trees and Pyracantha coccinea). We hypothesized that A. mali from both HPCs will show different
life history traits and behaviors because primary and alternative host-plants are known to induce
variations in parasitoid biological performance. Our findings indicate that A. mali originating from
E. lanigerum on P. coccinea parasitized more aphids and are smaller than those originating from
E. lanigerum on apple. Furthermore, these parasitoids did not significantly vary their ability to attack
and oviposit apple E. lanigerum, suggesting that P. coccinea could function as a suitable banker plant
for A. mali. We discuss the potential use of P. coccinea in conservation biological control of E. lanigerum
in apple orchards.

Keywords: biological control; aphid parasitoids; refuges; alternative hosts

1. Introduction

Agricultural landscapes composed of semi-natural and natural habitats may provide
several ecosystem services, such as insect pest regulation [1]. The plants in these habitats
may offer alternative preys/hosts, shelter and essential food resources for the natural
enemies of pest herbivores [2] offering refuges for overwintering and protection from
crop practices such as chemical applications or pruning [3]. Agroecological management
of plant diversity in crop borders and the establishment of agroecological structures in
non-cultivated areas, such as hedgerows, floral strips, or weed strips, could be designed to
harbor alternative host-plant complexes (HPC) for parasitoids by including aphid hosts
and the host-plants on which these aphid hosts feed. In particular, such complexes in the
border could harbor populations of parasitoids and allow their development when the
targeted pest is scarce in the field. However, it is essential for the success of these actions
that parasitoids that develop in the alternative HPC can subsequently migrate to the crop
and attack the targeted pest. Many parasitoid species have an intraspecific genetic structure
and restrict transfer between host species or host races [4]. One way to favor the transfer
of parasitoids between alternative and targeted HPCs is to consider an alternative HPC
that consist of the same host species that develop on a different plant species. Indeed,
many species of phytophagous insects include distinct biotypes, each specialized on a
different host plants, with no or little exchange between hosts. Therefore, although the
same herbivore species may occur on a crop plant and on associated vegetation, their
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strong preferences for the different host plants will avoid the movement of individuals
between these host plants. This phenomenon can prevent the risk of alternative HPCs
to act as reservoirs of crop pests, but still favors the movement of parasitoids between
associated and crop plants. Such parasitoid-host-plant systems are potentially useful tools
in the conservation biological control of the targeted pests. However, genetic, behavioral
and physiological mechanisms could prevent or compromise this ideal situation. In some
cases, parasitoids developing on hosts of the same species feeding on different host plants,
may genetically differentiate into two parasitoid races with varying host preferences and
parasitism success on the targeted pest [4,5]. Consequently, a parasitoid from the same
herbivore species but which developed on an alternative plant host in an uncultivated area,
may not be as successful as a parasitoid originating from the same herbivore on the targeted
host plant species; thereby, compromising the efficiency of biological control. Furthermore,
parasitoids may respond to familiar semiochemicals to demonstrate preferences as adult
females for the HPC in which they developed, a phenomenon called host fidelity [6].
Preferences may also result from adult females choosing to exploit those hosts that may
provide the best resources for their offspring (the paradigm called “mother knows best”,
“naïve adaptionist” or “preference-performance” hypothesis) [7–11].

The chemical composition of the host plants on which herbivores feed may affect the
capital resources (i.e., the resources accumulated during early parasitoid life stages) for
the larval stages of the parasitoids, thereby affecting parasitoid development, oviposition
and survivorship [12]. Parasitoids, during their larval stages, feed on the capital resources
provided by their host itself [13], which allows them to acquire specific nutrients (lipids,
sterols and essential amino acids) that are not available in non-host resources such as
nectar [14,15]. Therefore, the quality and quantities of these resources in the host may alter
the development of parasitoids [16,17]. Phytophagous insects of a given species developing
on different host plants may differ in biochemical composition and this could represent
resources of different nutritional value for their parasitoids. As a consequence, parasitoids
developing on herbivores associated with the alternative host plant in an agroecosystem
may perform differently towards the same herbivore associated with the targeted crop,
largely due to the chemical composition and interactions within the HPC. Based on the
above observations, it is essential before implementing conservation biological control
actions, to understand the influence of the HPC on parasitoid preferences, life-history
traits and parasitism rates in both alternative and targeted plant hosts, and to elucidate the
mechanisms behind such life-history traits.

Aphelinus mali (Am) Haldeman (Hymenoptera: Aphelinidae) is the main parasitoid of
the woolly apple aphid Eriosoma lanigerum (El) Hausmann (Hemiptera: Aphididae) [18,19].
This aphid provokes huge economic losses in apple orchards as it damages the aerial parts
and roots of apple trees [20–23]. Pyracantha coccinea M. Roem. is a common hedgerow
planted in the border of apple orchards in Chile that also hosts E. lanigerum [24–26]. The
aphid shows strong genetic differentiation between these two host-plants and geographical
features [24] which ensures that P. coccinea is not a source of the pest in apple orchards.
Aphelinus mali parasitizes E. lanigerum on apple trees but also on P. coccinea. However, A. mali
does show a lack of genetic differentiation between the two host plants (apple trees and
P. coccinea) [24]. When given a choice between aphids from both host plants, A. mali prefers
to parasitize aphids from apple trees, independent of the HPC of origin [25]. Therefore, any
preference of A. mali towards host biotypes is probably related to the conditioning of the
adult parasitoid rather than genetically-based preferences. Furthermore, A. mali emerges
from the P. coccinea HPC earlier in the season than from the apple HPC [26], which could
allow an early colonization of apple orchards by A. mali to control E. lanigerum. These
characteristics suggest that production systems composed of P. coccinea hedgerows around
apple orchards may be suitable for the conservation biological control of E. lanigerum by
A. mali.

The main objective of this study is to evaluate the hedgerow P. coccinea as a refuge
for the biological control agent of E. lanigerum in apple orchards, A. mali, by assessing its
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biological performance when originating from two aphid hosts feeding either on P. coccinea
(hereafter Pyracantha-El-Am) or on apple trees (hereafter Apple-El-Am). We predicted
that A. mali parasitoids emerging from aphids feeding on apple trees and P. coccinea may
differ in body size as morphological differences are often host-plant induced [27–29]; and,
since body size is one of the major traits used to measure fitness [27], we also predicted
that the parasitoids that emerge from aphids feeding on apple trees and P. coccinea will
also differ in longevity and fecundity. Furthermore, because E. lanigerum established
on apple trees exhibits strong host-fidelity and higher survival rates than those from
P. coccinea [25], we suggest that the apple HPC may be more suitable for the development
of A. mali. We therefore hypothesized that A. mali emerging from aphids feeding on apple
trees will show greater body size and fitness, and will demonstrate greater preference for
apple-E. lanigerum than P. coccinea-E. lanigerum thereby, exhibiting greater effectiveness as
biological control agent.

2. Materials and Methods
2.1. Insect and Plant Material

Bioassays were conducted using newly emerged A. mali females reared on E. lanigerum
colonies collected either from apple orchards or P. coccinea hedgerows in the Maule region
(Chile). These colonies were kept in the laboratory under controlled conditions (22 ± 2 ◦C,
60 ± 10% RH and 16L:8D photoperiod) at the University of Talca (Chile). Pupae of each host
origin were collected and kept in separate petri dishes of 10 cm in diameter with ventilation.
Petri dishes were checked daily for emerged parasitoids. After parasitoid emergence,
females and males were placed in clean petri dishes for 24 h to mate. All parasitoids
were allowed to feed on diluted honey (30%) during the experiments. Parasitoids for the
bioassays were ≤2 days old and were used only once.

One-month-old apple seedlings were transplanted into pots of 15 cm in diameter using
a 2:1 peat/vermiculite soil mixture. Two-week-old seedlings were sprayed with fungicides
(first a mix of fluopyram and tebuconazole at 400 cc/400 L and 2 weeks later, tebuconazole
alone at 40 cc/100 L) to avoid fungal infections on the plants during the experiment. Plants
were placed in a growth chamber (22 ± 2 ◦C; 16L:8D photoperiod) for 3 months. They were
watered daily and a fertilizer rich in free amino acids (Terra-Sorb foliar, Bioiberica) was
applied once at 200 mL per 100 L of water two weeks before aphid infestation. After this
time, the apple plants were transferred to a greenhouse (Tmax: 41 ◦C; Tmin: 11 ◦C) and
infested with ten third to fourth instar E. lanigerum from the unparasitized colony on apple
trees kept under greenhouse conditions at the University of Talca. Leaves were cleaned
manually with water and without disturbing aphids feeding on the stem twice a week to
prevent the attack of Tetranychus urticae in the greenhouse. Four-month-old Gala apple
trees previously infested with E. lanigerum in a greenhouse were used for the fecundity and
parasitism bioassay.

2.2. Realized Fecundity and Parasitism Rate

A mated A. mali female emerged from aphids feeding either on apple trees (Apple-
El-Am) or feeding on P. coccinea (Pyracantha-El-Am) was introduced to a mylar cage
(45 × 15 cm: Height × Diameter) with a four-month old apple plant containing a 1 cm long
colony of E. lanigerum (approximately 100 individuals per colony). Plants were renewed
every day with a new aphid colony, until the death of the parasitoid. The pupae produced
during the parasitoids lifespan (realized fecundity) [30] and the number of parasitoids
emerging (fertility) [31] were counted. Plants with colonies already exposed to the para-
sitoid were kept in a growth chamber (22 ± 2 ◦C; 60 ± 10% RH and 16L:8D photoperiod)
for 10 days after which colonies were evaluated for the number of aphids and pupae
to calculate the percentage of parasitized aphids [formula by [32]: Parasitism rate (%) =
(Number of mummies (pupae)/Number of mummies (pupae)+Number of aphids) *100].
Parasitoids were fed on either honey or water (control) before the bioassay to ensure that
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there was no effect of the feeding history of the parasitoid before the test on the fecundity
of both type of parasitoids. Treatments were replicated 10 times for A. mali of each origin.

2.3. Longevity and Morphometric Characteristics

The longevity bioassay was performed using mated Apple-El-Am (n = 22) and Pyracantha-
El-Am (n = 25) females emerged from E. lanigerum. Newly emerged parasitoids were kept
in Eppendorf tubes of 1.5 mL until they died. The tubes were opened every day for 5 s
to renew the air inside and the food source (diluted honey 30%) was renewed every two
days changing the cotton dipped in diluted honey. The longevity was determined as the
number of days alive from the start of the experiment. In order to link the capital resources
with the longevity and the morphological features of parasitoids from each host origin,
each individual was stored in alcohol and the width of the thorax, the hind tibia and body
length were determined using a digital camera and the software ImageJ (Rasband, W.S.,
ImageJ, U. S. National Institutes of Health, Bethesda, MD, USA,).

2.4. Foraging Behavior

Mated A. mali females from two hosts’ origins (Apple-El-Am and Pyracantha-El-Am)
were used for this bioassay. The experimental arena consisted of a cylinder of 1 cm in
diameter and 1 cm height with a section of 1 cm of an apple branch, a single third or fourth
instar E. lanigerum nymph and a cotton ball saturated with diluted honey (30%). A single
mated female was introduced into the arena for the bioassay and allowed five minutes to
settle. After this settlement period, the behavior of A. mali in the arena was observed for
15 min under a stereomicroscope with a cold constant light source. Two locations were
considered: on the base of the arena and on the walls of the arena; and five behaviors:
stinging, attacking, feeding on diluted honey, walking and stationary. The behaviors of
“stinging” and “attacking” were considered as defined by Ortiz-Martínez et al. (2013) [24].
Total time, mean time and frequency for each of the behaviors and positions were recorded
using the “tcltk” package of R software (R Core Team 2012). These parameters allowed
the calculation of the occurrence and proportion of time spent in the different zones of
the arena and time spent walking and stationary. Treatments were replicated 18 times for
Apple-El-Am and 15 times for Pyracantha-El-Am.

2.5. Statistical Analysis

Raw data were checked for normality and homogeneity of variance using the Shapiro–
Wilk W-test before performing the parametric test to data of all bioassays. When data
did not follow the ANOVA assumptions even after data transformation, a nonparametric
Mann–Whitney U test (p < 0.05) were performed (realized fecundity, duration, occurrence
and duration per event for stinging, attacking and feeding behaviors). When data followed
a binomial distribution and was nonparametric such as the parasitism rates, fertility, the
proportion of time on the base of the arena or the proportion of occurrence on the base of
the arena, a quasibinomial Generalized Linear Model was used. In addition, the survival
test was performed to analyze the duration from the start of the observation to the first
stinging, attacking and feeding events using Cox Model [33].

All data were analyzed using the software R v4.0.2 (The R Foundation for Statistical
Computing 2020, Vienna, Austria). The package survival was used for the survival analysis.

3. Results
3.1. Realized Fecundity and Parasitism Rates

Parasitoids from different aphid host origins showed differences in their ovigeny
and parasitism dynamics (Figure 1A,B). The parasitism rate per day showed a significant
interaction between the origin of the parasitoid and the age of the parasitoid female
(χ2 = 4.636; df = 1; p = 0.031). The number of parasitized aphids per day decreased quickly
with time for Apple-El-Am (Figure 1A) whereas for Pyracantha-El-Am, a low parasitism
was recorded during the first days after which it increased until a peak on the third day
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and then, dropped again some days later (Figure 1B). Additionally, the number of days
alive of emerged parasitoids showed a significant difference between parasitoid origin
(W = 30317; p < 0.001) with Pyracantha-El-Am living significantly longer and even if the
food was provided only before the bioassay, honey allowed Pyracantha-El-Am to live a day
longer than Apple-El-Am (W = 30722; p < 0.001).
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Figure 1. The percentage of parasitism per day by A. mali emerging from E. lanigerum of two HPC
(apple trees (A) and Pyracantha coccinea (B)) and exposed to honey and water.

The number of pupae produced during the whole parasitoid life (realized fecundity)
showed significant differences between the two parasitoid origins (W = 1000; p = 0.024), as
Pyracantha-El-Am females produced significantly more pupae (3.46 ± 0.67) than Apple-El-
Am (2.59 ± 0.47). There was no significant difference in lifetime realized fecundity (number
of pupae produced) between both food sources (water and diluted honey) (W = 930;
p = 0.099). On the other hand, fertility (proportion of emerged parasitoids) was similar
between both parasitoid origins (χ2 = 1.713; df = 1; p = 0.191) and food sources (χ2 = 1.980;
df = 1; p = 0.159).

3.2. Longevity and Morphological Features

The longevity of A. mali when given constant food supplies differed between parasitoid
origins (χ2 = 36.468; p < 0.001) as Apple-El-Am lived twice as long as Pyracantha-El-Am
(Figure 2A).

Apple-El-Am was larger than Pyracantha-El-Am (Figure 2B–D). Apple-El-Am had a
longer body (χ2 = 5.338; p = 0.021), but the hind tibia length (χ2 = 3.494; p = 0.062) and the
thorax width (χ2 = 2.940; p = 0.086) were similar between origins.

3.3. Foraging Behavior

Results indicate that Apple-El-Am spends more time on the base of the arena close to
the aphid host (χ2 = 5.347; p = 0.021) compared to Pyracantha-El-Am (Table 1). In addition,
parasitoids of both origins sting (Duration/event: W = 495; p = 0.745; Total duration:
W = 495; p = 0.745; Occurrence: W = 307.5; p = 0.999) and attack (Duration/event:
W = 429; p = 0.938; Total duration: W = 429; p = 0.938; Occurrence: W = 301.5; p = 0.999)
their hosts similar number of times and for similar durations. Likewise, Apple-El-Am
and Pyracantha-El-Am showed no significant difference of the duration and number of
feeding events on the provided sugar source (Duration/event: W = 642; p = 0.102; Duration:
W = 660; p = 0.066; Occurrence: W = 351; p = 0.996) (Table 1).
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Figure 2. Longevity (A) and measurements of different morphological features (body length: (B);
hind tibia length: (C); thorax width: (D) of A. mali from two aphid origins (apple trees (black bars)
and Pyracantha coccinea (white bars)).

Table 1. Mean number ± SE of the occurrence, duration and duration per event of the stinging,
attacking and feeding events of Aphelinus mali females emerging from aphids feeding on apple trees
(Apple-El-Am) or on P. coccinea plants (Pyracantha-El-Am). Also, the proportion of time of A. mali
spent at the base of the arena and moving on the base or on the walls of the arena.

Behaviour HPC Stinging Attacking Feeding

Duration (seconds)
Apple-El-Am 77.83 ± 30.01 13.49 ± 4.75 242 ± 83.39

Pyracantha-El-Am 120.82 ± 50.68 8.43 ± 4.97 55.77 ± 19.84

Occurrence
Apple-El-Am 1.61 ± 0.56 2 ± 0.71 1.22 ± 0.35

Pyracantha-El-Am 0.93 ± 0.40 1.2 ± 0.67 1.07 ± 0.30

Duration per event (seconds) Apple-El-Am 41.02 ± 25.16 3.04 ± 0.95 171.49 ± 70.41
Pyracantha-El-Am 100.12 ± 50.33 2.08 ± 0.81 40.81 ± 15.23

HPC Prop. at base of the arena 1 Prop. Moving at base
of the arena Prop. Moving on the walls

Apple-El-Am 0.72 ± 0.08 * 0.66 ± 0.08 0.51 ± 0.10
Pyracantha-El-Am 0.44 ± 0.09 0.73 ± 0.06 0.75 ± 0.07

1,* p < 0.05.

Aphelinus mali from the two origins showed no significant difference in the time to
the first sting (LogRank test = 0; p = 1; Figure 3A), attack (LogRank test = 0.37; p = 0.5;
Figure 3B) and sugar source feeding (LogRank test = 2.98; p = 0.08; Figure 3C).
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4. Discussion

Although no genetic differentiation has been detected between Apple-El-Am and
Pyracantha-El-Am [24], the host–plant complex of origin affects a number of life history
traits of the parasitoid females. Indeed, the origin of the parasitoids affects parasitism
dynamics, fecundity and body morphology. Apple-El-Am females live for longer, have
greater body length and remain for longer when surrounding their hosts when exploiting
an Apple-El-Am HPC compared to Pyracantha-El-Am HPC. However, Pyracantha-El-Am
females had greater realized fecundity, laying more eggs during their lifespan. These
differences do not seem to be linked to behavioral changes or preferences, as A. mali from
the two origins show similar frequency and duration of oviposition and attack when faced
with its host E. lanigerum on apple trees.

One of the main differences between parasitoids from the two origins concerns the
fecundity and parasitism dynamics over the female’s lifetime. Pyracantha-El-Am females
produced more pupae and over a longer period than Apple-El-Am when food was supplied
only at the beginning of the assay. However, when given continuous access to food, Apple-
El-Am females extended their lifetime by 50%. The ovigeny patterns were previously
categorized into two groups; pro-ovigenic and synovigenic parasitoids: some parasitoids
have mature eggs ready to use for parasitizing as soon as they emerge (pro-ovigenic) but
others emerge with at least some immature eggs and after a few hours of preoviposition
period, they continuously mature eggs during their lifespan (synovigenic) [34,35]. However,
parasitoid ovigeny is not strictly defined by these two extremes as there are multiple
intermediate cases specified with a continuous ovigeny index [between 0 (synovigenic)
and 1 (pro-ovigenic)]. In fact, parasitoids such as Gronotoma micromorpha (Hymenoptera:
Figitidae: Eucoilinae) have recently been defined as prosynovigenic parasitoids with two
reproductive cycles during their lifetimes [36]. Jervis et al. (2008) [37] stated that parasitoid
species show divergent curve types to define the relationship between the age and the
realized fecundity (ovigeny index). In the present study, we found that Apple-El-Am
displayed a Type 1 curve which is considered a highly pro-ovigenic parasitoid, whereas
Pyracantha-El-Am showed a Type 2 curve indicating that this parasitoid is synovigenic
(Figure S1). These characteristics blur the synovigenic status [34,35,38,39] characteristic of
Aphelinids as the specific HPC determined their ovigenic pattern. Therefore, this could
probably indicate that the composition of the capital resources provided by E. lanigerum
host during parasitoid larval development were different depending on host plant and that
this capital resources could affect ovigeny dynamics once adult. Indeed, food quality and
quantity are known to shape the age specific fecundity curve of insects [40]. Parasitoids
from Aphelinus genera forage plant derived food such as nectar and extrafloral nectar,
but also host derived food, as honeydew or even hemolymph through host feeding [34].
Thus, Pyracantha-El-Am may have had access to less quality and quantity capital resources
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compared to Apple-El-Am and needs external adult food sources such as host feeding
to mature their eggs and consequently, start parasitizing their host more actively after a
couple of days. This is also the case of the parasitoid Itoplectis naranyae (Hymenoptera:
Ichneumonidae) that performs host feeding for egg production, associated with a delay of
at least three days to mature their eggs [41]. This delay should reflect the metabolization of
the nutrients, the promotion of oogenesis and the incorporation of the nutrients into the
eggs [42,43]. Pyracantha-El-Am spent more days parasitizing before dying. This could be
related to the ovigenic patterns that often determine parasitoid fecundity and longevity [35]
as more synovigenic parasitoids are expected to have a longer lifespan than pro-ovigenics
or less synovigenic parasitoids.

There are considerable evidences of the positive correlation between body size (mea-
sured by the hind tibia length) and the longevity and fecundity in parasitoids [44–47].
However, how this size is affected by the host origin from different host plants is relatively
unknown [48]. In some instances, the body size of parasitoids appears to be unaffected
by different plant genotypes as it is the case of the parasitoid Aphidius colemani Dalman
(Hymenoptera: Braconidae) attacking aphids on different genotypes of quackgrass [48].
In the present study, Apple-El-Am showed significantly greater body length compared
to Pyracantha-El-Am. An explanation for these morphological differences could be re-
lated to the host size as it was demonstrated that the parasitoid Aphidius ervi Haliday
(Hymenoptera: Braconidae) with high gene flow between parasitoid origins [49,50] as
A. mali [24], showed morphological variations associated to the host size [51]. However, as
found by Ortiz-Martínez et al. (2013) [25], E. lanigerum aphids feeding on these two host
plants have similar sizes. On the other hand, prey search, selection and feeding by natural
enemies are affected by the plant structure that may interrupt aphid biology and its chem-
ical composition (poor nutrient content and antibiotic constituents) [52]. Thus, different
factors, such as antibiotic resistance [52] or trichome-mediated defenses [53], can negatively
affect parasitoid and predator performance and, most likely, their morphological features.
Therefore, these parasitoid body size differences may be indirectly related to the host plant
as the possible reduction of capital resources for the parasitoids may alter the allocation
of resources towards the soma (exoskeleton and musculature of adults) or the nonsoma
(reproductive tissues and gametes) [54]. The hedgerow P. coccinea seems to be a suitable
host for E. lanigerum as they normally reproduce on this plant, but the honeydew excreted
by this aphid feeding on P. coccinea is insignificant compared to when those are feeding on
apple plants (personal observation). Quality and quantity of honeydew production are
known to be positively correlated [55], thus, greater honeydew production could also mean
greater quality of honeydew. Therefore, P. coccinea may not be as nutritious as the apple
trees for E. lanigerum which, in turn, could suggest that the capital resources for parasitoids
provided by aphids feeding on P. coccinea are not of great quality for A. mali development
during the larval stages and performance as adult. Future research investigating the com-
position of capital resources for parasitoids of different host origins is required to better
understand the behavioral changes of the parasitoids and the needs for alternative host for
a more successful biological control by the parasitoids that take refuge in those aphids.

Implementing a hedgerow as a conservation biological control strategy can provide
agronomical, climatic and ecological benefits to the agroecosystem. Our results show
the potential of P. coccinea hedgerows to improve the ecosystem service of the biological
control of pests such as E. lanigerum in apple orchards through the provision of an efficient
alternative host for the specialist parasitoid A. mali. However, the distribution of P. coccinea
in the landscape (e.g., surrounding the orchards, only at one side of the orchards or included
inside the orchard) and the interactions among natural enemies, as well as its potential
to represent a source of other pests or pathogens, should be considered. All the possible
benefits and issues should be addressed depending on the landscape and practice intensity,
and further research should be undertaken to deliver the adequate recommendations for
farmers to ultimately benefit from the ecosystem services that P. coccinea could provide.
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5. Conclusions

The HPC of origin of the parasitoid has great significance for the fecundity dynam-
ics, body size and foraging behavior of A. mali, but it does not affect the duration and
occurrence of attacking and stinging its host E. lanigerum. Results of the present study
confirm that E. lanigerum from apple trees is a great host for Apple-El-Am as it showed
a greater preference for its host–plant complex of origin, live for longer and were bigger
than Pyracantha-El-Am on apple trees, which suggests a strong host fidelity to apple-
originated E. lanigerum. Moreover, Pyracantha-El-Am exhibited greater realized fecundity
on E. lanigerum developing on apple trees, but has similar attack and oviposition behavior
to Apple-El-Am. This, in turn, suggests that A. mali from both origins is a suitable parasitoid
to control E. lanigerum in apple orchards. Pyracantha coccinea as a hedgerow adjacent to
apple orchards has great potential for implementation on conservation biological control
programs as it provides A. mali populations: (1) early in the season without spillover of
E. lanigerum to apple orchards and (2) as efficient as Apple-El-Am to control the targeted
aphid pest.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12010101/s1, Figure S1. The realized fecundity per
day (A) and the percentage of parasitism per day (B) during the lifespan of A. mali emerging from E.
lanigerum of two HPC (apple trees and Pyracantha coccinea) and exposed to honey and water. Also,
theorical patterns of age-specific realized fecundity for parasitoids explained by Jervis et al. 2008 (C).

Author Contributions: Conceptualization, A.P.-C. and B.L.; methodology, A.P.-C. and B.L.; formal
analysis, A.P.-C., B.L. and B.J.; investigation, A.P.-C.; data curation, A.P.-C., B.L. and B.J.; writing—
original draft preparation, A.P.-C., B.L. and B.J.; writing—review and editing, A.P.-C., B.L. and B.J.;
project administration, A.P.-C.; funding acquisition, A.P.-C. and B.L. All authors have read and agreed
to the published version of the manuscript.

Funding: This research was funded by the Fondo Nacional de Desarrollo Científico y Tecnológico
(FONDECYT) Postdoctoral Grant number 3160233. The collaborative travel of Dr. Bruno Jaloux was
funded by the FONDECYT Regular Grant number 1140632. B.L. was funded by the ANID/PIA/
ACT192027 during the writing of the manuscript.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Review Board (or Ethics Committee) of Comité Institucional de Ética, Cuidado y Uso de Animales de
Laboratorio (CIECUAL) of the Universidad de Talca, Chile (protocol code 2016-02-A and 04/01/2016).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Cinthya Villegas and Artzai Jauregui for the
assistance in the logistics of the experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Karp, D.S.; Chaplin-Kramer, R.; Meehan, T.D.; Martin, E.A.; DeClerck, F.; Grab, H.; Gratton, C.; Hunt, L.; Larsen, A.E.;

Martínez-Salinas, A.; et al. Crop Pests and Predators Exhibit Inconsistent Responses to Surrounding Landscape Composition.
Proc. Natl. Acad. Sci. USA 2018, 115, E7863–E7870. [CrossRef]

2. Landis, D.A.; Wratten, S.D.; Gurr, G.M. Habitat Management to Conserve Natural Enemies of Arthropod Pests in Agriculture.
Annu. Rev. Entomol. 2000, 45, 175–201. [CrossRef] [PubMed]

3. Lee, J.C.; Menalled, F.D.; Landis, D.A. Refuge Habitats Modify Impact of Insecticide Disturbance on Carabid Beetle Communities.
J. Appl. Ecol. 2001, 38, 472–483. [CrossRef]

4. Navasse, Y.; Derocles, S.A.P.; Plantegenest, M.; Le Ralec, A. Ecological Specialization in Diaeretiella rapae (Hymenoptera: Bra-
conidae: Aphidiinae) on Aphid Species from Wild and Cultivated Plants. Bull. Entomol. Res. 2018, 108, 175–184. [CrossRef]

5. Abrahamson, W.G.; Blair, C.P. Sequential Radiation through Host-Race Formation: Herbivore Diversity Leads to Diversity in
Natural Enemies. Spec. Speciat. Radiat. Evol. Biol. Herbiv. Insects 2008, 188–202. [CrossRef]

6. Feder, J.L.; Opp, S.B.; Wlazlo, B.; Reynolds, K.; Go, W.; Spisak, S. Host Fidelity Is an Effective Premating Barrier between Sympatric
Races of the Apple Maggot Fly. Proc. Natl. Acad. Sci. USA 1994, 91, 7990–7994. [CrossRef]

https://www.mdpi.com/article/10.3390/agronomy12010101/s1
https://www.mdpi.com/article/10.3390/agronomy12010101/s1
http://doi.org/10.1073/pnas.1800042115
http://doi.org/10.1146/annurev.ento.45.1.175
http://www.ncbi.nlm.nih.gov/pubmed/10761575
http://doi.org/10.1046/j.1365-2664.2001.00602.x
http://doi.org/10.1017/S0007485317000657
http://doi.org/10.1525/9780520933828-016
http://doi.org/10.1073/pnas.91.17.7990


Agronomy 2022, 12, 101 10 of 11

7. Scheirs, J.; De Bruyn, L.; Verhagen, R. Optimization of Adult Performance Determines Host Choice in a Grass Miner. Proc. R. Soc.
B Biol. Sci. 2000, 267, 2065–2069. [CrossRef] [PubMed]

8. García-Robledo, C.; Horvitz, C.C. Parent-Offspring Conflicts, “Optimal Bad Motherhood” and the “Mother Knows Best” Principles
in Insect Herbivores Colonizing Novel Host Plants. Ecol. Evol. 2012, 2, 1446–1457. [CrossRef] [PubMed]

9. Luquet, M.; Tritto, O.; Cortesero, A.M.; Jaloux, B.; Anton, S. Early Olfactory Environment Influences Antennal Sensitivity and
Choice of the Host-Plant Complex in a Parasitoid Wasp. Insects 2019, 10, 127. [CrossRef]

10. Luquet, M.; Moulin, C.; Cortesero, A.M.; Anton, S.; Jaloux, B. Early Experience Influences Several Steps of the Host Selection
Process Differentially in Aphidius ervi (Hymenoptera, Braconidae). J. Asia Pac. Entomol. 2020, 23, 1235–1240. [CrossRef]

11. Gripenberg, S.; Mayhew, P.J.; Parnell, M.; Roslin, T. A Meta-Analysis of Preference-Performance Relationships in Phytophagous
Insects. Ecol. Lett. 2010, 13, 383–393. [CrossRef]

12. Ode, P.J.; Berenbaum, M.R.; Zangerl, A.R.; Hardy, I.C.W. Host Plant, Host Plant Chemistry and the Polyembryonic Parasitoid
Copidosoma sosares: Indirect Effects in a Tritrophic Interaction. Oikos 2004, 104, 388–400. [CrossRef]

13. Strand, M.R.; Casas, J. Parasitoid and Host Nutritional Physiology in Behavioral Ecology. Behav. Ecol. Insect Parasit. 2008, 113–128.
[CrossRef]

14. O’Brien, D.M.; Fogel, M.L.; Boggs, C.L. Renewable and Nonrenewable Resources: Amino Acid Turnover and Allocation to
Reproduction in Lepidoptera. Proc. Natl. Acad. Sci. USA 2002, 99, 4413–4418. [CrossRef] [PubMed]

15. Brien, D.M.O.; Boggs, C.L.; Fogel, M.L. Making Eggs from Nectar: The Role of Life History and Dietary Carbon Turnover in
Butterfly Reproductive Resource Allocation. Oikos 2004, 105, 670. [CrossRef]

16. Thompson, S.N.; Dahlman, D.L. Aberrant Nutritional Regulation of Carbohydrate Synthesis by Parasitized Manduca sexta L.
J. Insect Physiol. 1998, 44, 745–753. [CrossRef]

17. Pennacchio, F.; Strand, M.R. Evolution of Developmental Strategies in Parasitic Hymenoptera. Annu. Rev. Entomol. 2006,
51, 233–258. [CrossRef]

18. Howard, L. Aphelinus mali and Its Travels. Ann. Entomol. Soc. Am. 1929, 22, 341–368. [CrossRef]
19. Asante, S.K.; Danthanarayana, W.; Cairns, S.C. Spatial and Temporal Distribution Patterns of Eriosoma lanigerum (Homoptera,

Aphididae) on Apple. Environ. Entomol. 1993, 22, 1060–1065. [CrossRef]
20. Brown, M.W.; Glenn, D.M.; Wisniewski, M.E. Functional and Anatomical Disruption of Apple Roots by the Woolly Apple Aphid

(Homoptera: Aphididae). J. Econ. Entomol. 1991, 84, 1823–1826. [CrossRef]
21. Asante, S.K. Seasonal Occurrence, Development and Reproductive Biology of the Different Morphs of Eriosoma lanigerum

(Hausmann) (Hemiptera: Aphididae) in the Northern Tablelands of New South Wales. J. Aust. Entomol. Soc. 1994, 33, 337–344.
[CrossRef]

22. Pringle, K.L.; Heunis, J.M. The Development of a Sampling System for Monitoring Population Levels of the Woolly Apple Aphid,
Eriosoma lanigerum (Hausmann), in Apple Orchards in the Western Cape Province of South Africa. Afr. Entomol. 2008, 16, 41–46.
[CrossRef]

23. Lordan, J.; Alegre, S.; Gatius, F.; Sarasúa, M.J.; Alins, G. Woolly Apple Aphid Eriosoma lanigerum Hausmann Ecology and
Its Relationship with Climatic Variables and Natural Enemies in Mediterranean Areas. Bull. Entomol. Res. 2015, 105, 60–69.
[CrossRef] [PubMed]

24. Lavandero, B.; Figueroa, C.C.; Franck, P.; Mendez, A. Estimating Gene Flow between Refuges and Crops: A Case Study of the
Biological Control of Eriosoma lanigerum by Aphelinus mali in Apple Orchards. PLoS ONE 2011, 6, e26694. [CrossRef]

25. Ortiz-Martínez, S.A.; Ramírez, C.C.; Lavandero, B. Host Acceptance Behavior of the Parasitoid Aphelinus mali and Its Aphid-Host
Eriosoma lanigerum on Two Rosaceae Plant Species. J. Pest Sci. 2013, 86, 659–667. [CrossRef]

26. Peñalver-Cruz, A.; Alvarez, D.; Lavandero, B. Do Hedgerows Influence the Natural Biological Control of Woolly Apple Aphids in
Orchards? J. Pest Sci. 2020, 93, 219–234. [CrossRef]

27. Wool, D.; Hales, D.F. Phenotypic Plasticity in Australian Cotton Aphid (Homoptera: Aphididae): Host Plant Effects on Morpho-
logical Variation. Ann. Entomol. Soc. Am. 1997, 90, 316–328. [CrossRef]

28. Skoracka, A.; Kuczynski, L.; Magowski, W. Morphological Variation in Different Host Populations of Abacarus hystrix (Acari:
Prostigmata: Eriophyoidea). Exp. Appl. Acarol. 2002, 26, 187–193. [CrossRef] [PubMed]

29. Dietrich, M.; Beati, L.; Elguero, E.; Boulinier, T.; Mccoy, K.D. Body Size and Shape Evolution in Host Races of the Tick Ixodes uriae.
Biol. J. Linn. Soc. 2013, 108, 323–334. [CrossRef]

30. Tena, A.; Llácer, E.; Urbaneja, A. Biological Control of a Non-Honeydew Producer Mediated by a Distinct Hierarchy of Honeydew
Quality. Biol. Control 2013, 67, 117–122. [CrossRef]

31. Benelli, G.; Giunti, G.; Tena, A.; Desneux, N.; Caselli, A.; Canale, A. The Impact of Adult Diet on Parasitoid Reproductive
Performance. J. Pest Sci. 2017, 90, 807–823. [CrossRef]

32. Walton, M. The Application of Polyacrlamide Gel-Electrophoresis to Study of Cereal Aphid Parasitoids; School of Natural Science Hatfied:
Herts, UK, 1986.

33. Zhong, C.; Tibshirani, R.; Therneau, T. Approximating the Cox Model. 2019, 1–4. Available online: https://cran.r-project.org/
web/packages/survival/vignettes/approximate.pdf (accessed on 29 November 2021).

34. Viggiani, G. Bionomics Of the Aphelinidae. Annu. Rev. Entomol. 1984, 29, 257–276. [CrossRef]
35. Jervis, M.A.; Heimpel, G.E.; Ferns, P.N.; Harvey, J.A.; Kidd, N.A.C. Life-History Strategies in Parasitoid Wasps: A Comparative

Analysis of “Ovigeny”. J. Anim. Ecol. 2001, 70, 442–458. [CrossRef]

http://doi.org/10.1098/rspb.2000.1250
http://www.ncbi.nlm.nih.gov/pubmed/11416910
http://doi.org/10.1002/ece3.267
http://www.ncbi.nlm.nih.gov/pubmed/22957153
http://doi.org/10.3390/insects10050127
http://doi.org/10.1016/j.aspen.2020.10.003
http://doi.org/10.1111/j.1461-0248.2009.01433.x
http://doi.org/10.1111/j.0030-1299.2004.12323.x
http://doi.org/10.1002/9780470696200.ch6
http://doi.org/10.1073/pnas.072346699
http://www.ncbi.nlm.nih.gov/pubmed/11930002
http://doi.org/10.1111/j.0030-1299.2004.13012.x
http://doi.org/10.1016/S0022-1910(98)00007-9
http://doi.org/10.1146/annurev.ento.51.110104.151029
http://doi.org/10.1093/aesa/22.3.341
http://doi.org/10.1093/ee/22.5.1060
http://doi.org/10.1093/jee/84.6.1823
http://doi.org/10.1111/j.1440-6055.1994.tb01241.x
http://doi.org/10.4001/1021-3589-16.1.41
http://doi.org/10.1017/S0007485314000753
http://www.ncbi.nlm.nih.gov/pubmed/25335497
http://doi.org/10.1371/journal.pone.0026694
http://doi.org/10.1007/s10340-013-0518-6
http://doi.org/10.1007/s10340-019-01153-1
http://doi.org/10.1093/aesa/90.3.316
http://doi.org/10.1023/A:1021144729837
http://www.ncbi.nlm.nih.gov/pubmed/12537292
http://doi.org/10.1111/j.1095-8312.2012.02021.x
http://doi.org/10.1016/j.biocontrol.2013.07.018
http://doi.org/10.1007/s10340-017-0835-2
https://cran.r-project.org/web/packages/survival/vignettes/approximate.pdf
https://cran.r-project.org/web/packages/survival/vignettes/approximate.pdf
http://doi.org/10.1146/annurev.en.29.010184.001353
http://doi.org/10.1046/j.1365-2656.2001.00507.x


Agronomy 2022, 12, 101 11 of 11

36. Wu, Y.; Abe, Y. Egg Maturation and Daily Progeny Production in the Parasitoid, Gronotoma micromorpha (Hymenoptera: Figitidae:
Eucoilinae). J. Econ. Entomol. 2020, 113, 2546–2548. [CrossRef]

37. Jervis, M.A.; Ellers, J.; Harvey, J.A. Resource Acquisition, Allocation, and Utilization in Parasitoid Reproductive Strategies.
Annu. Rev. Entomol. 2008, 53, 361–385. [CrossRef]

38. Bai, B.; Mackauer, M. Oviposition and Host-Feeding Patterns in Aphelinus asychis (Hymenoptera: Aphelinidae) at Different Aphid
Densities. Ecol. Entomol. 1990, 15, 9–16. [CrossRef]

39. Couty, A.; Poppy, G.M. Does Host-Feeding on GNA-Intoxicated Aphids by Aphelinus abdominalis Affect Their Longevity and/or
Fecundity? Entomol. Exp. Appl. 2001, 100, 331–337. [CrossRef]

40. Boggs, C. Reproductive Allocation from Reserves and Income in Butterfly Species with Differing Adult Diets. Ecology 1997,
78, 181–191. [CrossRef]

41. Ueno, T.; Ueno, K. The Effects of Host-Feeding on Synovigenic Egg Development in an Endoparasitic Wasp, Itoplectis naranyae.
J. Insect Sci. 2007, 7. [CrossRef]

42. Bodin, A.; Jalonx, B.; Mandon, N.; Vannier, F.; Delbecque, J.P.; Monge, J.P.; Mondy, N. Host-Induced Ecdysteroids in the
Stop-and-Go Oogenesis in a Synovigenic Parasitoid Wasp. Arch. Insect Biochem. Physiol. 2007, 65, 103–111. [CrossRef]

43. Bodin, A.; Jaloux, B.; Delbecque, J.P.; Vannier, F.; Monge, J.P.; Mondy, N. Reproduction in a Variable Environment: How Does
Eupelmus vuilleti, a Parasitoid Wasp, Adjust Oogenesis to Host Availability? J. Insect Physiol. 2009, 55, 643–648. [CrossRef]

44. Ellers, J.; Alphen, J.J.M.V.A.N.; Sevenster, J.A.N.G. A Field Study of Size-Fitness Relationships in the Parasitoid Asobara tabida.
J. Anim. Ecol. 1998, 67, 318–324. [CrossRef]

45. Olson, D.M.; Andow, D.A. Larval Crowding and Adult Nutrition Effects on Longevity and Fecundity of Female Trichogramma
nubilale Ertle & Davis (Hymenoptera: Trichogrammatidae). Environ. Entomol. 1998, 27, 508–514. [CrossRef]

46. Sagarra, L.A.; Vincent, C.; Stewart, R.K. Body Size as an Indicator of Parasitoid Quality in Male and Female Anagyrus kamali
(Hymenoptera: Encyrtidae). Bull. Entomol. Res. 2001, 91, 363–367. [CrossRef] [PubMed]

47. Wang, T.; Keller, M.A. Larger Is Better in the Parasitoid Eretmocerus warrae (Hymenoptera: Aphelinidae). Insects 2020, 11, 39.
[CrossRef]

48. Schädler, M.; Brandl, R.; Kempel, A. Host Plant Genotype Determines Bottom-up Effects in an Aphid-Parasitoid-Predator System.
Entomol. Exp. Appl. 2010, 135, 162–169. [CrossRef]

49. Bilodeau, E.; Simon, J.; Guay, J.; Turgeon, J.; Cloutier, C. Does Variation in Host Plant Association and Symbiont and Behaviour
Differentiation of Its Main Parasitoid, Aphidius ervi? Evol. Ecol. 2013, 27, 165–184. [CrossRef]

50. Zepeda-Paulo, F.A.; Ortiz-Martínez, S.A.; Figueroa, C.C.; Lavandero, B. Adaptive Evolution of a Generalist Parasitoid: Implica-
tions for the Effectiveness of Biological Control Agents. Evol. Appl. 2013, 6, 983–999. [CrossRef]
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