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Simple Summary: In terrestrial natural ecosystems, more complex and diverse networks of plant–
insect primary consumers and their predators are often more productive, stable, and resilient. Plant
diversity often positively correlates to the diversity of phytophagous insects and their natural enemies
generating multitrophic interactions with changing outcomes (bottom-up effects). The use of cover
crops can promote natural enemy populations and their temporal synchronization with a target
pest, resulting in greater pest control. Therefore, changes in the habitat conditions can alter food
webs. In agroecosystems, characteristics of the food trophic webs, as connectance, measured as
the proportion of realized links in the network, could be linked to the efficiency of pest control. In
this study, we evaluated how the use of oat cover crops affects composition and structure in the
aphid–parasitoid–hyperparasitoid food webs of plum orchards with different habitat management
contexts: plums with inter-rows of oats as a cover crop (OCC) and plums with inter-rows with
spontaneous vegetation (SV). Quantitative food web metrics differed significantly among treatments
showing a higher generality, vulnerability, interaction evenness, and linkage density in SV, while
OCC presented a higher degree of specialization.

Abstract: By increasing plant diversity in agroecosystems, it has been proposed that one can enhance
and stabilize ecosystem functioning by increasing natural enemies’ diversity. Food web structure
determines ecosystem functioning as species at different trophic levels are linked in interacting
networks. We compared the food web structure and composition of the aphid– parasitoid and
aphid-hyperparasitoid networks in two differentially managed plum orchards: plums with inter-
rows of oats as a cover crop (OCC) and plums with inter-rows of spontaneous vegetation (SV). We
hypothesized that food web composition and structure vary between OCC and SV, with network
specialization being higher in OCC and a more complex food web composition in SV treatment. We
found a more complex food web composition with a higher species richness in SV compared to OCC.
Quantitative food web metrics differed significantly among treatments showing a higher generality,
vulnerability, interaction evenness, and linkage density in SV, while OCC presented a higher degree
of specialization. Our results suggest that plant diversification can greatly influence the food web
structure and composition, with bottom-up effects induced by plant and aphid hosts that might
benefit parasitoids and provide a better understanding of the activity, abundance, and interactions
between aphids, parasitoids, and hyperparasitoids in plum orchards.

Keywords: host-parasitoid interactions; network structure; cover crops; functional ecology;
agricultural diversification
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1. Introduction

In terrestrial natural ecosystems, more complex and diverse networks of plant–insect
primary consumers and their predators are often more productive, stable, and resilient [1],
as the more heterogeneous resources are, the more niches will be available for its exploita-
tion by consumers [2,3]. Therefore, greater heterogeneity and resource quality should
increase species coexistence [4]. Plant diversity often positively correlates to the diversity of
phytophagous insects and their natural enemies generating multitrophic interactions chang-
ing outcomes (bottom-up effects) [5–7], by modifying plant-phytophagous-natural enemy
networks [8–10]. By increasing plant diversity in agroecosystems, it has been proposed that
the ecosystem’s functioning can be enhanced and stabilized by increasing natural enemies’
(parasitoids and predators) diversity [8,10–12]. Cover crops as well as other habitat man-
agement strategies, such as adding flower strips within and around the fields [13,14] or
by allowing spontaneous vegetation (SV) growth around the target crop plant [15,16] can
be used to benefit natural enemy populations in annual and/or perennial systems [17,18].
Increased plant diversity enhances natural enemy fitness by different mechanisms such as
providing shelter from deleterious environmental factors, offering alternative host/prey
species, and/or other food resources such as nectar, pollen, and honeydew [19–22]. As
plant resources are generally limited in most agroecosystems, subsequent agricultural diver-
sification can offer more resources that would translate to efficient and numerous natural
enemies generating more successful pest control [23,24]. However, increased plant diversity
in general does not always favor pest suppression. Indeed, neutral, and even negative,
effects of natural enemy diversity on the abundance of pests have been observed [25,26].
Increasing plant diversity may also increase potential negative interactions like intraguild
predation or hyperparasitism, resulting in lower pest suppression [25–28]. It is necessary
to better understand the effects of increasing plant diversity on ecosystem functioning by
quantifying the functional role of the interactions within insect communities to evaluate
the habitat provisioning role in biological control [27,29–31].

From an ecological perspective, interacting forces shaping food web structure, such as
top-down (predator–prey) and bottom-up (resource–prey–predator) are fundamental to
understanding ecosystem functioning [3,32]. In many ecosystems, species are immersed
in complex web interactions from antagonistic to mutualistic relationships [5,8,11,13] by
interacting directly through competition for resources and indirectly through natural
enemies [33]. A way to characterize network interactions among different trophic levels
is by using food web metrics which provide an overview of ecosystem structure and
functioning [9,34,35]. The most common metrics used for studying herbivore-parasitoid
food webs are connectance (which is the proportion of realized links in a food web), linkage
density (number of links per species), generality (number of hosts per parasitoids species),
vulnerability (number of parasitoids per host species), interaction evenness (the dominance
of host-parasitoid interactions within the web) and the specialization metrics at the network
level using a web specialization index (H2) as suggested by previous studies (e.g., [36]).
In particular, connectance has been used as a good descriptor to show an increase in the
food web complexity [37]. When optimized in a rich community, interaction-type diversity
can stabilize community dynamics, and diversity of interactions is expected to increase
connectance [38]. Biological control should be improved when the connectance between
interaction types with reduced herbivore fitness is greater [39]. Therefore, to enhance pest
control via natural enemies at the field scale, assessing the composition and structure of
insect pest-natural enemy networks is needed for this strategy to be successful [11,40].

Nevertheless, the food web composition of agricultural insect pests and its structure
has not often been linked to ecosystem service in the context of plant diversification
in agroecosystems. Primary parasitoids and their aphid hosts constitute an interesting
system for food web studies due to their close association, as it is possible to determine
the host from which an adult parasitoid emerges [41,42], making the measuring of their
trophic interactions easier than with other natural enemies [32]. However, hyperparasitoids
(i.e., secondary parasitoids of primary parasitoids) should be considered as part of the



Insects 2023, 14, 288 3 of 15

interacting network as they may disrupt biological control [43–46]. Studies performed using
a food web approach on aphids–parasitoids–hyperparasitoids in cereals have found that
food webs were more complex in simple landscapes with lower plant diversity compared
to complex and more diverse landscapes [8,43,44]. Likewise, a recent study compared
the effect of resource diversification with leguminous intercropping in wheat crops on
food web complexity and even when they found no differences in the evaluated metrics
(e.g., connectance, generality, etc.), they highlight the importance to consider each specific
system including all trophic interacting levels [27]. On the other hand, little is known on
orchards as aphids–parasitoids–hyperparasitoids have barely been addressed in a food
web context. For instance, the aphid–parasitoid–hyperparasitoid food web composition in
citrus has been described where Aphis spiraecola (Patch, 1914) (Hemiptera: Aphididae) as
the main pest, and Binodoxys angelicae (Haliday, 1833) (Hymenoptera: Braconidae) is the
dominant primary parasitoid attacked by a complex of hyperparasitoid species, disrupting
the biological control [47].

In a previous study, we determined that the provision of an oat cover crop (OCC)
within a plum orchard induced an early arrival of natural enemies (parasitoids and coc-
cinellids mainly) by providing alternative aphid hosts. However, we found no evidence of
an increased top-down regulation when compared to a treatment where SV was allowed to
grow [48]. Nevertheless, we did observe a reduction of the aphid populations on plum trees
when the OCC was sown [48]. We also found that oat inter-rows presented less species of
aphids, but with a greater aphid abundance (both the densities of oats and aphids were
more abundant), whereas the total parasitoid abundance was similar in the inter-rows
in both treatments. To better understand the possible mechanisms behind the lack of
top-down regulation, in the present study, we compared the composition and structure
of the aphid–parasitoid–hyperparasitoid network on plum trees in spring between the
two treatments: plum trees with an OCC and plum trees without cover crop but with
spontaneous vegetation (SV). As we previously observed more species of aphids in the SV
treatment [48], using food web metrics, we hypothesized that (i) the composition of the
food web varies between these treatments, with a more diverse assemblage of parasitoids
in SV as compared to the OCC treatment and (ii) a higher connectance (possible links for
each host-parasitoid pair species) on the SV than on the OCC treatment. Likewise, (iii) a
greater mean number of aphids used by each parasitoid species (generality) as well as a
greater number of parasitoid species attacking each aphid species (vulnerability) on the SV
as compared to the OCC treatment should be observed. In addition, (iv) a higher number
of interactions (linkage density) (and a higher network complexity) in the SV treatment
than the OCC, which would explain why we previously found no differences in parasitism
rates, as higher complexity could favor negative interactions (such as hyperparasitism and
competition among species). As we found less aphid species in oat inter-rows but with
greater abundances than in SV [48], we also expect that the (v) network specialization (H2)
will be higher in the OCC treatment, when compared to the SV treatment, as we expect the
dominance of a few parasitoid species and less hyperparasitoids (interaction evenness).

2. Materials and Methods
2.1. Study Site

This study was located in the central valley of Chile, in Codegua situated in the
O’Higgins region (34◦08′ S; 70◦38′ W). Four farms of organic plums Prunus domestica L.
(Rosaceae) cv. ‘D’Agen’ with similar management and age were selected. No synthetic
fertilizers or insecticides were used. Each farm was at least 10 ha. The central valley of
Chile is characterized by a temperate Mediterranean climate, with dry summers and mild,
rainy winters [49]. The mean minimum and maximum temperatures vary between 3◦

to 13 ◦C from June–August (winter) and between 25◦ to 35 ◦C from September–March
(spring–summer seasons) [49–51].
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2.2. Experimental Design

Two treatments were established in each of the four farms (N = 4): the OCC treatment,
comprising four consecutive inter-rows of oat, Avena sativa L. (Poaceae) of at least 100 m
long. The inter-rows were sown during the second week of May in autumn, and the
treatment without oats, corresponds to four inter-rows with SV consisting of naturally
occurring plants cut with a rotary cutter every two weeks. Each replicate consisted of a
plot of 1 ha, resulting in a total of eight plots. To avoid interaction between treatments,
the treatments at each plum farm were established at least 10 rows away (about 50 m)
(for more detailed information see [48]). Prior to the beginning of the experiments, it was
determined that all the aphid species attacking oat and other wild gramineous plants were
not registered as attacking and damaging the plum tree shoots [52,53].

2.3. Insect Sampling

Sampling was carried out over eight sampling dates during 2018 from July to the
end of November. Aphids and aphid parasitoids were collected monthly during winter
(three sampling dates: 1: 10 July, 2: 8 August, and 3: 9 September) and every two weeks
during spring (five sampling dates: 4: 25 September, 5: 9 October and 6: 23 October, 7: 6
November and 8: 20 November) to accurately record the aphid colonization and break-
down that normally occur at this time in plum orchards [54]. All living and parasitized
aphids (i.e., mummies) [55] were collected on 20 randomly selected trees, then we chose
20 randomized shoots/tree. Living aphids were taken back to the laboratory, separated, and
counted. Collected aphid mummies were individualized in 1.5 mL plastic Eppendorf TM

PCR clean microcentrifuge tubes Thermo Fisher®, Waltham, MA, USA (with a small hole
in the tip to let air pass) until adult parasitoid emergence in the laboratory. Emergence was
checked once daily. Additionally, potentially parasitized but still living aphids were kept
on hydrated plum leaves until possible mummy formation. Once formed, mummies were
isolated in Eppendorf tubes until emergence. All living samples (mummies and parasitized
aphids) were maintained under controlled conditions in climatic chambers (20 ± 1 ◦C,
65 ± 10% RH, and 16 L: 8 D). Aphids were determined to species level, following taxo-
nomic keys [52,53,56]. After their emergence, parasitoids were identified using taxonomic
keys [57,58] and hyperparasitoids were identified to the genus level [59]. Non-emerged
individuals were preserved in 95% ethanol for further molecular identification. The species’
richness and diversity of parasitoid species were registered using the Shannon and Simpson
indices, as well as the Evenness of Pielou index (see data analysis). They were calculated
for each plot (total season) for both treatments.

2.4. Non-Emerged-Primary Aphid Parasitoids and Hyperparasitoids Identification
2.4.1. DNA Extraction and Quantification

Non-emerged individuals inside the mummies were dissected to corroborate the
presence of a single primary parasitoid or a hyperparasitoid individual. Once dissected,
each individual was taken out of the mummy for species identification through DNA
extraction. The total DNA of each sample was extracted using a “cells and tissues” DNA
isolation kit (Norgen Biotek Corp., Thorold, ON, Canada) following the manufacturer’s
instructions with some modifications: The incubation time of the Lysate was 24 h at 37 ◦C
and then 1 h at 56 ◦C. This was done to obtain the most DNA due to the very small size
of the samples. Then, when the clean DNA was obtained, we set up an incubation room
temperature time of 5 min to ensure a better elution of the DNA sample. The quantification
of the extracted DNA was examined by optical absorbance using an Epoch microplate
spectrophotometer (BioTek Instruments, Winooski, VT, USA).

2.4.2. PCR Amplification

A fragment of the COI gene was amplified from the parasitoid DNA using the uni-
versal invertebrate primers LCO-1490 and HCO-2198 (Folmer primers) [60]. A PCR ampli-
fication was performed with a final volume of 25 µL containing 15 µL of the master mix,
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which included 0.25 µL Taq DNA polymerase (5 U/µL), 2.5 µL of buffer 1X, 0.2 mM dNTP,
3 mM MgCl2, 8.25 µL of ddH2O, 10 µL DNA, and 1 µM of each primer plus. The PCR
cycling profile was as follows: An initial heating period of 95 ◦C for 4 min, followed by
36 cycles of 94 ◦C for 45 s, 50 ◦C for 45 s, and 72 ◦C for 1 min; 1 cycle of 72 ◦C for 5 min;
and a final extension step of 72 ◦C to infinity. PCR products were stored at 4 ◦C until their
visualization in 1.5% agarose gel using 100 V for 60 min.

2.4.3. Sequencing and Editing

All PCR products were sent to Macrogen Inc. (Seoul, Republic of Korea) for purification
and bidirectional sequencing to obtain a region of 600 bp approximately, of the barcoding
region of the COI gene. Once obtained, the DNA sequences (forward and reverse) were
edited using BioEdit sequence alignment editor v7.2.5 [61] to generate a consensus sequence
for each sample. Finally, the sequences were compared and analyzed by BLASTn on NCBI
(https://www.ncbi.nlm.nih.gov/, accessed on 2 June 2021) and the Barcode of Life Data
System v4 (https://www.boldsystems.org/, accessed on 5 June 2021). The species were
determined by the similarity of the alignment ≥98% of the sequences of the individuals
in both libraries. The species identification was confirmed with DNA sequences of adult
parasitoids obtained from the same sampling field (Lavandero et al., unpublished data).
Due to problems with the sequencing, five individuals could not be identified to the species
level and were thus discarded from the analysis.

2.5. Quantitative Food Web Construction

Two steps were considered to construct the food webs: First, two trophic levels
considering the aphid species–primary parasitoids interactions and, second, two trophic
levels considering the interactions among aphid species–hyperparasitoids. But aphid–
parasitoid–hyperparasitoid food webs in this study were not considered, as the identity of
the primary parasitoids was unknown when hyperparasitoids were the emerging adult
species. Food webs were constructed for each treatment considering all interactions over
spring (all dates pooled) based on the relative abundance of aphids with known links to a
parasitoid species, and their emerged parasitoids and hyperparasitoids species including
specimens without adult emergence from mummies, but that were identified to the species
level with molecular markers (see above) collected to show the degree of links between
them. The trophic interaction networks were plotted using the Food Web Designer v3.0
software [62].

2.6. Food Web Metrics

Quantitative network metrics: Generality, the weighted mean number of hosts per par-
asitoids species; Vulnerability, the weighted mean number of parasitoids per host species;
Connectance, the realized proportion of possible links observed in a food web; H2, the
level of specialization within a network (0 = no specialization to 1 = perfect specialization).
Weighted linkage density, the mean number of links per species weighted by the number of
interactions and Interaction evenness, the dominance of specific host-parasitoid interactions
within the web (1 = interactions equally represented, <1 = some interactions more domi-
nant than others) were calculated per treatment for all aphid specimens with parasitoid or
hyperparasitoid emergence (via taxonomical or molecular identification) [32,63,64].

2.7. Statistical Analysis

Quantitative food web metrics were built using the network level function from
Bipartite R package [65] for each treatment during all five sampling dates to show the
composition of the aphid–primary parasitoids as well aphid–hyperparasitoids assemblages.
The richness, Shannon–Wiener and Simpson diversity indices, and the Evenness of Pielou
index of parasitoid species were calculated for each plot on both treatments using the
vegan package in R package [66]. The effect of the treatments (SV and OCC) on the
food web metrics (generality, vulnerability, connectance, H2, weighted linkage density

https://www.ncbi.nlm.nih.gov/
https://www.boldsystems.org/
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and interaction evenness) was evaluated using GLMs assuming a Gaussian distribution
and the ‘identity’ link function. The log of the total abundance of the insect individuals
was included as a covariate [64] since the quantitative food web metrics are strongly
affected by network sizes [41]. Additionally, to evaluate the effect of the treatment on the
diversity indices, we performed GLMs assuming a Gaussian distribution and the ‘identity’
link function (Shannon–Wiener, Simpson, and Evenness of Pielou index) and the species
richness assuming a Poisson distribution and the “log link” function for counting data. All
the analyses were performed using the R package 3.6.5 [67]. Generalized linear models
(GLMs) were conducted using the lme4 package [68]. The best model was chosen using the
Akaike information criteria (AIC) after performing an ANOVA type II in the car package
following a stepwise regression method [69]. Post hoc pairwise comparisons were carried
out using Tukey tests, correcting for multiple comparisons with the single-step method
using the Multcomp package [70].

3. Results

During the winter, we found neither aphid eggs or nymphs or adults, nor parasitoids
or hyperparasitoids on the plum trees. During the spring, a similar composition of aphid
species was observed in both treatments. A total of 4865 aphids were recorded in the SV
treatment, including living aphids and mummies, from which 76.81% corresponded to
Brachycaudus helichrysi (Kaltenbach, 1843), 19.67% to A. spiraecola and 3.51% to Myzus persicae
(Sulzer, 1776) (Hemiptera, Aphididae). On the other hand, 2752 aphids were recorded in
the OCC treatment; out of these, 66.13% corresponded to B. helichrysi, 27.94% to A. spiraecola
and 5.92% to M. persicae. From the total number of aphids collected, 215 mummies were
recorded in the SV treatment with an emergence rate of 68.84%. From these mummies,
158 corresponded to primary parasitoids and 57 to hyperparasitoids. In the case of the
OCC treatment, there were 29 mummies with an emergence rate of 75.86%. From these,
23 individuals corresponded to primary parasitoids and 6 to hyperparasitoids.

Primary parasitoids composition was similar in both treatments, but with a signifi-
cantly higher richness of parasitoid species in the SV treatment (mean richness was 6.6
species) in comparison to OCC treatment (mean richness was 2.5 species) (X2 = 6.89, p = 0.01,
Table 1). Although no significant differences were found in the Shannon and Simpson
indexes between treatments, OCC presented more dominance than SV (Evenness 0.62
versus 0.42, p = 0.05, Table 1). From the total number of mummies recorded in the SV
treatment, Aphidius platensis (Brethes, 1913) represented 67.09%, followed by Lysiphlebus
testaceipes (Cresson, 1880) (21.52%), while Praon volucre (Haliday, 1833), Aphidius avenae
(Haliday, 1834), Aphidius ervi (Haliday, 1834), Aphidius matricariae (Haliday, 1834), Diaeretiella
rapae (M’Intosh, 1855) (Hymenoptera, Braconidae) and Aphelinus chaonia (Walker, 1839)
(Hymenoptera, Aphelinidae) accounted for 11.39% (Figure 1). In the OCC treatment, from
the total number of mummies, 69.57% corresponded to A. platensis, 8.7% each to P. volucre,
A. avenae, A. ervi and 4.35% to L. testaceipes (Figure 1). It was also observed that A. platensis
was mainly associated with the common host B. helichrysi in both treatments (Figure 1).

Similarly, hyperparasitoid assemblages differed among treatments, with a higher
number of genera in the SV than in the OCC treatment. In the SV treatment, from the total
number of mummies collected, 73.68% corresponded to Dendrocerus sp. (Ratzeburg, 1852)
(Hymenoptera: Megaspilidae), 15.79% to Syrphophagus sp. (Ashmead, 1900) (Hymenoptera.
Encyrtidae), with the remaining 10.53% corresponding to Phaenoglyphis sp. (Förster, 1869)
(Hymenoptera: Figitidae), Pachyneuron sp. (Walker, 1833), and Asaphes sp. (Walker 1834)
(Hymenoptera: Pteromalidae) together (Figure 2). While in the OCC treatment, all recorded
mummies corresponded only to Dendrocerus sp, being highly associated with B. helichrysi
in both treatments (Figure 2).
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Table 1. Summary of diversity indices between the spontaneous vegetation (SV) and the oat cover
crop (OCC) treatments for all parasitoids present. In addition, generalized linear models (GLMs)
show statistical differences among treatments for each of the indices evaluated.

Treatment

SV OCC Model Values

Index Mean SE Mean SE d.f. X2 p-Value

Species richness (S) 6.67 2.96 2.50 0.65 1 6.89 0.01

Shannon–Weiner diversity index (H′) 0.91 0.51 0.69 0.24 1 0.19 0.66

Simpson (1-D) index 0.42 0.22 0.41 0.14 1 0.00 0.99

Evenness of Pielou index 0.42 0.09 0.62 0.06 1 3.77 0.05
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Figure 1. Quantitative food webs of aphids–primary parasitoids during spring in plum orchards
in Chile comparing two treatments: Spontaneous vegetation (SV) and oat cover crop (OCC). The
horizontal bars represent the relative abundances of each aphid species parasitized (lower bars) and
their primary parasitoids (upper circles). The arrows represent the strength of interaction (% relative
abundances) between each aphid host–parasitoid combination. N = corresponds to the number of
adult parasitoids emerged in all samples (unparasitized aphids were not considered).
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Figure 2. Quantitative food webs of aphids–hyperparasitoids (secondary parasitoids) during spring
in plum orchards in Chile comparing two treatments: Spontaneous vegetation (SV) and oat cover crop
(OCC). The horizontal bars represent the relative abundances of each aphid species parasitized with
hyperparasitoid emergence (lower bars) and the hyperparasitoids (upper circles). The arrows repre-
sent the strength of interaction (% relative abundances) between each aphid host–hyperparasitoid
combination. N = corresponds to the number of adult parasitoids emerged in all samples (unpara-
sitized aphids were not considered).

Finally, for the food web metrics, there were not significant differences for connectance
(GLM: χ2 = 0.73; df = 1, p = 0.39) (Figure 3A) among treatments. By contrast, there were
differences among treatments for the remaining metrics: Generality (GLM: χ2 = 6.86; df = 1,
p = 0.009) being higher on the SV compared to the OCC treatment (Figure 3B); a higher
vulnerability on the SV than on the OCC treatment (GLM: χ2 = 8.56; df = 1, p = 0.003)
(Figure 3C); a higher specialization (H2) on the OCC than on the SV treatment (GLM:
χ2 = 216.27; df = 1, p < 0.001) (Figure 3D); a higher number of links per species (linkage
density) on the SV compared to the OCC treatment (GLM: χ2 = 9.27; df = 1, p = 0.002)
(Figure 3E), and a higher interaction evenness on the SV than on the OCC treatment (GLM:
χ2 = 9.84; df = 1, p = 0.002) (Figure 3E).
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Figure 3. Food web metrics of the plum orchards in Chile with spontaneous vegetation (SV) and with
oat cover crop (OCC). (A) Connectance, (B) Generality, (C) Vulnerability, (D) H2, (E) Linkage density,
and (F) Interaction evenness. Different letters indicate significant differences between treatments and
‘ns’ indicates non-significant differences.

4. Discussion

In this study, we evaluated how the use of oat cover crops affects the composition and
structure of the aphid–parasitoid–hyperparasitoid food webs of plum orchards. Although
we found a similar aphid composition between treatments in the plum trees, with similar
aphid relative abundances and the specialist aphid B. helichrysi as the most abundant
aphid species, we found changes in the interactions between aphids and their primary
and secondary parasitoids. These observations are in agreement with our first hypothesis,
which established that the composition of the food web varies between treatments, with a
more diverse assemblage of parasitoids in SV compared to the OCC treatment, showing
that the species richness of primary and secondary parasitoids was greater in the SV
treatment compared to the OCC. However, the Shannon and Simpson indexes were not
significantly different, there was a trend in evenness (Pielou index), with more dominance
in the OCC due to the primary parasitoid A. platensis. For the hyperparasitoids, the only
secondary parasitoid species found was the hyperparasitoid Dendrocerus sp. A similar
observation has previously been made in our country for wheat parasitoid–hyperparasitoid
assemblages [71]. In the SV treatment, a more complex food web composition was found,
with the primary parasitoid guild composed of eight parasitoid species, where A. platensis,
A. ervi, L. testaceipes and P. volucre showed a plastic host-use, as evidenced in the food
webs, as we see them attacking several species of aphids. However, the other species
recorded were only parasitizing one aphid species. On the other hand, for the parasitoid
assemblage found on the OCC treatment, five parasitoid species were found, and as with
the SV treatment, A. platensis was the most abundant parasitoid and mainly associated with
the most common aphid species, B. helichrysi (Figure 1). Hyperparasitoids, which represent
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the fourth trophic level, may have effects on the aphid population by disrupting biological
control of the primary parasitoids [45,72,73]. According to the food web composition
analysis, a higher resource diversity (primary parasitoid species) was provided by the
SV treatment compared to the OCC treatment. This seems to have been beneficial for the
hyperparasitoids in the SV as we found a more complex hyperparasitoid guild with species
with a high host use, such as Dendrocerus sp., Asaphes sp., and Syrphophagus sp. [74,75],
and species with a restricted host use, such as Phaenoglyphis sp. and Pachyneuron sp. [76]
Similar to our results, a recent study found a different hyperparasitoid species composition
when more plant resources were added (leguminous plants) intercropped with cereals [27].
This change in parasitoid composition could be explained although the SV treatment had a
patchily distributed, non-persistent and vegetational cover (less plant density), but with
a higher species richness, being composed mostly of wild gramineous plants and weeds
introduced from other plant families, such as Malvaceae and Asteraceae. Therefore, it
offers a more complex habitat in terms of resource availability and spatial heterogeneity for
aphids [77] and parasitoids could therefore find a greater diversity of hosts and/or host
abundance in a more diverse environment, as observed here for the SV treatment with
more abundant hosts compared to the OCC treatment. Although the OCC treatment was
characterized by only one plant species (oat) with a high and homogeneous coverage it
seems to provide a good source of resources (aphids). Moreover, at least seven parasitoid
species found on plums in the present study, have also been reported attacking aphid
species on the cereal crops, including A. platensis (previously reported in Chile as Aphidius
colemani, [58]), L. testaceipes, P. volucre, A. avenae, A. ervi, A. matricariae and D. rapae [71,78].
Similarly, a previous study carried on plum orchards found that the main parasitoid species
attacking cereal aphids was A. platensis [79]. However, in relation to the second hypothesis,
we did not observe a higher connectance (possible links for each host–parasitoid pair
species) on the SV than on the OCC treatment, despite the increased species richness of
parasitoids in the food web for the SV treatment. On the other hand, according to our
third and fourth hypotheses that posed a greater generality and vulnerability on the SV
compared to the OCC treatment and a higher number of interactions (linkage density)
and a higher network complexity in the SV treatment than in the OCC, respectively; the
quantitative food web analysis showed a greater mean number of aphid species used
by parasitoids (generality) and a greater number of parasitoid species attacking aphids
(vulnerability) on the SV treatment in comparison to the OCC treatment. Likewise, a higher
network complexity and a higher number of interactions (linkage density) were observed
on the SV compared to the OCC treatment. Finally, as expected from our fifth hypothesis,
network specialization (H2) was higher in the OCC treatment, when compared to the SV
treatment. As we expected, the dominance of a few parasitoid species (specifically one
parasitoid species A. platensis and one hyperparasitoid species Dendrocerus sp.), would
increase network specialization. These findings suggest that the connectance, measured
as the realized proportion of potential link density, was more related to the dominance
of A. platensis in both treatments across the study. This could be explained since this
species of parasitoid might benefit from the availability of the common and prevalent host
resources from both treatments [80,81], where most parasitoids were connected in a single
large compartment [82]. Likewise, the higher generality in the SV treatment may be the
result of a bottom-up effect of the more diverse spontaneous plant–aphid resources on
the aphid–parasitoid interactions. Within our study, the food web composition, structure,
and density of inter-rows vegetation changed between treatments: more diverse in the SV
treatment and more homogeneous in the OCC treatment, allowing primary parasitoids
to exploit more aphid hosts in the SV compared with the OCC treatment. This pattern
of a trophic cascade (plant–aphid host–parasitoid) is very common in aphid–parasitoid
systems [81]. Therefore, the SV exerted strong effects on parasitoid diversity and food web
generality. Similarly, the difference in habitat complexity between treatments influenced
the mean number of parasitoids per aphid species (vulnerability), which could be due to
the higher parasitoid richness and their higher relative abundance on the SV treatment
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compared to the OCC treatment. However, in a previous study we did not find differences
in the total parasitism among treatments [48]. Therefore, the higher parasitoid richness on
the SV treatment did not translate into a greater aphid control. On the contrary, we found
more aphid abundance in the SV treatment compared to the OCC [48].

On the other hand, the degree of specialization tends to increase in the OCC in relation
to SV treatment. This could suggest that increased competition among parasitoids may
be happening due to the higher species richness of parasitoid species in the SV treatment.
In our study, the most abundant parasitoid species (A. platensis) was more specialized
on the most common aphid host (B. helichrysi) in both habitats showing reduced attack
rates on other hosts, suggesting that habitat modification can alter the structure of an
aphid–parasitoid food web [32]. Host specialization in aphid parasitoids has been shown to
affect the biological control they provide, due to a higher capacity of parasitoids to change
between different hosts allowing them to persist in the absence of their main host (normally
the main pest), and to regulate pest outbreaks in a rapidly changing environment [83].
However, the assumptions we make in the study should be taken with caution due to the
low number of parasitoids and hyperparasitoids recorded in the OCC treatment compared
to SV. The increase in interaction evenness for the SV treatment suggests that most of the
interactions occur between few species. Our results revealed that SV indeed promoted
parasitoid evenness but instead of limiting aphids in plum orchards, parasitoids seemed
to attack only aphids on the spontaneous weeds. However, it is still unclear how these
network changes in a habitat management context impact ecosystem functioning and
ecosystem services [84]. Our results differ from a previous study where interaction metrics
were significantly higher when fields presented less plant diversity compared to fields with
higher plant diversity [44]. However, the number of plant species involved in our study is
already too low to draw any significant comparisons.

5. Conclusions

To enhance the effects of parasitoids, habitat management programs should include the
functioning of host–parasitoid systems as well as parasitoid–hyperparasitoid interactions.
Plant diversification affects species interactions and can have notable effects on food web
structure, with bottom-up effects induced by aphids that might benefit parasitoids, thus
exerting a great influence of primary parasitoids on pest control. Our results suggest
that plant diversification can greatly influence the food web structure and composition,
with bottom-up effects induced by plant and aphid hosts that might benefit parasitoids
and provide a better understanding of the activity, abundance, and interactions between
aphids–parasitoids–hyperparasitoids in plum orchards. Bottom-up effects will induce food
web changes that propagate to the next trophic level, with higher values of quantitative link
density, suggesting that linkage density and interaction diversity were positively influenced
by the aphid host. However, in our study, we found no variation in primary parasitism,
although less aphid infestation was associated with the use of oats as an intercrop [48].
Other bottom-up mediated effects should also be considered in future studies, such as
the release of semiochemicals from cover crops or plant-insect semiochemicals such as
B-farnesene, which could also interrupt aphid colonization and/or promote dispersal
away from associated crops (such as the plum trees in this system) that could affect aphid–
parasitoid interactions and biological control of the main crop.
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