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of a multi-species pest community
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Plant taxonomic and functional diversity promotes interactions at higher trophic levels, but the
contribution of functional diversity effects to multitrophic interactions and ecosystem functioning
remains unclear. We investigated this relationship in a factorial field experiment comparing the effect
of contrasting plant communities on parasitism rates in five herbivore species. We used a mechanistic
trait-matching approach between plant and parasitoids to determine the amount of nectar available
and accessible to parasitoids. This trait-matching approach best explained the rates of parasitism of
each herbivorous species, confirming the predominant role of mass-ratio effects. We found evidence
for an effect of functional diversity only in analyses considering the ability of plant communities

to support the parasitism of all herbivores simultaneously. Multi-species parasitism was maximal

at intermediate levels of functional diversity. Plant specific richness had a negligible influence
relative to functional metrics. Plant communities providing large amounts of accessible nectar and
with intermediate levels of functional diversity were found to be the most likely to enhance the
conservation biological control of diverse crop herbivores.

Plant taxonomic and functional diversity promotes interactions at multiple trophic levels and contributes to the
multifunctionality of provisioning, supporting, regulating and cultural ecosystem services"?. The relationship
between plant functional traits and productivity and soil fertility services has been investigated*?, but its shape
remains largely unknown. The level of plant functional diversity maximizing or optimizing the regulating eco-
system services provided by multitrophic interactions also remains unclear.

In crop-dominated landscapes, species-rich habitats, such as linear spontaneous field margins and sown
wildflower strips, support populations of arthropods, including predators, parasitoids and pollinators, which
are beneficial to the diversity of all taxonomic groups*®. Field margins provide refuges that protect populations
of predators and parasitoids against disturbances in the vicinity of cropped habitats, together with the trophic
resources (nectar, pollen, alternative preys) required for completion of their life cycles®. However, only a few
studies have investigated how plant communities could be tailored to promote ecosystem services, such as con-
servation biological control in particular’. Most studies to date have focused on flower strips sown with a single
plant composition, but a small proportion have compared mixtures (eight of the 40 studies reviewed by Haaland
etal.®). As aresult, our understanding of the interactions between plant and animal communities remains limited,
and attempts to implement or manage habitats to enhance functional biodiversity have not necessarily resulted
in a significant decrease in crop herbivore levels’.

Attempts to develop strategies for the widespread deployment of conservation biological control face two main
challenges. First, a broader range of herbivores and natural enemies than considered to date must be studied,
to deal with the large number of crop herbivores; dedicated species-specific screening approaches are no longer
appropriate'®!!. Second, in field conditions, the hypothesis that resource provision increases the size of natural
enemy populations and improves biological control is often not borne out. Attractive plant species may divert
herbivores from less attractive species, resulting in lower visiting rates than for single-species stands'% The effects
of plants on arthropod behavior have mostly been analyzed in pure stands, and little is known about the effect of
plant assemblages. Interactions may also occur within arthropod communities, through competition between
flower visitors'®!® and intraguild predation*.
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The role of morphological matching traits is well known in plant-pollinator interactions, such as those
involving bees and hoverflies, in which flower visitation and pollination depend on a good match between insect
proboscis length and the depth of the structure holding the nectar in the corolla’>!®. In parasitoids, the effect
of nectar provisioning by individual flower resources has also been related to morphological matching between
the interacting organisms'’~"°. Other traits are also involved in nectar accessibility (concentration), resource use
(flower attractiveness and insect preferences) and effectiveness, which depends on the physiological require-
ments of the parasitoid®’. However, unlike pollinators, parasitoids can be opportunist floral visitors (especially
Hymenoptera) making use of an available resource without contributing to pollination. This raises questions
about whether trait matching with flowers is as strong in parasitoids as in pollinators.

We developed a trait-matching approach for studies of a community of several parasitoids of five oilseed
rape and faba bean herbivores. Upscaling this approach to community level is challenging, because it raises new
questions. The amount of flower resources would be expected to maximize the activity of a given parasitoid spe-
cies, but the diversity of these resources may be more important when considering several parasitoid species.
An increase in plant species richness and/or functional diversity may provide more niches for their consumers,
promoting niche complementarity and lowering competition, thereby leading to an increase in the diversity of
consumers, particularly if the species concerned have different ecological requirements*"?%.

However, this hypothesis was not supported by recent studies analyzing the effects of the functional diversity
of flower resources on predators, parasitoids and pollinators*>**. This is not particularly surprising, because
species and/or functional diversity is correlated with species and/or functional evenness. Evenness reduces
dominance effects, by diluting the relative contribution of the dominant species within the community. For
example, mixing plant species on the basis of their flowering periods, to ensure that flower resources are supplied
throughout the year, decreases the density of plants flowering at any one time. At peak flowering, more resources
are available in communities with a homogeneous phenology than in communities with a heterogeneous phe-
nology, resulting in a non-monotonous relationship between the diversity of resources and their instantaneous
availability.

In summary, there is no consensus concerning the relative importance of community species composition
and functional structure®® to multitrophic interactions and ecosystem functioning'>?. Our objective was to dis-
tinguish between the respective influences of plant taxonomic richness, functional composition and functional
diversity on the functioning of insect communities, studied here by evaluating the effects of parasitoids on a
multi-pest community. We specifically addressed the three following questions.

First, is a trait-based approach suitable for predicting the effect of plant assemblages, via the provision of
trophic resources, on the parasitism of a community of crop herbivores by several parasitoids? Nectar is an
important energy source in the diet of parasitoids. We therefore hypothesized that traits related to temporal
and morphological matching between plants and parasitoids can be used to predict the level of crop herbivore
parasitism.

Second, over and above the effect of plant functional composition, is there an additional effect of plant
taxonomic richness and functional diversity? It was initially hypothesized that an increase in plant species and
functional diversity, by providing more niches, would decrease competitive interactions between floral visitors,
with a positive effect on parasitoid activity. Alternatively, increases in plant diversity may attract more diverse
insect visitors to flowers?, with potential negative interactions between them'?, leading to lower rates of flower
visitation by parasitoids?” and, ultimately, a lower rate of herbivore parasitism.

Third, how do the respective roles of plant taxonomic and functional structure change when upscaling from
a single to several functions (i.e. when considering parasitism at community level)? We expected the functional
diversity of plant assemblages, through the provision of diversified resources, to make a more important contri-
bution than functional composition (amount of trophic resources) to the multifunctional effect of parasitoids.
We also expected the highest multi-species parasitism levels to be reached at intermediate levels of functional
diversity, because, as explained above, a high level of functional diversity may decrease the dominance effects
of nectar-providing plants, by diluting the relative contribution of the dominant species within the community.

We tested these hypotheses in a factorial field experiment, in which we compared eight plant assemblages
differing in terms of taxonomic composition, species richness and functional diversity (Fig. 1). In the adjacent
crop, 5 and 20 m from the wildflower strip, we measured the parasitism of five herbivorous pests of faba bean (in
2016) and of oilseed rape (in 2017). Biological control is important in these crops, as both have a high insecticide
treatment frequency index*®. We investigated the effects of the plant assemblages on parasitism rate, by character-
izing the plant cover producing available and accessible nectar. Nectar was considered to be available when it was
produced during the period of parasitoid activity. Floral nectar accessibility depended on morphological match-
ing between plant and parasitoid traits measured for each parasitoid and plant within the assemblage. We took
into account the ability of the insect to penetrate the flower and its ability to reach the nectar, which depended on
corolla shape, nectar depth, insect head size and the size of the mouthparts (Supplementary methods and Fig. 2).
As explanatory variables, we also included species richness and the functional diversity of the plant traits involved
in plant-insect interactions (traits related to the provision of trophic resources, the temporal availability of these
resources, flower attractiveness, nectar accessibility and the provision of physical habitats). Finally, we assessed
the ability of the assemblages to contribute to the parasitism of all five herbivores—multi-species parasitism—by
evaluating whether high levels of parasitism occurred simultaneously for all herbivores and by determining the
degree to which parasitism levels were dependent on the taxonomic and functional composition of assemblages.
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Figure 1. Graphical abstract of the main experimental and methodological approaches used in this study. This
figure was created using Microsoft Powerpoint version 16.16.14 (https://www.microsoft.com).

Results

The pressure of herbivore populations in oilseed rape and faba bean was high due to the absence of insecticide
treatment (Supplementary results). In general, parasitism rates, averaged over all assemblages, varied from
0.11£0.08 for the herbivore Brassicogethes aeneus to 0.45+0.10 for Bruchus rufimanus. Parasitism involved a
single parasitoid species, except for Dasineura brassicae, in which we found three morphospecies (Supplementary
Table S4). We first investigated the effects of the different plant assemblages on the rates of parasitism for the five
herbivorous species. When we compared parasitism rates across distances, no general distance effect was detected
(Supplementary Table S5), other than in Bruchus rufimanus, for which parasitism rates were slightly higher at
20 m than at 5 m (Supplementary Fig. S3). In analyses of parasitism rates separately for each distance, the type of
assemblage significantly influenced parasitism rates in B. rufimanus (p value < 10™*), Ceutorhynchus pallidactylus
(p value=0.009) and B. aeneus (p value=0.010) 5 m away from the flower strips, and those in B. rufimanus (p
value < 107*) and Psylliodes chrysocephala (p value = 0.040) 20 m away from the strips (Supplementary Table S6).
The effects observed depended on the herbivore species considered (Supplementary Fig. S3).

Plant communities comprised 85 species, 41 of which belonged to the 55 sown species, accounting for 92.8%
of total plant cover. As the composition of plant communities in 2016 and 2017 did not fully reflect the sown
mixtures (Supplementary Fig. S4), we then investigated the effects of the observed plant assemblages by charac-
terizing three explanatory variables: (1) plant species richness, (2) the percentage of plant cover providing avail-
able and accessible nectar to parasitoids, estimated by a species trait-matching approach and (3) the functional
diversity of the plant traits involved in plant-insect interactions. Sixteen to 49 plant species produced nectar
available during the period of parasitoid activity, and the trait-matching approach indicated that the nectar was
accessible for only 13-36 of these species, depending on the parasitoids considered (Supplementary Table S7).
Statistical models of parasitism rates including trophic resources, number of species and functional dispersion
as explanatory variables (individual best models in Supplementary Table S8) were much more parsimonious,
with a lower AIC than those including type of assemblage as an explanatory variable (Supplementary Table S6).
At a distance of 5 m from the strips, the percentage of plant cover providing nectar, alone or in interaction with
species number, had a significant positive effect on parasitism rates in all species except D. brassicae (averaged
models in Table 1, full version in Supplementary Table S9, Fig. 3). The percentage of plant cover providing nectar
was generally the variable with the highest relative importance, and was therefore included in most of the best
models. At a distance of 20 m from the strips, parasitism in B. rufimanus was negatively affected by a quadratic
effect of functional dispersion, and parasitism in B. aeneus decreased with the number of species (Table 1).
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Figure 2. Decision tree used to determine the accessibility of nectar to insects as a function of insect traits
(radius of insect head 1, proboscis length x and proboscis width z) and flower traits (width of flower opening w,
corolla height h, nectar depth p, nectar tube diameter d). More information can be found in the Supplementary
methods. This figure was re-drawn from Zucchetta®, and it was created using Microsoft Powerpoint version
16.16.14 (https://www.microsoft.com).

We tested the validity of the trait-matching approach, by constructing a neutral model in which the ability of
plants to provide accessible nectar was randomly selected rather than determined by trait-matching (for all spe-
cies or flowering species only). The AIC of neutral models was systematically higher than that of trait-matching
models (Supplementary Table S10), except for P. chrysocephala at 20 m from the strips, for which the nectar
resource effect was not significant. This indicates that estimating nectar accessibility via the trait-matching model
provides a better predictor than selecting interactions randomly.

We used a multiple-threshold®! approach to assess the ability of the assemblages to support the parasitism of
several herbivore species simultaneously, as a contribution to ecosystem multifunctionality. Rather than averag-
ing non-substitutable parasitism rates, we calculated, for each treatment, the number of herbivores for which
the parasitism rate exceeded a given proportion, or threshold, of the maximum parasitism rate observed. We
plotted this multi-species parasitism against the type of assemblage, for various threshold values (Supplementary
Fig. S5). We found that the number of pest parasitism rates simultaneously reaching a given threshold depended
on the threshold chosen. For low thresholds (e.g. 10%), parasitism rates reached 10% of their maximum values
for four or five herbivores in all assemblages. Conversely, parasitism rates never reached 90% of the maximum
value for more than two species in any assemblage, suggesting that they could not be maximized for all herbivores
simultaneously. Defining a specific threshold for determining whether a given parasitism rate is sufficiently high
to contribute to herbivore parasitism would be arbitrary. We therefore calculated multi-species parasitism for a
range of thresholds varying from 10 to 90% of the maximum parasitism rate for each herbivore, in steps of 10%.
We then took the threshold variable (continuous) into account in the regressions carried out with the dataset
compiling multi-species parasitism determined at each threshold. Diversity effects might also be expected to be
stronger when high thresholds are imposed to achieve multifunctionality, with a larger number of plant species
or plant functions required to maintain the parasitism rates at high levels for several pests®!. We therefore tested
the interaction between the threshold variable (nine values) and the other variables describing plant communi-
ties in the regressions.
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Parasitism at
Parasitism at 5 m 20 m from the
from the strip Cond. averaged model strip Cond. averaged model
Explanatory fixed Explanatory fixed
variables Effect +SE z-value | P (>z) | Weight | variables Effect+SE z-value | P (>|z|]) | Weight
Bruchus rufimanus (n=27) Bruchus rufimanus (n=27)
g?m““’.nalz ~0.071+0.029 2286 |0.02 |1 Functional ~0.108+0.048 |2.185 | 0.02 0.83
ispersion dispersion
Nectar resources 0.087£0.032 |2.610  [0.009 |1 Func.disp.xSp. | _ 57540032 |2112 | 0.03 0.05
number
Psylliodes chrysocephala (n=27) Psylliodes chrysocephala (n=12)
Nectar resources 0.382+0.166 2183 |0.02 |0.78 No significant
effect
Ceutorhynchus pallidactylus (n=27) Ceutorhynchus pallidactylus (n=13)
Species number 0214+0.108 [1.878 |006 |1 No significant
effect
Nectar res. x Sp. 0585+0.271 [2.027 [0.04 |0.11
number
Brassicogethes aeneus (n=27) Brassicogethes aeneus (n=27)
Nectar resources? | 0.111+0.045 | 2367 | 0.01 |1 2‘("‘;“"“‘*1 disper- | (31540159 | 1.895 | 0.06 0.86
Species number -0.313+0.143 | 2.085 0.03 0.92
Dasineura brassicae (n=25) Dasineura brassicae (n=26)
No significant Func. disp. X nec- 0437+0.194 | 2.107 0.03 0.10
effect tar res
Multi-species parasitism (n=243) Multi-species parasitism (n=117)
Threshold - 1.695+0.188 | 8.977 <107 1 Threshold - 1.737+0.269 | 6.580 <107 1
Functional -0289+0.036 [2.114 |0.03 |1 Nectar resources | —0.129+0.075 | 1.708 | 0.09 1
disp.? x threshold

Table 1. Effects of the composition and structure (proportion of plant cover providing accessible nectar,
species richness and functional dispersion) of the flower strip plant communities on the rates of parasitism

in five herbivorous crop pests and on global multi-species parasitism (quantified via a multi-threshold
approach). Significant P-values are written in bold. All possible combinations of the plant community variables
(nectar resources, species richness and functional diversity, with both linear and quadratic effects) and their
interactions were compared. The best models were ranked according to their AIC (Supplementary Table S5)
and we present the results for the averaged best models. Generalized linear mixed effect models were used,
assuming a binomial (parasitism rates) or Poisson (multi-species parasitism) distribution, with strip as a
random effect. All explanatory variables were scaled. For readability, we report here the results for significant
effects only or for variables with a relative importance (weight) greater than 0.70. The full results are provided

« _»

in Supplementary Table S9. “n” is the number of observations for each response variable.

When the plant communities were described in terms of their observed functional composition and struc-
ture, rather than assemblage types, multi-species parasitism at a distance of 5 m from the strips was significantly
influenced by functional dispersion (quadratic term) in interaction with the threshold value (p value =0.035).
This predictor had, by far, the highest relative importance, with a weight of 1 (Table 1, Supplementary Table S9).
This positive interaction implies that functional dispersion has a larger effect at high threshold values, i.e. in
analyses of the ability of plant communities to support high rates of parasitism for all herbivore species simultane-
ously. At threshold values above 30%, plant functional dispersion had a hump-shaped effect, with multi-species
parasitism levels highest at intermediate functional dispersion values (Fig. 4). At a distance of 20 m from the
strips, plant community structure had no detectable effect on multi-species parasitism (Table 1, Supplementary
Table S9, Supplementary Fig. S6).

We repeated the statistical analyses shown in Table 1 on two subsets of assemblages, to disentangle the effects
of sown species richness from those of sown functional diversity more effectively: (1) we compared low and
high functional diversity while controlling for species richness (using only assemblages with a medium species
richness) and (2) we assessed the role of species richness across plant assemblages with high functional diversity
(detailed results in Supplementary Table S11). In general, when analyzing the individual parasitism rates, the
nectar resources variable was still among those with the highest Akaike weight, even though most effects were
no longer significant for the reduced dataset. At 5 m from the strips, the functional dispersion effect on multi-
species parasitism was no longer significant, but this variable still had a high Akaike weight (0.75). Controlling
for sown functional diversity revealed no underlying effect of species richness.
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Figure 3. Effect of the percentage of the plant cover providing accessible nectar to parasitoids on parasitism
rates in five crop herbivores (mean prediction and 95% confidence intervals). Partial regression plots result from
a generalized mixed model, assuming the errors to be binomially distributed. Parasitism rates were measured

at 5 m (orange circles) and 20 m (green triangles) from the flower strip. Regressions are shown only when a
significant effect nectar resources, is found. The R? are the mean values for the best models detailed in Table S8.
This figure was made using R version 3.6.3% (https://www.R-project.org/).

Discussion

We investigated the effects of the species richness, functional composition and functional diversity of plant
communities, which we manipulated experimentally, on the ability of these communities to support biological
control of the five herbivorous crop pests considered. We disentangled these effects by considering them within
the same analyses, as proposed by Dias et al.>>. We found that the percentage of plant cover providing available
and accessible as a resource to parasitoids, estimated with a species trait-matching approach, was the factor
best explaining parasitism rate in four out of the five herbivorous species considered, and that plant functional
diversity was the most important factor when all the species were considered together. A limitation of the experi-
mental scheme is that the initial gradients of sown species richness and sown functional diversity are not fully
orthogonal. We took this into account by analyzing the observed richness and functional diversity as continuous
variables that were only partly correlated.

The type of plant assemblage initially sown did not account for parasitism rates, despite the differences in spe-
cies richness and functional diversity between assemblages. We therefore developed a mechanistic trait-matching
approach, as previously described for pollinators e.g.>* or Syrphidae in particular'®. We adapted this approach to
the smaller hymenopteran parasitoids, which have very short or unspecialized mouthparts, to assess the percent-
age of plant cover providing available and accessible nectar as a resource in plant communities.

At a distance of 5 m from the flower strips, increasing amounts of this trophic resource increased parasit-
ism rates in four of the five herbivorous pests studied (exception: Dasineura brassicae). Moreover, mechanistic
models performed better than neutral models in which interactions were randomly selected. This validates our
first hypothesis that traits related to temporal and morphological matching between plants and parasitoids can be
used to predict the level of parasitism. In general, nectar resources promote parasitoid longevity, host-searching
ability and fecundity®*, potentially accounting for the higher rates of parasitism observed. These findings dem-
onstrate the relevance of a mechanistic approach, based on trait-matching between plants and parasitoids, for
investigations of the ways in which plant communities modify the functioning of insect communities. However,
pairs of matching traits cannot predict all species interactions correctly®. For example, we found that estimated
floral or extrafloral nectar resources had no effect on parasitism in Dasineura brassicae. There are several pos-
sible reasons for this: (1) the parasitoids of this species may be pro-ovigenic, with adults emerging with sufficient
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Figure 4. Partial regression plots showing the relationship between the functional dispersion of plant
communities (based on traits involved in plant-parasitoid interactions) and the multi-species parasitism of
five herbivorous crop pests, measured at a distance of 5 m from the flower strips. Multi-species parasitism,
quantified with a multi-threshold approach, is the number of herbivore species for which the rate of parasitism
exceeds a given percentage (thresholds from 10 to 90%) of the maximum parasitism achieved for each species.
This figure was made using R version 3.6.3% (https://www.R-project.org/).

nutrient reserves to ensure that they have little or no need to find food®, (2) the parasitoids of this species may
rely on other hosts in the flower strips, on other trophic resources, such as pollen or honeydew, or may rely on
host feeding?®, (3) the parasitoids may have fed on oilseed rape flowers, which could have provided a massive
amount of nectar resources in April and May, (4) other traits may have prevented the use of nectar or (5) a patchy
distribution of the host population may have masked the effect of the different flower strips.

In our estimation of nectar resources, we took into account (1) the temporal match between periods of
nectar production and insect flight activity and (2) morphological constraints on the size of the insect head and
mouthparts imposed by flower shape. These topological traits sensu Gravel et al.*” determine the occurrence of
trophic interactions. The intensity of these interactions also depends on traits relating to flower attractiveness or
the nutritional characteristics of the nectar®, which were not taken into account here. Parasitoid preferences for
particular flower resources and the effects of these resources on insect fitness can be determined®, but the traits
underlying these interactions are not straightforward to identify or easy to measure. These interactions may be
highly specific, and a trait-based approach is not necessarily more straightforward than a species-based approach.
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Previous studies have reported positive correlations between the diversity of nectar resources and the diver-
sity of pollinators®’*?, and between the diversity of nectar resources and the frequency of plant-pollinator
interactions*’. We, thus, expected plant taxonomic richness and functional diversity to affect parasitism rates.
However, after accounting for the effect of nectar resources, we found no clear additional effect of species rich-
ness or functional diversity on the rate of parasitism in each species. In general, these variables were either non-
significant or had a very low Akaike weight in the best statistical models. This suggests that increases in plant
taxonomic richness and functional diversity in our experiment did not improve the exploitation of the available
flower resources by the seven studied parasitoids through niche partitioning with other flower-visiting insects.
These resources may not have been a limiting factor in our experiment, or there may have been no negative
interactions, as in competition between flower-visiting insects.

One notable exception to this general finding was the negative effect of plant functional diversity on the rate
of B. rufimanus parasitism at distances of 5 and 20 m from the flower strips. This relationship may result from the
emergence of negative interactions between floral visitors in functionally diversified plant communities. Indeed,
Campbell et al.’® previously reported that rates of flower visitation by parasitoids were highest in stands of plants
bearing only flowers with short corollas, and that these rates were much lower in plant stands bearing flowers
with more diverse traits, due to higher levels of competition with bumblebees and hoverflies. Another hypothesis
would be that greater functional diversity would have resulted in a higher abundance of predators targeting adult
parasitoids*!. Unfortunately, in the absence of data on flying parasitoids, we cannot address this hypothesis here.

We then considered multi-species parasitism, by assessing the ability of the strips to support the parasitism
of all five herbivorous pests simultaneously. None of the strips maximized parasitism rates for all five species
simultaneously, demonstrating the existence of a trade-off between these individual biological control services.
This trade-off may be related to the high degree of trophic specialization of the parasitoids*?, the short period
of time for which they are active, and their ability to feed on only a very small number of plant species. Plant
assemblages providing abundant flower resources for a given parasitoid (e.g. because they flower early in the
season, in March and April) did not provide such abundant resources for other parasitoids (e.g. resources pro-
vided by plants flowering a few months later). Strip size and connectivity with semi-natural habitats may also
have been insufficient to facilitate colonization of the experimental sites by a diverse community of parasitoids.

As a result, multi-species parasitism close to the strips was not dependent on total nectar resources. Instead,
multi-species parasitism was explained by the functional diversity of the plant communities, with multifunc-
tionality levels highest at intermediate levels of plant functional diversity. However, the effect of functional
diversity did not remain significant after controlling for initial species richness in the sown assemblages, even
though functional diversity still had the highest relative importance in the models. At low levels of plant func-
tional diversity, an increase in plant functional diversity may provide the parasitoid community with more
potential niches, thereby increasing parasitoid species richness, as predicted from knowledge of plant-pollinator
interactions?, thus increasing the level of multi-species parasitism. However, too high a level of plant functional
diversity may dilute the expression of the trait combinations supporting each type of parasitoid, including the
nectar resources associated with each feeding niche, thereby decreasing parasitism rates at the level of the com-
munity of herbivorous pests.

In general, the nectar resources or functional diversity of the various plant communities had little or no effect
20 m away from the flower strips. This does not imply an absence of spillover at this distance, because parasitism
rates were generally similar at 5 and 20 m. Instead, it reflects a limitation of our experimental design. The treat-
ments were close together and the distance to the different types of strip was more similar in the central parts of
the field. We cannot exclude the possibility of confounding effects between the different measurements of plant
community composition and diversity.

These results, obtained with a community of specialized insects, are complementary to those previously
obtained for a generalist-dominated pollinator community?, in which pollinator species richness was not
affected by plant functional diversity. Our results are consistent with previous findings of a lack of association
between plant functional diversity and the abundance and diversity of natural enemies”**. Using a broad gradi-
ent of plant functional diversity and accounting for mass-ratio effects simultaneously (quantification of nectar
resources), we were able to demonstrate the existence of a hump-shaped relationship between plant functional
diversity and biological control by parasitoids in a two-crop rotation.

Conclusion

The idea that plant taxonomic and functional diversity promotes interactions at higher trophic levels, with a
positive effect on ecosystem functions, is increasingly being challenged. We used a trait-based approach to clarify
the relationships between plant and insect communities. We found a positive effect of nectar resources on the
functions performed by parasitoids, confirming the predominant role of mass-ratio effects. We also obtained
evidence for an effect of functional diversity only when the ability of plant communities to support the simul-
taneous biological control of the five herbivores studied was considered. Multi-species parasitism was maximal
at intermediate levels of functional diversity, and plant species richness had a negligible influence relative to
functional metrics.

Based on trait-matching between plants and insects, we were able to establish a powerful mechanistic link
between the functional structure of plant communities and the functions delivered by insect communities, in this
case, parasitism rates in several herbivorous crop pests. Matching traits have already been shown to be relevant
for explaining food web interactions*** and community structure*®, but their cascade effects on ecosystem ser-
vices have less frequently been reported. The generalization of this approach will be powerful for the description,
from a functional perspective, of the contribution of natural and semi-natural habitats to ecosystem services*.
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Most previous studies on biological control did not focus on crops with high estimated intensities of insec-
ticide use*’. Here, we focused on herbivorous pests of oilseed rape and faba bean, which have been little studied
to date, despite causing major losses of crop yield and quality*®*. Another original feature of this study was its
evaluation of the ability of flower strips to affect the biological control of several herbivores simultaneously, in a
“multi-pest community” approach. Our results provide useful insights into the design of perennial plant mixtures
for creating or restoring habitats supporting natural enemies. Plant communities providing large amounts of
accessible nectar resources and with intermediate levels of functional diversity are the best able to enhance the
conservation biological control of diverse crop herbivores.

Materials and methods

Design of species assemblages with contrasting species and functional diversities. We
designed eight assemblages of native and perennial plants differing in terms of species richness (three levels),
functional diversity of the traits involved in plant-arthropod interactions (two levels) and species identity (two
sets of species). We combined these first two factors to define four categories of plant assemblages for further
study:

Low functional diversity and medium species richness (14 species), LEMS;
High functional diversity and low species richness (9 species), HFLS;

High functional diversity and medium species richness (14 species), HFMS;
High functional diversity and high species richness (29 species), HFHS.

For each of these four categories, we designed two assemblages with different species identities, as described
in the Supplementary information, resulting in eight plant assemblages in total. Functional characterization was
based on a rough classification of plant species into functional groups (Supplementary Table S1), according to
the mains traits involved in plant-species interactions easily accessible from databases: (1) flower resources, i.e.
floral and extrafloral nectar or pollen, (2) accessibility of the resource, depending on flower shape, (3) availability
of the resource, i.e. the flowering period and (4) flowering height.

We generated the seed mixtures from commercial seeds, using ecotypes of local origin wherever possible
(northern part of the Parisian basin, France). All applicable international, national, and institutional guidelines
relevant for the use of plants were followed.

Experimental design. The experiment was conducted between 2013 and 2017 in a 6.5-ha field at Grignon,
France (N 48.837, E 1.956), on a deep loamy clay soil, in which soil depth decreased along a gradient from north
to south. The field was divided in three blocks running from north to south to take this soil heterogeneity into
account.

Each assemblage was sown on a 6 x 44 m? strip, with three replicates (Supplementary Fig. S2), with each
assemblage represented once per block. A control treatment, sown with the same crop species as the rest of the
field, was also included in the experimental design, resulting in nine experimental treatments in total. From the
autumn of 2013 to the 2017 harvest, a winter barley-maize-faba bean-oilseed rape rotation was grown in the
field. Crops were managed without insecticide treatment, but with a mean of 0.75 fungicide and 1.25 herbicide
treatments per year. The observations were made in faba bean in 2016 and in oilseed rape in 2017.

Botanical assessments and functional characterization of the plant communities. Botanical
assessments were conducted in April and June, in 2016 and 2017. In each treatment, the vegetation was assessed
in 3x 15 m? plots at a position representative of the whole strip, generally in the center of the strip, to prevent
edge effects. The percentage of the ground covered by each sown or spontaneously growing plant species was
estimated by eye, by the same observer in each case. We noted the phenological development stage of each spe-
cies in each treatment on an 11-point scale, to ensure an accurate assessment of flowering phenology. In the
control plots (sown with the crop species only), we took into account the resources provided by weed species.

The functional characterization of plant communities was based on the plant traits assumed to be involved in
plant-parasitoid interactions® (Supplementary Table S3). These traits were related to (1) the provision of trophic
resources (presence of floral and extrafloral nectar, qualitative estimation of floral nectar), (2) the temporal
availability of the resource (date of flowering onset and duration of flowering), (3) flower attractiveness (flower
or inflorescence diameter, color, UV reflectance pattern), (4) nectar accessibility (flower opening diameter,
corolla height, nectar depth and nectar tube diameter) and (5) the provision of physical habitats (leaf distribu-
tion, vegetative and flowering height). We measured most of these traits, particularly all those relating to flower
morphology, phenology and nectar provision (see more detailed methods in the Supplementary information).
Only a few were retrieved from previous publications and online databases: flower color and UV reflectance
pattern, leaf distribution, vegetative and flower height.

These traits were used (1) to determine the accessibility of nectar to each parasitoid (see below) and (2) to
calculate the functional diversity of the plant assemblages. We calculated functional dispersion as the abundance-
weighted mean distance of individual species from the centroid of all species in the trait space® and Rao quadratic
entropy”'. Since these two parameters were highly correlated (Supplementary information), we considered only
functional dispersion a measurement of functional diversity. The traits associated with the provision, availability
and accessibility of nectar resources were measured for all the dicotyledonous species sown and for all spontane-
ous species occurring in the plant communities and flowering during parasitoid activity. Overall, considering
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the traits we measured and those retrieved from databases, the trait matrix was complete for more than 95% of
the species, accounting for 99.6% of total plant cover.

Assessment of the levels of parasitism on five herbivorous pests of faba bean and oilseed
rape. In the adjacent crop, 5 and 20 m from the wildflower strip, we measured the level of parasitism in one
herbivorous pest of faba bean (2016) and four herbivorous pests of oilseed rape (2017). We chose a distance
close to the strip (5 m) to prevent confounding effects with the other adjacent strips, knowing that their effect
is the strongest in the first few meters from the strip®>. A further distance was also chosen (20 m) to determine
whether the strips promoted biological control at field level, while taking into account the spatial constraint of
the distance between strips (50 m between opposing strips).

All the protocols are detailed in the Supplementary information. Parasitism was assessed in Bruchus rufimanus
larvae after the visual examination of faba bean seeds after harvest. For oilseed rape, we collected and reared
Ceutorhynchus pallidactylus and Psylliodes chrysocephala larvae until the adult stage or parasitoid emergence. In
Brassicogethes aeneus larvae, parasitism was assessed by observing the eggs of Tersilochus heterocerus in the host
larvae in oilseed rape flowers. Finally, after oilseed rape harvest, we retrieved cocoons of Dasineura brassicae
from the soil, which we dissected, recording the number of cocoons occupied by parasitoids.

Measurement of parasitoid traits. We carried out morphological measurements on parasitoids (Sup-
plementary Table S4), to determine their degree of access to the nectar provided by plants, as a function of the
size of their mouthparts and head, which limit corolla penetration, using an approach analogous to that of van
Rijn and Wickers'®. Parasitoid individuals, preserved in 70% ethanol, were obtained (1) from our rearing experi-
ments (for Bruchus rufimanus, Psylliodes chrysocephala and Ceutorhynchus pallidactylus), (2) from the dissection
of cocoons for Dasineura brassicae or (3) by field sampling in the flower strips with a sweep net in April 2017 to
collect Tersilochus heterocerus, parasitoids of Brassicogethes aeneus identified with®. For each parasitoid species
or morphospecies, we measured, on at least 10 individuals, proboscis length, proboscis width (at mid-length)>*
and the maximum dorsal head width, including the eyes. Observations were carried out under a binocular
microscope (Leica M80, 60 x) linked to a video camera (Moticam 10, Motic), and measurements were made with
Image] v1.50i digital image analysis software (National Institute of Health, Bethesda, http://imagej.nih.gov/ij).

Nectar resources for parasitoids. We estimated the amount of nectar provided by the plants by sum-
ming, for each flower strip corresponding to a treatment, the percent cover of plants providing available and
accessible nectar, as assessed in vegetation surveys. Separate estimates were obtained for each parasitoid species
or morphospecies.

Plant species producing floral or extrafloral nectar were first selected on the basis of the observations detailed
in the botanical assessment section. Nectar was considered to be available when it was produced during the
period of parasitoid activity (Supplementary Table S4), by selecting species at the flowering stage or producing
extrafloral nectar based on the phenological observations carried out during the botanical assessments. Nectar
accessibility depended on morphological matching between plants and insects. Extrafloral nectar, which is not
enclosed in a perianth, but produced on bracts or stipules, was considered to be accessible. We determined the
accessibility of floral nectar with a mechanistic trait-based approach (Supplementary Information), by adapting
the geometric model proposed by van Rijn and Wackers'®. A decision tree was built (Fig. 2) to take into account
the three constraints limiting nectar accessibility: (1) ability of the insect to penetrate the flower, which is depend-
ent on head size and flower opening, (2) ability to reach the nectar, which depends on proboscis length, nectar
depth and corolla height, and (3) proboscis width and nectar tube diameter in the presence of nectar.

Statistical analyses. We investigated the effects of the different plant assemblages on the rates of parasitism
for the five herbivorous species, at 5 and 20 m from the flower strip, considered separately as individual response
variables. We first tested the effect of each assemblage (nine treatments as factors) on parasitism rates. We used
generalized linear mixed models in the Ime package®, with a binomial error distribution. The models included
plot (n=9 flower strips x 3 replicates=27), strip (1-3) or block (1-3) as a random effect. All models were run
three times with each random effect variable, and the model giving the lowest AIC was retained. Strips consist-
ently yielded the lowest AIC. This factor was therefore introduced as a random effect variable for all statistical
analyses. The significance of the fixed effects was evaluated by type II analyses of deviance with Wald chi-squared
tests from the Anova function from the car package™. If a significant effect (p value <0.05) was detected, we per-
formed Tukey-HSD post hoc tests for pairwise multiple comparisons of the estimated marginal means of each
treatment with the multcomp package®’.

We investigated the effects of the plant assemblages on parasitism rates, by characterizing three explanatory
variables: (1) plant species richness, (2) percentage of plant cover providing nectar accessible to parasitoids,
estimated from the traits relating to nectar availability and accessibility and (3) functional diversity of all the
previously described plant traits involved in plant-insect interactions, including attractiveness. These explana-
tory variables were standardized to account for the large differences in scale between them. We tested our
hypotheses with generalized linear mixed models, assuming that the errors followed a binomial distribution.
For each response variable (parasitism on each species at each distance), we tested models including, as fixed
effects, these three explanatory variables with their linear and quadratic terms (to test for non-linear patterns),
and with two-level interactions between the three linear terms. As described above, the strip was introduced
as a random effect variable. Using a multimodel inference procedure®, we tested models including all possible
additive combinations of the nine predictors, ranked according to the Akaike information criterion (AIC), fitted
by maximum likelihood methods. Models with a AAIC <2 were selected and we present the statistical results
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for the conditional averaged model. Akaike weights were calculated to assess the relative importance of each
predictor. Only predictors with a weight above 0.70 are interpreted.

We tested the validity of the trait-matching approach, by constructing a neutral model in which interactions
were randomly selected rather than determined by trait-matching, whilst keeping constant the total number of
plant-parasitoid interactions. We tested (1) the morphological trait-match, by randomly selecting the interacting
plant species from those that were in flower during the period of adult parasitoid activity and (2) the temporal
and morphological trait-match by randomly selecting interacting plant species from all those present in the plant
community, whatever their phenological stage. We then summed, for each treatment, the percent cover of these
randomly selected plant species. This new explanatory variable was introduced as an alternative to the cover of
plants producing accessible nectar in the statistical models investigating the effects of plant assemblages on the
parasitism rates for each herbivore. One thousand iterations were performed for each parasitoid. We averaged
the AIC of neutral models and compared them with the trait-matching model.

Finally, we assessed the ability of the assemblages to contribute to multi-species parasitism, by using the
multiple-threshold approach to determine whether high levels of parasitism could be simultaneously achieved
for several different herbivores®!. Rather than averaging non-substitutable parasitism rates, the threshold-based
approach®! involves the calculation, for each treatment, of the number of herbivores for which the parasitism
rate exceeds a given threshold (% of the highest observed parasitism rate for each herbivore). Defining a specific
threshold for determining whether a given parasitism rate is sufficiently high to contribute to herbivore parasitism
would be arbitrary. We therefore calculated multi-species parasitism rates for a full range of thresholds, from 10 to
90% of the maximum parasitism rate (mean of the three highest recorded values), in 10% steps, and we took this
threshold effect into account in the regression analyses. In each experimental treatment and for each threshold,
the multi-species parasitism rate was calculated as the number of herbivore parasitism rates locally exceeding
the threshold value. Diversity effects might also be expected to be stronger for higher proportions of parasitism
rates exceeding the threshold value, to reach multifunctionality, i.e. a larger number of plant species or plant
functions would be required to maintain several parasitism rates at high levels®!. We therefore included in the
regressions an interaction between the threshold variable and the other variables describing plant communities.

We investigated the effect of the plant assemblages on multi-species parasitism, by first testing the effect of
each assemblage separately. Visual examination of the results (Fig. 4) showed that multi-species parasitism was
dependent on the chosen threshold: when it was very high, only a few assemblages provided a high parasitism
rate (e.g. 90% of the maximum observed value) for all herbivores, whereas a threshold of 50% better discrimi-
nated between assemblages. We therefore included in the models the threshold variable (continuous) and its
interactions with the other fixed-effect variables. We used generalized linear mixed models with a Poisson error
distribution and the strip as a random effect. We assessed the significance of effects as previously described for
individual parasitism rates. We then tested the relationships between multi-species parasitism and (1) plant
species richness (averaged over the two years), (2) percentage of plant cover providing accessible nectar (aver-
aged for all parasitoids) and (3) functional diversity (averaged over the two years). We used the same approach
as previously described for individual parasitism rates. The models included an additional effect of threshold
values, introduced as a continuous fixed-effect variable, alone and in interaction with all explanatory variables.
We prevented over-parameterization, by applying the model selection procedure only to models containing a
maximum of five fixed-effect variables.

We estimated the variance explained by the models with the marginal and conditional pseudo-R? statistic>”.
Diagnostic residual plots for all models were confirmed with the DHARMa package®. All statistical analyses
were performed with R software, version 3.6.3%.

Data availability
The datasets generated during and analyzed in this study are available from the Zenodo repository: https://doi.
org/10.5281/zenodo.4327257.

Received: 15 January 2021; Accepted: 19 October 2021
Published online: 04 November 2021

References

1. Soliveres, S. et al. Biodiversity at multiple trophic levels is needed for ecosystem multifunctionality. Nature 536, 456-459. https://
doi.org/10.1038/nature19092 (2016).

2. Mouillot, D., Villeger, S., Scherer-Lorenzen, M. & Mason, N. W. H. Functional structure of biological communities predicts eco-
system multifunctionality. PLoS ONE 6, 9. https://doi.org/10.1371/journal.pone.0017476 (2011).

3. Gross, N. et al. Functional trait diversity maximizes ecosystem multifunctionality. Nat. Ecol. Evol. 1, 0132. https://doi.org/10.1038/
541559-017-0132 (2017).

4. Holland, J. M. et al. Semi-natural habitats support biological control, pollination and soil conservation in Europe. A review. Agron.
Sustain. Dev. 37, 23. https://doi.org/10.1007/s13593-017-0434-x (2017).

5. Wratten, S. D., Gillespie, M., Decourtye, A., Mader, E. & Desneux, N. Pollinator habitat enhancement: Benefits to other ecosystem
services. Agric. Ecosyst. Environ. 159, 112-122. https://doi.org/10.1016/j.agee.2012.06.020 (2012).

6. Gardarin, A., Plantegenest, M., Bischoff, A. & Valantin-Morison, M. Understanding plant-arthropod interactions in multitrophic
communities to improve conservation biological control: Useful traits and metrics. J. Pest Sci. 91, 943-955. https://doi.org/10.
1007/s10340-018-0958-0 (2018).

7. Hatt, S. et al. Do flower mixtures with high functional diversity enhance aphid predators in wildflower strips?. Eur. J. Entomol.
114, 66-76. https://doi.org/10.14411/eje.2017.010 (2017).

8. Haaland, C., Naisbit, R. E. & Bersier, L. F. Sown wildflower strips for insect conservation: A review. Insect Conserv. Divers. 4, 60-80.
https://doi.org/10.1111/j.1752-4598.2010.00098.x (2011).

9. Jonsson, M., Wratten, S. D., Landis, D. A. & Gurr, G. M. Recent advances in conservation biological control of arthropods by
arthropods. Biol. Control 45, 172-175. https://doi.org/10.1016/j.biocontrol.2008.01.006 (2008).

Scientific Reports |

(2021) 11:21635 | https://doi.org/10.1038/s41598-021-01160-2 nature portfolio


https://doi.org/10.5281/zenodo.4327257
https://doi.org/10.5281/zenodo.4327257
https://doi.org/10.1038/nature19092
https://doi.org/10.1038/nature19092
https://doi.org/10.1371/journal.pone.0017476
https://doi.org/10.1038/s41559-017-0132
https://doi.org/10.1038/s41559-017-0132
https://doi.org/10.1007/s13593-017-0434-x
https://doi.org/10.1016/j.agee.2012.06.020
https://doi.org/10.1007/s10340-018-0958-0
https://doi.org/10.1007/s10340-018-0958-0
https://doi.org/10.14411/eje.2017.010
https://doi.org/10.1111/j.1752-4598.2010.00098.x
https://doi.org/10.1016/j.biocontrol.2008.01.006

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Hogg, B. N., Bugg, R. L. & Daane, K. M. Attractiveness of common insectary and harvestable floral resources to beneficial insects.
Biol. Control 56, 76-84. https://doi.org/10.1016/j.biocontrol.2010.09.007 (2011).

Wickers, E L. & van Rijn, P. C. J. Pick and Mix: Selecting Flowering Plants to Meet the Requirements of Target Biological Control
Insects. In Biodiversity and Insect Pests (eds G.M. Gurr, S.D. Wratten, W.E. Snyder and D.M.Y. Read) 139-165 (John Wiley & Sons,
Ltd, 2012). https://doi.org/10.1002/9781118231838.ch9.

Pontin, D. R., Wade, M. R,, Kehrli, P. & Wratten, S. D. Attractiveness of single and multiple species flower patches to beneficial
insects in agroecosystems. Ann. Appl. Biol. 148, 39-47. https://doi.org/10.1111/j.1744-7348.2005.00037.x (2006).

Campbell, A. J., Biesmeijer, J. C., Varma, V. & Wickers, F. L. Realising multiple ecosystem services based on the response of three
beneficial insect groups to floral traits and trait diversity. Basic Appl. Ecol. 13, 363-370. https://doi.org/10.1016/j.baae.2012.04.003
(2012).

Khudr, M. S., Fliegner, L., Buzhdygan, O. Y. & Wurst, S. Super-predation and intraguild interactions in a multi-predator-one-prey
system alter the abundance and behaviour of green peach aphid (Hemiptera: Aphididae). Can. Entomol. 152, 200-223. https://
doi.org/10.4039/tce.2020.7 (2020).

Garibaldi, L. A. et al. Trait matching of flower visitors and crops predicts fruit set better than trait diversity. J. Appl. Ecol. 52,
1436-1444. https://doi.org/10.1111/1365-2664.12530 (2015).

van Rijn, P. C. J. & Wickers, F. L. Nectar accessibility determines fitness, flower choice and abundance of hoverflies that provide
natural pest control. . Appl. Ecol. 53, 925-933. https://doi.org/10.1111/1365-2664.12605 (2016).

Patt, J. M., Hamilton, G. C. & Lashomb, J. H. Foraging success of parasitoid wasps on flowers: Interplay of insect morphology, floral
architecture and searching behavior. Entomol. Exp. Appl. 83, 21-30. https://doi.org/10.1046/j.1570-7458.1997.00153.x (1997).
Sivinski, J., Wahl, D., Holler, T., Al Dobai, S. & Sivinski, R. Conserving natural enemies with flowering plants: Estimating floral
attractiveness to parasitic Hymenoptera and attraction’s relationship to flower and plant morphology. Biol. Control 58, 208-214.
https://doi.org/10.1016/j.biocontrol.2011.05.002 (2011).

Winkler, K., Wackers, F. L., Kaufman, L. V,, Larraz, V. & van Lenteren, J. C. Nectar exploitation by herbivores and their parasitoids
is a function of flower species and relative humidity. Biol. Control 50, 299-306. https://doi.org/10.1016/j.biocontrol.2009.04.009
(2009).

Wickers, E L. Assessing the suitability of flowering herbs as parasitoid food sources: Flower attractiveness and nectar accessibility.
Biol. Control 29, 307-314. https://doi.org/10.1016/j.biocontrol.2003.08.005 (2004).

Potts, S. G. et al. Nectar resource diversity organises flower-visitor community structure. Entomol. Exp. Appl. 113, 103-107. https://
doi.org/10.1111/§.0013-8703.2004.00212.x (2004).

Ebeling, A. et al. Plant diversity induces shifts in the functional structure and diversity across trophic levels. Oikos 127, 208-219.
https://doi.org/10.1111/0ik.04210 (2018).

Balzan, M., Bocci, G. & Moonen, A.-C. Augmenting flower trait diversity in wildflower strips to optimise the conservation of
arthropod functional groups for multiple agroecosystem services. J. Insect Conserv. 18, 713-728. https://doi.org/10.1007/s10841-
014-9680-2 (2014).

Uyttenbroeck, R., Piqueray, J., Hatt, S., Mahy, G. & Monty, A. Increasing plant functional diversity is not the key for supporting
pollinators in wildflower strips. Agric. Ecosyst. Environ. 249, 144-155. https://doi.org/10.1016/j.agee.2017.08.014 (2017).
Costanzo, A. & Barberi, P. Functional agrobiodiversity and agroecosystem services in sustainable wheat production. A review.
Agron. Sustain. Dev. 34, 327-348. https://doi.org/10.1007/s13593-013-0178-1 (2014).

Gagic, V. et al. Functional identity and diversity of animals predict ecosystem functioning better than species-based indices. Proc.
R. Soc. B 282, 2015. https://doi.org/10.1098/rspb.2014.2620 (1801).

Fornoft, E. et al. Functional flower traits and their diversity drive pollinator visitation. Oikos 126, 1020-1030. https://doi.org/10.
1111/0ik.03869 (2017).

Agreste. Enquéte Pratiques phytosanitaires sur les grandes cultures 2014—Nombre de traitements et indicateurs de fréquence de
traitement. Ministére de IAgriculture, de l'Agroalimentaire et de la Forét 36, 54 (2016).

Zucchetta, C. Implantation de mélanges floraux en bord de champ: Activité-densité des communautés de syrphes et étude de
Taccessibilité du nectar des espéces florales semées (Master’s student report, AgroCampusOuest, 2018).

Hartig, F. DHARMa: residual diagnostics for hierarchical (multi-Level / mixed) regression models. R package version 0.2.4. http://
florianhartig.github.io/DHARMa/ (2019).

Byrnes, J. E. K. et al. Investigating the relationship between biodiversity and ecosystem multifunctionality: Challenges and solu-
tions. Methods Ecol. Evol. 5, 111-124. https://doi.org/10.1111/2041-210x.12143 (2014).

Dias, A. T. C. et al. An experimental framework to identify community functional components driving ecosystem processes and
services delivery. J. Ecol. 101, 29-37. https://doi.org/10.1111/1365-2745.12024 (2013).

Ibanez, S. Optimizing size thresholds in a plant-pollinator interaction web: Towards a mechanistic understanding of ecological
networks. Oecologia 170, 233-242. https://doi.org/10.1007/s00442-012-2290-3 (2012).

Benelli, G. et al. The impact of adult diet on parasitoid reproductive performance. J. Pest Sci. 90, 807-823. https://doi.org/10.1007/
$10340-017-0835-2 (2017).

Jervis, M. A, Lee, J. C. & Heimpel, G. E. Use of behavioural and life-history studies to understand the effects of habitat manipula-
tion. In Ecological Engineering for Pest Management (eds Gurr, G. M., Wratten, S. D. & Altieri, M. A.) Ch. 6, 65-100 (CSIRO, 2004).
Heimpel, G. E. & Jervis, M. A. Does floral nectar improve biological control by parasitoids? In Plant-Provided Food and Plant-
Carnivore Mutualism (eds Wickers, E, van Rijn, P. & Bruin, J.) 267-304 (Cambridge University Press, 2005).

Gravel, D., Albouy, C. & Thuiller, W. The meaning of functional trait composition of food webs for ecosystem functioning. Philos.
Trans. R. Soc. B Biol. Sci. 371, 14. https://doi.org/10.1098/rstb.2015.0268 (2016).

Zhu, P. Y. et al. Relevance of the ecological traits of parasitoid wasps and nectariferous plants for conservation biological control:
A hybrid meta-analysis. Pest Manag. Sci. 76, 1881-1892. https://doi.org/10.1002/ps.5719 (2020).

Junker, R. R. et al. Specialization on traits as basis for the niche-breadth of flower visitors and as structuring mechanism of ecologi-
cal networks. Funct. Ecol. 27, 329-341. https://doi.org/10.1111/1365-2435.12005 (2013).

Goulnik, J. et al. Floral trait functional diversity is related to soil characteristics and positively influences pollination function in
semi-natural grasslands. Agric. Ecosyst. Environ. 301, 107033. https://doi.org/10.1016/j.agee.2020.107033 (2020).

Heimpel, G. E., Rosenheim, J. A. & Mangel, M. Predation on adult Aphytis parasitoids in the field. Oecologia 110, 346-352. https://
doi.org/10.1007/5004420050168 (1997).

Derocles, S. A. P, Navasse, Y., Buchard, C., Plantegenest, M. & Le Ralec, A. “Generalist” aphid parasitoids behave as specialists at
the agroecosystem scale. Insects 11, 18. https://doi.org/10.3390/insects11010006 (2020).

Balzan, M. V., Bocci, G. & Moonen, A. C. Utilisation of plant functional diversity in wildflower strips for the delivery of multiple
agroecosystem services. Entomol. Exp. Appl. 158, 304-319. https://doi.org/10.1111/eea.12403 (2016).

Deraison, H., Badenhausser, I., Loeuille, N., Scherber, C. & Gross, N. Functional trait diversity across trophic levels determines
herbivore impact on plant community biomass. Ecol. Lett. 18, 1346-1355. https://doi.org/10.1111/ele.12529 (2015).

Brousseau, P. M., Gravel, D. & Handa, 1. T. Traits of litter-dwelling forest arthropod predators and detritivores covary spatially
with traits of their resources. Ecology https://doi.org/10.1002/ecy.2815 (2019).

Bartual, A. M. et al. The potential of different semi-natural habitats to sustain pollinators and natural enemies in European agri-
cultural landscapes. Agric. Ecosyst. Environ. 279, 43-52. https://doi.org/10.1016/j.agee.2019.04.009 (2019).

Scientific Reports |

(2021) 11:21635 | https://doi.org/10.1038/s41598-021-01160-2 nature portfolio


https://doi.org/10.1016/j.biocontrol.2010.09.007
https://doi.org/10.1002/9781118231838.ch9
https://doi.org/10.1111/j.1744-7348.2005.00037.x
https://doi.org/10.1016/j.baae.2012.04.003
https://doi.org/10.4039/tce.2020.7
https://doi.org/10.4039/tce.2020.7
https://doi.org/10.1111/1365-2664.12530
https://doi.org/10.1111/1365-2664.12605
https://doi.org/10.1046/j.1570-7458.1997.00153.x
https://doi.org/10.1016/j.biocontrol.2011.05.002
https://doi.org/10.1016/j.biocontrol.2009.04.009
https://doi.org/10.1016/j.biocontrol.2003.08.005
https://doi.org/10.1111/j.0013-8703.2004.00212.x
https://doi.org/10.1111/j.0013-8703.2004.00212.x
https://doi.org/10.1111/oik.04210
https://doi.org/10.1007/s10841-014-9680-2
https://doi.org/10.1007/s10841-014-9680-2
https://doi.org/10.1016/j.agee.2017.08.014
https://doi.org/10.1007/s13593-013-0178-1
https://doi.org/10.1098/rspb.2014.2620
https://doi.org/10.1111/oik.03869
https://doi.org/10.1111/oik.03869
http://florianhartig.github.io/DHARMa/
http://florianhartig.github.io/DHARMa/
https://doi.org/10.1111/2041-210x.12143
https://doi.org/10.1111/1365-2745.12024
https://doi.org/10.1007/s00442-012-2290-3
https://doi.org/10.1007/s10340-017-0835-2
https://doi.org/10.1007/s10340-017-0835-2
https://doi.org/10.1098/rstb.2015.0268
https://doi.org/10.1002/ps.5719
https://doi.org/10.1111/1365-2435.12005
https://doi.org/10.1016/j.agee.2020.107033
https://doi.org/10.1007/s004420050168
https://doi.org/10.1007/s004420050168
https://doi.org/10.3390/insects11010006
https://doi.org/10.1111/eea.12403
https://doi.org/10.1111/ele.12529
https://doi.org/10.1002/ecy.2815
https://doi.org/10.1016/j.agee.2019.04.009

www.nature.com/scientificreports/

47. Mall, D., Larsen, A. E. & Martin, E. A. Investigating the (mis)match between natural pest control knowledge and the intensity of
pesticide use. Insects 9, 13. https://doi.org/10.3390/insects9010002 (2018).

48. Ward, R. L. The Biology and Ecology of Bruchus rufimanus (Bean Seed Beetle). Ph.D. thesis (Newcastle University, 2018).

49. Williams, I. H. Biocontrol-Based Integrated Management of Oilseed Rape Pests (Springer, 2010).

50. Laliberté, E. & Legendre, P. A distance-based framework for measuring functional diversity from multiple traits. Ecology 91,
299-305. https://doi.org/10.1890/08-2244.1 (2010).

51. Rao, C. R. Diversity and dissimilarity coefficients—A unified approach. Theor. Popul. Biol. 21, 24-43. https://doi.org/10.1016/
0040-5809(82)90004-1 (1982).

52. Albrecht, M. et al. The effectiveness of flower strips and hedgerows on pest control, pollination services and crop yield: A quantita-
tive synthesis. Ecol. Lett. 23, 1488-1498. https://doi.org/10.1111/ele.13576 (2020).

53. Vidal, S. Identification of hymenopterous parasitoids associated with oilseed rape pests. In Biocontrol of Oilseed Rape Pests (ed
Alford, D. V.) 161-180 (Blackwell, 2007). https://doi.org/10.1002/9780470750988.ch11

54. Jervis, M. A. Functional and evolutionary aspects of mouthpart structure in parasitoid wasps. Biol. J. Linn. Soc. 63, 461-493. https://
doi.org/10.1006/bijl.1997.0206 (1998).

55. Bates, D., Michler, M., Bolker, B. & Walker, S. Fitting linear mixed-effects models using lme4. J. Stat. Softw. 67 (2015).

56. Fox, J. & Weisberg, S. An R Companion to Applied Regression 3rd edn. (Sage, 2019).

57. Hothorn, T., Bretz, F. & Westfall, P. Simultaneous inference in general parametric models. Biom. J. 50, 346-363 (2008).

58. Barton, K. Package ‘MuMIn. Model Selection and Model Averaging Based on Information Criteria. R package version 1.15.11. http://
CRAN.R-project.org/package=MuMIn (2016).

59. Nakagawa, S. & Schielzeth, H. A general and simple method for obtaining R2 from generalized linear mixed-effects models.
Methods Ecol. Evol. 4, 133-142 (2013).

60. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna, Austria.
https://www.R-project.org/ (2020).

Acknowledgements

This work received financial support from AgroParisTech, INRAE and the French Ministry of Agriculture. We
thank Dominique Le Floch and Gilles Grandeau for managing the experimental design and for technical advice
during the experiment. We thank the AgroParisTech experimental farm for hosting the experiment. We thank
Claire Zucchetta, Jacqueline Gandar, Auria Frémont, Inés Masurel, Amaury Guillet, Anthony Herbin and Victoire
Barillet for their valuable help in field and laboratory experiments.

Author contributions

A.G. and M.V.-M. conceived the ideas and designed the methodology; A.G. collected the data and led the writ-
ing of the manuscript; J.P. and A.G. analysed the data. All authors provided critical input concerning the draft
versions of the manuscript and approved the final version for publication.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-01160-2.

Correspondence and requests for materials should be addressed to A.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:21635 | https://doi.org/10.1038/s41598-021-01160-2 nature portfolio


https://doi.org/10.3390/insects9010002
https://doi.org/10.1890/08-2244.1
https://doi.org/10.1016/0040-5809(82)90004-1
https://doi.org/10.1016/0040-5809(82)90004-1
https://doi.org/10.1111/ele.13576
https://doi.org/10.1002/9780470750988.ch11
https://doi.org/10.1006/bijl.1997.0206
https://doi.org/10.1006/bijl.1997.0206
http://CRAN.R-project.org/package=MuMIn
http://CRAN.R-project.org/package=MuMIn
https://www.R-project.org/
https://doi.org/10.1038/s41598-021-01160-2
https://doi.org/10.1038/s41598-021-01160-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The hump-shaped effect of plant functional diversity on the biological control of a multi-species pest community
	Results
	Discussion
	Conclusion
	Materials and methods
	Design of species assemblages with contrasting species and functional diversities. 
	Experimental design. 
	Botanical assessments and functional characterization of the plant communities. 
	Assessment of the levels of parasitism on five herbivorous pests of faba bean and oilseed rape. 
	Measurement of parasitoid traits. 
	Nectar resources for parasitoids. 
	Statistical analyses. 

	References
	Acknowledgements


