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Effects of insect exuviae as soil amendment on pollinator performance and plant reproduction
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Plants are the main primary producers in terrestrial ecosystems and provide over
80% of the food consumed by humans (Rizzo et al., 2021). Therefore, promoting
plant health is key to achieving the sustainable development goals formulated by
the Food and Agriculture Organization of the United Nations (IPPC, 2021). The interactions that plants establish with other organisms play a major role in maintaining plant growth and health (Heinen et al., 2018). Plants interact with a plethora of
organisms above and belowground, such as insects and microorganisms (Van Dam
and Heil, 2011). Aboveground plants interact with pollinators, foliage- and flower-feeding herbivores and their natural enemies (Lucas-Barbosa, 2016; Jacobsen
and Raguso, 2018). Belowground interactions involve among others, herbivorous
insects attacking the roots and microorganisms such as fungi and bacteria that can
promote plant health, or on the contrary, may cause adverse effects (Van Dam and
Heil, 2011; Friman et al., 2021).
Aboveground plant interactions with pollinators are crucial for maintaining ecosystem stability in terrestrial environments and for crop production (Bailes et al.,
2015; Ollerton, 2021). Pollination, the process of transferring pollen from an anther of a flower to the stigma of another flower has been one of the most studied
plant-insect interactions (Faegri and Van Der Pijl, 2013). Insect pollination can
enhance seed yield (Fijen et al., 2018; Chen et al., 2022) and sustain genetic diversity in natural plant populations (Kearns et al., 1998). Therefore, insect pollination
is essential to maintain diversity and health of wild plants and the associated insect
communities that depend on these plant populations (Lázaro et al., 2013). It is estimated that about 70%% of the living flowering plant species depend partially or
completely on the interactions with insect pollinators for reproduction (Ollerton,
2021). Noteworthy, most of the globally important crops rely on these insects for
reproduction (Klein et al., 2007). Insect pollination directly affects yield of seed
crops and, consequently, the economic value of various crops including coffee,
cocoa and oilseed rape (Gallai and Vaissière, 2009; Garibaldi et al., 2011; Potts et
al., 2016; Rader et al., 2016; Chen et al., 2022). Therefore, a deeper understanding
of pollination dynamics is essential for preserving natural ecosystem diversity as
well as for achieving food security (Ollerton, 2021). Floral traits such as colour and
odour attract animals that pollinate outcrossing plant species (Galizia et al., 2004;
Raguso, 2008).
Among floral cues, visual and chemical cues are considered to be the most important ones used by insect pollinators to locate floral resources such as nectar
or pollen (Lunau and Maier, 1995; Dobson and Bergström, 2000; Milet-Pinheiro et
al., 2012; Wester and Lunau, 2017). Flower traits like corolla colour (Van der Kooi
et al., 2018), floral scent (Raguso, 2008) or floral size and shape can give informa10
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Flower traits exploited by insect pollinators can show phenotypic plasticity caused
by interactions with insects, both mutualists, such as pollinators, and antagonists,
such as herbivores (Rusman et al., 2019a). Phenotypic plasticity is a response to
environmental changes that can involve anatomical, morphological, or physiological modifications (Nilson and Assmann, 2010). Floral phenotype affects foraging
behaviour of floral visitors across the flower structures and thereby influences
pollen transport and pollination efficiency (Miller et al., 2014). For example, plants
respond to pollination by maximising their reproductive success (Lucas‐Barbosa
et al., 2016). After being pollinated, flowers go through alterations like the interruption of nectar production and changes in optical and chemical traits (Weiss,
1991; Luyt and Johnson, 2002; Rodriguez-Saona et al., 2011). These changes are
perceived by pollinators to avoid plants or flowers that provide limited rewards
(Lucas‐Barbosa et al., 2016). Although pollination has been mainly studied as a
bipartite interaction between plants and pollinators, other organisms, both aboveground and belowground, influence this interaction (Strauss and Whittall, 2006).
Organisms associated with the shoot, such as foliage-feeding insects induce important phenotypic changes in flowers (Chrétien et al., 2018; Jacobsen and Raguso, 2018; Rusman et al., 2019b) via a number of direct and indirect mechanisms
that influence plant fitness (Muola et al., 2017; Ramos and Schiestl, 2019). Flower
morphology, colour, volatile emission, pollen and nectar are among the flower
traits that exhibit phenotypic plasticity upon herbivory (Rusman et al., 2019a).
For example, plants produce secondary metabolites as defence strategy against
herbivore attack and these metabolites can also occur in the nectar, having effects
on pollinator attraction and consequently affecting the coevolution of plants and
pollinators (Stevenson et al., 2017). Herbivory can also alter the blends of volatile organic compounds emitted by Brassica nigra L. plants (Lucas‐Barbosa et al.,
11
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tion to the pollinator about the quality and the quantity of the reward (Dafni and
Kevan, 1997). Pollinating insects can also use cues from pollen using the visual
features of androecia having numerous and clearly visible pollen-rich stamens that
increase insect attraction (Dobson and Bergström, 2000). Some insects, such as
syrphid flies, exhibit an innate proboscis extension reflex to visual cues from pollen (Lunau and Wacht, 1994; Lunau, 1995; Lunau et al., 2018). Furthermore, taxonomically unrelated species that offer pollen as the only food reward to pollinators
emit pollen odour that is chemically different from the whole-flower odour blend.
Thereby, flower visitors that feed on pollen could perceive and use this difference
to assess the pollen reward of individual flowers (Dobson and Bergström, 2000).
Thus, the relative importance of different plant traits can vary among pollinator
taxa (Raguso and Willis, 2002; Milet-Pinheiro et al., 2012; Lunau et al., 2018).
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2016). In the case of Brassica rapa, volatile emission of several floral volatiles was
reduced upon herbivory, consequently reducing bumblebee visitation (Schiestl,
2015). Volatile compounds known to inhibit oviposition by insect herbivores and
to attract their natural enemies such as parasitoids or predators can negatively affect plant-pollinator interactions (Kessler et al., 2011; Jacobsen and Raguso, 2018).
Compounds involved in defence strategies and reproduction often share similar
biosynthetic pathways (Treutter, 2006; Dormont et al., 2014). Therefore, when a
plant produces compounds involved in defence strategies, this can interfere with
floral traits such as flower scent or flower colour that are exploited by insect pollinators (O’Neill, 1997; Strauss, 1997; Lucas-Barbosa et al., 2011; Bruinsma et al.,
2014). Selection pressure imposed by herbivory can lead to the production of
flowers that are less attractive to certain pollinators hence reducing plant fitness
(Lucas-Barbosa, 2016; Ramos and Schiestl, 2019; Rusman et al., 2019a). Yet, under some circumstances plants may compensate for herbivory by producing more
flowers, ultimately resulting in enhanced plant fitness (Gronemeyer et al., 1997).
Phenotypic plasticity of flowers can also occur in response to the activity of belowground organisms (Heinen et al., 2018). Organisms associated with the root system
can affect the number and size of flowers and the rewards for pollinators resulting
in altered pollinator attraction and visitation (Barber and Soper Gorden, 2014). Phenotypic changes in floral traits often result in significant effects on plant fitness (De
Deyn, 2017). Soil organisms such as arbuscular mycorrhizal fungi (AMF) may influence inflorescence size, amount and quality of pollen and nectar, as well as timing of
reproduction, leading to increased pollination rates (Orrell and Bennett, 2013). AMF
boosted flower abundance and yield of a perennial fruit crop, and in combination
with the use of fertiliser increased pollinator visitation (Chen et al., 2022). Likewise,
plant-growth-promoting rhizobacteria (PGPR) can benefit plants directly and indirectly. Directly these beneficial bacteria stimulate plant growth by improving plant
nutrition and indirectly they increase tolerance to biotic and abiotic stress (Babalola, 2010; Orrell and Bennett, 2013; Philippot et al., 2013; Card et al., 2015). For
example, beneficial bacteria from the genera Bacillus enhanced the number of Tagetes
erecta flowers and their yellow colour (Flores et al., 2007). Also, soil inoculation with
the beneficial rhizobacterium Bradyrhizobium affected plant-pollinator interactions
which increased seed yield (BeaudelaineKengni et al., 2015). Furthermore, some
PGPR can produce plant hormones such as cytokinins, auxins or gibberellins that
can also elicit plant growth promotion (Pineda et al., 2010b). In previous studies,
plant size and flower abundance were the best predictors of the abundance of insect
pollinators that can be explained by an increase in conspicuousness of the floral
display (Salisbury et al., 2015; Schlinkert et al., 2015).
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Among other organic substances such as humic and fulvic acids, or seaweed extracts, chitin has been described as a substance with the capacity to add macronutrients and micronutrients to stimulate beneficial rhizobacteria (Sharp, 2013; De
Tender et al., 2019). Chitin is an abundant organic compound found in crustacean
and insect exoskeletons with a high potential as a plant growth enhancer (Sharp,
2013). An important source of chitin-containing material are insect exuviae, one
of the residual products from insect mass-rearing for food and feed (Van Huis,
2021). Insect exuviae consist of the outer layer of the exoskeleton that is shed
during moulting (Kim et al., 2017). The chitin content of the exuviae of insects
like mealworm, house cricket and black soldier fly are 8.6%, 9.9% and 11.1% respectively (Nurfikari and de Boer, 2021). Research on the agricultural applications
and mechanisms of action of chitin soil amendments has been developed over
the years, focusing on plant protection against biotic and abiotic stresses (Malerba and Cerana, 2020). Chitin and its derivatives may be enhancing the growth of
plants by increasing the density of beneficial microorganisms in the soil to the
detriment of plant pathogens (Sharp, 2013). The addition of chitin into the soil
also causes soil microbes to increase their production of chitinolytic enzymes that
have a negative impact on nematodes (Sarathchandra et al., 1996).

13
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The use of so-called biostimulants has been proposed as a method to stimulate the
abundance of beneficial microorganisms to the soil while avoiding the use of synthetic substances (Du Jardin, 2015). The use of chemical pesticides in agriculture
has been reported as one of the main causes of pollinator decline given the negative impact on flowers (Boutin et al., 2014) and insects (Blacquiere et al., 2012).
Use of chemical pesticides resulted in delay of flowering causing a mismatch with
the activity period of flower visitors (Carpenter et al., 2020). Likewise, pollinators
are affected by the reduction in the quantity and quality in floral resources, with
consequences for plant fitness (Kearns et al., 1998; Carpenter et al., 2020). For
example, sublethal doses of the herbicide glyphosate decreased the number of
flowers per plant (Gove et al., 2007) and negatively affected sensory and cognitive
abilities of insect pollinators (Farina et al., 2019). Pollinator visitation rates and
richness are negatively affected as a result of this (Dupont et al., 2018; Russo et al.,
2020). Thus, there is an increased interest in understanding how organic management, and, in particular, the use of organic soil amendments such as biostimulants,
can affect traits of flowering plants and potentially positively impact pollinator
communities in natural and managed ecosystems (Du Jardin, 2015).
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Pollinators

Insect exuviae

Figure 1. Aboveground-belowground interactions mediated by plants. Herbivory may negatively affect
plant traits such as size, number of flowers and/or volatile emission (the molecule shown is phenylacetaldehyde, a scent compound commonly produced by insect-pollinated plants). Beneficial rhizobacteria may
lead to the opposite effect on these plant traits. The addition of insect exuviae to the soil can stimulate the
abundance of beneficial rhizobacteria. These changes may impact the abundance of pollinators visiting the
plant. Photos: Hans Smid, Quint Rusman and Katherine Barragán-Fonseca

In addition to chitin, insect exuviae upon degradation in the soil also provide other nutrients such as nitrogen and phosphorous that can be taken up by the plant
roots (Nurfikari and de Boer, 2021). Differences in soil nutrient levels will affect
plant nutrient content and this in turn may influence organisms interacting with
the plant (Audusseau et al., 2015). Many studies have explored the effects of soil
nutrient enrichment on the quality and quantity of floral resources (Carvalheiro
et al., 2021). An increase in nutrient availability may allow the plant to increase
its resource investment in reproduction, so that flowers are showier or endowed
with greater rewards (Burkle and Irwin, 2009). Such flowers are more likely to
be pollinated (Arroyo et al., 2007). Nitrogen fertilisation can drive an increase in
pollinator visitation via the enhancement of flower production, flower corolla size
and flower volatiles (Burkle and Irwin, 2009; Majetic et al., 2017). The increased
availability of limiting nutrients, such as nitrogen, may change plant traits that
insect pollinators rely upon, resulting in the alteration of pollinator community
dynamics (David et al., 2019). Visitation rates for some flowering plant species are
increased with the supply of nitrogen (Majetic et al., 2017) while for other plant
species the effect of nitrogen enrichment is neutral or a reduced visitation rate
(Carvalheiro et al., 2021). However, these previous studies have focused almost
exclusively on the impact of the addition of synthetic fertilisers to the soil.
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Thesis objective
The main objective of my research was to investigate how amending the soil with
insect exuviae affects the phenotype of flowering plants and the interactions with
the plant-associated insect community. To achieve this, I focused on assessing
the effects on morphological, optical and chemical plant traits that are used as
cue by the natural insect community interacting with B. nigra plants. Furthermore,
most of the studies on belowground processes have investigated the effects of
nutrients and/or beneficial microorganisms on vegetative plants. However, flowering plants have been neglected in this research thus far, even though quantifying
plant reproduction is required to assess how successful induced defences are. To
my knowledge there are no studies available about the effect of soil amendments
on the plant-mediated effects on the performance of pollinators, and the subsequent effects on plant fitness. To assess the potential of insect exuviae as soil
amendment for sustainable agriculture, applied research investigating the effects
on plant biomass or seed yield are required. In addition, a deeper understanding
of the variation of plant traits such as flower colour or volatile emission, as well
as how plant-associated insects are affected by changes, requires a fundamental
approach. To address my objective, I integrated applied and fundamental research
using laboratory, greenhouse and field experiments.

15
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Despite the accumulation of evidence of the beneficial effects of different soil
amendments on plant growth and resistance against insect herbivores(Cardoza
et al., 2012; Du Jardin, 2015; Pineda et al., 2017), the effects of soil amendments
on aboveground interactions, especially on pollinator behaviour and the consequences for plant fitness remain unclear. A new approach of sustainable management of agricultural and natural ecosystems with focus on pollinators is essential to address the current challenges of declining ecosystem health and food
security (Barber and Soper Gorden, 2014; van Gils et al., 2016; Fijen et al., 2018).
Enhancing floral resources for pollinators in agricultural ecosystems is especially
relevant, given that 38% of the terrestrial ice-free surface of the planet is covered
by agricultural ecosystems (Foley et al., 2005). The incorporation of organic soil
amendments such as insect exuviae in agricultural practices creates an opportunity for enhancing the protection of a wide range of ecosystem services, such as
pollination services and control of pests, while at the same time improving the
circularity and sustainability of food production. Integrating insights from applied
and fundamental research has the potential to considerably improve our understanding of the importance of above- and belowground interactions for agricultural production and ecosystem services.

Insect trash is a plant’s treasure:
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Study system
The plant
This thesis focuses on the wild flowering plant B. nigra (Brassicales: Brassicaceae)
also known as black mustard. This plant is an obligatory outcrossing (Conner and
Neumeier, 1995) and fast growing species that naturally occurs in disturbed open
areas such as river banks and floodplains (Bell and Muller, 1973; Meyer, 2000).
Brassica nigra has been extensively used as a model system and there is extensive
literature addressing its ecological interactions and the underlying mechanisms.
The herbivore community associated to B. nigra has been well studied (Mertens
et al., 2021), as well as the defence strategies against single and multiple attack
(Ponzio et al., 2017; Chrétien et al., 2018; Rusman et al., 2018; Mertens et al.,
2021). Brassica nigra plants respond to herbivore attack with phenotypic changes in
morphological and chemical floral traits (Rusman et al., 2019b). As black mustard
relies on pollinators for reproduction, the trade-off between defence and reproduction and the complex phenotypic and physiological processes have been explored in several studies (Lucas-Barbosa et al., 2016; Chrétien et al., 2018; Rusman
et al., 2019b). The fundamental knowledge generated on this model species can
be used as a basis to gain new insights of aboveground-belowground interactions
and to gain knowledge on belowground processes that have been poorly studied
for flowering species so far.
The herbivores
Brassica nigra plants are colonized by diverse insect herbivores. In this thesis, for
the herbivory experiments, I used the phloem-feeder Brevicoryne brassicae L. (Hemiptera: Aphididae) and the tissue-chewer Pieris brassicae L. (Lepidoptera: Pieridae),
which are both common herbivorous insects interacting with B. nigra plants in the
field in The Netherlands (Mertens et al. 2021). The aphid B. brassicae is a specialist
herbivore that feeds on phloem. The caterpillar, P. brassicae, is another specialist
herbivore whose gregarious first instar larvae feed on leaves and in later instars
moves to the inflorescences to feed on buds and flowers (Lucas-Barbosa et al.,
2017). Once adults, butterflies lay egg clutches on the leaves of Brassicaceae species (Pashalidou et al., 2013). In common garden experiments, B. nigra plants were
exposed to the natural community of insect herbivores.
The pollinators
The pollinator community of B. nigra consists of a diversity of insects including
butterflies, bumblebees, honeybees, solitary bees, syrphid flies and other flies
(Rusman et al., 2018). In The Netherlands, honeybees (Hymenoptera: Apidae), and
16
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The insect exuviae
The production sector of insects as food and feed has recently experienced rapid
growth worldwide and it is expected that this growth continues in the coming
years (Anonymous, 2019). The moulted skins of the insects, known as exuviae,
comprise one of the residual streams from this growing industry that has potential
as plant biostimulant (Nurfikari and de Boer, 2021). We used the insect exuviae
of three insect species mass-reared in The Netherlands: Black soldier fly (Hermetia
illucens L., Diptera: Stratiomyidae; hereafter BSF), house cricket (Acheta domesticus
L., Orthoptera: Gryllidae) and yellow mealworm (Tenebrio molitor L., Coleoptera:
Tenebrionidae).

Thesis outline
Terrestrial plants obtain nutrients and water from the soil, a highly dynamic environment that contains a large diversity of organic and inorganic substances and
microorganisms that can alter a plant’s phenotype and consequently plant-mediated interactions with the entire plant-associated community. In chapter 2,
I present a literature review to explore how soil amended with insect residual
streams gains the potential to supply nutrients and stimulate the abundance and/
or activity of beneficial indigenous microbes in the soil, as well as the underlying
mechanisms that promote plant growth and health and the subsequent effects on
aboveground-belowground interactions mediated by the plant.
Aboveground, interactions between flowering plants and insect pollinators are
mediated by various cues. To be able to understand the effects of the different
17
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syrphid flies (Diptera: Syrphidae) have been reported as the most abundant groups
of pollinators (Lucas-Barbosa et al., 2011; Rusman et al., 2018). In nature, pollinators use various visual and chemical floral traits as cues to locate floral resources
(Lunau and Maier, 1995; Schoonhoven et al., 2005; Junker and Parachnowitsch,
2015; Lucas-Barbosa et al., 2016). The syrphid fly Episyrphus balteatus and the butterfly P. brassicae are flower visitors of B. nigra plants in nature (Lucas-Barbosa et
al., 2016). Syrphid flies can feed on nectar or pollen and have been reported as
efficient pollinators of brassicaceous plants (Conner and Neumeier, 1995; Honda
et al., 1998), nevertheless the main cues that E. balteatus uses to select flowers
and to collect pollen remain unknown (Primante and Dötterl, 2010). Pieris brassicae
adults feed on nectar of flowering B. nigra (Lucas-Barbosa et al., 2016). Yet, there
is still a lack of information about the main cues that they use when searching for
flower resources.

Effects of insect exuviae as soil amendment on pollinator performance and plant reproduction
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cues on flower–visitor interactions, we need to decouple visual and volatile chemical cues through experimental manipulation. In chapter 3, I studied the main
cues exploited by the syrphid fly E. balteatus and the butterfly P. brassicae when
visiting flowers of B. nigra and Raphanus sativus L. plants. Pollinator preference was
investigated by offering optical and volatile chemical cues individually as well as
simultaneously in two-choice bioassays. In addition, I investigated whether pollen
was used as a cue and whether pollination-induced changes affect flower volatile
emission and the behavioural responses of the two pollinator species.
Herbivory and soil composition are two important factors of plant ecology that
have the potential to alter visual and chemical floral traits that are exploited as
cues by insect pollinators. In chapter 4, I investigated the main and interaction
effects of herbivory and soil amendment with exuviae on visual and volatile chemical traits of flowers. For this, I infested plants with two specialist herbivorous insect species and amending the soil with exuviae from one of three different insect
species: H. illucens L., A. domesticus L. or T. molitor L., and I explored the effects of
herbivory on plant size, flower abundance, flower morphological traits and headspace composition of B. nigra plants.
The responses of floral traits to herbivory and to soil amended with insect exuviae
may compromise flower attractiveness and lead to a species-specific disruption of
plant-pollinator interactions with consequences on plant fitness. Likewise, these
changes in floral traits may also alter floral constancy and pollination effectiveness
by interfering with honest signalling. Studies in field conditions where plants interact with the natural community, including herbivores and flower visitors, and
where environmental conditions are variable, are required to determine how different soil amendments with insect exuviae can affect the interaction of the plant
with natural communities of insects. Studies exploring the effects of soil amendments on plant-insect interactions are scarce, especially studies exploring effects
on insect pollinators. In chapter 5, I investigated in a common garden experiment
whether soil amended with BSF exuviae influences vegetative and flower traits
of B. nigra plants and the interactions with the natural community of flower visitors. Ultimately, seed yield was assessed. In addition, the performance of the
leaf-chewing larvae of P. brassicae and the piercing-sucking aphid B. brassicae were
evaluated.
This work was a stepping stone for chapter 6, in which I evaluated the effect of
black soldier fly, mealworm and house cricket as soil amendments, on plant size
and the influence on the plant-associated pollinator community. Furthermore, I
compared the effects of exuviae of these three insect species and a convention18
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Finally, I integrate the findings of this thesis in chapter 7. Here, I provide a synthesis of the main results of my research in a wider context. I highlight the effects
of soil composition on plant traits and the interactions with plant antagonists and
mutualists. The findings of this thesis provide evidence that plant traits change in
response to the soil amendment with insect exuviae and these changes impact the
plant-associated community. This enhanced knowledge of plant-associated community ecology has important implications for advancing our understanding of
ecological processes and can guide practices for conserving ecosystems services.
Finally, I present ideas for future research to answer fundamental and applied
research questions.
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al nitrogen-source (cow manure) or chitin-source (shrimp chitin) as fertilisers.
This approach allowed me to obtain a deeper understanding of the effects of soil
amendments containing nitrogen or chitin separately, which differs from insect
exuviae that contain both. This experiment is based on data collected from field
experiments in two consecutive years. This enabled me to evaluate possible year
effects and the implications for the plant community. I also discuss the importance of including the ecosystems services into farming practices to strengthen
economically and socially sustainable agriculture systems.
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Abstract
Beneficial soil microorganisms are known to contribute to biocontrol of
plant pests and diseases, induce systemic resistance (ISR) against attackers and enhance crop yield. The use of organic soil amendments has been
suggested to stimulate the abundance and/or activity of beneficial indigenous microbes in the soil. Residual streams from insect farming (frass and
exuviae) contain chitin and other compounds that may stimulate beneficial
soil microbes that have ISR and biocontrol activity. In addition, changes in
plant phenotype that are induced by beneficial microorganisms may directly influence plant-pollinator interactions, thus affecting plant reproduction.
Here, we explore the potential of insect residual streams derived from the
production of insects as food and feed to promote plant growth and health,
as well as their potential benefits for sustainable agriculture.
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Exuviae: moulted exoskeletons of insects.
Frass: insect faeces.
Herbivore-induced plant volatiles (HIPV): volatile compounds produced by plants in response to arthropod herbivory.
Induced systemic resistance (ISR): enhanced plant resistance against
below- and aboveground pathogens and herbivores that is induced by
root-colonising microbes.
Insect residual streams: by-products of farming insects for food and
feed.
Microbe-associated molecular pattern (MAMP): Molecules conserved
in microbes that are recognised by plants.
Plant growth-promoting rhizobacteria (PGPR): Plant-symbiotic soil
bacteria that colonise roots and enhance plant growth.
Insect-derived products affect species interactions
Terrestrial plant roots are embedded in soil, a biodiverse substrate rich in microorganisms (Berendsen et al., 2012). These microbes affect plant phenotype and,
consequently, plant-mediated interactions with herbivores and other members of
the plant-associated community (Pineda et al., 2010; Berendsen et al., 2012; Heinen et al., 2018; Friman et al., 2021). Soils also contain a high diversity of organic
and inorganic substances that affect these plant-mediated interactions (Rowen et
al., 2019). These substances may influence the community composition of soil
microbiota and understanding the underlying mechanisms may allow to steer this
process towards specifically promoting beneficial microbiota (Vinale and Woo,
2018). The use of organic soil amendments enhances soil microbial activity and
modifies the microbial community composition. It increases soil fertility, consequently improving plant biomass and crop yield (Bonanomi et al., 2020). Exploiting these positive effects of organic materials on plant growth and resistance to
herbivory can address rising environmental concerns about the use of artificial
fertilisers and synthetic pesticides (Poveda, 2021; Van Huis, 2021).
A novel organic soil amendment is emerging from the production of a new source
of animal proteins, i.e., the production of insects such as yellow mealworm (Tenebrio molitor), lesser mealworm (Alphitobius diaperinus), house cricket (Acheta domesticus), black soldier fly (Hermetia illucens) or housefly (Musca domestica) for food and
feed (Van Huis, 2021). This new industry can use organic residual streams as a
resource (Van Huis, 2021) and is rapidly developing to an estimated market volume of 730,000 metric tons in 2030, having a compounded annual growth rate
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of 27.8% (Anonymous, 2019). The production of insects for food and feed results
in residual streams (see Glossary) like insect exuviae and frass. These residual
streams are considered a potential alternative to conventional fertilisers and pesticides (Fowles and Nansen, 2020; Van Huis, 2021). An important component of
insect exuviae is chitin, a high-molecular-weight amino-sugar polysaccharide that
is also present in fungal cell walls and the exoskeleton of many crustaceans (Roer
et al., 2015). Chitin-containing soil amendments have been demonstrated to promote plant growth (Sharp, 2013). Likewise, the addition of insect frass to the soil
has been shown to supply nitrogen and other nutrients to plants that increase
their biomass and nutritional content (Poveda, 2021). Both chitin and insect frass
amendments impact the soil microbiome composition and this may be an important factor in promoting plant growth and health (Heinen et al., 2018). However,
information on the potential of insect-derived products to improve plant growth
and their effects on the plant-associated community is limited. In this paper, we
discuss the potential effects of adding insect-derived products to plants in five
sections: effects on (i) beneficial soil microbes, (ii) plant growth, (iii) plant resistance, (iv) microbial antagonism against plant pathogens and insects and (v) plant
reproduction (Figure 1).
Beneficial soil microbes
Various plant beneficial soil microbes are commonly applied in agriculture and
are often considered to be promising alternatives to agrochemicals (Kaminsky
et al., 2019). Most notably, different soil bacteria have been found to possess a
range of beneficial properties (Cawoy et al., 2011; Kupferschmied et al., 2013).
For example, so-called plant-growth-promoting rhizobacteria (PGPR) can enhance
resistance to pests and diseases (Pineda et al., 2010; Pieterse et al., 2014). Several
strains have been reported to trigger induced systemic resistance (ISR) against
pathogens and herbivores in their host plants or stimulate the attraction of the
natural enemies of herbivores (Pineda et al., 2010; Pangesti et al., 2015). Furthermore, many beneficial bacteria control herbivores and plant pathogens via direct
interactions. They can be pathogenic to insects or prevent the growth of other
microbes and thus contribute to plant protection independently of the plant itself
(Cawoy et al., 2011; Kupferschmied et al., 2013).
While the potential of beneficial microbes for sustainable agriculture is great, the
outcomes of microbial applications in field-based crop production are often inconsistent (Kaminsky et al., 2019). Beneficial microbes are commonly inoculated into soil, the success of which depends on their establishment both in the
soil and on plant roots. However, the colonisation by microbial inoculants can be
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Figure 1. Schematic representation of potential pathways along which insect-derived products may affect
plant growth and health. Arrows indicate the effects of organisms from the plant-associated community
on the plant and each other. Solid arrows indicate positive effects; dashed arrows indicate negative effects.
ISR: Induced systemic resistance. HIPV: Herbivore-induced plant volatiles. PGPR: Plant-growth promoting
rhizobacteria.
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constrained by competitive interactions with indigenous microbes (Mazzola and
Freilich, 2017). The lack of capacity of the microbial inoculants to establish in the
target environment may also result in a rapid decline in inoculant density (Kaminsky et al., 2019).
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To stimulate soil bacteria that possess biological control or ISR potential, the use
of soil amendments that promote the activity and growth of beneficial endemic
species has been suggested (de Boer, 2017; Mazzola and Freilich, 2017). Amendment-mediated stimulation of indigenous microorganisms has a clear advantage
over the employment of microbial inoculants because the enriched soil-borne microbes are well-adapted to local soil conditions (Mazzola and Freilich, 2017). During decomposition in soils, mealworm exuviae were shown to stimulate a high diversity of chitinolytic bacteria, with a notable increase in the abundance of Bacilli
(Bai, 2015). Different members of this class of bacteria, such as Bacillus thuringiensis,
B. cereus or Lysinibacillus sphaericus, are commercially provided for biological pest
control (Francesca et al., 2015). Besides their ability to form spores, which facilitates production and storage, the success of these Bacilli as crop protection agents
is also due to the fact that they can possess virtually all the beneficial properties
mentioned above. As prime examples, root-colonising B. cereus and B. subtilis both
promote plant growth, mediate ISR and have antagonistic activity against a broad
range of plant pathogens and pests (Gadhave et al., 2016). In view of the increased
abundance of Bacilli associated with applying insect exuviae as soil amendment,
the utilisation of insect-derived products to promote plant growth and health
seems to bear good prospects.
Plant growth
PGPR can enhance plant growth and productivity. Forming a symbiotic relationship with their host, they benefit from energy-rich root exudates. In turn, they
may synthesise plant growth hormones like cytokinins, auxins and gibberellins
or provide increased access to nutrients such as phosphorus or iron. For instance,
they may solubilise minerals from sedimentary rocks or fix atmospheric nitrogen in soils where these nutrients would otherwise not be available to plants
(Pineda et al., 2010). Although PGPR are especially represented among Bacillus and
Pseudomonas species, plant-growth promotion is induced by different members of
very diverse bacterial taxa (Hol et al., 2013). Examples of other genera known to
include growth-promoting strains are Azospirillum, Burkholderia, Enterobacter, Flavomonas, Kluyvera, Paenibacillus, Rhizobium, Serratia and Streptomyces. Furthermore, associations with PGPR have been described for various plant species. For example,
B. subtilis is known to promote the growth of cabbage, cotton, maize, pea, peanut,
soybean, sweet pepper and tomato among other crops (Cawoy et al., 2011; Friman
et al., 2021).
While it has been noted that enhanced plant growth can also improve food supply for pests, it provides a means to compensate for possible yield losses at the
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Most of the emerging research on the fertiliser effects of insect residual streams
focuses on frass rather than exuviae (Houben et al., 2020; Poveda, 2021). However, insect exuviae also contain a considerable amount of nitrogen, mainly in
the form of chitin and proteins. Because plants lack the ability to utilise chitin
directly, they rely on a cascade of microbial enzymatic activities to break down
chitin, which releases compounds beneficial for plant growth such as plant-available nitrogen or short-chain chitin oligomers (De Tender et al., 2019; Shamshina et
al., 2020). While the prospect of crustacean-derived chitin to enhance plant nutrient availability has been well-documented (Sharp, 2013; Shamshina et al., 2020),
insect exuviae have not yet been investigated for this purpose. In addition to
chitin, other compounds in insect exuviae such as proteins and lipids may be mediating increased plant performance (Roer et al., 2015). The bacterial class Bacilli
appeared to be strongly involved in the decomposition of mealworm exuviae in
soil but not in the decomposition of purified shrimp chitin, whereas both contain
high levels of chitin (Bai, 2015).
Frass is defined as insect excrement, but in the context of the insect farming industry, it refers to a mix of predominantly insect faeces, remnants of shed exoskeletons and undigested feed (Fowles and Nansen, 2020). Frass is rich in readily
extractable nutrients (Lovett and Ruesink, 1995; Watson et al., 2021). Frass deposition can result in a short-term pulse of plant-accessible nutrients due to stimulation of local activity of microbial decomposers (Lovett and Ruesink, 1995), which
can also accelerate the decomposition of recalcitrant organic matter (Zimmer and
Topp, 2002). Fragments of chitin-containing exuviae, which are present in frass
as a minor component, may also provide additional benefits of frass application
on plant growth and health (Watson et al., 2021). In addition to improved plant
productivity (Houben et al., 2020), frass application may also result in induced
plant resistance to abiotic stresses (Poveda et al., 2019). These beneficial effects of
frass are mainly ascribed to plant-accessible nutrients, although frass-associated
microbes are also likely to play a role (Poveda, 2021). The microbes commonly
present in frass are bacterial groups belonging to Gammaproteobacteria and Bacilli
as well as fungal groups belonging to Ascomycota (Boiocchi et al., 2017; Poveda
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same time (Pineda et al., 2010). By promoting plant growth, PGPR are thought
to facilitate the allocation of resources to plant defence and, thus, additional protection to the host (Pangesti et al., 2013). The high abundance of Bacilli
promoted by insect exuviae suggests a stimulation of beneficial Bacillus spp. by
these materials. Similarly, others have attributed enhanced plant growth after
soil amendment with insect frass not only to nutrient supply, but to stimulated
soil microbial activity as well (Poveda et al., 2019; Houben et al., 2020).
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et al., 2019). Similar microbial communities were also found in insect digestive
tracts (Mogouong et al., 2020; Muratore et al., 2020). Frass-associated microbial
isolates were shown to exhibit various PGPR traits, such as the capability to solubilise phosphate and produce siderophores (Poveda et al., 2019). These microbes
may play a significant role in changing the natural soil community and improving
plant growth, because the removal of microbes by sterilisation of frass resulted in
lower plant yield compared to the use of non-sterilised frass (Poveda et al., 2019).
Plant resistance
The addition of insect derivatives to soil may improve plant health by increasing
plant growth and tolerance against herbivores, but also by stimulating plant defence. The sparse research on how insect derivatives affect plant resistance shows
that effects differ between plant species, insect species that produced the frass,
and plant organ to which the frass was supplied (Ray et al., 2016). For example,
caterpillar frass suppresses caterpillar-induced defences in maize plants, while it
increases the defence against pathogens and aphids (Ray et al., 2020). However,
the direct opposite is observed in rice plants exposed to caterpillar frass, where
caterpillar-induced defences were increased and pathogen defences decreased
(Ray et al., 2016).
Chitin is recognised by plants as a microbe-associated molecular pattern (MAMP),
eliciting diverse defence responses in plants including, but not limited to: systemic expression of defence-related genes (Ramonell et al., 2005; Parada et al., 2018),
programmed cell death (Newman et al., 2013), and release of reactive oxygen species (Kishimoto et al., 2010; Parada et al., 2018). Its efficiency in stimulating plant
defences against pathogens after application as a soil amendment or as a foliar
spray has been shown in numerous systems (Ramírez et al., 2010; Shamshina et
al., 2020). Therefore, the addition of chitin-rich insect residual streams to agricultural soil is expected to benefit plant resistance.
In addition to inducing plant defences directly via chitin, insect residual streams
have the potential to stimulate PGPR. Besides increasing tolerance to herbivory by promoting plant growth, PGPR may also sensitise plants for enhanced defence against a broad range of below- and aboveground attackers. This systemic
response to root-colonisation by beneficial microorganisms is called ISR (Hol et
al., 2010; Pineda et al., 2010; Pieterse et al., 2014). To activate ISR, plant roots
must recognise beneficial microbes through MAMPs, such as cell surface molecules and compounds that are excreted by these microbes (van Wees et al., 2008;
Segarra et al., 2009). Subsequent ISR signalling throughout the root and shoot
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Microbial antagonism against plant pathogens and insects
In addition to plant-mediated mechanisms, insect residual streams can also exert
positive effects on plant survival through the stimulation of native soil microbes
with natural biological control activity. Several greenhouse and field studies have
shown that the application of chitin-containing amendment coincided with a reduction in disease incidence caused by root-infecting fungi, such as Verticillium
dahliae (Cretoiu et al., 2013b), Fusarium oxysporum (Randall et al., 2020) and Rhizoctonia solani (Andreo-Jimenez et al., 2021). The key mechanism for this suppression
of pathogens is attributed to increased abundance and activity of chitinolytic bacteria and fungi, particularly members of Actinobacteria, Gamma-proteobacteria,
Bacilli, and Mortierellomycetes (Debode et al., 2016; Wieczorek et al., 2019). The
chitinases produced by these microbes, in combination with other cell-wall-degrading enzymes and antibiotics, can weaken and disrupt the developing cell wall
of fungal pathogens (de Boer et al., 2001; Cretoiu et al., 2013b). In a similar way,
chitinases can affect the development of root herbivores and have been shown
to reduce larval feeding and biomass when ingested. The underlying mechanism
is thought to be the degradation of chitin in the insect midgut peritrophic matrix
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system is dependent on the plant hormones jasmonic acid (JA) and ethylene (ET)
(van Wees et al., 2008; Pieterse et al., 2014). Typically, no direct change in defence-related gene-expression is found, but rather a faster and stronger response
upon pathogen or insect attack (Hol et al., 2010; Pineda et al., 2010; Pieterse et al.,
2014). The phenomenon enabling more effective responses to biotic and abiotic
stresses via physiological changes in the plant is known as priming (Pineda et al.,
2010). A wide variety of root-associated symbionts, including Pseudomonas, Bacillus,
Trichoderma, and mycorrhiza species have been shown to prime the plant immune
system, without directly activating costly defences (Pieterse et al., 2014). For example, soil inoculation with different PGPR, including Bacillus species, has been
shown to mediate ISR of plants against various insects, such as root-feeding beetle
larvae or shoot-feeding aphids and whiteflies (Gadhave and Gange, 2016; Friman
et al., 2021). Furthermore, PGPR may affect the recruitment of natural enemies
of herbivorous insects, by modifying the blend of herbivore-induced plant volatiles (HIPV). Soil amendment with the rhizobacterium Pseudomonas simiae or with
several Bacillus species, for example, resulted in an altered plant volatile blend
and increased recruitment of parasitoids of two aphid species and a caterpillar by
Arabidopsis thaliana and Brassica oleracea, respectively(Pangesti et al., 2015; Gadhave
et al., 2016). Selectively stimulating PGPR by adding insect residual streams to the
soil may thus induce systemic resistance in the plant, reducing herbivore performance and increasing recruitment of natural enemies.
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(Veliz et al., 2017). Chitinolytic activity is only one of many mechanisms underlying microbial antagonism. Several native soil microbial species have the inherent
capacity to produce a wide array of bioactive metabolites to neutralise detrimental organisms (Box 1).
Unfortunately, natural levels of antagonistic microbial activity are often insufficient to be effective and consistent (Garbeva et al., 2004). However, the selective enrichment of beneficial microbes, for example, by the addition of chitin-rich
soil amendments can serve to enhance pest and disease suppression (Cretoiu et
al., 2013b). Chitin-containing organic amendments can be applied as an inoculant
carrier of beneficial microbes to improve their efficacy. In some cases, combined
application of chitin-containing material with beneficial microbes resulted in synergistic positive effects in terms of plant growth and disease suppression.
Box 1. Microbial secondary metabolites with biocontrol activity
By means of toxic or inhibitory allelochemicals and proteins, beneficial microbes
can control various soil pests and pathogens directly. For instance, the compounds
produced by different Bacillus spp. are known to have insecticidal, antibiotic or
nematicidal properties (Cawoy et al., 2011; Francesca et al., 2015). The well-known
Cry and Cyt proteins of B. thuringiensis are potent insect-specific toxins that are effective
against various members of the Coleoptera, Diptera and Lepidoptera. Similarly, certain
cyclic lipopeptides produced by B. subtilis have insecticidal activity against fruit flies
and mosquitoes. However, B. subtilis is mainly known for its antimicrobial activity,
which is due to the production of various antibiotic peptides. While lantibiotics, for
example, have strong antibacterial activity, different cyclic lipopeptides of B. subtilis
are involved in the suppression of fungal and oomycete plant pathogens such as R.
solani or Pythium aphanidermatum (Cawoy et al., 2011). Besides Bacillus species, soil
bacteria that are entomopathogenic or inhibit the growth of plant pathogens can
be found in many other genera. Examples are plant growth-promoting Kluyvera and
Pseudomonas species, which can exhibit oral toxicity to insects or suppress plant
diseases (Kupferschmied et al., 2013; Laurentis et al., 2014).
When used as a seed treatment, formulations of B. subtilis in combination with chitin-containing materials showed a steady increase in B. subtilis over time and a better control of Aspergillus niger (causing crown rot) and Fusarium udum (causing wilt)
in groundnut and pigeon pea plants, respectively(Manjula and Podile, 2001). Similarly, B. thuringiensis is known to use chitin as a carbon source and the application
of chitin to stimulate its growth has been suggested. Furthermore, co-application
of B. thuringiensis and chitinase has been shown to increase its insecticidal activity,
30

Chapter Two

Chapter Two

Chapter Two

Chapter Two

Chapter Two

6 Chapter Two

Chapter Two

Plant reproduction
Changes in the soil- and rhizosphere microbiome induced by insect-derived products may impact plant phenotype such as floral phenology (Heinen et al., 2018).
Marigold plants grown in soil inoculated with B. subtilis produced more and heavier flowers, with a significantly increased colour intensity (Flores et al., 2007).
Similarly, the addition of chitin and its derivative, chitosan, can affect flowering
phenology (Sharp, 2013; Salachna et al., 2015), speeding up flower production by
as much as 15 days (Ohta et al., 1999). These effects were related to increases in
chitinolytic microorganisms (Sharp, 2013). The increase in nutrient availability as
a result of microbial activity stimulated by the insect-derived amendments may
allow the plant to increase resource investment in flower production (Burkle and
Irwin, 2009). For example, addition of nutrients has been found to increase the
number of flowers, flowering duration and nectar quantities in scarlet trumpet
plants (Burkle and Irwin, 2009). Also, petunia flowers showed increases in corolla
size, display size and consequently, in the number of flower visitors in response
to an increase in soil nitrogen (Rebolleda‐Gómez et al., 2019). These patterns suggest that plants are likely to alter their phenotype in response to the availability
of nutrients influenced by insect-derived products, affecting plant-pollinator interactions and directly influencing plant fitness and yield (Cardoza et al., 2012).
While such effects have not been examined for insect-derived materials, their
nutrient content and potentially stimulating effect on Bacilli seem promising. Impacts of soil microbes on flowering phenology are also expected to influence plant
reproduction. Although the effect of flowering duration on plant reproduction
varies between different plant species, pollinator visitation and subsequent seed
set increased with flowering duration in plants with unspecialised flowers (Lázaro
et al., 2013).
To the best of our knowledge the effects of insect residual streams on flower traits,
interactions with pollinators and, consequently, plant reproduction have not been
reported in the literature. First evidence has recently been collected that indeed
amending soil with insect residual streams can influence plant-pollinator interactions and increase plant reproduction (Barragán-Fonseca et al., Chapters 5 and 6).
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for example against Choristoneura fumiferana caterpillars (Sharp, 2013). These studies suggest that chitinous amendments can enhance the establishment and antagonistic activity of introduced biocontrol strains and render the soil environment
more suitable for the successful establishment of introduced biocontrol agents.
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Concluding Remarks and Future Perspectives
As the insect farming industry is growing rapidly, new companies as well as companies already established in the biocontrol sector have entered the market for
insects as animal feed. With the development of regulatory frameworks and the
recent authorisation of insects as components of pig and poultry feed in the European Union (Commission, 2021), the use of insects in feed is expected to increase
rapidly (IPIFF, 2021). At the same time, large amounts of insect residual streams
will become available. The application of these residual streams as soil amendments can further contribute to a sustainable and circular agriculture. In the light
of legislation that becomes more and more restrictive for the use of synthetic
pesticides, these products can provide alternatives to support the development of
sustainable pest management (Torgerson et al., 2021).
The use of insect-derived products represents a tremendous opportunity to enhance crop productivity within circular agriculture (Figure 2). The stimulation of
important functional groups like PGPR and antagonists of pathogens influences
the functioning of more complex ecological networks. Beneficial soil bacteria can
not only boost plant growth, but also cause changes in plant physiology, attracting
mutualist insects, such as pollinators and natural enemies, and suppressing insect
pests. To better understand these complex dynamics, studies on the effects of insect-derived products on insect-plant-microbe interactions should be expanded.
In this way, strategies for applying insect residual streams to control pests while
maximising positive effects and avoid negative side-effects on plant traits that
are relevant for beneficial insects may be developed. These evaluations should
be conducted not only under highly controlled conditions, but also in agro-ecosystems where environmental conditions are variable. Furthermore, the benefits
of insect-derived products for agricultural systems compared with conventional
management practices need further attention (see Outstanding Questions). An improved understanding of key steering factors that are relevant for the successful
application of insect residual streams may aid their adoption as a novel approach
to develop resilient crop production systems.
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Figure 2. Schematic representation of insect production in a circular food production system. Insects can
transform organic waste into high-quality animal protein for food and feed. Here, we discuss the possible
use of insect residual streams as soil amendments to stimulate beneficial microbiota and improve soil and
crop health.
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Abstract
Pollinating insects exploit visual and olfactory cues associated with flower
traits indicative of flower location and reward quality. Pollination can induce changes in these flower-associated cues, thereby influencing the behaviour of flower visitors. We investigated the main cues exploited by the
syrphid fly Episyrphus balteatus and the butterfly Pieris brassicae when visiting
flowers of Brassica nigra and Raphanus sativus plants. We studied whether pollen is used as a cue and whether pollination-induced changes affect flower
volatile emission and the behavioural responses of the two pollinator species. Pollinator preference was investigated by offering visual and olfactory
cues individually as well as simultaneously in two-choice bioassays. Plant
treatments included emasculation, hand-pollination and untreated control
plants. The composition of flower volatiles from pollinated and unpollinated control plants was analysed by gas-chromatography-mass spectrometry.
Both pollinators exhibited a strong bias for visual cues over olfactory cues.
Neither pollinator used pollen as a cue. However, E. balteatus discriminated
between newly opened and long-open flowers at short distance only when
pollen was available. Flower visits by pollinators were influenced by pollination-induced changes in B. nigra but not R. sativus flowers. Pieris brassicae
only responded to pollination-induced changes when visual and olfactory
cues are offered simultaneously. The blend of volatiles emitted by B. nigra,
but not R. sativus inflorescences was affected by pollination. Collectively,
our data show that different pollinators exploit different visual and olfactory traits when searching for flowers of two brassicaceous plant species.
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In nature, animal-plant interactions are mediated by various cues (Kevan and Lane,
1985; von Helversen and von Helversen, 1999; Balamurali et al., 2015; Lucas‐Barbosa et al., 2016). Flowering plants have evolved shapes, colours, structures, textures and fragrances in flowers that are exploited by different animals which act
as vectors of pollen, leading to reproductive events such as cross-fertilization and
seed formation (Schoonhoven et al., 2005; Harder and Barrett, 2006; Junker and
Parachnowitsch, 2015; Akter et al., 2017). Flower cues are used by pollinators to
locate flowers and often indicate the quality of nectar or pollen offered by flowers
as reward for the pollination service (Raguso and Willis, 2002; Galizia et al., 2004;
Goyret et al., 2007; Schiestl, 2015; Lucas‐Barbosa et al., 2016). Visual and olfactory
cues specifically influence the behaviour of different pollinator species and mediate pollination of flowers by insects (Giurfa et al., 1994; Honda et al., 1998; Chittka
and Raine, 2006; Ohashi et al., 2015).
Flower colour is one of the most important visual traits exploited by pollinating
insects (Renoult et al., 2014; Larue et al., 2016; Van der Kooi et al., 2018). The
display of colourful flowers triggers behavioural responses in various flower visitors (Lunau and Maier, 1995; Renoult et al., 2014). In many angiosperm species,
flower traits undergo changes that may inform pollinators about the presence and
quality of the reward (Weiss, 1991; Oberrath and Böhning-Gaese, 1999; Zhang et
al., 2017). Discrimination between floral colour transitions can be very accurate,
enhancing efficiency of the visitor, and can increase plant reproductive success by
guiding pollinators to unpollinated flowers that offer a better reward (Eisikowitch
and Lazar, 1987; Weiss, 1991; Lucas‐Barbosa et al., 2016).
In addition to visual cues, olfactory cues also play an important role in animal-plant interactions (Aartsma et al., 2017; Turlings and Erb, 2018). Flower odour
may change upon pollination and may depend on flower age (Rodriguez-Saona et
al., 2011; Ruíz-Ramón et al., 2014; Lucas‐Barbosa et al., 2016). Flowers emitted
lower amounts of volatiles after pollination than unpollinated flowers and these
changes may influence pollinator behaviour with potential effects on plant fitness
(Rodriguez-Saona et al., 2011; Lucas‐Barbosa et al., 2016).
The olfactory cues released by pollen can provide specific information to pollinator
species (Dobson et al., 1997). Flower visitors that feed on pollen may use chemical
cues to assess the pollen reward of individual flowers, for example, the volatile
blend emitted by pollen of flowers that offer pollen as the only food reward to
pollinators can help the insect to discriminate between plant species and reward
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availability (Dobson et al., 1997). Insect pollinators can also use visual cues from
pollen. Syrphid flies, for instance, exhibit behavioural responses to yellow colour
from pollen (Lunau and Wacht, 1994; Lunau and Maier, 1995; Lunau et al., 2018).
Different insect pollinators may exploit different flower traits depending on the
reward they forage for(Galizia et al., 2004; Goyret et al., 2007). Some insects may
rely on a single cue or a combination of cues provided by flowers. Male Manduca sexta L. (Lepidoptera: Sphingidae) hawkmoths, for example, use olfactory and
visual cues from flowers of Oenothera neomexicana Munz, but only the combination
of traits elicited proboscis extension and feeding behaviour(Raguso and Willis,
2002). Bees are also more attracted to the combination of visual and olfactory
cues compared with the single cues of some plant species(Kunze and Gumbert,
2001; Milet-Pinheiro et al., 2012; Yan et al., 2016).
Behavioural responses of pollinators to floral characteristics provide an important
force in the evolution of floral traits (Schiestl and Johnson, 2013; Van der Niet et al.,
2014; Gervasi and Schiestl, 2017). Investigation of the cues exploited by pollinating insects is fundamental to understand how inducible plant responses may influence pollinator behaviour, affecting plant fitness (Strauss, 1997; Gonçalves-Souza
et al., 2008; Bruinsma et al., 2014; Rusman et al., 2018) and flower evolution(Balamurali et al., 2015). Through experimental manipulation, the effects of different
cues on flower-visitor interactions can be investigated (Hambäck, 2016; Larue et
al., 2016). Here, we experimentally decoupled visual and olfactory cues from the
inflorescence of two brassicaceous species. Several plant species in the Brassicaceae family depend on insects for pollination and rank among the most important agricultural crops. Brassica nigra L., commonly known as black mustard, and
radish, R. sativus L., are out-crossing species depending on insect pollination for
reproduction(Conner and Neumeier, 1995). Syrphid flies have been reported as
efficient pollinators of brassicaceous plants (Conner and Neumeier, 1995; Honda
et al., 1998), but it remains poorly understood which cues E. balteatus uses to select
flowers from which they mainly collect pollen from (Primante and Dötterl, 2010).
Pieris brassicae is a specialist herbivore on Brassicaceae, and uses visual, olfactory
and gustatory plant cues when searching for an oviposition site(van Loon et al.,
1992; Fatouros et al., 2012; Pashalidou et al., 2013). Pieris brassicae butterflies feed
on nectar of flowering B. nigra (Lucas‐Barbosa et al., 2016), however, it remains
unknown what the main cues are that they use when searching for flowers. In
this study, we focus on plant responses to pollination and we explore which cues
are exploited by the syrphid fly E. balteatus L. (Diptera: Syrphidae) and the Large
Cabbage White Butterfly P. brassicae L. (Lepidoptera: Pieridae) when searching for
flowers of B. nigra L. and R. sativus L. plants.
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Plants
Brassica nigra and R. sativus are self-incompatible and have hermaphroditic flowers
that occur in racemose inflorescences (Conner & Neumeier, 1995). Flowers of B.
nigra are yellow and flowers of R. sativus are white-pink. Seeds of B. nigra were
obtained from the Centre of Genetic Resources (CGN, Wageningen, The Netherlands; accession CGN06619) and multiplied by exposing plants to open pollination
in the surroundings of Wageningen. Seeds of R. sativus were obtained from De
Bolster (Epe, The Netherlands; cultivar Gaundry 3). Plants from both species were
transplanted and cultivated in pots (∅ 17 cm – 2 L) filled with potting soil (Lentse
potgrond) and sand (1:1, v/v). Plants grew in a greenhouse compartment (23 ± 2 °C,
50–70 % r.h, 16L:8D) and were watered daily. Plants in flowering stage 3·1, based
on the classification for Brassica napus (Harper and Berkenkamp, 1975), were used
for the experiments.
Insects
Caterpillars of P. brassicae were reared in a greenhouse compartment (21 ± 2 °C, 60
± 10% r.h, 16L:8D) on Brussels sprouts plants (Brassica oleracea L. var. gemmifera cv.
Cyrus). Adults were fed with a solution of 10% honey in tap water (organic honey, Melvita, Weide & Veldbloemen) provided on cotton wool. Adult insects, both
males and females, were tested two or three days after mating and were starved
for 15 to 18 h before the start of behavioural assays. Females were provided with
Brussels sprouts plants to allow for oviposition prior to the bioassays.
Pupae of the syrphid fly E. balteatus were obtained from Koppert Biological Systems (Berkel en Rodenrijs, The Netherlands). Flies were reared in a cage in a greenhouse (22± 2 °C, 60 ±10% r.h, 16L:8D) and had free access to organic raw sugar,
apple pollen and tap water. The cage contained a Brussels sprouts plant carrying
aphid colonies (Brevicoryne brassicae L.; Hemiptera: Aphididae) to allow for oviposition by female flies. Male and female syrphid flies were tested two to seven days
after pupal eclosion. They were starved for 4 h prior to the start of the behavioural
assays. Water was provided during the starvation period.
Experimental setup – two-choice bioassays
To investigate floral traits that are used as cues by P. brassicae and E. balteatus, twochoice bioassays were conducted. Insects were offered a choice between inflorescences of two individual plants of a given species. Pairs of plants were offered in
a setup where insects were exposed only to the inflorescence of the plants. The
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setup consisted of a wooden table with two holes in its surface at a distance of
80 cm from each other; plants were placed under the table with inflorescences
exposed through the holes. An opaque plastic cover closed the hole in the table
and prevented the insects from being exposed to cues from plant parts under
the table. Insects were released at 80 cm distance from the experimental plants.
Positions of the two plants were changed (right-left) after testing 10 insects to
compensate for unforeseen asymmetry in the set-up. Bioassays were performed
in a flight chamber consisting of a gauze tent (l×w×h: 293×200×230 cm) in a greenhouse compartment (25 ± 2 °C, 50 – 70 % r.h., 16L : 8D) with glass walls and glass
ceiling. Each individual insect was used only once in the experiments.
Cues exploited by flower-visiting insects
To investigate whether flower-visiting insects prefer visual or olfactory cues of
B. nigra, visual and olfactory cues were decoupled, thus facilitating the exposure
of the insects to either visual or olfactory cues. Olfactory cues were blocked by
enclosing the inflorescence in a glass container. Visual cues were removed by covering the inflorescence with a cylinder made of double-layer grey high-density
polyethylene gauze material (diameter 28 cm).
To investigate the use of pollen as a cue, insects were given a choice between an
emasculated plant (anthers removed) and an intact plant as control. Anthers were
gently removed by manual emasculation using forceps just before the assay. In
addition, to determine whether insects prefer either flowers that had been open
for more than one day or newly opened flowers, 24 h before the start of a bioassay
plants were marked with a black cotton thread. To mark the transition from open
flowers to flower buds, a cotton thread was placed just above the flowers and
below the buds; on the next day open flowers above the thread could be distinguished as newly opened flowers. One insect was released at a time and observed
for 5 min. We considered that the insect made a choice when it approached one
of the inflorescences up to a distance of 5 cm or less or landed on one of the two
choices presented. When an insect did not respond within 5 min it was scored as
‘non-responding’. Each experiment was concluded when 30 responses had been
obtained for each sex of each insect species.
Effects of pollination on floral traits and pollinator behaviour
To investigate whether changes in flower traits in response to pollination influence
the behaviour of the flower-visiting insects, E. balteatus and P. brassicae were offered
a choice between a pollinated plant and an unpollinated plant. Flowers of both
species were hand-pollinated six days after the first flower opened with pollen
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Collection of plant volatiles
To investigate whether pollination affects volatile emission of B. nigra and R. sativus
inflorescences, volatiles of inflorescences including small leaves on them, were
collected from pollinated plants and from unpollinated control plants. Pollinated
plants had been hand-pollinated 24 h before the start of the headspace collection.
Collections were performed in a greenhouse compartment (22 ± 2 °C, 60 ± 10 %
r.h., L16:D8). The inflorescence of the plant was enclosed in an oven bag (Toppits®
Brat-Schlauch, polyester; 32 × 32× 70 cm; Toppits, Minden, Germany). A strip of
bag material wrapped around the stem below the inflorescence was used to close
the bag. Plants were watered with 50 mL of water just before the experiments.
Synthetic air (nitrogen 80%, oxygen 20%, Linde Group, Germany) was flushed
through the bag at a flow rate of 300 mL min−1 by inserting a Teflon tube through
an opening in the upper part of the bag and air was sucked out with a pump
(224- PCMTX8, air-sampling pump Deluxe, Dorset, UK; equipped with an inlet
protection filter) at a flow rate of 250 mL min−1 through a second Teflon tube at the
opening of each bag. Pressure measurements of in- and outgoing flow were made
with a digital flowmeter (Bios International Corp., Model Defender 510-M, USA).
Volatiles were collected during 1.5 h on 90 mg Tenax TA (25/30 mesh, Alltech,
Breda, NL) in a glass tube. Floral volatiles of B. nigra and R. sativus were separately
collected from five pollinated and five unpollinated control plants.
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from a different individual plant (cross-pollination). Hand-pollination treatments
were performed 24 hours before the bioassays. In the first experiment, we offered a pollinated versus an unpollinated plant with both visual and olfactory cues
available. For subsequent experiments, either visual or olfactory cues were presented to investigate the choice between a pollinated and an unpollinated plant.
Five vertical yellow paper bands (2 cm width) were placed on the gauze cylinder,
to render the set-up visually more attractive to the tested insects. Butterflies (P.
brassicae) were released one by one, each individual butterfly was observed for 5
min. Syrphid flies (E. balteatus) were released in groups of three individuals, and
observed for 5 min. An insect was considered to have made a first choice when it
approached one of the inflorescences from a distance of maximally 5 cm or landing choice when the insect landed on the plant, glass or gauze covering a pollinated or unpollinated plant. When an insect did not approach a plant within 5 min, it
was scored as non-responding. For these bioassays, female butterflies and female
syrphid flies were tested. Each experiment was concluded when 50 responses had
been obtained for each insect species and choice combination.
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Analysis of plant volatiles by GC-MS
Quantification and identification of floral volatiles were performed according to
the protocol outlined by Bruinsma et al. (2014). Samples were analysed with a
gas chromatograph (GC) (6890 series, Agilent, Santa Clara, CA, USA) coupled to
a mass spectrometer (MS) (5973 series, Agilent, Santa Clara, CA, USA). Volatiles
collected from the inflorescence headspace were desorbed from the Tenax in a
thermodesorption trap unit (Gerstel, Mülheim, Germany) by heating from 25 °C to
250 °C (5 min hold) at a rate of 60 °C min−1 in splitless mode. Released compounds
were focused in a cold trap (ID 1.80 mm) filled with glass beads (diam. 0.75–1.00
mm) at a temperature of −50 °C. By flash heating of the cold trap to 250 °C at 12
°C sec−1, volatiles were transferred to the analytical column of the GC (60 m × 0.25
mm ID, 0.25 μm film thickness, DB-5, J&W, Folsom, USA). The oven temperature
programme started at 50 °C (1 min hold) and rose at a rate of 20 °C min−1 to 100
°C, subsequently increased at a rate of 4 °C min−1 to 280 °C (1.5 min hold), and
finally rose to 300 °C at a rate of 10 °C min−1. Column effluent was ionized by
electron impact ionization at 70 eV. Mass scanning was carried out from m/z 40
to 300 with 5.36 scans sec−1. Compounds were identified by comparison of mass
spectra with those of NIST, Wiley libraries and the Wageningen Mass Spectral
Database of Natural Products. Identity was confirmed by comparison of the retention index described in the literature. The emission rates were quantified for
compounds that were detected in a minimum of 50% of the samples from one of
the treatments to focus on consistently emitted compounds, and peak area of individual compounds was divided by fresh plant biomass (g). Total ion counts were
obtained to generate values for peak area and we used these values to calculate
the total volatile emission of plants.
Data analysis
To test for differences in responses (approaching and landing) between the paired
treatments in each of the behavioural assays linear mixed models based on restricted maximum likelihood (REML) were used with the insect responses and
plant-pair included in the statistical model. A Wilcoxon signed-rank test was used
for comparison of insect responses to flowers of different development stages
(newly opened versus long-open flowers) within the same plant. To test the effect
of cues on the responses (landing or approaching), a Chi-square test of independence was used. Projection to Latent Structures Discriminant Analysis (PLS-DA)
(SIMCA P+ 12.0; Umetrics AB, Umeå, Sweden) was used to determine whether
the samples subjected to pollination treatments and unpollinated plants could be
separated based on the composition of the volatile blend. To determine significant
differences for each of the compounds emitted by pollinated and unpollinated
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Results
Visual versus olfactory cues of Brassica nigra plants
In two-choice tests in which visual cues were offered versus olfactory cues, P.
brassicae butterflies and E. balteatus flies visited B. nigra inflorescences significantly
more frequently when only visual cues were available than inflorescences from
which only olfactory cues were available (REML, all comparisons P = 0.001; Fig. 1).
This was similar for females and males (Fig. 1).
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Figure 1. Number of individuals of female and male Pieris brassicae (A) and Episyrphus balteatus (B) responding to visual and olfactory cues from flowering Brassica nigra plants when these cues were offered separately. Difference in responses for two-choice bioassays was assessed by generalized mixed models with
plant-pair included in the model. There was no overall effect of plant pair. In total seven pairs of plants were
tested for each gender and for each insect species; 30 individual insects that responded within 5 min after
release were tested for each gender, and for each insect species. * = P < 0.05

Pollen as a cue and discrimination between newly opened and longer open flowers
Brassica nigra
Both pollinator species responded, independent of the sex, as frequently to emasculated as to control inflorescences (Fig. 2A P. brassicae females REML P = 0.135,
males P = 0.421; Fig 2B E. balteatus females REML P = 1.000, males P = 0.769), indicating that pollen cues do not influence their responses.
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flowers, we used a Student’s t-test when the data were normally distributed or
a Mann-Whitney-U test when this was not the case. Normal distribution of the
data was assessed with the Shapiro-Wilk test. All analyses were performed with
statistical software SPSS for Windows (Chicago, USA), except PLS-DA which was
performed with Simca P+12.0 software (Umetrics AB, Umeå, Sweden).
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We also assessed whether the insects chose between newly opened and longeropen B. nigra flowers. Males of P. brassicae landed more frequently on newly opened
flowers than on longer-open flowers, either emasculated (Fig. 2A, Wilcoxon signedrank test, P = 0.023) or control (Fig. 2A, Wilcoxon signed-rank test, P = 0.041).
Pieris brassicae females visited newly opened and longer open flowers similarly,
both in emasculated (Fig. 2A, Wilcoxon signed-rank test, P = 0.06) and in control
plants (Fig. 2A, Wilcoxon signed-rank test, P = 0.414). Female syrphid flies landed
more frequently on newly opened flowers of control inflorescences (Figure 2B,
Wilcoxon signed-rank test, P = 0.020). Male E. balteatus flies did not discriminate
between newly opened and longer open flowers (Fig. 2B, Wilcoxon signed-rank
test, P = 0.060).
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Figure 2. Number of individuals landing on or approaching emasculated versus intact flowers of Brassica
nigra plants. (A) Pieris brassicae and (B) Episyrphus balteatus. Generalized linear mixed models and Wilcoxon
signed-rank tests were used to analyse the data. P values underneath bars refer to difference between old
and new flowers. There was no overall effect of plant-pair. In total, seven pairs of plants were tested for
each gender and for each insect species; 30 individual insects that responded within 5 min after release
were tested for each gender, and for each insect species. * = P < 0.05, ns = not significant (P > 0.05).

Raphanus sativus
No discrimination between treated and control R. sativus plants was recorded for
either P. brassicae butterflies or E. balteatus flies. Neither did both insect species discriminate between emasculated and non-emasculated flowers nor between newly
opened and longer open R. sativus flowers (Fig. S1).
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Brassica nigra
Females of P. brassicae landed more frequently on flowers of unpollinated plants
than on pollinated flowers when visual plus olfactory cues were present. When
only visual cues were offered, a marginally significant (P = 0.054) preference was
observed (Fig. 3B). When only olfactory cues were present, no significant preference was recorded (Fig. 3C). The proportion of approaching butterflies that landed
on the plants was similar for pollinated and unpollinated plants in all treatments
(visual plus olfactory cues P = 0.606; visual cues P = 0.670; olfactory cues P =
0.711).
Episyrphus balteatus visited pollinated flowers as frequently as unpollinated flowers
when olfactory and visual cues were present (Fig. 3D, REML, P = 0.314), when only
visual cues were available (Fig. 3E, REML, P =0.314), and when only olfactory cues
were available (Fig. 3F, REML, P =0.284). The proportion of approaching hoverflies
that landed on the plants was similar for pollinated and unpollinated plants in all
treatments (visual+olfactory cues P = 0.908; visual cues P = 0.417; olfactory cues
P = 0.191).
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Figure 3. Number of individuals of female Pieris brassicae (Ruíz-Ramón et al.) and Episyrphus balteatus (D–F)
responding to cues from pollinated and unpollinated flowers of Brassica nigra plants. Cues were offered: 1)
all together (free access to the inflorescence) (A, D), or separately 2) visual cues only (B, E) or 3) olfactory
cues only (C, F). Generalized linear mixed models were used to analyse the data with the plant-pair included in the statistical model. There was no overall effect of plant-pair. In total six or seven pairs of plants
were tested for each gender, and for each insect species and 50 females were tested for each insect species.
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Raphanus sativus
When flowering R. sativus plants were investigated, both insect pollinators landed
as frequently on unpollinated flowers as on pollinated flowers (Fig S2).
Effect of pollination on volatile emission by the inflorescence
Brassica nigra
Pollination of flowers of B. nigra did not significantly affect the emission rates of
thirteen volatile compounds (Table S1). Benzaldehyde was the main compound
present in the headspace of both pollinated and unpollinated flowers, followed by
(E)-β-ocimene, and sylvestrene (Table S1).
A PLS-DA largely separated headspace samples from pollinated flowers from samples from unpollinated control flowers of B. nigra (Fig. 4A,B). The first and second principal components explained 19% and 25% of the variance respectively
(Fig. 4A,B). The first principal component separated samples of pollinated from
those of unpollinated flowers. The benzenoid benzaldehyde, the monoterpene
(3E,5E)-2,6-dimethyl-1,3,5,7-octatetraene, and the monoterpenoids verbenone
and 2-methyl-6-methylene-1,7-octadiene-3-one contributed most to the separation of the odour blends of pollinated and unpollinated flowers (VIP values above
1; Table S1).
Raphanus sativus
Volatile emission from flowers of R. sativus did not change in response to pollination. We recorded two aromatic compounds in the headspace of the inflorescences of R. sativus: benzaldehyde and the methyl 2-methylbenzoate. These compounds were present in similar amounts in the volatile profile of pollinated and
unpollinated flowers of R. sativus (Table S2).

Discussion
Our data show that P. brassicae butterflies and E. balteatus flies, that exploit different rewards offered by flowers, utilise visual and olfactory cues in different
ways. Pieris brassicae butterflies discriminated between unpollinated and pollinated
flowers of B. nigra. Interestingly, discrimination was only recorded when visual
and olfactory cues of B. nigra were offered together. Such discrimination was not
recorded for syrphid flies, that landed as frequently on pollinated as on unpollinated plants. Emasculation of the B. nigra flowers had no effect on either of the
two pollinator species. Male P. brassicae butterflies discriminated between newly
opened and longer open flowers both when pollen was available and when pollen
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Volatile compounds
Treatments

Figure 4. Projection to Latent Structures Discriminant Analysis (PLS-DA) of volatile compounds collected
from plants with pollinated flowers and control plants with unpollinated flowers. PLS-DA on the peak area
of volatile compounds from headspace of B. nigra and R. sativus plants. (A) Grouping pattern of samples of B.
nigra according to the first two principal components, and the Hotelling’s T2 ellipse confining the confidence
region (95%) of the score plot; (B) Contribution of individual volatile compounds of B. nigra to the first two
principal components is shown in the loading plot of the PLS-DA components.

was absent, whereas females did not. In contrast, E. balteatus females discriminated between newly opened and longer open flowers only when the pollen was
available in B. nigra flowers, suggesting that cues from the pollen itself play a role
at a short distance. Neither of the two pollinator species exhibited a preference
between treated (pollination or emasculation) and control R. sativus plants, nor
between newly opened and longer open R. sativus flowers.
Cues exploited by pollinators in Brassica nigra
We employed behavioural bioassays to assess the effects of visual and olfactory
cues separately. We found that, from a longer distance, visual cues were more
important for P. brassicae and E. balteatus than olfactory cues, when these cues were
tested against each other (Fig. 1). The importance of visual cues for butterflies and
syrphid flies is well known (Sutherland et al., 1999; Andersson and Dobson, 2003;
Ômura and Honda, 2005). Pieris and Vanessa butterflies use visual cues to detect
nectar sources from a long distance, and they discriminate the most suitable reward by olfactory cues at a short distance(Honda et al., 1998; Ômura and Honda,
2005). The butterfly P. rapae L. (Lepidoptera: Pieridae) uses mainly colour as first
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cue and subsequently uses odour when choosing flowers of B. rapa L. (Ômura et
al., 1999). Colour also appears to be more important than scent for Vanessa indica
(Herbst) (Lepidoptera: Nymphalidae) butterflies that forage for nectar of plants in
the Compositae family (Ômura and Honda, 2005). Like in butterflies, colour also
strongly influences foraging behaviour of E. balteatus (Sutherland et al., 1999). Brassica nigra’s yellow flowers are very attractive to Pieris butterflies and syrphid flies,
and the literature suggests that these insects have a strong preference for yellow
(Sutherland et al., 1999; Ômura and Honda, 2005). Proboscis extension in Eristalis
tenax is elicted by yellow colour hues (Lunau et al., 2018).
Pollen as a cue
Brassica nigra
Pieris brassicae and E. balteatus landed as frequently on emasculated flowers as they
did on intact flowers of both B. nigra suggesting that these pollinators do not use
cues from pollen. However, E. balteatus females did discriminate between newly
opened and longer open flowers, but only for plants that have pollen available.
We speculate that at a short distance this pollen feeder can use cues from pollen
itself, and chose for younger flowers. Other pollen-feeding insects are known to
use pollen odour to evaluate reward suitability in individual flowers (Dobson et
al., 1997; Dobson and Bergström, 2000; Russell et al., 2018).
Males of the nectar-feeding P. brassicae also preferentially landed on newly opened
B. nigra flowers, just like E. balteatus females. However, in contrast to E. balteatus, P.
brassicae males did discriminate between newly opened and longer open flowers in
both emasculated and intact flowers, suggesting that male butterflies do not use
pollen cues but other flower cues to distinguish between newly opened and longer
open flowers. In other studies, the display of the colourful corolla and changes
occurring in it have been considered the most important cues exploited by pollinators (Casper and La Pine, 1984; Russell et al., 2018). Cues from the corolla may
guide P. brassicae butterflies to the nectar offered by freshly open flowers. Brassica
nigra plants respond to pollination by changing odours and flower pigments that in
turn influenced the behaviour of P. brassicae butterflies that visited more unpollinated than pollinated flowers (Lucas-Barbosa et al., 2016). The distinct behaviour
between both pollinators when they are exploiting flower cues may be explained
by their feeding preferences, because P. brassicae feeds on nectar of brassicaceous
plants, whereas E. balteatus collects pollen from such flowers (Goulson and Wright,
1998; Lucas‐Barbosa et al., 2016), hence each pollinator uses the cues depending
on the reward they are interested in.
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Influence of post-pollination changes in traits of Brassica nigra and Raphanus sativus
on pollinator behaviour
Brassica nigra
In our experiments, post-pollination changes in B. nigra influenced the preference
of P. brassicae. We, indeed, expected butterflies to be sensitive to post-pollination changes because upon pollination flowers undergo changes in pigmentation,
scent, and nectar production, and these changes are associated to ovule fertilization (O’Neill, 1997; Theis and Raguso, 2005; Lucas‐Barbosa et al., 2016). Pollinated
flowers likely have less or no nectar because pollination triggers nectar resorption
(Luyt and Johnson, 2002). Additionally, in B. nigra the phenolic content of flowers
decreased 24 h after pollination (Lucas‐Barbosa et al., 2016). Insect pollinators may
exploit these changes to enhance foraging efficiency and, consequently, increase
pollination efficiency (O’Neill, 1997; Weiss and Lamont, 1997; Rodriguez-Saona
et al., 2011; Zhang et al., 2017). In this study, butterflies discriminated between
pollinated and unpollinated flowers when the full suite of cues was offered, preferring unpollinated over pollinated flowers. However, they did not discriminate
between pollinated and unpollinated flowers when visual or odour cues were offered separately. These findings suggest that P. brassicae needs both types of cues
to recognise post-pollination changes. A combination of olfactory and visual cues
synergistically improves foraging behaviour of other pollinators as well, resulting
in higher frequency and duration of flower visits (Honda et al., 1998; Kunze and
Gumbert, 2001; Raguso and Willis, 2002; Andersson and Dobson, 2003; Yan et al.,
2016; Nordström et al., 2017).
Although pollination did not have an effect on emission rates of individual compounds, multivariate analysis (Fig. 4) revealed that the total volatile profile composition of pollinated flowers is different from that of unpollinated flowers.
Pollination-induced variation in flower volatile emission has been documented
previously (Knudsen and Tollsten, 1993; Schiestl and Ayasse, 2001; Negre et al.,
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In contrast to the situation for B. nigra, butterflies and syrphid flies did not differentiate between emasculated and intact R. sativus flowers. Brassica nigra has a
shorter lifespan than R. sativus. Flower wilting started in the second week in B.
nigra plants and only in the third week in R. sativus (personal observation K.Y. Barragán-Fonseca). Age-related changes may occur more slowly in R. sativus flowers
than in B. nigra flowers. Previous studies revealed that a prolonged floral longevity
results in enhanced pollinator attraction to newly opened receptive flowers, because the persistence of flower traits of older flowers contributed to the overall
flower display of a plant (Van Doorn, 1997; Teixido et al., 2019).
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2003; Theis and Raguso, 2005; Schiestl, 2015; Lucas‐Barbosa et al., 2016). Benzaldehyde comprises 35% of the total volatile blend of unpollinated B. nigra flowers
(Table S1), and a decrease in its emission rate significantly contributes to the difference in scent produced by pollinated and unpollinated flowers. Reduction in
the concentration of benzaldehyde upon pollination has been observed in other
flowering plants. For instance, Petunia flowers showed a significant decrease in
benzaldehyde emission 36 h after pollination (Negre et al., 2003). Brassica nigra
plants responded to pollination by drastically down-regulating the levels of some
phenolic compounds (Lucas‐Barbosa et al., 2016). Previous studies have suggested
that the synergistic interaction observed between colours and odours of flowers
could be due to a shared biosynthetic pathway for precursors of these floral traits
(Rusman et al., 2019a). Benzaldehyde is produced downstream of the pathway
through which flavonoids are biosynthesised (Dormont et al., 2014). Benzenoids
constitute a prominent class of compounds in floral scents (Knudsen and Tollsten,
1993; Andersson et al., 2002; Delle-Vedove et al., 2017). Flavonoids are important
pigments responsible for the colour of most flowers in nature (Lucas‐Barbosa et
al., 2016). It has been proposed that when, for instance, flavonoid production is
altered this could influence the production of volatile benzenoids (Dormont et al.,
2014). A lower amount of benzaldehyde in pollinated flowers might result from a
decrease in phenolic compounds, as reported by Lucas-Barbosa et al. (2016).
If pollination does not significantly affect the availability nor the quality of pollen,
one may expect that changes in flower traits upon pollination do not affect foraging behaviour of pollen-feeders such as syrphid flies.
Raphanus sativus
A second main finding of the present study is that the two pollinator species did
not discriminate between unpollinated and pollinated flowering R. sativus plants.
We also did not record a difference in volatile emission by pollinated and unpollinated R. sativus flowers (Table S2). This could be due to the fact that ovules had
yet not been fertilised within 24 h after pollination. It has been proposed that
fertilization is a prerequisite for the reduction of volatile emission after pollination (Negre et al., 2003). In previous studies with R. sativus, it has been shown that
although pollen tubes reached the ovary within 24 h, at this time point only half
of ovules had been fertilised (Marshall and Diggle, 2001). Thus, we expect that
more time is needed for differences in volatile emission between pollinated and
unpollinated flowers of R. sativus to be exhibited. Responses of R. sativus flowers to
pollination could proceed more slowly in R. sativus. Indeed, we observed that in B.
nigra plants many new flowers open daily, whereas in R. sativus much fewer flowers
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Volatile compounds emitted differed between the two plant species studied.
Previous studies of brassicaceous species showed that R. sativus emits different
compounds than those observed in other brassicaceous species, including B. nigra
(Kobayashi et al., 2012). Closely related plant species can produce different floral
scents to attract different types of pollinators (Negre et al., 2003). Benzaldehyde
was the only compound present in the volatile blend of both plant species. This
compound together with the Methyl 2-methylbenzoate were the only two compounds present in more than 50% of the samples of each treatment in R. sativus,
and both are benzenoids. This class of chemical compounds is known to play a
role in attraction of pollinators, including Pieris butterflies and syrphid flies (Honda
et al., 1998; Shonouda, 2008). Kobayashi et al. (2012) reported that the volatile
compounds produced by R. sativus flowers are almost exclusively benzenoid compounds. In B. nigra, the flower volatile blend is mostly composed of monoterpenoids (59%), followed by benzenoid compounds (39%) (Kobayashi et al., 2012).
This is consistent with our data. Kobayashi et al. (2012) recorded more compounds
in the headspace of R. sativus and B. nigra flowers. This may be caused by different
methods. For instance, we sampled the headspace of intact inflorescences whereas Kobayashi et al. (2012) detached the inflorescences to collect volatiles. Moreover, they collected older flowers (2 to 6 weeks after start of flowering).

Conclusions
Our data show that P. brassicae and E. balteatus exploit flower-related cues differentially. Although both pollinator species rely on visual cues to orient to flowers
from a longer distance, at short distance P. brassicae uses cues from the flower corolla to detect changes in the flowers, and this is probably associated with nectar
availability. Episyrphus balteatus uses cues related to pollen to select the younger,
newly opened flowers, but can detect these cues only at short distance. That butterflies only perceive post-pollination changes when visual and olfactory cues are
offered simultaneously confirms the importance of the synergistic effect of these
cues (Raguso & Willis, 2012; Nordström et al., 2017, Russell et al., 2018). Furthermore, these results, together with the findings of Lucas-Barbosa et al. (2016)
regarding changes in the flower flavonoid content after pollination suggest that
changes in colours might correlate with changes in odours, as flavonoids and ben51
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are produced on a daily basis. Not changing flower traits after pollination has been
suggested as a strategy to increase floral display size of a plant to improve attraction of pollinators (Van Doorn, 1997; Teixido et al., 2019). Hence, R. sativus may
not respond to pollination to remain attractive to pollinating insects that collect
and spread pollen, increasing reproductive success of radish plants.
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zenoids share the same biochemical pathway (Dormont et al., 2014). Further studies on R. sativus, regarding post-pollination changes occurring later in the time are
necessary to further understanding of the cues used by pollinators of this important crop species.
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Figure S1. Number of individuals landing or approaching of Pieris brassicae (A) and Episyrphus balteatus (B) to
emasculated and intact flowers of Raphanus sativus plants. Difference in responses for two-choice bioassays
was assessed by generalized linear mixed models and Wilcoxon signed rank tests. There was no overall effect of plant pair. In total five or six pairs of plants were tested for each gender, and for each insect species
and 30 individual insects were tested for each gender, and for each insect species.
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Figure S2. Number of individuals of female Pieris brassicae (Ruíz-Ramón et al.) and Episyrphus balteatus (D–F)
responding to cues from pollinated and unpollinated flowers of Raphanus sativus plants. Cues were offered:
1) all together (free access to the inflorescence) (A, D), or separately 2) visual cues only (B, E) or 3) olfactory cues only (C, F). Generalized linear mixed models were used to analyse the data and the plant pair was
included in the statistical model. There was no overall effect of plant pair. In total five pairs of plants were
tested for each gender, and for each insect species and 50 females were tested for each insect species. The
effect of pair plants was not significant in any of the treatments. (P = 1.000).
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Table S1. Volatile compounds from flowers of pollinated Brassica nigra plants, and from
flowers of unpollinated control plants. Flowers were pollinated 24 hr prior to volatile
collection and freshly open flowers were pollinated 4 hours before volatile collection.
Student’s t-test or Mann-Whitney-U tests were used to determine significant differences (a = 0.05) between the treatments, depending on whether assumptions of normality
were met. Floral volatiles of B. nigra were collected from at least five pollinated and five
unpollinated control plants.
peak area / plant biomass ± SD*
Unpollinated

Pollinated

P
value

Benzaldehyde

220 ± 125

106 ± 50

0.09

Benzyl alcohol

19 ± 29

15 ± 27

0.69

Volatile compounds
Benzenoids

Monoterpenoids
Myrcene

53 ± 47

49 ± 27

0.155

β-Ocimene, (E)-

187 ± 235

158 ± 282

1

Sabinene

15 ± 14

15 ± 5

1

Sylvestrene

86 ± 87

60 ± 73

0.618

Verbenol, (E)-

2±3

2±2

1

Verbenone

8 ± 13

19 ± 21

0.726

1,7-Octadiene-3-one,2-methyl-6-methylene-

6±8

3±3

0.206

2,6-Dimethyl-1,3,5,7-octatetraene, (E,E)-

8±8

3±5

0.421

5±7

4±5

1

4,8-Dimethyl-1,3,7-nonatriene, (E)-

7±6

7 ± 11

0.147

Unknown

7±7

9 ± 21

0.421

Sesquiterpenoids
Silphiperfol-6-ene
Homoterpenoids

*Values for peak area (mean ± SD) were divided by 105 and expressed per gram plant shoot fresh weight.
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Volatile compounds

peak area / plant biomass ± SD*
Unpollinated

Benzenoids
Benzaldehyde
24 ± 19
o-Methoxybenzoic acid, methyl
25 ± 50
ester

Pollinated

P value

25 ± 19

0.865

7 ± 11

0.841

*Values for peak area (mean ± SD) were divided by 105 and expressed per gram plant shoot fresh weight.
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Table S2. Volatile compounds from flowers of pollinated Raphanus sativus plants, and
unpollinated control plants. Flowers were pollinated 24 h prior to volatile collection
and freshly open flowers were pollinated 4 hours before volatile collection. Student’s
t-test or Mann-Whitney-U test were used to determine significant differences (a =
0.05) between the treatments, depending on whether assumptions of normality were
met. Floral volatiles of R. sativus were collected from at least five pollinated and five
unpollinated control plants.
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Abstract
Soil composition and herbivory are two environmental factors that can
affect plant traits including flower traits and thereby potentially affect
plant-pollinator interactions. Importantly, soil composition and herbivory may interact in these effects, with consequences for plant fitness. We
assessed the main and interactive effects of soil amendment with exuviae of three different insect species and aboveground insect herbivory on
visual and olfactory traits of Brassica nigra plants. We used spectroscopy
and gas chromatography-mass spectrometry to evaluate changes in flower
morphology, colour and volatile organic compounds (VOCs) emission. Soil
amendment with insect exuviae increased the total number of flowers per
plant and the rate of VOC emission, whereas herbivory reduced petal area
and VOC emission. Flower reflectance spectra and VOC emissions were affected by both factors: we found that soil amendment and herbivory interacted in their effect on reflectance spectrum of the base part of petals
and the emission of ten VOCs. These findings demonstrate effect of insect
exuviae as soil amendment on plant traits involved in reproduction, with
a potential for enhanced reproductive success by increasing the strength
of signals attracting pollinators and by mitigating the negative effects of
herbivory.
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As a plant’s reproductive organs, flowers are valuable plant structures that interact
with pollinating animals to ensure reproduction. Plants have evolved a wide diversity of floral traits such as colour, size, pattern and scent to attract flower visitors
(Weiss, 1991). In addition to these flower-specific traits, the number of flowers
on a plant plays a crucial role in pollinator attraction, with larger floral displays
attracting more flower visitors (Ohashi and Yahara, 2002; Salisbury et al., 2015).
Although different floral traits separately offer specific information to flower visitors, visual and olfactory cues are often used in combination to simultaneously
assess presence, location, quantity, and quality of flowers. This improves pollinator foraging performance, potentially enhancing pollination and plant fitness
(Raguso and Willis, 2002; Leonard et al., 2011; Schiestl, 2015; Russell et al., 2018;
Barragán‐Fonseca et al., 2020). Hence, a greater number of flowers combined with
larger flowers and enhanced visual and olfactory cues likely contributes to maximizing plant reproduction.
Environmental factors such as soil composition and herbivory can affect optical
and chemical flower traits and thereby influence plant reproduction (Elle and Hare,
2002). Such effects are relatively well documented for herbivory (Rusman et al.,
2019b; Kessler and Chautá, 2020). For instance, leaf herbivory by different insect
species resulted in changes in flower morphology, petal colour and the composition of the volatile blend of flowering Brassica nigra plants (Rusman et al., 2019b).
Herbivory may also reduce the amount of volatiles emitted by flowers (Schiestl et
al., 2014; Schiestl, 2015). Consequently, the changes in floral traits in response to
herbivore attack may compromise flower attractiveness and lead to a species-specific disruption of plant-pollinator interactions (Schiestl et al., 2014; Rusman et
al., 2019a; Rusman et al., 2019b). Additionally, herbivore-induced changes in floral
traits can also reduce floral constancy and pollination effectiveness by interfering
with honest signalling (Rusman et al., 2019a). By inducing changes in flower traits
herbivory influences plant reproduction.
Soil composition and nutrient availability can also alter floral traits (Strauss and
Whittall, 2006; Caruso et al., 2019). Soil nutrient enrichment and changes in soil
water levels influence the quality and quantity of available resources, allowing the
plant to increase its investment in flower production (Carvalheiro et al., 2021).
This leads to an enhanced flower display, increasing the probability of pollination
(David et al., 2019). Thus, enhancing the soil with organic substances may positively impact floral traits through changes in soil nutrients and organic matter
content (Parađiković et al., 2019; Rowen et al., 2019). Soil amendments can also
alter the soil microbial community (Rowen et al., 2019). Beneficial microorganisms
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in the soil can enhance flower abundance (Göre and Altin, 2006), colour (Flores et
al., 2007) and size (Kumari et al., 2016), either through direct interactions with the
root microbiome, or by increasing the availability of nutrients in the rhizosphere
(Heinen et al, 2018; Todeschini et al. 2018; De Tender et al, 2019).
Insect exuviae are a novel type of soil amendment that may be used to promote
plant growth and reproduction (Barragán-Fonseca et al., 2022b). Insect exuviae
contain chitin and another nutrients such as nitrogen that stimulate the abundance
and diversity of beneficial rhizobacteria that promote plant growth (Nurfikari and
de Boer, 2021). Thus, insect exuviae have the potential to affect floral traits by
increasing the availability of nutrients, changing nutrient uptake through stimulation of native soil rhizobacteria, and by the changes that these microbes induce
in plants (Barragán-Fonseca et al., 2022b). Furthermore, chitin elicits systemic defence responses in plants against diseases (Parada et al., 2018). However, the indirect interactions between belowground and aboveground organisms via changes
in floral traits are understudied (Barber and Soper Gorden, 2014). Although there
is evidence that soil amendments altered floral traits such as size, display and
volatiles emission with consequences for insect pollinators (Majetic et al., 2017),
no study is known to us that has examined the effect of chitin-based soil amendments on floral traits (Barragán-Fonseca et al., 2022b).
Because plants are exposed to soil composition and herbivory simultaneously,
these factors may interact in their effect on flower traits. Plant resistance to insect herbivores is influenced by physical, chemical and biological properties of
soil (Altieri and Nicholls, 2003). Thus, the type and amount of nutrients supplied
to a plant can affect the performance and abundance of herbivores attacking the
plant (Stafford et al., 2012; Rowen et al., 2019). An increased nutrient availability
in the soil might also support the plant in maintaining development, even when
exposed to herbivory (Meyer, 2000), and minimize herbivory-mediated changes in
floral traits. Alternatively, augmentation of nutrients in the soil can make the plant
more susceptible to insect herbivore attack due to increased nitrogen-to-carbon
ratios in leaves, which enhances herbivore performance (Altieri and Nicholls,
2003) and potentially amplify herbivore-induced effects on flower traits. A deeper
understanding of how herbivory may interact with soil amendment in terms of
their effects on plant traits, would help to expand knowledge on the combined
effects of biotic and abiotic factors above- and belowground. However, to date the
majority of studies investigating the responses of floral traits to herbivory and soil
amendments, including fertilisers, have looked at each factor separately. Studies
on the effects of soil amendments on floral traits are scarce and assessments of
whether the effects of the type of soil amendment and the herbivore pressure may
interact to alter these traits are lacking.
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Materials and Methods
Plants and insects
Black mustard (Brassica nigra (L.) W.D.J. Koch, Accession CGN06619) seeds were
obtained from the Centre for Genetic Resources (Wageningen, the Netherlands),
propagated by natural pollination and exposed to natural conditions in an experimental field near Wageningen University. In a greenhouse (22 ± 1 °C, 50-70 % RH,
L16:D8), seeds were sown in pots (Ø 17 cm, 2 L), in which the plants grew for the
entire duration of the experiment. Plants were individually watered every day to
maintain a high level of soil moisture in the pots.
Two specialist herbivorous insect species were used in the experiment, Pieris
brassicae L. (Lepidoptera: Pieridae) and Brevicoryne brassicae L. (Hemiptera: Aphididae). The insects were reared on Brussels sprouts plants (B. oleracea L. var. gemmifera) at 22 ± 1 °C, 50 -70 % RH, and L16:D8.
Herbivore infestation
Five neonate caterpillars and ten aphids were inoculated on one true leaf per
plant. To prevent aphids from spreading to neighbouring plants, we enclosed the
leaf in a mesh bag, closed around the petiole by wrapping cotton wool around it.
Infestation lasted for seven days. Untreated control plants went through the same
procedure, except for the infestation with the herbivores. The bagged leaves were
cut from all plants prior to performing measurements.
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Here, we evaluate the main and interactive effects of herbivory and soil amendment with exuviae of three different insect species on visual and volatile chemical
traits of flowers of Brassica nigra plants. We tested the following hypotheses: 1. Soil
amendments enhance flower traits such as flower number, petal size and volatile
emission rate. 2. Herbivory affects visual flower traits such as flower number or
petal size and alters olfactory cues from flowering plants by reducing the emission
rate of certain volatile compounds or changing the volatile blend composition. 3.
The effect of soil amendment interacts with herbivory, with positive effects of soil
amendments on visual and chemical floral traits mitigating the potential negative
effects of herbivory. By combining various methodological approaches including
gas chromatography / mass spectrometry, spectroscopy and machine learning, we
provide novel insights into the effects of chitin-based soil amendments on floral
traits and how these effects may mitigate the effects induced by insect herbivory
to maintain pollination success.
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Soil amendment
Soil amendments were made by adding exuviae of either of three insect species:
black soldier fly (Hermetia illucens L., Diptera: Stratiomyidae); hereafter BSF, house
cricket (Acheta domesticus L., Orthoptera: Gryllidae) and yellow mealworm (Tenebrio
molitor L., Coleoptera: Tenebrionidae). Insect exuviae were provided by Bestico
(Berkel en Rodenrijs, the Netherlands), Fair Insects (Dongen, the Netherlands) and
Nijenkamp (Hellendoorn, the Netherlands), respectively. Exuviae were oven-dried
at 60°C for 24 – 48 h until a constant weight was obtained. Samples were pulverized into a fine powder using a TissueLyser II stainless steel ball mill (QIAGEN, CA,
USA). Soil was collected from the experimental fields of Wageningen University
and sieved (Ø 200 mm, 4 mm) to remove pebbles. Soil was amended by mixing
two grams of pulverized insect exuviae per kg of soil. To mix the soil and exuviae,
20 g of powdered exuviae was mixed thoroughly by hand into 10 kg bags of dry
soil. The same procedure was followed for control soil, except that no powdered
exuviae was added.
Plant treatments
Brassica nigra plants were randomly assigned to receive neither, one, or both plant
treatments, i.e. herbivore infestation and soil amendment with insect exuviae.
This resulted in eight groups: no treatment (control, C), soil amendment with yellow mealworm exuviae (MW), BSF exuviae (BSF) or house cricket exuviae (CK),
non-amended soil plus herbivore infestation (H) or soil amendment with yellow
mealworm exuviae plus herbivory (MH), soil amendment with BSF exuviae plus
herbivory (Gupta et al., 2021) or soil amendment with house cricket exuviae plus
herbivory (Giurfa et al., 1994). For flower size, morphology, and colour assays the
CK and CKH treatments were not included because of a limited supply of house
cricket exuviae.
Assessing flower size, morphology, colour and abundance
We investigated the effect of the different treatments on flower size, morphology,
and colour. Whole flowers (single open flowers) were mounted on a platform made
of cork (Ø 2.3 cm), located 11.4 cm under a UV camera (IDS UI-1240LE; resolution
1.31 Mp; lens = IDS-10M11-C2514, 25 mm, 1.1”). A UV ring lamp was mounted
surrounding the camera providing even illumination of the object. After a top‐
view picture was made of the whole flower, the petals were separated from the
rest of the flower, and a top‐view picture was taken from the four petals together.
After image capture, the cork platform containing the petals was transferred to
a spectroscopy set‐up (Rusman et al., 2019b). For two petals, we measured the
top (centered, 0.5 mm below the distal edge of the petal) and the base (centered,
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Plant volatile analysis
To investigate the effect of treatments on the chemical composition of the headspace of B. nigra, ten to fourteen replicate plants per treatment were prepared as
described above. Dynamic headspace sampling of volatiles was carried out in a
climate-controlled room (20 ± 1 °C). The pot with the soil and plant roots were
carefully wrapped in aluminum foil. The plants were then individually placed into
30 L glass jars connected to an air flow. Synthetic air (Air Synthetic 4.0 Monitoring, Linde Gas, Schiedam, the Netherlands) was supplied at 230 ml min-1 to each
jar. Plants were left for 30 min to acclimatize before headspace volatile collection
began. Volatile collection started by drawing air out of the glass jars at 200 ml min-1
through a stainless steel tube filled with 200 mg Tenax TA adsorbent (20/35 mesh;
CAMSCO, Houston, TX, USA) for 1.5 h (Fig.1).
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0.5 mm above the point where the petal narrows and bends downwards) with
a spectrometer (SD2000, Ocean Optics, Largo, FL) using a fiber optic reflection
probe and a deuterium‐halogen light source (DH2000‐FHS, Ocean Optics, Largo,
FL). The spectrometer was calibrated with a white reference (WS‐2, TOP Sensory
Systems) and a black reference (by covering the input fiber). Six flowers of the distal inflorescence of two flowering branches (three flowers per inflorescence) were
analysed for each plant, and flowers were taken from ten plants per treatment.
To retrieve flower size and morphological measurements, we processed whole
flower and petal images by using a classification model created by using images of flowers and petals for separating flower and background. All other images
were segmented by this trained classification model. For UV, we segmented the
images using an intensity thresholding method. A mask was created of the image
by taking the brightest 5% of pixels and darkest 5% in the image. The mask was
then denoised and all small pixel areas removed. Due to the absorption properties of the flowers, the largest area in this mask was the flower. This was done in
MATLAB (Version R2021a) with the perClass toolbox (perClass Enterprise 5.4, PR
Sys Design, Delft, the Netherlands). As a manual check, we inspected each image
after automated segmentation and discarded any segmentations where the mask
did not directly overlap the flower’s area due to glare or shadows. Following segmentation, 30 flower images per treatment were analysed for pixel count (area),
length, width, ratio of fitting ellipse (major and minor chord length) of each petal,
and petal eccentricity (shape of fitting ellipse). We analysed four petals per six
flowers per plant. We assessed flower abundance in response to soil amendment
and herbivory treatment by counting the number of flowers per plant. Flower
abundance, morphology, size and colour were assessed seven days after the first
flower had opened.
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To prevent any contribution from the collection set-up, the adsorbent material,
and the analytical system to the plant volatile profile and to make the necessary
corrections, volatiles from potted soil without a plant and wrapped in aluminum
foil were collected at regular intervals and used as background samples. The Tenax
TA adsorbent with headspace samples was dry purged under a stream of nitrogen
(50 ml min-1) for 15 min at ambient temperature in order to remove moisture. In
addition to the collection of volatiles, the total number of flowers was counted.
The collected volatiles were then thermally released from the Tenax TA adsorbent
using an Ultra 50:50 thermal desorption unit (Markes, Llantrisant, UK) at 250 °C
for 10 min under a helium flow of 20 ml min-1, while simultaneously re-collecting
the volatiles in a thermally cooled universal solvent trap (Unity, Markes) at 0 °C.
Once the desorption process was completed, volatile compounds were released
from the cold trap by ballistic heating at 40 °C sec-1 to 280 °C, which was then kept
for 10 min, while all volatiles were transferred to a ZB-5MS analytical column
(30 m long x 0.25 mm ID x 1 µm F.T. with 10 m built-in guard column (Phenomenex, Torrance, CA, USA), placed inside a Thermo Trace Ultra gas chromatograph
(GC) oven (Thermo Fisher Scientific, Waltham, MA, USA), for further separation
of plant volatiles. The GC oven temperature was initially held at 40 °C for 2 min
and was then raised at 6 °C min-1 to a final temperature of 280 °C, where it was
maintained for 4 min under a constant helium flow of 1 ml min-1. For the detection
of volatiles, a Thermo Trace DSQ quadrupole mass spectrometer (MS), (Thermo
Fisher Scientific) coupled to the GC was operated in an electron impact ionization
(EI) mode at 70 eV in a full scan with a mass range of 35–400 amu at 4.70 scans
sec-1. The MS transfer line and ion source were set at 275 and 250 °C, respectively.
Automated baseline correction, peak selection (S/N > 3) and alignments of all
extracted mass signals of the raw data were processed following an untargeted
metabolomic workflow using MetAlign software, producing detailed information
on the relative abundance of mass signals representing the available metabolites
(Lommen, 2009). This was followed by reconstruction of the extracted mass features into potential compounds using the MSClust software through data reduction by means of unsupervised clustering and extraction of putative metabolite
mass spectra (Tikunov et al., 2012). Tentative identification of volatile metabolites
was based on comparison of the reconstructed mass spectra with those in the
NIST 2014 and Wageningen Mass Spectral Database of Natural Products MS libraries, as well as experimentally obtained linear retention indices (LRIs).

64

Chapter Four

Field soil

Chapter Four

Chapter Four

Field soil +
Field soil +
Field soil + BSF
mealworm exuviae cricket exuviae
exuviae

Field soil

6 Chapter Four

Chapter Four

Field soil +
Field soil +
Field soil + BSF
mealworm exuviae cricket exuviae
exuviae

*

*

No herbivory
HERBIVORY
B

Herbivory
B. brassicae (x10)
P. brassicae (x5)

Number of flowers

Color

Morphology
MEASUREMENTS
B

Chapter Four

VOCs

Length

Area
Width
Roundness

Figure 1. Overview of the experimental design. Seeds of Brassica nigra were sown in field soil or in field soil
amended with BSF exuviae, yellow mealworm exuviae, or house cricket exuviae. After four weeks (morphology and colour analysis) and five weeks (VOC analysis), half of the plants of each treatment were infested with the herbivores Pieris brassicae and Brevicoryne brassicae. Measurements were taken after one week
of herbivore exposure. *For flower morphology and colour assays the cricket treatment was not assessed
because of a limited supply of house cricket exuviae.

Statistical analysis
Analyses of the number of flowers, flower and petal morphology, flower colour
(relative reflectance of yellow and UV) and emission of individual volatile compounds were performed by first selecting the best model from a set of candidate
models based on the Akaike Information Criterion (Burnham, 2002). All candidate
models included the type of soil amendment, herbivory, and their interaction as
explanatory variables, and where relevant included the identity of the plant and
the flower as random intercepts to account for the dependency of observations,
with flower nested in plant when both were included. Candidate models differed
in terms of their probability distributions. We compared models with a Gaussian
and gamma distribution, and where relevant Poisson and negative binomial distributions using (generalized) linear (mixed) models ((G)L(M)Ms). L(M)Ms were
further extended to account for the potential heterogeneity of variance by fitting
generalized least-squares models (GLS) (Zuur et al., 2009). We used diagnostic
plots to verify that model assumptions were met (Zuur et al., 2009). We estimated
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the effect size and significance of fixed factors using type II Wald Chi-square-tests.
Pairwise post-hoc comparisons were evaluated by Tukey’s honest significant difference (HSD) test and contrasts were considered significantly different at P ≤ 0.05.
Statistical analyses were done using the emmeans (Russell, 2018), glmmTMB
(Brooks et al., 2017), lme4 (Bates, 2015), car (Fox and Weisberg, 2019), and nlme
(Pinheiro et al., 2021) packages in R v.4.0.0 (Team, 2018), and R studio v. 1.4.1106.
We analysed reflectance spectra with permutational multivariate analyses of variance (PERMANOVAs). In a first analysis, we included the type of soil amendment,
herbivory, their interaction, petal part (top or base), plant and flower identity.
Because we were mostly interested in the effect of type of soil amendment and
herbivory, and because the overall analysis identified large difference between
the top and base part of petals, we performed separate analyses per petal part
(Rusman et al., 2019b). The final models were performed with the type of soil
amendment, herbivory, and their interaction as explanatory variables. Because
plant and flower identity explained a significant part of the variation, we corrected
for dependency of observations by performing stratified permutations with flower
identity nested in plant identity. To ensure equal groups we removed plants with
incomplete sampling. We then randomly drew 7 plants for treatments with more
than 7 replicates remaining and performed the PERMANOVA. We repeated the
random draw of 7 plants followed by PERMANOVA 100 times and the median,
first and third quartiles, and 5th and 95th percentiles of the 100 R2 and P values
we obtained. Although PERMANOVA is robust to heterogeneity of multivariate
dispersion (Anderson and Walsh, 2013; Anderson, 2017), we performed homogeneity of variance tests for type of soil amendment and herbivory. We used the
vegan package for these analyses (Oksanen et al., 2007). To investigate which soil
amendment types and herbivory combination differed in their spectrum, we performed support vector machine analysis (SVM). An SVM is a mathematical model
to separate the different treatments by finding a vector that gives the maximum
separation between the classes in multiple dimensions. In two dimensions this
can be thought of as a line, in three dimensions as a plane, and it can be applied
to n-dimensional datasets such as spectra where each wavelength is a dimension
(Noble, 2006). We used 80% of the dataset to train the SVM model and the remaining 20% of the data to test how well the classification performed. To assess the
performance of the classification model we used confusion matrices. A confusion
matrix shows the breakdown of the different treatments, and how many of them
were correctly classified. From the confusion matrices we calculated the recall
and the precision. The recall is the number of true positives divided by the sum
of true positives and false negatives. The precision is the number of true positives
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Peak heights of emitted volatiles were imported into SIMCA-P 17 statistical software (Umetrics, Umeå, Sweden), followed by log-transformation, mean-centering
and unit-variance scaling before subjecting the data to multivariate data analysis.
Supervised orthogonal partial least squares-discriminant analysis (OPLS-DA) were
used as a multivariate tool to compare and correlate treatment groups. The results are visualized as score plots revealing the sample structure according to the
model components and loading plots showing the contribution of variables to
the components as well as relationship among the variables. R2 and Q2 metrics,
which describe the explained variation within the data set and the predictability
of the model, respectively, were calculated based on the averages of the sevenfold
cross-validation. Compounds with variable importance in the projection (VIP) with
score values ≥ 1 were considered potentially relevant and subjected to analyses to
test for significant differences between treatments. For each of these compounds,
we selected the best model from a group of candidate LM and GLS models. These
models included the type of soil amendment, herbivory, and their interaction as
explanatory variables and differed in terms of their variance functions. We selected the best model by AIC comparison and validated the model assumptions and
the effect sizes and significance of explanatory variables as explained above.

Results
Flower abundance, morphology and colour
The type of soil amendment is a significant predictor of the number of flowers produced in B. nigra plants, independent of herbivory treatment (Chi-square = 81.62; df
= 3; p < 0.001). Soil-amendment-treated plants had 49% more flowers than plants
grown in soil without amendment. Although plants exposed to herbivory had 13%
fewer flowers than uninfested plants, this effect was not significant (Chi-square =
3.7429; df = 3; p = 0.053; Fig. 2).
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divided by the sum of true positives and false positives. The overall accuracy was
calculated as the number of correct classifications divided by the sum of correct
and incorrect classifications. Statistical analysis was performed using MATLAB
(Version R2021) with the perClass toolbox (perClass Enterprise 5.4, PR Sys Design,
Delft, the Netherlands).
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Figure 2. Number of flowers developed by Brassica nigra plants growing for 5 weeks in soil amended with
yellow mealworm exuviae (MW), BSF exuviae (BSF) or house cricket exuviae (CK), with or without infestation with both Pieris brassicae caterpillars and Brevicoryne brassicae aphids. Control plants (C) grew in
soil without soil amendment. Boxplots show median (horizontal bold line), first and third quartiles, and
minimum and maximum. Dots represent the samples that were not in the 25-75% interval. Flowers were
counted after 7 days of herbivory. Boxes within each panel that have no letters in common are significantly
different (Tukey’s post hoc test; α=0.05). Number of replicates per treatment varied between 10 to 12
plants. A is the type of soil amendment, H is herbivory and A*H is the interaction between type of soil
amendment and herbivory, followed by p-values.

Herbivory affected flower size characteristics, such as flower area, petal area, petal
length and petal width. Herbivory-treated plants produced flowers with 17% smaller area (Chi-square = 24.8334; df = 2; p < 0.0001), 26% smaller petal area (Chi-square =
2.0418; df = 2; p < 0.0001; Fig. 2a), 12% smaller petal length (Chi-square = 2.0418; df
= 2; p < 0.0001; Fig. S1a) and 14% smaller petal width (Chi-square = 12.4073; df = 1;
p < 0.0001; Fig. S1b) than plants of the control treatment. Herbivory did not affect
petal circularity (Chi-square = 0.0646; df = 1; p = 0.80 ; Fig. 3b). Soil amendment did
not influence any petal morphology characteristics.
The spectral profile of the top and base parts of petals differed significantly (PERMANOVA: R2 = 51.4, df = 1, p < 0.001; Fig. 4). Therefore, we performed separate
analyses for the top and base parts. The colour of top and base parts of B. nigra petals
was affected by the type of the soil amendment and herbivory (Fig. 4a; b). The high
accuracy of the SVM models shows the ability to discriminate and identify the individual treatments based on the top and base spectra (Fig. 4c, d). In other words, the
SVM models indicate that the spectra of individual treatments differ substantially.
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Figure 3. Morphometry for flowers of Brassica nigra plants grown in soil amended with yellow mealworm exuviae (MW) or BSF exuviae (BSF) with or without
herbivore infestation with Pieris brassicae caterpillars and Brevicoryne brassicae aphids. Control plants (C) grew in soil without soil amendment. We measured (a)
petal area (b) roundness. Boxplots show median (line), first and third quartiles, and minimum and maximum. Dots represent the samples that were outside of
the 25-75% interval. Measurements were taken after 7 days of herbivory feeding. Six flowers of the distal inflorescence of two flowering branches (three flowers
per inflorescence) were analysed for each plant, and flowers were taken from ten plants per treatment. Number of samples per treatment varied between 185
and 225 petals. A is the type of soil amendment, H is herbivory and A*H is the interaction between type of soil amendment and herbivory, followed by p-values.
Boxes within each panel that have no letters in common are significantly different (Tukey’s post hoc test; α=0.05).
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Figure 4. Reflectance spectra with relative diffuse reflectance of wavelengths (300-700 nm) of the top part
(a) and base part (b) of petals of Brassica nigra plants grown in soil amended with yellow mealworm exuviae
(MW) or BSF exuviae (BSF), herbivore infestation with Pieris brassicae caterpillars and Brevicoryne brassicae
aphids (H) or soil amendment with yellow mealworm exuviae plus herbivory (MW+H) or soil amendment
with BSF exuviae plus herbivory (BSF+H). Control plants (C) grew in soil without amendment. Shaded
areas indicate the standard deviation of the spectral data. The red dot in the figure of the flower indicates
where the measurements were taken. Six flowers of the distal inflorescence of two flowering branches
(three flowers per inflorescence) were analysed for each plant, and flowers were taken from ten plants
per treatment. Number of samples per treatment varied between 185 and 225 petals. A is the type of soil
amendment, H is herbivory and A*H is the interaction between type of soil amendment and herbivory,
followed by p-values. Bottom panels show confusion matrices of support vector machine classifiers for the
reflectance spectra of (c) the top (F score: 84%, Precision: 86%, Recall: 82%) and (d) the basal part of petals
(F score: 82%, Precision: 83%, Recall: 81%).

Spectral profiles of B. nigra petals contained two wavelength regions of interest:
the yellow/orange region (570–650 nm) and the UV region (310–370 nm). The
relative diffuse reflectance (RDR) of yellow/orange of the base part of petals was
affected by herbivory (Chi-square = 3.91; df = 1; p = 0.048, Fig. 5b). Petals of plants
infested with herbivores reflected less yellow/orange than did uninfested plants.
The relative diffuse reflectance of yellow/orange (Chi-square = 2.18; df = 1; p =
0.140, Fig. 5a) and UV (Chi-square = 1.60; df = 1; p = 0.207, Fig. 5c) of the top part of
petals was not affected by herbivory, and neither was the ratio RDR yellow/RDR
UV (Chi-square = 0.15; df = 1; p = 0.699, Fig. 5d). Soil amendment did not influence
the relative diffuse reflection of the yellow/orange and UV regions of the top and
base part of the petals.
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Figure 5. Relative diffuse reflectance (RDR) of yellow (570–650 nm) and UV (310–370 nm) wavelengths by
petals of Brassica nigra plants grown in soil amended with yellow mealworm exuviae (MW) or BSF exuviae
(BSF) with or without herbivore infestation with Pieris brassicae caterpillars and Brevicoryne brassicae aphids.
Control plants (C) grew in soil without soil amendment. (a) RDR of yellow of top parts of petals. (b) RDR
of yellow of base parts of petals. (c) RDR of UV of top parts of petals. (d) Ratio RDR yellow/RDR UV of top
parts of petals. Boxplots show median (bold horizontal line), first and third quartiles, and minimum and
maximum. Outliers are represented by dots. The red dot on the flower images indicates where measurements were taken (top or base). Six flowers of the distal inflorescence of two flowering branches (three
flowers per inflorescence) were analysed for each plant, and flowers were taken from ten plants per treatment. Number of samples per treatment varied between 185 and 225 petals. From each plant, six flowers
were used, of which two petals were measured, both top and base parts. A is the type of soil amendment,
H is herbivory and A*H is the interaction between type of soil amendment and herbivory, followed by
p-values.

Plant volatile emission
Across the eight treatments, 63 different volatile organic compounds (VOCs)
were detected in the headspace of B. nigra plants. The list of VOCs detected and
measured comprised different classes including carbonyls (4.8%), monoterpenes
(52.4%), sesquiterpenes (6.3%), homoterpenes (3.2%), benzenoids or/and phenylpropanoids (6.3%) and nitrogen and/or sulphur containing compounds (20.6%)
(Table S2). The monoterpenes: α-pinene, limonene, allo-ocimene and verbenone
were among the most abundant VOCs in the blends, that also contributed to the
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separation between the treatments together with the benzenoids: benzyl alcohol
and 4-methoxybenzaldehyde (VIP score values ≥ 1, Table S2). OPLS-DA of all the
treatments resulted in a weak (R2X = 0.39, R2Y = 0.285, Q2 = 0.055) but significant
(CV-ANOVA p = 0.048) model with two predictive principal components explaining 31.9% and 7.5% of the total variance, respectively (Fig. 6). The first principal
component separates the control treatments from the exuviae-amendment treatments. The OPLS-DA score plot (Fig. 6) shows the effect of the treatments on
plants grown in soil amended (colour coded symbols) clustering together, apart
from the non-amended soil treatments (non-coloured open symbols). The separation of the control plants from the exuviae-amended plants along the first ordination axis, especially in relation to the MW and CK treated plants, is indicative of
the influence of the soil amendment on VOC emission, which is also supported by
the loading plot (Fig. 6b). The second principal component separates the samples
based on the presence of insect herbivory (Fig. 6). The emission of 34 compounds
was influenced by the type of soil amendment (Table S2). These include 12 compounds, whose significance was attributed mainly to the type of soil amendment,
and not to herbivory (Table S2). Exposure of plants to herbivory resulted in quantitative differences in 24 compounds, of which three were affected by herbivory alone and not by soil amendment (Table S2). The effects of soil amendment
and herbivory significantly interacted for the emission of ten volatile compounds.
Twelve headspace components were affected by both factors but without interaction effect (Table S2).
When investigating differences among the types of soil amendments used in terms
of their effects on VOC levels of B. nigra plants, we found no difference in total VOC
blend among plants without herbivory grown in soil amended with the different
exuviae types (CV-ANOVA, p = 1). Likewise, we found no significant difference
among plants grown in amended soil induced by herbivory (CV-ANOVA, p = 1).
Hence, due to the lack of differences we decided to treat the soil-amendment
treatments as one class while keeping their colour codes for individual treatments
and compare them against control samples. The OPLS-DA (R2X = 0.405, R2Y = 1,
Q2 = 0.227) to assess differences in headspace composition among plants grown
in control soil and those grown in amended soil without herbivory generated a
significant model (CV-ANOVA, p = 0.021) with one predictive and one orthogonal
component (Fig. S2a). Control plants grown on unamended soil are separated from
those grown on exuviae-amended soils (Fig. S2a). A strong correlation between
soil amendment treatments and VOC blend is also supported by the loading plot
(Fig. S2b). In total, 31 compounds showed to be important in the separation, with
a VIP sore values ≥ 1, of which 71% were monoterpenes (Table S2).
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Figure 6. Effects of soil amendment and herbivory on the headspace composition of Brassica nigra plants.
Plants were grown in field soil (C, n = 12) or in field soil amended with yellow mealworm exuviae (MW, n
=12), BSF exuviae (BSF, n=13) or house cricket exuviae (CK, n = 12). Four additional treatments were infested with Pieris brassicae caterpillars and Brevicoryne brassicae aphids: control plants (C+H, n = 11); plants grown
in soil amended with yellow mealworm exuviae plus herbivory (MW+H, n = 14), amended with BSF exuviae
plus herbivory (BSF+H, n = 10) or amended with house cricket exuviae plus herbivory (CK+H, n = 10). For the
OPLS-DA the three soil amendments were included as a single treatment, i.e. soil amendment with exuviae.
(a) OPLS-DA score plot of the headspace composition of different treatment groups depicted as a two-dimensional score plot using the first two PLS components. The ellipse represents the 95% confidence interval
using Hotelling’s T2 statistic. (b) Loading plot displaying the contribution of each volatile compound to the
separation between the two treatment groups, i.e. control versus soil amendment. For compound identities
indicated by numbers in the loading plot, please refer to Supporting Information Table S2.
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In a similar fashion, we evaluated whether soil amendment with insect exuviae
impacted the headspace composition of plants exposed to herbivore attack. OPLSDA (R2X = 0.509, R2Y = 1, Q2 = 0.361) on herbivory-treated plants generated a significant model (CV-ANOVA, p = 0.027) with one predictive and three orthogonal
components (Fig. S2c). The separation of control plants exposed to herbivory from
plants grown on amended soil and exposed to herbivory shown in Figure S2c compared to what we observed for intact plants (Fig. S2a) suggests that effect of soil
amendment is contributes more to the separation of the samples than the effect
of herbivory. In the analysis, 25 VOCs appeared to be important in the separation
of control plants under herbivory from the plants grown on amended soil under
herbivory, with a VIP score values ≥ 1 (Table S2). Again, the separation was clearly
influenced by terpenoid emission, where 84% of VOCs with VIP values ≥ 1 were
monoterpenoids (Table S2). It is important to note that the two identified and
measured isomeric sesquiterpenes of α-farnesene were also among the important VOCs for the separation of the groups with a VIP values ≥ 1. The correlation
between the emission rates of VOCs and soil amendment is visible in the loading
plot (Fig. S2d).
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Discussion
Our study provides evidence that both visual and olfactory plant traits are affected by amending soil with insect exuviae, as well as by exposing the plants to
insect herbivory. Overall, soil amendment increased plant traits such as flower
display and amount of VOC emission of B. nigra plants, while insect attack negatively affected petal size and volatile emission. Specifically, the number of flowers
per plant was greater for plants grown in amended soil, whereas petal area was
reduced upon herbivory by a combination of caterpillars and aphids. In addition,
flower colour spectra and volatile emission were affected by both factors, and for
some of the components of the volatile blend we found significant interactions
between type of soil amendment and herbivory. Taken together, these results
demonstrate that insect exuviae as soil amendment can enhance flower traits and
can counteract the negative effects of herbivory on these plant traits. Importantly, our study provides the first evidence of the individual and interaction effects
of soil amendment and herbivory on visual and olfactory plant traits involved in
plant-pollinator interactions.
Changes in flower traits in response to environmental factors may influence plant
reproductive success. The positive effect of soil amendment with insect exuviae
on the number of flowers (Fig. 2) indicates that plants grown on amended soil invested more resources in reproductive tissues than control plants. Insect exuviae
as soil amendment may influence flower traits through the supply of chitin and
nutrients (e.g. nitrogen) that promote growth and influence the development of
flower traits. The use of chitin-based soil amendment has been shown to supply
nitrogen and calcium to plants (De Tender et al., 2019; Shamshina et al., 2020).
Furthermore, soil amendments containing chitin can stimulate populations of chitinolytic bacteria (Debode et al., 2016), that are known to degrade chitin, thus
releasing nutrients that can be used by plants and microorganisms (De Tender et
al., 2019). This increase in nutrient availability and population size of beneficial
microorganisms has been shown to increase the number of flowers, corolla size
and raceme display size of plants (Burkle and Irwin, 2009; Rebolleda‐Gómez et al.,
2019). These flower traits have been found to be good predictors for the number
of visits by insect pollinators (Salisbury et al., 2015; Kuppler et al., 2021). By altering pollinator-attractive plant traits in response to the use of insect exuviae as soil
amendment, plants may additionally alter pollinator attraction and subsequently
impact seed production (Chapter 2).
Petal colour acts as a visual signal that is used by flower-visiting insects (Iriel &
Lagorio, 2010; van der Kooi et al., 2019) and can be affected by environmental
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In addition to the effects on visual floral traits, soil amendment also altered chemical traits of B. nigra plants. For plants grown in soil amended with insect exuviae,
the amounts of volatiles emitted were higher than for control plants grown in
unamended soil (Table S2). Plant volatiles can be affected by biotic (Todeschini
et al., 2018) and abiotic environmental factors in the soil (Cna’ani et al., 2021).
The nutrient concentrations in the soil greatly influenced the volatile emission
from corn plants, with lower emission rate of volatiles when plants were grown in
low-nutrition conditions (Gouinguené and Turlings, 2002). Several studies showed
that herbivory reduced the emission of floral VOCs (Kessler et al., 2010; Pareja
et al., 2012; Schiestl et al., 2014). We found that the reduction in VOC emission
by flowering plants in response to herbivory was prominent for compounds like
phenylacetaldehyde and benzyl alcohol, that are common flower volatiles (Farré-Armengol et al., 2020), which are known to elicit foraging responses in pollinating insects (Schiestl et al., 2014; Farré-Armengol et al., 2020; Mas et al., 2020).
Furthermore, herbivory negatively affected all petal size traits that we quantified
(Fig. 3a, Fig. S1). Folivory is known to affect flower morphology (Strauss and Whittall, 2006; Rusman et al., 2019b), abundance, colour (Lucas‐Barbosa et al., 2016;
Rusman et al., 2019b) and plant VOC emission (Kessler et al., 2011; Schiestl, 2015;
Lucas‐Barbosa et al., 2016). As a consequence, changes in plant traits induced by
foliar herbivory may affect the behaviour of flower visitors with effects on the
structure of flower–visitor networks and, consequently, plant fitness (Hoffmeister
et al., 2016; Lucas-Barbosa, 2016; Kessler and Chautá, 2020).
Despite the effects of soil amendments and herbivory on specific traits of flowering plants, it is important to consider that insect pollinators respond to multiple
plant traits. Visual and olfactory flower traits may act additively or synergistically
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factors like temperature, light and nutrition (Burchi et al., 2010). By increasing
nutrient availability for plants, beneficial rhizobacteria can have important positive effects on flower colour, implying a beneficial effect of insect exuviae as soil
amendments on plant-pollinator interactions (Barragán-Fonseca et al., 2022b). For
example, Tagetes erecta plants grown in soil inoculated with the plant-growth-promoting rhizobacterium Bacillus subtilis, produced more and heavier flowers with
an increased colour intensity (Flores et al., 2007). Although the colour of top and
base parts of B. nigra petals was also affected by the type of soil amendment, we
did not detect an increase in relative diffuse reflectance of the light in the yellow and UV region. Therefore, effects of the soil amendment-induced changes on
pollinator attraction are hard to predict, and behavioural experiments have to be
conducted to investigate the actual effects of insect exuviae as soil amendments
on pollinator behaviour via changes in flower color.
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in attracting pollinators (Junker and Parachnowitsch, 2015; Lucas‐Barbosa et al.,
2016). For example, pollinators can use flower colour as main cue, while additionally exploiting other floral traits such as shape and volatile emission (Garcia et al.,
2019). Furthermore, effects on traits of flowering plants can differentially influence pollinator taxa. First, because insect pollinator species have distinct visual
systems (Briscoe and Chittka, 2001) and different olfactory receptors (De Bruyne
and Baker, 2008). Second, because flower visitors can exploit different flower cues
depending on the nutritional resources they require (Lucas‐Barbosa et al., 2016).
Furthermore, even with a low number of pollinators, a large number of flowers can
increase reproductive success of the plant by increasing availability of pollen that
enhances pollen transfer efficiency (Motzke et al., 2015).
Our data suggest that the interactive effects of soil amendment and herbivory on
flowering B. nigra plants may have important consequences for pollinator attraction. We show that VOC emission is affected by soil amendment and herbivory,
where soil amendment with exuviae had a stronger effect than herbivory (Table
S2, Fig. 6, Fig. S2). There was a significant interaction between soil amendment
and herbivory on the emission of several volatile compounds (Table S2). Herbivory reduced the emission rate of VOCs, while soil amendment with insect exuviae
resulted in increased volatile emission. Notably, plants growing in soil amended
with insect exuviae, that were exposed to herbivory, showed a smaller reduction
in the amount of specific volatiles emitted compared to plants grown in soil without soil amendment (Table S2). This is the case for e.g. phenylacetadehyde, a compound used by insect pollinators of B. rapa as honest signal indicative of flower
reward (Knauer and Schiestl, 2015). Significant interactions between soil amendment and herbivory were found mainly for monoterpenes (Table S2). Monoterpene emissions may protect plants against abiotic stress (Glenny et al., 2018) and
biotic stress, such as herbivory (Heil, 2008). Plant defence against herbivores may
be the main role of these terpenoids, followed by their effects on pollinator attraction (Schiestl, 2010).
Our study demonstrates that visual and chemical traits of flowers change in response to soil amendment with insect exuviae and herbivory and that these variables significantly interact. These effects are likely influencing the fitness of plant
species such as B. nigra, which rely on insect pollinators for reproduction. Plants
grown in amended soil had more flowers and a higher volatile emission. The significant interaction effect between soil amendment and herbivory on VOC emission
showed that positive effects of soil amendment can compensate the negative effects of herbivory. As a result, plants growing in soil amended with insect exuviae
can be more attractive for insect pollinators even when exposed to herbivory, and
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Supporting information
Table S1. Percentile distribution of the results obtained after repeated random sampling (100 randomizations) for equal sample size followed by stratified PERMANOVA (1000 permutations) of the reflectance spectra with relative diffuse reflectance of
wavelengths (300-700 nm). The top part and base part of petals of Brassica nigra plants
grown in soil amended with insect exuviae were analysed separately. A is the type of
soil amendment; H is herbivory and A*H is the interaction between type of soil amendment and herbivory. The table presents the multivariate R2 as fit statistic followed by
P values.
A
Top part

R

H

2

A*H

P

R

P

R

2

2

P

5 percentile

1.2

0.138

1.3
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this might be translated into higher plant fitness (Barragan-Fonseca et al. 2022b).
Incorporating effects of aboveground-belowground interactions as affected by environmental factors will increase our understanding of the evolution of flowers
and their associated ecological networks (Heinen et al., 2018; Dalrymple et al.,
2020; Carvalheiro et al., 2021).
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Figure S1. Morphometry of flowers of Brassica nigra plants grown in soil amended with yellow mealworm exuviae (MW) or BSF exuviae (BSF), herbivore infestation with Pieris brassicae and Brevicoryne brassicae (H) or soil amendment with yellow mealworm exuviae plus herbivory or soil amendment with BSF exuviae plus
herbivory. Control plants (C) grew in soil without soil amendment. We measured (a) petal length and (b) petal width. Boxplots show median (horizontal line),
first and third quartiles, and minimum and maximum. Dots represent the samples that were not in the 25-75% interval. Measurements were taken after 7 days
of herbivory. Number of samples per treatment varied between 185 and 225 petals. A is the type of soil amendment, H is herbivory and A*H is the interaction
between type of soil amendment and herbivory, followed by P values. Boxes within each panel that have no letters in common are significantly different (Tukey’s
post hoc test; α=0.05).
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Figure S2. Effects of soil amendment and herbivory on the blend of volatile compounds collected in the
headspace of Brassica nigra plants. Plants were grown in field soil (C, n = 12) or in field soil amended with
yellow mealworm exuviae (MW, n=12), BSF exuviae (BSF, n=13) or house cricket exuviae (CK, n=12). Four
additional treatments were infested with Pieris brassicae caterpillars and Brevicoryne brassicae aphids: control
plants (H, n=11); plants grown in soil amended with yellow mealworm exuviae plus herbivory (MW+H,
n=14), amended with BSF exuviae plus herbivory (BSF+H, n=10) or amended with house cricket exuviae
plus herbivory (CK+H, n=10). Two-dimensional OPLS-DA score plots using the first two PLS components
shows separation of plants grown in amended soil from that of control without herbivory (a) and with
herbivory (c) based on their headspace composition. The ellipse represents 95% confidence interval using
Hotelling’s T2 statistic. Loading plots provided in (b) and (d) are displaying the contribution of each volatile compound to the separation between treatment groups complementing the score plots in (a) and (c),
respectively. For compound identities indicated as numbers in the loading plots (b) and (d), please refer to
Supporting Information Table S2.
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(E )-2-Methyl-2-butenal

6

194.2 ± 146.5

111.8 ± 86.4

258.1 ± 153.4

16 β-Pinene

17 Myrcene

20 p-Cymene

21 α-Phellandrene

29 γ-Terpinene

27 E -β-Ocimene
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216.0 ± 154.5
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BSF
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347.9 ± 258.1

861.1 ± 464.4

128.5 ± 103.5
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C
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1667.5 ± 616.6

41.5 ± 14.0
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79.0 ± 42.8
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25 β-Phellandrene

26 1,8-Cineole

718.3 ± 264.0

23 Limonene

44.5 ± 29.5

192.5 ± 119.0

15 Sabinene

22 α-Terpinene

74.1 ± 48.7

409.5 ± 231.0

14 Verbenene

31.2 ± 15.1

1328.9 ± 508.3

12 α-Pinene

259.9 ± 187.5

88.1 ± 198.4

111.3 ± 81.1

11 α-Thujene

Monoter penes

3-Hydroxy-2-butanone

4

Car bonyls

2,3-Butanedione

1

C

No herbivory

ns

**

H

**

**

***

***
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*

*** ***

*** ***

***

*** ***

*** ***

*** ***
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*** ***

***

***

A

ns

ns

***

***

ns

***
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***

ns

***

ns

ns

A* H

Significance

Table S2. Volatile compounds in the headspace of flowering Brassica nigra plants. Plants were grown in field soil (C, n = 12) or in
field soil amended with yellow mealworm exuviae (MW, n=12), BSF exuviae (BSF, n=13) or house cricket exuviae (CK, n=12). Four
additional treatments were infestation with the herbivores Pieris brassicae and Brevicoryne brassicae of control plants (C+H, n=11) or
of plants grown in soil amended with yellow mealworm exuviae plus herbivory (MW+H, n=14), amendment with BSF exuviae plus
herbivory (BSF+H, n=10) or amendment with house cricket exuviae plus herbivory (CK+H, n=10). Compound numbers for compounds with variable importance in the projection (VIP) score values ≥ 1 are underlined (Figure 6). A is soil amendment type, H is
herbivory and A*H is the interaction between type of soil amendment and herbivory. Peak height for each compound was divided
by 105. Significance codes: *** = P < 0.001, ** = 0.001 < P < 0.01, * = P < 0.05, ns = P > 0.05
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25.5 ± 33.2

54.3 ± 55.2
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153.9 ± 113.3

102.7 ± 83.3
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16.4 ± 26.4
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105.6 ± 71.5
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(Z )-Cinerone
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E -Verbenol
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MW
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No herbivory
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neo-Alloocimene
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9.6 ± 5.2

(E )-β-Ocimene epoxide
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32
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242.7 ± 136.4

61 (E,E )-α-Farnesene

2-Butenenitrile

3-Butenenitrile

Methyl thiocyanate

2

3

5

Nitr ogen and/ or
sulphur containing
compounds

24 Benzyl alcohol
28 Phenylacetaldehyde
52 4-Methoxybenzaldehyde
55 4-Methoxybenzylalcohol

Benzenoids or / and
phenylpr opanoids

4.5 ± 3.3

235.5 ± 199.7

54.4 ± 59.9

60.2 ± 50.5

5.9 ± 4.5

349.2 ± 249.7

98.9 ± 101.0

58.7 ± 55.1

248.3 ± 242.7

27.9 ± 32.9

MW

9.5 ± 9.0

404.4 ± 336.2

64.1 ± 54.1

92.1 ± 78.1

261.2 ± 325.0

30.6 ± 26.8

CK

36.4 ± 10.8

247.2 ± 117.5

37.0 ± 15.8

56.4 ± 56.0

42.3 ± 11.1

535.7 ± 373.5

76.6 ± 58.3

99.8 ± 198.4
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67.5 ± 53.7
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51.0 ± 23.7

638.9 ± 279.1

60.2 ± 45.9

96.0 ± 58.5

49.9 ± 29.5

977.4 ± 1734.4

171.9 ± 358.4

29.7 ± 23.7
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333.8 ± 646.5
625.3 ± 444.2
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30.8 ± 38.7
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22.9 ± 28.2

C

Peak Height (M ean ± SD)

1651.6 ± 1100.9 1699.2 ± 1248.6 2723.3 ± 1777.8 3011.4 ± 1708.0
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No herbivory
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58 7-α-H-Silphiperfol-5-ene

33

(E )-4,8-Dimethyl-1,3,7nonatriene
62 (E,E )-4,8,12Trimethyltrideca-1,3,7,11-
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BSF

7.5 ± 6.6
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29.6 ± 28.1

CK
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***

H
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*

*** ***
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A

60.7 ± 17.5

506.8 ± 214.9

61.3 ± 33.0

126.1 ± 237.5
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81.2 ± 65.6

***
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2023.2 ± 1951.8 1287.5 ± 1016.4 *** ***
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898.3 ± 618.8

9.2 ± 7.6
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35.1 ± 35.3

MW

Herbivory

ns

ns
***

ns

***

ns

ns

A* H
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525.0 ± 365.6

3.5 ± 3.5

10 Allyl isothiocyanate

Methyl 1-propenyl
13
disulfide

19 3-Nicotinaldehyde

1056.1 ± 833.9

74.1 ± 134.5

60.9 ± 105.9

49 2-Aminobenzaldehyde

50 4-Methylbenzaldoxime

53 Benzyl isonitrile
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30.2 ± 20.4

44.4 ± 72.9

59 Unknown

95.1 ± 39.7

31.7 ± 23.6

18 Unknown

Unknown

(Z )-3-Hexen-1-ol

7

8

291.7 ± 501.0

84.4 ± 117.8

106.8 ± 154.2

46.5 ± 38.5
112.5 ± 188.6

49.6 ± 29.5

802.5 ± 1754.1

94.3 ± 60.7

269.7 ± 298.2

143.3 ± 204.1

275.9 ± 122.7

77.2 ± 52.4

310.2 ± 340.0

2108.9 ± 1290.0 1850.7 ± 1233.3

81.9 ± 82.6

100.5 ± 103.5

2101.0 ± 1426.1 1777.4 ± 893.8

312.5 ± 191.1

MW
428.7 ± 291.1

CK

34.6 ± 34.5

16.8 ± 9.9

184.2 ± 117.6

14.4 ± 8.4

43.1 ± 34.8

458.1 ± 298.4

11.5 ± 14.2

12.5 ± 16.5

347.1 ± 292.2

304.3 ± 149.1

189.7 ± 108.9

0.8 ± 1.6

56.3 ± 37.1

27.3 ± 12.8

741.5 ± 1056.5

35.1 ± 22.2

109.8 ± 101.4
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Abstract
To promote circularity in agriculture, the residual streams from the production of insects as feed and food, such as insect exuviae (moulted skins), can
be a sustainable novel organic soil amendment for crop production. Organic soil amendments can influence soil composition by providing nutrients
and stimulating the growth of beneficial microorganisms. Soil composition
significantly impacts plant growth and resistance against herbivores. However, little is known about the effect of soil composition on flower visitors
and seed production. Here, we added black soldier fly (BSF; Hermetia illucens) exuviae to soil to investigate the effects on plant growth, plant resistance against two insect herbivores, and the consequences for attraction
of pollinators and seed yield. Brassica nigra seeds were sown in field soil
or in field soil mixed with powdered BSF exuviae. Four-week-old plants
were planted in a common garden. The effects on vegetative and flower
traits, interactions with flower visitors and seed yield were quantified. In
addition, the performance of the leaf-chewing larvae of Pieris brassicae and
the piercing-sucking aphid Brevicoryne brassicae were assessed. Brassica nigra
plants grown on soil amended with BSF exuviae showed increased growth,
had more flowers and flower visitors, and higher seed production. Herbivory neither affected number of flowers nor seed production, suggesting
tolerance and compensatory growth responses to herbivory compared to
plants growing in soil without the addition of BSF exuviae. After five weeks
fewer aphids were found on plants growing in amended soil. Our findings
show that BSF exuviae added to soil can positively affect tolerance to herbivory and seed production of B. nigra, an insect-pollinated plant species.
Moreover, adding insect exuviae as soil amendment in the field benefits
plant-pollinator mutualism and seed yield even during herbivore attack in
the field. Use of by-products from insect production as soil amendment can
contribute to sustainable agricultural practices along with the conservation
of ecosystem services.
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Plants are engaged in interactions with insects (Van Dam and Heil, 2011) and microbes above and belowground. Aboveground interactions include mutualistic interactions with pollinators and antagonistic interactions with insect herbivores;
belowground interactions involve, among others, microorganisms such as fungi and bacteria that can be detrimental or beneficial to the plant (Van Dam and
Heil, 2011; Friman et al., 2021). Moreover, organisms associated with either the
shoot or the root system may influence each other through plant-mediated interactions (De Deyn, 2017; Heinen et al., 2018). All of these interactions may affect
the involved organisms in a positive or negative way and subsequently impact the
plant-associated community (Wardle et al., 2004; Van Dam and Heil, 2011; Barber
and Soper Gorden, 2014).
Herbivore feeding induces changes in the morphological or chemical phenotype of
plants thereby affecting plant reproduction (Chrétien et al., 2018; Jacobsen and Raguso, 2018; Rusman et al., 2018). For example, herbivory induces the biosynthesis of secondary plant metabolites that defend plants against herbivores. Moreover, herbivory changes flower morphology, flower volatile emissions, and pollinator
rewards, which influence pollinator behaviour (Chauta et al., 2017; Rusman et al.,
2019a). Furthermore, the evolution of plant traits can be affected by the interaction
of the activities of pollinators and herbivores (Ramos and Schiestl, 2019). Insect
herbivory has direct and indirect effects on many members of the plant-associated
community and may influence the composition of the pollinator community (Rusman et al., 2018). Overall, a trade-off between plant defense and plant reproduction
has been proposed (Herms and Mattson, 1992).
Plant reproduction can be affected not only by insect herbivory, but also by soilborne microorganisms. Beneficial bacteria, such as plant-growth-promoting rhizobacteria (PGPR), can stimulate flower abundance, and consequently influence
plant reproduction. For example, rhizobacteria from the genus Bacillus enhanced
the abundance of Tages erecta flowers (Flores et al., 2007). In previous studies, flower abundance was the best predictor of the abundance of insect pollinators (Salisbury et al., 2015).
PGPR can furthermore promote plant performance by increasing plant defence
against aboveground attackers through the induction of systemic resistance (ISR),
which proved to be effective against a wide range of pathogens and insect pests
(Gadhave et al., 2016; Pineda et al., 2017). In particular, ISR is predominantly effective against pests that are sensitive to defence mediated by the JA and ET signalling pathways (Van Oosten et al., 2008). For example, exposure of Brassica oleracea
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roots to Bacillus spp. reduces the infestation of the plant by cabbage aphids Brevicoryne brassicae L., a phloem feeder specializing on brassicaceous species (Gadhave
et al., 2016). Beneficial rhizobacteria, particularly Bacillus and Pseudomonas spp.,
may prime plants for ISR against insects (Pineda et al., 2010). Thus, in agricultural
systems, crop herbivore resistance may be increased by exposure to PGPR. Soils
commonly contain complex bacterial communities and plants may recruit particular species that promote the plant’s immune system (Berendsen et al., 2018;
Friman et al., 2021). PGPR can also increase plant tolerance against attackers by
improving nutrient and water uptake, enabling faster regrowth of plant biomass
after herbivory (Pineda et al., 2010). Therefore, the efforts to involve soil microbes
in promoting plant health should be directed to managing and stimulating the microbiome that is naturally present in the soil (Pineda et al., 2017).
The use of organic materials, such as chitin, has been proposed as a method to add
macronutrients and micronutrients to stimulate beneficial rhizobacteria (Sharp,
2013; De Tender et al., 2019). Chitin is an abundant organic compound found in
e.g. insect exoskeletons with a high potential as a plant growth enhancer (Sharp,
2013). An important source of chitin-containing material results from the production of insects for food and feed (Van Huis, 2021). Various insect species are
specifically reared as sustainable protein source for humans and livestock (Van
Huis, 2021). The currently most important insect produced for livestock feed is
the black soldier fly (Hermetia illucens L.; BSF). Exuviae, the outer layer of the exoskeleton shed during a moult, is a residual product from the production of insects
for food or feed and may be used for new applications. Exuviae may be used as a
soil amendment in crop production, thereby representing a possible alternative to
synthetic fertilizers (Nurfikari and de Boer, 2021; Barragán-Fonseca et al., 2022b).
Many studies have addressed the effects of different soil amendments on plant
growth and resistance against insect herbivores (Pineda et al., 2010; Sharp, 2013;
Barragán-Fonseca et al., 2022b). However, less is known about the effects of soil
amendments on pollinator behaviour, on plant-mediated interactions between antagonists and mutualists and on plant yield (Barber and Soper Gorden, 2014; van
Gils et al., 2016), or on the trade-off between plant defence against herbivores and
pollinator-mediated reproduction. In this study, we aimed to evaluate whether
BSF exuviae can enhance plant growth and/or plant resistance against herbivory,
and to understand the effects of soil amendment with black soldier fly exuviae
on the behaviour of flower visitors. We specifically studied the effects of exuviae
on (1) plant growth, (2) performance of insect herbivores, (3) herbivore-pollinator
interactions, and (4) seed production.
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Plant growth conditions
We used black mustard (Brassica nigra (L.) Koch., Brassicaceae) as our model plant,
an annual plant native to Europe. The seeds were acquired from the Centre for
Genetic Resources (CGN, Wageningen, the Netherlands), with accession number
CGN06619, and were propagated by open pollination. Plants were cultivated in 1
L pots placed individually in saucers in a greenhouse (22 ± 1 °C, 50 % RH, L16:D8).
The greenhouse natural daylight was supplemented with 400 Watt metal halide
lamps (200 µmol m-2 s-1) when photosynthetically active radiation (PAR) dropped
below 400 μmol m-2 s-1. Plants were watered twice per week in the saucers until
the top soil was moist. Three-weeks plants were moved to the acclimatization
tent outside. When the plants were four weeks old, they were transplanted to an
experimental field site in Wageningen, the Netherlands (Supplementary Fig. S1).
Insect rearing
The herbivores used to infest the plants were naïve neonate larvae of the large
cabbage white butterfly, Pieris brassicae L. (Lepidoptera: Pieridae), and wingless
adult cabbage aphids, Brevicoryne brassicae L. (Hemiptera: Aphididae). These insect
species are native to Europe and are specialist herbivores of plants in the Brassicaceae family. Insects were originally collected in Wageningen and were reared
at the insect rearing facility of the Laboratory of Entomology, Wageningen University on Brussels sprouts plants (B. oleracea variety gemmifera cultivar Cyrus) in
greenhouse conditions (22 ± 1 °C, 50–70 % RH, L16:D8).
Experimental design
Brassica nigra plants were randomly divided into four groups of fifty and each assigned to receive no treatment (control, C), soil amendment with BSF exuviae (A),
herbivore infestation (H) or soil amendment with exuviae and herbivory (AH).
Soil amendment
To test whether flowering is affected by a chitin-based soil amendment, a common
garden field experiment was set up in which B. nigra plants sown in amended soil
were compared to plants grown in soil without amendment as a control. Soil was
amended by mixing two grams of powdered BSF exuviae per kg of soil. The soil
amendment was derived from the exuviae of black soldier fly (H. illucens L.: Diptera,
Stratiomyidae). BSF exuviae were acquired from a commercial mass rearing of these
insects (Protix Biosystems BV, Dongen, the Netherlands), and used in powdered
form following a heat treatment of 60 °C for 24 h. Soil was collected from the experimental fields of Wageningen University and sieved to remove pebbles. To mix the
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soil and exuviae, 20 g of powdered exuviae was mixed thoroughly by hand into 10
kg bags of dry soil. The same procedure was followed for control plants, except that
no powdered exuviae was added (Supplementary Fig. S1). Seeds were then sown in
1 L pots of amended (100 plants) and unamended soil (100 plants).
Brassica nigra seeds were sown in a greenhouse on six staggered dates, with 3–4
days in between, so that flowering in the field would occur gradually over an
extended period and a sufficient number of pollinator observations could be conducted. Plants were placed into 1 L holes along with the soil contents of the pot in
which they were growing; the pot itself was removed.
Common garden setup
After three weeks of growth in a greenhouse compartment (22 ± 1 °C, 50% RH,
L16:D8), the plants were moved to an outdoor mesh tent to acclimatise to the natural weather conditions while being protected from herbivores. After three days
in the tent, the plants were planted in a common garden field design in the recently tilled experimental fields of Wageningen University. The plants were placed in
a 32 m x 20 m field surrounded by a flowering edge of B. nigra. The field was split
into two blocks. Each of the two blocks was split further into six main plots. In
block I each main plot consisted of 5 rows, each containing 4 randomized planting
positions so that every row had all four treatments, whereas in Block II a main
plot consisted of 4 rows or 3 rows of 4 randomized planting positions. Sixty-eight
three-week-old seedlings were planted on three different planting dates. Planting
dates were randomized over the main plots within blocks, and treatments over
planting positions within rows of the main plots (Supplementary Fig. S2).
Plant growth
Plant size was measured and used as a proxy for biomass to assess the growth of
the plants in a non-destructive way. Plant size and biomass are strongly correlated
in many plant species (Veley et al, 2017). We measured initial stem height from
the soil surface to the highest point of the plant, at the time of planting in the field.
Vegetative height from the soil surface to the tip of the highest leaf was measured.
We recorded the width of the plant at its widest point (leaf tip to leaf tip) and
maximum leaf length, measured as the length of the longest leaf from the base of
the lamina to the leaf tip.
Flowering status
We recorded the flowering stage of the plant every two days noting the time at
which the first flower buds were visible, the start and end of anthesis, and the time
at which siliques were fully ripe and ready for harvest. We calculated the number
of days between sowing and first flower bud, first open flower, and end of flowering
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Seed production
To investigate whether soil amendment and herbivore treatment affected seed
production, we compared the four different treatment groups. Siliques were harvested when they became fully dry and brown but had not yet dehisced. Immature siliques and flowers were left on the plants and regularly checked for ripeness. Siliques and seeds were stored in paper bags in a dry storage room (20 °C)
after which the seeds were separated from siliques and cleaned. An electronic
seed counting machine (Contador, Pfeuffer GmbH, Germany) was used to count
the total number of seeds.
Herbivory
We tested the effect of a combined infestation with P. brassicae caterpillars and B.
brassicae aphids on plants growing in amended or unamended soil. One day after
transplanting to the field, 25 days after sowing, five P. brassicae neonate caterpillars and 10 wingless B. brassicae adult aphids of similar size were placed on half of
the plants on amended soil (50 plants; AH) and on half of the control plants (50
plants; CH) (Fig. S1 Supplementary). Caterpillars and aphids were placed with a
fine-haired brush on one of the two youngest leaves that had fully unfolded. The
insects were checked after 24 h, and if there were fewer than three aphids or three
caterpillars remaining, these plants were reinfested to carry five caterpillars and
10 aphids. The herbivores remained on the plant feeding freely for the rest of the
season. Plants that were experimentally infested with herbivores are referred to
as infested plants (treatments CH and AH) in the following. We investigated the
effect of soil amendment on herbivore survival as a proxy of plant resistance to
herbivores. The number of caterpillars and aphids was recorded after one week,
nine days, two weeks, three weeks, and one month since the onset of infestation.
Caterpillars and aphids fed freely on the plants and, therefore, could disperse to
neighbouring plants.
Pollinator activity
To investigate whether soil amendment altered pollinator attraction to the plants
or their behaviour while visiting flowers, we recorded pollinator visitation to flowers of B. nigra in the four treatment groups, following the methods described by
Rusman et al. (2019). We recorded pollinator visitation within 7-9 days after the
first flower had fully opened on the plant. Each plant was monitored for a 15-min
period. Pollinator activity was recorded using a handheld computer (Psion Workabout Pro™ 3, London, UK) programmed with The Observer XT software (version
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10, Noldus Information Technology, Wageningen, the Netherlands). When a pollinator made contact with a flower, the identity of the pollinator was recorded as
one of the following: honey bee (Apis mellifera), bumblebee (Bombus spp.), syrphid
fly (Syrphidae), solitary bee (all Apidae excluding A. mellifera and Bombus spp.), other flies (other Diptera than Syrphidae). Bumble bees and solitary bees were infrequent visitors and were only included in the analysis of all pollinators combined.
In addition to the visitor’s identity, we recorded the length of its visit as the time
between the first contact and departure from the plant, and the number of flowers
visited. If other pollinators visited a plant during the observation of a particular
pollinator, only the identity of those other pollinators was recorded. If the same
pollinator individual returned to the observed plant, after having visited a different plant, we scored this as a new visit.
Statistical analysis
To investigate whether BSF exuviae influenced both herbivore resistance and attraction of flower visitors, we performed several analyses. First, to assess whether
soil amendment and herbivory influenced plant growth we measured three plant
traits: plant height, plant width and leaf length. All traits were measured at two
time points: 3 and 7 weeks after sowing, except for number of flowers which was
measured once, 7 to 9 days after the first flower opened. For plant growth analysis
we used Mixed Linear Models (MLM) using fixed effects for treatments and blocks,
and random effects for main plots within blocks, for rows within main plots and
residual error. Treatment effects were split into main effects for soil amendment
and herbivory, and their interaction, using ANOVA with the Kenward-Roger method for calculating degrees of freedom. Pairwise comparisons among treatments
were done using P-value adjustment according to the Tukey method. For number of flowers and number of seeds, we used Generalized linear mixed models
(GLMMs) with a negative binomial distribution and log link function. Focussing
on the plants infested by herbivores, we analysed the number of aphids over time
using a GLMM with negative binomial distribution (with time-dependent dispersion parameter) and log link function, with extra fixed effects of time and time
by treatment interaction and extra random effects for plants. For the number of
caterpillars retrieved from the five individuals placed on a plant at T=0 we used
the same GLMM, but assuming a beta-binomial distribution with logit link function. Comparisons of treatments per timepoint were extracted from the overall
analyses. As the scored count of pollinators visiting the plant is necessarily larger
than zero, we used a zero-truncated distribution, here for the negative binomial
distribution. Counts of visiting individual pollinator species were analysed with a
GLMM with negative binomial distribution and log link. To test whether the total
number of visits is related to flower characteristics we again used the truncated
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Results
Effects of BSF exuviae on vegetative plant growth in the absence and presence of
herbivory
Growth of B. nigra plants was affected by soil amendment with BSF exuviae at
all time points, except for plant height after seven weeks (Table 1). Three-weekold plants grown on soil amended with BSF exuviae were significantly taller than
plants grown on field soil alone (F=11.63 ; df = 1, 147.6; p < 0.001). At both timepoints, BSF exuviae significantly affected plant width (3 weeks: F=48.94 ; df = 1,
121.7; p < 0.001; 7 weeks: F=20.64 ; df = 1, 138.1; p < 0.001) and maximum leaf
length (3 weeks: F=42.82; df = 1, 121.69; p < 0.001; 7 weeks: F=20.67; df = 1, 138.8;
p < 0.001). After three weeks, plants grown on amended soil had significantly larger plant width and leaf length than control plants irrespective of herbivory. A main
effect of herbivory was observed for plant width (F=9.41; df = 1, 149.7; p = 0.003)
and maximum leaf length (F=9.61; df = 1, 149.2; p = 0.002) after seven weeks.
There was no significant interaction between soil amendment and herbivory for
the growth measurements.
Table 1. Growth measurements of Brassica nigra plants with or without BSF exuviae
and/or herbivory, grown in the field and assessed at different time points. Letters next
to the values indicate statistical significance between the plant treatments; mean values within a column having no letter in common differ significantly (p < 0.05). Bold p
values in the bottom three lines of the table indicate a significant effect of the factors
soil amendment or herbivory. All analyses were performed using a linear mixed model.
Height 3 weeks

Height 7 weeks

C
A
H
AH
Amendment
Herbivory
A:H

Width 3 weeks

Width 7 weeks

Leaf length 3 weeks

Leaf length 7 weeks

7.85 (b)
9.29 (a)
7.94 (b)
9.16 (a)
<0.0001
0.93
0.60

10.22 (bc)
11.67 (a)
9.18 (c)
10.69 (ab)
<0.0001
0.0022
0.92

Growth measurements (cm)

Treatments

14 (ab)
14.7 (a)
13.4 (b)
15 (a)
0.0008
0.73
0.17

62.7 (a)
66.0 (a)
53.2 (b)
58.7 (ab)
0.077
0.0009
0.66

17 (b)
20 (a)
17.1 (b)
20.4 (a)
<0.0001
0.59
0.68

23.5 (b)
25.9 (a)
21 (c)
24.4 (ab)
<0.0001
0.0024
0.44

Effects of BSF exuviae on plant seed production
Soil amendment significantly affected plant reproduction. Plants grown in soil
amended with BSF exuviae produced more seeds than plants without soil amendment (Chi-square = 10.78 ; df = 1; p = 0.001; Fig. 1). This effect was independent of
herbivory (Amendment * Herbivory: Chi-square = 0.44 ; df = 1; p = 0.51), and herbivory did not significantly affect plant reproduction (Chi-square = 1.97 ; df = 1; p = 0.16).
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negative binomial distribution. Statistical analysis was done in R version 3.6.1 (R
Core Team, 2019). For all tests we used 0.05 as level of significance.

Number of seeds per plant

8000

4000

0

C

A

Treatment

AH

H

Figure 1. Effects of BSF exuviae on seed set of Brassica nigra. Treatments: C: control plants grown in field
soil; A: plants grown in field soil amended with BSF exuviae; H: plants sown in field soil and infested with
herbivores; AH: plants grown in field soil amended with BSF exuviae and infested with herbivores. Box in
the figure: A is the type of soil amendment, H is herbivory and A*H is the interaction between type of soil
amendment and herbivory, followed by p-values associated with the overall effect estimated in the statistical model

Effects of BSF exuviae on herbivore performance
No significant differences between numbers of aphids on plants grown on amended
soil and control plants were found in the first four time points. After five weeks a
significantly larger aphid number was found on control plants (t=2.08; df = 479; p =
0.038; Fig. 2a). For none of the five timepoints a significant difference in the numbers of caterpillars on B. nigra plants between the two treatments was found (Fig. 3b).
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Figure 2. Number of Brevicoryne brassicae (a) and Pieris brassicae (b) on Brassica nigra plants grown on control soil or on soil amended with BSF exuviae at different time points in the field. Values along the y-axis
indicate estimated median number of insect herbivores per plant; the x-axis indicates the time points after
initial infestation when herbivores were counted. Asterisk (*) indicates a significant difference (P < 0.05)
between treatments. Plants were sown in field soil and infested with herbivores (H) or in field soil amended
with insect exuviae and infested with herbivores (AH).
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Plants grown in soil amended with BSF exuviae produced significantly more flowers than plants without soil amendment (X2= 10.37; df = 1; p = 0.001, main effect
of soil amendment; Fig. 3a). Flowers of plants grown on amended soil were visited
significantly more frequently by insect pollinators compared to flowers of control
plants (X2= 12.67 ; df = 1; p < 0.001; Fig. 3b). Effect of soil amendment on number
of flowers and number of insects visiting the plant was independent of herbivory. A generalized linear model, explaining the number of visiting pollinators by
the number of flowers and height of the inflorescence, showed a strong positive
relationship (X2 = 30.53; df = 1; p < 0.0001) between the number of flowers and
the number of insect pollinators (Fig. 3c). The most common pollinators visiting
the plants were syrphid flies (62.9%) followed by honey bees (20.6%) and other
flies (13.8%). All other visitors were relatively rare with solitary bees contributing
1.7% and bumblebees 1.1% (Supplementary Fig. S3). Syrphid flies visited flowers
of plants grown on amended soil significantly more often than flowers of plants
grown on control soil (X2= 7.82 ; df = 1; p = 0.005).
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Figure 3. Effects of BSF exuviae on flowering Brassica nigra plants: (a) number of flowers and (b) number
of pollinators visiting per 15 minutes. (c) Relation between the number of visits by pollinators and the
number of flowers per plant. Treatments: C: control plants grown in field soil; A: plants grown in field soil
amended with BSF exuviae; H: plants sown in field soil and infested with herbivores; AH: plants grown in
field soil amended with BSF exuviae and infested with herbivores. A is the type of soil amendment, H is
herbivory and A*H is the interaction between type of soil amendment and herbivory, followed by p-values
associated with the overall effect estimated in the statistical model.

Discussion
Our study is the first to provide insights into the influence of amending soil with
insect-derived material on plant growth, pollinator attraction and seed production. This research shows that amending soil with BSF exuviae results in enhanced
plant size and seed yield of B. nigra plants. Plants grown in soil amended with BSF
exuviae were larger, had more flowers, were visited more frequently by insect pol95
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linators and produced more seeds than those without this soil amendment. When
infested, plants grown in amended soil were better able to compensate for tissue
or assimilate loss and resisted the attack better, not only maintaining their larger
size, but also their enhanced seed production. The latter is explained by enhanced
flowering and higher attractiveness to pollinators. Together, these results show
that soil amendment with powdered BSF exuviae increases tolerance to attack by
P. brassicae and B. brassicae.
Soil amended with BSF exuviae can positively affect plant tolerance to herbivory
Plants grown in amended soil had an increased plant width, greater maximum leaf
length both with and without herbivores, but only increased height in the absence
of herbivores (Table 1). Herbivory by P. brassicae early in B. nigra’s development has
been shown to reduce the height of this species (Blatt et al., 2008), even when other growth variables showed compensation. These results indicate a positive effect
of the soil amendment on B. nigra’s ability to tolerate herbivory, perhaps due to
compensation for lost biomass (Blatt et al., 2008). Organic soil amendments, such
as manure, have been shown to increase tolerance to herbivory (Allee and Davis,
1996; Altieri and Nicholls, 2003).
In the field, survival of caterpillars was not significantly affected by the amendment. However, the number of aphids was reduced after four weeks (Fig. 2a). Soil
amendments can impact herbivore resistance aboveground (Pineda et al., 2017).
Changes in nutrient availability and microbial composition of the soil (Sarathchandra et al., 1996; Kielak et al., 2013; Sharp, 2013) can enhance resistance against
herbivory. Because the soil amendment adds chitin, stimulating microbial growth
including that of PGPR, chitinolytic bacteria, and microbial chitinase production,
Induced Systemic Resistance (ISR) and PAMP-triggered immunity may be mechanisms for improved herbivore resistance in plants growing in amended soil (Sharp,
2013; Rowen et al., 2019; Barragán-Fonseca et al., 2022a; Barragán-Fonseca et al.,
2022). Another possibility is that the additional nutrients contained in the exuviae increased herbivore-induced resistance (Glynn et al., 2003; Katjiua and Ward,
2006). Aphid numbers declined after five weeks on plants growing in amended
soil. This may have been due to ISR or due to enhanced attraction of natural enemies of aphids (Barragán-Fonseca et al., 2022), but the latter was not investigated.
The number of caterpillars declined rapidly which may have been due to predation. However, the number of caterpillars number was not affected by the amendment which could be explained by P. brassicae being a specialist herbivore. The
effectiveness of ISR and resistance priming against insects differs according to
feeding guild and host specialisation of the insect, but also on bacterial strains
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Plants grown in amended soil had more flowers and attracted more pollinators
The number of flowers was higher in plants growing in amended soil than in plants
growing in control soil. These results suggest that plants growing in amended soil
were able to invest more resources in reproductive tissues. BSF exuviae have a
chitin content of 10.9 to 11.1% (Nurfikari and de Boer, 2021). An increase in flower
biomass can be the result of an active degradation of chitin by chitinase-producing bacteria (De Tender et al., 2019). The use of chitin has been shown to alter
rhizosphere microbial composition, stimulating chitinolytic populations able to
degrade chitin and release nutrients for both plants and the soil microbiome (Debode et al., 2016). PGPR in the soil act as biofertilizers by making nutrients such
as phosphorous and nitrogen available for plants (Vishwakarma et al., 2020). In
addition, three-week-old plants grown in amended soil also had significantly increased inflorescence height. Insect exuviae also contain carbohydrates, proteins
and lipids that may stimulate the growth of PGPR (Barragán-Fonseca et al., 2022a;
Barragán-Fonseca et al., 2022). Changes in the soil microbiome may improve the
availability of resources for increasing plant biomass and can increase the absorption of water and nutrients by influencing root architecture (Trivedi et al., 2020).
Pollinators made more visits to plants growing in amended soil with and without
herbivores, and during these visits, made contact with more flowers per visit than
they did on control plants. The duration of visits and time spent per flower were not
significantly affected by any of the treatments. Furthermore, when accounting for
the increased number of flowers on amended plants, the number of flowers visited
in relation to the number of available open flowers was not affected by treatment.
This suggests that pollinators were responding to the increase in number of flowers.
This is supported by the strong positive correlation between the number of pollinator visits and the number of flowers per plant. Larger floral displays are more
attractive to pollinators (Arroyo et al., 2007) and more flowers on larger amended
plants would suggest that floral advertisement is more readily perceived by pollinators (Majetic et al., 2017). Visual cues are integral to pollinator attraction, and in
B. nigra, visual cues are more important than olfactory cues for long distance attraction of Episyrphus balteatus L. (Diptera: Syrphidae) (Barragán-Fonseca et al., 2020).
In addition, soil amended with exuviae may influence the olfactory cues exploited
by pollinators by altering the volatile blend emitted by the plants in comparison to
the control (Barragán-Fonseca et al., 2022). Exploring how other floral traits such as
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and plant genotype (Pineda et al., 2017; Shikano et al., 2017). Investigating the
relative effects of exuviae treatment on specialists versus generalists would be an
interesting additional component of a future study.
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shape, colour or emitted volatiles are altered by amending soil with insect exuviae
will allow predictions of pollinator foraging preference since this can vary from one
taxonomic group to another depending on the reward they are interested in (Barragán-Fonseca et al., 2020).
Herbivory treatment did not cause a significant increase in the number of flowers,
nor in the number of visits of insect pollinators. These results support an increase
in herbivore tolerance because herbivore-infested plants growing in amended soil,
despite losing height, compensated by investing in an increased density of flowers, and thus remained as attractive to pollinators as amended plants without
herbivory. Contrary to expectations based on previous results of effect of herbivory on plant-pollinator interactions (Rusman et al., 2018), we did not see any
significant shifts in the pollinator community. Rather, the proportion of visitation
contributed by each pollinator group was similar between treatments. Interestingly, syrphid flies visited plants amended with BSF exuviae significantly more often
than plants without insect exuviae. While some pollinators rely on visual cues to
approach the plant from a distance, they also rely on odour to discriminate between flowers once near the plant in combination with visual cues (Barragán-Fonseca et al., 2020). Therefore, syrphid flies may perceive the effects of amended
soil on certain flower traits. Exploring the effects of soil amendments on different
members of the pollinator community will be an important next step. Our data
suggest that exuviae are suitable to be used as a biofertilizer because no negative
impact on pollinator attraction has been found.
Seed production can be enhanced by amending soil with BSF exuviae
The number of seeds produced by amended plants was higher than that of control
plants and this effect was independent of herbivory. In previous studies, infestation by B. brassicae and P. brassicae in the vegetative stage has been found to reduce
seed set of B. nigra (Rusman et al., 2019) and seed set was not affected when the
plant was sufficiently able to compensate for herbivory (Blatt et al., 2008; Rusman
et al., 2018), provided that plants are grown in high nutrient conditions (Meyer,
2000).
We have shown that seed production can be increased by amending soil with insect exuviae. This likely results from a greater number of insect pollinators visiting
the plants grown in amended soil. These effects on pollinator behaviour increase
cross-pollination and thereby benefit plant fitness (Klinkhamer et al., 1994). In
order to reduce synthetic fertilizer application, plant fitness can be reliably enhanced by stimulating plant-associated microbiomes that benefit plants through
growth promotion, nutrient uptake, stress tolerance and resistance to pathogens
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Conclusions
Our study shows that BSF exuviae added to soil as an organic amendment enhance
herbivore tolerance and seed yield of B. nigra, a plant species that relies on insect
pollinators for reproduction. The use of insect exuviae as soil amendment benefits
plant-pollinator mutualism and plant fitness even during herbivore attack in the
field. Likewise, the use of insect exuviae as soil amendment may stimulate beneficial rhizobacteria that potentially play an important role in pollination-related
plant traits, consequently positively affecting plant reproduction. This highlights
the importance of exploring organic soil amendments as alternative to conventional synthetic fertilizers that have shown to negatively impact plant health and
plant mutualists (Humann-Guilleminot et al., 2019). Future studies should investigate the underlying mechanisms such as the effect of soil amendment with exuviae on PGPR in the soil and on the interaction of the plants with natural enemies
of insect herbivores, e.g. by affecting gene expression and the production of herbivore-induced plant volatiles in response to herbivory. Farming practices need
to consider methods that protect and optimize the ecosystem services provided
by insect pollinators (Chen et al., 2022). The use of residual streams from insect
production can contribute to developing sustainable and circular crop production
systems along with the conservation of ecosystem services, and deserves more
attention in future research.
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(Trivedi et al., 2020; Barragán-Fonseca et al., 2022). Most of the studies on belowground beneficial organisms have investigated the interaction of PGPR with
vegetative plants. However, flowering plants have been neglected in this research
thus far, in spite of the fact that quantifying plant reproduction is required to assess how successful induced defences are. To our knowledge there are no studies
available about the effect of beneficial microbes or soil amendment with residual
streams of insect production on pollinator performance and plant fitness.
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Figure S2. Field design. The 32 m x 20 m field was surrounded by a flowering edge (orange border) of
Brassica nigra and a fence (purple line). The numbers 1 – 4 in black represent the four different treatments in
one row. One plant of each treatment was placed in a randomized spot within each row so that every row
had all four treatments: C: control plants grown in field soil; A: plants grown in field soil amended with BSF
exuviae; H: plants sown in field soil and infested with herbivores; AH: plants grown in field soil amended
with BSF exuviae and infested with herbivores.
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Figure S3. Pollinator visitation to Brassica nigra grown in the field with or without soil amendment and/or
herbivory. Stacked bar chart where each segment of a different colour is the percentage of all visitors to
that treatment that were either bumblebees, honey bees, solitary bees, syrphid flies or other Diptera. Total
number of visits per treatment: C:62, A:171, H:105, AH: 134
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Abstract
The production of insects as food and feed is increasing rapidly. Likewise,
the resulting residual streams, such as insect exuviae (moulted skins) do as
well. To promote circularity in agriculture, these residual streams can be
used as soil improver for crop production. We added insect exuviae from
three different insect species (Acheta domesticus L., Hermetia illucens L. and
Tenebrio molitor L.) to the soil to investigate the effects on growth, pollinator
attraction and seed production of Brassica nigra plants in a common garden
experiment. We compared these effects with those resulting from the application of cow manure and shrimp chitin, which are commercially available soil amendments. The effects on plant traits, interactions with insect
pollinators and seed set were investigated. Our findings show that plants
growing in soil amended with insect exuviae grew taller, wider, and had
more leaves and flowers, attracted more insect pollinators and produced
more seeds than control plants. Importantly, our results reveal that insect
exuviae generally have similar or even superior plant growth promoting
effects compared to the effects of cow manure or shrimp chitin, and that
plants grown on soils amended with insect exuviae produced significantly
more seeds than plants grown on soil amended with cow manure or shrimp
chitin. We conclude that residual streams generated by the commercial
production of insects have a high potential as organic fertiliser and can
play a beneficial role in plant reproductive success.
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Food security is crucial to support healthy and productive societies (Rosegrant and
Cline, 2003). The world faces the challenge of feeding the growing human population, demanding the development of food production systems that are able to
meet the United Nations’ Sustainable Development Goals (SDGs) on food security
(ODDS, 2015). One of the means to increase food production is promoting crop
productivity through the use of fertilisers (Carvalho, 2006). However, the application of synthetic fertilisers is unsustainable and has largely contributed to soil
degradation, eutrophication, water pollution, and reduced nutrient absorption,
thereby threatening essential ecosystem services in agriculture such as pollination
services (Yardım and Edwards, 2003; Dupont et al., 2018; Russo et al., 2020). For
example, soil degradation caused by the use of synthetic fertilisers may negatively
impact flower visitation rates by pollinators or lead to phenological mismatches
in plant-pollinator interactions (David et al., 2019). Therefore, a key measure to
achieve food security is developing sustainable and effective fertilisation practices
to enhance food production while protecting ecosystem services (Bommarco et
al., 2013).
Soil improvement strategies focussing on plant-growth-promoting compounds of
biological rather than synthetic origin may be key in achieving food security in a
sustainable way. The application of organic residual streams to amend soils has
proven to be an efficient strategy for promoting plant development by enhancing nutrient availability and promoting the growth of beneficial microorganisms
(Bastida et al., 2015). The residual streams from the production of insects for
food and feed have been proposed as a source of organic residuals with high potential for soil fertilisation as alternative to artificial fertilisers currently used in
agriculture (Barragán-Fonseca et al., 2022b). The production of insects generates
residual streams such as insect exuviae (moulted skins) which have a high content
of chitin, a polymer present in the exoskeleton of crustaceans and insects (Song
et al., 2018). When added to soils, chitin breaks down to supply plant-growth-promoting nutritional elements like nitrogen and phosphorus. In addition, chitin may
promote the abundance of plant-growth-promoting rhizobacteria (PGPR) (Debode
et al., 2016; De Tender et al., 2019; Malerba and Cerana, 2020). Plant-growth-promoting rhizobacteria play a key role in sustainable agriculture because they can
stimulate plant growth through mechanisms acting directly (e.g., by root-growth
stimulation, rhizoremediation, and alleviating plant stress) or indirectly (e.g., by
inducing plant defences against antagonists) (Hol et al., 2010; Berendsen et al.,
2012; Friman et al., 2021). Stimulation of native beneficial soil microorganisms
has proven to be more advantageous as compared to the inoculation of cultured
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beneficial soil microorganisms into the soil because these microbial inoculants
often fail to establish in the new environment (Kaminsky et al., 2019). Recent evidence indicates that insect exuviae enhance the abundance of native Bacillus and
Pseudomonas species (Wantulla et al. unpublished), both groups of bacteria known
for their potential as PGPR (Kumar and Dubey, 2020).
Altered microbial communities and changes in soil properties are expected to
have direct effects on a plant’s phenotype and subsequently on the plant-associated insect community (Carvalheiro et al., 2021). Importantly, changes in nutrient
availability and the resulting changes in plant traits are thus likely to affect insect
pollinator behaviour, abundance, and the composition of the pollinator community, e.g. through changes in visual or chemical traits that pollinators use as cues
(Barragán‐Fonseca et al., 2020), affecting the reproductive success of plants (David et al., 2019). Flowering plants benefit from augmented nutrient availability by
increasing the number of flowers, corolla size and display of the inflorescences
(Burkle & Irwin, 2009; Rebolleda-Gomez et al. 2019). In a previous study, Brassica
nigra plants growing in soil amended with insect exuviae had an increased total
number of flowers per plant and an increased emission rate of volatile organic
compounds compared to plants grown on unamended soil (Chapter 4). Phenotypic
modifications in plants resulting from the use of insect exuviae as soil amendment
can be manifested in several ecologically relevant traits, including those that are
exploited by insect pollinators (Chapter 4). Recently, a study demonstrated the effects of insect exuviae on natural communities of insect pollinators, showing that
changes in traits of plants grown in soil amended with black soldier fly (BSF; Hermetia illucens L.) exuviae increased the number of flower visitors and subsequently
the production of seeds (Chapter 5).
The proper management of plant-mediated aboveground-belowground interactions as integral part of farming practices is key to achieving sustainable ecological
intensification, increasing yield and reducing chemical inputs (Orrel & Bennett,
2013; Fijen et al. 2018). Given the high potential of insect exuviae as sustainable sources of chitin and nitrogen (Nurfikari and de Boer, 2021) and the growing
market of insect farming (Van Huis, 2022), increased understanding of effects of
insect exuviae on plant growth and on plant-mediated interactions is particularly
interesting and deserves more attention. However, studies exploring the effects
of soil amendments on plant-insect interactions, and specifically plant-pollinator
interactions, are scarce. The potential of insect exuviae as soil amendment and
its beneficial effects on pollinator attraction and plant reproduction has been assessed for BSF exuviae (Chapter 5). However, exuviae from different insect species
currently being mass-produced, such as mealworms and house crickets, are likely
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To explore the use of different types of insect exuviae as soil amendments we conducted common-garden field experiments in two consecutive years. Our study investigated whether the effect of soil amendment with different types of insect exuviae on plant phenotype influenced plant-pollinator interactions. We specifically
tested this by studying how the incorporation of insect exuviae of house cricket,
black soldier fly and mealworm into the soil affected black mustard (Brassica nigra)
plants regarding 1) plant traits related to growth and biomass, 2) the associated
pollinator community and 3) seed yield. Our study included the comparison with
a conventional organic fertiliser (cow manure) and a chitin source (shrimp chitin).
By comparing different types of soil amendment, we aim to provide comparative
insights in the effects of using insect exuviae.

Materials & methods
Plant growth conditions
Data were collected during two years (summers of 2020 and 2021) of common
garden experiments in an experimental field of Unifarm, Wageningen University,
Wageningen, the Netherlands. Black mustard (Brassica nigra (L.) Koch, Brassicaceae)
is an annual plant native to Europe that interacts with a wide range of mutualist
and antagonist insects (Rusman et al., 2018; Mertens et al., 2021). The seeds were
obtained from the Centre for Genetic Resources (CGN, Wageningen, the Netherlands; accession number CGN06619), and were propagated by open pollination.
Seeds were sown in 1 L pots placed individually in saucers in a greenhouse compartment (22 ± 1 °C, 50 % RH, L16:D8). Natural daylight was supplemented with
400 Watt metal halide lamps (200 µmol m-2 s-1) when photosynthetically active
radiation (PAR) dropped below 400 μmol m-2 s-1. Plants were watered twice per
week by pouring in the saucers until the top soil became moist. One week before
planting in the field the plants were acclimatised to natural weather conditions in
an outdoor mesh tent, i.e. without climate control and excluding biotic interactions. Four-week-old plants were transplanted to the experimental field (Fig. S1).
The plants were placed in a 32 m x 20 m field surrounded by an edge of flowering
B. nigra plants. Plants were planted at 1.5 m distance from each other on three
different planting dates, each two weeks apart. The field had 400 plants in year
1 and 388 plants in year 2, with treatments being completely randomised among
planting positions and planting dates in each year (Fig. S1).
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to differ in their chemical composition which may affect their impact on plant
development and the subsequent interactions between plants and the associated
insect community.
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Soil treatments
Brassica nigra seeds were randomly assigned to one of six soil treatments. Soil treatments were created by collecting soil from the experimental field that was sieved
(Ø 200 mm, 4 mm) to remove pebbles. Amendment with insect exuviae was done
by mixing exuviae of one of three insect species with the sieved soil: black soldier
fly (Hermetia illucens L., Diptera: Stratiomyidae); hereafter BSF (BSF), house cricket
(Acheta domesticus L., Orthoptera: Gryllidae) (CK) or yellow mealworm (Tenebrio molitor L., Coleoptera: Tenebrionidae) (MW). Insect exuviae were provided by Bestico
(Berkel en Rodenrijs, the Netherlands), Fair Insects (Dongen, the Netherlands) and
Nijenkamp (Hellendoorn, the Netherlands), respectively. Exuviae were oven-dried
at 60°C for 24–48 h until a constant weight was obtained. Samples were pulverised
into a fine powder using a TissueLyser II stainless steel ball mill (QIAGEN, CA,
USA). To assess the effect of nitrogen fertilisation on the plants, we used powdered cow manure-based fertiliser (POKON, The Netherlands) as organic fertiliser
treatment (OF) and to assess the effect of chitin, we used the powder of purified
shrimp chitin (Sol-Actif, France) as chitin treatment (CHT). The control treatment
(C) consisted of the field soil without amendment. For insect exuviae treatments,
we used 2 grams per kilogram of soil, and we used 6.6 grams of cow manure and
0.2 grams of shrimp chitin, to have an equal concentration of nitrogen in the cow
manure treatment and an equal concentration of chitin in the shrimp chitin treatment as in the insect exuviae treatments (Table S1).
Plant traits
To investigate whether the type of soil amendment affected plant size, we measured different plant traits as proxies for plant biomass in a non-destructive way.
At two time points (5 and 7 weeks after seed sowing, T1 and T2 respectively) we
recorded the total number of leaves and the width of the plant at its widest point
(leaf tip to leaf tip). During pollinator observations, 7 and 14 days after the first
flower had opened, plant height was measured from the ground to the tip of the
tallest inflorescence and the total number of flowers was recorded (Fig. 1).
Pollinator activity
To examine whether soil amendments influenced pollinator attraction to the
plants or pollinator behaviour while visiting flowers, we recorded pollinator visitation to flowers of B. nigra in the six treatment groups. We recorded pollinator visitation at two time points within 7 – 9 days and 14 – 16 days after the
first flower of the plant had fully opened. Each plant was monitored for a 10min period. Pollinator activity was recorded using a handheld computer (Psion
Workabout Pro™ 3, London, UK) programmed with The Observer XT software
(version 10, Noldus Information Technology, Wageningen, the Netherlands).
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Figure 1. Schematic representation of the soil amendments and the timeline of the experiments. Seeds of
Brassica nigra were sown in soil amended with house cricket exuviae (CK), BSF exuviae (BSF), yellow mealworm exuviae (MW), shrimp chitin (CHT) or cow manure fertiliser (OF). Control (C) seeds were sown in soil
without soil amendment.

Seed set
To assess whether soil amendments affected plant reproduction, we compared the
seed set of plants in the six different treatment groups. Siliques were harvested
when they were fully dry and brown but had not yet dehisced. Immature siliques
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When a pollinator made contact with a flower, its identity was recorded as one
of the following: honey bee (Apis mellifera L.; Hymenoptera: Apidae), bumblebee
(Bombus spp.; Hymenoptera: Apidae), syrphid fly (Diptera: Syrphidae), solitary bee
(all Apidae excluding A. mellifera and Bombus spp.), other flies (other Diptera than
Syrphidae). We visualised the recorded pollinator community in four bipartite
interaction networks. These interaction networks were constructed by calculating a standardised association matrix for each time point in each of the years
separately. Values in these matrices represent the numbers in each pollinator
group observed for a specific treatment, adjusted for the number of plants in this
treatment. Bumblebees and solitary bees were infrequent visitors and were only
included in the analysis of all pollinators combined. In addition to the visitor’s
identity, we recorded the number of flowers visited. If other pollinators visited a plant during the observation of a particular pollinator, only the identity of
those other pollinators was recorded. If the same pollinator individual returned
to the observed plant, after having visited a different plant, we recorded this
as a new visit.
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and flowers were left on the plants and regularly checked for ripeness. Siliques
and seeds were harvested in paper bags in a dry storage room (20 °C) after which
the seeds were manually extracted from siliques and cleaned. We counted the total number of seeds using an electronic seed counting machine (Contador, Pfeuffer
GmbH, Germany).
Statistical analysis
To investigate whether the different soil amendments influenced plant size, pollinator activity and plant fitness we performed a sequence of analyses. For each
response variable, we first selected the best model from a set of candidate models
based on the Akaike information criterion (Burnham, 2002). All candidate models
included the type of soil amendment, the year in which the field experiment was
conducted (year 1 or year 2), and their interaction as explanatory variables, and
included the block in which plants were planted as random intercept to account
for the dependency of observations. Candidate models differed in terms of their
probability distributions. We compared models with a Gaussian and gamma distribution, and where relevant Poisson and negative binomial distributions using
(generalised) linear mixed models ((G)LMMs). LMMs were further extended to account for the potential heterogeneity of variance across the different treatments,
the two years, or both by fitting generalised least-squares models (GLS) (Zuur et
al., 2009). We used diagnostic plots to verify that model assumptions were met
(Zuur et al., 2009). We then estimated the effect size and significance of fixed
factors using type II Wald X2-tests. Finally, pairwise post-hoc comparisons were
evaluated by Tukey’s honest significant difference (HSD) test and contrasts were
considered significantly different at P ≤ 0.05. Statistical analyses were done using
the emmeans (Russell, 2018), glmmTMB (Brooks et al., 2017), lme4 (Bates et al.,
2014), car (Fox and Weisberg, 2019), bipartite (Dormann et al., 2008), and nlme
(Pinheiro et al., 2021) packages in R v.4.0.0 (Team, 2018), and R studio v. 1.4.1106.

Results
Plant traits
Plant traits of B. nigra were affected by soil amendment at both time points (Table 1).
The effects of soil amendments were generally consistent across the two years. We
found a significant additive effect of the year in which the field experiment was performed for the inflorescence height at time point 1 (T1) (Table 1), showing that inflorescences of the plants in year 2 generally grew taller than plants in year 1 (Table
S1). In addition, we found that the effects of the different types of soil amendment
on plant width and number of leaves at timepoint 2 were significantly dependent on
the year (Table 1). Treatments varied in the strength of their effect on plant width
and number of leaves at timepoint 2 (T2) across the two years but varied little in
112

Chapter Six

Chapter Six

Chapter Six

Chapter Six

Chapter Six

6 Chapter Six

Chapter Six

Table 1. Main and interaction effects of soil amendment and the year in which the field
experiment was performed on plant traits of Brassica nigra grown in soil amended with
three different types of insect exuviae, shrimp chitin, traditional organic fertiliser, or
grown on unamended soil as control. All analyses were performed using linear mixed
models and effect size and significance of fixed factors was estimated using type II Wald
X2-tests. For plant width and number of leaves T1 was 5 weeks after sowing, T2 was
7 weeks after sowing. For number of flowers and inflorescence height T1 was 7-9 and
T2 was 14-16 days after opening of the first flower. To account for heterogeneity in
variance of explanatory factors, models were extended to include variance functions
(i.e. generalised least-square models): models for plant width (at T2), number of leaves
(at T2), number of flowers (at T1) and inflorescence height (at T2) were adjusted to account for differences in variance across the two years, models for the number of leaves
(at T1) used a variance function to account for heterogeneity among the different soil
amendments, and models for plant width (at T1), number of flowers (at T2) and inflorescence height (at T1) were adjusted to account for heterogeneity among all factor
levels in the interaction. Significant p values (p < 0.05) are indicated in bold.
Traits
Plant width
Number of
leaves
Number of
flowers
Inflorescence
height

Soil amendment

Time
point

X

T1

Year

Soil amendment * Year

df

p

X

df

p

X2

df

p

552.598

5

<0.001

2.274

1

0.132

10.989

5

0.052

T2

67.629

5

<0.001

0.850

1

0.354

25.219

5

<0.001

T1

86.016

5

<0.001

0.099

1

0.753

1.913

5

0.861

T2

15.466

5

0.009

0.218

1

0.640

26.387

5

<0.001

T1

89.960

5

<0.001

0.251

1

0.616

4.393

5

0.494

T2

104.712

5

<0.001

0.009

1

0.922

2.531

5

0.772

T1

43.395

5

<0.001

6.131

1

0.013

1.847

5

0.869

T2

33.096

5

<0.001

2.841

1

0.092

3.612

5

0.606

2

2
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their relative effects, i.e. treatments with strongest effects in year 1 were also the
treatments with the strongest effects in year 2 (Table S1). This is largely confirmed
by the post-hoc analysis, showing that plants grown on amended soils generally have
an increased width, number of leaves, number of flowers and inflorescence height.
A notable exception is soil amended with shrimp chitin, for which we did not record
values that were significantly different from the values observed for control plants
(Table S1). In general plants grown on soil amended with insect exuviae and OF had
similar performance. The exceptions were related to amendment with cricket and
mealworm exuviae performing significantly better than OF, and amending soil with
BSF exuviae that resulted in lower plant performance than treatment with OF (Table
S1). These findings show that insect exuviae are typically as good or even better
in promoting plant growth compared to OF and that plants exposed to cricket or
mealworm exuviae perform better than plants exposed to black soldier fly exuviae.

Insect trash is a plant’s treasure:

Effects of insect exuviae as soil amendment on pollinator performance and plant reproduction

Pollinator activity
We found that the log(x + 1)-transformed number of pollinators seven days after
flowering is affected by the type of soil amendment (Chi-square = 32.039; df = 5; p
< 0.001) and the year in which the field experiment was conducted (Chi-square =
46.892; df = 1; p < 0.001) (Fig. 2). However, we only found a significant pairwise
difference among treated and control plants in the second year: flowering plants
grown on soil amended with cricket exuviae were visited significantly more frequently by insect pollinators compared to flowering control plants (Fig. 2a). This
was also observed at time point 2 (14 days after the start of flowering), where the
type of soil amendment significantly affected the number of pollinators (Chi-square
= 21.482; df = 5; p < 0.001), with a significant effect of the year (Chi-square = 9.419;
df = 1; p < 0.001) (Fig. 2b). The post-hoc comparisons also confirmed that flowering plants grown on soil amended with cricket exuviae were visited significantly
more frequently by insect pollinators compared to flowering control plants. There
was no significant interaction effect between soil amendment and year, neither at
timepoint 1 (Chi-square = 5.735; df = 5; p = 0.333) nor at timepoint 2 (Chi-square =
2.792; df = 5; p = 0.732).
When investigating responses by specific pollinator groups, we found that the
most common pollinators visiting the plants were syrphid flies and honey bees,
followed by other flies. Solitary bees and bumblebees were relatively rare (Fig. 3;
Table S2). We found that type of soil amendment, year, and their interaction had
significant effects depending on the pollinator group and the time point at which
the observations were made (Fig. S3). Most of these effects were quite small, which
is reflected in the post-hoc analysis. We found that the log(x+1)-transformed number of honey bees at T1 depended on the year in which the field experiment was
conducted and on the type of soil amendment (Table 2). Pairwise analysis showed
that plants growing in soil amended with house cricket exuviae were visited more
frequently by honey bees than plants treated with other soil amendments or control plants (Fig. S2b). For other flies, we found that at T2 the number of visits
depended on the type of soil amendment (Table 2). Pairwise analysis showed that
other flies more often visited plants growing in soil amended with house cricket
exuviae than plants treated with other soil amendments or control plants (Fig.
S2f). Soil amendment or year, did not affect the number of syrphid fly visitors
(Table 2; Fig. S2a,d). We did not find evidence for an interaction effect for syrphid
flies, honey bees nor other flies (Fig. S2).
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Figure 2. Number of pollinators (log (x +1)) visiting flowers of Brassica nigra plants (a) 7 – 9 days (T1) and
(b) 14 – 16 days (T2) after the first flower of the plant had fully opened. Plants were grown in soil amended
with house cricket exuviae (CK), BSF exuviae (BSF), yellow mealworm exuviae (MW), shrimp chitin (CHT)
or cow manure (OF). Control plants (C) grew in unamended soil. Boxplots show median (horizontal bold
line), first and third quartiles, and minimum and maximum. Dots represent individual observations. Median
values within each panel that have no letters in common are significantly different (Tukey’s post hoc test;
p = 0.05. Number of samples per treatment varied between 23 to 45 plants in year 1 and between 43 and
52 plants in year 2. A is the type of soil amendment, Y is the year and A*Y is the interaction between type
of soil amendment and year, followed by p-values associated with the overall effect estimated in the statistical model.
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Table 2. Main and interaction effects of soil amendment and the year in which the field
experiment was performed on the log(X+1)-transformed number of pollinators belonging to the three most dominant groups (honey bees, syrphid flies, or other flies) observed on flowering Brassica nigra grown in soil amended with three different types of
insect exuviae, shrimp chitin, traditional organic fertiliser, or grown on unamended soil
as control. Pollinators were observed between 7 – 9 days (T1) and at 14 – 16 days (T2)
after flowering started. All analyses were performed using generalized least-squares
models and effect size and significance of fixed factors was estimated using type II Wald
X2-tests. All models included a variance function to account for heterogeneity in variance among the two years, except for the model fitted to the log(X+1)-transformed
number of other flies at T2 which was adjusted with a variance function to account
for heterogeneity among the different treatments. Significant P values (P < 0.05) are
indicated in bold.
Pollinator
group
Honey bees

Syrphid flies

Other flies

Time
point

Soil amendment

Year

Soil amendment * Year

X2

df

p

X2

df

P

X2

df

p

T1

15.798

5

0.007

4.186

1

0.041

7.519

5

0.185

T2

6.178

5

0.289

3.790

1

0.052

9.609

5

0.087

T1

8.314

5

0.140

1.618

1

0.203

6.161

5

0.291

T2

8.263

5

0.142

3.972

1

0.046

5.885

5

0.318

T1

5.742

5

0.332

0.209

1

0.648

2.783

5

0.733

T2

13.903

5

0.016

0.875

1

0.350

6.724

5

0.242

When assessing if the use of soil amendments had an effect on the number of
flowers visited, we found that the number of flowers visited 7 days after flowering
started is affected by the type of soil amendment (Chi-square = 42.532; df = 5; p <
0.001), year (Chi-square = 20.046; df = 1; p < 0.001) and the interaction between
treatment and year (Chi-square = 13.885; df = 5; p < 0.016) (Fig S3a ). We found the
same pattern for number of flowers visited after 14 days of flowering (soil amendment: Chi-square = 34.743; df = 5; p < 0.001; year: Chi-square = 20.933; df = 1; p <
0.001; treatment * year: Chi-square = 14.843; df = 5; p = 0.011)(Fig S3b). Similar to
the patterns observed for the number of pollinators, we only found a significant
pairwise difference among treated and control plants in the second year for both
time points (Fig. S3), meaning that a greater number of flowers were visited of
plants grown on soil amended with cricket exuviae and mealworm exuviae compared to flowering control plants. In addition, more flowers were visited of plants
grown on soil amended with house cricket exuviae than of plants grown on soil
amended with cow manure (Fig. S3).
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Figure 3. Flower visitors–plant interaction network in Brassica nigra plants. The bottom levels of each network show plants grown on soil amended with house
cricket exuviae (CK), BSF exuviae (BSF), yellow mealworm exuviae (MW), shrimp chitin (CHT) or cow manure fertiliser (OF). Control plants (C) grew in soil
without soil amendment. The top level represents insect taxa visiting the flowers (a,b) 7 – 9 days and (c,d) 14 – 16 days after the first flower of the plant had
fully opened in year 1 (a,c) and year 2 (b,d). The interaction networks were constructed by calculating a standardised association matrix for each time point in
each of the years separately. Values in these matrices represent the number of each pollinator group observed for a specific treatment, adjusted for the number
of plants in this treatment. Bottom bar width represents the proportion of plants visited by the five insect groups assessed. The top bars represent the relative
number of specific pollinator groups out of the total pollinator community observed in that year and at that time point. The lines between the two levels represent interactions between insect and plant species with line thickness indicating interaction frequency.
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Seed set
Soil amendment significantly affected seed production (Chi-square = 66.073; df =
5; p < 0.0001) (Fig. 4). This effect was independent of the year (soil amendment *
year: Chi-square = 7.309; df = 5; p = 0.199), and the year was not a significant predictor of seed production (Chi-square = 0.822; df = 1; p = 0.366). The post-hoc analysis
revealed that in year 1 plants grown on soil amended with house cricket exuviae
produced significantly more seeds than plants grown on unamended soil, in year
2 plants grown in soil amended with any of the three different types of insect exuviae produced more seeds than the other treatments.

7.5

5.0

2.5

A: p  0.001
Y: p = 0.366
A*Y: p = 0.199
0.0

C
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CHT
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Figure 4. Number of seeds (log-transformed) produced by Brassica nigra plants grown in soil amended with
house cricket exuviae (CK), BSF exuviae (BSF), yellow mealworm exuviae (MW), shrimp chitin (CHT) or cow
manure (OF). Control plants (C) grew in unamended soil. Boxplots show median (horizontal bold line), first
and third quartiles, and minimum and maximum. Dots represent individual samples. Boxplots within each
panel that have no letters in common are significantly different (Tukey’s post hoc test; p = 0.05). Number
of samples per treatment varied between 23 to 45 plants in year 1 and between 35 and 43 plants in year 2.
A is the type of soil amendment, Y is the year and A*Y is the interaction between type of soil amendment
and year, followed by p values.

Discussion
Our results support the growing evidence that insect exuviae as soil amendment
can alter plant traits (Chapter 4), subsequently enhancing pollinator attraction and
seed production in B. nigra plants (Chapter 5). We found that plant width, number
of leaves, number of flowers and inflorescence height were increased with insect
exuviae and cow manure as soil amendments compared to plants grown in soil
amended with shrimp chitin and control plants. Furthermore, we found that insect pollinators responded differentially to soil-amended plants, only increasing
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Our finding that soils amended with either of the three types of insect exuviae
used in our experiment are as effective in promoting plant traits related to biomass as organic fertilisation with cow manure is a confirmation and extension of
earlier research (Chapter 4). Soil organic amendments can positively alter plant
traits through two mechanisms. First, these amendments may influence the resources available for biomass growth, through increasing nutrient availability in
the soil (Du Jardin, 2015; Parađiković et al., 2019). Second, the insect exuviae
amendments may have led to an increased population size of soil beneficial microorganisms that promote plant growth (Calvo et al., 2014; Hamid et al., 2021). For
instance, chitin-based soil amendments can stimulate populations of beneficial
soil-born microbial communities associated with plant roots (Chapter 2). These
microorganisms can induce resistance to plant antagonists and promote plant
growth through physiological and biochemical processes (Sharp, 2013; Debode
et al., 2016; De Tender et al., 2019). Even though previous studies have found
that soil amendments based on shrimp shells can lead to plant growth promotion
(Radwan et al., 2012; Muymas et al., 2015), that outcome was not observed in our
study (Table S1). In contrast, plants growing in soil amended with insect exuviae
and cow manure had significantly increased values of the investigated plant traits
in comparison with control plants. Cow manure (Allee and Davis, 1996) and insect
exuviae contain nitrogen (Nurfikari and de Boer, 2021). The increased availability
of this commonly limiting nutrient, may modify relevant plant traits that can be
used by insect pollinators (David et al., 2019). In our study, cow manure and soil
amendments with insect exuviae increased the number of flowers. Notably, only
plants growing in soil amended with cricket and mealworm exuviae had taller inflorescences in year 2 (Table S1). Abundance of flowers and inflorescence height
are known to be good predictors of the abundance of insect pollinators because
these plant traits make plants more conspicuous and accessible for insect pollinators (Salisbury et al., 2015; Ouvrard et al., 2018; Kuppler et al., 2021). Interestingly,
only plants grown in soil amended with cricket exuviae attracted a greater number
of insect pollinators and flowers of these plants were more visited in comparison
to the other treatments (Fig. 2).
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their visitation to plants growing in soil amended with cricket exuviae. Notably,
plants grown in soil amended with the three different types of insect exuviae produced more seeds than the other treatments, i.e. control, amendment with cow
manure or shrimp chitin. While shrimp chitin as soil amendment did not show a
positive effect for any parameter investigated and the use of cow manure as soil
amendment only enhanced plant growth, our research shows that the use of insect exuviae as soil amendments can enhance plant growth, pollinator attraction
and reproductive output.

Effects of insect exuviae as soil amendment on pollinator performance and plant reproduction

Insect trash is a plant’s treasure:

Insect pollinators can also modify their behaviour in response to changes in the
emission of volatile organic compounds (VOCs) (Schiestl, 2010; Schiestl and Johnson, 2013; Majetic et al., 2017). Floral VOCs are used as honest signal by flower
visitors, thus selecting for a volatile signal which correlates with the quality and
quantity of the floral reward (Bailes et al., 2015). Therefore, changes in chemical
cues caused by the addition of plant-growth-promoting amendments to the soil
can affect the foraging behaviour of insect pollinators (Majetic et al., 2017; David
et al., 2019). Indeed, previous research suggested that changes in plant VOCs can
be more important for pollinators than changes in visual cues (Burkle and Runyon,
2017). Soil amendment with insect exuviae has been shown to increase VOC emission of compounds that can be important to the attraction of insect pollinators
(Chapter 4). These results, together with our findings revealed that alteration of
floral traits as a result of amending the soil with insect exuviae seems to have a
positive impact on insect visitation (Fig. 2).
It is important to note that we did not find a consistent pattern in effects on flowering traits and number of flower visitors across both years. In year 1, flowering
traits and the number of flower visitors were overall similar between treatments.
However, we did find that soil amendment with insect exuviae increased the production of seeds in both years: in year 1, only cricket exuviae showed a significantly positive effect on seed production compared to the control, but in year 2,
the three types of insect exuviae increased the number of seeds compared to the
control and to amending soil with cow manure or shrimp chitin (Fig. 4), demonstrating an overall positive effect of insect exuviae on plant reproductive success.
The enhanced pollinator attraction and reproduction of B. nigra plants suggest that
the positive effect induced by insect exuviae in B. nigra plants is not only a response to the supply of nitrogen or chitin supplied to the soil (c.f. the effects of
soil amended with cow manure or shrimp chitin, respectively) (Song et al., 2018;
Nurfikari and de Boer, 2021). Insect exuviae also contain carbohydrates, proteins
and lipids that may stimulate the growth of beneficial rhizobacteria (Chapter 2).
Recent studies demonstrated that the use of house cricket and mealworm exuviae
as soil amendments increased the bacterial communities in the B. oleracea rhizosphere (Wantulla et al., unpublished). In addition, soil amendment with insect exuviae increased the relative abundance of bacterial families belonging to the phyla
Proteobacteria and Actinobacteria, both known for their plant-growth-promoting
effects and protection against plant antagonists (de Boer et al., 2001; Cretoiu et
al., 2013a; Shivlata and Satyanarayana, 2017; Kumar and Dubey, 2020; Gupta et
al., 2021). Further research is needed to verify these effects in the field and to
determine how the use of insect exuviae as soil amendment alters the microbial
community of the soil associated to a flowering plant.
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Supplementary information
Flowering edge
0.5 m

0.5 m

Fence
B. nigra edge
Plant
Treatments
Control (C)
House cricket (CK)
Mealworm (MW)
Black soldier fly (BSF)
Shrimp chitin (CHT)
Cow manure(OF)
Figure S1. Field design. The 32 m x 20 m field was surrounded by a flowering edge (yellow border) of
Brassica nigra and a fence (blue line). One plant of each treatment was placed in a randomised spot.
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Agriculture relies on different ecosystem services such as pollination (Sandhu et
al., 2010). Even though most of the world’s crops benefit from insect pollination
(Klein et al., 2007), this ecosystem service is seriously declining by agricultural
practices such as the use of artificial fertilisers that cause pollution of soil and water, affecting the resources exploited by insect pollinators (Bommarco et al., 2013;
Potts et al., 2016; Carpenter et al., 2020). Sustainable food production therefore
requires solutions that integrate the preservation of species providing ecosystem
services into day-to-day agronomic management. The results presented in this
research demonstrated that the use of insect exuviae as soil amendment is more
effective to promote plant growth, pollinator attraction and seed production than
amending soil with cow manure and shrimp chitin. This indicates that the use of
residual streams from insect production is an effective alternative organic fertiliser that also contributes to circular and sustainable agricultural practices via positive alteration of plant traits and the enhancement of ecosystem services.
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Figure S2. Number of pollinators (log (x +1)-transformed) visiting flowers of Brassica nigra plants (a,b,c)
7 – 9 days and (d,e,f) 14 – 16 days after the first flower of the plant had fully opened. The most common
group of pollinators were (a,d) syrphid flies, (b, e) honey bees and (c,f) other flies. Plants were grown in
soil amended with house cricket exuviae (CK), BSF exuviae (BSF), yellow mealworm exuviae (MW), shrimp
chitin (CHT) or cow manure (OF). Control plants (C) grew in soil without soil amendment. Boxplots show
median (horizontal bold line), first and third quartiles, and minimum and maximum. Dots represent individual observations. Median values within each panel that have no letters in common are significantly
different (Tukey’s post hoc test; p = 0.05. Number of samples per treatment varied between 23 to 45 plants
in year 1 and between 43 and 52 plants in year 2. A is the type of soil amendment, Y is the year and A*Y is
the interaction between type of soil amendment and year, followed by p-values associated with the overall
effect estimated in the statistical model.
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Figure S3. Number of flowers (log(x +1)-transformed) of Brassica nigra plants visited at (a) 7 – 9 days and
(b) 14 – 16 days after the first flower of the plant had fully opened. Plants were grown in soil amended with
house cricket exuviae (CK), BSF exuviae (BSF), yellow mealworm exuviae (MW), shrimp chitin (CHT) or cow
manure (OF). Control plants (C) grew in soil without soil amendment. Boxplots show median (horizontal
bold line), first and third quartiles, and minimum and maximum. Dots represent individual observations.
Median values within each panel that have no letters in common are significantly different (Tukey’s post
hoc test; p = 0.05. Number of samples per treatment varied between 23 to 45 plants in year 1 and between
43 and 52 plants in year 2. A is the type of soil amendment, Y is the year and A*Y is the interaction between
type of soil amendment and year, followed by p-values associated with the overall effect estimated in the
statistical model.
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Table S1. Plant traits of Brassica nigra grown in soil amended with house cricket exuviae
(CK), BSF exuviae (BSF), yellow mealworm exuviae (MW), shrimp chitin (CHT) or cow
manure (OF). Control plants (C) grew in unamended soil. Contrasts between the plant
treatments were considered significant at p ≤ 0.05 based on Tukey’s honest significant
difference (HSD). Estimated means and SE as produced by the models in Table 1 for
a plant trait within a row, having no letters in common are significantly different. For
plant width and number of leaves T1 was 5 weeks after sowing, T2 was 7 weeks after
sowing. For number of flowers and inflorescence height T1 was 7 and T2 was 14 days
after opening of the first flower. Bottom of the table: Amount of nitrogen and chitin in
the treatments.
Year 1
Plant width

T1

C

CK

BSF

MW

CHT

OF

10.7 ± 1.29 (a)

16.6 ± 1.33 (c)

13.4 ± 1.3 (b)

17 ± 1.32 (c)

12.2 ± 1.33 (ab)

16.4 ± 1.32 (c)

T2

24.5 ± 3.52 (a)

23.2 ± 3.48 (d)

20.1 ± 3.48 (bc)

23.6 ± 3.48(d)

17.2 ± 3.52 (ab)

22.3 ± 3.48 (cd)

Number of
leaves

T1

1.64 ± 0.128 (a)

1.82 ± 0.128 (d)

1.71 ± 0.127 (abc)

1.79 ± 0.128 (cd)

1.64 ± 0.129 (ab)

1.76 ± 0.128 (bcd)

T2

2.33 ± 0.380 (ab)

2.48 ± 0.380 (bc)

2.43 ± 0.380 (bc)

2.55 ± 0.380 (c)

2.18 ± 0.382 (a)

2.49 ± 0.380 (bc)

Number of
flowers

T1

3.30 ± 0.182 (a)

3.82 ± 0.181 (ab)

3.49 ± 0.179 (ab)

3.89 ± 0.181 (ab)

3.38 ± 0.214 (ab)

3.46 ± 0.175 (ab)

T2

3.92 ± 0.305 (a)

4.45 ± 0.301 (ab)

4.11 ± 0.309 (a)

4.47 ± 0.302 (a)

3.82 ± 0.324 (a)

3.91 ± 0.333 (a)

Inflorescence T1
height
T2

43.9 ± 2.38 (a)

50.5 ± 2.49 (a)

44.3 ± 2.43 (a)

50.6 ± 2.49 (a)

43.5 ± 2.67 (a)

47.3 ± 2.61 (a)

51.5 ± 3.19 (a)

58.3 ± 3.37 (a)

52.2 ± 3.47 (a)

57.7 ± 3.34 (a)

52.8 ± 3.71 (a)

51.8 ± 3.37 (a)

Year 2
T1

13.8 ± 1.28 (a)

20.8 ± 1.3 (d)

15.8 ± 1.29 (b)

18.7 ± 1.3 (c)

14.5 ± 1.28 (a)

18.9 ± 1.3 (c)

T2

23.9 ± 3.53 (a)

27.3 ± 3.53 (a)

26.1 ± 3.53 (a)

25.1 ± 3.52 (a)

23.9 ± 3.53 (a)

24.1 ± 3.52 (a)

Number of
leaves

T1

1.69 ± 0.128 (a)

1.86 ± 0.127 (c)

1.76 ± 0.127 (ab)

1.84 ± 0.128 (bc)

1.69 ± 0.127 (a)

1.87 ± 0.128 (c)

T2

2.79 ± 0.382 (a)

2.66 ± 0.382 (a)

2.76 ± 0.382 (a)

2.60 ± 0.382 (a)

2.63 ± 0.382 (a)

2.57 ± 0.382 (a)

Number of
flowers

T1

3.20 ± 0.138 (a)

3.85 ± 0.136 (c)

3.30 ± 0.135 (a)

3.63 ± 0.136 (bc)

3.21 ± 0.137 (a)

3.56 ± 0.135 (b)

T2

3.75 ± 0.275 (a)

4.48 ± 0.274 (c)

4.09 ± 0.274 (b)

4.35 ± 0.274 (bc)

3.76 ± 0.275 (a)

4.14 ± 0.282 (b)

Inflorescence T1
height
T2

49.5 ± 2.25 (a)

57.5 ± 2.2 (b)

53.2 ± 2.18 (ab)

56.2 ± 2.22 (b)

48.7 ± 2.43 (a)

53.4 ± 2.36 (ab)

56.9 ± 3.12 (a)

66.7 ± 3.19 (b)

56.9 ± 3.12 (ab)

62.2 ± 3.16 (ab)

56.5 ± 3.71 (a)

61.1 ± 3.16 (ab)

57.3

72.8

92.3

7

81

9.88

Plant width

Nitrogen
(g/Kg)
Chitin* (%)

*Chitin yield (%): (weight of chitin/weights of the insect powder * 100)
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Year 1

Time point

T1

Treatment

Syrphid flies

Other flies

Honey bees

Solitary bees

Bumblebees

C
CK
BSF
MW

79
99
90
65
61
66
103
111
117
173
38
98

14
29
28
19
15
31
15
48
10
31
6
28

61
110
67
102
49
50
121
82
49
81
47
82

8
13
13
10
10
8
4
13
15
27
5
10

7
7
9
5
5
7
16
8
5
9
2
6

32
69
49
52
30
58
59
52
33
45
33
48

18
29
29
23
18
21
41
47
57
60
36
37

20
45
41
47
27
40
27
59
48
36
39
31

5
9
8
7
1
3
4
6
4
11
6
7

0
0
1
0
0
0
0
3
0
1
1
1

CHT
OF

T2

C
CK
BSF
MW
CHT
OF

Year 2

T1

C
CK
BSF
MW
CHT
OF

T2

C
CK
BSF
MW
CHT
OF
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Table S2. Number of pollinators observed visiting flowers of Brassica nigra plants grown
in soil amended with house cricket exuviae (CK), BSF exuviae (BSF), yellow mealworm
exuviae (MW), shrimp chitin (CHT) or cow manure (OF). Control plants (C) grew in
unamended soil.
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In natural and agricultural ecosystems plants interact with a diverse community of aboveground and belowground organisms (De Deyn, 2017; Reverchon and
Méndez-Bravo, 2021). In response to these interactions, plants undergo changes
in their phenotype, a phenomenon called phenotypic plasticity (Valladares et al.,
2007). Along with changes elicited by biotic interactions, plant phenotypic plasticity also occurs in response to abiotic environmental factors (Pérez-Ramos et al.,
2019). For example, changes in soil quality such as changes in soil moisture (Dai et
al., 2022), water availability (Campbell et al., 2019), soil organic matter (van Gils et
al., 2016) or nutrient concentrations (David et al., 2019) can lead to altered plant
traits that can impact the diversity and abundance of the plant-associated insect
community (Bartomeus et al., 2015; David et al., 2019; Carvalheiro et al., 2021;
Luizzi et al., 2021). The response of plant traits to environmental factors may be
especially important because these traits connect the anthropogenic (e.g. farming
practices) and natural (e.g. pollinators) environments and are known to impact
plant fitness (Strauss and Whittall, 2006; Parachnowitsch and Kessler, 2010; Rusman et al., 2019a). For instance, changes in the soil associated with the use of fertilisers can impact the plant and plant-associated community (Ramos et al., 2018;
Carvalheiro et al., 2021). Therefore it is critical to understand the effects that soil
amendments can have on flowering plant traits.
The approaches taken in this PhD thesis aimed to determine how the phenotype
of flowering plants is influenced by the use of insect exuviae as soil amendment,
and how the subsequent changes in the plant phenotype affect the interactions of
the plant with herbivorous insects and insect pollinators. I found that phenotypic
plasticity of Brassica nigra traits like plant size, volatile emission, flower morphology, flower colour and the number of flowers was influenced by the use of insect
exuviae as soil amendment. Furthermore, I demonstrate that these changes affect
plant interactions with the plant-associated insect community such as flower visitors with consequences for plant reproductive success. In this final chapter, I will
highlight the main findings and then discuss their implications in an ecological
context, followed by a discussion of the importance for agricultural management
practices to enhance ecosystem services and global food security. Finally, I will
discuss perspectives for future research.

The effects of soil amendments on plant phenotype
Soil dynamics, which are governed by biotic and abiotic factors, are crucial
for plant health and the interactions of plants with mutualists and antagonists
(Bardgett and Van Der Putten, 2014; Bardgett, 2018; David et al., 2019). Physical
and chemical properties of soils are variable and this variation can alter both plant
128
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In recent years, research has focused on the use of organic amendments that enhance nutrient uptake, plant growth, flowering, fruit set and crop productivity and
can also enhance defence against biotic and abiotic stressors (Colla and Rouphael,
2015). For instance, soil amended with organic compost proved to influence the
biomass, phenology, pollen and nectar of Cucumis sativus plants (Cardoza et al.,
2012). Likewise, maize yield was increased by 15.8% without N fertilisation, and
by 18.2% with N fertilisation under biochar amendment (Zhang et al., 2012). Furthermore, organic fertilisers, particularly animal manures, have been reported to
simultaneously promote plant growth and defence strategies against plant antagonists (Rowen et al., 2019). Thus, the use of organic soil amendments may mitigate
some of the adverse impacts of agricultural intensification (Colla and Rouphael,
2015; Du Jardin, 2015).
The growing insect farming industry is producing large amounts of insect residual
streams that can be used as soil amendment (Torgerson et al., 2021; Chapter 2).
Insect exuviae, the moulted skins produced during development, contain chitin
(Kim et al., 2017; Song et al., 2018). The exuviae of insects such as mealworms,
house crickets and black soldier flies have been found to consist of between 8.6%
to 11.1% chitin (Nurfikari and de Boer, 2021). Chitin has been found to contribute to plant nutrition directly, but also and especially through the alteration of
the rhizosphere microbiome and by stimulating growth and activity of beneficial
microbes (Sharp, 2013). Chitin-containing soil amendments altered vegetative biomass and flower abundance (Ohta et al., 1999; Salachna et al., 2015; Debode et
al., 2016; Chapters 2, 5 and 6) (Fig. 1). Furthermore, unlike microbial inoculation
that can be negatively affected by the competition with the myriad of indigenous
129
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visual and chemical traits (Cunningham et al., 1999; Murren et al., 2006; Burnett
et al., 2008). The soil environment can influence plant optical traits by altering
of resource availability in the soil. Soil nutrients (e.g. N, P, K, and Ca) influence
flower size and number (Nagy and Proctor, 1997; Murren et al., 2006; Burnett
et al., 2008). For example, Ipomopsis aggregata respond to NPK fertilisation with
changes in flower abundance, corolla width and aboveground biomass (Burkle and
Irwin, 2009). Nitrogen enrichment can also alter the volatile emission of flowering
plants (Majetic et al., 2017). The misuse of soils and the extensive use of chemicals
in agriculture such as fertilisers are causing severe soil degradation, threatening
ecosystem functioning and ecosystem services (Gove et al., 2007; Bastida et al.,
2015; Dupont et al., 2018). The agricultural sector is challenged to increase crop
productivity, while reducing the environmental impact on ecosystems. This has
stimulated the search for sustainable alternatives to promote plant growth and
health (Malerba and Cerana, 2020).
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microbes that are adapted to the specific biotic and abiotic environmental factors
of a site (Mazzola and Freilich, 2017), the use of insect exuviae as soil amendment
stimulates the recruitment of beneficial organisms that are already present in the
soil (Wantulla, unpublished), which are likely to be better suited to the local soil
conditions (Pineda et al., 2017).

Plant phenotypic plasticity in response to belowground interactions
Belowground, plant roots interact with a myriad of organisms that can impact plant
traits (Papadopoulou and van Dam, 2017; Karssemeijer et al., 2020; Friman et al.,
2021a). Among others, plants interact with beneficial microorganisms that induce
phenotypic changes in plant traits by enhancing the nutrient availability, such as
by modifying root branching (e.g. changes in lateral root initiation and elongation,
as well as root:shoot biomass allocation) for better nutrient uptake via induction
of a wide array of molecular and chemical reactions in the host plant (Trivedi et
al., 2020; Friman et al., 2021; Reverchon and Méndez-Bravo, 2021). Furthermore,
microorganisms in the soil can also affect plant phenotype via modulation of plant
development and defence responses (Goh et al., 2013). Soil microbes can promote plant growth and enhance its survival under harsh environmental conditions
(Pineda et al., 2017; Chapter 2). The impact of soil microbes on ecosystem processes such as breakdown of organic compounds, nutrient mineralisation, nitrification and dissimilatory nitrate reduction to ammonium can also lead to changes
in plant phenotype (Goh et al., 2013; Gupta et al., 2021). Microbial communities
are essential and play critical roles in soil organic matter decomposition, nutrient
supply and cycling of nutrients, and can improve stress tolerance and also induce
plant immunity by triggering systemic resistance against biotic stressors, including aboveground insects and pathogens (Van Der Heijden et al., 2008; Bardgett
and Van Der Putten, 2014). For example, arbuscular mycorrhizal fungi (Orrell and
Bennett, 2013; Bennett et al., 2018) and the rhizosphere microbiome (Berendsen
et al., 2012; Jones et al., 2019; Chapter 2) are known to induce plant phenotypic
changes that promote plant growth and resistance against plant antagonists (e.g.
root and shoot architecture, flowering, quality and quantity of floral reward, and
stress responses). Furthermore, plants can have an active role in the recruitment
of beneficial microbes from the bulk soil upon insect attack (Berendsen et al.,
2012; Pieterse et al., 2014). For instance, in response to aboveground attack plants
can alter root exudation patterns that change the soil microbiome with potential
benefits for subsequent plant generations (Yuan et al., 2018; Rolfe et al., 2019).
The bacterial community in the soil is critical for maintaining plant health (Van
Der Heijden et al., 2008; Gupta et al., 2021) and can contribute to sustainabili130
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Plant phenotypic plasticity in response to aboveground interactions
Besides belowground interactions with soil microorganisms, aboveground interactions with insects such as pollinators and herbivores can also change plant phenotype (Valladares et al., 2007; Chapter 3 and 4). Aboveground, members of the
plant-associated insect community acquire nutrients from the plants, which ensure
survival for them and their offspring (Stam et al., 2014; Jacobsen and Raguso, 2018;
Ramos and Schiestl, 2019). This community includes pollinators that are sustained
through flower resources, and herbivores that obtain their nutrients from different
plant organs such as roots, leaves or flowers (Lucas-Barbosa, 2016; Kessler and
Chauta, 2020; Chapter 5 and 6). There is growing evidence that phenotypic changes
caused by these interactions have consequences for plant fitness (Hendrix, 1988;
Rusman et al., 2019a; Kessler and Chauta, 2020; Chapter 5 and 6) (Fig. 1). In many
flowering plant species, fitness is determined by the interaction of the plant with
insect pollinators, which in turn is influenced by how pollinators perceive plant
and more specifically flower signals (Chittka and Raine, 2006). To locate flowers
pollinators use flower colour and odour and assess the quality of nectar or pollen
offered by flowers as reward (Raguso and Willis, 2002; Galizia et al., 2004; Goyret
et al., 2007; Schiestl, 2015). Optical and chemical cues of flowering plants influence
the behaviour of different pollinator species and mediate pollination of flowers
by insects (Honda et al., 1998; Chittka and Raine, 2006; Ohashi et al., 2015; Van
der Kooi et al., 2018). In Chapter 3, the syrphid fly Episyrphus balteatus and the but131
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ty (Aloo et al., 2019). In natural ecosystems bacterial communities can promote
plant biodiversity (Van Der Heijden et al., 2008) and in agricultural systems these
bacteria can boost crop productivity (Kumar and Dubey, 2020). Changes in plant
phenotype in plants growing in soil amended with insect exuviae (Chapter 4), can
be induced by beneficial microorganisms in the soil (Chapter 2). Insect exuviae increased the diversity and abundance of beneficial bacteria in the soil like Bacillus
and Pseudomonas species (Nurfikari et al. unpublished; Wantulla et al. unpublished). Bacteria belonging to these genera have been associated with the induction of plant phenotypic plasticity. Plant-growth-promoting rhizobacteria (PGPR)
can enhance the production of flowers with a significantly increased biomass and
colour intensity (Göre and Altin, 2006; Flores et al., 2007; Kumari et al., 2016).
Along with these changes in plant traits, belowground microbial communities can
also directly or indirectly modify plant VOC emissions (Junker and Tholl, 2013).
The changes in plant phenotype described above may affect the availability of resources for insects interacting with the plant (Majetic et al., 2017). Furthermore,
even when floral resource availability is not affected, soil-driven changes in plant
traits may have strong impacts on flower consumers (Carvalheiro et al., 2021).
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terfly Pieris brassicae exhibited a strong bias for optical cues over volatile chemical
cues when both cues were offered separately, in agreement with studies on host
location by insect pollinators, in which many pollinators exhibit feeding behaviour
in response to colour stimuli (Van der Kooi et al., 2021). In contrast, other studies
have reported that chemical cues are more important than optical cues to attract
pollinators from a distance (Raguso, 2008; Primante and Dötterl, 2010; Lukas et al.,
2020). However, insect pollinators exploit visual and odour information simultaneously, thus optical and chemical plant traits both contribute to foraging pollinator
preferences (Raguso and Willis, 2002; Milet-Pinheiro et al., 2012; Chapter 2). A
combination of volatile chemical and optical cues synergistically improves foraging
behaviour of other pollinators as well, resulting in higher frequency and duration
of flower visits (Honda et al., 1998; Raguso and Willis, 2002; Yan et al., 2016; Nordström et al., 2017).
Plant traits used as cues by insect pollinators undergo phenotypic changes in response to biotic interactions. For example, insect pollinators can alter flower traits
that plants use to optimise reproductive success (Lucas‐Barbosa et al., 2016).
Flowering plants show variation in volatile emission induced by pollination (Negre et al., 2003; Theis and Raguso, 2005; Schiestl, 2015; Lucas‐Barbosa et al., 2016;
Chapter 2). Reduction in the concentration of aromatic compounds upon pollination has been observed in Antirrhinum majus and Petunia hybrida flowers (Negre et
al., 2003). Along the same line, Brassica nigra plants responded to pollination by
down-regulating the levels of aromatic compounds (Lucas-Barbosa et al., 2016,
Chapter 3). These changes in floral volatiles affect pollinator attraction. Plant volatile compounds are important to elicit a behavioural response from pollinators
that use olfactory neurons to detect the complex volatile blends (Haverkamp et
al., 2018). Post-pollination changes have also been observed in the composition of
flower phenolics, accountable for flower colouration (Lucas‐Barbosa et al., 2016).
In addition to the post-pollination changes that occurred in colour and odour
cues, the production of flower rewards, such as nectar, is interrupted after a flower has been pollinated (Weiss, 1991; Luyt and Johnson, 2002; Rodriguez-Saona et
al., 2011).
While pollinators select for particular floral traits they prefer, at the same time,
the plant is engaged in interactions with antagonists, including insect herbivores
(Strauss, 1997; Lucas-Barbosa, 2016; Chapter 5 and 6). Flowering plants need
to balance investments between defence mechanisms against these herbivores
and reproductive strategies to maximise their fitness (Hendrix, 1988; Herms and
Mattson, 1992). Changes in plant traits upon herbivory are very diverse and include mechanical structures (e.g. spinescence, pubescence, sclerophylly and raphi132
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In flowering plants, interactions with insect herbivores also lead to altered plant
phenotypes, and thus indirectly have an impact on plant-pollinator interactions
(Ramos and Schiestl, 2019; Rusman et al., 2019a). Plant phenotypic plasticity
upon herbivory is observed as phytohormonal and metabolic changes that affect
growth, phenology and volatile chemistry of flowers (Rusman et al., 2019b). These
changes impact the information used by insect pollinators to locate and remember
flowers (Jacobsen and Raguso, 2018), thereby impacting the interactions with the
entire plant-associated insect community (Kessler and Chautá, 2020). Herbivory
can influence multiple plant traits such as flower morphology (Strauss and Whittall, 2006; Rusman et al., 2019b), flower abundance (Chapters 4, 5 and 6), colour
(Lucas-Barbosa et al., 2016; Rusman et al., 2019b) and scent of plants (Kessler
et al., 2011; Schiestl, 2015; Lucas-Barbosa et al., 2016; Chapter 4). In our study,
simultaneous herbivory by P. brassicae and B. brassicae altered the colour of the
petals of B. nigra and reduced the emission rate of several volatiles compared to
plants without herbivory (Fig. 1). The negative effect of herbivory on chemical
cues can reduce the attractiveness of flowers to pollinators (Strauss, 1997; Lehtilä
and Strauss, 1999; Kessler et al., 2011; Kessler and Chautá, 2020). We observed
that herbivory reduced vegetative biomass of the plants and inflorescence height;
however, it did not affect the number of pollinators visiting the plant nor the
number of seeds produced (Chapter 5). Indeed, organic soil amendments used
in agriculture have been shown to increase tolerance to herbivory (Allee and Davis, 1996; Altieri and Nicholls, 2003).The positive effect of insect exuviae as soil
amendment on B. nigra’s ability to tolerate herbivory attack, can be explained as a
compensation for biomass loss (Blatt et al., 2008).

Consequences of the use of soil amendments for plant reproduction
Nutrient availability and the microbial community in the soil can influence plant
reproduction through two mechanisms. First, low levels of nutrients in the soil
can negatively affect seed production (Malhi and Gill, 2006). Under nutrient limitation, seed yield can be reduced, because not all fertilised ovules develop into
seeds (Dorey and Schiestl, 2022). Second, alterations in the soil environment in133
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des) (Hanley et al., 2007), chemical defence compounds (Agrawal, 1999, 2000),
volatiles that attract natural enemies of herbivores (Dicke and Baldwin, 2010) and
biomass loss that compromises future growth or differentiation (Valladares et al.,
2007). Indeed, in Chapter 5, I found that herbivory by Pieris brassicae caterpillars
and Brevicoryne brassicae aphids reduced plant width and height. Specialist herbivores are likely to induce large phenotypic plasticity in plant traits, because they
suppress plant defenses (Ali and Agrawal, 2012).
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fluence plant traits that are used as signal by the plants to attract pollinators,
thus affecting pollination success (Strauss and Whittall, 2006; Carvalheiro et al.,
2021). In the second scenario, phenotypic plasticity in flowering plants can in turn
affect interactions with both insect pollinators (David et al., 2019; Carvalheiro et
al., 2021; Chapter 5 and 6) and insect herbivores (Meindl et al., 2013; Chapter 4
and 5), and subsequently influence reproductive output (Carvalheiro et al., 2021;
Chapter 4 and 5).
Plant traits that are used as cue for insect pollinators can be altered by soil amendments (David et al., 2019; Chen et al., 2022; Chapter 4). Traits such as floral display,
colour and scent influence flower attractiveness and can advertise the reward quality and flower availability to a pollinator (Knauer and Schiestl, 2015; Lucas‐Barbosa et al., 2016; Chapter 2). The increased nutrient availability conferred by soil
amendments may allow the plant to increase its resource investment in reproduction, so that flowers are more attractive or endowed with greater rewards (Burkle
and Irwin, 2009). In addition, the increased abundance of beneficial microbes can
also stimulate the abundance of flowers (Flores et al., 2007). Plants with enhanced
floral resources are more likely to attract a greater number of insect pollinators
(Arroyo et al., 2007; Rering et al., 2018; Schaeffer et al., 2019) and thus to have
greater yields (BeaudelaineKengni et al., 2015). My field observations demonstrate
that insect pollinators made more visits to plants growing in soil amended with
insect exuviae than plants growing in soil without soil amendment; subsequently,
seed yield was higher for plants with soil amendment (Chapters 5 and 6). This
increase in pollinator visitation was explained by changes in visual and olfactory
flower traits that I measured, including petal size, petal colour and volatile emission (Chapter 4). The three soil amendments with insect exuviae produced more
flowers (Chapters 4, 5 and 6). Flower abundance is considered as a key plant trait
for pollinator attractiveness (Schiestl and Johnson, 2013; Salisbury et al., 2015). In
addition to having a larger number of flowers, plants grown on soil amended with
insect exuviae had taller inflorescences and a greater number of flowers (Chapters
5 and 6). Floral stem height also contributes to floral attractiveness because higher inflorescences are more conspicuous and accessible than lower inflorescence
stems (Ouvrard et al., 2018) (Chapters 5 and 6).
Pollinators also use VOCs emitted by plants to distinguish the presence and quality of food resources (Chittka and Raine, 2006; Wright and Schiestl, 2009; Schiestl,
2010). Changes in VOC emission change the composition of the blend thereby
directly impacting pollinator attraction (Raguso, 2009). Also quantitative changes
in these emissions could influence plant–animal interactions (Galen et al., 2011).
In Chapter 4, I found that for plants grown in soil amended with insect exuviae,
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Interactions between soil fertility, pest resistance and plant reproduction can be
complex. Soil amendments can influence plant reproduction via effects on herbivory (Chapters 2 and 4). Effects of herbivory on plant fitness are often negative
(Lucas-Barbosa, 2016; Rusman et al., 2019b; Kessler and Chautá, 2020), and the
interaction with effects of nutrients in from soil amendments can make herbi135
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the amounts of volatiles emitted were higher than for control plants grown in unamended soil. These changes influenced the insect pollinator community (Chapters
5 and 6). Notably, my findings reported in Chapter 6 revealed that soil amendment
with insect exuviae significantly affected plant reproduction in comparison with
cow manure and purified shrimp chitin, neither of which affected the number of
produced seeds. It has been established that nitrogen in the soil is essential for
successful pollination due to positive effects on flower trait expression (David et
al., 2019). Production of nitrate as component of artificial fertiliser is very costly and polluting (Cassman et al., 2002), therefore, its presence in organic fertiliser is very valuable. Nitrogen was present in organic fertiliser and insect exuviae
amendments used in my experiments presented in Chapter 6. My data show that
only plants growing in soil amended with cricket exuviae and mealworm exuviae
attracted more flower visitors than plants growing in soil with shrimp chitin or
cow manure amendments (Chapter 6). Subsequently, the production of seeds was
higher than for control plants only for plants grown in soil amended with insect
exuviae (Chapter 6). This suggests that the differences in reproductive output due
to insect exuviae amendment are not only due to the nitrogen or chitin content,
but to the synergistic effect with other factors related to soil amendment with
insect exuviae. As reported in Chapter 2, chitin is well known for stimulating activity of beneficial microorganisms that have been associated with plant growth
and health (Sarathchandra et al., 1996; Sharp, 2013; Debode et al., 2016; Chapter
2). Although chitin from the exoskeleton of crustaceans such as shrimp has been
shown to have a positive effect on flower traits and pollinator attraction (Radwan
et al., 2012; Muymas et al., 2015), I did not observe this in my research (Chapter
6). Indeed, I found that plants growing in soil with shrimp chitin treatments did
not show differences in any of the evaluated plant traits in comparison with control plants grown in unamended soil (Chapter 6). This indicates that effects of pure
chitin cannot explain the positive effects observed on plant growth in soil amended with insect exuviae. This effect may be the synergistic effect of chitin with
other components of exuviae such as carbohydrates, proteins and lipids (Nurfikari
and de Boer, 2021). My results thus reveal that insect exuviae can impact ecological interactions between B. nigra plants and their pollinator community through
changes in plant traits (Chapters 4, 5 and 6). Subsequently, these interactions with
flower visitors impact plant reproductive success (Chapter 5 and 6).
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vore attack more devastating due to increased nitrogen-to-carbon ratios in leaves,
which causes a higher performance of insect herbivores and consequently a reduction in plant fitness (Altieri and Nicholls, 2003). In Chapter 4, I observed that herbivory negatively affected petal size and VOC emission in B. nigra plants. Previous
studies showed that herbivory negatively affected visual (Strauss and Whittall,
2006; Rusman et al., 2019b) and chemical plant traits (Kessler et al., 2010; Pareja
et al., 2012; Schiestl et al., 2014). I found that the reduction in VOC emission in
response to herbivory was prominent for compounds known to elicit foraging
responses in pollinating insects (Schiestl et al., 2014; Farré-Armengol et al., 2020).
However in the field, I neither observed a negative effect on pollinator attraction
nor on the production of seeds for plants upon herbivory attack (Chapter 5). Brassica nigra has been shown to be able to compensate for herbivory attack (Chrétien
et al.; Pashalidou et al., 2015; Rusman et al., 2018).
Soil amendments can also enhance plant reproductive success by mitigating the
negative effects of herbivory (Chapter 4). I revealed that although VOC emission is
affected by herbivory, plants growing in soil amended with insect exuviae showed
a lower reduction in the amount of specific volatiles emitted upon herbivory,
compared to plants grown in soil without soil amendment (Chapter 4). Therefore
positive effects of soil amendment proved to compensate the negative effects of
herbivory.
The role of soil chemical and microbial composition in plant-pollinator interactions has been severely overlooked (Carvalheiro et al., 2021; Ollerton, 2021), especially when taking into account that about 75 % of all crop species used for human
consumption are insect-pollinated (Klein et al., 2007). Use of organic fertilisers
can contribute to the protection of pollinators and pollination, as ecosystem service. The loss of floral resources resulting from the use of synthetic fertiliser is
considered one of the drivers of pollinator declines (Gove et al., 2007; Dupont et
al., 2018; Farina et al., 2019; Carpenter et al., 2020; Russo et al., 2020). Specialist
pollinators, such as those with more elaborate feeding apparatus run a higher risk
of decline due to deterioration of floral resources (Biesmeijer et al., 2006; David
et al., 2019), thus affecting overall biodiversity. In order to mitigate the decline of
many pollinator species (Potts et al., 2016), a greater understanding of the effects
of soil amendments on plant-pollinator interactions will help not only to better
understand the complex ecological dynamics aboveground and belowground, but
also to optimise farming practices to enhance crop yield, protecting ecosystem
services and maintaining food security (van Gils et al., 2016).
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Figure 1. Pathways through which environmental factors, i.e. soil amendment with insect exuviae (blue),
herbivory (green), pollination (orange) may affect plant traits (yellow boxes)(Chapters 4, 5 and 6) and
pollinator attraction (purple box) (Chapter 4). Blue solid arrows indicate that the environmental factor will
cause a quantitative increase of the respective plant trait. Red solid arrows indicate that feeding by herbivores reduced petal size and VOC emission rate. Red dashed arrows indicate that pollinator visitation rate
will decrease post-pollination (Chapter 3). Grey dashed arrows indicate that changes on the reflectance
spectra were observed as a result of the interaction. (Chapter 4).

Insect residual streams to support sustainable development
The world faces an increasing scarcity of food that demands the development of
food production systems that meet the United Nations’ Sustainable Development
Goals (UN). A total of 17 sustainable development goals were formulated at the
General Assembly of the United Nations (UN) in order to reach sustainability in
the world (UN, 2015). By 2050, food production will have to increase by 70% to be
able to feed the rapidly growing human population (IPPC, 2021). Nowadays there
is a high pressure on already limited resources, aggravated by the competition
for land to produce food, feed, and fuel, making the challenge of environmental
sustainability even more difficult. Conventional food production systems such as
meat production (e.g. beef, lamb, pig, poultry) have a strong environmental impact because meat production uses a disproportionately large amount of water
and contributes considerably to emissions of greenhouse gases (Van Huis, 2022).
Furthermore, while livestock accounts for the use of 77% of global farm land it
only produces 18% of the world’s calories and 37% of total protein (Poore and
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Nemecek, 2018). Therefore, a key aspect to achieve sustainability in food production is the implementation of systems with lower environmental impact that
contribute to increasing livelihood (Moruzzo et al., 2021). The production of insects as a high-quality source of animal proteins has received increasing attention
as a viable and sustainable alternative to the traditional livestock production (Van
Huis, 2021). It is expected that the production of edible insects will grow exponentially until 2030 (Anonymous, 2019). In addition to contributing to sustainable
production, insect production can also increase the livelihood of local communities and small-holder farmers, and promote the transition from a linear to a
circular agriculture (Chia et al., 2019; Barragán-Fonseca et al., 2020; Torgerson et
al., 2021). Thus use of residual streams from insect farming such as insect exuviae
may directly or indirectly contribute to several SDGs (Fig. 2).
The promotion of circular agriculture via the novel use of the residual streams
from insect farming as organic fertilisers (Chapters 5 and 6) directly contributes to
the goal of sustainable consumption and production systems (SDG 12) and to the
goal of promoting sustainable industrialisation and fostering innovation (SDG 9),
in which the central axis is to transform energy and materials to maintain or even
improve human wellbeing without negatively impacting environmental resources. For instance, conventional agriculture relies on the use of synthetic chemical
inputs such as fertilisers, herbicides, and pesticides (Bommarco et al., 2013). It is
widely recognised that these practices pollute soil, water, and air that harm the
health of humans and ecosystems. Use of insect exuviae as organic fertiliser can
promote plant growth and enhance the attraction of insect pollinators (Chapters
4, 5, 6). Thus, avoiding the use of synthetic fertilisers and the conservation and
promotion of ecosystem services contributes to four SDGs: SDG 6 (clean water
and sanitation), SDG 13 (climate action), SDG 14 (life under water) and SDG 15 (life
on land). Furthermore, insect exuviae can make crops more productive in terms of
biomass and seed yield (Chapters 5 and 6), contributing to one of the main goals
to achieve sustainability, SDG 2 (zero hunger).
The use of residual streams in agriculture indirectly contributes to achieving other SDGs via insect farming (Moruzzo et al., 2021; Chapter 2 ). For the 500 million
smallholder farmers in the world, farming practices that require low external inputs while improving crop yields is a key development strategy, that can improve
their livelihood and social status, thereby contributing to reach several SDGs: SDG1
(no poverty), SDG 3 (good health) and SDG 8 (good jobs and economic growth). In
addition, insect farming has been an opportunity to improve farming practices for
women in developing countries like Kenya (Chia et al., 2019), promoting gender
equality (SDG 5). Notably, the production of insects can also mitigate rural poverty
138

Chapter Seven

Chapter Seven

Chapter Seven

Chapter Seven

Chapter Seven

6 Chapter Seven

Chapter Seven

Organic residual
stream

Animal feed

Economic development of
smallholder farmers

Insect exuviae

Applied research

Fundamental research

Insect farming

Soil amendment

Societal
development

Figure 2. Use of insect exuviae as soil amendment may directly or indirectly contribute to several SDGs
and the development of circular agriculture based on the production of insects as feed. Adapted from Barragán-Fonseca et al. (2020).

Residual streams from insect farming have the potential to benefit people and the
environment, matching with several SDGs. Using insect exuviae as soil amendment is not just an ecological option to enhance plant growth, but it is one of the
most economic and practical options for improving soil and substrate quality and
plant resilience, and provide an excellent opportunity for developing a circular
and sustainable approach to food production (Nurfikari and de Boer, 2021; Torgerson et al., 2021; Chapter 2). However, the achievement of the SDGs requires col139
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and support social development (Barragán-Fonseca et al., 2022a). For instance, in
Colombia, a country recovering from conflict, insect farming offers an opportunity
to improve the socio-economic position of ex-combatants by giving them a new
status as smallholder farmers, contributing to the goal of establishing peace and
justice (SDG 16) (Barragán-Fonseca et al., 2020).
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laborations among all stakeholders, government, industry and academia (Moruzzo
et al., 2021). Specifically, academia has the challenge to strengthen education, research and extension to propose solutions aimed at overcoming the problems that
particularly affect the rural sector and put sustainable agriculture into practice
(Vasilescu et al., 2010). Thereby, fundamental and applied research can build a
framework to connect agriculture and sustainability.

General conclusions
Studying plant traits exploited by insect pollinators as cues has been a key field of
research in pollination ecology. Petal colour, flower volatile emissions and floral
display among other plant traits have been shown to influence the attraction of
flower visitors. My findings indicate that the phenotypic plasticity in plant traits
in response to environmental factors can impact plant growth and fitness and the
interactions with the plant-associated community. Insect exuviae as soil amendment can lead to positive consequences for plants and insect pollinators. Plants
benefit in terms of reproductive success and pollinators in terms of resource availability. Plants growing in soil amended with insect exuviae increased the number
of flowers produced and subsequently the number of seeds even during herbivore
attack in the field. Interestingly, this thesis provides the first evidence of the main
and interaction effects of soil amendment and herbivory on plant traits important
for reproduction. Indeed, I demonstrate that using insect exuviae as soil amendment can enhance plant growth and seed production and can counteract the negative effects of herbivory.
Furthermore, this thesis contributes to understanding how aboveground and belowground environmental factors can affect visual plant traits and thereby influence plant reproduction. Although a growing number of studies have examined
plant-mediated linkages between aboveground and belowground organisms (Heinen et al., 2018; Friman et al., 2021), most of these studies until now have focused
on effects of belowground organisms on aboveground antagonists (Pineda et al.,
2010; Friman et al., 2021). With the findings of this thesis together with the research of Nurfikari (unpublished) and Wantulla (unpublished), we demonstrated
that the use of insect exuviae can stimulate beneficial rhizobacteria that potentially play an important role in influencing more complex ecological networks.
Nowadays, one of the biggest challenges for the growing human population is to
increase the yield of crops with lower levels of agrochemical inputs. The use of
organic amendments that stimulate the growth of beneficial rhizobacteria offers
exciting opportunities to achieve this. My research highlights the importance of
exploring organic soil amendments, in particular insect exuviae, as alternative to
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Future perspectives
Throughout this general discussion, I have outlined how the use of residual
streams as soil amendments can affect plant interactions with insect pollinators
and herbivores with consequences for plant reproductive output (Fig. 1). Recent
findings indicate the potential of insect exuviae to stimulate the abundance of
beneficial microorganisms in B. oleracea plants (Wantulla et al. unpublished). However it remains unknown how the addition of insect exuviae can affect the soil
microbiome associated with flowering plants such as B. nigra. These evaluations
should be conducted not only under controlled conditions, but also in agroecosystems where environmental conditions are variable. Current understanding of how
soil amendments affect the complex plant–microbe interactions that take place
in the rhizosphere is limited. Experimental evidence highlighted the importance
of the root microbiome in plant health and it is becoming increasingly clear that
plants mediate interactions between belowground and aboveground organisms.
Unraveling the mechanisms through which soil amendments affect the soil microbiome and through which the soil microbiome affects plant growth and health will
open new approaches to increase crop quality and productivity.
In addition, soil organisms can also induce changes in plants that were not explored in this thesis. For example the soil microbiome has shown to influence
flower phenology (Wagner et al., 2014) that would very likely impact the plant’s
interaction with particular pollinators that are dependent on the timing of flowering (Strauss, 1997). Further, flowers are colonised by microorganisms (Wei and
Ashman, 2018). In the last decade, microbial communities associated with flowers
have gained a lot of attention (Ushio et al., 2015; Vannette, 2020; Adler et al.,
2021; Cullen et al., 2021). It has been demonstrated (Hoover et al., 2012) that
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conventional synthetic fertilisers that have led to the degradation of soils with
grave consequences for the health of plants and their mutualists (David et al.,
2019; Humann‐Guilleminot et al., 2019). The production of insects as food and
feed and the use of insect residual streams to promote crop production contribute
to achieving several of the Sustainable Development Goals. With increased global
pressure on pollinators, it is crucial that farming practices adopt methods that protect and optimise the ecosystem services provided by these organisms (Bommarco
et al., 2013; Deguines et al., 2014; Fijen et al., 2018). The use of residual streams
from insect production can contribute to sustainable and circular crop production
systems that help to improve global food security along with the conservation of
ecosystem services. With this in mind, further work can and should be undertaken in the near future to reach these goals.
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these microorganisms can alter the chemical phenotype of flowers by changing
reward chemistry (e.g., nectar sugar composition, amino acid content, pollen protein content) (Parachnowitsch et al., 2019; Carvalheiro et al., 2021) or changing
volatile emission by adding their own emissions or modifying scent (Crowley-Gall
et al., 2021). Likewise, nutrient enrichment of the soil facilitated by soil microorganisms (Berendsen et al., 2012) can influence rewards such as nectar and pollen
quality. Insect pollinators such as bees depend exclusively on these floral resources to survive, since lower quality of floral resources have been associated with
decreasing bee longevity or reproductive capacity (Hoover et al., 2012). Additional
research on the effects of soil amendments with insect residual streams on floral
resources is needed.
To increase our understanding of the effects of soil amendments on plant-mediated interactions between herbivores and pollinators, we need to study the effects
on the plant metabolome. It is known that the same phytohormones that mediate
resistance to antagonists also influence plant reproduction (Chrétien et al., 2018).
The induction of phytohormones by attackers can thus interfere with the regulation of plant reproduction (Chrétien et al., 2018; Rusman et al., 2021). Previous
studies have demonstrated that upon herbivore attack flowering plants undergo
primary and secondary metabolic changes in flowers, rather than in leaves (Lucas-Barbosa, 2016). Understanding changes in metabolomic profiles will allow us
to unravel mechanisms underlying tolerance and resistance of flowering plants.
Finally, the range of responses of floral traits to soil amendments shows that impacts on pollinators could vary across ecosystems, soil types, and plant communities (David et al., 2019). Further field studies incorporating a range of plant taxa
can help to address whether soil amendment with insect exuviae has similar or
different effects on annual and perennial plant species. A deeper understanding
of inter-specific response variation will enhance our ability to forecast how ecosystems will respond to the use of insect residual streams as soil amendments.
In spite of the still open questions (Box 1), insect exuviae-based soil amendment
have proven to be valuable for promoting plant growth and health, and they appear to offer a promising approach in developing more sustainable agricultural
practices and environment conservation strategies.
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Belowground
How does soil amendment with insect exuviae affect the soil microbiome of
flowering plants?
How does soil amendment with side streams of insect production influence plant
rhizosphere microbiome composition at different stages of plant development?
How do the changes in soil microbiome caused by soil amendments influence the
floral microbiome?
Aboveground
How do the changes in soil microbiome caused by insect-derived soil amendments
affect the metabolic profile of flowers?
How do insect-derived soil amendments influence pollen and nectar quality and
quantity?
Do the effects of insect-derived soil amendment depend on plant life-history
strategy?
Is there a phylogenetic signal in the responses of plants to soil amendment with
insect exuviae?
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Summary
In response to interactions with biotic and abiotic environmental factors, plants
change their phenotype, a phenomenon called phenotypic plasticity. Changes in
above- and belowground environmental factors such as soil quality and interactions with mutualists and antagonists can lead to alterations in plant traits that
can impact the performance of members of the plant-associated community of
insects and ultimately plant fitness. In this way, changes in the plant’s environment can have both direct effects on its development and fitness, as well as effects mediated through changing interactions with the biotic environment. For
instance, changes in the soil or the use of substances such as fertilisers can impact
the resources available for plant growth and reproduction, but also changes plant
traits that are used as cues by insect pollinators, which has consequences for the
pollination services these mutualists deliver.
Amending soils with plant-growth promoting compounds/substances can thus have
important consequences on a plant’s performance and is a key part of agricultural
practices. Insect exuviae are a novel type of soil amendment that may be used to
promote plant growth and reproduction. Insect exuviae contain chitin and nutrients
such as nitrogen that enrich the soil and stimulate the abundance and diversity of
beneficial rhizobacteria that promote plant growth. Thus, insect exuviae used as
plant-growth promoting soil amendments have the potential to affect plant traits by
increasing the amount of nutrients directly available to plants, changing the plant’s
uptake of nutrients through stimulation of native soil rhizobacteria, and by the
changes that these microbes themselves induce in plants.
The aim of this thesis was to determine how the phenotype of flowering plants
is influenced by the use of insect exuviae, and how the induced changes in plant
phenotype subsequently affect interactions of the plant with insects. Specifically,
I evaluated phenotypic plasticity in traits of Brassica nigra, such as plant size, volatile emission, flower morphology, flower colour and number of flowers. Furthermore, I examined whether these changes affect the interactions with the naturally
occurring plant-associated insect community in field experiments, with a focus on
flower visitors and the consequences for seed yield as a proxy for plant fitness. I
also assessed differences between plants grown in soil treated with insect exuviae
versus plants grown in soil treated with commercial fertilisers such as cow manure
or shrimp chitin, to determine the role of nutrient availability and the polymer
chitin, respectively.
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In Chapter 3, I explored which plant traits are used as cues by insect pollinators.
I investigated the main cues exploited by the syrphid fly Episyrphus balteatus and
the butterfly Pieris brassicae when visiting flowers of B. nigra and Raphanus sativus
plants. I determined whether insect pollinators prefer visual or olfactory cues. I
also investigated whether pollen is used as a cue and whether pollination-induced
changes in flowers affect flower volatile organic compounds (VOCs) emission and
the behavioural responses of the two pollinator species. Pollinator preference was
investigated by offering either visual or olfactory cues individually as well as simultaneously in two-choice bioassays. Plant treatments included emasculation,
hand-pollination and untreated control plants. I found that both pollinators exhibited a strong bias for visual cues over olfactory cues. Neither pollinator used pollen as a cue for finding flowers. However, E. balteatus discriminated between newly
opened and long-open flowers at short distance only when pollen was available.
Interestingly, I observed that P. brassicae only responded to pollination-induced
changes when visual and olfactory cues are offered simultaneously. We also found
that post-pollination changes in floral traits varied between plant species, because
flower visits by pollinators were influenced by these changes in B. nigra but not R.
sativus flowers. The blend of volatiles emitted by B. nigra, but not R. sativus inflo-

177

Literature list

In Chapter 2, I review the literature to explore the use of residual streams (exuviae
and frass) from the production of insects as food and feed as soil amendment. Exuviae and frass contain chitin and other compounds that may benefit plants directly,
as well as stimulate the development of a beneficial soil microbiome. The interactions between plants and soil microorganisms have gained increasing attention in
recent years. Plants may recruit microorganisms from the bulk soil that promote
their growth and resistance to plant antagonists. Recently, first evidence appeared
that soil amendment with insect exuviae enhanced the abundance of Bacilli bacteria
in the soil. These microorganisms are known to contribute to biocontrol of plant
pests and diseases, induce systemic resistance against attackers and enhance crop
yield. In addition, I proposed that changes in plant phenotype that are induced by
beneficial microorganisms may directly influence plant-pollinator interactions, thus
affecting plant reproductive success. Furthermore, I explored the potential of insect
residual streams to promote plant growth and health in an agricultural context and
the possible underlying mechanisms. I outline the opportunities that this has for
crop production within a circular agriculture framework that reduces the use of synthetic agrochemicals. I highlighted the opportunities for using insect-derived products as soil amendments to promote plant growth and health, and the link between
belowground and aboveground environments which is important for natural and
agricultural ecosystems and deserves more attention.
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rescences was affected by pollination status. Collectively, my findings show that
different pollinators exploit different visual and olfactory traits when searching
for flowers of two brassicaceous plant species. At short distance the butterfly uses
cues from the flower corolla and the syrphid fly uses cues related to pollen.
To further understand how abiotic and biotic environmental factors can influence
plant traits that can be used as cue by insect pollinators, I assessed the main and
interactive effects of soil amendment with exuviae of three different insect species
and insect herbivory on visual and olfactory traits of B. nigra plants (Chapter 4). We
used machine learning, spectroscopy and gas chromatography-mass spectrometry
to evaluate changes in flower morphology, colour and plant volatile emission. Soil
amendment with insect exuviae increased the total number of flowers per plant
and the rate of volatile organic compound emission, whereas herbivory reduced
petal area and the emission of VOCs. The spectral profile of the petals was affected
by soil treatment with exuviae. Interactive effects of soil amendment and herbivory influenced reflectance spectra of the base part of petals, and the emission of ten
VOCs. I demonstrate that insect exuviae as soil amendment influenced plant traits
involved in reproduction, with a potential for enhanced reproductive success by
increasing the strength of signals attracting pollinators and by mitigating the negative effects of herbivory on signal strength.
I then aimed to assess whether plant phenotypic plasticity in the traits observed in
Chapter 4 influenced the natural insect pollinator community. In a common garden
experiment (Chapter 5), I added black soldier fly (BSF; Hermetia illucens) exuviae to
the soil. Along with the effect on pollinator attraction, I investigated the effects on
plant growth, plant defence responses against two insect herbivores, and the consequences for seed yield. Brassica nigra plants grown on soil amended with BSF exuviae
showed increased growth, had more flowers and flower visitors, and greater seed
production. Herbivory neither affected the number of flowers nor seed production,
suggesting tolerance and compensatory growth responses to herbivory compared to
plants growing in soil without the addition of BSF exuviae. After five weeks fewer
aphids were found on plants growing in amended soil. My findings reveal that BSF
exuviae added to soil can positively affect tolerance to herbivory and seed production of B. nigra, an insect-pollinated plant species. Moreover, adding insect exuviae
of BSF as soil amendment in the field benefits plant-pollinator mutualism and seed
yield even during herbivore attack in the field.
The research presented in Chapter 5 was a steppingstone for Chapter 6, in which I
evaluated the effect of exuviae from black soldier fly, mealworm and house cricket
as soil amendments, on plant size and the influence on the plant-associated polli178

In Chapter 7, I discussed how this thesis provides evidence that plant traits change
in response to the interaction with aboveground and belowground environmental factors, thereby influencing the plant-associated community and subsequently plant reproduction. Nowadays, one of the biggest challenges for the growing
human population is to produce higher yields from crops with lower use of agrochemical inputs. The use of organic amendments that stimulate the growth of
beneficial rhizobacteria offer exciting opportunities. My research findings highlight the importance of exploring organic soil amendments such as insect exuviae
as alternative to conventional synthetic fertilisers the use of which has led to the
degradation of soils with grave consequences for plant health and plant mutualists. With the findings of this thesis, I show that the use of insect exuviae may play
an important role in influencing more complex ecological networks. The use of
residual streams from insect production can contribute to achieving many of the
Sustainable Development Goals and aid to develop sustainable and circular crop
production systems that help to improve global food security and contribute to
conservation of ecosystem services.
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nator community. Furthermore, I compared the effects of exuviae of these three
insect species with the effects of a conventional nitrogen source (cow manure) or
chitin source (shrimp chitin) on plant growth, interactions with pollinating insects,
and plant reproduction. This approach allowed me to obtain a deeper understanding of the effects of soil amendments containing nitrogen or chitin separately,
which differ from insect exuviae that contain both. This Chapter is based on data
collected from field experiments in two consecutive years, showing that some of
the effects of soil amendments on plant traits differ between years. Consistent
with my findings in Chapter 5, I found that soil amendment with insect exuviae
or cow manure enhanced plant size, but only cricket exuviae as soil amendment
increased pollinator attraction. Notably, soil amendment with exuviae from any of
the three insects investigated significantly affected plant reproduction in comparison with soil amendment with cow manure or shrimp chitin that did not affect the
number of produced seeds. However, it is still unclear whether these differences
in seed production are mediated by the pollinator community or by other factors
such as the direct availability of nutrients or the changes in the beneficial bacterial
community. These findings confirm the importance of soil improvement strategies
focusing on plant-growth promoting compounds of biological origin that may be
key in achieving plant reproductive success in a sustainable way.
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Resumen
En respuesta a las interacciones bióticas y abióticas, las plantas cambian su fenotipo en un fenómeno llamado plasticidad fenotípica. Alteraciones en las plantas
pueden ser el resultado de cambios en la superficie terrestre y debajo de esta, de
factores ambientales como calidad del suelo o de interacciones mutualistas y antagónicas con otros organismos En consecuencia, estas alteraciones pueden a su vez
modificar el desempeño de comunidades de insectos asociadas a la planta. De esta
manera, los cambios en el entorno de las plantas pueden afectar directamente
su desarrollo y reproducción, así como también sus interacciones con el entorno.
Por ejemplo, cambios en el suelo o el uso de sustancias como fertilizantes pueden
influenciar los recursos disponibles para el crecimiento y la reproducción de la
planta, así como también modificar los rasgos de las plantas que son usados como
señales por insectos polinizadores y como consecuencia alterar los servicios ecosistémicos que los polinizadores ofrecen.
El mejoramiento del suelo con compuestos que promueven el crecimiento de las
plantas puede tener importantes consecuencias en la reproducción de las plantas
y es un aspecto crucial en las prácticas agrícolas. Los suelos mejorados con exuvia
de insectos representan una nueva alternativa para promover el crecimiento y la
reproducción de las plantas. La exuvia de los insectos contiene compuestos como
la quitina y nutrientes como el nitrógeno que enriquecen el suelo y estimulan la
abundancia y la diversidad de rizobacterias benéficas que promueven el crecimiento de la planta. Por lo tanto, la adición de exuvias en el suelo tiene el potencial de afectar las plantas, ya que aumenta la cantidad de nutrientes directamente
disponible para las plantas, a través de la toma de nutrientes vía rizobacterias
nativa del suelo y a través de los cambios que estos microorganismos inducen en
las plantas.
El objetivo de esta tesis fue determinar como el fenotipo de plantas que producen
flores es influenciado por el uso de exuvias de insectos y como los cambios inducidos en el fenotipo afectan las interacciones con insectos asociados a estas plantas.
Específicamente, evalué la plasticidad fenotípica de Brassica nigra, como el tamaño
de la planta, la emisión de compuestos volátiles, la morfología y el color de la flor y
el número total de flores producidas. Adicionalmente, estudié la las interacciones
con comunidades de insectos asociados a estas plantas en condiciones naturales
de campo, centrando el estudio en visitantes de flores y las consecuencias para
la producción de semillas como un indicador de la reproducción de la planta. Así
mismo, evalué las diferencias entre plantas que crecen en suelos tratados con
exuvias de insectos versus plantas que crecen en suelos tratados con fertilizantes
180

En el capítulo 2, revisé la literatura para explorar el uso de corrientes residuales
(exuvias y excrementos) provenientes de la producción de insectos para alimento
y modificaciones de suelo. Las exuvias y el excremento contienen quitina y otros
compuestos que pueden beneficiar directamente las plantas, así como estimular el
desarrollo del microbioma benéfico en el suelo. Las interacciones entre las plantas
y microorganismos del suelo han generado gran atención en los últimos años. Las
plantas pueden reclutar microorganismos del suelo para promover su crecimiento
y resistencia a plagas. Recientemente, se reportó la primera evidencia de un suelo
mejorado con exuvias de insecto que incrementa la abundancia de la bacteria Bacilli en el suelo. Estos microorganismos contribuyen al biocontrol de plagas y enfermedades en las plantas, inducen resistencia sistémica y mejoran el rendimiento
del cultivo. Adicionalmente, en este capítulo propuse que cambios en el fenotipo
de la planta inducidos por microorganismos benéficos pueden directamente influenciar las interacciones planta-polinizador y por lo tanto afectar el éxito reproductivo. También explore el potencial de los residuos de la producción de insectos
para promover el crecimiento y salud de las plantas en el contexto agrícola y los
posibles mecanismos subyacentes. Así mismo, describí las oportunidades que esto
tiene para la producción de cultivos dentro del marco de agricultura circular que
reduce el uso de agroquímicos sintéticos.
En capítulo 3, determiné que los rasgos de las plantas que son usados como señales por insectos polinizadores. Investigué las principales señales utilizadas por
el sírfido Episyrphus balteatus y la mariposa Pieris brassicae cuando visitan flores de B.
nigra and Raphanus sativus. Después, investigué si los insectos polinizadores prefieren señales visuales u olfativas. También investigué si el polen es utilizado como
señal y cuando los cambios en flores inducidos por polinización afectan la emisión
de compuestos volátiles en las flores y el comportamiento de los polinizadores. La
preferencia del polinizador fue estudiada a través de señales individuales, ya sea
visuales u olfativas y también simultáneamente. Los tratamientos de las plantas
incluyen la emasculación, polinización manual y plantas control. Encontré que
los dos polinizadores mostraron mayor preferencia por señales visuales sobre señales olfativas. Ningún polinizador uso polen como señal para encontrar flores.
Sin embargo, E. balteatus diferenció entre flores recientemente abiertas, y flores
abiertas con anterioridad a corta distancia solo cuando el polen estaba disponible.
Interesantemente, observé que P. brassicae solo responde a cambios inducidos por
polen cuando se ofrecen senales olfativas y visuales simultáneamente. También
encontramos que cambios posteriores a la polinización en las plantas es diferente
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comerciales como el excremento de vaca y la quitina del camarón para determinar
el rol de la disponibilidad de nutrientes y de quitina respectivamente.
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entre especies, ya que las flores de B. nigra experimentaron cambios que fueron
percibidos por los visitantes florales, mientras que esto no ocurrió en las flores de
R. sativus. La mezcla de volátiles emitidos por inflorescencias de B. nigra fue afectada después de la polinización, pero este no fue el caso de los volátiles emitidos
por las inflorescencias de R. sativus. En conjunto, mis resultados muestran que diferentes polinizadores utilizan diferentes señales visuales y olfativas cuando buscan recursos alimentarios de las flores de dos especies de Brassicaceae. En corta
distancia la mariposa usa señales de la corola de la flor y el sírfido utiliza señales
relacionadas con polen.
Para comprender mejor cómo los factores ambientales bióticos y abióticos pueden influir en los rasgos de las plantas que los insectos polinizadores pueden usar
como señal, evalué los efectos principales e interactivos de los suelos mejorados
con la exuvia de tres especies de insectos diferentes, y la herbivoría en los rasgos
visuales y olfativos de plantas B. nigra (Capítulo 4). Usamos espectroscopia y cromatografía de gases-espectrometría de masas (GC/MS) para evaluar los cambios
en la morfología de la flor, el color y la emisión de volátiles de la planta. El suelo
mejorado con exuvias de insectos aumentó el número total de flores por planta y
la tasa de emisión de compuestos orgánicos volátiles, mientras que la herbivoría
redujo el área de los pétalos y la emisión de volátiles. El perfil espectral de los pétalos se vio afectado por el tratamiento del suelo con exuvias de lo insectos. Los
efectos interactivos del suelo mejorado y la herbivoría influyeron en los espectros
de reflectancia de la parte basal de los pétalos y en la emisión de diez volátiles.
Esto demostró que las exuvias de insectos como mejoradores del suelo influyeron
en los rasgos de las plantas implicados en la reproducción, con un potencial para
mejorar el éxito reproductivo al aumentar la fuerza de las señales que atraen a los
polinizadores y al mitigar los efectos negativos de la herbivoría.
Luego me propuse evaluar si la plasticidad fenotípica de las plantas en los rasgos
observados en el Capítulo 4 influía en la comunidad natural de insectos polinizadores. En un experimento de campo (Capítulo 5), agregué exuvias de mosca soldado negra (BSF por sus siglas en inglés; Hermetia illucens) al suelo. Junto con el efecto
sobre la atracción de polinizadores, investigué los efectos sobre el crecimiento de
las plantas, las respuestas de defensa de las plantas contra dos insectos herbívoros
y las consecuencias para la producción de semillas. Las plantas de B. nigra cultivadas en suelo enmendado con exuvia de BSF mostraron un mayor crecimiento,
tuvieron más flores y visitantes florales y una mayor producción de semillas. La
herbivoría no afectó el número de flores ni la producción de semillas, lo que sugiere tolerancia y respuestas de crecimiento compensatorias a la herbivoría en
comparación con las plantas que crecen en el suelo sin la adición de exuvia de BSF.
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La investigación presentada en el Capítulo 5 fue un precedente para el Capítulo
6, en el que evalué el efecto de las exuvias de la mosca soldado negra, el gusano
de la harina y el grillo doméstico como mejoradores del suelo, en el tamaño de
la planta y la influencia en la comunidad de polinizadores asociados a la planta.
Además, comparé los efectos de las exuvias de estas tres especies de insectos
con los efectos de una fuente de nitrógeno convencional (excrementos de vaca)
o una fuente de quitina (quitina de camarón) sobre el crecimiento de las plantas,
las interacciones con los insectos polinizadores y la reproducción de las plantas.
Este enfoque me permitió obtener una comprensión más profunda de los efectos
de las enmiendas del suelo que contienen nitrógeno o quitina por separado, que
difieren de las exuvias de insectos que contienen ambos. Este capítulo se basa
en datos recopilados de experimentos de campo en dos años consecutivos, que
muestran que algunos de los efectos de las enmiendas del suelo en las características de las plantas difieren entre años. En línea con mis hallazgos en el Capítulo
5, encontré que el mejoramiento del suelo con exuvias de insectos o excrementos
de vaca incrementa el tamaño de las plantas, pero solo el tratamiento con exuvias
de grillos aumentó la atracción de polinizadores. Notablemente, el mejoramiento
del suelo con exuvias de cualquiera de los tres insectos investigados afectó significativamente la reproducción de la planta en comparación con el tratamiento con
excremento de vaca o quitina de camarón que no afectaron la cantidad de semillas
producidas. Sin embargo, aún no está claro si estas diferencias en la producción
de semillas están mediadas por la comunidad de polinizadores o por otros factores como la disponibilidad directa de nutrientes o los cambios en la comunidad
bacteriana benéfica. Estos hallazgos confirman la importancia de las estrategias
de mejoramiento del suelo centradas en compuestos promotores del crecimiento
vegetal de origen orgánico que pueden ser clave para lograr el éxito reproductivo
de las plantas de forma sostenible.
En el Capítulo 7, discutí cómo esta tesis proporciona evidencia de que los rasgos
de las plantas cambian en respuesta a la interacción con factores ambientales en
la superficie terrestre y subterráneos, lo que influye en la comunidad de insectos
asociada a la planta y, posteriormente, en la reproducción de la planta. Hoy en
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Después de cinco semanas, se encontraron menos áfidos en plantas que crecían
en suelo enmendado. Mis hallazgos revelan que las exuvias de BSF agregadas al
suelo pueden afectar positivamente la tolerancia a la herbivoría y la producción
de semillas de B. nigra, una especie de planta polinizada por insectos. Además, adicionar exuvias de insectos de BSF como enmienda del suelo en el campo beneficia
el mutualismo planta-polinizador y el producción de semillas incluso durante el
ataque de insectos herbívoros en el campo.
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día, uno de los mayores desafíos para la creciente población humana es producir
mayores rendimientos de cultivos con menor uso de agroquímicos. El uso de enmiendas orgánicas que estimulan el crecimiento de rizobacterias benéficas ofrece
oportunidades interesantes. Los resultados de mi investigación destacan la importancia de explorar enmiendas orgánicas del suelo, como exuvias de insectos, como
alternativa a los fertilizantes sintéticos convencionales, cuyo uso ha llevado a la
degradación de los suelos con graves consecuencias para la salud de las plantas y
los organismos asociados a estas. Con los hallazgos de esta tesis, muestro que el
uso de exuvias de insectos puede jugar un papel importante en redes ecológicas
más complejas. El uso de residuos de la producción de insectos puede contribuir
a lograr muchos de los Objetivos de Desarrollo Sostenible y ayudar a desarrollar
sistemas de producción de cultivos sostenibles y circulares que ayuden a mejorar
la seguridad alimentaria mundial y contribuyan a la conservación de los servicios
ecosistémicos.
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Planten kunnen hun fenotype aanpassen in reactie op biotische en abiotische
omgevingsfactoren, een fenomeen dat fenotypische plasticiteit wordt genoemd.
Veranderingen in boven- en ondergrondse factoren zoals bodemkwaliteit en interacties met mutualisten en antagonisten kunnen tot aanpassingen in de eigenschappen van planten leiden. Deze aanpassingen hebben op hun beurt invloed
op de prestaties van de plant-geassocieerde insectengemeenschap en uiteindelijk
ook de fitness van de plant. Op deze manier kunnen veranderingen in de omgeving een direct effect hebben op de ontwikkeling en fitness van de plant, alsook
een indirect effect gemedieerd door wijzigingen in de interacties met de biotische
omgeving. Zo kunnen bijvoorbeeld veranderingen in de bodem door het gebruik
van meststoffen een impact hebben op de nutriënten die beschikbaar zijn voor
plantengroei en reproductie, maar ook een verschuiving veroorzaken in planteigenschappen die een signaalfunctie hebben voor bestuivers, met gevolgen voor de
diensten die deze mutualisten aan de plant leveren.
Het aanpassen en verbeteren van bodems door het toevoegen van stoffen die
de plantengroei bevorderen kan dus belangrijke gevolgen hebben voor de plant,
en is een cruciaal onderdeel van landbouwpraktijken. Vervellingshuidjes van insecten (exuviae) zijn een nieuw type bodemverbeteraar die gebruikt kan worden
om groei en reproductie van planten te bevorderen. Exuviae bevatten chitine en
nutriënten zoals stikstof en fosfor die de bodem verrijken en de abundantie en
diversiteit van nuttige rhizobacteriën in de bodem kunnen bevorderen. Op deze
manier hebben exuviae als bodemverbeteraar het potentieel om planteigenschappen te veranderen door de grotere hoeveelheid nutriënten in de bodem die direct
beschikbaar is voor planten, door het verbeteren van de opname van nutriënten
door de plant met hulp van een beter ontwikkelde gemeenschap van bacteriën in
de bodem, en door de veranderingen die deze microben zelf teweegbrengen in de
plant.
Het doel van deze thesis was om te bepalen hoe het fenotype van bloeiende planten beïnvloed wordt door het gebruik van exuviae als bodemverbeteraar, en hoe
de geïnduceerde fenotypische veranderingen de daaropvolgende interacties tussen de plant en insecten beïnvloeden. Specifiek heb ik de fenotypische plasticiteit van planteigenschappen zoals de grootte, de volatiele emissies, de morfologie
van bloemen, de bloemkleur, en het aantal bloemen van Brassica nigra onderzocht.
Verder heb ik in een veldproef onderzocht of deze veranderingen in planteigenschappen de interacties met de natuurlijk voorkomende insectengemeenschap
beïnvloeden, met nadruk op bloembezoekende insecten en de gevolgen voor
185
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zaadzetting als proxy voor plant fitness. Ik heb ook de verschillen tussen planten
die groeien op bodem behandeld met exuviae vergeleken met planten die groeien
op bodem waar commercieel beschikbare meststoffen zoals koemest of chitine
afkomstig van garnalen aan toegevoegd waren om de rol van de beschikbaarheid
van nutriënten en chitine te bepalen.
In hoofdstuk 2 maakte ik een literatuurstudie om het gebruik van reststromen
(exuviae of frass, de uitwerpselen van insecten) uit de commerciële productie van
insecten als bodemverbeteraar te onderzoeken. Exuviae en frass bevatten chitine
en andere bestanddelen die gunstig zijn voor de plant, en die de groei van een
nuttig bodemmicrobioom kunnen stimuleren. De interacties tussen planten en
bodemorganismen krijgen in recente jaren in toenemende mate aandacht in het
wetenschappelijk onderzoek. Planten kunnen micro-organismen uit de bodem rekruteren die de groei van de plant bevorderen en de plant weerbaarder maakt
tegen belagers. Recent onderzoek leverde het eerste bewijs dat het toevoegen
van exuviae aan de bodem tot een toename in Bacilli bacteriën leidt. Van deze
micro-organismen is bekend dat ze bijdragen aan de bestrijding van plaagsoorten
en ziekten, dat ze in de plant een systemische respons tegen belagers kunnen
induceren, en dat ze de opbrengst van gewassen kunnen verhogen. Verder poneer ik dat veranderingen in het fenotype van de plant geïnduceerd door nuttige
bodemmicroben een directe invloed op de interacties tussen planten en bestuivers kan hebben, met daaropvolgende effecten op het reproductief succes van de
plant. Ik onderzocht ook het potentieel van reststromen afgeleid uit de productie
van insecten in het bevorderen van plantengroei en gezondheid van planten in
een landbouw context, en de mogelijke onderliggende mechanismen. Ik beschrijf
welke mogelijkheden dit brengt voor gewasproductie in het kader van circulaire
landbouw waarin het gebruik van synthetische landbouwchemicaliën verminderd
wordt. Ik bespreek ook de mogelijkheden die het gebruik van insectgebaseerde
producten als bodemverbeteraar hebben voor de groei en gezondheid van planten, en benadruk de link tussen de onder- en bovengrondse omgeving van de plant
die van belang is voor natuurlijke en landbouw-ecosystemen.
In Hoofdstuk 3 heb ik onderzocht welke eigenschappen van planten een signaalfunctie hebben voor het lokken van bestuivers. Ik onderzocht de voornaamste signalen die gebruikt worden door de zweefvlieg Episyrphus balteatus en de vlinder Pieris brassicae tijdens het bezoeken van bloemen van Brassica nigra en Raphanus
sativus planten. Ik bepaalde of insecten voornamelijk visuele of olfactorische signalen verkiezen. Ik heb ook onderzocht of stuifmeel een signaalfunctie heeft en of
veranderingen in bloemen, veroorzaakt door bestuiving, de emissie van volatiele
organische stoffen (VOS) en de gedragingen van de twee bestuiversoorten kan be186

Om beter te begrijpen hoe abiotische en biotische omgevingsfactoren planteigenschappen kunnen beïnvloeden die als signaal kunnen worden gebruikt door
bestuivende insecten, heb ik de individuele en interactieve effecten van bodemverbetering met exuviae van drie verschillende insectensoorten en het effect
van insectenvraat op visuele en olfactorische eigenschappen van B. nigra bepaald
(Hoofdstuk 4). We gebruikten machine learning, spectroscopie en gaschromatografie-massaspectrometrie om veranderingen in bloemmorfologie, kleur en volatiele emissies van planten te evalueren. Bodemverbetering met exuviae verhoogde
het totale aantal bloemen per plant en de emissie van VOS, terwijl herbivoren
het oppervlak van de kroonbladen en de uitstoot van VOS verminderden. Het
spectrale profiel van de kroonbladen werd beïnvloed door het type grondbehandeling met exuviae. Interactieve effecten van de bodemtoevoeging en herbivorie
beïnvloedden reflectiespectra van de basis van de kroonbladen en de emissie van
tien VOS. Ik laat zien dat exuviae van insecten als bodemverbeteraar verschillende
planteigenschappen die betrokken zijn bij reproductie beïnvloeden, met een potentieel voor een verhoogd reproductief succes door de toegenomen sterkte van
signalen die bestuivers aantrekken, en door de negatieve effecten van herbivoren
op signaalsterkte te reduceren.
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ïnvloeden. De voorkeur van bestuivers werd onderzocht door zowel individuele
als gelijktijdige visuele of olfactorische signalen te geven in bioassays met twee
keuzes. Behandelingen omvatten het ontmannen van bloemen, handbestuiving,
en planten die onbehandeld bleven als controle. Ik ontdekte dat beide bestuivers
een sterke voorkeur vertoonden voor visuele signalen boven olfactorische signalen. Geen van beide bestuivers gebruikte stuifmeel als een signaal voor het vinden
van bloemen. Episyrphus balteatus maakte van dichtbij echter alleen onderscheid
tussen pas geopende en lang geopende bloemen als er stuifmeel beschikbaar was.
Interessant genoeg merkte ik op dat P. brassicae alleen reageerde op veranderingen
die door bestuiving geïnduceerd waren wanneer visuele en olfactorische signalen
tegelijkertijd werden gepresenteerd. Ik ontdekte ook dat veranderingen in bloemkenmerken na bestuiving varieerden tussen plantensoorten, aangezien bestuivers
beïnvloed werden door deze veranderingen in bloemen van B. nigra maar niet in
bloemen van R. sativus. Het mengsel van VOS geproduceerd door bloeiwijzen van
B. nigra, maar niet die van R. sativus, werd beïnvloed door de bestuivingsstatus van
bloemen. Gezamenlijk laten mijn bevindingen zien dat verschillende bestuivers
verschillende visuele en olfactorische planteigenschappen gebruiken bij het zoeken naar bloemen van de twee soorten kruisbloemigen. Van dichtbij gebruikt de
vlinder signalen van de kroonbladen en de zweefvlieg gebruikt signalen die verband houden met stuifmeel.
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Vervolgens heb ik onderzocht of de fenotypische plasticiteit van planteigenschappen die in Hoofdstuk 4 is waargenomen de natuurlijke gemeenschap van bestuivers beïnvloedde. In een common garden experiment (Hoofdstuk 5) heb ik exuviae
van de zwarte soldaatvlieg (“black soldier fly”, BSF; Hermetia illucens) aan de grond
toegevoegd. Naast het effect op het aantrekken van bestuivers, onderzocht ik de
effecten op de plantengroei, de afweerreacties van planten tegen twee herbivore
insecten en de gevolgen voor de zaadproductie. Brassica nigra planten die groeiden
in grond waar BSF-exuviae aan toegevoegd was, vertoonden een verhoogde groei,
hadden meer bloemen en bloemzoekers, en een hogere zaadproductie. Herbivorie
had geen invloed op het aantal bloemen of de productie van zaden, wat wijst op
tolerantie en compenserende groei als reactie op herbivoren in vergelijking met
planten die in de grond zonder toevoeging van BSF-exuviae groeiden. Na vijf weken werden er minder bladluizen gevonden op planten die in de verbeterde grond
groeiden. Mijn bevindingen tonen aan dat het toevoegen van exuviae van BSF aan
de bodem een positieve invloed kan hebben op de tolerantie voor herbivoren en
de zaadproductie van B. nigra, een door insecten bestoven plantensoort. Bovendien komt het toevoegen van BSF exuviae als bodemverbeteraar in het veld het
mutualisme tussen planten en bestuivers ten goede en verhoogt het de zaadproductie, zelfs tijdens aanvallen van herbivoren in het veld.
Het onderzoek gepresenteerd in Hoofdstuk 5 was een opstap voor Hoofdstuk 6,
waarin ik het effect van exuviae van de zwarte soldaatvlieg, meelworm en huiskrekel als bodemverbeteraars op de grootte van planten evalueerde, en de invloed op
de gemeenschap van bestuivers onderzocht. Verder heb ik de effecten van exuviae
van deze drie insectensoorten vergeleken met de effecten van een conventionele
stikstofbron (koemest) of chitinebron (chitine afkomstig van garnalen) op plantengroei, de interacties met bestuivende insecten en de reproductie van planten. Door
deze benadering heb ik inzicht gekregen in de effecten van bodemverbeteraars die
afzonderlijk stikstof of chitine bevatten, die verschillen van insect exuviae die
beide stoffen bevatten. Dit Hoofdstuk is gebaseerd op data die verzameld is in
veldproeven uitgevoerd in twee opeenvolgende jaren, waaruit bleek dat sommige
effecten van bodemveranderingen op eigenschappen van planten van jaar tot jaar
verschillen. In overeenstemming met mijn bevindingen in Hoofdstuk 5, vond ik
dat een bodemtoevoeging op basis van exuviae van insecten of met koeienmest de
plantgrootte laat toenemen, maar dat enkel exuviae van krekels als bodemtoevoeging de aantrekkingskracht van planten voor bestuivers verbeterde. Opmerkelijk
was dat bodemverbetering met exuviae van elk van de drie onderzochte insecten
een significante invloed had op de reproductie van planten, terwijl bodemverbetering met koemest of chitine afkomstig van garnalen geen invloed had op het
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In Hoofdstuk 7 heb ik besproken hoe dit proefschrift bewijs levert dat planteigenschappen veranderen als reactie op de interactie met boven- en ondergrondse
omgevingsfactoren, waardoor de insectengemeenschap verbonden met planten
en de daaropvolgende zaadproductie kan worden beïnvloed. Een van de grootste
uitdagingen voor de groeiende menselijke bevolking is het produceren van hogere
gewasopbrengsten met een lager gebruik van agrochemische middelen. Het gebruik van organische bodemverbeteraars die de groei van nuttige rhizobacteriën
stimuleren biedt hier boeiende kansen. Mijn onderzoeksresultaten benadrukken
het belang van het onderzoeken van organische bodemverbeteraars, zoals exuviae
van insecten, als alternatief voor conventionele minerale meststoffen waarvan het
gebruik heeft geleid tot bodemdegradatie met ernstige gevolgen voor de gezondheid van planten en plant-mutualisten. Met de bevindingen van dit proefschrift
laat ik zien dat het gebruik van exuviae van insecten een belangrijke rol kan spelen bij het beïnvloeden van complexe ecologische netwerken. Het gebruik van
reststromen uit de insectenproductie kan bijdragen aan het behalen van veel van
de Sustainable Development Goals (duurzame ontwikkelingsdoelstellingen van
de Verenigde Naties) en aan het ontwikkelen van duurzame en circulaire landbouwsystemen die de wereldwijde voedselzekerheid helpen verbeteren en bijdragen aan het behoud van ecosysteemdiensten.
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aantal geproduceerde zaden. Het is echter nog onduidelijk of deze verschillen in
zaadproductie worden gemedieerd door de gemeenschap van bestuivers of door
andere factoren zoals de directe beschikbaarheid van voedingsstoffen of de veranderingen in de gemeenschap van gunstige bodembacteriën. Deze bevindingen bevestigen het belang van bodemverbeteringsstrategieën die zich richten op stoffen
van biologische oorsprong die de plantengroei bevorderen en de sleutel kunnen
zijn om op een duurzame manier een hoger reproductief succes van planten te
behalen.
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studies abroad. She studied the palm trees of Latin America for her internship,
and then worked on caring for and classifying plants at the botanical garden in
Bonn, Germany. Winning the Deutscher Akademischer Austauschdienst grant for
MSc studies in German universities brought her to the University of Bonn to earn
her MSc degree in plant science. She earned her degree while surviving on water,
bread, and plant knowledge. During this time, she had a fortuitous first visit to
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